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ABSTRACT

The aim of our study was to examine the effects of
passive and active cell seeding techniques on in vitro
chondrogenic differentiation of mesenchymal stem cells
(MSC) isolated from rat bone marrow and seeded on
porous biopolymer scaffolds based on polyhydroxybu-
tyrate/chitosan (PCH) blends. This paper is focused on
the distribution of the cells on and in the scaffolds, since
it influences the uniformity of the created extracellular
matrix (ECM), as well as the homogenity of the distribu-
tion of chondrogenic markers in vitro which ultimately
affects the quality of the newly created tissue after in vivo
implantation. The three types of cell-scaffold constructs
were examined by: fluorescence microscopy, SEM, his-
tology and quantitative analysis of the glycosaminogly-
cans after chondrogenic cultivation. The results demon-
strated that the active cells seeded via the centrifugation
of the cell suspension onto the scaffold guaranteed an
even distribution of cells on the bulk of the scaffold and
the uniform secretion of the ECM products by the dif-

ferentiated cells.
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INTRODUCTION

The healing process of injured cartilage is insufficient
due to the fact, that cartilage is an avascular and aneural
tissue with a low number of chondrocytes which results
in osteoarthritic changes and the production of inferior
fibrocartilage. Several techniques designed to restore in-
jured articular cartilage like: e.g. autologous chondrocyte
implantation, microfracture, mosaikoplasty, are known in
medicine [26]. At the present time, much attention is paid
to the field of regenerative medicine and cartilage tissue
engineering (TE), where with the appropriate cell type,
suitable scaffold for cell seeding and biological factors or
substances, which control the cell differentiation into de-
sired lineages are studied. The key role of the scaffold is to
support cell colonization, migration, growth, differentia-

tion, and the development and integration of formed tis-



sue [27]. Scaffolds for in vitro chondrogenesis has been
characterized as biomaterials based on biopolymers; e.g.
collagens, polyhydroxyalkanoate, hyaluronate alginate, and
polyurethanes [3, 4, 10, 14]. Chitosan is a natural aminop-
olysaccharide consisting of sugars close to natural glycos-
aminoglycans (GAGs) characteristic for cartilage tissue.
Chitosan is formed by the alkaline deacetylation of chi-
tin—the second most abundant natural polysaccharide in
the world. Another benefit for the utilization of chitosan
includes its antimicrobial properties [11]. Madihally
and Matthew studied animal tissue tolerance to chito-
san based implants with the conclusion, that this type of
material causes a minimal body response and is consid-
ered as biocompatible [19]. These implants were degraded
hydrolytically with lysozymes and the rate of degradation
was inversely proportional to the degree of crystallinity.
Yamane etal compared the in vitro properties of a hy-
brid composite consisting of hyaluronic acid (HA) coated
chitosan fibers and the properties of pure chitosan [34].
Cell adhesion, proliferation and aggrecan synthesis were
significantly higher in the hybrid composite with HA than
in chitosan. SEM observations showed a typical chondro-
genic phenotype of cells with a lot of extracellular matrix.
Immunohistochemical staining has demonstrated the rich
production of collagen type II by chondyrocytes.

Cho et al. demonstrated the ability to differentiate
MSC into chondrocytes using an injectable gel based on
chitosan-Poly-N-isopropyl acrylamide [15]. MSCs were
cultured in vitro and after the injection of the cell-gel com-
plex into the animal organism the cartilage tissue forma-
tion was revealed.

Tan etal studied hydrogels consisting of N-succinyl
chitosan and aldehyde hyaluronate with encapsulated bo-
vine chondrocytes [29]. The hydrogel allowed the survival
of chondrocytes and the maintenance of their typical phe-
notype. The authors concluded that the composite system
has the potential for tissue engineering applications.

Chen et al. manufactured three-dimensional sub-
strates consisting of chondroitin sulphate (CS), dermatan
sulfate (DS) and chitosan in various formulations with
potential use in cartilage tissue engineering [13]. The ad-
dition of CS and DS positively affected the cell morphol-
ogy, glycosaminoglycan and collagen production as well
as expression of the corresponding genes. Wang et al.
implanted a 3D substrate consisting of poly (3-hydroxybu-
tyrate (PHB) and 3-hydroxyhexanoate) seeded with rabbit

chondrocytes into rabbits after 10 days of in vitro culture
[33]. The treated defects in rabbits were filled with cartilage
tissue with good connection with the subchondral bone.
The scaffolds showed higher accumulation of ECM with
Type II collagen and GAGs.

