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The aim of the study was to compare type | collagen-based and methacryloyl gelatin-based (GelMA) hydrogels by their ability to form
hyaline cartilage in animals after subcutaneous implantation of scaffolds.

Materials and Methods. Chondrocytes were isolated from the costal cartilage of newborn rats using 0.15% collagenase solution in
DMEM. The cells was characterized by glycosaminoglycan staining with alcian blue. Chondrocyte scaffolds were obtained from 4% type |
porcine atelocollagen and 10% GelMA by micromolding and then implanted subcutaneously into the withers of two groups of Wistar rats.
Histological and immunohistochemical studies were performed on days 12 and 26 after implantation. Tissue samples were stained with
hematoxylin and eosin, alcian blue; type | and type Il collagens were identified by the corresponding antibodies.

Results. The implanted scaffolds induced a moderate inflammatory response in both groups when implanted in animals. By day 26
after implantation, both collagen and GelMA had almost completely resorbed. Cartilage tissue formation was observed in both animal
groups. The newly formed tissue was stained intensively with alcian blue, and the cells were positive for both types of collagen. Cartilage
tissue was formed among muscle fibers.

Conclusion. The ability of collagen type | and GelMA hydrogels to form hyaline cartilage in animals after subcutaneous implantation of
scaffolds was studied. Both collagen and GelMA contributed to formation of hyaline-like cartilage tissue type in animals, but the chondrocyte
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phenotype is characterized as mixed. Additional detailed studies of possible mechanisms of chondrogenesis under the influence of each of

the hydrogels are needed.
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Introduction

Cartilage is a dense connective tissue with limited
self-recovery  capabilities [1]. Highly  organized
extracellular matrix (ECM) of a cartilage consists mainly
of proteoglycans and collagens [2]. Regeneration of
various types of cartilage is complex and requires
development of a microenvironment that facilitates
formation of cartilage tissue of hyaline, elastic, or fibrous
type [3]. Regenerative medicine has a means to restore
local cartilage defects in the form of implantation of
autologous chondrocytes [4]. The process requires
cells obtained from healthy areas of cartilage tissue and
propagated in vitro [4-6]. The method’s disadvantages
include the limited number of chondrocytes and their
tending to dedifferentiation during 2D cultivation, as well
as possible damage to the donor area [7-9].

The technology of tissue engineering using scaffolds
based on natural hydrogels provides new possibilities
for repairing cartilage defects. Hydrogels are a network
of cross-linked hydrophilic polymers. In water, hydrogel
swells, and its mass increases in a large degree.
Physical and biochemical properties of hydrogels
largely depend on hydrogel composition, polymerization
methods, and crosslinking density. Hydrogels may serve
as a universal platform with the desired combination of
properties to be used in regenerative medicine and other
related areas [10]. For instance, biomedical hydrogels
are designed to reproduce characteristics of native ECM
and provide three-dimensional support to dividing cells
during the tissue formation process [11]. The advantages
of natural hydrogels include better biocompatibility and
minimal inflammatory response in the body [12-14].
Their disadvantage is poor mechanical properties,
resulting in the need to add other components
(materials) that increase rigidity, or apply various
methods of polymerization of the base material.

Another important matter relates to the extent
to which hydrogels can regulate cell phenotype in
tissue engineering structures. ldeally, hydrogel should
facilitate chondrogenesis and regeneration of complex
area-based organization of native cartilage, whereas the
newly formed matrix should feature the original hyaline
cartilage rich in type Il collagen and aggrecans [15]. From
this point of view, it is promising to study the capability of
various hydrogels to support chondrogenesis in vitro and
after implantation of chondrocyte-containing scaffolds
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into animals. Type | collagen [16-21] and methacryloyl
gelatin (GelMA) [9, 22-25] are used in scaffolds for
cartilage tissue. However, the results are often quite
contradictory.

Collagen is the main component of ECM. It is a
fibrillar protein that is part of various forms of connective
tissue, such as bones, cartilage, tendons, and skin [26—
29]. In nature, type | collagen exists in the form of a triple
helix (a1)2B32 [30, 31]. Being the most common ECM
protein, collagen contains cell adhesion sites based on
the arginine—glycine—aspartic acid (RGD) tripeptide and
is characterized by low immunogenicity [32]. Collagen
and its derivatives are most often used as bio-inks in
bioprinting and basis for scaffolds in general, especially
in work with cells [33, 34].

Gelatin is a protein substance containing denatured
and partially hydrolyzed native collagen, mainly type |
collagen [35]. Thermal denaturation reduces gelatin
antigenicity compared to collagen [36]. Here, bioactive
collagen sequences (for example, RGD) for cell
attachment and matrix metalloproteinase-sensitive sites
responsible for cell-mediated degradation are preserved
[37]. Gelatin modified with methacryloyl (methacrylamide
or methacrylate) side groups (GelMA) increasingly
spreads in tissue engineering, as together with good
biocompatibility it has better in quality and widely tuned
mechanical properties, especially compared with other
available gel-forming biomaterials [38, 39]. Introduction
of photo-crosslinkable methacryloyl substituent groups
provides convenient and rapid gel formation under
UV-irradiation in the presence of photoinitiators [40].
Application of this material for three-dimensional
cell cultivation not only imitates natural extracellular
environment, but also provides creation of well-defined
tissue structures [9, 23].

The aim of the study was to compare hydrogels
based on type | collagen and GelMA as to their ability
to support formation of hyaline cartilage in animals after
subcutaneous implantation of scaffolds.

Materials and Methods

Cell culture. The primary chondrocyte culture was
obtained according to the previously described protocol
[20]. Nine 5-day-old rat pups were taken to isolate
cells from costal cartilages. Soft tissues were removed
by incubation in 0.25% trypsin (PanEco, Russia) and
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0.2% type | collagenase (Gibco, USA) solutions under
moderate stirring on a magnetic stirrer (Biosan, Latvia)
at +37°C. Costal cartilages in a 0.15% collagenase
solution were left overnight at +37°C in a CO, incubator
(Sanyo, Japan). Uncleaved tissue fragments were
removed by means of filtration (100 nm, nylon; SPL
Lifesciences, South Korea). To inactivate enzyme,
fetal bovine serum (Biosera, Brazil) was added and
washed by centrifugation (Elmi, Latvia). After the last
centrifugation, cell pellet was resuspended in a DMEM
nutrient medium (glucose content of 4.5 g/L); then,
200 pl of the suspension was sampled, stained with
0.4% trypan blue solution in phosphate-buffered saline
(pH 7.4; ECO-Service, Russia) and then the number of
living cells was counted.

