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Abstract
Introducrion Repair of the affected articular surface still remains an unsolved problem. The purpose of this study was to assess 
the efficacy of a biodegradable polycaprolactone implant coated with hydroxyapatite on the healing of an osteochondral defect 
of the femoral condyle in rats. Materials and methods An osteochondral defect of the medial femoral condyle was modeled 
in 76 Wistar rats divided into 2 groups. In the experimental group, the defect was replaced with a biodegradable polycaprolactone 
membrane coated with hydroxyapatite. In the control group, the defect remained untreated. The results were assessed within a year. 
Results In the experimental group, the animals had a significantly better range of motion at all stages of the experiment than the control 
animals. The implant ensured the integrity and congruence of the articular surface. On day 180, a newly formed area of the articular 
surface of the organotypic structure was observed in the defect. Biomechanical properties of the repaied zone restored after 60 days 
while in the control one they remained lower by 27-29 %. Discussion Filling the defect with an elastic implant made of polyprolactone 
with hydroxyapatite provided early functional load on the joint. The structure of the implant, simulating the extracellular matrix, 
promoted the growth, proliferation and directed differentiation of cells in the area of the osteochondral defect. The moderate rate 
of biodegradability of the material provided gradual replacement of the implant with organ-specific tissues. Conclusion A biodegradable 
polycaprolactone implant impregnated with hydroxyapatite particles might be effective for experimental osteochondral defect repair.
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INTRODUCTION

Lesions of joint articular cartilage are a common 
pathology of the musculoskeletal system. An analysis 
of more than 30,000 arthroscopic interventions associated 
with injuries and diseases of large joints showed 
pathological changes in the cartilage of varying severity 
in 63 % of cases [1, 2]. Focal disorders of the articular 
cartilage and subchondral bone of the femoral condyles 
mostly result from injuries or diseases of the knee 
joint. Their delayed or inadequate treatment could lead 
to the development of degenerative joint disorders [3].

Osteochondral defects of large joints frequently 
require surgical treatment [4]. Despite the fact that 
a wide range of surgical techniques for the treatment 
of articular cartilage has been introduced into clinical 
practice, the search for methods of articular surface 
repir remains a very urgent and unsolved problem 
at the present stage of medicine and biotechnology [5].

The low ability of the cartilage to regenerate has been 
proven by many researchers and is associated with the lack 
of blood supply and innervating components in it. Therefore, 
a lot of research has been and is being carried out to develop 
new methods, which, as a rule, are aimed at stimulating 
the repair and articular cartilage recovery [6, 7].

To date, one of the most efficient and cost-effective 
methods is the microfracturing method in its various 
modifications. However, the regenerate thus formed 

in the subchondral defect area frequently undergoes 
lysis in patients older than 35 years [8, 9].

Mosaic chondroplasty contributes to the successful 
long-term repair of the damaged site with bone 
and cartilage autografts taken from unloaded areas 
of the articular surface [10, 11], but it can cause pain 
and degenerative changes in those areas, or they need 
to be filled with other implant materials, which requires 
additional costs and increases the time of the surgery.

In recent years, cell technologies have been 
successfully applied such as autologous chondrocyte 
implantation (ACI) into the area of the cartilage defect 
or a combination of autologous chondrocytes and 
collagen matrices (MACI) [12]. The shortcomings 
of these methods is complexity and high costs.

An alternative method for treating osteoarthritis is 
matrix-induced technologies (autologous membrane-
induced chondrogenesis collagen, AMIC), when 
native bone marrow cells and poorly differentiated 
perivascular cells penetrate into the defect area as a result 
of preliminary microfracturing and further populate 
the implanted biocompatible biodegradable matrices. 
Current publications are mainly devoted to the results 
of replacement of cartilage defects with collagen matrices. 
However, natural collagen matrices are quite expensive 
and not always effective in the long term [13-15].
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There are recent publications on the successful use 
of synthetic polymeric biodegradable implant materials, 
which are much cheaper and do not cause immune 
reactions [16-21]. However, complex experimental 
studies with a long-term follow-up period are required 
to objectively substantiate the use of such materials and 
technologies before introducing them in clinical practice.

The aim of our study was to investigate the safety 
and efficiency of the application of a biodegradable 
implant produced from polycaprolactone with 
the method of electrospinning and coated 
with hydroxyapatite and its impact on healing 
of an intra-articular defect in the loaded zone 
of the knee joint in rats.

MATERIALS AND METHODS

The study was conducted on 76 Wistar rats, 
whose age was 7 months at the beginning of the 
experiment. Osteochondral defects of the articular 
surface of the medial femoral condyle were modeled 
in all the animals divided into 2 groups, 38 rats each. 
The knee joint was approached and an osteochondral 
defect of the medial condyle of the femur, 1.5-2 mm 
wide and 2 mm deep, was modeled using a 2-mm cutter. 
In the experimental group, the defect was filled with 
a biodegradable polycaprolactone (PCL) membrane 
with hydroxyapatite (a biodegradable elastic PCL 
matrix produced by electrospinning and containing 
hydroxyapatite). In the control group, the defects were 
left untreated. Surgical interventions were performed 
in a sterile operating room under general anesthesia 
(Rometar 2 % – 1-2 mg/kg, Bioveta, Czech Republic; 
Zoletil 100 – 10-15 mg/kg, Virbac Sante Animale, 
France). Five rats were intact to calculate reference 
normal values.

