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Background and outline

CarTilagE dEfECTs: a CliniCal ChallEngE
Within the field of orthopedic surgery one of the major clinical challenges is the treatment of (osteo-)chondral defects. Traumatic cartilage defects often occur in the active
population, burdening patients with painful joints and decreased mobility[1-4]. These
patients are often relatively young and still participating actively to society and the working
population. Their immobility due to joint problems not only greatly burdens them, but also
puts a significant strain on health care systems[5]. Moreover, from a biological perspective,
untreated cartilage damage will inevitably progress towards osteoarthritis. Unfortunately,
the only treatment for this condition is the salvage therapy of joint replacement surgery.
The treatment modalities for cartilage or osteochondral defects can generally be classified based on the size and depth of the defect. Relatively small defects are often treated
by microfracture. This involves penetration of the subchondral bone plate to release bone
marrow that in turn will lead to coverage of the defect with often fibrocartilagenous tissue[6-8]. Larger cartilage defects are currently successfully treated with autologous chondrocyte implantation (ACI)[9, 10]. This technique involves regenerative tissue engineering
strategies in which autologous chondrocytes are harvested and expanded ex vivo and later
reimplanted into the cartilage defect on a carrier material. This technique has been extensively studied and has a scientifically proven large patient benefit[11]. Unfortunately,
it is relatively expensive[12] and worldwide application is hampered by legislative issues
and profit-driven incentives. Moreover, a recent publication questions the superiority of
ACI over microfracture in larger defects when comparing failure rate and the progression
towards osteoarthritis[13]. Deeper defects can be treated by using osteochondral autograft
transfer (OAT). In these cases osteochondral plugs are harvested from a non-weight bearing area in the knee and transferred to the site of the defect[14, 15]. However, as these
osteochondral plugs are harvested from the same knee as the defect, this will undoubtedly
influence joint homeostasis, and create donor site morbidity, which will obviously affect
the cartilage tissue repair[16]. This technique can also be performed using allografts rather
than autografts. However, healthy osteochondral plugs from young deceased humans are
relatively scarce.
The disadvantages to the before-mentioned techniques, which include fibro-cartilagenous
repair tissue, high costs[12, 17], and the creation of additional defects within the already
injured joint drives researchers to develop innovative strategies to safely, and fully repair
cartilage defects at relatively low cost. One of the general beliefs is that ultimate cartilage
tissue engineering involves the optimal combination of a scaffold material, biologicals and
cells[18]. However, thorough knowledge of the characteristics of cartilage tissue of both our
patients (humans) and the pre-clinical testing subjects (animals) is required before such a
combined approach can be successfully applied.
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CarTilagE CharaCTErisTiCs, nOT as siMPlE as iT May sEEM
Articular cartilage may at first present itself as a relatively simple tissue for tissue engineering. It does not require the regeneration of different structures, such as a vascular
system in bone tissue engineering. Moreover, the articular cartilage is composed of a dense
extracellular matrix (ECM) with only a few cells dispersed throughout this matrix[19].
However, this low cell content, as well as the lack of a continuous nutrient supply through a
vascular system hampers natural tissue repair and makes tissue regeneration more challenging. Therefore, potential tissue-engineering strategies to address cartilage damage will have
to initiate a great chondrogenic impulse to drive repair or regeneration.
Cartilage tissue might thus be considered a homogenous tissue that can be regenerated
as a whole. However, when taking a closer look at the tissue, three distinctive layers have
been identified in the non-calcified cartilage. The superficial (top 10-20%), middle (the next
40-50%), and deep zone (the last 30-40%) of cartilage differ in cell number, collagen fiber
orientation and the proteoglycan content[20, 21]. The presence of these different layers allows for differentiated functions throughout the tissue, which make it possible to deal with
the challenging biomechanical environment of the joint. The resilience against sheer forces
is the highest within the top layer where joint surfaces move over one another. The ability to
transmit loading forces towards the underlying bone is most abundant in the deepest layer.
Ultimately, tissue-engineering approaches would involve recreating these different layers in
the repair tissue. However, it remains unclear whether this is a definite requirement in the
early stages of repair. Perhaps, the development of these different layers can be considered
a process of maturation that is mainly driven by biomechanical cues to which the tissue is
exposed[21].
Nevertheless, the underlying subchondral bone, which is an additional layer in osteochondral tissue that should be taken into account, must be addressed in regenerative
strategies. As stated before, cartilage defects may in some instances involve a deep defect
that also affects this underlying bony layer. Biomechanically this is an important part of the
joint as the daily impacts on the articular surfaces are being transferred and absorbed in
this area. Loss of bone underneath the cartilage will lead to an increase in impact forces on
the cartilage surface and the margins of the defect. These increases make it more prone to
further injury and degeneration. Also, injury to the subchondral bone is thought to enhance
the catabolic cascade in damaged cartilage tissue, thus enhancing the general degenerative
process through altered joint homeostasis[22, 23].
The benefit of considering the subchondral bone as an essential component of the tissue
that must be repaired is that the subchondral bone, in contrast to cartilage tissue, is rich
in resident cell populations within the bone marrow. It also has a vast nutrient reservoir
through the presence of a vascular system, which will naturally provide the required nutrients. One of the cell populations within the bone marrow is the multipotent stromal cell
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(MSC). These cells are known to have the ability to differentiate towards the adipogenic,
osteogenic, but also the chondrogenic lineage. This makes them a potential cell source to
aid in cartilage regeneration[24]. In osteochondral defects, the presence of MSCs might
make ex vivo chondrocyte expansion prior to implantation redundant, as is required in
various current ACI therapies. Anchoring the scaffolds in an environment that will allow
for homing of autologous cells onto the scaffold would greatly simplify the treatment of
cartilage defects as no ex vivo cell expansion is required.
The challenges in using the osteochondral approach to drive joint repair involve the
regeneration of two different tissue types, ensuring that the bone and cartilage components
remain two separate layers and that no endochondral ossification takes place in the cartilage
layer[23].

