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Abstract
Surgical procedures such as microfracture or autologous chondrocyte implantation
have been used to treat articular cartilage lesions; however, repair often fails in terms
of matrix organization and mechanical behaviour. Advanced biomaterials and tissue
engineered constructs have been developed to improve cartilage repair; nevertheless,
their clinical translation has been hampered by the lack of reliable in vitro models
suitable for pre-clinical screening of new implants and compounds.
In this study, an osteochondral defect model in a bioreactor that mimics the multi-axial
motion of an articulating joint, was developed. Osteochondral explants were obtained
from bovine stifle joints, and cartilage defects of 4 mm diameter were created. The
explants were used as an interface against a ceramic ball applying dynamic compressive
and shear loading. Osteochondral defects were filled with chondrocytes-seeded
fibrin-polyurethane constructs and subjected to mechanical stimulation. Cartilage
viability, proteoglycan accumulation and gene expression of seeded chondrocytes were
compared to free swelling controls. Cells within both cartilage and bone remained viable
throughout the 10-day culture period. Loading did not wear the cartilage, as indicated
by histological evaluation and glycosaminoglycan release. The gene expression of
seeded chondrocytes indicated a chondrogenic response to the mechanical stimulation.
Proteoglycan 4 and cartilage oligomeric matrix protein were markedly increased, while
mRNA ratios of collagen type II to type I and aggrecan to versican were also enhanced.
This mechanically stimulated osteochondral defect culture model provides a viable
microenvironment and will be a useful pre-clinical tool to screen new biomaterials and
biological regenerative therapies under relevant complex mechanical stimuli.
Keywords: Articular cartilage; osteochondral defect; bioreactor; ex vivo model;
biomaterials