Clinical methods
Clinical observation of all animals was carried out 

throughout the experiment. Their general condition 
and physical activity were assessed. Body weight was 
measured using electronic scales; general and local 
temperature in the area of surgical intervention and in the 
similar area of the contralateral limb was measured with 
a remote medical infrared thermometer (BWell Swis 
AG, Switzerland). The external condition of the lower 
leg soft tissues in the surgical area and the functional 
state of the limb were assessed. The circumference 
of the lower leg in its upper third was measured with 
a centimeter tape. The angles of passive knee extension 
and flexion were measured with a standard goniometer.

Defect healing was studied using microanatomical 
and histological methods. The animals were euthanized 
by an overdose of barbiturates after premedication 
with conventional pharmacological preparations 
on experiment days 14, 60, 180 and 360.

Anatomical methods
After euthanasia, the femur of the involved limb 

was isolated and the femur soft tissues were dissected. 
In the area of the metaphysis, its distal articular end 
was sawn off with a cutter. The features of the articular 
surface defect and the whole articular surface were 
examined, paying attention to the restoration of its 
congruence. The macroscopic evaluation standards 
of the International Cartilage Restoration Society (ICRS) 

were used [23]. The ICRS macroscopic evaluation 
of osteochondral repair has been widely used to study 
the repair of an osteochondral defect in vivo [24, 25, 26]. 
Two orthopedic surgeons and a histology researcher 
performed a blind evaluation of the effect of defect 
repair. Photographic digital documentation of anatomical 
preparations was carried out.

Biomechanical methods
To analyze the biomechanical properties 

of the articular surface of the regenerate formed 
in the area of the osteochondral defect, its compliance (P) 
was determined on fresh unfixed anatomical preparations 
(measuring the magnitude of the applied force as a result 
of the forced introduction of the indenter into the tissue 
under study). To do this, we used a pointer indicator 
with measurement steps from 0 to 10 mm and a division 
value of 0.01 mm (GOST 577-68) with a spherical 
shape of the indenter. The curvature of the cartilaginous 
surface was determined by a radius meter in the radius 
range of 0.5-10 mm. The measurements were performed 
as follows: the curvature of the cartilaginous surface 
was measured with a radius meter, setting the measuring 
device on a template corresponding to the radius 
of the cartilage surface curvature (the steady indicator 
reading is Mo), similarly, the value of penetration 
of the indenter into the cartilage was measured 
(M – according to the indication of the indicator arrow). 
The contact time of  he indenter with the cartilage was 
3-5 seconds. Each of the measurements was repeated 
three times. Average values were calculated. According 
to the formula P = 10.5 M + 70 (where P is the force 
of the spring mechanism, measured in gram-force (gf)) 
were determined the magnitude of the force P, with 
which the movable leg of the device penetrated into 
the cartilage.

Having determined the value of the indenter 
penetration (d) (in accordance with the readings 
of the digital indicator, where d = Mo-M), 
the compliance (P) was calculated: P = d/P in mm/gf, 
given that 1 m/N = 0.102 mm/gf.

Histological methods
Fragments of the distal articular end of the femur 

dissected from soft tissues were fixed in 10 % 
neutral formalin solution for 3-5 days. Samples were 
demineralized in a decalcifying solution based on EDTA 
by constant shaking and changing solutions every day 
for 7-10 days. For dehydration of bone and cartilage 
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fragments, alcohols of ascending strength (from 70° 
to 100°) were used. The samples were then impregnated 
and embedded in paraffin.

Histological sections, 5-7 µm thick, were prepared 
using a sledge microtome (Reichert, Germany), placed on 
glass slides and dried. Deparaffinized preparations were 
stained with hematoxylin and eosin, as well as alcian 
blue – safranin-O. An immunohistochemical reaction to 
CD34 antibodies was carried out by additional staining 
with hematoxylin and eosin (protocol and antibodies 
from Abcam PLC, UK).

Light microscopic study and digitization 
of histological preparations were performed using 
an AxioLab.A1 microscope and an AxioCam digital 
camera (Carl Zeiss MicroImaging GmbH, Germany). 
The thickness of the subchondral bone trabeculae was 
measured with VideoTesT Master-Morphology-4.0 
(NPK Zenit Ltd, Russia). The thickness of the cartilage 
tissue in the defect zone was measured after 180 
and 360 days on digitized images of histological 
preparations of the experiment series and intact animals. 
The areas of tissue components in the regenerate formed 

in the defect zone were measured and their portion 
in the total area of the regenerate at different time-points 
of the experiment was calculated. Blind histological 
assessment was carried out according to the system 
proposed by O'Driscoll et al [27].

Statistical methods
Statistical analysis was performed using Attestat 

software 9.3.1. The values were presented as medians (Me) 
and quartiles (Q1-Q3). The significance of differences 
was determined by the Mann-Whitney test. At p < 0.05, 
the differences were considered statistically significant.