Mesenchymal stem cells (MSCs) are used as a cell
source for TE and specifically in cartilage regeneration due
to their relatively simple availability from multiple tissues
(bone marrow, hair follicles, dental pulp, adipose tissue),
high proliferation capacity in laboratory conditions and the
ability to differentiate among other cell types (osteocyte,
adipocyte) including chondrocytes [1, 6, 31]. Their main
tasks in chondrogenic differentiation of MSC are affecting
and control of the differentiation process from the point
of view of enhancing the synthesis of collagen II, aggrecan
and GAGs by differentiated cartilage cells. The effective bi-
ological active molecules responsible for the in vitro differ-
entiation of MSC into the chondrogenic lineage are dexa-
methasone and transforming growth factor as supplements
in chondrogenic differentiation culture media [8, 28].

For successful tissue regeneration using cartilage tis-
sue engineering, it is recommended that the optimal pore
size of scaffolds be between 100—300 um. A critical step
involves the cell seeding on to the porous scaffold [22]. The
passive seeding technique is based on dropping cells onto
the scaffold surface followed by the cell infiltration through
the scaffold microstructure. On the other hand, the ac-
tive cell seeding utilises a certain external factor, which
improves the penetration of cells into the interior of the
substrate (rotation, centrifugation, magnetic field) and the
results have demonstrated improved cell distribution and
ECM formation by differentiated cells by this method [2,
9, 30].

The aim of this study was to examine the effects of pas-
sive and active cell seeding techniques on the in vitro chon-
drogenic differentiation of mesenchymal stem cells isolated
from rat bone marrow and seeded on porous biopolymer
scaffolds based on polyhydroxybutyrate/chitosan (PCH)
blends.

MATERIALS AND METHODS

Scaffold preparation
Porous biopolymer polyhydroxybutyrate/chitosan
(PCH) scaffolds were prepared accordingto Medvecky



etal. [21]. The PCH scaffolds with the PHB:Chit ratio equal
to 1:1 were prepared by the precipitation of PHB (PHB,
GoodFellow, dissolved in propylene carbonate) and chito-
san (Chit, SigmaAldrich, dissolved in 1 % acetic acid) mix-
ture. After stirring for 10 minutes, acetone was added to
the slurry until complete precipitation of the biopolymers
occurred. The resulting polymer blends were washed with
distilled water, filtered, molded in molds (scaffold type A,
B—discs) or microcentrifuge tubes (scaffold type C—cone)
and frozen at —20 °C. Finally samples were lyophilized (II-
shin) for 6 hours and sterilized in an autoclave. The mi-
crostructure of the scaffold was modified by changing the
water content in the suspension.

The microstructure of the scaffolds was observed by the
scanning electron microscopy (FE SEM JEOL7000) after
the deposition of the conductive carbon layer on the scaf-
fold surface. The distribution of the molecular weights of
PHB and chitosan in the mixtures was determined by gel
permeation chromatography (GPC, Watrex, RI detector).
Due to the high porosity of the scaffolds, they were free
of closed pores and the true density of the PCH scaffolds
was determined by Helium Pycnometer (AccuPyc II, Mi-
crometics). The porosity of the scaffolds (%) was calculated
from the true density of the blend, mass and dimensions of
the individual scaffold.

Isolation and culture of rat MSCs

The bone marrow was isolated from the long bones
(femur, tibia) of an adult male Wistar rats (300g) cadav-
ers (for up to 3 hours at 4 °C). The full bone marrow was
flushed with ice-cold DMEM LG (Dullbecco’s Modified Es-
sential Medium; low glucose, Sigma-Aldrich, UK) + 10%
FBS (fetal bovine serum, Biowest, France) culture medium,
homogenized, and centrifuged at 200 g for 10 min. The cell
pellet was plated on a 75 cm? culture flask (SPLLife Sci-
ences, Korea) and cultured in 15ml of DMEM LG with
10% FBS, and 1% penicillin-streptomycin-amphotericine
(ATB-ATM solution, Sigma-Aldrich, UK); and incubated

at 37 °C in a humidified atmosphere with 5% CO,. Non-
adherent cells were removed by changing the medium after
48 h. The cells were passaged upon reaching 90 % of con-
fluence. The subconfluent cell layer from passage 2 were
released and cells were used for the determination of the
MSC multidifferentiation capacity, confirmation of MSC
surface markers (CD29, CD90, CD45) by flow cytometry
and in vitro chondrogenesis experiments. The cells were
seeded in biopolymeric scaffolds by simple dropping of the
cell suspension on to the surface of the scaffold and infil-
trated the cells to the porous structure of the scaffold by

gentle centrifugation.

