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Abstract
A lot has been invested into understanding how to assemble cartilage tissue in vitro and various designs have been developed to
manufacture cartilage tissue with native-like biological properties. So far, no satisfactory design has been presented. Bovine
primary chondrocytes are used to self-assemble scaffold-free constructs to investigate whether mechanical loading by centrifugal
force would be useful in manufacturing cartilage tissue in vitro. Six million chondrocytes were laid on top of defatted bone disks
placed inside an agarose well in 50-ml culture tubes. The constructs were centrifuged once or three times per day for 15 min at a
centrifugal force of 771×g for up to 4 weeks. Control samples were cultured under the same conditions without exposure to
centrifugation. The samples were analysed by (immuno)histochemistry, Fourier transform infrared imaging, micro-computed
tomography, biochemical and gene expression analyses. Biomechanical testing was also performed. The centrifuged tissues had a
more even surface covering a larger area of the bone disk. Fourier transform infrared imaging analysis indicated a higher
concentration of collagen in the top and bottom edges in some of the centrifuged samples. Glycosaminoglycan contents increased
along the culture, while collagen content remained at a rather constant level. Aggrecan and procollagen α1(II) gene expression
levels had no significant differences, while procollagen α2(I) levels were increased significantly. Biomechanical analyses did not
reveal remarkable changes. The centrifugation regimes lead to more uniform tissue constructs, whereas improved biological
properties of the native tissue could not be obtained by centrifugation.
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Introduction

Articular cartilage has a limited ability for self-repair and,
when damaged, it has a high risk of progressing into osteoar-
thritis, if not intervened. Current strategies to treat full-depth
cartilage defects are microfracture (Mithoefer et al. 2009),
autologous chondrocyte implantation (Harris et al. 2010;
Peterson et al. 2010) and osteochondral grafts (Lynch et al.
2015). There are still several drawbacks with all of these
methods, which have led to attempts to develop various tissue
engineering techniques to create in vitro grown implants in
hopes of combining the advantages of autologous chondro-
cyte implantation and mosaicplasty. One such approach is to
manufacture constructs with the mechanical and biological
properties of the native articular cartilage (Moutos et al.
2007). Attempts have been made to deliver appropriate bio-
materials with or without cells to facilitate cell growth and
native regenerative processes, which may involve interactions
among the cells and biomolecules, such as growth factors.
However, there has been a limited success in consistently pro-
ducing native-like articular cartilage in vitro (Yang et al.
2017). Advances in the development of cell-laden hydrogels
still offer new possibilities to improve the physical and bio-
logical properties of the next-generation matrices applicable
for osteochondral/cartilage tissue engineering. On the other
hand, scaffold-free approaches can mimic elements of native
developmental processes (DuRaine et al. 2015).

Traditional scaffolds used for articular cartilage tissue engi-
neering, manufactured out of synthetic hydrogels or biological
matrices, have been good at providing mechanical support but
have been poor at creating the correct assembly of the native
cartilage (Trzeciak et al. 2016; Yang et al. 2017). More recent-
ly, efforts have been carried out to create chemically or me-
chanically distinct layers into the scaffold to mimic the differ-
ent zones of the cartilage, and to provide the chondrocytes with
realistic niches (Tatman et al. 2015). Even though these
methods often manage to reproduce some desired characteris-
tics of the articular cartilage, they failed to reproduce the whole
range of the structural and mechanical properties of the native
cartilage.

Scaffold-free methods get their rationale from mimicking
embryonic and postnatal cartilage development. The main
difference of the scaffold-free method from the native carti-
lage development is a lack of tissue turnover as it develops.
The native cartilage develops its typical anisotropic organisa-
tion as the cartilage grows rather than through tissue remod-
elling. This has the benefit of having stem cells in the super-
ficial zone that provide new chondrocytes to the tissue assem-
bling an extracellular matrix (ECM) structure as the
chondrocytes are caught up by the lower radial zone and begin
to hypertrophy (Hunziker et al. 2007). In scaffold-free tissue
engineering, adult chondrocytes are expected to mirror these
developmental steps in ECM production and maturation. The

self-assembly method has been shown to induce improved
ECM production, although it still falls short of the native
cartilage (Ofek et al. 2008). Mechanical stimulation has been
shown to improve the mechanical properties of the tissue con-
structs (Hung et al. 2004) and several stress regimes and sys-
tems have been developed to find the best way to produce
neocartilage that would be mechanically comparable to the
native cartilage (Natenstedt et al. 2015).

