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Objective: to evaluate the features of reparative chondrogenesis and osteogenesis in animal experiments with
the implantation of porous poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel into osteochondral defects.
Materials and methods. Cylindrical pHEMA implants (5 mm in diameter) were synthesized by radical polyme-
rization. The implants were subjected to light microscopy and mechanical tests to characterize the structure and
viscoelastic properties of the material. In experimental group #1, four pHEMA specimens were implanted into
formed defects in the distal femoral epiphysis of rabbits. In experimental group #2, allogeneic chondrocytes were
applied to the surface of four specimens before implantation. In the control series, four defects were not replaced
with implants. Tissue regeneration was investigated by morphological and morphometric methods 30 days after
operation. Results. The pHEMA implants were heterogeneous specimens with irregularly shaped pores — up to
30 x 10 um at the surface and 300 x 120 pm inside. With >10% static compressive stress, the Young’s modulus
was 54.7 kPa. For dynamic stress, increased frequency of compression-relaxation cycles from 0.01 Hz to 20.0 Hz
led to increased storage modulus from 20 kPa to 38 kPa on average, and increased loss modulus from 2 kPa to
10 kPa. Indicators of semi-quantitative assessment of local inflammatory response to pHEMA implantation had the
following values in points: pHEMA, 4.7 + 0.3; pHEMA with allogeneic chondrocytes, 6.0 + 1.0; control, 4.3 + 0.3.
The ratio of connective, bone, and cartilage tissues proper in the regenerates had the following respective values:
pHEMA, 79%, 20%, 1%; pHEMA with chondrocytes, 82%, 16%, 2%; control, 9%, 74%, 17%. Conclusion. In a
short-term experiment, pHEMA implants did not trigger a pronounced inflammatory response in the surrounding
tissues and can be classified as biocompatible materials. However, the tested implants had low conductivity with
respect to bone and cartilage cells, which can be improved by stabilizing the pore size and increasing the rigidity
when synthesizing the material.
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cartilage tissue, bone tissue.

INTRODUCTION

Focal osteochondral lesions are commonly found in
61-63% of patients during arthroscopy [1]. The spon-
taneous repair ability of the articular cartilage tissue is
very limited, and their presence provokes deforming
osteoarthritis and reduces patients’ quality of life [1].
On this basis, treatment of osteochondral injuries of the
joint is an urgent task today.

To stimulate the regeneration of articular cartilage,
a number of techniques, which have shown satisfac-
tory medium-term treatment outcomes, are used. They
include mosaicplasty [2], autochondrogenesis (AMIC)
induced on a cell culture scaffold [3], autologous chon-

drocyte transplantation (ACI) [4], including those associ-
ated with collagen matrix (MACT/MACI) [5], and intro-
duction of mesenchymal stromal cells [6]. At the same
time, there is yet no method of treatment that provides
organ-specific restoration of hyaline cartilage and com-
plete long-term clinical remission [7]. This fact forces
us to look for new ways to replace cartilage defects,
including new cell transplantation matrices.

A wide range of materials for cellular matrices
is known, among which hydrogels occupy a significant
niche. A gel is a polymer swollen in a solvent; its com-
position can contain up to 99% liquid. Synthetic hy-
drogels are considered to be biomimetics of biological
tissues, since with an appropriate chemical composition

Corresponding author: Felix Blyakhman. Address: 3, Repin str., Ekaterinburg, 620028, Russian Federation.

Phone: (343) 214-86-96. E-mail: feliks.blyakhman@urfu.ru



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

and certain physical and/or chemical influences, they
demonstrate similar mechanical properties to living tis-
sues [8, 9].

In this study, the pHEMA hydrogel was used as the
material for osteochondral implants. It is known that
pHEMA is nontoxic, inert, and biocompatible [10].
Through controlled synthesis, the physical properties
of pHEMA can be approximated to those of biological
tissues. In particular, the viscoelastic properties of pHE-
MA, its oxygen permeability, and its solvent content can
match the characteristics of the extracellular matrix [11].

The biocompatibility of pHEMA and its physico-
chemical properties has made it useful in the manufacture
of contact lenses, artificial corneas, drug delivery sys-
tems, and matrices for controlled stem cell differentiation
[12]. In orthopedics, the possibility of using pHEMA for
fabrication of artificial cartilage, nucleus pulposus of the
intervertebral disc prosthesis, and its use as a mechanical
vibration damper in the fabrication of a total interverte-
bral disc endoprosthesis is discussed [11, 13].