Statement of Significance
Articular cartilage lesions have a poor healing capacity and reflect one of the most challenging
problems in orthopedic clinical practice. The aim of current research is to develop a testing
system to assess biomaterials for implants, that can permanently replace damaged cartilage
with the original hyaline structure and can withstand the mechanical forces long term.
Here, we present an osteochondral ex vivo culture model within a cartilage bioreactor,
which mimics the complex motion of an articulating joint in vivo. The implementation
of mechanical forces is essential for pre-clinical testing of novel technologies in the
field of cartilage repair, biomaterial engineering and regenerative medicine. Our model
provides a unique opportunity to investigate healing of articular cartilage defects in a
physiological joint-like environment.
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Introduction
Articular cartilage is a unique tissue, allowing low-friction movement of an articulating
joint and withstanding considerable stress and repeat loading, thereby preserving
the joint homeostasis. Damage of articular cartilage is prone to progression into early
osteoarthritis (OA); due to the limited repair ability, surgical procedures are required
to treat cartilage lesions [90, 91]. The two most common approaches to regenerate
neocartilage in situ, microfracture and autologous chondrocytes implantation (ACI),
are well-established procedures for such defects [16, 19, 208-211]. However, cartilage
repair outcome after microfracture faces high inter-patient variability [212, 213]. In most
cases, little or no hyaline cartilage is regenerated, and the generated hyaline cartilage
may turn into a weaker fibrocartilage unable to withstand the compression and shear
forces [214-216]. On the other hand, the ACI procedure implies multiple surgeries and
requires long recovery time; moreover, the chondrocytes dedifferentiate during in vitro
expansion and their decreased number and activity with aging may impair the healing
or result in failure of repair [217, 218]. Improved understanding about the mechanisms
that are involved in the formation of repair tissue is needed to further develop these
procedures.
Current research aims to improve the biological and functional outcome of cartilage
repair treatments; for example, functional cartilage tissue engineering aims to generate
neo-tissue in situ with an articular surface similar to that of native cartilage [87]. For ex
vivo investigations, the use of bioreactors has been introduced to mimic the multi-axial
motion of an articulating joint and reproduce the kinematics of mechanical loading
experienced by chondrocytes in vivo [164]. It has been reported that cyclic compression
combined with shear stresses act as modulators of the amount and type of extracellular
matrix (ECM) synthesized [83], as promotors of functional articular surfaces [81,
219], and as an inducer of transforming growth factor-beta (TGF-β1) production and
activation, thereby promoting chondrogenesis of mesenchymal stem cells [86, 138, 220,
221]. Therefore, implementation of mechanical forces is essential for the development
and maintenance of articular cartilage and is required for more predictive pre-clinical
ex vivo research.
Osteochondral ex vivo models [115] in which chondral or osteochondral defects can
be generated, are of great value for translational research. In contrast to cell culture
models, the osteochondral explant culture model allows investigations of the interplay
between cellular and extracellular signals involved in cartilage repair. Moreover,
osteochondral defect models are invaluable for assessing integration of a tissue
engineered graft with the surrounding cartilage, which is critical for its function and
presents a significant challenge in the field. Several materials have been proposed to
improve cartilage integration; nevertheless, inadequate biomechanical stability of the
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graft has often been observed, which is likely to be the determining factor in the clinical
success of the repaired tissue [222], demonstrating the need for improved treatments
[138, 223].
Another parameter that needs more rigorous pre-clinical testing is the pre-culture
time of an engineered cartilaginous construct, as this was shown to play a pivotal role
for both maturation and tissue integration upon implantation [224]. The ideal stage of
development is still unknown, and it is most likely scaffold dependent. Different factors,
such as perturbations in cell source, migration, differentiation and apoptosis [89], impede
cartilage integration by affecting proteoglycan and collagen deposition thus forming
a compromised tissue that often lead to mechanical failure. Biomechanical stability
is an essential requirement for suitable cartilage integration, which is enhanced by
mechanical loading. This highlights the importance of load on maintenance of cartilage
health. However, common osteochondral ex vivo models have not taken into account
the mechanical component and therefore lack an important physiological stimulus;
while standard bioreactor studies have applied load to isolated hydrogels or scaffolds
mostly in unconfined mode and have not considered the confined environment within
the tissue that is experienced in vivo. The present study for the first time combines
an osteochondral defect model with mechanical compression and shear load that
simulates physiological joint kinematics. Addition of multiaxial mechanical load to this
model represents an important advancement, enabling more predictive pre-clinical
screening of novel therapies and biomaterial-based implants, thereby replacing or
reducing pre-clinical in vivo animal studies.
Furthermore, using functioning human cells or tissues to screen treatment candidates
could accelerate the development process and provide key tools for more clinically
relevant research. Organ culture bioreactors therefore hold the potential to provide a
testing platform that is more predictable of the whole tissue response, facilitating the
therapy screening before starting the clinical trial [225].
The aims of this study were 1) to evaluate the osteochondral explant vitality and
cartilage integrity under combined compression and shear load and (2) to assess the
early cellular responses to multiaxial load in a confined microenvironment, using an
established fibrin-polyurethane scaffold. We demonstrate that cartilage and bone
remain viable over the 10 days culture period. Furthermore, we confirm the applicability
of the osteochondral defect model with a cell-scaffold construct under mechanical
stimuli in a joint bioreactor system.
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Material and Methods
Osteochondral tissue harvest, defect creation and culture
Osteochondral explants were harvested from stifle joints of 3 to 5-months-old calves,
obtained from a local abattoir (Metzgerei Angst AG, Zurich, CH) within 48 hours of
slaughter. Joints were dissected to expose the patellar groove and examined for absence
of cartilage bruising and blood tint. Cylindrical osteochondral explants were obtained
with an 8 mm diameter diamond coated custom-made trephine drill (Peertools AG,
Ftan, CH), using a Bosch compact drill press, saline irrigation and a manual circular saw
(Fig 1A). The machine was equipped with an adjustable table for round and angular
stifle joint positioning and achieved vertical cutting. Variable speed control and digital
drilling depth monitoring facilitated obtainment of a flat articular cartilage surface
in a reproducible manner. The subchondral bone part was trimmed to obtain a final
osteochondral explant height of 6 mm. From each stifle joint, 5 osteochondral explants
were obtained (Fig. 1B).
To generate osteochondral defects, a 4 mm trephine drill was used (Brutsch-Ruegger,
Urdorf, CH, Fig. 1C) to centrally remove a full thickness circular cartilage biopsy including
part of the subchondral bone (Fig. 1D). To determine the consistency of the harvesting,
diameter and length of osteochondral explants were measured using a calliper (Mitutoyo
Absolute Digimatic Caliper range 0/200mm). Subsequently, explants were cultured in
Dulbecco’s modified eagle medium (DMEM-HG, 4.5 g/L-glucose; Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and penicillin/streptomycin (1% P/S, Gibco),
at 37°C and 5% CO2. Intact osteochondral explants and osteochondral defect models
were incubated overnight to ensure sterility. Then they were placed in well plates
containing 2% low-gelling agarose (SeaPlaque Agarose, Lonza, Rockland, USA), to cover
the bone part and prevent cell outgrowth from the subchondral bone, and cultured in
DMEM-HG, 1% insulin-transferrin-selenium (ITS), non-essential amino acids and 1% P/S.
The medium, referred to as chondro-permissive medium, was changed three times per
week.
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Figure 1. Reproducibility of osteochondral harvesting and defect creation. A) Compact drill press, which
achieves vertical cutting, and an angle adjustable table for bovine stifle joint positioning. B) Representative
image of an osteochondral explant harvested from the femoral groove; the bone was trimmed to reach the
desired height. C) The trephine (4 mm) is adjusted for creating the desired depth of the circular groove,
controlled by the digital drilling press. D) Representative image of osteochondral defect model. E) Results
of intact osteochondral explant diameter and height achieved after drilling and trimming F) Results of
osteochondral defect diameter and depth, showing two different cartilage height groups. Data are presented
as mean +/- SD (from 8 stifle joints, n=5 per joint).