Ethics Approval was obtained from the institutional 
ethics committee before the experiment (Ethics 
Committee of the Ilizarov National Medical Research 
Center for Traumatology and Orthopedics, Kurgan, 
Russia (protocol code 1(71), date of approval 28.04.2022). 
Interventions, animal care, and euthanasia conformed 
to the requirements of the European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and other Scientific Purposes (Strasbourg, 18.03.1986), 
principles of laboratory animal care (NIH publication 
number 85-23, revised 1985), and the national laws.

RESULTS
Clinical assessment
After 14 days, the rats actively used the involved limb. 

Their behavior, food intake and physical activity did not 
differ from intact animals. Tissue swelling persisted 
for 7 days post-surgery. Measurements of the circumference 
of the upper third of the leg showed slightly lower volume 
of soft tissues of involved limbs in the control group 
in comparison to the experimental group (Fig. 1).

Neither weight loss nor critical changes in the body 
temperature were observed in the animals of both 
groups (Table 1). There was a slight increase in body 
temperature within 30 days after surgery in both groups. 
The local temperature in the joint area within a month 
after surgery was higher than the reference values 
by 2.6-2.7 °C in both groups. Fig. 1 Soft tissue circumference of the lower leg

Table 1
Physiological parameters: weight, local and body temperature

Experiment time-point Animal group Parameters
Body weight [gr] General body temperature [°С] Local temperature [°С]

Reference norm – 397.0 (342-406) 34.6 (34.5-35.1) 31.1 (30.1-31.8)

14 days Control 402.3 (331-409) 36.9 (36.4-36.9)* 33.7 (31.0-33.5) *
Experiment 403.8 (344-409) 37 (36.7-36.9) * 33.8 (32.4-33.8) *

30 days Control 408 (328-410) 36.2 (36.1-36.4) * 32.2 (31.2-32.2)
Experiment 408 (344-416) 36.4 (35.8-36.5) * 31.2 (30-31.4)

60 days Control 408.4 (343-412) 35.1 (34.7-35.4) 28.8 (28.5-28.9) *
Experiment 409.0 (348-419) 35.6 (34.7-35.5) 31.1 (30.4-31.5)

90 days Control 410.0 (338-410) 34.9 (33.5-35.05) 30.2 (28.85-31.2)*
Experiment 410.0 (350-434) 35.03 (34.4-35.1) 31.3 (30.8-31.3)

180 days Control 393(391-395) 35.1 (34.9-35.3) 30.8 (29.8-31.8)
Experiment 413 (411-415) 34.9 (34.7-35.1) 30.7 (30.1-31.8)

360 days Control 401 (398-404) 35.6 (35.5-35.7)* 30.4(29.7-31)*
Experiment 418 (410-426) 35.1 (34.9-35.3) 30.9(30.4-31.4)

* significant difference, p < 0.05
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At any time-point of the study, range of knee motion 
in experimental and control animals did not significantly 
differed from each other and from intact rats (Fig. 2). 
But at the 1-year point, the values of knee extension 
in both groups were reduced relative to the previous 
mesurements by 8.1 % in the experimental group and 
by 16.5 % in the control group. At the same time, 
in the experimental group, the values did not have 
significant differences from intact animals and were 
higher than in the control group by 11 %.

Knee flexion values in both groups did not differ from 
those in intact animals. However, a slight decrease was 
noted after 30 days in both groups (by 3 % and by 1.5 %, 
in the experimental and control groups, respectively) 
and after a year in the control group (by 1.5 %). At the 
same time, from 90 days to 360 days, the indicators 
of the experimental group exceeded those in the control 
one by 2 %-2.9 %. So, there was no significant difference 
in ROM between the groups.

Results of anatomical and histological study
The study of anatomical preparations of the distal 

articular end of the femur showed that in the animals 
of the experimental group, a smooth shiny articular 
surface was seen and preservation of the anatomical 
relief of the condyle already after 14 days due 
to the implanted material filling the defect gap. The 
defect was covered with a layer of transparent tissue 
under which the implant material was visualized filling 
the defect (Fig. 3 i). There were no signs of implant 
rejection, inflammatory reaction of surrounding tissues 
and cavities around it. On day 60, the layer of tissue 
on the implant surface was more pronounced, and 
the surface congruence was maintained (Fig. 3 j). 
throughout the study including long-term, the 
anatomical relief of the surface in the area of damage 
was preserved in experimental group (Fig. 3 k, l). 
Visualization of the implant at each subsequent 
study time-point was less expressed (Fig. 3 j, k, l). 
At six months post-surgery, the defect site was 

completely replaced by specific tissues. The lateral 
femoral condyle retained its anatomical shape without 
erosion. The color and gloss of the surface was similar 
to the norm (Fig. 3 l).

In the control group, the bottom of the defect was 
lined with a smooth tissue layer in all periods, denser 
and less transparent along the perimeter of the edge 
of the defect (Fig. 3 a-d). However, the defect was 
not filled even after 180 days of the experiment 
(Fig. 3 c). After 360 days, the defect was unevenly 
filled with a connective tissue substrate (Fig. 3 d). 
The congruity of the surface was disturbed at all time-
points of the experiment (Fig. 3 a-d). In the intact lateral 
condyle, areas with erosions on the cartilage surface 
were visualized starting from day 60 of the experiment 
(Fig. 3 b, c, d).