Mechanical force is known to regulate the ECM production
in connective tissues (Chiquet et al. 2003; Meinert et al. 2017a;
Meinert et al. 2017b; Sarasa-Renedo and Chiquet 2005). The
mechanical loading of the chondrocytes has been shown to
increase tissue glycosaminoglycan (GAG) and type II collagen
contents (Natenstedt et al. 2015; Parkkinen et al. 1993;
Parkkinen et al. 1992). In human chondrocytes, it has been
further demonstrated that uni- and biaxial mechanical loading
enhanced the biochemical properties of neocartilage and the
hyaline cartilage-specific gene expression in hydrogels com-
posed of gelatin methacryloyl and hyaluronic acid methacrylate
(Meinert et al. 2017a). Compressive loading improved the me-
chanical properties of artificial cartilage in a study with agarose
gel as an artificial cartilage implant (Wang et al. 2018).
Compression of the cartilage affected the size of the
chondrocytes and the cell organelles, which is one possible
way of mechanotransduction (Szafranski et al. 2004). The me-
chanical stimulation of chondrocytes has also been shown to
activate ion channels and integrin-mediated signalling (Ramage
et al. 2009). However, even though dynamic compressive load-
ing of chondrocytes has been shown to have a positive effect on
the expression of chondrogenic genes in the majority of studies,
some controversial and negative effects have been shown as
well (Anderson and Johnstone 2017). Various models, such as
hydrostatic pressure (Cheleschi et al. 2017; De Palma et al.
2018; Parkkinen et al. 1993; Pascarelli et al. 2015) and centri-
fugation (Kim et al. 2017), have been used to investigate the
influence of mechanical forces at the cellular level in normal
and/or osteoarthritic human chondrocytes. Hydrostatic pressure
(1–5 MPa, frequency 0.25 Hz for a period of 3 h) upregulated
some microRNAs but downregulated MMP-13, ADAMTS-5
and HDAC-4 viaWnt/β-catenin or NF-kB pathway (Cheleschi
et al. 2017; De Palma et al. 2018). Centrifugation is the most
useful and simplest method, which does not need complicated
devices and is not affected by the surrounding environment.
Previously, it has been reported that centrifugation stimulated
proteoglycan (PG) synthesis in articular and growth plate
chondrocytes (Inoue et al. 1990).

Therefore, in this study, we examine the effect of centrifu-
gal force on the development of neocartilage in a biphasic
scaffold-free cell culture environment. We assume that the
centrifugal force would increase the production of the carti-
lage ECM components and their correct organisation and,
thus, improve the biomechanical properties of the neotissue
construct.
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Materials and methods

Chondrocyte cultivation

The tissue culture vessels were created into 50-ml centrifuga-
tion tubes. An agarose (Agaros Standard, Saveen Werner,
Sweden) gel well was cast in the bottom of each tube and a
bovine femoral bone disk, defatted with several incubations
with acetone and absolute ethanol, was placed into the middle
of the well (Fig. 1a, b). A calcium phosphate layer was pre-
cipitated by three repeated treatments with 0.125MCaCl2 and
0.5 M NaH2PO4 on one side of the bone disk, to partially
block the pores and to form a substitute for subchondral bone.
First, a bone disk was placed on top of a 25-μl droplet of
CaCl2, then an equal amount of NaH2PO4 was injected under
the bone disk to improve precipitation on the bone. Next, two
more treatments were performed after the water had evaporat-
ed. The bone disks were then placed into the agarose wells.

Tissues were grown using primary chondrocytes isolated
from bovine knees (approximately 18 months of age), which
were acquired from a nearby abattoir (Nyhléns Hugosons,
Luleå, Sweden). The cartilage layer was cut out from femoral
condyles of the knees and the chondrocytes were liberated with
an overnight collagenase digestion (Clostridiopeptidase A,
100 U/ml, Sigma-Aldrich) under stirring according to a previ-
ously tested program (10 h on, 2 h off, 1 h on, 2 h off, 1 h on,
2 h off, 1 h on and then off for the rest of the digestion).
Digestion medium comprises serum-free high-glucose
Dulbecco’s Modified Eagle Medium Glutamax™ (Gibco/
Thermo Fisher Scientific, Waltham,MA, USA), supplemented
with 1% fetal bovine serum (FBS), 100 μg/ml streptomycin,
100 U/ml penicillin, and 50 μg/ml 2-phospho-L-ascorbic acid

