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Abstract: The centrepiece of this analytical review is the metabolism of hydroxyapatite in its natural, bone, and
synthetic forms, where the mitochondria-mediated mechanism may serve as the leading mechanism. The possibility
that osteoblast mitochondria play an important role in the initial stages of bone mineralisation is discussed.
Furthermore, the paper highlights the key role of mitochondria in the metabolism of synthetic hydroxyapatite.
Differences between the results of in vivo and in vitro studies using synthetic hydroxyapatite of different
morphologies are also detailed. It is noted that long-term infiltration with immune cells and in vivo studies are
necessary to adequately evaluate hydroxyapatite as a bone-plastic material. Particular attention is given to the
interaction of hydroxyapatite with immune cells and its ability to affect the ribosomes and mitochondria of cells. Due
to its mechanical properties, scalability and potential use for the treatment of extensive bone defects of tumor origin,
hydroxyapatite is a promising material. This study also highlights the importance of further development of in vitro
research methods in the context of their biomimeticity. Overall, this work offers a theoretical direction for future
studies of hydroxyapatite as a bone grafting material and emphasises the value of in vivo studies.

Keywords: hydroxyapatite; bone grafting; nanoparticles; immune response; mitochondria

1. Introduction

The basis of modern medical technologies aimed at bone tissue regeneration is the widespread use of
grafts, the main component of which is hydroxyapatite. The diversity of grafts and their constituent
materials used is an equal reflection of the extremely large variety of pathological conditions of bone tissue
requiring the application of regenerative medicine technologies.

At the same time, the use of any grafts requires preliminary detailed analysis of the immune response
in response to the introduction of this or that material. In this context, the unique properties of such
materials as hydroxyapatites and their compositions [1,2], including exceptional phenomena in the context
of immune response [3-5], become extremely important. In this regard, there is a need for a more detailed
presentation of hydroxyapatites and their compositions as the main components for the fabrication of grafts
to restore structural and functional pathologies of bone tissue.

Native form of hydroxyapatite: description of structure and functions in the body

First of all, it is necessary to note the fact that hydroxyapatite is the native form of bone tissue calcium
and occupies 70-90% of the bone tissue matrix volume. In bone tissue hydroxyapatite is represented in the
form of crystals of small size and is characterized by the stoichiometric formula Ca(PO4)s(OH)2 [6].
According to the age of a person, three main ranges of their average size are distinguished: up to 6 six years
of age, 188-215 nanometers; between 6-19 years of age, 232-252 nanometers; and in adulthood, 252-283
nanometers [7]. Together with collagen I, which occupies up to 90% of the organic phase of bone, it forms
the spectrum of the main structural and functional features of bone tissue [8].

The immediate beginning of the formation of the mineral component of bone tissue is provided by the
energy-dependent movement of Ca?* cations and serum phosphate ions into the mitochondria of
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osteoblasts (Figure 1). When a solubility threshold is reached, micropackages of amorphous calcium
phosphate or Posner clusters with the probable formula Cas(POs)s are precipitated, which are thought to
be stabilized by an organic component, the so-called "Howard factor." Further release of amorphous
calcium phosphate can occur in two ways: by direct transport directly across the mitochondrial membrane
or by reverse phagocytosis [9].

The contents of vesicles initially form shapeless accumulations of calcium phosphate in dense
association with collagen fibers. In the process of subsequent ion diffusion, rudimentary hydroxyapatite
plates are formed, which in contact with each other sharply increase the degree of crystallization [10]. As a
result, partly under the influence of noncollagen proteins [11-13], lamellar structures 2-4 nanometers thick
are formed, the longitudinal axis of which is formed parallel to the axis of collagen fibrils (Figure 1) [6].
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Figure 1. Scheme of the stages of collagen fibril calcification. 1 - osteoblasts; 2 - collagen fibrils; 3 -
mitochondria of osteoblasts; 4 - microvesicular transport of calcium phosphate; 5 - phosphate (as part of still
amorphous calcium phosphate); 6 - calcium (as part of still amorphous calcium phosphate); 7 -
hydroxyapatite plates; 8 - osteocalcin; 9 - octacalcium phosphate; A - single hydroxyapatite crystal; B - group
of hydroxyapatite crystals (microphotographs adapted from [14]).

Collagen fibrils act as an organizing component in the formation of growth centers of hydroxyapatite
crystals [9,15]. The initiation of hydroxyapatite crystals formation depends on amino acid patterns, in
particular, the triplet of amino acids glycine-proline-hydroxyproline, which is the dominant motif of
tropocollagen. This process is caused by the formation of ionic bonds between calcium atoms, oxygen
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atoms of carbonyl groups of the polypeptide backbone and side chains of proline and hydroxyproline [16].
If we consider a quasi-hexagonal model, lysine at position 108, glutamic acid at positions 110, 116, 582, and
815, and arginine at positions 350, 581, and 816 form a stereochemical pocket for optimal binding of calcium
ions and phosphate ions [9]. The functionality of non-collagen proteins is largely due to the effect of
osteocalcin. This protein plays a guiding role in the process of intrafibrillar appearance of hydroxyapatite
crystals in type I collagen fibrils [17,18].

As a rule, bone tissue hydroxyapatite is carbonated with carbonate to some extent. The normal range
of carbonate substitution is 2-9% [19]. Substitution by carbonate ions occurs at the positions of phosphate
ions (PO4)* (major B-type substitution) and hydroxyl groups OH- (minor A-type substitution), thereby
provoking a change in crystal structure and molar Ca/P ratio [19,20]. In the case of hydroxyl ion
substitution, which is characteristic of bone apatite, a state of hydroxyl deficiency is formed, which has
different degrees of severity depending on the type of bone tissue [21]. Subsequently, it increases the
solubility of bone material [22].

As a consequence of this substitution, the mineral component of bone plays the role of the main depot
of calcium, phosphorus, magnesium and a number of other mineral elements; this process has a high
regulatory potential for the metabolism of these elements in the whole organism [19,23]. It is quite obvious
that substitution by the mentioned elements affects numerous parameters of the crystal lattice. Iron and
strontium have a positive effect on the dimensional characteristics of its individual elements, while zinc
and magnesium have the opposite effect. For magnesium, zinc and iron a negative effect on the crystallinity
of hydroxyapatite was revealed, for strontium - positive [23]. It is also noteworthy that the indicated effect
of changing the crystalline microstructure of the mineral component demonstrates a striking heterogeneity
in the composition of a single bone [24]. Relatively high strontium content is characteristic of regions with
high metabolic activity and newly formed bone structures [25].