In terms of application of synthetic materials in medi-
cine, pHEMA hydrogels have an advantage associated
with the possibility of creating various morphological
structures in the form of pores during synthesis [14]. The
porous structure of pHEMA makes it possible to intro-
duce various bioactive compounds, including those with
antimicrobial activity [15]. Besides, porous synthetic
hydrogels have proven themselves as three-dimensional
cell culture matrices used in replacement therapy and
regenerative medicine [12].

Based on the above, the aim of this study was to
investigate cartilage and bone tissue regeneration dur-
ing the filling of osteochondral defects in the femoral
epiphysis with pHEMA porous hydrogel implants in in
vivo animal experiments. The results of assessment of
the structure and viscoelastic properties of the pHEMA
implants, as well as data on the course of tissue repara-
tive processes after implantation of hydrogels without
cells and with allogeneic chondrocytes are presented.

MATERIALS AND METHODS

Synthesis of pHEMA-based implants

Synthetic pHEMA hydrogels were obtained by radi-
cal polymerization in an aqueous solution of monomer
(hydroxyethyl methacrylate, HEMA) at 70 °C in the
presence of a crosslinking agent, N,N’-methylenedi-
acrylamide (MDAA). The monomer concentration was
2 mol/dm® (2 M) and the MDAA concentration
was 0.02 mol/dm’ (0.02 M). This ensured the formation
of'a mesh polymer structure in which the molar ratio of
the mesh nodes to the links in the linear fragments was
1 : 100. We used 3 mM ammonium persulfate as a po-
lymerization initiator. Polymerization was carried out in
cylindrical polyethylene molds for one hour, after which
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the samples were removed from the molds and washed
in distilled water for two weeks with daily water changes.

As a result, pHEMA specimens, ~5 mm in diam-
eter and 120-150 mm long, were obtained, after which
they were shortened with a scalpel to the implant size
(~5.5 mm). To validate the elastic properties of pHEMA,
specimens with a larger diameter (~9 mm) were syn-
thesized.

pHEMA mechanical testing

The viscoelastic properties of the gels were evalu-
ated on special mechanical testing equipment, and is
described in detail in our earlier publications [16, 17].
Briefly, the mechanical testing setup contained precision
force and displacement transducers, and a linear electro-
magnetic motor to give the specimens arbitrarily shaped
deformations. Cylindrical pHEMA specimens, ~9 mm in
diameter and ~5 mm in height, were placed into a cuvette
filled with a solution in which the gel was pre-swollen.
One end of the sample was rigidly attached to the force
transducer and the other end to the motor lever.

To obtain the stress-strain relation, the specimens
were given stepwise compressive strains with a 50 pm
step and the value of the elastic force arising in the speci-
men was recorded. To determine the rheological char-
acteristics of the material, the storage modulus (G’) and
loss modulus (G’), sinusoidal compressive strains with
an amplitude of ~3% of the initial height of the speci-
men and frequency 0.01 to 20 Hz were applied to the
specimens. The method of setting and analyzing the ef-
fects of low-amplitude periodic deformations is widely
used to determine the viscoelastic properties of materials,
including pHEMA [18].

Experimental animals and study groups

Sexually mature Soviet Chinchilla male rabbits (age
5 months, weight 2.8-3.5 kg), with animal certificate
No. 2020/2KSh dated April 12, 2020, were used in the
work. Management, surgical interventions, and eutha-
nasia were performed in accordance with the require-
ments and principles of biomedical research involving
vertebrate animals set forth in the European Convention
(1986) and its protocol of 1998. The experimental proto-
col was approved by the Ethical Committee of the Ural
State Medical University (protocol No. 2 of February
28, 2020).

In 6 rabbits, standard large osteochondral defects
were created in the articular patellar surface of the me-
taphysis of both femurs (n = 12). Such defects did not
result in complete tissue replacement during the sponta-
neous reparative process, which corresponds to the litera-
ture [19]. Throughout the experiment, no animal death
or purulent complications were observed. The animals
were agile, their support ability and the correct position
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of the limbs were preserved. One rabbit was used as a
chondrocyte donor.