trisodium salt. The following day, the cells were filtered
through a filter cloth (pore diameter: 115 μm, Sefar AG,
Heiden, Switzerland), counted and seeded on top of the bone
disks at a density of 6 × 106 cells per disk to form a laminar
construct consisting of layers of bone, precipitated calcium
phosphate and chondrocytes (Fig. 1b). The culture medium
was as described above but with 10% FBS and without colla-
genase. Half of the culture medium was changed every second
day during the culture period. Osteochondral type of neotissue
was grown on top of bone discs during the 4-week culture
periods (Fig. 1c–c´´).

Centrifugation regime

After seeding, the cells were allowed to attach to the bone disk
for 24 h before starting the centrifugation regime. The cells
were subjected to centrifugal force (771×g) for 15 min either
once or three times per day with 3 h of rest between the
centrifugations. The control samples were not centrifuged at
all. The samples were collected after 1, 2 and 4 weeks of
culture by carefully removing the cartilage neotissues from
the bone surface with a scalpel to collect samples for RNA,
GAG and collagen analyses. For other analyses, the construct
was left intact. The experiments were repeated at least three
times with the cells from different donors.

Gene expression

Expressions of chondrocyte-specific genes and procollagen
α2(I) were performed with quantitative real-time RT-PCR
(qRT-PCR). Total RNAwas extracted using TRI Reagent ac-
cording to the manufacturer’s instructions. Reverse

Fig. 1 An agarose gel cast inside
a 50-ml centrifugation tube
contained a well for a bone disk
(red). Calcium phosphate precipi-
tate layer (yellow) was directed to
the top and chondrocyte suspen-
sion (beige) was layered on top of
the bone disk (a, b). After 4 weeks
of culture, it was evident that the
non-centrifuged tissues (c) were
not as uniform as the two-time
centrifuged (c´) or the three-time
centrifuged (c´´) tissues. Scale
bar = 5 mm
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transcription was performed with iScript cDNA synthesis kit
(Bio-Rad, Hercules, USA). qRT-PCR was performed using
iQ™ SYBR® Green Supermix (Bio-Rad) and a CFX
Connect™ system (Bio-Rad). Each reaction was performed
in triplicate. Analyses were performed for the genes of interest
listed in Table 1. All values were normalised to the housekeep-
ing gene ribosomal protein, large, P0 (RPLP0).

Biomechanical testing

Biomechanical measurements of the neocartilage tissues at
each time point (n ≥ 3) were conducted in indentation geom-
etry using 250 g load cell and a flat-ended cylindrical indenter
(∅ = 2 mm) (Korhonen et al. 2002). Prior to biomechanical
analysis, the tissue samples were stored at − 20 °C until all
samples were collected. Samples were thawed at room tem-
perature and the thicknesses of the neocartilage samples were
measured using optical coherence tomography before biome-
chanical measurements (Puhakka et al. 2016).

The bone surface of the samples were glued with cyanoac-
rylate on the measurement chamber and submerged in
phosphate-buffered saline (PBS). At the beginning of the bio-
mechanical testing, the indenter was manually brought to con-
tact with the sample surface and the tissue was preloaded and
released 10 times by depressing 2% of the total thickness. The
mechanical properties were measured adjacent to the centre of
the sample with a four-step stress-relaxation protocol, where
the tissue was compressed 5% of the remaining sample thick-
ness at each stepwith a compression speed equal to the sample
thickness per second. After every step, the tissue construct
was allowed to relax for 15 min to ensure full relaxation of
the tissue. A dynamic test with cyclic 1 Hz sinusoidal loading
of four cycles was performed with an amplitude of 2% of the
remaining thickness. Finally, equilibrium modulus was calcu-
lated from the stress-relaxation measurements and the dynam-
ic modulus and phase angle from the sinusoidal test (Hayes
et al. 1972; Mäkelä et al. 2014). Poisson’s ratios were chosen
to be 0.1 for the equilibrium modulus and 0.5 for the dynamic
modulus analysis based on previous literature (Ateshian et al.
2007; Mow et al. 1980).