The cells were placed in bottles with a surface area
of 225 cm? (Corning, USA) in a DMEM nutrient medium
(glucose content of 4.5 g/L) added with 10% fetal bovine
serum (Biosera, Brazil), penicillin and streptomycin
(50 IU/ml and pg/ml, respectively), and glutamine
(649 pg/ml). The cells were cultivated for 7 days
until a monolayer (~90%) was formed, after which it
was removed from plastic and used for mixing with
hydrogels. The affiliation of cells with cartilage tissue
was determined by formation of glycosaminoglycans
(GAGs) in accordance with the previously described
method [19].

Collagen-based hydrogel. Hydrogel was prepared
using a sterile solution of type | porcine atelocollagen
(80 mg/ml; Imtek, Russia) in line with the previously
described method [41]. On the day of experiment,
chondrocytes were taken off the plastic with a
trypsin:EDTA solution (1:1); after staining with trypan
blue, the number of living cells was counted, centrifuged
(400 g, 5 min), and resuspended in 0.25 ml of DMEM
medium (glucose content of 4.5 g/L) without serum.
The cell suspension was added with 0.25 ml of collagen
buffer (Tris-HCI; 0.3 M; pH 8.0) and cooled at 4°C for
10 min. This solution was mixed with 0.5 ml of collagen
solution, thus receiving a hydrogel with the collagen
concentration of 4%. The final concentration of cells
amounted to ~20-10% m/L~". The hydrogel was kept at
4°C until the use.

GelMA-based hydrogel. GelMA (Bloom 300;
Sigma-Aldrich, USA; 900496) was used for
GelMA-based hydrogel. First, 6 mg of Irgacure 2959
photoinitiator (Sigma-Aldrich; 410896) was weighed and
placed in 600 ul of sterile distilled water. Then, it was
dissolved at 70°C for 10-15 min in Termite solid-state
thermostat (DNA-Technology, Russia), after which
it was cooled in the dark at room temperature. The
cooled solution was added to 80 mg of pre-weighed
GelMA and left overnight at 4°C to swell. On the next
day, the solution was kept in a thermostat for 3—4 h at
40°C, subject to periodical shaking, until GelMA was
completely dissolved. Chondrocytes were taken off from
plastic, and after staining with trypan blue, the number of
living cells was counted, centrifuged, and resuspended in
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200 pl of DMEM medium without serum. This volume of
solution was mixed with 600 pl of GelMA, thus obtaining
a hydrogel with a gelatin concentration of 10%. The final
concentration of cells amounted to ~30-106 m/L-". This
hydrogel was kept at 37°C until use.

FDM printing. One day before the experiment,
cube-shaped frames with the dimensions of 5x5x5 mm
and an internal lattice were printed from PVA (polyvinyl
acetate, filament diameter of 1.75 mm) using the FDM
(fused deposition modelling) method (Figure 1). The
cell size was 1x1x1 mm. Printing was conducted on
a Rokit INVIVO 3D bioprinter (Rokit, South Korea),
software version 1.68. The model was sliced with the
NewCreatorK software, version 1.57.63. Printing was
made to a flat unheated printing table, the extruder
operating temperature was 200°C. The thickness of one
layer was 0.2 mm, with a nozzle diameter of 0.2 mm.
Before printing, the skirt was applied to provide the
proper first layer. Also, the inner parts of the printer
were sterilized before printing using a built-in 254-nm
UV-lamp. The finished frames were UV-sterilized with
the same wavelength for 2 h.

Preparation of tissue engineering structures
(scaffolds). Scaffolds were made by micromolding. On
the day of the experiment, 12 PVA frames were placed in
sterile Petri dishes (Corning, USA) of 35 mm in diameter,
3 pieces in each dish. Then, 6 frames were filled with
chilled collagen-based hydrogel, added with warm
nutrient medium, and placed in a CO, incubator (Sanyo,
Japan) (37°C, 5% CO,) for polymerization. The remaining
6 frames were placed on an ice pack, filled with warm
GelMA-based hydrogel, kept for 30 min, then filled with
cold nutrient medium, and irradiated with ultraviolet light
(365 nm) in the internal space of the printer for 10 min
at a temperature of the printing table of 0...+4°C. After
irradiation, the frames were kept for another 30 min in
cold, then placed in a CO, incubator (Sanyo, Japan).

Figure 1. PVA mold appearance
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Figure 2. Appearance of the scaffolds after the PVA mold
dissolution

A few hours later, when the PVA frames were subjected
to dissolution, the obtained scaffolds were washed with
phosphate-buffered saline to remove PVA remains,
placed in new sterile Petri dishes, added with DMEM
medium (glucose content — 4.5 g/L) and 10% fetal
bovine serum, and left in the incubator until the next day.
After polymerization of hydrogels and PVA dissolution,
the finished structures had a lattice form (Figure 2).
Scaffold  implantation to animals. After
approximately 18 h of incubation, the scaffolds were
implanted subcutaneously in the withers of eight
2-month-old male Wistar rats weighing ~200 g. The
animals were divided into two groups of 4 rats. The rats
in group 1 were implanted with collagen-based scaffolds,
the animals in group 2 — with GelMA-based scaffolds.
All procedures were performed using inhalation ether
anesthesia (Chimmed, Russia). Animals were shaved
off at the implantation site, the surgical field was treated
with 70% ethanol solution (RFK, Russia), an incision
was made with scissors, and a pocket where the
implant was placed was formed under the skin with a
scalpel. The wound was sutured with the edges of the
pocket tightened, the site of implantation was marked
with a colored thread of suture material (Monocryl
Poliglecaprone 25; Ethicon, USA). The suture was
treated with a 3% hydrogen peroxide solution. A better
fixation was achieved by application of medical glue
(Vertex, Russia) on top of the suture. The area around
the surgical field was additionally anesthetized with
0.5% Novocain solution (Dalkhimpharm, Russia). During
the experiment, the rats were isolated from each other
in one-place cages with free access to water and food.
The surgical field was controlled daily. Two animals
from each group were euthanized with an interval of
~2 weeks — on day 12 and day 26 after implantation —
and the material was taken for histological and
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immunohistochemical analyses. All work with laboratory
animals was conducted in accordance with the European
Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes
and approved by the local bioethics commission.

