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Abstract—3D-bioprinting is a promising technology for a tissue scaffold fabrication in the case of damaged
tissue/organ replacement. Collagen is one of the most appropriate hydrogel for the purpose, due to its excep-
tional biocompatibility. However, the use of collagen with conventionally low concentration makes bioprint-
ing process difficult and does not provide its high accuracy. The purpose of the study was evaluation of suit-
ability of collagen with high concentration in case of chondrocyte-laden scaffold fabrication via 3D-bioprint-
ing for cartilage regeneration in vitro and in vivo. The results of the study showed that inherent porosity of 4%
collagen was not enough for cell survival in the case of long-term incubation in vitro. With the beginning of
the scaffold incubation, cell migration to the surface and out of the scaffold was observed. The residual cells
died mostly within 4 weeks. As for in vivo study, in 2 weeks after implantation of the scaffold, a weak granu-
lomatous inflammation was observed. In 6 weeks, a connective tissue was formed in the area of implantation.
In the tissue, macrophages and groups of small cells with round nuclei were found. In accordance with mor-
phological criteria, these cells could be considered as young chondrocytes. However, its amount was not
enough to initiate the formation of cartilage.
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3D-bioprinting is an option for regenerative medi-
cine and tissue engineering. It helps to form tissue-
engineered structures (scaffolds) of a strictly defined
shape. In the result of printing process both the cells
and other components could be distributed according
to a certain pattern in order to imitate the microarchi-
tecture of various human tissues. In accordance with
some experts’ opinions, 3D-bioprinting will change
regenerative medicine vastly in the future (Nguyen
et al., 2017). The base of the technology is “bio-
ink” —biocompatible materials supplemented with liv-
ing cells (stem or differentiated ones). Recently, both
the bio-ink and the technologies related to bioprinting
have been the subject of the intensive research. Based
on the data already available, the main requirements
for bio-ink could be formulated (Murphy and Atala,
2014; Kesti et al., 2015; Beketov et al., 2019; Zhang
et al., 2019):

(1) Bio-ink must be compatible with certain types
of cells and organisms, not cause cell death or an
immune response, and have a positive effect on adhe-
sion, proliferation, migration and functioning of both
endogenous and exogenous cells;
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(2) Bio-ink must be printable, provide a stable out-
put of the material during the extrusion, be applied
both to culture dishes and other surfaces (e.g., sacrifi-
cial hydrogel), and ensure timely polymerization;

(3) Biomaterials must have controlled degradation
kinetics and non-toxic degradation products, since
embedded cells have to be able to produce extracellu-
lar matrix proteins that define new tissue;

(4) Structures formed by the bio-ink must have
good mechanical properties, which are necessary for
the functioning of the structure.

Currently, studies aimed at restoration of cartilage
and bone, as well as skin with the use of 3D-bioprint-
ing have gained the stage of clinical trials (Murphy
et al., 2020). Cartilage is characterized by a relatively
simple structure with a low density of cells. It does not
contain any blood vessels or nerves. This feature sim-
plifies the fabrication of tissue-engineered construc-
tions (Grogan et al., 2003; Murphy et al., 2020). The
number of materials have already been used for the
purpose: gelatin methacrylamide (Schuurman et al.,
2013; Levato et al., 2017), collagen (Ren et al., 2016),
polyethylene glycol dimethacrylate (Cui et al., 2012),
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alginate/nanocellulose (Nguyen et al., 2017), decellu-
larized extracellular matrix of cartialge with polysac-
charides: gellan and alginate (Kesti et al., 2015).