Phenotypic characterization of MSC by flow cytometry

For flow cytometric analysis of the cells, direct immu-
nofluorescence staining was used, with a combination of
conjugated monoclonal antibodies: CD45/CD29/CD90.1
(eBioscience, USA). The specification of the antibodies
used is presented in Table 1.

The flow cytometric analysis was performed on a six
color BD FACSCantoTM flow cytometer equipped with
blue (488 nm) and red (633 nm) lasers (Becton Dickinson
Biosciences, USA). The data were analyzed using the BD
FACS DivaTM software. The proportions of cells express-

ing analyzed CD markers were expressed in percentages.

Multidifferentiation capacity of MSC

The multidifferentiation ability of isolated adher-
ent cells was confirmed by a commercially purchased kit
StemPro Chondrogenesis, Adipogenesis and Osteogenesis
Differentiation Kit (Gibco) according to the manufacturer
instructions. The cells were cultured in the differentiation
media for up to 21 days; the medium was changed three
times a week. The differentiated cells were fixed with 4%
formaldehyde and stained—fat vacuoles of adipocytes with
Oil Red (Sigma), calcium deposits produced by osteoblasts
with Alizarin Red S (Sigma) and GAGs in micromasses of

chondrocytic cells with Alcian Blue (Sigma).

Table 1. Specification of the anti-mouse monoclonal antibodies used

Type Fluorochrome Clone Isotype Concentration Volume/10°cells
anti-CD45 APC OoxX1 19GT1, k 0.2 mg.ml" 2.5l
anti-CD29 R-PE HMb1-1 I9G 0.2mg.ml" 5l

anti-CD90.1 FITC DX5 19G2, 0.5 mg.ml- 0.25 ul




Cell seeding into the biopolymeric scaffolds

The MSC were enzymatically released from the culture
flasks, counted and the concentration of the cells in sus-
pension was adjusted. The final scaffold characteristics (size
and volume), cell concentration as well as method of the
cell seeding are described in Table 2. Scaffolds were after
seeding transferred separately into wells of 48 nonadherent
culture plate (Greiner Bio-One) and incubated (37 °C, 5%
CO,, 95% humidity) for 2 h. Following the 0.5ml of com-
plete chondrogenic medium (DMEM HG—high glucose
45 gl™"), 1% ITS + 3.50 ug.ml™! ascorbic acid, 40 ug.ml™
proline, 10 ng.ml"* TGF b1, 1% HEPES, 1% NEAA, 1%
ATB-ATM solution (all from Sigma) was added to each
well containing the cell-scaffold construct. The medium

was changed three times a week.

Morphology and topography of MSC seeded
in scaffolds by fluorescence staining

Live/dead staining (fluorescein diacetate/ propidium
iodide), acridine orange and DAPI(4)6-diamidino-2-phe-
nylindole) staining were used for the visualisation of the
cells focused on their morphology, density and topography
on the scaffold surfaces so as to evaluate the cross-sections
after 2 and 4 weeks of chondrogenic cultivation.

Fluorescein diacetate is metabolised by live cells to
a fluorescent product and stains the living cells green. Prop-
idium iodide is permeable by damaged cell membranes and
stains the dead cells red (live/dead staining). DAPI stains
the cell nuclei blue. Acridin orange stains the cell nuclei
yellow-green to orange-red. After washing with PBS, the
stained cell-scaffold constructs were observed by a fluores-
cence optical microscope Leica DM IL LED, blue filter.

For obtaining quantitative data, which could more pre-
cisely characterize the distribution of cells across the sub-

strate, the the conical scaffold C was sectioned into 3 parts:

surface, middle and bottom part. The thickness of each part
was about 2 milimeters and the cell nuclei on captured im-

ages stained with DAPI were counted on areas of 1 mm?2.