Histological and immunohistochemical analyses.
Scaffolds with fragments of surrounding tissues were
fixed for 24 h in Bouin’s acidic fluid: 1.3% trinitrophenol
(Sigma-Aldrich, USA) and 40% formalin (BioVitrum,
Russia). After washing in 70% ethanol, a standard
histological testing of the samples was performed,
followed by their placement in the Histomix paraffin
medium (BioVitrum). Paraffin sections of 5 um
were sliced on a microtome (Leica RM 2235; Leica
Microsystems, Germany) and placed on silanized
glass slides (S3003; Dako, Denmark). For histological
analyses, deparaffinized sections were stained with
hematoxylin, eosin and alcian blue (8GX; Sigma-
Aldrich). After alcohol dehydration and clarification in
ortho-xylene, the samples were put in Canadian balsam
(Merck, Germany).

Immunohistochemical  studies were conducted
using monoclonal rabbit antibodies to type Il collagen
(SAB4500366, 1:50; Sigma-Aldrich) and polyclonal
rabbit antibodies to type | collagen (FNab01836, 1:100;
Fine Test, China). To immunovisualize rabbit antibodies,
secondary goat IgG rabbit antibodies were conjugated
with horseradish peroxidase (ab205718, 1:1000; Abcam,
USA). Immunohistochemical solutions were prepared in
phosphate-buffered saline. According to the protocol for
immunohistochemical studies, deparaffinized sections
immersed in citrate buffer (pH 6.0) were boiled for
5 min before primary antibodies to type | and Il collagen
were applied. Endogenic peroxidase was blocked in
3% hydrogen peroxide solution. 2% normal serum of
animal donors of secondary antibodies, 1% bovine
serum albumin and 0.1% Triton X-100 were added
to the blocking buffer. The samples were incubated
overnight in the solution of primary antibodies in a humid
chamber at +4°C. After washing the preparations in
phosphate buffer, secondary goat rabbit antibodies were
applied to the sections for 1 h at room temperature.
Diaminobenzidine (Liquid DAB+, K3468; Dako North
America, Inc., USA) was used to identify substrate
peroxidase. After alcohol dehydration and xylene
clearing, the preparations were put into Canadian
balsam. Histological sections were examined under an
Axio Imager A1 microscope (Carl Zeiss, Germany) with
microphotography on the Canon Power Shot A640 digital
camera (Canon, Japan).

Results

Isolation of cells from costal cartilages. During the
primary isolation from the costal cartilages of newborn
rats, the number of cells was ~16.5 million, in which
the content of living cells was 93.9%. Zero passage
cells had a cubic shape and granular cytoplasm typical
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of chondrocytes; they formed a dense monolayer on
day 7 of cultivation. Alcian blue staining revealed specific
metabolites of chondrocytes, GAGs, in the intercellular
space (Figure 3), which was the basis to identify isolated
cells as cartilaginous. The viability of zero passage cells
taken off from the plastic on the day of the experiment
before mixing with hydrogels was ~95%.

Study in animals

Group 1 (type | atelocollagen), day 12 after
implantation. At this point, the site of scaffold

implantation is identified by presence of remains of
the suture thread and necrotic tissues on histological
preparations of the skin with subcutaneous adipose
tissue and muscles taken from animals (Figure 4).
The implant is represented by bundles of collagen

Figure 3. Chondrocytes of the 0" passage after 7 days of
cultivation in a Petri dish
Alcian blue staining, glycosaminoglycans; vol. x25

Figure 4. Group 1 (atelocollagen-based scaffolds); day 12
after implantation

Necrotic tissues in the implant area; staining with hematoxylin
and eosin; vol. x20. Asterisks mark the remains of the suture
thread that point to the implantation site
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Figure 5. Group 1 (atelocollagen-based scaffolds); day 12
after implantation

Scaffold is surrounded by a connective tissue capsule — Sc;
staining with hematoxylin and eosin; vol. x20

fibers separated by connective tissue cells growing
into it (Figure 5). By this time, a moderately overgrown
connective tissue capsule was formed, in which
multinuclear macrophages and foreign body resorption
cells are seen (Figure 6). There are large cells along the
blood vessels in the subcutaneous tissue (together with
elements of fibrous connective tissue); the cytoplasm
of these large cells shows an intense reaction with
alcian blue, which makes it possible to classify these
cellular elements as granule cells, considering their
location and intense staining of the cytoplasm in the
acidic environment (Figure 7). Collagen staining was
not performed at this point. There were no signs of
cartilage tissue formation.

Group 1 (type | atelocollagen), day 26 after
implantation. At this point, scaffold remains are
identified in the implantation area, they are divided
into small fragments by the round cell infiltrate
(Figure 8). Multinuclear macrophages are detected
in the connective tissue capsule. One of the animals
demonstrated foci of proliferation of cartilage tissue
among the striated muscles in the implantation area
(Figure 9 (a)), which was stained with alcian blue
(Figure 9 (b)) and chondrocytes from which gave a
positive immunohistochemical reaction for type |
collagen (Figure 9 (c)). In cells located closer to
the perichondrium, type | collagen was also found
(Figure 9 (d)). Pronounced growth in the implantation
area of brown fat is to be paid attention to (Figure 10).