Histology

Manufactured tissues were fixed in 4% formalin for 5 days
and then stored in 100% ethanol at room temperature. The
tissues were then embedded in paraffin and cut into 5-μm-
thick sections perpendicular to the surface from the middle
of the tissue. The sections were stained for type II collagen
using murine monoclonal antibody E8 (Holmdahl et al. 1986)
and with toluidine blue to assess PG distribution. DAKO
EnVision+ (Dako/Agilent, Santa Clara, USA) kit was used
for immunostaining of the sections. The primary antibody
was replaced by non-immune control serum in the negative
control samples.

Fourier transform infrared imaging
microspectroscopy

The collagen and GAG distributions were determined from
the histological sections by using Fourier transform infrared
imaging (FTIR) microspectroscopy to map their coverage in
the constructs ranging from the centre to the lateral edge for
the full cartilage thickness. Histological 5-μm-thick sections
were placed on ZnSe windows for the measurements.
Measurements were conducted with a Thermo iN10 FT-IR
microscope (Thermo Nicolet Corporation, Madison, WI,
USA) in transmission mode using spectral resolution of
8 cm−1 and a pixel size of 25 × 25 μm2. Eight repetitive ac-
quisitions per pixel were averaged. The collagen and GAG
contents were determined as the integrated areas of the amide
I peak (1584–1720 cm−1) and the carbohydrate region (984–
1140 cm−1), respectively (Camacho et al. 2001; Rieppo et al.
2017). Collagen and GAG depth distribution was measured
from a 500-μm-wide section near the centre of the constructs
and the thickness was scaled down to 100 points of measure-
ment for comparison.

Micro-computed tomography

After fixing and storing the samples as described under his-
tology, the tissues were treated with hexamethyldisilazane for
three hours and left to dry overnight at room temperature.

Table 1 Bovine and human primers used for qRT-PCR analysis

Gene Forward (5′-3′) Reverse (5′-3′)

Bovine RPLP0 (Donaldson et al. 2005) CAACCCTGAAGTGCTTGACAT AGGCAGATGGATCAGCCA

Bovine procollagen α1(II) (Galois et al. 2006) CATCCCACCCTCTCACAGTT GTCTCTGCCTTGACCCAAAG

Bovine procollagen α2(I) (Galois et al. 2006) TGAGAGAGGGGTTGTTGGAC AGGTTCACCCTTCACACCTG

Bovine aggrecan (Bosnakovski et al. 2006) CACTGTTACCGCCACTTCCC GACATCGTTCCACTCGCCCT

Bovine Sox9 (Tchetina et al. 2003) CATGAAGATGACCGACGAG GTTCTTGCTCGAGCCGTTGAC

Human RPLP0 (Donaldson et al. 2005) AGATGCAGCAGATCCGCAT GTGGTGATACCTAAAGCCTG

Human aggrecan (Donaldson et al. 2005) AACATCATTCCACTCGCCCT CACTGTTACCGCCACTTCCC
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HMDS was used in order to dry the constructs, which would
lead to better contrast. Subsequently, the samples were imaged
using a micro-computed tomography (micro-CT) device
(SkyScan 1272, Bruker microCT, Kontich, Belgium) with
the following settings: 40 kV tube voltage, 250 μA tube cur-
rent, 1800 projections, 1.0 μm isotropic voxel side length,
exposure of 1590 ms/frame, average of five frames per pro-
jection and without additional energy filtering. The scans were
reconstructed with NRecon (v. 1.7.0.4, Bruker microCT) with
beam hardening and ring artefact corrections applied.

Prior to porosity analysis, the partial volume effect was
minimised by applying image filtering (unsharp mask filter
followed bymedian filter) before segmenting cell volume from
tissue volume with adaptive median-C thresholding. The ratios
between chondron volume and tissue volume were calculated.
Analysis, segmentation and image processing were then con-
ducted with CTAnalyzer (v. 1.16.4.1, Bruker microCT).

Glycosaminoglycan and collagen content analysis
of the cartilage

The wet mass of the neocartilage tissue was measured by
weighing them after removing them from the culture system
and wiping off the excess culture medium from the surface.
The PGs were extracted for 24 h at 4 °C in 4 M guanidine
hydrochloride solution containing 50mM sodium acetate buff-
er (pH 5.8), 5 mM benzamidine hydrochloride and 10 mM
sodium EDTA (Qu et al. 2012; Ylärinne et al. 2014). The
extracted PGs were precipitated in 75% ethanol and then dis-
solved in water. The GAG contents were assessed spectropho-
tometrically using dimethylmethylene blue assay (Farndale
et al. 1986).