At all time-points of the experiment, the indicators 
of macroscopic assessment according to the ICRS 
standards in the experimental group were significantly 
higher than in the control group (Table 2). 
The maximum scores were noted in the experimental 
group after six months and a year of the experiment. 
By those time-points, cartilage recovery was close 
to normal and corresponded to the grade II of healing 
while in the control group, the result corresponded 
to grades III and IV, which are characterized 
as abnormal and extremely abnormal recovery. 
The results obtained are consistent with those 
of descriptive morphology.

Table 2
Results of macroscopic study of osteochondral defect 

recovery (ICRS standards)

Group Number of points, Me (Q1-Q3)
60 days 180 days 360 days

Control 2.5 
(2.3-2.6)*

4 
(3.9-4.2)*

4.5 
(4.3-4.7)*

Experimental 10 
(9.5-10.5)

10.5 
(10.3-10.7)

11 
(10.8-11.4)

*significant difference (p ˂ 0.01)

Fig. 2 Range of motion in knee joint: a – extension, b – flexion
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Histological methods showed that the area 
of the defect in the experimental group was densely 
filled with implant material after 14 days, around which 
granulation and loose fibrous connective tissue and 
microvessels were detected (Fig. 3 m). Bands of loose 
fibrous connective tissue containing microvessels, 
an accumulation of poorly differentiated fibroblast-
like cells, cells of the monocyte-macrophage series 
and lymphocytes grew from the side of the surrounding 
subchondral bone into the spaces between the structures 
of the implant (Fig. 4 b). Among them, there were 
cells in a state of division (Fig. 4 c). Inflammatory 
infiltrates around the structures of the implant 
material were not observed. In the intertrabecular 
spaces of the subchondral bone adjacent to the defect, 
predominantly red (hematopoietic) bone marrow was 
seen. Outside, small areas of hyaline-like cartilage 
crawled onto the implant filling the defect from the 
side of the preserved hyaline cartilage, connected 
with avascular fibrous connective tissue with small 
areas of granulations, covering most of the surface 
of the defect (Fig. 3 m, Fig. 4 a).

In the control group, the defect was predominantly 
filled with loose fibrous tissue with granulation foci 
(Fig. 3 e, Fig. 4 d, e). In the intertrabecular spaces, 
inflammatory infiltrates, loose fibrous connective 
tissue, and foci of hematopoiesis were noted 
(Fig. 4 e).

After 60 days of the experiment, the volume 
of the implant material significantly decreased due 
to its biodegradation and replacement with tissue 
components; in the projection of the subchondral bone 
with reticulofibrous bone and loose fibrous connective 
tissues with numerous microvessels, and in the 
projection of the cartilaginous lining from the side of 
intact hyaline cartilage with small foci of hyaline-like 
tissue, and in the middle part with fibrocartilaginous 
tissue (Fig. 5 a).

Bone trabeculae along the periphery of the defect 
area were more mature and mineralized but slightly 
mineralized in the middle part (Fig. 5 c). The cell 
composition was characterized by cells of epithelial, 
fibroblastic, osteogenic and monocyte-macrophage 
differons. Osteoclasts were determined (Fig. 5 d).

Fig. 3 Anatomical and histotopographic macro- and microphotos of the osteochondral defect at different time-points of the experiment. 
Anatomical preparations of the distal articular end of the femur in the control group (a-d); histotopographic sections of the area of the 
osteochondral defect of the femoral condyle in the control group (e-h); anatomical preparations of the distal articular end of the femur in the 
experimental group (i-l); histotopographic sections of the area of osteochondral defect of the femoral condyle in the experimental group (m-p); 
f, g, h, p – Staining with hematoxylin and eosin (e, f, g, m); alcian blue-safranin staining (h, n, o, p). Magnification (e-h, m-p):50×
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Fig. 4 Features of the regenerate in the area of the osteochondral defect after 14 days of the experiment. Experimental group: articular surface 
in the area of the defect replaced by the implant (a); ingrowth of loose fibrous connective tissue into the structure of the implant (b); (c) 
mitotically dividing cells in the regenerate formed in the area of the osteochondral defect (arrows). Control group: articular surface in the 
area of the defect (d); loose fibrous connective tissue that fills the defect and trabecular subchondral bone that forms the bed of the defect (e). 
Staining with hematoxylin and eosin. Magnification: a, b, d, e – 400×; c – 1000×

Fig. 5 Features of the regenerate in the area of the osteochondral defect after 60 days 
in the experimental group: istotopographic image of the operated femoral condyle (a); 
slight creeping of hyaline cartilage tissue on the surface of the defect (b); formation of 
fibrous cartilage tissue in the superficial zone of the defect; formation of trabeculae of 
reticulofibrous bone tissue in the area of implantation (c), visualization of implant material 
residues, dilated microvessels, no inflammatory infiltrates; partial biodegradation of the 
implant material; increased number of macrophage cells (d). Staining with hematoxylin 
and eosin (a, b, d); safranin-O and alcian blue (c). Magnification: a – 50×; b, d – 200×; 
c – 100×

Giant cells of foreign bodies were not found. 
Microvessels in the area of the defect and adjacent parts 
of the subchondral bone were plethoric and dilated. 
In the projection of the cartilage, the vessels were not 
found. There was no rarefaction of the subchondral bone 
beyond the defect area. Vessels and hematopoietic-fatty 
bone marrow were visualized in the intertrabecular 
spaces.