Group 2 (GelMA), day 12 after implantation. At
this point, fragments of randomly located fibers were
noted in the implant location area of euthanized
animals (Figure 11). There were few multinuclear
cells of resorption of foreign bodies in the neighboring
connective tissue (Figure 12). Along the blood vessels
in the subcutaneous connective tissue, large cells
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Figure 6. Group 1 (atelocollagen-based scaffolds); day 12
after implantation

Connective tissue capsule around the scaffold: (a) and (b)
connective tissue with multinuclear cells of resorbed foreign
bodies (marked with arrows on figure a—-c); an asterisk
indicates the remains of the suture thread at the implantation
site. Staining with hematoxylin and eosin; vol. x20; (c) is a part
of figure (b); vol. x40

Figure 7. Group 1 (atelocollagen-based scaffolds); day 12
after implantation

Mast cells in the connective tissue capsule around the implant
(shown by arrows). Staining with alcian blue; vol. x40

Figure 8. Group 1 (atelocollagen-based scaffolds); day 26
after implantation

Fragments of the implant lattice (shown with arrows). Staining
with hematoxylin and eosin; vol. x20

are found, the cytoplasm of which is intensely stained
with alcian blue (similar to animals in group 1). One
of the animals demonstrated an island of cartilage
tissue among the muscle fibers in the implantation
area (Figure 13 (a)), intensely stained with alcian blue
(Figure 13 (b)). Collagen staining was not performed at
this point.

Group 2 (GelMA), day 26 after implantation. At this
point, an island of cartilaginous tissue with a poorly
developed perichondrium was found among the striated
muscles of euthanized animal (Figure 14 (a)). The
cartilage consists of sparsely located chondroblasts,
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Figure 9. Group 1 (atelocollagen-based scaffolds); day 26 after implantation
An island of cartilage tissue in the vicinity of the scaffold: (a) staining with hematoxylin and eosin; (b) staining with alcian blue;
(c) immunohistochemical reaction to type Il collagen; (d) immunohistochemical reaction for type | collagen; vol. x20

Figure 10. Group 1 (atelocollagen-based scaffolds); day 26  Figure 11. Group 2 (GelMA-based scaffolds); day 12 after

after implantation implantation
Brown fat (multidroplet lipocytes) in the rat subcutaneous Fragments of the implant lattice in the rat subcutaneous
tissue. Staining with hematoxylin and eosin; vol. x20 tissue (shown with arrows). Staining with hematoxylin and

eosin; vol. x40
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Figure 12. Group 2 (GelMA-based scaffolds); day 12 after
implantation

Multinuclear cells of foreign bodies resorption in the connective
tissue capsule (shown with arrows). Staining with hematoxylin
and eosin; vol. x40

Figure 13. Group 2 (GelMA-based scaffolds); day 12 after
implantation

Cartilage tissue at the implant site: (a) staining with
hematoxylin and eosin; (b) staining with alcian blue; vol. x20

sole as a rule, which do not form isogenic groups.
The cytoplasm of cartilage cells and small areas
of the territorial matrix show an intense reaction
when stained with alcian blue (Figure 14 (b)).
Immunohistochemical staining revealed a high content
of type Il collagen in cytoplasm of chondrocytes

Figure 14. Group 2 (GelMA-based scaffolds); day 26 after
implantation

Cartilage tissue at the implant site: (a) staining with hematoxylin
and eosin; (b) staining with alcian blue; (c) immunohistochemical
reaction to type Il collagen; (d) immunohistochemical reaction
for type | collagen; vol. x20
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located closer to the perichondrium (Figure 14 (c));
type | collagen was also found in the same cells
(Figure 14 (d)).

Discussion

This study covered the ability of hydrogels based
on natural polymers, type | collagen and GelMA,
to preserve the costal chondrocyte phenotype and
stimulate chondrogenesis in vivo. It is known that
three-dimensional scaffolds not only serve as a substrate
for cell attachment, ECM synthesis, and accumulation
of bioactive molecules, but also can direct cell
differentiation by influencing interactions between cells,
as well as between cells and ECM [42]. Such scaffolds
can support repeated differentiation of dedifferentiated
chondrocytes both in vitro [43] and in vivo [38].

To preserve the shape of the obtained scaffolds and
make mechanical properties of the structures similar
to those of native cartilage, we took hydrogels with a
high concentration of collagen (4%) and GelMA (10%).
A hydrogel with such a concentration of collagen
was already used in our previous studies related to
tissue engineering [20, 21, 44] and demonstrated its
suitability for such purposes. Increasing the polymer
concentration is the simplest approach to immediately
increasing the density and rigidity of hydrogel. However,
diffusion of metabolites can be difficult in dense
hydrogels without additional channels [38, 44]; therefore,
tissue-engineered structures were made in the form of
a lattice to reduce the diffusion distance. Micromolding
is a fast and cost-effective approach to production of
hydrogel-based scaffolds [40].

PVA is a water-soluble, highly swelling, non-toxic,
biocompatible [45] and biodegradable polymer with
good adhesive properties [46], which allows to use it in
experiments with cells. The method used to get scaffolds
provided satisfactory results: after the PVA dissolution,
the scaffold lattice was preserved, whereas the access
of nutrients to the cells inside hydrogels could be
implemented from several sides.

When implanted in animals, the scaffolds caused
a moderate inflammatory response in both groups,
which is evidenced by the macrophages and granule
cells presence in the surrounding connective tissue
capsule. It is known that exposure to pro-inflammatory
cytokines can stimulate chondrocyte migration [47, 48].
By day 26 after implantation, both collagen and GelMA
were almost completely resorbed. Cartilage tissue, as
in the previous studies [20, 21], was formed among
muscle fibers, which can be explained by a good blood
supply of muscle tissue.