Collagen is a natural protein polymer. Its molecule
is a right-handed helix of three a-chains. The chains
contain cell adhesion sites based on the arginine-gly-
cine-aspartic acid (RGD) tripeptide (Chaisri et al.,
2015). Molecular structure and mass, as well as tem-
perature conditions affect collagen properties, deter-
mine its viscosity and, thus, hydrogel formation
(Zhang et al., 2019). Collagen is a part of extracellular
matrix and mainly resides in an connective tissue of
animals and humans. Currently, 29 types of collagen
have been described, which are encoded by more than
40 genes (Chaisri et al., 2015). However, more than
90% of all collagen is related to type I, 11, 111, and IV
(Abraham et al., 2008). Collagen type I is involved in
numerous physiological interactions, modulates cell
proliferation, migration, differentiation, and specific
gene expression (Liu et al., 2008). The collagen is
characterized by biocompatibility, biodegradability,
and low immunogenicity. Therefore, it is widely used
for 3D-bioprinting (Liu et al., 2008; Osidak et al.,
2019; Zhang et al., 2019).

Traditionally for the bio-ink based on collagen, low
concentration of the hydrogel (up to 1%) is used
(Drobnik et al., 2019; Okubo et al., 2019). It is
explained by the need of access of nutrients and gases
to the cells in the scaffold. However, further develop-
ment of 3D-bioprinting is aimed at increasing the
printing accuracy and better preserving the geometric
parameters of the scaffold, which requires the use of
more viscous hydrogels (Skardal et al., 2015). One
option is to use of higher concentrated collagen
(Osidak et al., 2019). The aim of this study is to assess
the suitability of high-concentration collagen for the
fabrication of chondrocytes-laden scaffold by 3D-bio-
printing for the restoration of cartilage in vitro and
in vivo.

MATERIALS AND METHODS
Cells

The cells were obtained from the xiphoid cartilage
of two outbred white male rats (weight 300 g, age
4 months). The cartilage was separated from the ster-
num (previously, all soft tissues were removed), cut
into 3—4 mm thick pieces, washed twice with sterile
PBS, and placed into 0.15% collagenase solution in
DMEM medium. Tissue fragments were incubated at
37°C and 5% CO, for ~20 h (MCO-5AC, Sanyo,
Japan). After the incubation, for the final separation
of the cells, the solution was stirred for 30 min on a
magnetic stirrer (Biosan, Latvia), then the cells were
precipitated for 5 min at 400 g (ELMI CM-6M, Lat-
via). To wash off the enzymes, the cell pellet was resus-
pended in the medium supplemented with 10% fetal
calf serum (Biosera, France) and centrifuged again.
The procedure was repeated twice. Afterwards, the
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cells were resuspended in the medium with serum.
The suspension was stained with 0.4% trypan blue
solution in PBS for cell viability estimation. The cell
suspension (~450.000 mL~'") was transferred into
25 cm? flask (Corning, USA), the medium with 10%
serum, penicillin-streptomycin, and glutamine was
placed in the CO,-incubator for cell attachment and
proliferation. In 48 hours, the medium was changed.
The cells were cultivated until monolayer formation.
For the experiment, cells of the 2" passage were used.

Bio-ink

Bio-ink were prepared using sterile pig atelocolla-
gen type I according to the earlier described procedure
(Osidak et al., 2019). On the day of the experiment,
the cells were removed from the flasks with trypsin-
EDTA solution; after staining with trypan blue, the
number of living cells was counted in hemocytometer,
centrifuged (400 g, 5 min), and resuspended in
0.25 mL of the medium without serum. The cell sus-
pension in a volume of 0.25 mL was mixed with
0.25 mL of collagen buffer solution and kept for
10 min at 4°C. This solution was mixed with 0.5 mL of
collagen. Collagen concentration in bio-ink was 4%.
The bio-ink was kept at 4°C prior to the printing. The
final cell concentration was 20 X 10 mL~".

Bioprinting

Rokit Invivo 3D-bioprinter (South Korea) with
software version 1.68 was used for the scaffold fabrica-
tion. Slicing of the model was performed in NewCre-
atorK 1.57.63. The hydrogel was in a glass “Luer-
Lock” type syringe with an inner diameter of 8.24 mm.
The material was fed through a 21G needle (inner
diameter 514 um) with 0.5 inch length. The printing
was carried out into sterile 60 mm Petri dishes (Corn-
ing, USA). The layer height was 386 um—75% of the
nozzle diameter (Arguchinskaya et al., 2019). To
obtain a stable filament, the printing was conducted
with 1.5-fold material yield. The filling density was
proportionally (66%) reduced. Concentric printing
algorithm was applied. The material yield on the first
layer was increased by 30% to take into account the
error in determining the base level. The printing speed
was 5 mmy/s. The dispenser temperature was 4°C. RT
was maintained at the printing table. Before the fabri-
cation, the chamber of the printer was sterilized using
a built-in UV lamp with a wavelength of 254 nm. The
scaffold dimensions was 4 X 4 X 4 mm.