In the control group after 60 days, the defect 
was partially covered by the trabecular bone from 
the side of the subchondral bone (Fig. 6 a) and with 
fibrous tissue in the central part (Fig. 6 a, b). Surface 
congruence was not achieved and a crescent cavity 

was noted (Fig. 3 b, f. Fig. 6 a). From the side of the 
cartilage lining, no creeping of hyaline cartilage tissue 
into the defect area was detected (Fig. 6 b). The vessels 
in the intertrabecular spaces were dilated. Lymphocytic 
infiltrates were determined along their periphery 
(Fig. 6 c). A thickening of the subchondral compact plate 
was noted at the edges of the defect (Fig. 6 b). The bone 
marrow in the intertrabecular spaces was predominantly 
hematopoietic-fatty.

After 180 days in the experimental and control series 
the subchondral defect was replaced by trabecular bone 
of hematopoietic-fatty marrow in the intertrabecular 
spaces (Fig. 3 o, g, Fig. 7 a, c, Fig. 8 a, d). 
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Fig. 6 Features of the regenerate in the area of the osteochondral defect after 60 days of the experiment. Control group: histotopographic image 
of the operated femoral condyle (a); thickening of the compact plate of the subchondral bone at the edges of the defect (b) and filling the defect 
with fibrous connective tissue; dilated sinusoidal capillaries with lymphocytic infiltrate in the perivascular region (c). Staining: safranin-O and 
alcian blue. Magnification: a – 50×; b, c – 100×

Fig. 7 Features of the regenerate in the area of the osteochondral defect after 180 
days of the experiment. Experienced group: formation of a cartilaginous lining 
throughout the replaced osteochondral defect (a); zonal structure of the newly formed 
hyaline cartilage , fibrillation of the outer zone, the appearance of isogenic groups of 
young chondrocytes in the median zone, a volumetric zone of calcified cartilage (b); 
hematopoietic bone marrow with fat cells in the intertrabecular spaces of the replaced 
area of the subchondral bone in the area of the defect (c); a fragment of the implant 
material embedded in the structure of the bone trabecula (d). Staining: a-d – safranin-O 
and alcian blue. Magnification: a – 50×; c – 100×; b, d – 200×

Fig. 8 Features of the regenerate in the area of the osteochondral defect after 180 days 
of the experiment. Control group: filling the area of the defect with fibrous connective 
tissue, formation of a hyperplastic compact plate of the subchondral bone (a); connective 
fibrous tissue on the surface of a defect replaced by subchondral bone (b); formation of 
areas of fibrous cartilage tissue on the surface of the newly formed subchondral bone in 
the area of the defect (c); hematopoietic-fatty bone marrow in the intertrabecular spaces 
(d). Staining with hematoxylin and eosin (a, c, d); with safranin-O and alcian blue (b). 
Magnification: a – 50×; c – 100x; b, d – 200×
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In the control group, compacted bone conglomerates 
were formed closer to the outer surface of the condyle, 
similar to osteophytes (Fig. 3 g). In the projection 
of the articular cartilage, the area of the defect 
in the experimental series was replaced by a layer 
of hyaline cartilage tissue (Fig. 3 o, Fig. 7 a, b) 
while in the control group by a layer of fibrous 
connective tissue (Fig. 3 g; Fig. 8 a, b), in a separate 
case in combination with small fragments of fibrous 
connective tissue (Fig. 8 c). The remnants of the 
implant material in the area of the defect in the animals 
of the experimental series were not found what 
indicated its complete biodegradation by this period. 
In one field of vision, there was an area with a small 
fragment of the implant material embedded in the 
structure of bone trabecula (Fig. 7 d).

Immunohistochemical staining for CD 34 
revealed newly formed vessels in the superficial 

connective tissue layer in control animals (Fig. 9 b). 
In the experimental group in the newly formed 
cartilage tissue formed in the area of the defect, 
the test was negative (Fig. 9 a).

After a year in the experimental group, 
the preservation of the integrity of the cartilage lining 
was noted. The newly formed cartilage acquired a zonal 
structure. It contained superficial (more voluminous 
than in intact animals), intermediate with small 
isogenic groups, and deep zones (Fig. 3 a, Fig. 10 a). 
In the control animals, the superficial area of the defect 
was filled with fibrous tissue, sometimes with 
small areas of fibrous cartilage (Fig. 3 h, Fig. 10 b). 
The subchondral bone in the experimental group 
practically did not differ from that in intact animals 
(Fig. 3 p, Fig. 10 d, f). In the controls, it was slightly 
sparse, with a thickened compact plate in the area 
of the defect (Fig. 3 h, Fig. 10 e).