The most regular pattern of heterogeneity is the difference of surface and inner layers of
hydroxyapatite. The surface layer is in the form of hydrated amorphous calcium phosphate 0.8 [19] or 1-2
nanometers thick [26] and a more crystallized core [19]. Hydroxyapatite is characterized by an extremely
flexible microcrystalline structure, suggesting an extremely broad list of elements suitable as substituents.
This may account for a wider and more localized range of possible biological properties of native bone
hydroxyapatite.

The fundamental reason for the structural strength and high resistance to ionic substituents is the
hexagonal organization of hydroxyapatite [19]. However, in some cases, the loss of hexagonal structure
and formation of monoclinic organization of the crystal lattice is possible [27], which largely depends on
the degree of substitution of chlorine anion Cl- [28]. Changes in the organization of the crystal lattice of
hydroxyapatite are also possible as a result of age-related changes [29]. The observed lability has prompted
a search for other constituents of the inorganic phase, such as tricalcium phosphate, dicalcium phosphate
dihydrate [19] and octacalcium phosphate [30]. For the latter, no direct evidence has been shown for its
presence in bone structure [19], except in pathological conditions [28] under relatively low pH conditions.
However, there are studies that confirm the presence of a fixable amount of octacalcium phosphate in bone
tissue under normal conditions [10].

As for the higher-level organization of the mineral component of bone tissue, the formation of lamellar
structures of hydroxyapatite is generally accepted [19]. Spirally twisted needle-like crystals of apatite,
located within and between collagen fibrils [10,31], merge laterally and are organized in the form of spiral
subplates along the loading axis. The defined chiral structure of the latter is the basis for tertiary helical
plates. The further formation of the mineral base ordered in time and space with the formation of collagen
structures results in a multilevel architecture of the inorganic component of bone [31]. The results of
modern studies of the dimensional parameters of each level of organization of the inorganic component of
bone are presented in Table 1.

Table 1. Hierarchy of bone tissue mineral component organization.
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The haversack Coils: 13.5-119.4 cm,
channels are laid in Thickness right/left-handed;
Compact bone . . i
layers in a circular ~3 mm Stacking: ~9.7 mm, left-
pattern handed
Anatomical shape Diameter

Solid bone Left-handed

with curve ~3cm

Notes: A - transmission electron micrograph of Mg2-doped needle microcrystal (adapted from [32]); B - model of a
crowded mineral subplate formed by lateral fusion of needle microcrystals; C - transmission electron micrograph of
twisted mineral plates, showing the stacking of subplates; D - scanning electron micrograph of spiral mineral fibrils,
cross section; E - scanning electron micrograph of spiral mineral fibrils from a lateral perspective; F - scanning electron
micrograph of spiral bundles of mineral fibrils from a side view (model and micrographs adapted from [31]); G - model
of twisted plywood showing the ratio of transverse and longitudinal lamellae; H - scanning electron micrograph
showing the alternation of transverse lamellae (1) and longitudinal lamellae (2) (model image and micrograph adapted
from [33]); I - scanning electron micrograph showing the structure of the lamellar system: red dots display a closed
ring structure; green dots display a spiral organization and overlap after a 360° turn; blue dots form a sickle moon
structure and display an incomplete ring (adapted from [34]). ] and K, cross section of the right femur at a distance of
14 centimeters from the proximal end; L, cross section of a horse femur stained with mercury sulfide, showing the
arrangement of osteons in the repeat sheets of the capillary network; M, cross section of the right femur at a distance
of 19 centimeters from the proximal end; N, cross section of the right femur at a distance of 23 centimeters from the
proximal end; O, cross section of the right femur at a distance of 25 centimeters from the proximal end (photographs
and microphotographs adapted from [35]).

Having analyzed a number of scientific studies of structural, physicochemical and physiological
properties of the mineral component of bone tissue, we aim to emphasize the fundamental role of native
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hydroxyapatite on the scale of the whole organism, defining it as the most valuable and convenient material
in bone grafting. The spectrum of features of native hydroxyapatite presented in this section, beginning
with the stoichiometric flexibility of the crystal lattice and ending with the complex process of its formation
in the living organism, dictates completely new requirements for synthetic analogs of bone hydroxyapatite
as a transplantation material. Among them the multilevel character of the organization, formed in close
interaction with the organic component, including the cellular environment, stands out.

2. Hydroxyapatite as a bone grafting material

The generally recognized "gold standard" in bone grafting is the use of autologous bone material.
Autologous bone grafting has been successfully used in clinical practice for a century [36,37]. This
necessitates a comprehensive analysis of the main advantages of using this method in order to form a kind
of reference heuristic model in the development and improvement of alternative sources of material for
bone grafting. There is also a clear need to analyze the main problems of using autografts in order to use
them in the formation of alternative solutions.

Starting from the reference value of bone autografts, we should define the attributes of an "ideal graft".
First, it should possess the properties of autogenous bone, which include biocompatibility,
osteoconductivity, and osteoinductivity. Second, the graft material should be easy to use, safe, and cost-
effective [36].

The key conditions for successful bone tissue regeneration formulated in the "diamond concept" are
worth mentioning from the generally accepted positions. Its essence is that successful healing of bone
defects requires the presence of viable osteogenic cells or their precursors, a suitable connective tissue
matrix, adequate vascularization, and a time- and space-specific profile of growth factors [38].

In this context, it is necessary to emphasize the main properties and the distribution spectrum of their
values for bone grafts used in clinical practice:

1. The range of values of the structural parameter of the bone implant. Bone grafts have different ability
to withstand mechanical loading. For unmodified grafts based on cortical bone a relatively high
resistance to mechanical loads is shown in comparison with grafts based on cancellous bone. Thus,
the mechanical properties of bone grafts without additional modification directly depend on the
properties of the donor site [39].

2. Spectrum of osteogenic properties. The ability of the graft to initiate neoosteogenesis [40] due to the
preserved pool of graft cells including osteoblast precursors [41] is extremely important. Due to the
presence of cellular elements, necessary growth factors and matrix framework, such a graft is able to
modulate angiogenesis, adequate perfusion [42,43] and activity of progenitor cells [44].

3. Osteoinductive properties. Autologous graft is characterized by the presence of an exhaustive set of
growth factors necessary for regeneration, providing proliferative and differentiative potential of
progenitor cells [45-47].

4. Osteoconductive properties. Ability to provide an optimal environment for normal metabolism,
proliferation and differentiation of cell populations [48].

The material for autologous bone graft can be spongy or cortical bone. The advantage of the former is
relatively high osteoconductive properties due to a significant concentration of osteogenic cells and growth
factors. The main disadvantage of this type of graft is its low ability to provide structural support at the
early stages of graft integration [36].