Type Il collagen and GAG are considered specific
markers of hyaline cartilage, which are detected by
alcian blue staining in an acidic environment [15].
Their qualitative  detection in  histological and
immunohistochemical analyses allows to conclude that
one animal in group 1 with implanted atelocollagen-based
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scaffolds demonstrated formation of hyaline-like cartilage
tissue on day 26 after implantation. In animals in group 2,
which were implanted with GelMA-based scaffolds,
hyaline-type cartilage tissue was formed both on day 12
and day 26 after implantation. We are far from believing
that this result is only due to the scaffold material, as
in the previous study [20], cartilage tissue was formed in
atelocollagen-based scaffolds with rat costal chondrocytes
in all experimental animals during the observation period
from day 5 to day 40. Quantitative assessment of the
GAG content was not conducted because, according to
available data, infiltration of host cells into the implanted
scaffold can distort the results of in vivo studies [38].
The detection of type | collagen in the cytoplasm of
chondrocytes may be primarily related to immaturity of the
newly formed cartilage tissue on day 26 after implantation
of the scaffolds. Sophia Fox et al. [2] noted that, in
addition to type Il collagen, which accounts for 90-95% of
ECM, hyaline cartilage contains types I, IV, V, VI, IX, and
Xl collagens. It is possible that the expression of type |
collagen by chondrocytes would have been insignificant
later in the study.

Many studies show that hydrogels based on pure
or modified type | collagen supported chondrogenesis
both in vitro [43, 49] and in vivo [50]. At the same time,
other results were also published. For instance, Jin and
Kim [51] stated that rat joint chondrocytes cultured in a
chondrogenic medium in a gel based on type | collagen
(concentration of 3.87 mg/L were dedifferentiated in
contrast to the same chondrocytes in gels based on
alginate and alginate-collagen mixture, which kept a
specific phenotype. Schlegel et al. [52] also showed that
chondrocytes can take a fibroblast-like (flattened) shape
in type | collagen hydrogels.

Gelatin, being a product of collagen denaturation,
biochemically has little differences from the above.
However, methacryloyl gelatin contains methacrylamide
or methacrylate functional groups subjected to
photo-crosslinking under UV-irradiation in the presence of
a photoinitiator. Tissue engineering structures based on
methacryloyl gelatin demonstrate that both the source of
gelatin and the type of photoinitiator can affect repeated
differentiation of chondrocytes [53], and irradiation of
cells decreases their viability [54]. The results obtained
for this hydrogel are also contradictory. Daly et al. [3]
stated that hydrogels based on GelMA and type |
collagen in a chondrogenic medium in vitro promoted
synthesis of matrix components corresponding to
fibrous cartilage, whereas agarose and alginate
stimulated development of hyaline-like cartilage
tissue by bone marrow mesenchymal stem cells.
Schuurman et al. [23] demonstrated that GelMA-based
hydrogels maintained viability and differentiated
state of encapsulated articular equine chondrocytes
during cultivation in vitro for 4 weeks. Boere et al. [38]
investigated the ability of human joint chondrocytes
to synthesize specific products of cartilage tissue
in  GelMA scaffolds reinforced with a mixture
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of poly(hydroxymethylglycolide-co-¢-caprolactone)/
poly(e-caprolactone) polymers. It was shown that
encapsulated chondrocytes demonstrated significant
production of cartilage matrix in these structures both
in vitro and in vivo. Levett et al. [15] reported that
GelMA-based hydrogels of low elasticity (1.5 kPa)
supported cell proliferation and GAG-enriched matrix
accumulation. Here, chondrocytes were of a mixed
phenotype with high expression of type | collagen.
Based on this finding, the authors conclude that it
is necessary to apply several indicators of cartilage
formation simultaneously, as the widely used indicators,
such as GAG production and alcian blue staining, do not
necessarily correlate with in vitro chondrogenesis.

In this study, the histological analysis showed that
after the implantation of scaffolds both collagen and
GelMA contributed to formation of hyaline-like cartilage
tissue in the animal bodies. At that, chondrocytes of the
newly formed tissue expressed both type Il collagen
and type | collagen. It should be noted that the in vivo
environment is very complex and, thus, can differently
affect the production of ECM components and scaffold
degradation, which complicates direct comparison of
the results with those of in vitro studies. Based on the
data received, one can conclude that chondrocytes
of the newly formed cartilage tissue on day 26 after
scaffolds implantation in animals were of a mixed
phenotype.

Conclusion

The available published data on the ability of
hydrogels based on type | collagen and GelMA to
support hyaline cartilage formation are often conflicting.
In this study, both collagen and GelMA contributed to
formation of hyaline-like cartilage tissue in animals on
day 26 after scaffold implantation, but chondrocytes were
of a mixed phenotype. Considering that each material
has certain advantages and disadvantages, profound
studies of potential chondrogenesis mechanisms under
the influence of each hydrogel type are needed.
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Health of the Russian Federation for 2020-2022.

Conflicts of interest. The authors claim that there
are no conflicts of interest.

References

1. Schneider M.C., Chu S., Randolph M.A., Bryant S.J.
An in vitro and in vivo comparison of cartilage growth in
chondrocyte-laden matrix metalloproteinase-sensitive poly
(ethylene glycol) hydrogels with localized transforming
growth factor 3. Acta Biomater 2019; 93: 97-110, https://doi.
org/10.1016/j.actbio.2019.03.046.

2. Sophia Fox A.J., Bedi A, Rodeo S.A. The basic
science of articular cartilage: structure, composition, and
function. Sports Health 2009; 1(6): 461-468, https://doi.org/10.
1177/1941738109350438.

14 CTM 2023 [vol. 15 No.2

3. Daly A.C., Critchley S.E., Rencsok E.M., Kelly D.J.
A comparison of different bioinks for 3D bioprinting of
fibrocartilage and hyaline cartilage. Biofabrication 2016; 8(4):
045002, https://doi.org/10.1088/1758-5090/8/4/045002.

4. Davies R.L., Kuiper N.J. Regenerative medicine: a
review of the evolution of autologous chondrocyte implantation
(ACI) therapy. Bioengineering (Basel) 2019; 6(1): 22, https://
doi.org/10.3390/bioengineering6010022.

5. Kalson N.S., Gikas P.D., Briggs T.W.R. Current strategies
for knee cartilage repair. Int J Clin Pract 2010; 64(10): 1444—
1452, https://doi.org/10.1111/j.1742-1241.2010.02420.x.

6. Brittberg M., Recker D., ligenfritz J., Saris D.B.F,;
SUMMIT Extension Study Group. Matrix-applied characterized
autologous cultured chondrocytes versus microfracture:
five-year follow-up of a prospective randomized trial.
Am J Sports Med 2018; 46(6): 1343-1351, https://doi.
0org/10.1177/0363546518756976.