The animals were divided into 3 groups of 2 rab-
bits each. In the control group (CG), the defects were
not replaced with implants (n = 4). In the experimental
group #1 (EG-1), the defects were replaced with pHEMA
implants (n = 4); in experimental group #2 (EG-2), the
defects were filled with pHEMA implants with alloge-
neic chondrocytes adhered to them (n = 4). Thirty days
after surgery, all animals were removed from the experi-
ment, after which the femur metaphysis were examined.

Preparation of pHEMA implants
with adherent chondrocytes

Chondrocyte culture was obtained from the cartilage
tissue of the rabbit knee joint used as a donor. Chon-
drocytes were isolated from the tissue by dissociation
with collagenase-I. For this purpose, the cartilage tissue
of the articular surfaces of the hip and knee joints was
crushed and incubated at 37 °C in 0.3 mg/ml collagenase
solution for 90 minutes. The solution was then replaced
with a fresh one in 0.5 mg/ml collagenase concentration;
incubation was performed for 16 hours at 37 °C with
this solution.

Dissociated cells were grown as a monolayer culture
in culture vials using specialized chondrocyte growth
medium kit (Cell Applications, Inc.) in a CO, incuba-
tor (37 °C, 5% CO,, 100% relative humidity). Once the
monolayer reached 70% confluence, the cells were trans-
planted to a second passage. Cells were removed from
the plastic using a 0.25% trypsin solution with EDTA.
Chondrocytes from the second passage were used for
seeding on the implant. The cell phenotype was con-
firmed using Alcian blue stain and nuclear red stain.

Chondrocytes were seeded on one of the flat surfaces
of high-density pHEMA implants (300,000 cells/cm’
implant surface). For this purpose, sterile hydrogels were
placed vertically in a Petri dish, close to each other, and
filled with a chondrocytic medium above the level of

their upper edge. Chondrocytes were removed from the
plastic with trypsin and resuspended in the chondrocytic
medium. The obtained suspension was applied to the
implant-coating medium, after which the cells were de-
posited on the implant surface. The implants were incu-
bated for one day in a CO, incubator, and then used for
implantation in rabbits.

To confirm chondrocyte adhesion on the implant sur-
face, some samples were fixed and stained with pyrazo-
lone yellow (cytoplasm) and DAPI (nuclei) according
to the technique described earlier [17]. Fluorescence
microscopy of the stained samples confirmed the adhe-
sion of chondrocytes on the hydrogel surface. At the
same time, the attached cells were irregularly distributed
on the gel surface, with the formation of dense multilayer
clusters.

Surgical procedure for pHEMA implantation

Surgical interventions were performed under general
anesthesia (intramuscularly — Rometar 2% — 8 mg/kg
(Rometar 2% Spofa, Prague, Czech Republic), isoletil —
6 mg/kg (Zoletil-100, VirbacSanteAnimale). Medial ac-
cess with dissection of the patellar-retaining ligament
was used to perform arthrotomy with surgical dislocation
of the patella laterally. A cylindrical osteochondral defect
(Fig. 1, a) was formed on the anterior surface of the distal
femoral epiphysis in the area of the patellofemoral junc-
tion surface with a 5.0-mm diameter drill with a stopper.

Two transverse canals were formed in the distal femo-
ral epiphysis with a 1.5-mm diameter wire through the
lateral cortical bone walls at the defect level and 4 mm
proximal to the defect. Implants, 5 mm in diameter
and 5.5 mm in height, were inserted into the defects
(Fig. 1, b) and fixed to the defect walls with transverse
sutures through the transverse canals (Fig. 1, c, d).
The surgical wound was sutured in layers to restore the
integrity of the ligament holding the patella.

a fﬁ‘ﬁ

Fig. 1. Stages of implant insertion in a rabbit’s femoral epiphysis. a, formation of a standard defect with a drill with a stopper;
b, implant insertion; c, the view of the articular surface after implant placement; d, diagram showing implant localization and
its fixation with transosseous sutures
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Methodology of the morphological study

The material (distal femoral epiphysis) for morpho-
logical study was obtained immediately after the ani-
mals had been removed from the experiment. Femoral
fragments were fixed in 10% neutral buffered formalin
(BioOptica). Bone tissue was decalcified, and part of the
bone material was embedded in paraffin. Under standard
paraffin wiring protocol, the pHEMA material lost up to
1/2 of its volume, which deformed the delicate newly
formed tissue surrounding the implants and disrupted the
topographic unity of the preparation. Therefore, a part
of bone fragments was poured into gelatin and subjected
to cryotomy. Epimetaphyseal slices were made in the
sagittal plane.