It should also be noted that despite all its undeniable advantages over alternative bone grafting
strategies, the methodology of graft isolation continues to improve. A prime example of this is the use of
femoral medullary bone chips obtained using the Reamer Irrigator Aspirator System (RIA - Synthes®, Inc.
West Chester, USA) [49]. With equivalent rates of graft integration compared to traditional iliac crest
harvesting, this method demonstrates a lower risk of chronic pain, infection, and excludes damage to the
lateral cutaneous nerve of the femur as a result of compression or contusion [50]. However, the risk of
complications such as cortical bone perforation and subsequent bleeding is still high [51].

Against this background, it should be emphasized that the autogenous cortical bone graft is also
characterized to a greater extent by osteoconductive properties under the condition of lower biological
activity compared to the spongy autologous graft. The next problem is the high duration of
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revascularization [52,53]. For this reason, vascularized cortical grafting material that provides osteogenic
and osteoconductive properties can be used [36]. In this direction, there is also a continuous development
of strategies for the allocation of transplant material that ensure a reduction in the risks of donor site
pathologies while maintaining the necessary integrative parameters [54]. However, the development of
technologies takes place not only within the framework of improving the techniques of obtaining one or
another type of autologous grafts separately. Of particular importance are the works in the direction of
optimal combination of the presented types of transplant materials, which allows obtaining positive results,
including in their clinical use [55,56].

Despite the benchmarks of autologous bone grafting material in the context of its osteogenic,
osteoconductive, and osteoinductive properties, the number and variety of studies aimed at finding
alternative strategies for graft preparation continue to grow. This is due to the fundamental disadvantages
of all methods of obtaining autologous graft material: firstly, the limited volume of potential graft material
[57,58]; secondly, the possibility of developing complications of the donor bone site [50,51]. Moreover,
when taking autologous grafting material, the risk of bleeding increases, which still remains one of the
main problems, including when using the latest methods of bone implant obtaining [51]. Thus, there are
studies that confirm a significant incidence of complications both after traditional grafting from the anterior
and posterior iliac crest (19.37%) and after using the Reamer Irrigator Aspirator system (6%). The general
list of complications included the development of infection, hematoma, seroma, chronic pain, fracture, as
well as vascular and nerve damage [59]. In a study conducted by Suda A.]. et al. it was shown that the
volume of the removed transplant material has a great influence on the risk of serious complications [60].
Thus, we can say that the main limitation of autologous bone transplantation is the small volume of
potential grafting material.

In this context, the development of a number of alternative methods for obtaining transplantation
material is extremely important. This series includes obtaining allogenic [61-63] and xenogenic
transplantation material of natural origin [62,64], as well as the creation of new biomimetic transplantation
materials of artificial and bioengineered origin [62,65,66].

3. Native substitutes for autologous bone grafting material: allogeneic and xenogeneic bone grafts

Functionally, the closest of all the listed alternative methods is allogeneic grafting material. The main
advantage of this material is its relatively high availability [67]. Therefore, it has been used in clinical
practice for reconstruction of extensive bone injuries for many years. Like autogenous graft, allogeneic graft
material has a high degree of similarity to the structure of native bone: it has similar mechanical properties,
is biocompatible to a certain extent, and ultimately has osteoinductive and osteoconductive properties [63],
which are limited [68], probably due to the need for decellularization of the graft material [63]. As noted
by some authors, the key problems of this method are the lack of unified decellularization protocols and
the potential risk of infectious disease transmission [68].

Conventionally, allogeneic bone grafts can be divided into two main groups. The first group includes
various variations of allogeneic bone graft proper - decellularized bone graft of donor origin of one type.
The second group includes demineralized bone matrices obtained by acid treatment of allogeneic bone
graft in order to isolate bone collagen matrix [69]. It is important to note that there is an extremely wide
range of methodological solutions to obtain allogeneic [70-72]. This, on the one hand, creates the problem
of forming a unified protocol for wide implementation in clinical practice. On the other hand, it gives
grounds for a personalized approach, which is actively used in clinical practice.

At the same time, demineralized bone matrix is an allogeneic bone material that was modified in
accordance with the general provisions of the Marshall Urist technique [69]. It should be noted that this
method, which has already become traditional, has undergone a significant number of modifications since
its first use [73]. For example, the preparation of commercial demineralized bone matrix has wide limits of
variability among different manufacturers, including the use of different acid solutions, changes in the
duration of demineralization, different temperature regimes and methods of decontamination [74,75].

In comparison with autologous grafts, allogeneic transplant material demonstrates some characteristic
features. The common property, which directly depends on the main stage of obtaining all allogeneic grafts
- decellularization, is the absence of pronounced osteogenic properties [69,76]. Nevertheless, according to
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the "diamond concept" [38], allogeneic bone grafting material has high osteoconductive and osteoinductive
properties.

A certain degree of bone allograft effectiveness in clinical practice is largely due to its osteoconductive
properties and high value of mechanical support [69] in bone injuries requiring a large volume of grafting
material [77,78]. As in autologous transplantation, the most pronounced osteoconductive properties are
characteristic of the allograft of carcellous bone [36]. The variability of the content of osteoconductive agents
in the final graft material is largely due to the duration of storage and preparation conditions [79,80].

Taking into account the facts stated in the conclusion of the previous section, we need to focus our
attention on clinical practice. As it has already been mentioned, the main indication for the use of allogeneic
grafting material is extensive bone tissue damage requiring a significant volume of grafting material [81-
83]. The time interval of allografting is of particular importance in this context. Since this type of transplant
material, despite decellularization [84], has a relatively high frequency of immunogenic rejection [85]. At
the same time, in case of extensive bone injuries, including those caused by infectious agents [86], there
may be an immune hypersensitivity reaction to an allogeneic graft due to already existing inflammation
[69]. Therefore, in clinical practice, the strategy of delayed bone grafting (after 6-8 weeks after the primary
surgery) is often used [86,87].

The current trend in the use of allogeneic bone grafting material is the use of cellular bone matrices.
The essence of this method is the implantation of allogeneic mesenchymal stem cells into the structure of
the osteoconductive and osteoinductive base. The cellular component is obtained by isolating multipotent
stromal cells from cadaveric bone marrow, adipose tissue, and chorion tissue [88]. However, some authors
speak about the controversial efficiency of their use [89].