7. Marlovits S., Hombauer M., Truppe M., Vécsei V.,
Schlegel W. Changes in the ratio of type-l and type-Il collagen
expression during monolayer culture of human chondrocytes.
J Bone Joint Surg Br 2004; 86(2): 286-295, https://doi.
org/10.1302/0301-620x.86b2.14918.

8. Schlegel W., Nirnberger S., Hombauer M., Albrecht C.,
Vécsei V., Marlovits S. Scaffold-dependent differentiation of
human articular chondrocytes. Int J Mol Med 2008; 22(5): 691—
699, https://doi.org/10.3892/ijmm_00000074.

9. Mu L., Zeng J., Huang Y., Lin Y., Jiang H., Teng L.
Experimental study on tissue engineered cartilage constructed
by three-dimensional bioprinted human adipose-derived stem
cells combined with gelatin methacryloyl. Zhongguo Xiu Fu
Chong Jian Wai Ke Za Zhi 2021; 35(7): 896-903, https://doi.
org/10.7507/1002-1892.202101049.

10. Annabi N., Tamayol A., Uquillas J.A., Akbari M.,
Bertassoni L.E., Cha C., Camci-Unal G., Dokmeci M.R.,
Peppas N.A., Khademhosseini A. 25" anniversary article:
rational design and applications of hydrogels in regenerative
medicine. Adv Mater 2014; 26(1): 85-123, https://doi.
org/10.1002/adma.201303233.

11. Dzobo K., Motaung K.S.C.M., Adesida A. Recent trends
in decellularized extracellular matrix bioinks for 3D printing: an
updated review. Int J Mol Sci 2019; 20(18): 4628, https://doi.
0org/10.3390/ijms20184628.

12. Perrier-Groult E., Pérés E., Pasdeloup M,
Gazzolo L., Duc Dodon M., Mallein-Gerin F. Evaluation of the
biocompatibility and stability of allogeneic tissue-engineered
cartilage in humanized mice. PLoS One 2019; 14(5):
€0217183, https://doi.org/10.1371/journal.pone.0217183.

13. Benayahu D., Pomeraniec L., Shemesh S., Heller S.,
Rosenthal Y., Rath-Wolfson L., Benayahu Y. Biocompatibility
of a marine collagen-based scaffold in vitro and in vivo. Mar
Drugs 2020; 18(8): 420, https://doi.org/10.3390/md18080420.

14. Campos F., Bonhome-Espinosa A.B., Chato-Astrain J.,
Sanchez-Porras D., Garcia-Garcia O.D., Carmona R., Lépez-
Lépez M.T., Alaminos M., Carriel V., Rodriguez |.A. Evaluation
of fibrin-agarose tissue-like hydrogels biocompatibility for
tissue engineering applications. Front Bioeng Biotechnol 2020;
8: 596, https://doi.org/10.3389/fbioe.2020.00596.

15. Levett P.A., Melchels F.P., Schrobback K,
Hutmacher D.W., Malda J., Klein TJ. Chondrocyte
redifferentiaton ~ and  construct mechanical  property

development in  single-component  photocrosslinkable
hydrogels. J Biomed Mater Res A 2014; 102(8): 2544—2553,
https://doi.org/10.1002/jbm.a.34924.

E.V. Isaeva, A.A. Kisel, E.E. Beketov, G.A. Demyashkin, N.D. Yakovleva, T.S. Lagoda, ..., A.D. Kaprin



16. Thitiset T., Damrongsakkul S., Bunaprasert T,
Leeanansaksiri W., Honsawek S. Development of collagen/
demineralized bone powder scaffolds and periosteum-derived
cells for bone tissue engineering application. Int J Mol Sci 2013;
14(1): 2056-2071, https://doi.org/10.3390/ijms14012056.

17. Chang C.H., Chen C.C,, Liao C.H., Lin F.H., Hsu Y.M,,
Fang H.W. Human acellular cartilage matrix powders as
a biological scaffold for cartilage tissue engineering with
synovium-derived mesenchymal stem cells. J Biomed Mater
Res A 2014; 102(7): 2248-2257, https://doi.org/10.1002/
jbm.a.34897.

18. Lee H.J., Kim Y.B., Ahn S.H., Lee J.S., Jang C.H,,
Yoon H., Chun W., Kim G.H. A new approach for fabricating
collagen/ECM-based bioinks using preosteoblasts and human
adipose stem cells. Adv Healthc Mater 2015; 4(9): 1359-1368,
https://doi.org/10.1002/adhm.201500193.

19. Yang X., Lu Z.,, Wu H., Li W., Zheng L., Zhao J.
Collagen-alginate as bioink for three-dimensional (3D) cell
printing based cartilage tissue engineering. Mater Sci Eng C
Mater Biol Appl 2018; 83: 195-201, https://doi.org/10.1016/].
msec.2017.09.002.

20. Beketov E.E., Isaeva E.V.,, Yakovleva N.D.,
Demyashkin G.A., Arguchinskaya N.V., Kisel A.A., Lagoda T.S.,
Malakhov E.P., Kharlov V.I., Osidak E.O., Domogatsky S.P.,
Ivanov S.A., Shegay P.V., Kaprin A.D. Bioprinting of cartilage
with bioink based on high-concentration collagen and
chondrocytes. Int J Mol Sci 2021 22(21): 11351, https://doi.
0rg/10.3390/ijms222111351.

21. Isaeva E.V.,, Beketov E.E., Demyashkin G.A,
Yakovleva N.D., Arguchinskaya N.V., Kisel A.A., Lagoda T.S.,
Malakhov E.P., Smirnova A.N., Petriev V.M., Eremin P.S.,
Osidak E.O., Domogatsky S.P., Ilvanov S.A., Shegay P.\V.,
Kaprin A.D. Cartilage formation in vivo using high concentration
collagen-based bioink with MSC and decellularized ECM
granules. Int J Mol Sci 2022; 23(5): 2703, hitps://doi.
0rg/10.3390/ijms23052703.

