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Background: Recently, bioactive ceramics based on hydroxyapatite (HAP) and tricalcium phosphate (TCP) have been preferred 
as implants in bone engineering. Aim: To study bone regeneration under conditions of filling metaphyseal defects with the original 
HAP-TCP composition. Materials and Methods: The experiment was carried out on inbred rats, the observation period was 2, 
4, 8 weeks. Morphological studies were carried out using light and electron microscopy. Results: In the dynamics of observation 
at 2, 4 and 8 weeks, a gradual arrangement of osteoclasts and osteoblasts on the surface of HAP-TCP was recorded, which indicates 
its high biocompatibility with bone tissue. During the experiment, the processes of resorption of implants, mineralization, prolifera-
tion of cellular elements of collagen and osteogenesis (osteoblasts and osteoclasts) and the formation of mature bone tissue were 
recorded. Conclusions. Experimental studies of plastic bone defects proved the presence of the osteoinductive and osteointegrative 
effect of HAP-TCP composition, which contributes to a more dynamic uncomplicated course of reparative osteogenesis.
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Reparative osteogenesis management is one of the 
biggest challenges in traumas and diseases of loco-
motor system, especially in major bone defects. Osse-
ous tissue has unique regenerative capacity, although 
it is remarkably limited in cases of three-dimensional 
bone defects, emerging after removal of benign 
tumors, primary malignant or metastatic tumors. All 
these surgeries cause bone defect replacement with 
various implants for targeted correction of regenera-
tive osteogenesis, aiming at a timely and complete 
medical and social rehabilitation of the operated 
patients [1, 2].

In bone engineering, bioactive ceramics, bioglass, 
biositals, enamel, and collagen-glycosaminoglycan 
composites are supposed to be promising materials 
for bone defect replacement. Recently, the advantage 
is given to bioactive ceramics on the base of:

•	hydroxyapatite (HAP) — complete chemical and 
crystallo-chemical analog of mammals bone min-
eral substance, possessing a complete immuno-
logic compatibility and bioactivity — the property 
to stimulate osteogenesis, biointegrate with bone, 
serve as a plastic material for bone synthesis and 
become a part of bone tissue that is replaced 
by HAP;

•	tricalcium phosphate (TCP) — complete chemical 
analog of bone tissue mineral substance, having 
a complete biocompatibility, however due to non-

conformity of crystal structure and increased 
solubility compared with HAP, it biodegrades in the 
body more rapidly
Based on HAP and TCP, the family of bioactive 

HAP-TCP ceramics for bone surgery was developed 
by the I.M. Frantsevich Institute for Problems of Mate-
rial Science of the NAS of Ukraine [3]. HAP-TCP advan-
tages are the following: high biological compatibility, 
apyrogenicity, implant integration with bone tissue 
without fibrous capsule development, gradual material 
replacement with a native osseous tissue, easy stor-
age and possibility of repeated sterilization, absence 
of infection transmission risk, sufficient number and 
variety of forms, possibility of regulating its properties, 
porosity, and the absence of ethical difficulties and 
religious limitations [3].

According to the National Cancer Registry 
of Ukraine for 5 years (2014–2019), in Ukraine 
15,546 patients with metastatic skeletal lesions were 
registered [4]. To date, it is established that the surgi-
cal treatment of this category of patients significantly 
increases the overall survival and quality of life [5, 6].

Personification of treatment leads to the results 
in creation of 3D-models of grafts with subsequent re-
placement of bone defects formed in individual patient 
to create the most favorable conditions for integration 
of the graft with the mother bone — lack of the impact, 
reliable graft fixation, and absence of clinical and ra-
diological signs of its rejection [7–9].