In vitro Incubation

After the printing process completion, Petri dishes
with the scaffolds were filled with a warm medium.
Composition of the medium: DMEM with glucose
4.5 g/L, 10% fetal calf serum, 50 U/ug/mL penicillin-
streptomycin, 649 ug/mL glutamine, 100 ng/mL
fibroblast growth factor, 100 ng/mL insulin-like
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growth factor I type, 10 ng/mL transforming growth
factor B1. The scaffolds were incubated under the
standard cell culture conditions. The medium was
changed twice a week.

Animal Experiments

The experiment was conducted in accordance with
the general recommendations of A Tsyb MRRC com-
mittee for bioethics of experimental research on labo-
ratory animals. One hour after the printing, two scaf-
folds were implanted into two outbred white male rats.
All operations with animals were performed using
inhalation ether anesthesia. The animals’ hair were
cut off in the area of the withers. The operating field
was treated with a 70% ethanol solution. In the course
of the wound suturing, the edges of the pocket were
pulled together, the site of implantation was marked
with a colored thread of suture material. The seam was
treated with 3% hydrogen peroxide solution. The sec-
ond suture was applied to the skin. The area was re-
treated with hydrogen peroxide. Additionally, medical
glue was applied on top. For anesthesia purpose,
0.1 mL of a 0.5% solution of novocaine was injected
into the withers in three places around the operating
field. During the experiment, the rats were kept iso-
lated from each other in single cages with free access to
water and food. The surgical site was examined on a
daily basis. The animals were euthanized after 2 and
6 weeks after the implantation, material was taken for
histological examination.

Histology and Immunohistochemistry

The scaffolds were subjected to histological exam-
ination in 1 h, 2 and 4 weeks after the printing. The
biomaterial of the animals was examined in 2 and
6 weeks after implantation. Collagen scaffolds and tis-
sue fragments were fixed for 24 h in Bouin’s acidic liq-
uid. After washing in 70% ethanol, the standard histo-
logical procedures were performed, followed by its fix-
ation in paraffin. Paraffin sections of 5 um thickness
formed by microtome (Leica RM2235, Germany)
were placed on silanized glasses (S3003, Dako, Den-
mark). For histological studies, dewaxed sections were
stained with hematoxylin and eosin and Mowry’s
alcian blue. After dehydration in alcohols and clearing
in xylene, the preparations were embedded in Canada
balsam.

Immunohistochemical studies on serial sections
were performed using polyclonal rabbit antibodies to
nuclear antigen of proliferating cells—PCNA (1 : 100)
and monoclonal rabbit antibodies to endothelial
marker—adhesion molecule of platelet/endothelial
cells-—PECAM-1 (1 : 250). For immunovisualiza-
tion of rabbit antibodies, goat antibodies to rabbit IgG
conjugated with horseradish peroxidase (1 : 1000) were
used. Solutions for immunohistochemistry were pre-
pared in PBS.
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The detection of antigens on histological sections
was performed according to the basic requirements for
immunoperoxidase methods. All antibodies and Kits
were preliminarily tested on a positive control of
experimental material. The optimal conditions for
immunostaining were determined by the ratio of the
intensity of the immunopositive reaction to the back-
ground. According to the protocol of immunohisto-
chemical studies, before applying primary antibodies
to PCNA and CD3l, dewaxed sections immersed in
citrate buffer (pH 6.0) were heated in a microwave
oven (5 min, 720 W). Endogenous peroxidase was
blocked in 3% hydrogen peroxide solution. The block-
ing buffer was supplemented with 2% serum of animal
donors of second antibodies, 1% bovine serum albu-
min, and 0.1% Triton X-100. In a solution of primary
antibodies, the preparations were incubated overnight
in a humidifying chamber at 4°C. After washing the
preparations in PBS, secondary antibodies were
applied to the sections for 1 hour at RT. Substrate per-
oxidase was detected using diaminobenzidine (Liquid
DAB+, DAKO, K3468). Cell nuclei were counter-
stained with Mayer’s hematoxylin. Histological
preparations were studied via Leica DM 1000 micro-
scope (Germany) with Leica ICC50 HD camera
(Germany).