Histological staining of cell-scaffold constructs

After 4 weeks of cultivation in complete chondrogenic
media, the constructs were removed, washed and fixed
in 4 % paraformaldehyde. The specimens were sectioned
(Leica RM 2255) in 5—10 um slides and stained with alcian
blue for 30 minutes (GAGs staining); the cell nuclei were
stained with nuclear fast red. Scaffolds C failed to prepare

for histological staining due to their disruption in paraffin.

Scanning electron microscopy staining of cells—
scaffold constructs

After 2 and 4 weeks of cultivation of the cell-scaffold
constructs in chondrogenic media, scaffolds were removed,
washed with PBS and fixed in 2.5 % glutaraldehyde in PBS
for 24 hours at 4 °C. After dehydratation in an ethanol
gradient from 30 to 100 % and freeze drying (Illshin), the
specimens were sputter-coated with carbon and observed
(JEOL FM SEM JSM-7000F).

Determination of DNA and GAG-s content
in cell-scaffold constructs

After 4 weeks of cultivation in chondrogenic medium,
scaffolds were removed and washed with PBS and lysed
in papain buffer after homogenization (Tissuerupter, Qua-
gen) at 60 °C for 24 hours. The aliquots of supernatants
were used for GAGs determination by the DMMB meth-
odology and DNA estimation by Hoechst 33258. To deter-
mine the GAGs content, the 250 ul solution of the dimeth-
ylmethylene blue (DMMB) was added to 50 pl of the super-
natant and absorbance at 450 and 525 nm was measured
by UV VIS spectrophotometer (Shimadzu, UV-1800). The

Table 2. Scaffold characteristics, cell density on scaffolds and methods of cell seeding

- Cell seeding Average scaffold Scaffold volume Cells.cm-3 scaf-
Type Composition method porosity* (uh* Cells/scaffold fold
A PCH(1:1) dropping 85+4.1 505 3.5%10° 7.0% 10°
B chitosan (100 %) dropping 92+48 50+5 3.5x10° 7.0 x 10¢
C PCH (1:1) centrifugation 94438 100+ 15 3.5 10° 3.5% 10°

(1400 rpm/5 min)

* — mean + standard deviation
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Fig. 2. Multidifferentiation ability of MSC:
b) adipogenic differentiation, oil red staining of fat vacuoles; c) osteogenic differentiation, alizarin red staining
of calcium deposits;d) chondrogenic differentiation, alcian blue staining of GAGs

chondroitin sulfate from shark cartilage (Sigma) was used
as a standard for GAG calibration.

The DNA content in cell lysate from cell constructs
was determined using Hoechst 33258. The 20 pul of su-
pernatant was added to Hoechst 33258 buffer solution
(180 pl) and the DNA content was determined from the
calibration curve by fluorimetry (Picofluor, Turner bio-
systems). The DNA from a calf thymus (Sigma) was used
as a standard.

All of the quantitative measurements were performed
on cell-scaffold constructs (n=3) and then statistically
evaluated by ANOVA (Statmost32 statistical programme).
The statistical significance of results was determined by
one- and two-way ANOVA (P ¥ 0.05).

RESULTS

Scaffold characterization
The highly porous spongy-like microstructure of the
scaffolds were obtained after lyophilization (Fig. 1). The

images document a heterogeneous open microstructure
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with a high proportion of more regular macropores up to
100 pm size with mutual interconnection via smaller spher-
ical pores of <40 um. This microstructure allows a faster
diffusion of media into the interior of the scaffolds after cell
seeding. Also a dense network of fine spherical micropores
(diameter < 10 pm) were observable in the pore walls of the
scaffolds (Fig. 1b, c). The calculated porosities of the scaf-
folds are listed in Table 2 and all of the scaffolds achieved
the >85% level. The gel permeation chromatography
(GPC) analysis showed that the average molecular mass
(Mw) of Chit and PHB in the mixtures were 41 kDa and
80 kDa respectively.