The aim of the study was to explore bone regenera-
tion under the conditions of metaphyseal defects filling 
with HAP-TCP in experimental setting.
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MATERIALS AND METHODS
The assessment of the bioactive ceramics HAP-

TCP (Ca10(PO4)6(OH)2, RAM I Kyiv) as a bone matrix 
and stimulator of reparative osteogenesis at implan-
tation into the tibial metaphyseal region was provided 
in the experiment in 16 animals (white outbred rats, 
body weigh 300–350 g) from the vivarium of R.E. Ka-
vetsky Institute of Experimental Pathology, Oncology 
and Radiobiology of the NAS of Ukraine. Introduction 
of animals into the experiment, surgical intervention 
and withdrawal of animals from the experiment were 
performed under general thiopental anesthesia. 
Periods of observation were 2, 4, and 8 weeks. All 
manipulations in animals were performed accord-
ing to the requirements of General Ethical Principles 
of Experiments on Animals (Ukraine, 2001) in accor-
dance with the European convention for the protection 
of vertebrate animals used for experimental and other 
scientific purpose. The protocol of animal experiments 
was approved by the Bioethical Committee (protocol 
№ 5 of 08.03.2018).

For morphological studies by light microscopy, the 
fragment or whole rat tibia was taken together with the 
implanted HAP-TCP and fixed in 10% solution of neutral 
formaldehyde, decalcified in 4% nitric acid solution, 
dehydrated in ascending concentrations of alcohols, 
and immersed into paraffin. Serial histological sections 
7–9 μm thick were made on a microtome, and stained 
with Weigert’s iron hematoxylin and eosin, as well as van 
Lawn picrofuxin. The stained sections were analyzed 
by OlympusBX-63 microscope with CellSenceDimen-
sion 1.8.1 morphometric program. The estimation 
of tissue areas formed at the region of the implanted 
HAP-TCP was performed between two fragments of the 
cortex adjacent to the implanted HAP-TCP.

For morphological studies by electron microscopy, 
the tissue obtained from the biopsy of the implanta-
tion zone was dissected into pieces of approximately 
1 mm3 and fixed with 2% solution of glutaraldehyde 
buffered with 0.1 molar Serensen’s mixture, pH 7.3, 
for 1.5 h. After washing for 20 h in the same buf-
fer, the tissue was decalcified in 5% nitric acid for 
2–8 h or with ethylenediamine tetraacetate for 20 days 
and additionally fixed in 2% osmium tetroxide solution 
in Serensen’s buffer for 1.5 h. Further, the tissue was 
dehydrated in ascending concentrations of alcohols 
(70–100°) and absolute acetone, and immersed 
in a complex of epoxy resins “Epon”. Ultrathin sections 
were made by the ultramicrotome LKB 8800 111 (Swe-
den) and contrasted with uranium acetate. The prepa-
rations were examined using the electron microscope 
JEM-100B (Japan) at an acceleration voltage of 60 kV.

Statistical analysis was performed using Microsoft 
Excel XP. To determine the differences between the ob-
tained indicators Student’s t-test was used. Differences 
at p < 0.05 were considered statistically significant.

RESULTS
Light microscopy. At 2 weeks post-implantation: 

directly on the HAP and TCP particles single osteo-

clasts were determined, which formed resorption cavi-
ties into which osteoblasts were ingrown. Osteoblasts 
were located on the surface of HAH and TCP particles, 
forming an osteoid. The location of osteoclasts and 
osteoblasts on the surface of HAP-TCP indicates its 
high biocompatibility with bone tissue.

At 4 weeks post-implantation: in the cortex zone, 
HAP and TCP particles were interconnected by newly 
formed bone tissue with the maternal bone adjacent 
to the implantation site. Osteocytes were located 
on the surface of the bone trabeculae in narrow and 
dilated lacunae. The intertrabecular spaces were filled 
with fibroreticular tissue. The osseous trabeculae that 
form the intertrabecular spaces had a high density 
of osteoblasts in the marginal compartments, and their 
accumulation was observed in the areas between HAP 
and TCP particles. The cortex of the maternal bone was 
characterized with the signs of post-traumatic reactive 
remodeling associated with the expansion of vascular 
bone canals (Fig. 1).