Reagents

Acetone (Russia); Alcian blue (8GX, Sigma-
Aldrich); bovine serum albumin (Santa Cruz, USA);
Canada balsam (Merck, Germany); diaminobenzi-
dine (Dako, Denmark); eosin (1% alcohol solution)
(BioVitrum, Russia); ether for anesthesia (Chimmed,
Russia); fetal calf serum (Biosera, France); fibroblast
growth factor (PanEko, Russia); formalin (for Bouin’s
liquid, 40%) (BioVitrum, Russia); glutamine
(PanEko, Russia); goat antibodies conjugated with
horseradish peroxidase (ab205718) (Abcam, UK);
goat serum (Sigma-Aldrich, USA); hydrogen peroxide
(3%) (Russia); chloroform (chemically pure) (Rus-
sia); insulin-like growth factor I type (IGF-1, Sigma-
Aldrich); Mayer’s hematoxylin (BioVitrum, Russia);
medical ethanol (95%, RFK, Russia); medical glue
BF-6 (MPZ, Russia); monoclonal rabbit antibodies to
CD31/PECAM-1 (ab182981) (Abcam, UK); novo-
caine (JSC Dalkhimpharm, Russia); paraffin medium
(Histomix); PBS (pH 7.4, EKOservice, Russia); peni-
cillin-streptomycin  (PanEko, Russia); DMEM
medium (glucose content 4.5 g/L); pig type I atelocol-
lagen set with buffer solution (80 mg/mL, IMTEK,
Russia); polyclonal rabbit antibodies to PCNA (PA5-
27214, Invitrogen, USA); suture material (monocryl
poliglecaprone 25, Ethicon, USA-Belgium); trans-
forming growth factor B1; trinitrophenol (for the
preparation of Bouin’s liquid, 1.3%) (Sigma-Aldrich,
USA); Triton X-100 (Sigma-Aldrich, USA); trypan
blue (PanEko, Russia); trypsin-EDTA solution
(PanEko, Russia); type II collagenase (Clostridium
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Fig. 1. Distribution of chondrocytes in collagen scaffold in
1 h after the printing. Staining with hematoxylin and eosin.
Ob. 2.5%.

histolyticum, 315 U/mg) (PanEko, Russia); xylene
(ortho) (analytical grade) (Russia).

RESULTS
In vitro Study

During the primary isolation of cells from the ani-
mal’s cartilage using collagenase, its total number was
relatively small. It was probably due to the age of the
donors. The yield of living cells with the described iso-
lation method was 86.4%. The zero passage cells had
quadratic shape and granular cytoplasm — the features
of native chondrocytes. The cells formed a dense
monolayer on the 7th day of cultivation. Viability of
the 2nd passage cells used in the experiment was
99.9%.

The cells in the collagen scaffold in 1 hour after the
printing is shown in Fig. 1. The distribution of cells
over the volume of the scaffold is uneven. The cells
were concentrated mostly at air bubbles inside the
structure and near the free surfaces of the scaffold.
Within the next few days a massive migration of the
cells from the scaffolds and their attachment to the
bottom of the Petri dish was observed (Fig. 2). Later
on the rate of the process decreased. In order to pre-
vent the depletion of the nutrient medium by cells
migrated from collagen structures, the scaffolds were
transferred into new dishes.