Chondrocytes-polyurethane scaffold constructs
Cylindrical (4.15 mm x 2.3 mm and 4.15 mm x 4.3 mm) polyurethane (PU) scaffolds
(average pore size 150-300 µm) were prepared as described previously [226-228].
Scaffolds were sterilized by ethylene oxide exposure for 4 h at 37°C and subsequently
degassed at 45°C and 150 mbar for 4 days. Before cell seeding, scaffolds were
pre-incubated in DMEM HG supplemented with 1% P/S for 1 h to wet the hydrophobic
polymer. Chondrocytes were isolated from the left femoral condyles [229], using
Pronase and sequential Collagenase digestion as previously described [230]. Upon
isolation, primary bovine chondrocytes were suspended in fibrinogen solution and then
mixed with thrombin solution (both from Baxter, Vienna) immediately prior to seeding
into the PU scaffold at cell density 5x107/mL. The final concentrations of the fibrin gel
components were 17 mg/mL fibrinogen and 0.5 U/mL thrombin [231]. Constructs were
incubated for 1 h at 37°C, 5% CO2 to permit fibrin gelation before adding them into the
osteochondral defect and were then cultured in chondro-permissive medium, containing
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500 kIU/mL aprotinin to prevent fibrin degradation (Fluka, Buchs, Switzerland). The
addition of 50 µg/mL ascorbic acid was delayed until 5 days post-seeding, in order
to avoid cell damage due to oxidative stress directly after enzymatic digestion during
chondrocytes isolation [232].

Mechanical loading
After 5 days of pre-culture, osteochondral defect models filled with cell-scaffold
constructs underwent mechanical stimulation using our four-station bioreactor system,
installed in a CO2 incubator at 37°C, 5% CO2, 85% humidity [180]. A commercially available
ceramic hip ball (32 mm in diameter) was pressed onto the osteochondral explants to
provide a constant displacement of 0.4 mm or 10% to 14% of the cartilage height (in the
centre), to fully maintain the contact of the ball with the cell-scaffold constructs and the
surrounding cartilage. Loading groups were exposed to axial compression in a sinusoidal
manner between 0.4 mm and 0.8 mm, resulting in an actual strain amplitude of 10-20%
or 14-26% of the cartilage explant height (depending on the cartilage height group;
see 3.1) at a frequency of 0.5 Hz and simultaneous shear motion by ball oscillation
at ±25° and 0.5 Hz. The maximal mechanical loads applied corresponded to 15 N or
approximately 0.35 MPa (Fig. 2A, B). This regime of dynamic axial compression with
superimposed sliding motion is suggested to more closely simulate joint articulation
compared to axial compression [233].

Figure 2. Loading applied to osteochondral defect model. A) Representative image of one station of the joint
bioreactor that allows for application of joint specific biomechanical stimuli to osteochondral defect models.
Cartilage defect was made and filled with chondrocytes-seeded scaffold. B) Maximal mechanical load applied
to the osteochondral explant measured in newton and respective stress in megapascal. Representative graphs
of one osteochondral defect model at day 10 of culture (5 days of mechanical loading), after one hour of
loading and higher magnification of initial time points.
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One hour of mechanical loading was performed twice per day (8 hours free swelling
between loading cycles) over 5 consecutive days. In between loading cycles, samples
were kept in free-swelling condition (without ball contact) and medium was collected
at the end of the experiment to assess the GAG release. Free-swelling osteochondral
defect models with cell-scaffold constructs served as controls.