A combination of allogeneic and xenogenic bone grafting materials can also be used, where the former
performs the role of an osteoinductive agent and the latter performs a mechanical role [90]. The category
of xenogenic bone grafts should be noted separately: bovine bone material is often used for their production
[91-93]. There are data confirming high osteoconductive properties of xenogenic bovine bone material [94],
while the independent use of xenogenic bone grafting material, despite the positive postoperative outcome
in individual cases [95], demonstrates poor quality of clinical outcome [96,97]. The main negative results
of xenotransplantation are fibrous encapsulation of the graft [98] and improper fusion, which is manifested
by pain syndrome [99]. Moreover, due to the extremely high duration of xenograft integration (57 weeks)
compared to allograft (16 weeks), many researchers have decided that xenografts should not be used
independently [96].

Summarizing the data presented in this section, it is worth noting that, on the one hand, the direction
of allogeneic transplantation material use is constantly replenished with original methods, including the
use of additional categories of transplantation materials. However, on the other hand, in this area there is
anoticeable problem with the standardization of the existing methodological base [100]. In clinical practice,
this leads to the need to use strategies of personalized medicine, limiting the prevalence of application.

4. Semisynthetic and synthetic bone substitutes

Considering the data presented in the previous sections, we need to pay special attention to the
possibility of increased risk of transmission of infectious agents by transplantation of allogeneic [101,102]
or xenogeneic [103] grafting materials. It is also necessary to consider the high risk of developing an
increased immune response in allogeneic bone grafting [104,105], as well as the negative results of the
integration of xenogenic bone grafting material [96-99]. The presented difficulties in the use of allogenic
and xenogenic bone grafts create the need to develop safer, affordable and comparably effective
alternatives.

In the sections above, strong evidence has already been presented for the feasibility of using
hydroxyapatite as a basis for synthetic compositions and materials that can potentially have all the required
properties as an alternative to autologous grafts. This is also supported by the use of hydroxyapatite
bioceramics in current clinical practice in solid, granular, powdered, porous and composite forms [106—
109]. The latter form attracts special attention because being native bone tissue, bone autografts are
composites [110,111].
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There are two main categories of methods of hydroxyapatite production, dry methods and solvent
methods [112]. Dry methods are characterized by the use of mechanical action and high temperatures. The
schematic order of this method is shown in Figure 2.

Figure 2. Schematic representation of the simplest algorithm of the dry method of hydroxyapatite
production. 1 - source of calcium raw material (calcium hydroxide or calcium acetate monohydrate); 2 -
source of phosphates (phosphorus pentoxide ammonium hydrophosphate); 3 - optional introduction of
various salts, most often magnesium salts; 4 - pre-prepared calcium phosphate powders can also be used; 5
- intensive mechanical grinding (vibrating ball mill); 6 - high-temperature treatment of the powder mixture;
7 - transfer material in the form of primary raw material (adapted from [113]).

In this process, the precursor is first pulverized and heated at a very high temperature of 10000C [114].
These techniques do not require the use of solvent [113]. In particular, a mixture of tricalcium phosphate
[Ca3(POs)2 or 3Ca0.P205] and tetracalcium phosphate [Cas(POs4)20 or 4Ca0O.P20s] can be used. In general,
the solid-phase production of hydroxyapatite results in a well crystallized product [112,115]. The quality
of the raw materials obtained in this way is not significantly influenced by processing factors. This creates
the basis for large-scale production [116,117]. However, hydroxyapatite obtained by this method often
exhibits phase heterogeneity [118]. There is a variation of the solid-phase method that produces more
homogeneous hydroxyapatite, the mechanochemical method. However, this modification is not able to
sufficiently improve phase heterogeneity [113]. Moreover, hydroxyapatite obtained by this method has
low biomimetic properties, which makes it necessary to analyze alternative methods of hydroxyapatite
production [119].

Chemical precipitation method: based on a category of methods for the production of hydroxyapatite
using different solvents for chemical precipitation of various sources of calcium (calcium nitrate Ca(NOs)2)
and phosphate (diammonium dihydrophosphate (NH4)2HPOs) [112] in the presence of a wide variety of
substituents [120-123] in acidic or basic media. The range of conditions for conducting the co-chemical
precipitation is highly variable. The pH values vary from 3 to 12 [112,124]. The temperature regime of the
reaction has an extremely wide range [112,125]. The schematic algorithm of this method is presented in
Figure 3.
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Figure 3. Schematic representation of the algorithm of hydroxyapatite fabrication by chemical precipitation.
1 - syringe pump with reagent containing Ca?* cations, most often calcium nitrate (Ca(NOs)2); 2 - Ph-
controller (often ammonium solution); 3 - Ph-meter (control of Ph-reaction mixture); 4 - reagent containing
phosphate-anions (most often diammonium phosphate (NH4)2HPO4); 5 - stirring and temperature control
using a heated magnetic stirrer; 6 - precipitation of hydroxyapatite particles; 7 - transfer material in the form
of primary raw material (adapted from [113]).

In contrast to dry methods, solvent-based technology results in hydroxyapatite particles with a more
biomimetic morphology. Equally important is the ability to manipulate particle size and morphology given
the relative simplicity of the technology [113]. As a result of this reaction, it is possible to produce spherical
and needle-shaped hydroxyapatite nanoparticles [126], which are native forms of bone hydroxyapatite [31].
By this method, it is possible to obtain hydroxyapatites with the desired ionic substitution of the crystal
lattice for magnesium [120], strontium and lithium [127], manganese, thereby regulating the degree of
carbonization [121], aluminum [122], zinc [127,128], selenium [123], various rare earth metals [129] and a
number of other elements, including copper and silver [130].

Along with the use of substitute agents for the components of the hydroxyapatite crystal lattice, the
co-chemical deposition method is often used for its synthesis in relatively pure form [131] or in the form of
multilevel compositions using additional materials in a variety of ratios and forms. Examples include
coatings for substrates made of polymeric [132-134], metallic [135,136] or combined compositions [137,138].
Also composite porous micelles [139], composite hydroxyapatite nanoparticles [140] and hydroxyapatite
nanotubes [141] or nanorods [142] can be obtained by this method.

Nevertheless, for hydroxyapatite obtained by chemical precipitation method, it is often found that the
required stoichiometric parameters are absent. And, in contrast to dry production techniques, the raw
materials obtained by chemical precipitation have low crystalline parameters [113]. Thus, as in the previous
example, the need for further consideration of alternative methods of obtaining hydroxyapatite becomes
obvious.