22. Grogan S.P., Chung P.H., Soman P., Chen P, Lotz M.K,,
Chen S., D'Lima D.D. Digital micromirror device projection
printing system for meniscus tissue engineering. Acta
Biomater 2013; 9(7): 7218-7226, https://doi.org/10.1016/j.
actbio.2013.03.020.

23. Schuurman W., Levett P.A., Pot M.W., van Weeren P.R.,
Dhert W.J.A., Hutmacher D.W., Melchels F.P., Klein TJ.,
Malda J. Gelatin-methacrylamide hydrogels as potential
biomaterials for fabrication of tissue-engineered cartilage
constructs. Macromol Biosci 2013; 13(5): 551-561, https://doi.
org/10.1002/mabi.201200471.

24. Rothrauff B.B., Shimomura K., Gottardi R,
Alexander P.G., Tuan R.S. Anatomical region-dependent
enhancement of 3-dimensional chondrogenic differentiation
of human mesenchymal stem cells by soluble meniscus
extracellular matrix. Acta Biomater 2017; 49: 140-151, https://
doi.org/10.1016/j.actbio.2016.11.046.

25. Levato R., Webb W.R., Otto |.A., Mensinga A., Zhang Y.,
van Rijen M., van Weeren R., Khan |.M., Malda J. The bio in
the ink: cartilage regeneration with bioprintable hydrogels and
articular cartilage-derived progenitor cells. Acta Biomater 2017;
61: 41-53, https://doi.org/10.1016/j.actbio.2017.08.005.

26. Narayanan N., Calve S. Extracellular matrix at the
muscle—tendon interface: functional roles, techniques to
explore and implications for regenerative medicine. Connect
Tissue Res 2021; 62(1): 53-71, https://doi.org/10.1080/03008
207.2020.1814263.

Effect of Collagen and GelMA in Scaffolds on Preservation of the Costal Chondrocytes’ Phenotype in vivo

ADVANCED RESEARCHES

27. Neff L.S., Bradshaw A.D. Cross your heart? Collagen
cross-links in cardiac health and disease. Cell Signal 2021; 79:
109889, https://doi.org/10.1016/j.cellsig.2020.109889.

28. Ruiz Martinez M.A., Peralta Galisteo S., Castan H.,
Morales Hernandez M.E. Role of proteoglycans on skin ageing:
a review. Int J Cosmet Sci 2020; 42(6): 529-535, https://doi.
org/10.1111/ics.12660.

29. Tiplea M.G., Lemnaru G.M., Truscad R.D., Holban A,
Kaya M.G.A., Dragu L.D., Ficai D., Ficai A., Bleotu C.
Antimicrobial films based on chitosan, collagen, and ZnO
for skin tissue regeneration. Biointerface Res Appl Chem
2021; 11(4): 11985-11995, https://doi.org/10.33263/briac114.
1198511995.

30. Krane S.M. The importance of proline residues in the
structure, stability and susceptibility to proteolytic degradation
of collagens. Amino Acids 2008: 35(4): 703-710, https://doi.
0rg/10.1007/s00726-008-0073-2.

31. Blidi O.E., Omari N.E., Balahbib A., Ghchime R,
Menyiy N.E., Ibrahimi A., Kaddour K.B., Bouyahya A,
Chokairi O., Barkiyou M. Extraction methods, characterization
and biomedical applications of collagen: a review. Biointerface
Res Appl Chem 2021; 11(5): 13587-13613, https://doi.
0rg/10.33263/briac115.1358713613.

32. Bellis S.L. Advantages of RGD peptides for directing
cell association with biomaterials. Biomaterials 2011; 32(18):
4205-4210, https://doi.org/10.1016/j.biomaterials.2011.02.029.

33. Marques C.F., Diogo G.S., Pina S., Oliveira J.M,,
Silva T.H., Reis R.L. Collagen-based bioinks for hard tissue
engineering applications: a comprehensive review. J Mater Sci
Mater Med 2019; 30(3): 32, https://doi.org/10.1007/s10856-
019-6234-x.

34. Kulakov A., Kogan E., Brailovskaya T., Vedyaeva A.,
Zharkov N., Krasilnikova O., Krasheninnikov M., Baranovskii D.,
Rasulov T., Klabukov I. Mesenchymal stromal cells enhance
vascularization and epithelialization within 7 days after gingival
augmentation with collagen matrices in rabbits. Dent J (Basel)
2021; 9(9): 101, https://doi.org/10.3390/dj9090101.

35. Young S., Wong M., Tabata Y., Mikos A.G. Gelatin
as a delivery vehicle for the controlled release of bioactive
molecules. J Control Release 2005; 109(1-3): 256-274,
https://doi.org/10.1016/j.jconrel.2005.09.023.

36. Gorgieva S., Kokol V. Collagen- vs. gelatine-
based biomaterials and their biocompatibility: review and
perspectives. In: Biomaterials applications for nanomedicine.
Pignatello R. (editor). London: InTechOpen; 2011; p. 17-52,
https://doi.org/10.5772/24118.

37. Van den Steen P.E., Dubois B., Nelissen |., Rudd P.M.,
Dwek R.A., Opdenakker G. Biochemistry and molecular
biology of gelatinase B or matrix metalloproteinase-9 (MMP-9).
Crit Rev Biochem Mol Biol 2002; 37(6): 375-536, https://doi.
0rg/10.1080/10409230290771546.

38. Boere K.W., Visser J., Seyednejad H., Rahimian S.,
Gawlitta D., van Steenbergen M.J., Dhert W.J., Hennink W.E.,
Vermonden T., Malda J. Covalent attachment of a three-
dimensionally printed thermoplast to a gelatin hydrogel
for mechanically enhanced cartilage constructs. Acta
Biomater 2014; 10(6): 2602-2611, https://doi.org/10.1016/].
actbio.2014.02.041.

39. Levato R., Visser J., Planell J.A., Engel E., Malda J.,
Mateos-Timoneda M.A. Biofabrication of tissue constructs by
3D bioprinting of cell-laden microcarriers. Biofabrication 2014;
6(3): 035020, https://doi.org/10.1088/1758-5082/6/3/035020.