Hematoxylin and eosin were used as visual stains.
Van Gieson’s stain was used to identify the connective
tissue components. Micros MS300 light microscope was
used for descriptive morphology. Digitization of prepa-
rations and morphometric studies were performed on
3DHISTECH PANNORAMIC Midi scanning micro-
scope using Pannoramic Viewer software.

Morphometric assessment of the regenerate included
determination of the height of the supra-implantation
regenerate, thickness of the peri-implantation capsule,
depth of regenerating tissue sprouting into the implant
pores, area and ratio of tissue components in the peri-
implantation area, counting of chondrocytes and their
isogenic groups in the newly formed cartilage tissue.

The local biological effect of the implants was deter-
mined by a semi-quantitative assessment of the inflam-
matory reaction [20]. Inflammatory response was charac-
terized by the presence of necrosis zones, the number of
pro-inflammatory cells — polymorphonuclear leukocytes,
mast cells, lymphocytes, macrophages, plasma cells and
giant multinucleated cells in the field of view under X400
magnification.

100 pm

Statistical analysis

The results are presented as X + m, where X is the
arithmetic mean and m is the error of the arithmetic mean.
The nonparametric Mann—Whitney U Test was used to
assess differences between two independent samples.
The acceptable level of statistical significance was p <
0.05. Statistical analysis of the data was performed using
licensed software Statistica 6.0.

RESULTS

Features of the architecture of pHEMA
implants

Synthetic pHEMA hydrogels have a number of struc-
tural features that distinguish them from other gels used
for biomedical purposes, in particular, from the wide-
spread polyacrylamide hydrogels. Unlike the latter,
pHEMA hydrogels are a heterogeneous macroporous
system [18]. The HEMA monomer is well soluble in
water, while the pHEMA polymer has limited water solu-
bility. Therefore, during hydrogel synthesis, the initially
homogeneous monomer solution undergoes phase sepa-
ration as polymerization proceeds. At the same time, the
formed irregular polymer mesh separates from the aque-
ous medium and forms a macroporous structure, which
is schematically shown in Fig. 2, a.

The structure of pHEMA contains large, irregularly
shaped pores filled with liquid. The pore walls are formed
by the irregular grid structure of pHEMA, which, in
turn, also contains water and is permeable to dissolved
salts and simple compounds (sugars, amino acids, etc.).
The heterogeneous nature of pHEMA is manifested,
in particular, by the fact that its samples are not trans-
parent but are milky-white due to light scattering on the
walls of macropores in the gel structure (Fig. 1, b, ¢).

Fig. 2 shows as an example the photos of cryosections
of pHEMA implants recorded before and after the ex-
periment (Fig. 2, b, ¢). It is clearly seen that in the depth

e B -
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Fig. 2. a, diagram showing the molecular structure of synthetic pHEMA hydrogel. Lines are the linear fragments of polymer
chains, dots represent mesh nodes; b, ¢, — implant imaging examples, light microscopy. b, pHEMA cryosection before experi-
ment (100x magnification, color rendering inverted); c, pHEMA cryosection 30 days after implantation (200x magnification,
H&E stain). 1, dense surface layer; 2, pHEMA; 3, pore communicating with the surface; 4, pores inside the implant with loose
irregular connective tissue and osteoid; 5, concentric layers inside the implant containing small pores
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of the samples, the pores (dark areas in Fig. 2, b,
in Fig. 2, ¢ the pores are filled with loose connective tis-
sue) have an irregular shape, they do not exceed 300 um
in size on the long axis and 120 pm on the short axis.
The surface dense layer of the implants, 20—150 microns
wide, has much smaller pores (up to 30 um on the long
axis, up to 10 um on the short axis), with a small number
of pores communicating with the surface.

In general, the internal architecture of the implant
can be characterized as a highly hydrated macroporous
polymeric material with a high degree of structural het-
erogeneity.

Viscoelastic properties of pHEMA

Fig. 3 shows the results of mechanical tests of pHE-
MA samples in static (n = 5) and dynamic (n = 6) load-
ing modes. The stress-strain dependences were obtained
for the gel compression deformation with a 50 pm step
(Fig. 3, a). It can be seen that mechanical stress in the
gel increases with increasing strain. In general, the de-
pendence is not linear, and qualitatively resembles the
one for biological soft tissues [21]. On the curve, there
are two areas in which the relationship is linear and is
described by linear regression equation: the first — up to
5-6% deformation, the second — at deformations greater
than 10%. The coefficient in the first term of the equa-
tion, defined as the slope of the tangent to the curve, cor-
responds to Young’s modulus, whose value for the first
and second parts of the curve is 19.6 kPa and 54.7 kPa,
respectively.