Fig. 9 Immunohistochemical staining to detect vessels in the surface lining of the regenerate of an osteochondral defect; vessels were not 
identified in the experimental group (a); microvessels were detected in the control group (b, brown staining). Staining is an immunohistochemical 
reaction using antibodies to CD34. Magnification – 400×

Fig. 10 Regenerate features in the subchonral defect area after 360 days of the experiment: a – formation of hyaline cartilage tissue of zonal 
structure in the experimental group; b – filling the defect area with fibrous connective tissue in the control group; c – structure of the articular 
cartilage in intact animals of the same age; d-f – structure of subchondral bone (d – experimental group, e – control group, f – intact animals). 
Staining: a-e – safranin-O and alcian blue. Magnification: a-e – 200×
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A semi-quantitative assessment of the completeness 
of replacement and recovery of tissues in the area 
of the osteochondral defect showed that in all periods 
of the experiment, a more complete recovery was 
observed in the experimental group (Table 3). 
After 60 days, the median of the experimental group 
was 1.7 times higher than that in the control group, after 
180 days by 3.12 times, after a year of the experiment 
by 3.25 times. Since the maximum number of points 
for this assessment system is 28 points, it can be said 
that after 180 days the healing of the articular surface 
defect in the experimental group was almost complete, 
and after a year of the experiment it was complete. 
In the control group, the healing of the defect was very 
poor even after a year.

The analysis of morphometric data showed 
significant differences in the fractional components 
of the tissue components of the regenerate in the defect 
area in the experimental and control groups in almost all 
periods of the experiment (Table 4). In the control series, 

there was no implant material and in none of the periods 
was the formation of hyaline cartilage tissue detected. Its 
fraction in the total structure of the regenerate was equal 
to zero. However, the fractions of bone tissue and bone 
marrow in the regenerates of the control and experimental 
groups did not have significant differences after 2 months 
and after 1 year of the experiment.

Table 3
Results of a semi-quantitative histological assessment 

of the completeness of osteochondral defect filling 
according to O'Driscoll (modified)

Group
Number of points at experiment 

time-points, Me (Q1-Q3)
60 days 180 days 360 days

Controls 4.4 
(4.2-4.6) 7.5 (6.7-8.2) 8 (7.7-8.3)

Experimental 7.6 
(7.3-8.1)

23.4 
(23.3-23.7)

26 
(25.8-27.3)

Notes: the maximum possible number of points is 28; 
p ˂ 0.01 – differences between the groups are significant 
at all time-points

Table 4
Fractions of tissue components in the regenerate filling the osteochondral defect

Experiment 
time-point Series

Fractions of tissue components ( %). Ме (Q1-Q3)

Bone marrow Bone tissue Fibrous 
connective tissue

Fibrous cartilage 
tissue Hyaline cartilage Implanted material

14 days

Control
0

2р = 4.26Е-0.5
9.9 (8.7-11.1)

1р = 0.035
2р = 0.008

90.1 (88.3-91.9)
1р = 5.85Е-07

2р = 0.0006

0
1р = 0.011

0
2р = 0.011

0
1р = 0.00018

3р = 0.000182

Experimental
0

2р = 4.26Е-0.5
6.2 (5.9-6.5)

1р = 0.035
2р = 0.056

13.5 (11.2-14.1)
1р = 5.85Е-07

2р = 0.004

3.2 (2.6-3.8)
1р = 0.011
2р = 0.004

0
2р = 0.011

77.1 (75.3-78.9)
1р = 0.00018
2р = 2.5Е-07

2 months

Control

24.6 (23.3-27.1)
1р = 0.11

2р = 0.016
3р = 0.019

43 (42-47)
1р = 0.78

2р = 0.027
3р = 0.00026

28 (24.7-30)
1р = 0.0023

3р = 0.00026

0
1р = 0.0014
2р = 0.031

3р = 4.69E-0.6

0
1р = 0.0017
2р = 0.011

3р = 4.69E-0.6

0
1р = 0.0014

Experimental
21.7 (21.3-22.2)

1р = 0.11
3р = 00.17

44.1 (43.7-45.7)
1р = 0.78

3р = 0.00027

21 (43.7-45.7)
1р = 0.0023
3р = 0.003

2.8 (2.5-3.3)
1р = 0.0014

3р = 0.43

3.5 (3.4-3.7)
1р = 0.0017
3р = 0.0016

6.1 (7.1-5.6)
1р = 0.0014
3р = 0.0002

6 months

Control

29.2 ( 28.9-33)
1р = 0.08

2р = 0.0033
3р = 0.035

57.2 (53.7-62.7)
1р = 0.008

2р = 0.0025
3р = 0.02

8.1 (7.4-9.9 )
1р = 0.013

2р = 0.0084
3р = 0.0016

0.68 (0.51-1.74)
1р = 0.013

2р = 0.0084
3р = 0.0015

0
1р = 0.08

2р = 0.0015

0
1р = 0.42

Experimental

45.1 (44.5-45.3)
1р = 0.08

2р = 3.18Е-0.5
3р = 4.06Е-07

38 (36-45)
1р = 0.008
2р = 0.24
3р = 0.22

5.9 (5.7-6.1)
1р = 0.013

2р = 0.000025
3р = 2.98Е-0.5

0
1р = 0.013

3р = 0.007

9.6 (3.8-13.1)
1р = 0.08
2р = 0.63

3р = 0.043

0.46 (0.36-1.38)
1р = 0.42
2р = 0.42

3р = 0.022

1year 

Control

39.8 (36-50.7)
1р = 0.16

2р = 0.165
3р = 0.12

34 (33-89.1)
1р = 0.31
2р = 0.45
3р = 0.78

26.4 (10-40.4)
1р = 0.1

2р = 0.01
3р = 0.19

0

3р = 0.013

0
1р = 0.02

2р = 0.0015

0

Experimental

52.7 (46.71-
54.43)