The extracted PGs were also separated using agarose gel
electrophoresis as previously described (Qu et al. 2012) to
identify the different sizes of PGs. Five micrograms of the
extracted PGs was first dissolved in 10 μl of SDS sample
buffer mixed with 5 μl colour solution (60% sucrose,
0.05%, bromophenol blue in 1% TAE buffer, w/v) and then
loaded to 1.2% agarose gel wells and run at a constant current
of 50 mA and voltage of 35 V for approximately 3 h. Finally,
the gels were stained with toluidine blue followed by removal
of excess stain with 3% acetic acid and photographed. The
photographwas analysed with ImageJ to quantify the mobility
of PGs. Zero percent mobility was defined as just after the
wells and 100% mobility was defined as the point where
chondroitin sulphate had lost most of its intensity. One hun-
dred percent intensity was defined as the lowest pixel value in
a grayscale photograph.

The collagen contents were estimated from the hydroxy-
proline contents in the tissue residues left after the PG extrac-
tion, digested overnight with papain (1 mg/ml of enzyme in
5 mM cysteine and 15 mM EDTA in 150 mM sodium acetate,
pH 5.8, Sigma Aldrich). After the papain digestion, the

samples were hydrolysed in 10 M HCl overnight at 108 °C
and then neutralised with NaOH. The hydroxyproline mea-
surement was done with a spectrophotometric assay (Brown
et al. 2001). Hydroxyproline concentrations were converted
into collagen concentrations by multiplying the hydroxypro-
line content with a factor of 7.46 (Neuman and Logan 1950).

Statistical analysis

IBM SPSS statistics version 24 was used to perform Mann-
Whitney U test for detecting significant differences in gene
expression, biomechanics and ECM composition between
control and treated groups. The data are represented as means
± standard deviation. p values below 0.05 were considered
statistically significant.

Results

mRNA expression

The effect of centrifugation and hydrostatic pressure on the
maintenance of the chondrocyte phenotype was assessed with
qRT-PCR analysis of chondrocyte-specific gene transcripts
Sox9, aggrecan and procollagen α1(II). Expression of
procollagen α2(I) was quantified in order to evaluate the pos-
sible loss of chondrocyte phenotype. The gene expressions of
the transcription factor Sox9 were at a constant level at all
exposures (Fig. 2a), while the expression of the major ECM
component aggrecan had a tendency to increase with time,
although there were no significant differences between any
of the time points and experimental groups (Fig. 2b).
Procollagen α1(II) also did not display statistically significant
changes at the various time points and treatments, despite the
big increase in the mean values in three times centrifuged
samples (Fig. 2c). The expression of procollagen α2(I) in-
creased significantly with time in all treatment groups, while
it was significantly lower between control and three times
centrifuged tissues at 1 week (Fig. 2d).

Mechanical testing of the tissue constructs

Functional effects of the centrifugation regimes were assessed
through mechanical testing. The results revealed very few dif-
ferences between the sample groups obviously due to high
variations in some of the analyses. The equilibrium modulus
appeared to increase with time in all groups, although the dif-
ferences were not significant due to high variation (Fig. 3a). No
statistical differences were evident in the dynamic moduli (Fig.
3b). In general, the phase angle differences decreasedwith time,
with a significant difference between control groups between 2-
and 4-week cultivations (Fig. 3c). However, there were no sig-
nificant differences between the control and centrifuged groups.
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Tissue morphology

Tissue shape and morphology were studied from photo-
graphs and micro-CT images. The non-centrifuged tissues
were generally thicker and less uniform in comparison to
tissues from either centrifugation regime (Figs. 1c´, c´´, 4).
In general, the centrifuged tissues had a more even surface
covering a larger area of the bone disk. Tissue porosity was
evaluated from the micro-CT data obtained from the tis-
sues cultured for 4 weeks. The porosities were 13.7% ±
4.2%, 15.3% ± 2.4% and 14.1% ± 4.2% (mean and stan-
dard deviation, n = 5) for control, once centrifuged and
three times centrifuged groups, respectively. There were
no statistically significant differences in the porosities be-
tween the treatments.