By the second week of incubation, a decrease in
size, deformation, and partial destruction of the scaf-
folds were observed (Fig. 3a). Uneven coloration of
collagen at Fig. 3 is visible: there are lighter (loose) and
dark (dense) areas. Probably, the density of collagen
has changed due to destruction, as well as the action of
cellular proteolytic enzymes. There were no air bub-
bles in the denser areas. The cells are concentrated in
looser areas (Fig. 3b). Many cells were located on the
surface of structure (Fig. 3c). The PCNA-positive
reaction of the nuclei was observed only in individual
cells (Fig. 3d), which probably indicates that the bulk
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Fig. 2. Migration of chondrocytes from the scaffolds to the
bottom of Petri dish in Ist day after the printing. Phase
contrast, ob. 10X,

of the cells were at rest. In the next 14 days the most of
the cells in collagen scaffold have died.

In 28 days the scaffolds decreased in size and
deformed (Fig. 4a), and cellular detritus was
present (Fig. 4b). It is obvious that after 4 weeks of
incubation only single cells stayed alive in the scaffolds
(Figs. 4c, 4d).

In vivo Study

Histological examination showed that in 2 weeks
after the implantation in some areas cellular detritus
took the place. It was consisted of fragments of the
scaffold, dead polymorphonuclear leukocytes and
necrotic subcutaneous muscle fibers (Figs. 5a, 5b). A
capsule of connective tissue was formed around the
scaffold, which grew into collagen, dividing it into sep-
arate fragments (Fig. 6). Macrophages, apparently
involved in the process of resorption of the biomate-
rial, as well as granulomas of foreign bodies were
located around the blood vessels (Fig. 7). Granuloma-
tous nodules surrounded by blood vessels contained a
large number of cellular elements located around the
scaffold fragments.

Immunohistochemical staining for CD-31
revealed numerous small blood vessels forming in the
scaffold resorption zones (Fig. 8). A positive reaction
of nuclei to PCNA was observed in connective tissue
cells, vascular endothelium, and cellular elements of
granulomas (Fig. 9). In the surrounding connective
tissue, the presence of cellular elements with rounded
nuclei and a narrow rim of cytoplasm (possibly chon-
drocytes) was noted. Thus, the results of the pathomo-
rphological examination indicate that in 2 weeks after
implantation of the scaffold, granulomatous inflam-
mation with the destruction of the organic matrix by
macrophages and giant cells is observed.
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Fig. 3. Chondrocytes in tissue-engineered structures in 14 days after the printing. (a—c) Hematoxylin and eosin staining,
(d) PCNA immunostaining. Ob.: (a) 2.5%, (b) 20X, (c) 10x, (d) 40%.

Within 6 weeks under the epidermis, connective
tissue was formed (Fig. 10a), in which, next to the
blood vessels, macrophages and groups of small cells
with rounded nuclei were found. According to mor-
phological criteria these cells correspond to young
chondrocytes (Fig. 10b, c). The cytoplasm of these
cells gave a positive reaction for glycosaminoglycans
when stained with alcian blue (Fig. 10d). At the same
time, these evidences of the formation of cartilage can
be considered indirect and require further confirma-
tion.