At 8 weeks post-implantation: in some places, osteo-
cytes were located on the surface of the bone trabeculae, 
and osteoblasts were located on the marginal surface 
(Fig. 2). Most of the surface of the bone trabeculae was 
covered with active osteoblasts, which have a weakly ba-
sophilic stained nucleus surrounded by a rich cytoplasm, 
which indicates the activation of biosynthetic processes 
in such cells. An accumulation of osteoblasts on which 
an osteoid is formed was observed.

Morphometric study was conducted for assess-
ing the ratio of tissues formed in the cortex with im-
planted HAP-TCP. The ratio of tissues (%) in the area 
of the defect between fragments of the cortex with 
implanted HAP-TCP was determined as follows: bone 

Fig. 1. HAP and TCP particles surrounded by trabeculae of the 
newly formed bone and fibroreticular tissue in the bone canal. 
H&E, × 200

Fig. 2. Bone trabeculae with high density of osteoblasts on the 
marginal surface. The clusters of the osteoblasts, HAP and TCP 
particles. H&E, × 400
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tissue — 23%, fibroreticular tissue — 15%, HAP-TCP — 
62%; the ratio of tissues in the area of the spongy bone 
tissue: bone tissue — 32%, fibroreticular tissue — 14%, 
HAP-TCP — 54%. Based on morphometry data, it was 
found that the area of bone tissue was by 8% larger 
than the area of fibroreticular tissue, and the area of tis-
sues in the zone of the defect located in the spongy 
bone tissue was by 18% larger compared to the area 
of fibroreticular tissue (p < 0.001), these results sug-
gest that HAP-TCP is a stimulator of osteogenesis 
at the site of implantation.

Electron microscopy study provides the evi-
dence of active, synchronous processes of implant re-
sorption with chaotic replacement by collagen masses, 
which are subject to mineralization (ossification), the 
proliferation of cellular elements of collagenogenesis 
and osteogenesis (osteoblasts and osteoclasts), 
as well as saturation of newly formed tissue with blood 
cells and formation of mature bone tissue with canals 
of varying width inside.

At 2 weeks post-operation, the main difference 
is the presence of mature functionally active osteo-
blasts in the area of osteoreparation (Fig. 3). Most 
of them are located in the perivascular spaces. This 
pattern indicates a high level of biosynthetic activ-
ity during this period. The newly formed bone tissue 
has a delicate fluffy pattern, a wide profile of cellular 
lacunae

The term of 4 weeks post-operation is specified 
by non-uniformity of the osteoreparation zone pat-
tern, which is expressed in the mosaic structure of the 
newly formed bone tissue (Fig. 4, 5). This is due to the 
completion of the processes described for the earlier 
stages because the area of bone maturation is ad-
jacent to the response of fibrovascular tissue to the 
implant material. The structure of the newly formed 
bone becomes coarser. The areas of bone directly 
adjacent to the implant regenerate faster.

At 8 weeks post-operation, there was a normal re-
modeling of bone tissue (Fig. 6, 7). However, in some 
cases, it should be mentioned that in the study of bone 
with implanted HAP-TCP, the processes of HAP resorp-
tion are slower and after the 8-week period, a signifi-

cant amount of HAP is visible, although the pores are 
filled with bone tissue.

Therefore, the data obtained from EM studies indi-
cate that HAP-TCP stimulates reparative osteogenesis, 
especially at the periphery at the site of contact with 
bone. Closer to the center, reparative osteogenesis 
is slowed down due to the formation of connective 
tissue, which prevents further HAP-TCP remodeling.

DISCUSSION
The progression of the tumor is characterized by its 

spreading to sites distant from the primary focus, and 
as far bones are the most numerous organs in the 
anatomical structure of a human, the frequency of their 
affection with cancers of different localizations reaches 
95% [10]. Therefore, treatment modalities aimed at the 
prevention of bone lesions and the treatment of the 
consequences of these lesions have recently become 
increasingly important. Moreover, the use of the drugs 
that affect bone metabolism to prevent the devel-
opment of bone metastases in complex treatment 
of cancer is recognized by many researchers [3, 8, 11].