Collagen and proteoglycan distribution

Sections immunostained for type II collagen supported the
FTIR results, although type II collagen appeared to be more
evenly distributed throughout the tissue. Histological sections
showed that type II collagen appeared to be relatively evenly
spread throughout the tissue (Fig. 5b, b´). FTIR mapping of
the amide I band, which is indicative of collagen content,
revealed the highest collagen concentrations at the top and
bottom edges in some of the once centrifuged tissues (Fig.
5e´). However, there was no clear difference in the collagen
content profiles between the once centrifuged and control tis-
sues (Fig. 5g, g´). The three-time-centrifuged tissues had a
relatively even concentration of collagen in the surface and
middle sections (Fig. 5g´´).

Toluidine blue staining of the histological sections in some
of the one- and three-time-centrifuged tissues after 4 weeks of
culture showed a zonal distribution of GAGs more similar to

native cartilage (Fig. 5c´, c´´), while some sections were
stained hardly at all. The intensity of toluidine blue staining
increased with longer culture time (data not shown). However,
FTIR mapping of the carbohydrate region, which detects
GAG content, revealed that GAGs were distributed more
evenly throughout the tissues with no clear difference between
the control and centrifuged samples (Fig. 5f–f´´). Histological
sections revealed that there were more areas void of ECM and
cells inside the control samples when compared to sections
from either centrifugation regime (data not shown). Close in-
spection of the surface revealed a flattened layer of cells (Fig.
5d–d´´).

Biochemical analyses of collagen and proteoglycans

Absolute collagen contents were estimated by analysing the
hydroxyproline contents in the tissue samples. The values
were rather uniform, so that the only significant difference
was in control samples between 1- and 4-week-long cultiva-
tions (Fig. 6a). A trend for increased accumulation of GAGs
along the culture time was noticed, which was statistically
significant in controls after 2- and 4-week cultivations in com-
parison to 1 week (Fig. 6b). The PGs present in the tissues
after a 4-week culture period consisted of large PGs (Fig. 6c),
with similar sizes in each group, based on a densitometric
analysis (Fig. 6d). The PGs of the native bovine cartilage
had a slightly faster mobility, which indicates the metabolic
clipping of the aggrecans.

Discussion

For tissue engineering efforts, the structural architecture of
articular cartilage is the key element to reproduce native-

Fig. 2 After each time point,
RNAwas extracted from half of a
manufactured tissue construct and
the expression of cartilage
relevant genes Sox9 (a), aggrecan
(b), procollagen α1(II) (c) and
procollagen α2(I) (d) was
measured. Expression levels are
normalised to control at 1 week.
Ctrl, non-centrifuged control; 1C,
one centrifugation per day; 3C,
three centrifugations per day.
Statistically significant differ-
ences (p < 0.05) are marked with
an asterisk (mean + SD, n ≥ 3)
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type cartilage before moving onto the problem of tissue
integration. It is relatively easy to produce a three-

dimensional construct out of chondrocytes but deciphering
ways to improve the structure of the ECM and the orienta-
tional assembly of its components is more complicated.
Mechanical stimulation by hydrostatic pressure or direct
mechanical strain of cartilage constructs have been shown
to improve the biomechanical properties of articular carti-
lage constructs (Akizuki et al. 1986; Eleswarapu et al.
2011), which are attributed to increase in GAG, PG and
type II collagen content (Elder and Athanasiou 2008; Hung
et al. 2004; Ikenoue et al. 2003; Shelton et al. 2003; Smith
et al. 1996). To our knowledge, our study is the first to
report the effects of long-term centrifugation regimen on
the ECM production and biomechanics of cartilage
constructs.

Under macroscopic inspection, the centrifuged con-
structs appeared similar to other constructs that have been
subjected to mechanical stress with a flatter shape and a
more even surface when compared with free swelling coun-
terparts (Hu and Athanasiou 2006; Hung et al. 2004). After
1 month of culture, the manufactured neocartilage tissues
displayed similar morphological properties as neonatal car-
tilage (Hunziker et al. 2007), i.e., the chondrocytes did not
appear to have a distinct orientation in deeper sections of the
neotissue. However, the chondrocytes on the surface were
flattened. The more solid-feeling structure of the centri-
fuged tissues would also support the initial hypothesis that
centrifugation could possibly improve tissue assembly. The
rather uniform distribution of PGs in histological sections
was probably due to a relatively short time of cultivation
(Hu and Athanasiou 2006; Hung et al. 2004). However,
the partially visible zonal distribution in some of the sec-
tions, which was not visible in the control samples, is a
promising finding. On the other hand, the almost complete
lack of stained PGs in some of the centrifuged constructs
may indicate a local necrosis. The higher concentration of
collagen in the superficial layer of the control and once
centrifuged constructs, detected by the FTIR mapping,
again points to the zonality of the tissue, which can be found
in native cartilage.