DISCUSSION

Three-dimensional culture of chondrocytes is con-
sidered preferable for the regeneration of cartilage
(Okubo et al., 2019). The combination of 3D-cultiva-
tion with the addition of growth factors allows main-
taining the specific phenotype of chondrocytes
(Nguyen et al., 2017; Okubo et al., 2019), ensuring the
synthesis and accumulation of extracellular matrix:
proteoglycans and collagens (Grogan et al., 2003;
Beketov et al., 2019). Three-dimensional cultivation
conditions are created mainly with the help of scaf-
folds made of various materials, which serve as a sub-
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strate for cell attachment, survival and proliferation of
cellular elements. Cell viability in artificial tissues
depends on the efficiency of oxygen and nutrients sup-
ply. Limitations in metabolites transport in scaffolds is
one of the most pronounced problem for the whole
tissue engineering (Brown et al., 2007). Under static
conditions of cultivation, diffusion is the main method
of the transport. It is assumed that oxygen constantly
enters the peripheral zones of a scaffold. Its concen-
tration is proportional to the partial pressure of the gas
and the coefficient of solubility in a medium (Brown
et al., 2007). Since oxygen diffusion in artificial tissues
is often slower than oxygen consumption, oxygen is a
limiting factor for cell survival in scaffolds thicker than
100—200 um (Malda et al., 2004). The availability of
oxygen depends not only on the length of the diffusion
distance but also on the density of the cells, since the
ability of oxygen to diffuse through cells is much less
than through water (Radisic et al., 2005; Brown et al.,
2007). In scaffolds with a sufficiently large number of
cells, the hindered diffusion of metabolites will be sup-
plemented by their increased consumption. Therefore,
in static conditions, where nutrients are distributed
only by diffusion, areas in which cell proliferation
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Fig. 4. The scaffolds in 28 days of incubation. Staining with hematoxylin and eosin. Arrows indicate living cells; (*) Cell detritus.
Ob.: (a) 2.5%, (b) 10x%, (c, d) 40%.

(a)

Fig. 5. The area of the scaffold implantation to rat in 2 weeks. (*) linflammatory response. Staining with hematoxylin and eosin.
Ob.: (a) 2.5%, (b) 40%.

inevitably arise—the outer surface of the scaffold the cells moved to the outer surfaces of the scaffold
(Lewis et al., 2005). and air bubbles. Within the next few days a massive

The results obtained in our study are good illustra-  outflow of cells from collagen and their attachment to
tions of the issue described above. Already in 1 hour of the bottom of the Petri dish was observed. Other
the scaffolds incubation under the static conditions, authors have also reported on the heterogeneous dis-
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Fig. 6. Formation of a connective tissue capsule at the bor-
der of the scaffold with subcutaneous adipose tissue (indi-
cated by arrows). Staining with hematoxylin and eosin.
Ob. 2.5%.

tribution of cells within scaffold. Thus, Lewis et al.
(2005) observed an increase in the density of bovine
chondrocytes in the peripheral layers of the porous
terephthalate/polybutylene terephthalate scaffold
during the first 14 days of cultivation. It was also
reported (Radisic et al., 2005) that oxygen concentra-
tion and viability of rat cardiac myocytes decreased
linearly and the density of living cells decreased expo-
nentially with increasing of the distance from the
structure surface.

Cartilage is an avascular tissue and the relatively
slow diffusion of substances into the depth of the
structure is not considered a predominant problem
(Grogan et al., 2003). However, artificial scaffolds use
a high density of cells to obtain more “functional” tis-
sue, since it is critical for intercellular contacts estab-
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lishment and performance of the scaffold as a genuine
cartilage (Radisic et al., 2005; Brown et al., 2007;
Cigan et al., 2016). For the bioprinting, a high cell
density is also required to achieve good survival after
the printing (Nguyen et al., 2017). Thus, a contradic-
tion arises between the high cell density and the suffi-
cient oxygen content. This becomes especially import-
ant in the context of Okubo et al. findings (2019). In
their opinion, the efficiency of chondrogenesis
directly depends on the density of cells in scaffolds
(the higher, the better) and the factor of high cell via-
bility was more important than attempts to stimulate
chondrogenesis.

In accordance with our data, when the scaffold was
incubated for 4 weeks it was partially destroyed and
compressed. One of the reasons that caused the
destruction of collagen could be the secretion of pro-
teolytic enzymes by cells (Zhang et al., 2019). Defor-
mation and compression of structures made of natural
materials, for example, extracellular matrix of carti-
lage or collagen itself, due to the vital activity of cells
are also described in the literature (Liu et al., 2008;
Rowland et al., 2013). Cell-mediated compression of
the porous material can reduce the diffusion of oxygen
and nutrients to the core of the scaffold, and, as a con-
sequence, the volume available for cell proliferation
(Rowland et al., 2013).