Validation of the model: viability assay
Cell viability of the osteochondral explants was monitored at day 0 (directly after
harvesting) and at day 10 by lactate dehydrogenase (LDH) – ethidium homodimer
staining. For thin sections, samples were snap-frozen and stored at -80°C. A tungsten
carbide D-blade (MICROM, 16 cm, cat. num. 152120) was used to obtain sagittal
cryo-sections (20 µm) of undecalcified osteochondral defect models and intact
osteochondral explants. Briefly, slides were rinsed in phosphate buffered saline (PBS)
and incubated with ethidium-homodimer (46043 SMG-F, Sigma) in PBS for 30 min at
37°C. Subsequently, sections were rinsed in PBS and stained with 40% Polypep-based
LDH solution using the salt nitroblue tetrazolium (NBT) as third substrate next to lactate
and nicotinamide adenine dinucleotide (NAD) for 3 hours at 37°C. To assess bone
viability, thick sections (250 µm) were cut with an annular saw (Leica) and stained with
5% Polypep-based LDH solution using the above-mentioned substrates [234]. Sections
were mounted with water based mountant and imaged using a fluorescence microscope
to assess the presence of dark stained chondrocytes and osteocytes.

Histology
Histological samples were fixed in 4% buffered formaldehyde (Formafix AG, Hittnau,
CH) for 48 hours, decalcified in 10% formic acid (Fluka, cat.num.06460) for 6 days,
then embedded in paraffin and sectioned in 5 µm sections. For staining, slides were
deparaffinised using xylene and subsequently hydrated. Safranin O/Fast green staining
was performed to visualize proteoglycan and collagen content. Briefly, slides were first
stained with Weigert’s Haematoxylin for 10 min, blued in tap water for 10 min, stained
with 0.002% Fast green in deionized water for 5 min and washed in 1% acetic acid. Then,
sections were stained with 0.1% Safranin O for 12 min.

RNA extraction and gene expression analysis
At the end of the experiment, cell-scaffold constructs were removed from the
osteochondral defect model, homogenized using the Tissue Lyser system (Quiagen,
Retsch, Germany), and total RNA was extracted using TRI Reagent® (Molecular Research
Center, Cincinnati, OH). Reverse transcription was performed with TaqMan® reverse
transcription reagents (Thermo Fisher Scientific, Reinach, Switzerland), using random
hexamer primers and 1 µg of total RNA. Table 1 shows the sequences of bovine primers
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and TaqMan probes for collagens type-I (COL1A2), type-II (COL2A1), aggrecan (ACAN),
cartilage oligomeric matrix protein (COMP), proteoglycan 4 (PRG4/Lubricin), matrix
metalloproteinase 3 (MMP-3) and MMP-13. Primers and probe for amplification of
ribosomal protein lateral stalk subunit P0 (RPLP0, Bt03218086_m1) and Versican (VCAN,
Bt03217632_m1) were from Applied Biosystems (Rotkreuz, Switzerland). Relative
quantification of target mRNA was performed according to the comparative CT method
with bovine RPLP0 as the endogenous control. For a given amount of total RNA, bRPLP0
values did not vary among the different groups, confirming RPLP0 was an appropriate
endogenous control for chondrocytes-PU constructs subjected to mechanical stimuli.
Data were further normalized to the values of the unloaded controls and converted to
relative mRNA values using the 2- ∆∆CT method [188].
Table 1. Oligonucleotide primers and probes used for qRT-PCR
Gene

Primer forward (5’-3’)

Primer reverse (5’- 3’)

Probe (5’FAM- 3’TAMRA)