Electrochemical deposition method: widely used for the synthesis of biomedical coatings and
membranes. There are two main categories of electrochemical method performance: electrophoretic
process - based on the use of a suspension of ceramic particles; electrolytic process - based on the use of
metal salts. The material for this method is aqueous solutions identical to those used in chemical
precipitation [143]. This method is characterized by such positive features as the speed of formation of a
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uniform coating at relatively low temperatures. Electrochemical methods provide good impregnation of
hydroxyapatite into the composition of porous substrates and carriers, resulting in the formation of a
uniform and durable coating [143,144]. This was greatly facilitated by the introduction of the pulsed
electrodeposition method, which reduced the release of hydrogen gas bubbles during the electrochemical
reaction [143]. As in the case of chemical deposition, the electrodeposition method is used to create
composite structures of hydroxyapatite with a wide variety of morphologies. These include composite
coatings, including aluminum-containing coatings [145], for a variety of alloys [146-148] including
aluminum alloys [149], and for some polymer implants [150]. The mentioned range of morphological
diversity also includes hydroxyapatite nanotubes [151] and hydroxyapatite nanoparticles [152]. However,
most commonly, nanoparticles, microparticles and other dispersed forms of hydroxyapatite are used as
drug delivery agents [129,153,154].

Emulsion method: one of the most effective methods for obtaining nanostructured hydroxyapatite
powder formed in a dispersed medium of two immiscible solvents. This medium is stabilized by
surfactants. It is most often used as a method for efficient production of composite materials using finished
hydroxyapatite particles.

The method of producing the emulsion is largely determined by the concentration and nature of the
surfactant introduced [155]. Agglomeration creates a favorable environment to regulate particle growth.
Hydrophobic surfactants are subsequently easily removed by calcination [156].
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Figure 4. Schematic representation of the algorithm of hydroxyapatite fabrication by emulsion method. 1 -
hydroxyapatite particles; 2 - oil phase; 3 - aqueous phase; 4 - transfer material in the form of primary raw
material; A - oil encapsulated in aqueous phase containing particles; B - oil encapsulates aqueous phase with
hydroxyapatite particle; C - emulsion system where aqueous phase contains oil droplets with encapsulated
aqueous medium containing hydroxyapatite particle (adapted from [113]).

Its advantage is the strict control of morphogical and dimensional parameters of nanoparticles. Due
to this method is often used to create porous materials, acting as a solution to some difficulties in the
agglomeration of hydroxyapatite particles. As sources of calcium and phosphate it is possible to use
available precursors: calcium nitrate and phosphoric acid. The surfactants used to prepare the emulsions
are sodium dioctyl sulfosuccinate, dodecyl phosphate, polyoxyethylene, non-polyphenol ether,
polyoxyethylene ether, cetyltrimethyl ammonium bromide and sodium dodecyl sulfate. In addition to the
characteristics of the surfactant, the ratio of aqueous and organic phases, pH, temperature regime and the
concentration of calcium and phosphate sources have a special influence on the final performance of
hydroxyapatite obtained by the claimed method [112].

Sol-gel method: This method is one of the most popular methods for obtaining hydroxyapatite from a
solution of preferably organometallic precursors [158]. It is convenient for obtaining film coatings [159,160]
and aerogel structures of hydroxyapatite [112]. In the most general sense, this process involves hydrolysis
of precursors to form micelles associated with templates in aqueous or organic media. This provides high
chemical homogeneity of the resulting material [161], suitable stoichiometrically, high available surface
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area, and minimal dimensional clustering. With all this, this method does not require high temperatures
[162]. The results of in vitro studies also confirm the advantage of the material obtained by this method in
terms of bioresorbability compared to the results of alternative methods [113]. Despite the unique
properties of the materials produced by this method, this method has limitations in terms of scalability.
The main reason for this is the high cost and scarcity of alkoxide-based precursors and the need for
extremely fine control of the production process. Inadequate control of the production process is often
responsible for the formation of secondary phases in the form of CaO, Ca2P207, Ca3(POs)2 and CaCOs[112].

It is also not uncommon to observe the introduction of combined production technologies involving
the use of several methods. Thus, the product of the emulsion method is subjected to high-temperature
treatment [156]. High-temperature processing methods such as pyrolysis provide stoichiometrically pure
and very crystalline hydroxyapatite powders [113]. This allows its use as a final step in the fabrication of
hydroxyapatite material in order to increase the crystallinity of the raw material for graft fabrication [157].
However, this method can also be used as an independent method of hydroxyapatite production. There
are two main variations of this technology - the method of pyrolytic spray and the method of pyrolytic
spraying. In the first case, a pre-prepared solution of calcium and phosphorus salts is sprayed into a high-
temperature furnace. As a result, water evaporates and the remaining particles crystallize to form
hydroxyapatite. In pyrolytic spraying, a dense and durable coating of hydroxyapatite is formed on the
target surface. In both cases, the morphology and size of the particles directly depend on the similar
characteristics of the sprayed and sputtered droplets, which allows controlling these characteristics [113].
The schematic algorithm of this method is presented in Figure 5.

Figure 5. Schematic illustration of sol-gel method of hydroxyapatite production. 1 - phosphate-containing
reagent (phosphorus pentoxide, ammonium hydrophosphate or triethyl phosphate); 2 - calcium-containing
reagent (calcium nitrate, calcium acetate monohydrate or calcium ethoxide CsH1CaOz); 3 - solvent (water
or ethanol), control of reaction of sol formation; 4 - sol state of reaction mixture; 5 - transition of reaction
mixture from sol to gel; 6 - control of coagulation reaction parameters; 7 - coagulation; 8 - direct transition
to gel formation state; 9 - deposition with formation of material in powder form (individual particles); 10 -
formation of coatings; 11 - formation of ceramic fibers as a result of electrospinning; 12 - control of gel
formation reaction conditions; 13 - gel; 14 - evaporation and solvent extraction; 15 - formation of aerogel; 16
- dense ceramics (adapted from [112]).
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Special attention should be paid to the methods of hydroxyapatite production from biogenic sources,
the main examples of which are presented in Table 2. The most popular raw material for this method of
hydroxyapatite production is the use of various biological wastes: bovine bone mass [163,164], eggshells
[165,166], marine organisms [167-170] and plant materials. The latter can be used to extract hydroxyapatite
per se [171] as a solvent [172,173] or as a source of calcium [174] and as a source of phosphate [175,176].
Moreover, the possibility of using plant-mediated synthesis of nanostructured hydroxyapatite for medical
use has been shown [177]. It is important to note that some fungi possess the ability to synthesize
nanostructured hydroxyapatite [178]. This may indicate their use as potential agents of hydroxyapatite
synthesis for the needs of transplantology.
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Table 2. Utilization of different biogenic raw materials of hydroxyapatite.