1р = 0.16
2р = 0.398

3р = 3.18Е-05

30.28 (16.58-
32.3)

1р = 0.1
2р = 0.21

3р = 0.247

0
1р = 0.1

0 12.86 (9.07-
16.65)

1р = 0.02
2р = 0.17
3р = 0.63

0

3р = 0.022

Intact 54.1 (53.1-54.2) 36.8 (30.63-
37.43) 0 0 10.4 (9-12.6) 0

Notes: 1р – significance of differences between the groups; 2р – significance of difference compared with experimental animals; 3р – 
significance of difference as compared with the previous experimental time-point. Differences are significant at p < 0.05; bold typed 
are values that do not have significant difference (p ˃ 0.05) 
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The content of connective tissue in regenerates filling 
osteochondral defects in animals of the control group was 
significantly higher than in the experimental group: after 
14 days by 95 %, after 60 days – by 25 %, after 180 days – 
by 27.2 %, and after 360 days – by 73.6 %. In both 
groups, the maximum content of fibrous connective tissue 
in the composition of the regenerate was observed by day 
60. By day 180, this component decreased by 71-72 % 
in both groups, while in the experimental group its portion 
was very small, only 5.9 %. After a year of the experiment, 
there was no fibrous connective tissue in the regenerate 
of the experimental group animals. In the control group, 
it occupied almost one third of the regenerate. Hyaline 
cartilage tissue in the experimental group was detected after 
60 days of the experiment. Its content significantly increased 
by 36.5 % after 180 days of the experiment, and by another 
25.3 % after a year (360 days). The content in those 
periods corresponded much to the indicators in the intact 
rats. After 360 days of the experiment, the regenerates 
of the experimental group animals contained only bone 
tissue, bone marrow and hyaline cartilage tissue. Their 
fractional content was similar to that in intact animals.

In the control group, the content of bone tissue and 
bone marrow did not have significant differences from 
the experimental and intact groups at that time-point. 
At the same time, the portion of fibrous connective tissue 
was about 30 %, and the hyaline tissue was absent. The 
content of the implant material in the experimental group 
significantly reduced as the experiment period increased. 
Within the time points of 14 to 60 days, its content 
decreased by 92 %. By day 180 of the experiment, there 
was no implant material in the regenerate in the area 
of the osteochondral defect. It completely degraded 
by that time-point. The thickness of the cartilaginous 
lining in the area of the osteochondral defect after 
180 days was significantly higher than that in the norm 
(Fig. 11). A year later, the thickness of the articular 
cartilage was comparable to that in intact animals 
of the same age. Morphometry of the subchondral bone 
trabeculae thickness showed that they were thicker in 
the experimental group than in the control group. Their 
thickness after a year did not differ from that in intact 
rats (Fig. 12).

Fig. 11 Thickness of the articular cartilage in the experiment 
group after 180 days and a year relative the intact animals

Fig. 12 Thickness of the subchondral bone trabeculae in the area 
of the osteochondral defect after six months and in a year of 
the study

Biomechanical study
Biomechanical methods established that the values 

of regenerate compliance in the area of the osteochondral 
defect relative to the control group were reduced 
by 29.2 % and by 18.5 % in the experiment group 
by day 60 of the experiment, but did not have significant 
difference compared to similar indicators in intact animals 
(Table 5). The values of the experimental group exceeded 
those in the control group by 15 %. After 180 days of 
the experiment, the biomechanical properties increased 
in both series: insignificantly in the control group by 
only 3 %, and by 11.9 %in the experimental group. In 
the experimental group, the values did not significantly 
differ from those in intact animals; in the control they 
remained lower by 26.2 %.

Table 5
Biomechanical properties of the regenerated articular 

surface in the osteochondral defect

Experiment 
time-point (days)

P – compliance, 10 mm3/g*cm
Control group Experimental group

60 days 1.956 (1.597-1.982)* 2.250 (2.167-2.628) #
180 days 2.009 (1.580-2.250)* 2.553 (1.607-2.727)
360 days 1.997 (1.898-2.210)* 2.599 (2.408-2.691)#
Intact 2.762 (2.221-2.978)

* – p < 0.05 – significant difference with intact animals; 
# – p < 0.05 significant difference with the control group.

After 360 days, the values of compliance 
of the regenerate formed in the area of the osteochondral 
defect did not differ from the previous period 
in the experimental group. In the experimental group, 
they slightly increased by 2 %, while in the control 
group they decreased by 1 %. As in the previous time-
point, the animals of the experimental group did not 
show significant differences in the values of articular 
surface compliance from those in the intact animals 
while in the control animals they were significantly 
lower (by 27.2 %).