In the last 2 decades, in the literature on treatment 
of patients with solid tumors much attention has been 

Fig. 3. Electronogram. Osteoblasts near HAP-TCP, with podo-
somes penetrating the material. × 10 000

Fig. 4. Electronogram. Randomly oriented masses (bundles) 
of newly formed collagen fibers on the border with HAP granules. 
Numerous foci of collagen tissue mineralization. × 6500

Fig. 5. Electronogram. Active collagen fiber production by os-
teoblasts with mineralization foci on the border with HAP masses. 
Dense osteoblasts of the 3rd order along with the «young» osteo-
blast. GAP resorption. × 6500
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paid to the possible prevention and treatment of meta-
static skeletal lesions to prevent severe complications 
of the clinical course of the disease and significant 
worsening the quality of life of treated patients [8, 10, 
12–14].

However, most importantly, the introduction 
of techniques aimed at restoring bone tissue in case 
of tumor damage or after surgery into clinical practice 
assume ever greater importance [7, 8, 15, 16]. Such 
techniques include the use of bioactive ceramics, 
in particular the agent HAP-TCP, which in tactical terms 
due to the synergy of its components provides full 
integration of the implant with bone tissue and subse-
quent induction of osteogenesis [17], and in strategic 
perspective — significant improvement of patients’ 
quality of life.

Our experimental studies of bone defect plasticity 
in rats proved the presence of HAP-TCP osteoinductive 
and osteointegration effect. The absence of inflam-
matory and allergic reactions in the area of implanta-
tion indicates the biocompatibility of HAP-TCP with 
bone tissue and bone marrow. HAP-TCP composite 
material induces the formation of bone-ceramic 
composite in the defect zone, which contributes 

to a more dynamic uncomplicated course of repara-
tive osteogenesis.
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ЕКСПЕРИМЕНТАЛЬНЕ ОБґРУНТУВАННЯ 
ЗАСТОСУВАННЯ БІОКЕРАМІКИ НА ОСНОВІ 

ГІДРОКСИАПАТИТУ ТА ТРИКАЛЬЦІЮ ФОСФАТУ 
ДЛЯ ЗАМІЩЕННЯ ДЕФЕКТІВ КІСТКИ ПІСЛЯ 
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Стан проблеми: Останнім часом у якості імплантів у кіст-
ковій інженерії перевага віддається біоактивній кераміці 
на основі гідроксиапатиту (ГАП) та трикальцію фосфату 
(ТКФ). Мета: Вивчення регенерації кістки в умовах за-

повнення метафізарних дефектів композицією на основі 
ГАП-ТКФ. Матеріали та методи: Експеримент прово-
дили на неінбредних щурах, терміни спостереження — 2, 
4, 8 тиж. Морфологічні дослідження проводилися за до-
помогою світлової та електронної мікроскопії. Резуль-
тати: У динаміці спостереження зафіксоване поступове 
розташування остеокластів і остеобластів на поверхні 
композиції ГАП-ТКФ, що свідчить про її високу біосуміс-
ність з кістковою тканиною. Впродовж експерименту від-
бувалися синхронні процеси резорбції імплантатів, міне-
ралізації, проліферації клітинних елементів колагено- і 
остеогенезу (остеобластів і остеокластів) та формування 
зрілої кісткової тканини. Висновки: Експериментальні 
дослідження пластики дефектів кісток довели наявність 
остеоіндуктивного та остеоінтеграційного ефекту компо-
зиції ГАП-ТКФ, що сприяє більш динамічному неусклад-
неному перебігу репаративного остеогенезу.
Ключові слова: кістка, гідроксиапатит, трикальцій фос-
фат, імплантація, репаративний остеогенез.
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