Collagen 1A2 TGC AGT AAC TTC GTG CCT
AGC A

CGC GTG GTC CTC TAT CTC CA

CAT GCC AAT CCT TAC AAG AGG
CAA CTG C

Collagen 2A1 AAG AAA CAC ATC TGG TTT
GGA GAA A

TGG GAG CCA GGT TGT CAT C

CAA CGG TGG CTT CCA CTT
CAG CTA TGG

Aggrecan

CCA ACG AAA CCT ATG ACG
TGT ACT

GCA CTC GTT GGC TGC CTC

ATG TTG CAT AGA AGA CCT
CGC CCT CCA T

MMP-3

GGC TGC AAG GGA CAA GGA A

CAA ACT GTT TCG TAT CCT
TTG CAA

CAC CAT GGA GCT TGT TCA
GCA ATA TCT AGA AAA C

MMP-13

CCA TCT ACA CCT ACA CTG GCA GTC TGG CGT TTT GGG ATG TT
AAA G

TCT CTC TAT GGT CCA GGA GAT
GAA GAC CCC

COMP

CCA GAA GAA CGA CGA CCA
GAA

TCT GAT CTG AGT TGG GCA
CCT T

ACG GCG ACC GGA TCC GCA A

PRG4

GAG CAG ACC TGA ATC CGT
GTA TT

GGT GGG TTC CTG TTT GTA
AGT GTA

CTG AAC GCT GCC ACC TCT CTT
GAA A

Biochemical analysis: s-GAG and DNA content
Cell-scaffold constructs (removed from osteochondral defect models) and media were
collected for biochemical analysis. Chondrocytes-scaffold constructs were digested
overnight in 0.5 mg/mL proteinase K at 56°C (2.5 U/mg, chromozyme assay; Roche,
Mannheim, Germany). DNA content was measured using QUANT-iT® Picogreen, ds
assay kit (Molecular Probes, Life Technologies), and values were normalized per scaffold
volume. The total amount of sulfated glycosaminoglycan (s-GAG) retained within the
scaffold constructs and released from the osteochondral defect models into the media
were determined by the dimethylmethylene blue (DMMB) dye-binding assay [235].
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Statistical analysis
The results are expressed as mean +/- standard deviation (SD) of 3 experiments with
different chondrocyte donors. s-GAG, DNA content and qPCR data were statistically
analysed using non-parametric testing (Mann Whitney U test), since the data were not
normally distributed. Differences were considered statistically significant for p < 0.05.

Results
Validation of the osteochondral model generation
To validate the generation of the osteochondral defect model, measurements were
taken to evaluate the osteochondral explant obtainment and the reproducibility of the
defect creation. It is worth noting that having this procedure standardized is of critical
importance for the mechanical loading set up. Explants obtained from stifle joints
harvested from 8 calves had an average diameter of 7.60 mm and length of 6.10 mm,
with standard deviations of 0.14 mm and 0.29 mm, respectively (Fig. 1E). Cartilage
height was measured to define the depth of osteochondral defects; the height varied
between approximately 3 mm and 4 mm, depending on the bovine donor. Cylindrical
holes were created with depths of 2.85 mm +/- 0.11 mm for the 3 mm cartilage height
group, or 3.75 mm +/- 0.30 mm for the 4 mm cartilage height group and were 4.30 mm
+/- 0.16 mm in diameter (Fig. 1F). Depths were measured from the upper rim of the
cartilage by a custom-made crown mill to the level of the circular groove made. In all
cases measured, a reproducible procedure was observed. Coefficients of variation of
the intact osteochondral explant diameter and height (n=40), and defect diameter and
depth are shown in table 2.
Table 2. Coefficients of variation of intact osteochondral explants and osteochondral defect models
Osteochondral Explant

Coefficient of Variation (%)

Height

4.99

Diameter

1.76

Osteochondral Defect Model Diameter

4.78

Osteochondral Defect Model Depth (High)

2.47

Osteochondral Defect Model Depth (Low)

3.76

Evaluation of osteochondral cells morphology and viability after
mechanical stimulation
To verify the viability of the cells in the osteochondral defect models, with or without
exposure to mechanical stimuli, LDH/ethidium homodimer positive cells were
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determined after samples collection at day 0 and after 10 days of culture. Cells within
both cartilage and bone regions remained viable throughout the culture period (Fig. 3A,
B), except for a small zone of cell death in the outermost cell layer at the cut edges of
the cartilage and the edges of the defect for all samples (Fig. 3A).

Figure 3. Osteochondral explant viability. Representative images of LDH/Ethidium homodimer stained cells
at day 0 and day 10 for unloaded and loaded samples, A) in the cartilage B) in the bone. Scale bars indicate
200 µm (dark-blue cells and double-stained cells = LDH positive cells, representing living cells; red cells =
Ethidium Homodimer positive cells, representing dead cells; green is bone autofluorescence, 515-565 nm
emission filter [234]).

The loading regime did not affect cell viability in comparison to the free-swelling
controls. Safranin O Fast Green staining revealed normal proteoglycan distribution (Fig.
4A), GAG measurement in the medium indicated that the mechanical stimuli did not
wear out the cartilage GAG, as no difference in GAG release into the media was detected
in comparison to the free swelling controls (Fig. 4B). Chondrocytes maintained their
typical morphology, with rounded and polygonal shape in both conditions (Fig. 4A).

Physical stimulation of chondrocytes-seeded scaffold in osteochondral
defect models
To test the biological response of chondrocytes-seeded scaffolds implanted into the
osteochondral defect model to mechanical loading, DNA, GAG content and mRNA
expression levels of the constructs were quantified after 5 days of loading (Figs. 5, 6).
Cell-scaffold constructs which underwent loading contained similar amounts of DNA as
the unloaded controls (Fig. 5A). GAG content normalised to DNA was stable between
the groups, indicating no effect of the loading on GAG production per cell (Fig. 5B). This
was confirmed by Safranin O/Fast Green staining of scaffold constructs, where similar
amounts of matrix deposition were observed in both groups (Fig. 5C).