Multidifferentiation capacity and phenotype
characterization of MSC

The flow cytometric analysis confirmed that > 95 % of
the cells expressed CD90, CD29 and around 1.1 % of the
cell population expressed CD45. The isolated cells were
able to differentiate to adipocytes: red fat vacuoles in adipo-
cytes stained with oil red (Fig. 2a); osteoblasts: red colored
calcium deposits stained with alizarin red (Fig. 2b); and

chondrocytes: blue stained GAGs in micromasses stained



Fig. 3. Distribution of cells on scaffolds characterized by fluorescence microscopy:
A-type—surface after 2 (a-acridine orange) and 4 weeks (b-live/dead; c- DAPI) of chondrogenic cultivation; cross-sections after 4 weeks of culture
(g-acridine orange); B-type—surface after 2 (d-acridine orange) and 4 weeks (e-live/dead; f- DAPI) of chondrogenic cultivation; cross-sections
after 4 weeks of culture (h-live/dead); C-type- cross-sections after 2 (i-DAPI) and 4 weeks (j- live/dead; k- DAPI) of chondrogenic cultivation

with alcian blue (Fig. 2¢c). These facts confirmed that cells

isolated from rat bone marrow were MSC’s.

Morphology and topography of MSC seeded
in scaffolds by fluorescence staining

Figs.3a, b, ¢, d, e, and f showed cell distributions
on A and B scaffolds after 2 and 4 weeks of MSC cultiva-
tion in the chondrogenic media. An enormously dense cell

population, adhered to the surface was revealed on the sur-

face of the scaffolds. Multiple cell layers with extracellular
matrix production were identified using the fluorescence
staining techniques. The cross-section of the scaffolds con-
firmed the negligible penetration of cells into the inner
porous structure, as shown in Fig. 3g and h. A layer of liv-
ing cells is clearly visible on the scaffold surfaces. Also the
live/dead staining (Figs. 3b, e) did not show the presence of
dead cells on the scaffolds, which confirms the low cytotox-

icity of the biocomposites.
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Fig. 4. Histological staining with alcian blue of scaffold A (a) and B (b) after 4 weeks of chondrogenic cultivation and
scaffold A without cells (c). Arrows show layer of cells producing cartilage like tissue (positive GAG-s)
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Fig. 5. Surface microstructure of scaffolds A (a, b), B (¢, d) and cross-section of scaffold C (e, f).
Arrows indicate adhered cells) after 2 weeks and 4 weeks of chondrogenic cultivation

In Figs. 3i, j, and k; a uniform distribution of cells is ob-
servable on the surfaces and on the cross-sections of scaf-
folds C, but the density of cells was lower than on the A or
B samples. The acridine orange staining of scaffolds C was
qualitatively unsatisfactory.

The average amount of cells on each assessed part of
the scaffold C was 1470 + 180 cells.mm™. On the surface
part, there were 1320 + 200 cells.mm™ on the middle part
and bottom parts there were 1180 + 270 cells.mm™. Based
on these findings it can be stated that cells were randomly
distributed and the number of cells in each part of the scaf-

fold C was not statistically significantly different (P < 0.05).
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Histological staining of cell-scaffold constructs

Figs. 4a and b revealed the histological staining of
A and B type scaffolds by Alcian Blue, which demonstrated
the presence of GAGs. The arrows indicate cell layers on the
surface producing a cartilage-like tissue positively staining
dark blue by Alcian blue. The scaffold cross section without
seeded cells characterized by porous structure with poly-
mer fibers created pore walls is demonstrated in Fig. 4c.
Note, the partial staining of biopolymer blends (chitosan)
can be visible in Fig. 4, but GAGs were stained more in-

tensely blue in the multilayers of cells.



Table 3. Measured content of GAGs and DNA in cell-scaffold constructs

GAG-s content DNA content

Scaffold Seeding of MSC (ng/scaffold) * (ug/scaffold)*
A dropping 130+30 0.903 £ 0.1
B dropping 220+ 30 0.609 + 0.09
C centrifugation 75+8 0.944 +0.1

* — mean + standard deviation

SEM evaluation of cells—scaffold constructs

The SEM images of A and B scaffold surfaces after 2
and 4 weeks of MSC cultivation are shown in Figs. 5a, b,
¢, and d. The images are consistent with the observations
from the fluorescence microscopy and histological stain-
ing. The scaffold surfaces are almost completely covered
with cell multilayers and clearly indicate the excellent ad-
herence of the cells and layers to the scaffold surface. These
facts verify a low cytotoxicity of PCH scaffolds.