Drobnik et al. (2019) investigated the durability of
three-dimensional spongy porous scaffolds based on
collagen type I with or without neural rat embryonic
cells in the case of implantation into rat brain. It was
shown that the implants remained structurally intact
for 4 weeks, but induced granulomatous inflamma-
tion, including the accumulation of multinuclear
macrophages, mononuclear inflammatory cells, and
the formation of blood vessels. The authors hypothe-
sized that immune responses, including inflamma-
tion, oxidative stress, and low levels of trophic factors,

Fig. 7. Zone of scaffold resorption. (a) Macrophages and granulomas of foreign bodies in the zone of elimination of biomaterial;
(b) the area at higher magnification. Sc—scaffold, FBG—foreign body granuloma, arrows indicate macrophages. Staining with

hematoxylin and eosin. Ob.: 20X, (b) 40X.

CELL AND TISSUE BIOLOGY Vol.15 No.5 2021
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Fig. 8. Vascularization of the scaffold resorption zone. (a) Angiogenesis at the scaffold border; (b) angiogenesis in the area of for-
eign body granuloma formation (with multinucleated resorption cells). Arrows show the immunohistochemical reaction of the

vascular endothelium with antibodies to CD31. Ob. 20%.

may cause cell death within the scaffold. We observed
a similar picture of inflammation after subcutaneous
implantation of collagen scaffolds in rats. However,
in our study, the scaffolds completely resolved within
4—6 weeks, probably due to the fact that they consisted
of unmodified collagen. The detection of blood vessels
invading the scaffold is positive, as vascularization is
considered a critical development in tissue engineer-
ing (Murphy et al., 2020). Despite the present of viable
cells corresponding by morphological criteria to young
chondrocytes, the formation of cartilaginous tissue
did not occur. This is probably both the result of the
rapid resorption of collagen and the small number of
surviving cells. The remaining cells did not have time
to form their own matrix.

Considering its clinical use, cartilage scaffolds must
be volumetric (not flat) and contain the physiological

Fig. 9. Immunohistochemical reaction of cell nuclei with
antibodies to PCNA in the scaffold resorption zone.
Ob. 20x.

CELL AND TISSUE BIOLOGY  Vol. 15

amount of metabolically active differentiated cells
(Radisic et al., 2005). In the case of the scaffolds of more
than 1 mm thickness, the supply of nutrients and espe-
cially oxygen to cells is a critical problem. Limitation of
the diffusion of nutrients leads to spatially heterogeneous
properties of the artificial tissue (Bian et al., 2009).
Higher cell viability is achieved in less dense gels, in
which diffusion is better (Nguyen et al., 2017; Okubo et
al., 2019). However, in three-dimensional bioprinting,
the density of the material must ensure the possibility of
obtaining a stable structure of a given shape (outer geom-
etry and internal structure) otherwise all the advantages
of the technology will be ruined. This contradiction can
be resolved by including additional channels and pores,
for example, from sacrificial materials that are removed
from the completed scaffolds (Levato et al., 2017), or by
using dynamic cultivation systems (e.g., bioreactors). At
the same time, there is an opinion that perfusion systems
may not be suitable for obtaining cartilage, since they are
capable of removing specific metabolites and causing to
cell apoptosis (Grogan et al., 2003).

The results of our study showed that the inherent
porosity of 4% collagen was insufficient to supply the
incorporated cells with oxygen and nutrients and
maintain their viability for a long time in vitro. The
second drawback of the material was its rapid (within
a month) degradation in the body of the animals. This,
in turn, did not allow the necessary time to maintain
conditions for the formation of cartilage at the implan-
tation site.
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Fig. 10. Zone of scaffold implantation in 6 weeks. (a) In the upper left corner, a suture thread fragment is visible at the implanta-
tion site; (b, ¢) in the surrounding tissues, groups of small cells with rounded nuclei are visible, according to morphological cri-
teria corresponding to young chondrocytes; (d) a group of cells with a positive reaction to glycosaminoglycans in the subcutane-
ous connective tissue of a rat (shown by arrows) in the zone of organic matrix resorption. (a—c) Staining with hematoxylin and

eosin, (d) staining with alcian blue. Ob.: (a) 10%, (b—d) 40x%.
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