11

12

Erasmus Medical Center Rotterdam

Figure 4. Effect of loading on articular cartilage. A) SAF-O/Fast Green stained osteochondral biopsies. Detail
images of articular cartilage after 10 days of culture for unloaded and loaded samples, respectively; 20x
magnification, scale bars indicate 100 µm. Dashed lines indicate sections at 40x magnification, scale bars are
50 µm. B) GAG release into the medium at day 10 of culture. Data are presented as mean +/- SD (3 donors,
n=12 per group).

The mRNA expression levels of PRG4/Lubricin and COMP were significantly enhanced
in cell-scaffold constructs exposed to complex load as compared to unloaded controls
(8.4 and 9-fold increase, respectively; p<0.001. Fig. 6A, B). The mRNA ratios of COL2A1
to COL1A2 and of ACAN to VCAN, defined as indices of chondrocytes differentiation,
were significantly higher in loaded samples compared to free-swelling controls (p=0.015
and p<0.001, respectively) (Fig. 6C, D). The gene expression levels of metalloproteinases
MMP3 and MMP13 remained relatively stable and considering donor variations no
significant differences were observed between the groups (Fig. 6E, F).

Mechanically stimulated osteochondral organ culture for evaluation of biomaterials

Figure 5. DNA and GAG content in chondrocyte seeded scaffolds in osteochondral defect models cultured in
the bioreactor. A) DNA content of unloaded and loaded chondrocytes seeded polyurethane scaffolds cultured
for 10 days. B) GAG per DNA ratio of unloaded and loaded chondrocytes seeded polyurethane scaffolds
cultured for 10 days. C, D) detail images Safranin O/ Fast Green stained sections of PU scaffolds after 10
days of culture for unloaded (C) and loaded samples (D), respectively; scale bars indicate 50 µm. Results
from 3 chondrocyte donors assessed in duplicates (donor 3) or quadruplicates (donors 1 and 2) are shown.
SB: Subchondral bone, NC: Native Cartilage, PU: Polyurethane scaffold, MD: Matrix deposition.
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Figure 6. Effect of articular motion on the chondrocytic phenotype. A-F) mRNA expression of chondrocytes
seeded into polyurethane scaffolds, implanted in the osteochondral defect, and exposed to dynamic
compression and surface motion. Data are expressed relative to mRNA levels of unloaded constructs. Results
from 3 chondrocyte donors assessed in duplicates (donor 3) or quadruplicates (donors 1 and 2) are shown;
*p<0.05.