40. Yue K., Trujillo-de Santiago G., Alvarez M.M,,

CTM [ 2023 [vol. 15[ No.2 15



ADVANCED RESEARCHES

Tamayol A., Annabi N., Khademhosseini A. Synthesis,
properties, and biomedical applications of gelatin methacryloyl
(GelMA) hydrogels. Biomaterials 2015; 73: 254-271, https://
doi.org/10.1016/j.biomaterials.2015.08.045.

41. Osidak E.O., Karalkin P.A., Osidak M.S., Parfenov V.A.,
Sivogrivov D.E., Pereira FD.AS., Gryadunova AA,
Koudan E.V., Khesuani Y.D., Kasyanov V.A., Belousov S.I,
Krasheninnikov ~ S.V., Grigoriev. TE., Chvalun S.N,
Bulanova E.A., Mironov V.A., Domogatsky S.P. Viscoll collagen
solution as a novel bioink for direct 3D bioprinting. J Mater Sci
Mater Med 2019; 30(3): 31, https://doi.org/10.1007/s10856-019-
6233-y.

42. Levorson E.J., Hu O., Mountziaris P.M., Kasper F.K.,
Mikos A.G. Cell-derived polymer/extracellular matrix composite
scaffolds for cartilage regeneration, part 2: construct
devitalization and determination of chondroinductive capacity.
Tissue Eng Part C Methods 2014; 20(4): 358-372, https://doi.
org/10.1089/ten.tec.2013.0288.

43. Jiang X., Zhong Y., Zheng L., Zhao J. Nano-
hydroxyapatite/collagen film as a favorable substrate
to maintain the phenotype and promote the growth of
chondrocytes cultured in vitro. Int J Mol Med 2018; 41(4):
2150-2158, https://doi.org/10.3892/ijmm.2018.3431.

44. |saeva E.V., Beketov E.E., Yuzhakov V.V,
Arguchinskaya N.V., Kisel A.A., Malakhov E.P., Lagoda T.S.,
Yakovleva N.D., Shegai P.V., Ivanov S.A., Kaprin A.D.
The use of collagen with high concentration in cartilage
tissue engineering by means of 3D-bioprinting. Cell
Tissue Biol 2021; 15(5): 493-502, https://doi.org/10.1134/
$1990519x21050059.

45. Bialik-Was K., Pluta K., Malina D., Barczewski M.,
Malarz K., Mrozek-Wilczkiewicz A. Advanced SA/PVA-
based hydrogel matrices with prolonged release of aloe
vera as promising wound dressings. Mater Sci Eng C Mater
Biol Appl 2021; 120: 111667, https://doi.org/10.1016/j.
msec.2020.111667.

46. Mok C.F., Ching Y.C., Muhamad F., Abu Osman N.A,,
Hai N.D., Che Hassan C.R. Adsorption of dyes using poly (vinyl
alcohol) (PVA) and PVA-based polymer composite adsorbents:
a review. J Polym Environ 2020; 28: 775-793, https://doi.
0rg/10.1007/s10924-020-01656-4.

47. Baranovsky D.S., Lyundup AV, Balyasin M.V,

16 CTM 2023 [vol. 15| No.2

Klabukov [I.D., Krasilnikova O.A., Krasheninnikov M.E.,
Parshin V.D. Interleukin IL-1B stimulates revitalization of
cartilage matrix in vitro with human nasal chondrocytes.
Vestnik transplantologii i iskusstvennyh organov 2019; 21(4):
88-95, https://doi.org/10.15825/1995-1191-2019-4-88-95.

48. Balyasin M.V., Baranovsky D.S., Demchenko A.G.,
Fayzullin  A.L., Krasilnikova O.A.,, Klabukov 1.D.,
Krasheninnikov M.E., Lyundup A.V., Parshin V.D. Experimental
orthotopic  implantation of tissue-engineered tracheal
graft created based on devitalized scaffold seeded with
mesenchymal and epithelial cells. Vestnik transplantologii
i iskusstvennyh organov 2019; 21(4): 96-107, https://doi.
org/10.15825/1995-1191-2019-4-96-107.

49. Rigogliuso S., Salamone M., Barbarino E,
Barbarino M., Nicosia A., Ghersi G. Production of injectable
marine collagen-based hydrogel for the maintenance of
differentiated chondrocytes in tissue engineering applications.
Int J Mol Sci 2020; 21(16): 5798, https://doi.org/10.3390/
ijms21165798.

50. Okubo R., Asawa Y., Watanabe M., Nagata S., Nio M.,
Takato T., Hikita A., Hoshi K. Proliferation medium in three-
dimensional culture of auricular chondrocytes promotes
effective cartilage regeneration in vivo. Regen Ther 2019; 11:
306-315, https://doi.org/10.1016/j.reth.2019.10.002.

51. Jin G.Z, Kim HMW. Efficacy of collagen and
alginate hydrogels for the prevention of rat chondrocyte
dedifferentiation. J Tissue Eng 2018; 9: 2041731418802438,
https://doi.org/10.1177/2041731418802438.

52. Schlegel W., Nirnberger S., Hombauer M., Albrecht C.,
Vécsei V., Marlovits S. Scaffold-dependent differentiation of
human articular chondrocytes. Int J Mol Med 2008; 22(5):
691-699.

53. Pahoff S., Meinert C., Bas O., Nguyen L., Klein T.J.,
Hutmacher D.W. Effect of gelatin source and photoinitiator type
on chondrocyte redifferentiation in gelatin methacryloyl-based
tissue-engineered cartilage constructs. J Mater Chem B 2019;
7(10): 1761-1772, https://doi.org/10.1039/c8tb02607f.

54. Fedorovich N.E., Oudshoorn M.H., van Geemen D.,
Hennink W.E., Alblas J., Dhert W.J. The effect of
photopolymerization on stem cells embedded in hydrogels.
Biomaterials 2009; 30(3): 344-353, https://doi.org/10.1016/].
biomaterials.2008.09.037.

E.V. Isaeva, A.A. Kisel, E.E. Beketov, G.A. Demyashkin, N.D. Yakovleva, T.S. Lagoda, ..., A.D. Kaprin



