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Abstract—Data obtained by the authors upon creating composite materials based on biopolymers and cal-
cium phosphates adapted to the prototyping technology are presented. Results concerning the creation and
investigation of the properties of three-dimensional structures for the replacement of bone defects, as well as
novel studies of the functionalization of three-dimensional prototypes based on calcium phosphates and a
biopolymer, namely, modification of the surface of mineral–polymer materials by the biomimetic applica-
tion of active calcium phosphates, are shown.

Keywords: calcium phosphates, composite materials, biopolymers, polysaccharide, tricalcium phosphate,
octacalcium phosphate, sodium alginate, gelatin, prototyping, 3D printing
DOI: 10.1134/S1995421221020349

Despite the fact that a wide range of osteoplastic
materials (metallic materials, silicates, calcium phos-
phate ceramics, biopolymers) are used in existing
medical methods, a significant number of studies have
been carried out that are aimed both at developing
novel materials and at studying the methods for mod-
ification and functionalization of implants for the
recovery of damaged bone tissues [1, 2].

A large number of works are aimed at creating
materials based on calcium phosphates—in particular,
ceramics based on tricalcium phosphate (TCP) and
octacalcium phosphate (OCP) is commonly consid-
ered promising. Such a trend in the studies is deter-
mined by several reasons: TCP and OCP ceramics
possess a relatively high solubility in the body f luids
and promotes the process of biomineralization of the
bone tissue being formed [3].

The modern methods for the development of
osteoplastic materials are based on the direct funda-
mental perceptions of the composition and structure
of the human bone tissue, which mainly consists of
collagen fibrils and biological apatite. It can be stated
based on the analysis of the published data that the
matrices fabricated from the composite materials of
the biopolymer–calcium phosphate type have better
physicochemical and biomechanical properties than
do ceramic or metallic ones.

Biopolymers possess an enormous potential for
various applications in biomedical studies and clinical

practice. Biocompatible polymers of various natures
and ceramic fillers with various architectonics of the
surface, namely, from powders to spherical granules,
are used for the creation of composite materials (CMs)
[4, 5]. Materials based on the biopolymers of animal
and vegetable origin, such as sodium alginate, chi-
tosan, pectin, gelatin, collagen, and fibrinogen, are of
special interest due to the wide spectrum of their use-
ful properties such as biocompatibility and bioresorb-
ability. Today, such materials are widely used in vari-
ous materials for medical use, including for the regen-
eration of soft and hard tissues, as homeostatic agents,
as drug delivery platforms, as growth factors, and as
immune system stimulators against viral and bacterial
infections [6, 7].

In the creation of three-dimensional composite
structures based on polymers and calcium phosphates
(CPs), special hopes are placed on the methods of fast
prototyping (or additive production) [8]. The three-
dimensional model of the required fragment of the
patient’s tissue can be obtained on, e.g., a high-reso-
lution X-ray computed tomograph, and then a precise
copy thereof—a structure made of biocompatible
materials—can be rapidly fabricated. In the process of
fabrication of an osteoplastic product, it can be sup-
plemented with certain details, and the creation of the
required architectonics can be programmed. Three-
dimensional printing (3D printing) should be distin-
guished in first place among the most thus far devel-
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Fig. 1. (a) Initial collagen matrix and (b) COP coating obtained by biomimetic deposition.
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oped fast prototyping methods and additive produc-
tion technologies that make it possible to use various
calcium phosphates and polymers as the initial mate-
rials [9].

Methods of three-dimensional jet printing of
ceramic matrices and methods of fabrication of vari-
ous tissue-engineered structures based on them have
experienced active development in the last decade.
However, purely ceramic matrices are characterized
by high rigidity and fragility. The possibility of com-
bining ceramic and polymer components and capabil-
ities of three-dimensional printing are directly associ-
ated with the creation of novel materials and develop-
ment of the additive technologies of formation of
personalized three-dimensional tissue-engineered
structures intended for the elimination of the defects
of bone tissues of various origins [10, 11].

Further functionalization of the developed materi-
als is a relevant, scientifically and practically justified
task. The functional orientation of nanostructured
materials means the possibility of their multipurpose
use, namely, not only as a “simple” implantation
material, but also as a nanobiostructure with a bioin-
spired surface containing biologically active molecules
(growth factors) or medicines.