Discussion
Considering articular cartilage as load bearing tissue, multi-axial stimuli applied to an ex
vivo osteochondral defect model are important parameters to investigate their effects
on the cartilage repair process. The present study showed that osteochondral defect
models, in which mechanical loads were applied: 1) were viable after 5 days of pre-culture
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and 5 days within the complex motion bioreactor culture based on LDH staining, 2) did
not exhibit articular surface wear as assessed by Safranin O/Fast Green staining and GAG
release into the media; and 3) maintained typical gene expression responses (Lubricin
and COMP) to load in primary chondrocytes seeded into polyurethane scaffolds filling
the osteochondral defects. Further, we showed that reproducible defects could be
created at the desired depth. This was reflected by the coefficients of variation that
were less than 4% for both depth and diameter. Earlier described osteochondral defect
models did not precisely document the control of the defect depth [115, 236, 237];
others directly implanted the osteochondral biopsies in vivo [238, 239]; but to our
knowledge none of them were intended for ex vivo mechanobiology and regenerative
studies under complex articulating motion [240-242].
No detrimental effect of mechanical load on the cartilage samples was observed.
Both histology and GAG release into the medium of the ceramic ball compression/
articulation group did not show significant differences compared to the free swelling
control group. This finding indicates more favorable outcomes in terms of matrix wear
and tissue preservation compared to other ex vivo studies with complex motion [243] or
animal models [244, 245], which used metal articulating indenters or implants to mimic
the situation after surgery (e.g. hemiarthroplasty). Surface chemistry and roughness of
metal implants can increase friction against articular cartilage and can have significant
influence on tissue integrity [246]. Overall, chondrocytes viability was mostly preserved
by using saline irrigation for cooling when generating the explants, and no difference
in cell death was found in osteochondral explants that underwent compression and
shear stress compared to controls; nevertheless, minimal chondrocytes death was
observed at the outermost edges of the osteochondral explant and of the defect, as
previous works already described [247, 248]. This observation might be representative
of a clinical cartilage defect where dead cells have been found along the edges of the
injury following joint trauma [249]. Furthermore, a zone of chondrocyte death has been
described in and around the periphery of osteochondral grafts that could be reduced by
the application of growth factor and collagenase [250]. Therefore, this model could also
be very interesting to study such clinically relevant aspects.
Although our model still does not match the native whole joint situation, the
application of complex motion patterns using a ceramic ball and the implementation
of osteochondral defect models, makes it one step closer to a more physiologically
relevant system compared to cartilage explants alone [233]. Dynamic compression and
ball oscillation drag flow into the osteochondral defect filled with chondrocytes-PU
constructs, resulting in the activation of mechano-transduction pathways which
severely depend on the type of load [251]. The loading protocol used in this study was
chosen based on a protocol previously described by our group: Grad. et al. investigated
the effect of unidirectional and multidirectional motion patterns on gene expression
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and molecule release of bovine chondrocytes-seeded polyurethane scaffolds [81]. After
5 days of loading, as in the present work, results showed that multidirectional loading
consisting of axial compression and ball oscillation, promoted to the maintenance of
the chondrocytic phenotype thorough upregulation of chondrogenic gene expression.
In the present study, the oscillation frequency was set at 0.5 Hz, which is higher than
the 0.1 Hz used in the previous study. Our previous evaluation of the effect of sliding
velocity on the response of chondrocytes in 3D scaffolds revealed that higher frequency
generally triggered a more pronounced response [187]. Accordingly, 1 Hz frequency
which approximates the frequency of compressive loading the human articular cartilage
experiences during walking and running conditions, induced greatest gene expression
upregulation. Interestingly, increasing the frequency from 0.1 to 1 Hz also improved
the induction of chondrogenesis in mesenchymal stem cell seeded scaffolds exposed
to multiaxial loading [86]. Here, we slightly reduced the loading frequency to 0.5 Hz to
minimize the articular cartilage surface injury [252] in the osteochondral model.
The results of this study demonstrated a marked increase in PRG4 gene expression in
the loaded group (9-fold higher compared to unloaded), which is in line with previous
studies on the effects of complex load on articular chondrocytes [81, 219]. The higher
response of PRG4 observed in this study compared to previous results may be related
to: a different oscillation frequency of the ceramic ball, different impact of the sliding
velocity at the new articular cartilage-PU interface [187] and the more confined
system, in which the chondrocytes could sense different stress distribution within
the scaffold [253]. In the fibrin–polyurethane composite scaffolds used in the present
study, hydrostatic pressure buildup due to the application of external loading would be
negligible in an unconfined system because of the high permeability of the scaffolds
[253]. In the current confined system, certain hydrostatic pressure is built up, which
has previously been shown to promote chondrogenesis, though the effect of pure
hydrostatic pressure on PRG4 expression of chondrocytes has not been investigated
[254]. Consistent with previous findings [81], the influence of oscillating surface motion
also promoted the upregulation of COMP (8.4-fold increase), one of the most abundant
non-collagenous proteins of the cartilage ECM. Earlier studies exploring the influence of
uni- and multi-axial loading on gene expression in chondrocytes-seeded polyurethane
scaffolds demonstrated that the induction of COMP gene expression depended on the
loading type and velocity. Axial compression alone did not affect COMP mRNA expression,
whereas compression and superimposed sliding motion by ball oscillation significantly
increased COMP mRNA levels [81]. Besides, increasing sliding velocity triggered more
pronounced up-regulation of COMP gene expression [187]. Furthermore, an increase
in the mRNA ratios of Collagen 2 to Collagen 1 and Aggrecan to Versican, defined as
markers of chondrocytes differentiation [194], was also associated with the application
of compression and shear. These data suggest that physiological stimuli are essential for
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stimulation of the chondrogenic phenotype and, more indirectly, for cartilage matrix