The study showed that the mechanical properties 
of the cartilage recovered to the level of the intact 
animals by day 60 in the experimental group and 
persisted up to 360 days, while in the control group they 
did not recover even after 360 days.
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DISCUSSION

A lot of researchers worldwide have been 
searching for the ways to solve the problem of treating 
irreparable osteochondral defects. Many options have 
been proposed, including those using bioengineering 
technologies [30]. However, a perfect method of tissue 
repair in the area of an osteochondral defect, the effect 
of which could be preserved for a long period, has not 
been developed so far [18]. Therefore, the search for 
the ways to successfully manage irreparable articular 
surface defects continues and is aimed at prevention 
or delay of joint replacement procedures. The greatest 
preference would be given to less expensive and one-
step techniques [17].

Previously, it was found that the most effective 
regeneration of hyaline-like cartilage is possible 
only with the use of collagen matrices populated 
with autologous cartilage cells in combination with 
microfracturing [31]. There are data on the positive use 
of cell-free collagen scaffolds [32, 33]. Some studies 
have shown that collagen matrices did not contribute 
to the restoration of joint surface congruence [34].

An alternative to collagen matrices has recently 
been polymeric implants. Polycaprolactone (PLC) 
is one of the most commonly used polymers in tissue 
engineering to restore the loss of bone and cartilage 
tissue [26, 35, 36]. One of its shortcomings is its 
low adhesive ability [37]. Many authors compensate 
for this drawback by adding hydroxyapatite particles 
to its composition or apply them to the surface of PLC 
products. Thus, this composite biomaterial has induction 
properties, is able to enhance proliferation and have 
effect on cell differentiation [38, 39].

It is known that the hydroxyapatite nanocomposite has 
greater biocompatibility and better adhesion properties 
of its surface compared to the microcomposite [40, 41]. 
The method of obtaining an elastic implant 
by electrospinning contributes to the creation 
of a voluminous fibrous framework with a fiber 
diameter and interfiber gaps that are optimal for cell 
and vessel migration [42]. It was revealed that post-
traumatic changes in the joints and the development 
of osteoarthritis are associated with the temperature 
of the skin in the joint area. At the same time, the severity 
of the pain syndrome does not correlate with pain 
sensations of the patient [43].

In our study, skin temperature in the area of the knee 
joint was increased in the early postoperative period 
and persisted up to 2 weeks of the experiment, what 
was associated with the post-traumatic state of tissues 
after surgery [44]. In the control series, a significantly 
increased temperature was noted after one year 
of observation and was associated with an aggravation 
of the arthritic changes, what was confirmed 
by anatomical and histological methods [44-46]. 
A slight increase in the skin temperature in the animals 

of the experimental series, compared with the control one, 
we associate with the improvement of microcirculation 
in the restored tissues in the area of damage. It was 
observed in the works of other researchers [47, 48].

Throughout the experiment, the volume of limb soft 
tissues in the animals of the experimental series was 
higher than in the animals of the control series. MRI 
used by several studies revealed a decrease in limb 
circumference in patients with gonarthrosis, associated 
with reduction in the muscle diameter and replacement 
of muscle tissue with adipose tissue [49].

The range of joint motion in the series with 
replacement of an osteochondral defect with a PLC 
matrix impregnated with hydroxyapatite at all stages 
of the experiment, especially in long-term periods 
(six months and a year of observation) was significantly 
better than in the animals of the control series. 
We attribute this to the progression of osteoarthritis 
signs in the control series. The reduced range 
of motion in the knee joint can be explained by pain 
and discomfort by walking and joint loading [50-52]. 
Restoration of the anatomical integrity and complete 
organotypicity of the newly formed regenerate in the 
area of the osteochondral defect in the experimental 
series already after 180 days of observation, proven 
by anatomical and histological methods, in our opinion, 
is associated with the structure of the implant, its good 
adhesive ability, sufficient porosity and elasticity. 
Starting from the moment of surgery, the elastic implant 
filled the area of the osteochondral defect, ensuring 
the integrity and congruence of the articular surface, 
withstanding the functional load, that is providing 
factors that are considered important in the healing 
of osteochondral defects [53, 54].

Early functional loading contributed to the ingrowth 
of microvessels into micropores between the fibers 
of the implant. Perivascular cells and bone marrow cells 
attached to the structured surface of the implant, thanks 
to the hydroxyapatite nanoparticles deposited on them. 
Hydroxyapatite acted as an inducer of osteogenesis 
and promoted cell differentiation along the osteogenic 
pathway [55]. Since the vessels grew into the implant 
from the side of the intact subchondral bone, 
the formation of bone tissue occurred in the projection 
of the cancellous bone surrounding the defect, which 
is necessary as a base and nourishing factor for the 
formation of cartilage tissue on the surface. There were 
no vessels in the surface layers of the implant. Under 
such conditions, undifferentiated bone marrow cells 
penetrating the surface in the projection of the articular 
cartilage surrounding the defect differentiated along 
the chondrogenic pathway. Cell differentiation into 
chondroblasts and chondrocytes continued throughout 
the experiment with sufficient nutrition from 
the synovium, which produced a sufficient volume 
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