Fig. 3, b illustrates the results of the mechanical test
analysis of pHEMA in the dynamic load regime. The
frequency-dependent values for the storage modulus
(G') as a measure of gel elasticity and the loss modu-
lus (G") as a characteristic of the object’s viscosity are
shown. It can be seen that at extremely low frequencies,
pHEMA behaves more like an elastic body. The storage
modulus is close to the Young’s modulus determined in
the static mode over the first range of small deforma-
tions. As the frequency of compression-relaxation cycles
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of gels increases from 0.01 Hz to 20.0 Hz, the storage
modulus increases from 20 kPa to 38 kPa on average,
and the loss modulus increases from 2 kPa to 10 kPa.
That is, the contribution of the viscous component to the
mechanical response of the gel to deformation begins to
increase. In general, approximately the same dynamics
of the moduli with a significant increase in the strain
frequency indicates a good stabilization of the bonds
in the structure of the pHEMA polymer network. This
implies a high degree of gel wear resistance in the se-
lected load range.

Macroscopic examination of osteochondral
tissues

Thirty days after surgery in the CG, the articular sur-
faces of the distal femoral epiphysis showed irregularities
and thickening in the areas near the defects (Fig. 4, a).

In EG-1 and EG-2, the spatial arrangement of the
implants was maintained throughout the experiment.
In EG-1, the implants were covered with thin regenerates
with small gaping areas, and there were roller-like thick-
enings on the dorsal surface of the condyles (Fig. 4, b).
The greatest changes in the articular surface were found
in EG-2 —signs of regenerative hypertrophy in the form
of valvular outgrowths throughout the dorsal surface of
the distal epiphysis. The regenerates over the implants
are thin with perforations (Fig. 4, ¢).

Microscopic examination of regenerates

The articular surfaces in the peri-implantation area
had pronounced degenerative changes in the superficial
and intermediate cartilage zones (Fig. 5), as well as signs
of reactive-productive repair. In particular, animals of all
series showed thickening on articular surfaces formed
by bone trabeculae with signs of active osteogenesis,
structured hyaline cartilage with fibrillated matrix, and
broad perichondrium.

The structure of the articular surface regenerate dif-
fered in the animals of the experimental and control
groups. In CG, the regenerate was formed by a broad
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Fig. 3. Viscoelastic properties of pHEMA: a, relationship between mechanical stress in the gel and its deformation; b, storage
modulus (G”) and loss modulus (G”) versus angular frequency (representative graphs)
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layer of partially structured hyaline-like cartilage with
a thin layer of dense irregular connective tissue similar
to perichondrium (Fig. 5, a). At the subchondral level
and deeper, the cavity was filled with newly formed bone
tissue; the subchondral plate was not restored. Repair
processes were not completed.

In EG-1 and EG-2, the regenerates on the articular
surface were formed by dense irregular connective tissue
with loci of loose connective tissue and signs of active
angiogenesis. Cartilage tissue regeneration occurred only
at the edges of the implantation cavity; its main source
of development was probably chondrocyte precursor
cells from the subchondral bone tissue. In EG-1, the
regenerate was formed by dense irregular connective tis-
sue with high cellularity and relatively loosely arranged
fibers (Fig. 5, b); in EG-2 (Fig. 5, ¢), it was represented
by connective tissue with denser collagen fibers, which
indicates its greater maturity. The area of the regenerate
(the area corresponding to the cartilage projection before
the defect was formed) in EG-1 and EG-2 was 2.9 and
2.3 times smaller than in CG (p < 0.05), respectively.

In EG-1 and EG-2, throughout the contact with the
implantation bed, the implants were surrounded by
connective-tissue capsules that included separate loci

of chondrogenesis and osteogenesis. In EG-1 and EG-2,
the capsules were formed by dense irregular connective
tissue (Fig. 6, a, b). The capsule thickness in EG-1 and
EG-2 (193 = 77 pm and 180 £ 84 um, respectively)
and their areas did not differ significantly in the experi-
mental group. In the peri-implant area between the newly
formed bone trabeculae, pHEMA fragments were detect-
ed, indicating partial implant failure in vivo (Fig. 6, a).