Source Extraction method Final product Results of in vitro and in vivo studies Ref.
Cattle bone waste Calcination without chemical agents. Hydroxyapatite nanoparticles with good crystallization are hexagonal in | In vitro cytocompatibility studies have shown high rates of cell viability | [164]
size 300-500 nm. and proliferation when co-cultured together [187]

Horse bone waste Sintering and processing in ball mill Hydroxyapatite nanoparticles of two size groups: < 500 and 200 nm. High ability to induce osteogenic differentiation of dental stem cells [188]

Fish waste M. furnieri | Treatment with NaOH and H:0: and | Hydroxyapatite powder with well-crystallized structure. Hydroxyapatite | Collagen fiber formation, fibroblasts were present and angiogenesis was | [167]
calcination at 800°C particles with pore size ~8 pm. observed. Tissue proliferation into the graft was observed. [189]

Bone  waste  of | Treatment with NaOH and acetone Hydroxyapatite powder with an average crystallite size of 58.3 nm. Cell viability of osteoblast-like MG63 cells is 91%. Positive effect on | [190]

Hypopthalmichthys differentiation and proliferation.

molitrix Tempering at 900°C Hydroxyapatite powder with an average crystallite size of 64.3 nm. MG63 cell viability is 86%. Low indicators of proliferative capacity.

Tilapia bone waste Tempering in the temperature range | Hydroxyapatite grains with a distinct porous structure and a relatively | High degree of biocompatibility. Promotes cell proliferation and | [186]
from 600°C to 800°C high degree of Mg?* substitution. differentiation compared to commercial pure hydroxyapatite.

Bone waste from E. | Alkaline hydrolysis and calcination at | Nanoscale hydroxyapatite measuring 29.5 nm for alkaline treatment and | High biocompatibility of normal adipose fibroblast L929 cells. High | [191]

chlorostigma 600°C 82.12 nm for calcination proliferation L929. High remineralizing potential.

L. catla and N. | Tempering at 800°C and grinding in a | Hydroxyapatite in the form of nanopowder of porous nanoparticles of | When used in conjunction with the polycaprolactone scaffold, proliferation | [170]

japonicus scales. bead mill size 30-60 nm with crystallites of size 10 nm. and excellent adhesion rates were observed

L. lentjan scales Hydrothermal treatment at 280°C Hydroxyapatite in the form of rods 50-100 nm long, 8-12 nm in diameter, | Biocompatibility and osteogenic potential for human mesenchymal stem | [192]

and spheroids with a diameter of 15-50 nm cells.
Plankton Leaching of solid particles Porous nanohydroxyapatite Adhesion, proliferation and viability. Increased expression of bone | [193]
morphogenetic protein 2, collagen-1, osteocalcin and sialopotein.

Atactodea glabrata | Tempering and chemical precipitation | Hydroxyapatite powder in the form of nanoscale rods 15.22 nm Absence of cytotoxicity. Inhibitory effect against some pathogenic bacteria | [168]

shells and fungi.

Sepia cuttlefish | Hydrothermal treatment with | Hydroxyapatite microspheres 1-2 microns in size with a trace element | Absence of cytotoxicity of MG63 cells. MG63 proliferation. High alkaline | [194]

skeleton NH4H2POs content close to human bone phosphatase activity and osteocalcin expression.

A. fulica shell Tempering. Sintering with (NHs):HPOu. | Nanoparticles of hydroxyapatite with the size of 87.7-88.9 nm Distinct antibacterial activity [195]

Eggshell Hydrothermal acid treatment with | Single-phase crystalline hydroxyapatite (26.5, 40.8 and 25.5 nm) with high | High adhesion of MG63 cells. The cells had distinct filopodia. [165]
HsPOu. Mg and Sr content.
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The main requirement for this type of feedstock is the removal of organic matter, which can be
achieved by temperature treatment per se [165] and by using subcritical water [179,180]. The use of
alkaline thermal hydrolysis [180] and enzymatic treatment methods [181] and so on are also
commonly practiced.

As mentioned in previous sections, the most obvious difference of biogenic hydroxyapatite is
the strong stoichiometric diversity. Natural hydroxyapatite has different degrees of substitution in
elements such as Na*, Zn*, Mg?, K+, Si**, Ba*, F-, and COs* [19,182]. This accounts for the diversity
of functions of natural hydroxyapatite as an element of bone tissue. A more detailed description of
each function is given in the previous structural sections. Table 2 summarizes the results of recent
studies. These data, in addition to the high feasibility of using this raw material, give an idea of the
high degree of biomimetic potential of the obtained hydroxyapatite in comparison with the mineral
phase of human bone [165]. This is supported by the data that testify in favor of similarity of leading
morphological and microarchitectural parameters of treated hydroxyapatite, including
agglomeration of hydroxyapatite particles as a result of high-temperature treatment [183]. For
example, the specific surface area of synthesized hydroxyapatite is in the range of values typical of
native bone tissue [184]. This method results in a material with native porosity [185,186]. This is
largely responsible for high indicators of biocompatibility, adhesive and osteogenic activity, which is
clearly reflected in modern studies (presented in Table 2).

There is also a whole range of alternative methods for the production of hydroxyapatite using a
wide variety of synthetic precursors, these methods are often based on identical mechanisms.
Nevertheless, we can say with full confidence that there is no lack of diversity in the methods of
synthetic hydroxyapatite production, which are determined by the variety of required characteristics
and conditions of application of the final graft. In turn, the diversity inherent in synthetic methods of
hydroxyapatite production determines the popularity of its application in research and clinical
practice.

Semi-synthetic and synthetic bone substitutes in research and clinical practice

The vast majority of grafts used in bone regeneration are temporary scaffolds and provide
structural support, promote bone repair and guide bone growth. Note that designing such a
framework is a critical task. As semi-synthetic and synthetic grafting materials provide targeted
modifiability, consistency and coherence as well as better availability. For example, one study
confirmed the extremely positive dynamics of new bone formation based on hydroxyapatite scaffold
populated with human bone marrow stromal cells [196].

Among the most popular representatives of synthetic bone substitutes, the group of calcium-
phosphate ceramics, which includes hydroxyapatite, including its various modifications, beta-
tricalciumphosphate and alpha-tricalciumphosphate and calcium sulfate, as well as various bioactive
glasses and polymers, is particularly notable [197].