In the case of the scaffold type C, the SEM showed the
microstructure with a cell population adhered and distrib-
uted on individual pore walls with partial filling of the scaf-
fold pores. The individual cells are relatively difficult to dis-
tinguish from the highly porous, plate-like interconnected

microstructure of the biopolymers (Figs. 5e and f).

Determination of DNA and GAG-s content
in cell-scaffold constructs

The average GAG contents determined by DMMB after
4 weeks of culture of each cell-scaffold type construct are
shown in Table 3. We observed statistically significant dif-
ferences in GAG contents (P < 0.05) between the individu-
al sample types A, B and C with the higher GAG content in
the B substrate (220 + 30 ng) and much lower in the C type
substrate (75 £ 10 ng).

Table 3 shows also the amount of DNA in cell-scaffold
constructs after chondrogenic cultivation using Hoechst
33258. Similar amounts of DNA were found in the A and
C scaffolds, whereas a statistically significant decrease was
revealed in scaffold B (P < 0.05).

DISCUSSION

The isolated MSC’s from rat bone marrow represent

an adherent population of spindle-shaped fibroblast-like

cells, which were able to differentiate into bone, cartilage
and fat cell lineages during cultivation under defined con-
ditions. During the in vitro chondrogenic differentiation
of MSCs seeded on scaffolds, the supplementation of the
culture media with growth factors and other active bio-
logical substances is strongly recommended. Certain bio-
logically active molecules which bind to the MSC recep-
tors affects both the entire differentiation process and the
synthesis of extracellular matrix components by the cells.
In the chondrogenic differentiation of MSC, glucocorti-
coid—dexamethasone and growth factor TGFb1 played
crucial roles [28]. The chondrogenic differentiation was
mostly carried out in a culture medium without FBS (FBS
is a mixture of biological agents like growth factors, hor-
mones, etc. which can adversely affect the behavior of the
cells in the differentiation process) and FBS was replaced
by the supplement containing insulin, transferrin, sel-
enite, linoleic acid, oily acid and bovine serum albumin
(commercial product ITS + 3), which is used as a serum
replacement in serum-free cell cultivation during the
chondrogenic differentiation of the stem cells. Also, one
of the most used culture media is DMEM HG. DMEM
HG contains up to 4.5 g of glucose per liter of medium
and enhanced glucose amount is very important in the
cultivation of an enormously high number of MSCs be-
cause glucose serves as a source of readily available energy
for the cells [16, 28, 32]. In our experimental work, the
isolation and expansion of MSC took place in DMEM LG
medium with the addition of 10 % FBS. However, MSC
differentiation to chondrocytes (4 weeks) was performed
in a culture medium of DMEM HG with chondrogenic
supplements and successful cell differentiation was ex-
perimentally demonstrated.

The 3D-porous scaffolds must meet the requirements of
biocompatibility, bioresorbability or biodegradability, good

mechanical strength, shape, interconnected pores of appro-
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priate size distribution to allow the cells to penetration into
the scaffolds as well as allow the flow of nutrients and me-
tabolite between the culture medium and the cells [10, 18,
24,]. The above conditions fulfill biomaterials of polymer
origin, typically collagen, hyaluronic acid, and chondroi-
tin sulphate in the case of cartilage regeneration [7, 12, 14,
25]. A number of authors have developed chitosan-based
scaffolds and their composites with other polymers or in-
organic compounds (e. g. calcium phosphates). As is well
known, chitosan is characterized by favorable properties
which predispose its use as a cell scaffold, especially in the
regeneration of articular cartilage. Glucosamine groups of
chitosan are structurally similar to the GAGs of the carti-
lage extracellular matrix and positively affect chondrocyte
differentiation. In the living organism, it can be partially
enzymatically degraded with lysozymes [5, 20, 23, 35]. The
cost of chitosan is several times lower than collagen and
hyaluronate which is a prerequisite to its wider availability
for patients with traumatic cartilage damage. The porous
interconnected structure of the polymer scaffolds provides
a large area for the proper distribution, adhesion and cell
proliferations as for neovascularization of the scaffold [17,
22]. The pore size of the polymer scaffolds macropores pre-
pared in our work was in the range of 50—100 pm with
interconnection via micropores of <30 um diameter.
The open pore spongy-like microstructure significantly
improves the nutrients inflow to the deeper parts of the
scaffold. A critical step in the cartilage tissue engineering
is the cell seeding on the porous scaffold and our results
are comparable with results of other research groups [2,
30]. The most appropriate method ensuring the uniform
distribution of cells to the inner scaffold pores was active
seeding via introducing the cell suspension to the scaffold
by centrifugation. In the second method based on drop-
ping the cell suspension on to the scaffold surface, the cells
didn’t penetrate into the pores and extracellular matrix
formation was formed only on the scaffold surface. The
cell seeding with very high concentrations for the in vitro
chondrogenesis is parallel to cell condensation during em-
bryonic development of cartilage in a living organism. For
induction of MSC into a chondrogenic lineage, tight con-
tacts between cells are desirable and the recommended cell
concentrations applied on the scaffold is between 5 and 10
million cells per cm3 of porous scaffold. The much higher
cell concentrations as described above were even applied