The ratios of connective tissue proper (dense and
loose), bone tissue, and cartilage tissue within the re-
generates had the following respective values: pHEMA,
79%, 20%, 1%; pHEMA with chondrocytes, 82%, 16%,
2%; control, 9%, 74%, 17%. Cartilage tissue in EG-1 and
EG-2 was represented by small non-vascular fields with
single and small isogenic groups of chondrocytes (EG-2
showed a tendency to increase) with high cell density
and little matrix volume, which indicated cartilage im-
maturity and distinguished the experimental groups from
the control.

In both experimental groups, the loose connective
tissue fibers “grew” into the open pores of the implant
communicating with the surface. The entire depth of the
pore spaces was predominantly filled with loose con-
nective tissue with newly formed capillaries and small

Fig. 4. Macro specimens of distal femoral epiphyses of rabbits, 30 days after surgery. a, defect not filled with implant; b, de-
fect filled with pHEMA implant; c, defect filled with pHEMA implant with adherent allogeneic chondrocytes. 1, roller-shaped

bone crest thickenings

Fig. 5. Regeneration of the articular surface (distal femoral epiphysis in rabbits) in the border area of the defect cavity, 30 days
after surgery. H&E stain. Light microscopy, 100x magnification. a, control group; b, experimental group 1; c, experimental
group 2. 1, articular cartilage; 2, cavity boundary; 3, newly formed reticulofibrous bone tissue; 4, newly formed cartilage tis-
sue; 5, connective tissue proper on the implant surface; 6, implant
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areas of bone tissue (Fig. 6, ¢, d). The pores of the lateral
implant surfaces contacting the cavity bed contained foci
of osteogenesis.

Microscopic assessment of local
inflammatory response

A semi-quantitative evaluation of the local biologi-
cal effects of the pHEMA implants revealed that the
inflammatory response scores in the experimental groups
were slightly higher than in the control (CG, 4.33 +0.33;
EG-1, 4.7 £ 0.33; EG-2, 6.0 + 1.0), but the differences
were not statistically reliable. The inflammatory response
scores were elevated mainly due to increased number of
macrophages in the surrounding tissues in both groups
and mast cells detected in EG-2 peri-implantation tis-
sues. No giant multinucleated cells were detected in the
surrounding tissues.

Thus, the pHEMA material in vivo did not cause
a pronounced inflammatory reaction in the surrounding
tissues under the conditions of this experiment, taking
into account the cumulative assessment of the selected
criteria.

DISCUSSION

In this work, the reparative processes of osteochon-
dral tissues were investigated when the osteochondral de-
fect was filled with an implant based on porous pHEMA.
The choice of pHEMA was based on the literature data
according to which this gel has good biocompatibility
[10-13].

In vivo experiment detected single reticulofibrous
bone trabeculae “sprouting” into the implant surface
pores 30 days after implant introduction. This indicates
the possibility of osseointegration of the material in
a longer postoperative follow-up period. When pHEMA
with chondrocytes was used, there was a slight increase

Fig. 6. Regenerates of osteochondral defects of the distal femoral epiphysis of rabbits, 30 days after implantation. H&E stain.
Light microscopy, 200x magnification. a, c, experimental group 1; b, d, experimental group 2; a, b, implant cavity bed; c, d,
implant. 1, connective tissue capsule in the implant cavity bed; 2, bone tissue inside the capsule; 3, pHEMA fragments inside
the newly formed bone tissue; 4, vascular hyperemia; 5, connective tissue proper in the implant pores; 6, bone tissue in the
implant pores; 7, pHEMA implant
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in the area of chondrogenesis regions as compared to im-
plants without cells.

At the same time, the totality of the results indicates
poor integration of osteochondral tissues with the poly-
meric matrix of pHEMA. In terms of tissue response to
the implant introduced, the polymeric matrix used should
be referred to the category of biotolerant materials. The
body response is characterized by formation of connec-
tive tissue capsule isolating the polymer matrix from the
tissues and introduction of predominantly connective
tissue into the implant pores. Thus, pHEMA implants
showed minimal conductive properties with respect to
osteochondral tissues when embedded into the osteoar-
ticular defect.