The nature of the collagen type in the superficial layer
cannot be confirmed, since the amide I band of FTIR mapping

Fig. 3 Equilibrium modulus (a), dynamic modulus (b) and phase angle
(c) of the samples. Ctrl, non-centrifuged control; 1C, one centrifugation
per day; 3C, three centrifugations per day. Statistically significant differ-
ences (p < 0.05) are marked with an asterisk (mean + SD, n ≥ 3)

Fig. 4 The centre of the tissue constructs is on the left side in every micro-
CT representation, which shows how the control samples tended to be
thicker in the middle than on the edges (a). After 4 weeks of culture, the

flattening and smoothing effect of centrifugation is clearly visible in the
once centrifuged (b) and three times centrifuged (c) tissues
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does not discriminate between the collagen subtypes. Since
the FTIR map is scaled to relative intensity, it is possible that
the equal distribution of type II collagen is downplayed by a
high concentration of type I collagen near the edges. It is also
possible that the apparently higher concentrations of PGs, in-
dicated by the FTIR mapping of the carbohydrate band, could
also indicate an artefact resulting from tissue shrinking. As the
FTIR mapping did not reach the bottom of all the imaged
constructs, we cannot make any conclusions on the collagen
distribution in the deeper layers.

Neither of the centrifugation regimes appeared to in-
crease the PG production, as indicated by the similar
aggrecan expressions and PG quantity between the groups.
Nevertheless, they did not have a deleterious effect either
and the gel electrophoretic separation of PGs showed them
to be comparable in size to what is found in native carti-
lage. Procollagen α1(II) expression levels did not signifi-
cantly differ among the tissue constructs, while the remark-
ably increased expression of procollagen α2(I) was an un-
expected finding, as it implies the production of

Fig. 5 Negative stains (a–a´´), type II collagen (b–b´´), toluidine blue
(showing as GAG content) (c–c´´) stainings after 4 weeks of culture
and a magnified picture of the surface show cell morphology on the
surface of the tissue and beneath it (d–d´´). FTIRi maps of amide I
(estimate of collagen) (e–e´´) and carbohydrate (estimate of GAG)
content (f–f´´). Average depthwise distribution of collagen content

calculated from the FTIRi maps; the relative depth is the distance
percentage from the top to the bottom of the section (g–g´´). Ctrl, non-
centrifuged control; 1C, one centrifugation per day; 3C, three centrifuga-
tions per day. Scale bar is 1 mm in all other depictions except for the
construct surface, where it is 200 μm
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fibrocartilage rather than articular cartilage. Collagen con-
centration in the constructs was also low, being two orders
of magnitude lower than in native bovine cartilage
(Williamson et al. 2003) but it was to be expected after
the relatively short development time. The collagen quan-
tity in the non-centrifuged controls seemed to be slightly
lower than in the centrifuged tissues after 1 week of cul-
ture, which might suggest that centrifugation increases col-
lagen production early in the culture but the differences
disappeared later.

Our hypothesis was that the additional mechanical force
generated by the centrifugal force and the resulting hydro-
static pressure would improve the biomechanical proper-
ties of manufactured constructs. However, the only signif-
icant difference was observed in the phase angle
(representing viscous properties of the tissue) in the con-
trols between 2- and 4-week cultivations. The phase angle
of approximately 15° was similar to that found in normal
cartilage at the same frequency (Park et al. 2004). An in-
crease, although non-significant, in the equilibrium modu-
lus would be logical, indicating that the tissues became
stiffer with time, which correlates with the observed in-
crease in GAG content (Kempson et al. 1970). The mea-
sured moduli were quite low when compared to similar
studies (Elder and Athanasiou 2008; Heyland et al. 2006;
Hung et al. 2004), which might also be affected by the
different loading geometry, protocol and freezing of the
samples.

Conclusions

Micro-CT in particular showed that both of the centrifugation
regimes led to more uniform tissue constructs, which had
some properties of native cartilage and could be used in the

early stages of tissue culture to help shape the neotissue, es-
pecially seeing how accessible and cost-effective the method
is. However, the formed tissues still only remotely reached the
native level of the articular cartilage properties. Therefore,
there is a need to improve the culture conditions to help main-
tain the chondrocyte phenotype.
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