In comparison with other representatives of popular synthetic bone substitutes, hydroxyapatite
has a number of features: relative to beta-tricalcium phosphate, carbonate apatite, which is
considered as a modification of hydroxyapatite [198,199], has increased solubility in conditions that
mimic Hauschip lacunae or resorption fossae [200]. Depicted in Figure 6. The latter structures are the
result of osteoclast activity and play an important role in the bone remodeling process [201]. The
aforementioned may indicate a more targeted response of this material in the format of natural bone
remodeling, which may result in a relatively high osteogenic potential. While resorption of beta-
tricalcium phosphate is maximal under physiologically normal conditions [200]. For alpha-
tricalcium phosphate, even higher resorption under physiological conditions and the ability to
rapidly hydrolyze to calcium-deficient hydroxyapatite have been shown [202].

In comparison with calcium sulfate (calcium sulfate semihydrate), magnesium substituted
hydroxyapatite showed low resorption when transplanted into human bone defects [203]. At the
same time, a more intense, incomplete osteogenic response was observed for calcium sulfate
compared to the response to beta-tricalcium phosphate/apatite transplantation [204].
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Figure 6. Hauschip's lacuna or resorption fossa, scanning electron micrographs: A, micrograph of cell-
free hydroxyapatite surface with mean particle size 476.70 + 100.71 nm; B, osteoclast (yellow arrow)
on hydroxyapatite surface with mean particle size 476.70 + 100.71 nm; C, resorption fossa on
hydroxyapatite surface with mean particle size 476.70 + 100.71 nm formed by osteoclasts (adapted
from [205]).

When comparing hydroxyapatite and bioactive glasses, which are a group of synthetic materials
based on silicon dioxide, calcium and sodium dioxide, it is necessary to note distinct osteoconductive
properties [197]. This feature of this material is due to the formation of an amorphous layer on its
surface, where favorable conditions for the concentration of structural proteins and growth factors
are formed [206]. A comparative analysis of grafting materials based on hydroxyapatite, bioactive
glass, and composites containing both materials showed an increase in osteoconductive potential
when hydroxyapatite was added [207]. Thus, for amorphous bioglass 4555 Bioglass® in in vivo
studies a tendency to implant fracture was revealed [207,208]. This, to a certain extent, is also solved
by the inclusion of hydroxyapatite in the composition of grafting material based on bioactive glass
[207].

Also, when comparing the results of hydroxyapatite and bioactive glass transplantation into the
defect of rat calvaria for the first material, a significantly more voluminous area of newly formed
bone, as well as a significantly higher content of tartrate-resistant acid phosphatase (TRAP)-positive
cells are noted [209]. The latter are more represented by osteoclasts and macrophages [210,211].
Together with the data on the comparatively better response of hydroxyapatite to the conditions of
native remodeling [201], the above suggests a special relationship between hydroxyapatite and its
derivatives and osteoclasts as derived monocytic precursors.

With regard to polymeric synthetic bone substitutes, there is also a tendency to increase
osteogenic potential when hydroxyapatite is included in their composition. This phenomenon may
be due to the intensification of osteoblastic differentiation when using polylactide and polylactide-
co-glycolide [212]. When using a polyurethane composite with the addition of 40% hydroxyapatite,
a significant increase in biomineralization capacity and osteogenic differentiation of mesenchymal
stem cells in in vitro assays and the formation of a noticeable volume of vascularized bone tissue in
in vivo studies were noted [213]. A similar trend is characteristic of polyethylene glycol diacrylate-
based grafting material. The inclusion of hydroxyapatite into the material composition markedly
increased the mechanical properties and biocompatibility of the prepared grafts in comparison with
pure polymeric grafting material [214]. This trend is confirmed in the vast majority of cases of joint
use of synthetic polymers and hydroxyapatite for bone grafting [215].

The above data allow us to speak about the interaction of hydroxyapatite with TRAP-positive
cells, including osteoclasts and their immune precursors, as one of its key features in the role of bone
grafting material. Thus, there is a clear need for a more detailed analysis of the literature data on the
interaction between this transplant material and the recipient's immune system. The role of
mononuclear phagocytic series is of particular importance in this context.
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5. Interaction between mononuclear phagocytic cells and hydroxyapatite-based transplant
material

One of the earliest literature reports of a direct relationship between hydroxyapatite and a
distinct, acute, immune response, is a study of aseptic destruction and osteolysis of bone tissue in
response to the use of hydroxyapatite as a bone grafting material. The occurrence of this reaction was
found to be directly dependent on graft wear particles smaller than 53 pum. The results of the study
demonstrate the ability of hydroxyapatite of this size to reduce the number of viable osteoblasts and
activate osteoclasts [216]. Apparently, this effect of small-sized hydroxyapatite is characteristic for a
wider range of cells and especially for cancer cells. When internalized in them, hydroxyapatite
particles suppress their proliferation by inhibiting protein synthesis, blocking the availability of
ribosomes for mRNA [217]. As well as the previous example, the data of comparative analysis of
synthetic bone substitutes presented in the section "Semisynthetic and synthetic bone substitutes in
research and clinical practice” confirm the possibility of using this feature of hydroxyapatite in clinical
and research practice.

Less than 10 years later, data were obtained that directly confirm the ability of hydroxyapatite
to initiate differentiation of macrophages toward an osteoclast-associated phenotype. Monocytes
were characterized by the formation of a flattened phenotype with an irregular cell shape. Monocyte-
macrophage cells were characterized by a marked increase in receptor activator of nuclear factor
kappa-B ligand (RANKL) expression (modulates osteoclast activity) and formation of peripheral
podosome belt [218] - dynamic actin and membrane-bound microdomains formed as an
interconnected network of cytoskeletal units, forming a cytoskeletal superstructure in association
with the plasma membrane [219].

In the context of literature data that demonstrate the ability of nanostructured hydroxyapatite
to inhibit protein synthesis [217], it is extremely interesting that monocytes in the presence of
hydroxyapatite showed signs of protein synthesis intensification [239]. At the same time, nanosized
hydroxyapatite is able to initiate selective apoptosis of rabbit squamous VX2 tumor cells [220], growth
inhibition of melanoma [221] and other types of tumor cells. This is primarily due to disruption of
cellular calcium homeostasis and activation of endogenous mitochondrial and activation of external
apoptosis stimuli [153].