The development of such materials and fabrication
technology will make it possible to provide the possi-
bility for creating a universal three-dimensional new-
generation nanobiostructure at the level of global
developments. The possibility of imparting the
required properties to the biological systems for the
replacement of an osteohondrous defect and use as
containers for the local delivery of various medicines
to the region of a surgical wound will lead to advance-
ments in the field of biology and medicine [12–14]. In
other words, the bioinspiration of the surface of bio-
compatible materials adapted for the prototyping
technology at a nanolevel provides the sorption of var-
ious biologically active substances from biological f lu-
ids, which will be provide high-quality osteointegra-
tion of the implant with the parent bed tissues and the
formation of a tissue-specific bone equivalent in a
short time.
PO
In the case of modification of the surfaces of an
implant with a layer of calcium phosphate, a signifi-
cant increase in the osteoinduction properties can be
achieved. The known methods used for the applica-
tion of a layer of calcium phosphate onto the surface of
implants, such as electrochemical deposition, plasma
spraying, sol–gel deposition, electrophoretic deposi-
tion, ionic deposition, hot isostatic pressing, and
laser-assisted deposition [15, 16], are associated with
physical conditions that are far from physiological
and, most importantly, are carried out at quite high
temperatures. The application of a calcium phosphate
coating onto an implant by the high-temperature
method excludes the possibility for introducing bio-
logical molecules and may lead to thermal decompo-
sition of the material. Therefore, in most cases, bio-
logical objects cannot be applied onto the surface of
implants [17–20].

The method of biomimetic application of calcium
phosphates presupposes the use of physiological tem-
peratures for the modification of the surface. This
makes it possible to functionalize materials of various
natures and incorporate biological agents (proteins,
growth factors) without sacrificing their biological
activity. Also, the possibility for applying such a
method for complex-geometry implants, in particular,
on 3D materials, is a clear advantage, because the
physicochemical and morphological properties of bio-
mimetic coatings do not depend on the three-dimen-
sional structure of the material being modified (Fig. 1)
[21, 22].

The procedure for application of calcium phos-
phates onto the material includes the stage of forma-
tion of a biomimetic active layer of carbonate-con-
taining amorphous calcium phosphate on the surface.
The formation of such a calcium phosphate layer is
associated with the oversaturation of isotonic solu-
tions with calcium and phosphorus ions and dissolu-
tion–deposition processes occurring as a result of the
migrations of these ions. A simulation body f luid
(SBF) buffer solution that models the extracellular
body f luid with respect to its composition is one of the
most widely used for such a method of surface modifi-
cation [23–25]. Such a f luid is generally close to the
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blood plasma with respect to the composition and
contains phosphate and carbonate ions. Crystalliza-
tion of calcium phosphates on the surface of the mate-
rial occurs as a result of the change in the product of
the ionic activities in the f luid and in the case of the
presence of the corresponding sites [28].

Low-temperature coatings based on calcium phos-
phates can be obtained by biomimetic deposition on
the materials of various natures including polymer
scaffolds resistant to dissolution. In such cases, the
matrices are immersed into salt buffer solutions to cre-
ate crystallization sites, with two- and threefold solu-
tions of SBF most often being used for these purposes.
Increasing the factor of the solution is associated with
the need for the oversaturation of calcium and phos-
phorus ions for the crystallization of calcium phos-
phates on the created sites. The thickness of the biomi-
metic layer increases in time, and the rate of its forma-
tion increases with the degree of oversaturation of
SBF. The phase composition of the coating depends
on the chemical composition of SBF and its factor;
one can deposit both amorphous and apatite-like cal-
cium phosphate by varying the concentration of its
specific components. Therefore, a coating based on
octacalcium phosphate can be obtained, the prepara-
tion procedure of which is close to biomimetic deposi-
tion, which makes it the most promising surface-
incorporable coating [27, 28].

The study of the modification of the surfaces of
TCP and OCP ceramics by biomimetic decomposi-
tion with the use of f luids mimicking body f luids
(SBFs) found the effect of the concentration of the
solutions and time of exposure of 1–30 days
on the structure and properties of the materials. To
study the possibility of surface modification of the
ceramics, the experiments were performed in 1, 2, and
3 M solutions of SBF.

The effect of the concentration of the solutions and
time of exposure on the microstructure of the surface,
phase composition, and properties of the materials
was found using modern study methods. Upon
immersing the material into a solution, the Ca2+,
P , C , and OH– ions can interact between each
other in the process of deposition. In a neutral
medium (pH 7.4), HP  is formed upon the interac-
tion of phosphate ions with protons. These ions can
interact with calcium ions; here, the product of their
interaction deposits on the surface in the form of less
soluble CaHPO4. In addition, some C  and OH–

ions can also interact with calcium ions to form calcite
and hydroxide. The deposition–dissolution process
apparently proceeds immediately by several reaction
mechanisms and depends on the concentration of cal-
cium in the initial buffer solution [29].

However, the value of the pH of the solution shifts
from neutral to acidic (with calcium deficiency) with
an increase in the time of exposure, while the process
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of deposition decelerates together with the increase in
the rate of dissolution of the coating. Such processes of
dissolution–deposition type are most likely observed
in the case of implantation of ceramic materials
in vivo.

Based on the obtained data, the justified conclu-
sion can be drawn that modern developments and
studies in the field of creation of materials for the
replacement of the bone tissue are aimed at obtaining
a nanostructured material/coating. This is mainly
associated with the increased biological activity of
such implants and possibility for their multipurpose
use as biostructures containing growth factors, medic-
inal products, and biologically active molecules. The
application of such materials will make it possible to
achieve high-quality osteogenesis in the case of
replacement of complex-geometry critical defects and
decrease the frequency of infectious complications of
bone wounds.
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