for successful chondrogenesis [2]. In the case of PCH scaf-
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folds, the applied concentrations of MSC varied depending
on the method of cell seeding. The cell concentrations used
in dropping method met the requirement for cell seeding
density on the porous cell scaffold contrary to this one in
the centrifugation method with the lower cell density. The
PCH scaffolds showed the suitable properties for chondro-
genic differentiation of MSC’s with production typical of
the extracellular matrix component of hyaline-like carti-
lage—GAGs.

For comparison in Table 3, the amount of DNA in the
cell-scaffold constructs of A and C was approximately the
same (0.9 ug DNA/scaffold) contrary to the B type samples
where about a 30 % lower amount was found. The dense
multilayers of cells were formed after culture on scaffolds
A and B (Figs. 3a-f; 4a, b; 5a—d) and such a cell arrange-
ment does not allow for further cell proliferation on scaf-
folds because it is not of sufficient size for another adhe-
sion and spreading of cells. Simply said, the confluence
was achieved. On the other hand, a 3D macroporous mi-
crostructure with large areas of pore walls in the scaffold
C firstly makes it possible to obtain more homogeneous
and uniform distribution of cells in the scaffold volume
(Figs. 3i, j, and k; and 5e, and f), but the density of the ad-
hered cells in the scaffold was not high enough for suffi-
cient mutual cell interconnections during the short-time
period after seeding which resulted in lower production of
GAGs by the cells on these samples. In the case of scaffolds
type A and B, the amount of produced GAGs was around
3 times higher than in the case of substrate C. We con-
cluded, that the abundant production of GAGs by cells in
the A and B scaffolds was related to the fact, that the cells
formed a multilayer on the scaffold surface and the contact
between the cells with each other was very tight (parallel
to the culture of the chondrogenic pellets or micromasses
formed by the very concentrated population of MSC), and
this fact supported the differentiation of the cells in multi-
layers with good GAGs production. It is possible to assume
that the prolonged cultivation of MSC’s can enhance the
cell population with significant effects on the production
of cartilage markers. Based on recent papers, it can be as-
sumed that the integrity of the constructs with active cells
evenly distributed therein will be more satisfactory com-
pared to scaffolds with active cells adhered to outer scaffold
surface only and following overgrown with a differentiated
cell layer on its surface and partially ingrowth tissue after

implantation. However, it is necessary to consider the cur-



rent health condition of the patient with injured cartilage,
the cartilage lesion position relative to the anatomy of the
entire joint, lesion size, its thickness, and the surgery tech-
nique used.

In our future research work, we will focus on increas-
ing the initial cell seeding concentration and improving
the active cell seeding techniques into porous scaffolds of

polymeric origin.

CONCLUSIONS

Two different methods of seeding cells into biopoly-
mer scaffolds were compared. The synthesized biopolymer
scaffolds were not cytotoxic; the cells grew and differenti-
ated on scaffold surfaces and in scaffold pores. The cells
seeded by dropping on scaffolds A and B produced higher
amounts of GAGs in comparison to cells seeded by cen-
trifugation into scaffold C. For chondrogenic cultivation
and GAGs production by differentiated cells seeded in
suitable porous scaffolds, there is a key prerequisite that
a high enough cell seeding concentration and selecting the
right cell seeding techniques be utilized. The developed
porous PCH scaffold could be utilized in cartilage tissue
engineering in veterinary and human medicine due to its
satisfactory properties and low cost of input materials for

scaffold synthesis.
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