formation and organization, despite the total GAG per DNA did not show variations
between the two groups. Longer term repetitive loading may be necessary to induce
significant effects on matrix production [83]. The joint motion simulator did not affect
the gene expression of the two matrix degrading enzymes, MMP3 and MMP13, that are
involved in joint pathologies. This indicates that mechanical stimuli did not specifically
foster collagenase-induced extracellular matrix degradation in chondrocytes implanted
into osteochondral biopsies.
A chondrocytes-seeded hybrid fibrin-polyurethane scaffold was used as a model
implant in this study. The fibrin component served to improve the cell and matrix retention
and to better promote the chondrocytic phenotype compared to the macro-porous PU
structure alone [231]; while the elastic PU scaffold has been shown to favorably transmit
the applied dynamic mechanical loads [251]. Nevertheless, this material faces some
limitations, such as the slow rate of ECM accumulation in the construct center. Other
promising materials, for instance injectable thermo-reversible methylcellulose-based
hydrogels [255], modified hyaluronic acid hydrogels functionalized with biochemical
gradients [256] or biopolymers with improved tissue adhesion properties [257] will be
envisaged in future studies.
The model has the advantage of having the cartilage-bone unit intact. Cartilage
and bone have been demonstrated to influence each other, and it is known that
not only the cartilage but also bone responds to mechanical stimulation to preserve
the mechanical strength and impede demineralization [258]; thus, this loaded
osteochondral model provides the possibility to recapitulate the healing process in a
joint-like microenvironment. There is a body of evidence suggesting that these tissues
can communicate. For example, the interface between the subchondral bone and
calcified cartilage contains numerous vascular canals suggesting a potential route for
molecular diffusion between the two compartments [259-261]. The model can also be
used to study the effect of bone changes (that occur in joint diseases such as marrow
lesions or subchondral sclerosis) on cartilage repair. Further optimization of the model
might include the addition of hyaluronic acid in the bioreactor culture to better mimic
the joint space [262]. Another adaptation to the model that can be envisaged is the
development of a cartilage-on-cartilage articulating motion system [233], which will
better resemble the natural joint niche and will reduce the friction of the testing system.
While the present study allowed us to assess the early cellular response to multiaxial
load in a confined system, longer studies over at least 3 weeks would be required to
achieve neo-cartilage formation by accumulation of significant amounts of extracellular
matrix within the cell-seed implants. A further limitation of the short observation time
is the inability to draw conclusions about the implant integration into the host tissue.
Nevertheless, we showed the medium-term survival and integrity of the cartilage-bone
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explant and the reaction of the implanted cells to the applied load, which warrants
future long-term studies with advanced cell-material constructs.
Several applications are possible: cartilage repair treatments could be screened ex
vivo, for example to test the potential of different cell sources and new biomaterials
denoting their capabilities to promote chondrogenesis and to integrate into the native
tissue. In addition, recruitment of endogenous cells from cartilage or underlying bone
into the osteochondral defect and migration of these cells into a biomaterial can be
studied with or without the addition of chemokines or growth factors to stimulate
tissue repair as cell-free cartilage repair strategy [263]. The system can also perform
continuous passive motion with intermittent active motion and hence improve our
understanding on the post-operative management of joint injuries and on the time
of convalescence, since post-operative loading also affects the quality of the cartilage
surgery outcome [264].
We also believe that the ex vivo bioreactor-osteochondral culture model may represent
an alternative pre-clinical testing system to evaluate the potential and limitations of the
different treatment approaches prior moving to in vivo testing, in order to minimize
the number of animals needed. Where animal testing cannot be replaced, ex vivo
bioreactor cultures could contribute to identify the proper animal species, the suitable
number of animals and to find biologically and statically relevant differences among
groups [225]. A multi-center analysis has shown low correlation between in vitro cell
culture and in vivo biomaterial testing for bone regeneration [265]; hence, pilot studies
could be performed ex vivo with explants from animals of the same species to help
bridging this gap. Furthermore, with this model human tissue can be tested, which is an
unprecedented opportunity to be human relevant.
Nonetheless, the osteochondral defect model under load faces certain limitations.
As it does not resemble the entire diarthrosis, it is not possible to replicate the whole
range of events determining the body’s healing response in cartilage repair in vivo. The
wound healing process is significantly affected by the synovium and synovial fluid, which
play a significant role in nutrient supply, metabolic by-product clearance and immune
response, thereby influencing matrix production [266]. A critical element in cartilage
healing is also the defect size. A rabbit model has shown that different diameters of
osteochondral defects heal differently [13]. Our present system only partially reproduces
human osteochondral lesions, which can be at least 2 cm2; therefore, the smaller defect
repair may not exactly indicate the cell behaviour adopted in a larger defect. Minor
modification of our current model will be required to address also large defect sizes.
Last, our bioreactor does not perfectly mimic the complex joint kinematics; rolling or
moving contact has not been implemented in our system, which is another important
motion component.
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In conclusion, we have established a novel ex vivo osteochondral defect culture model
in a mechanically stimulated microenvironment. Such a model has both experimental
and clinical relevance; it can serve to further elucidate the biological and physical
crosstalk among the subchondral bone and cartilage in the recovery of osteochondral
defects and may help to reveal the molecular signaling involved in the repair in response
to a treatment. It will also prove its efficiency regarding controlling cartilage repair under
the influence of different loading protocols. Longer-term studies over several weeks
will be performed to monitor and evaluate cell and biomaterial-guided neo-cartilage
formation and neo-tissue integration using novel cartilage repair methods.
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