The result obtained may be related to a number of
physicochemical properties of the bioengineered matrix
used [22]. It is known that the architecture of the pore
space plays a key role in the delivery systems of cellular
structures. Thus, maximum migration of chondrocytes
[23] and osteoblasts [24] inside three-dimensional ma-
trices is observed in the presence of 250-325 um pores
communicating with the surface. On the contrary, for
fibroblasts, the highest level of adhesion and migration
into the gel-based framework was observed at <100—
160 um pore sizes [25].

In the nomenclature of colloidal systems, pHEMA
belongs to the category of macroporous polymers, i.e.,
it has a>1 pum pore size. In this study, pHEMA implants
were used, which, according to optical microscopy, had
irregularly shaped pores reaching a size of 300 pm x
120 pm. It should be noted that due to the presence of
liquid phase in the gel, it is difficult to judge to what
extent the studied implant cryosections (see Fig. 2, b, ¢)
reflect the native structure of the material. At the same
time, the obtained facts allow us to speak about the high
degree of heterogeneity of pore size distribution in the
samples. Indeed, the pores immediately near the implant
surface were fundamentally smaller than the pores in the
depth of the sample.

It can be hypothesized that the formation of a dense,
finely porous pHEMA layer is associated with the fea-
tures of polymer synthesis in polyethylene molds directly
under the implant size (5 mm in diameter). However, the
assumption that the mold walls have an influence over
polymerization of the material in the boundary layer
does not yet have a clear physicochemical substantiation.

Thus, the surface structure of hydrogels favored
the migration of fibroblasts into pHEMA but did not
promote cartilage or bone tissue migration. Conse-
quently, it can be assumed that the implant sprouting of
predominantly loose fibrous connective tissue in rela-
tion to insignificant volumes of osteochondral tissue is
mainly caused by insufficient number of large pores on
the surface of the used pHEMA implants.

67

It should be added that a possible reason for the ex-
tremely slow sprouting of osteochondral tissues into the
implant may be the insufficient rigidity of the pHEMA
platform used. Mechanical tests carried out on the mate-
rial show that the elastic modulus of hydrogels was about
an order of magnitude lower than those that ensure good
chondrocyte proliferation on pHEMA [26]. At the same
time, the established patterns of the dynamics of me-
chanical moduli with increasing strain rate (see Fig. 3, a),
as well as the stress-strain relationship (see Fig. 3, b)
were qualitatively consistent with the results of similar
tests of canine intervertebral discs [27].

The aggregate data of histological examination
30 days after surgery implies that the level of tissue
response to implantation of gels, including those with
adhesive allogeneic chondrocytes, can be recognized as
moderate against the background of the reaction caused
by surgical trauma. The established facts do not contra-
dict the data of other studies in which the absence of im-
mune rejection of transplanted allogeneic chondrocytes
in rabbits was noted, including, probably, due to their
immunosuppressive activity [28].

In general, the information obtained in this work
are consistent with the known facts about the influence
of the physicochemical properties and surface struc-
ture of pHEMA on the biological activity of cells in in
vitro experiments. This fact allows us to formulate the
ways to optimize pHEMA synthesis to increase the bio-
compatibility of these hydrogels when used as implants
for osteochondral defects in vivo.

CONCLUSION

This work is one of a limited number of in vivo stud-
ies that was aimed at investigating the possible implanta-
tion of pHEMA hydrogels to create engineering products
with physical properties and structure close to native
tissue. The hydrogels used in this work did not cause
severe rejection response when implanted into rabbit
femoral metaphysis, but sprouted predominantly fibrous
connective tissue with an almost complete absence
of osteochondral tissue in them.

The compeatibility of the hydrogel with osteochondral
tissue can be improved by creating a large-pore structure
not only inside, but primarily at the surface of pHEMA.
The results presented in the work suggest that reduction
of heterogeneity in pore size distribution in the sample
can be achieved by synthesizing pHEMA in a volume
significantly larger than that required for implant fabri-
cation. This will minimize the difference in pore size at
the surface and inside the polymer.

In addition, attention is drawn to the literature data,
where the increase in biocompatibility of hydrogel-based
implants by means of modifying the polymer structure
with solid fibers or particles is considered [29]. In par-
ticular, in a number of works [16, 17, 30], we showed
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that inclusion of magnetic iron oxide nanoparticles into
polyacrylamide gel composition leads to a significant
increase in adhesion and cell proliferation on the surface
of ferrogels in in vitro experiments. Thus, synthesis of
pHEMA ferrogel samples with optimized pore sizes, as
well as assessment of the tissue compatibility of these
magnetic composites, is the direction of our future work.
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