Hydroxyapatite pretreated by partial dissolution and precipitation showed a markedly larger
area of TRAP-positive staining (increased osteoclast activity) and increased expression of osteoclast-
related genes compared to standard hydroxyapatite. The researchers attribute this difference to the
presence of nanoscale hydroxyapatite particles in the treated material, while a homogeneous coarse-
grained structure has been shown for standard material [222]. This work demonstrates the critical
role of nanostructure and microstructure of hydroxyapatite, which is in good agreement with the fact
that a lamellar microstructure is associated with a higher proliferative capacity of cells in the early
stages of co-incubation. On the contrary, for hydroxyapatite with needle-shaped nanostructure, a
noticeable increase in the number of cells is noted only in the late phases of the experiment. Also, for
the former, a greater number of bound macrophages with flattened morphology is noted [223]. The
following work extends the understanding of this phenomenon. First, strong evidence was obtained
in favor of the effect of hydroxyapatite particle morphology on cytokine production by mouse
dendritic cells. The highest rates of interleukin 13 (IL-1B) secretion were detected in response to
needle-shaped hydroxyapatite, while the ability to significantly increase IL-1f3 synthesis was not
detected for smooth particles ~100 um in size. For smaller spherical particles, a significantly lower
ability to produce IL-1p by murine macrophages was detected. The maximum expression of IL-13 by
murine macrophages was detected in response to needle-shaped hydroxyapatite particles.
Expectedly, they also induce significantly higher inflammatory responses upon intraperitoneal
injection compared to their spherical counterparts. For mouse peritoneal exudate cells (CPEM)
stimulated with ~5 um needle-like hydroxyapatite particles, higher levels of tumor necrosis factor
(TNF-a) were detected in response to repeated stimulation by heat-inactivated E. coli. All CPEM
samples, except those stimulated with smooth hydroxyapatite particles of ~100 pm in size, exhibited
reduced interleukin 10 (IL-10) production. All this, coupled with the dynamics of mast cell and
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resident macrophage infiltration, indicates a less significant inflammatory response for large
spherical particles compared to needle particles [224]. Moreover, the authors of some studies draw
conclusions about the extremely high importance of transplant morphology for the formation of
osteoconductive properties, focusing on the rate of material resorption by TRAP-positive osteoclast-
like cells and TRAP-negative multinucleated giant cells [225].

Comparatively more recent studies also confirm the special importance of the nano-level
morphology of hydroxyapatite-based grafting material. Artificially engineered microgrooved
hydroxyapatite surface structure promotes macrophage attachment and reduced synthesis of pro-
inflammatory cytokines TNF-a, IL-1f and interleukin 6 (IL-6) compared to standard porous
hydroxyapatite framework by reducing the accumulation of reactive oxygen species through
modulation of mitochondrial functions. However, no effect on the nature and dynamics of
macrophage polarization was found [226], although more recent studies report such a possibility [5].

On the other hand, upon exposure to nanostructured hydroxyapatite, a marked increase in the
secretion of TNF-a and IL-6, as well as adenosine triphosphate, nicotinamideadenine dinucleotide
and reactive oxygen species [227], interferon y (IFN-y) and cluster of differentiation 107a (CD107a)
on cluster of differentiation 8 (CD8)-positive T cells [228] were observed in macrophages, against a
background of decreased IL-10 production. In contrast, the microgroove structure promoted the
viability of bone marrow mesenchymal stem cells by inhibiting miR-214 by reducing IL-6 [226]. Also,
the ability of rod-shaped hydroxyapatite to exert a marked effect on mitochondrial functionality is
confirmed by its use as an effective antitumor agent. Hydroxyapatite with the above morphology has
notable immunomodulatory [220,229] and proapoptotic properties [220], as the release of cathepsin
B and generation of mitochondrial reactive oxygen species are observed upon internalization of
nanorod hydroxyapatite [228].

The following literature example is key, as this work particularly demonstrates the difference
between the effects of hydroxyapatite morphology under in vivo and in vitro conditions: in the
former, we observe a distinctly higher osteoconductive potential of nanostructured hydroxyapatite
and a smaller osteoclast area compared to submicron-sized hydroxyapatite; in the second case,
despite the highest cell viability rate at the earliest stages of co-culture for the nanostructured
hydroxyapatite, a more mature osteoclast morphology and significantly higher expression of
osteoclast-associated genes over a medium time distance were detected for the submicron form of
hydroxyapatite [205].

Taking into account all the data presented above, including data on ribosomal [217] and
mitochondrial [220] mechanism of inhibition of cell development, as well as the ability of
nanostructured hydroxyapatite to activate osteoclasts [222], the most important parameter in the
response to morphological characterization of the material is a relatively constant and prolonged
infiltration of immune cells. This is achievable only in living conditions, which can be indirectly
confirmed by the dynamics of infiltration of resident macrophages and mast cells for the small-sized
form of hydroxyapatite [224].

6. Conclusion and Future Directions

From the very beginning of this analytical review, a hypothetical possibility of a special character
of the relationship between the mineral component of bone tissue and mitochondria was presented.
It is quite possible that the direct beginning of bone tissue mineralization is provided by energy-
dependent movement of Ca2+ cations and serum phosphate ions into mitochondria of osteoblasts
and subsequent deposition of amorphous calcium phosphate micropackages. At the same time, the
extremely important role of mitochondria in the metabolism of both synthetic hydroxyapatite in the
form of bone grafting material and native bone tissue hydroxyapatite has been proven. On the other
hand, the effect of hydroxyapatite on mitochondrial function in the role of key regulators of calcium
homeostasis of the cell is extremely appreciated. The semantic coherence of the presented data may
indicate the necessity to analyze various disorders of bone tissue mineral component metabolism
from the point of view in which mitochondria of osteoblasts, osteocytes and, especially, osteoclasts
serve as the key apparatus for its formation.
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Also, as a result of this work, numerous literature data have been cited, which form a fairly
complete picture of the differences between the results of in vivo and in vitro studies of synthetic
hydroxyapatite with a variety of nanoscale morphologies. First of all, we conclude that an adequate
evaluation of hydroxyapatite as a grafting material with nano-sized morphology at this stage is
possible only under relatively constant and prolonged infiltration of immune cells under the
condition of sufficient duration of analysis. These conditions can only be fully achieved by using in
vivo studies.

In addition, the key features of hydroxyapatite as a bone grafting material, which include a
special character of interaction with monocytes/macrophages, osteoclasts and T-cells of the recipient's
body. Moreover, this property can be directly regulated by the nanoscale morphology of the material,
provided that its macroscopic structure is preserved. Recently, the ability of hydroxyapatite
nanoparticles to influence ribosomes and mitochondria of many cells is of particular interest.
Together with satisfactory mechanical properties, high potential for scalability and unification of the
production process, this material is the most suitable for the treatment of extensive bone defects of
tumor origin.

Thus, this work highlights a potential and relatively original theoretical direction for future
research on hydroxyapatite in the role of bone grafting material. We also demonstrate the relatively
high value of the results of in vivo studies, which in itself is not original. However, it justifies the
need to intensify the development of in vitro research methods towards biomimetic studies.
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