ThE EquinE MOdEl fOr (OsTEO-)ChOndral rEPair sTraTEgiEs
The use of a relevant animal model to evaluate laboratory findings on cartilage repair
in an in vivo setting is of the utmost importance. One of the main benefits of using small
animal models, such as rats and rabbits, is that they are relatively easy and cheap to house.
Therefore, these animals may still play an important role in performing the first preliminary
tests of repair strategies in the initial phases of in vivo testing. However, conclusions that
are drawn based on the results of novel regenerative strategies that have only been tested
in these small animal models may not be readily extrapolated to the human situation[25].
An important aspect underlying this limited translational potential is that smaller animals
tend to have subchondral growth plates that remain open throughout their lifespan[26].
Open growth plates include a large reservoir of progenitor cells that are constantly supplied
with nutrients through the available vascularization[27]. This leads to an increased intrinsic
repair capacity in skeletally immature mammals. Moreover, the articular cartilage of smaller
animals tends to have relatively high numbers of cells when compared to the cartilage of
larger animals. This may be advantageous for the reparative response as the natural hypocellularity of cartilage leads to a lack of a sufficient cell source for regeneration[28].
Currently, large animal models that are used to study the outcomes of cartilage-engineered
constructs are the canine, porcine, caprine and equine models. Although these animals
resemble the human application more closely in terms of size and the maturity of the tissue,
some differences should be taken into account. Dogs are known to have an anatomically
different knee joint from humans with the presence of a digital extensor tendon originating
within the knee joint[25, 29]. This may be of influence on the biomechanical strain that
occurs in these joints. Goats are relatively easy to handle and have a sufficiently large joint to
adequately perform articular surgery. However, articular cartilage in goats is relatively thin
when compared to humans. This in turn makes cartilage repair less challenging due to less
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constraints regarding nutrient supply through diffusion[29]. Pigs or mini-pigs, are slightly
harder to house than goats, but appear a widely accepted animal model as long as skeletally
mature animals are used.
In the past decades, the equine model has gained a stronger foothold as a pre-clinical
model for joint regeneration. It may prove to be beneficial over the slightly smaller large
animal models. First of all, equine stifle (knee) joints are larger in size than human knees.
Hence, allowing for the creation of larger defects and the possibility to study larger histological and biochemical samples. Also, the surgical approach may be easier in larger joints.
The option of repetitive synovial fluid sampling is also available in the stifle joint as it is
relatively easy to access and contains enough synovial fluid due to its size. This may be
beneficial in studying new drug therapy approaches or responses in joint homeostasis.
Obviously, the biomechanical forces that come to play in horses and humans differ. Horses
are much larger mammals that walk, and gallop on four feet instead of our bipedal stance
and walking position. Also, the anatomically different position of the stifle joint in horses
leads to a difference in biomechanical loading. Nonetheless, the shape and function of the
knee joint in these two mammals is similar. Moreover, if a scaffold would survive and lead
to cartilage repair in such a challenging environment such as the stifle joint in the horse,
human application might not be too far away.
Like humans, the equine population suffers from the development of cartilage defects.
These are either the result of traumatic events or due to congenital disorders (osteochondrosis)[30]. Especially in professional equestrian sports, the development of cartilage defects
greatly impacts both the rider and the horse. This similarity between the human and equine
clinical incidence of cartilage defects makes this animal an excellent pre-clinical model for
human practice, as well as a clinically relevant target animal.

using naTurE as a TEMPlaTE – ExTraCEllular MaTrix sCaffOlds
To drive regeneration, cells, nutrients and bioactive cues are required. Scaffolds may aid
in the delivery of cells to the cartilage defect or induce homing of cells to the appropriate
site. These scaffolds can be considered resorbable delivery vehicles for cells and an anchoring site for their subsequently produced matrix. Moreover, scaffolds can also play a role
in carrying biologically active cues to drive extracellular matrix (ECM) production, and
provide a platform for cells to deposit this matrix in an orderly fashion[31, 32]. Several
scaffold materials have been used over the years, ranging from natural scaffolds, such as
collagen[33, 34], hyaluronic acid[35] or gelatin[36], to synthetic scaffolds, such as PCL[37],
PLLA[38], or PEG[39]. Scaffold structures can be generated through a wide range of
production technologies. For example through casting the scaffold material into a mold,
bioprinting technologies or electrospinning. Each of these techniques results in a specific
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scaffold architecture that stimulates cell attachment, drives cell proliferation and differentiation, enhances ECM deposition and is eventually fully replaced by the regenerated tissue.
The main advantages of using synthetic materials are their relatively good biomechanical
properties, and the possibility of functionalizing the material using biological components,
such as hyaluronic acid (HA), or functional peptides[37]. Moreover, synthetic polymers
can be laid down in 3D constructs[40, 41] while controlling pore-size and architectural
build-up. Their major downside is their restricted biodegradability and limited bioactivity.
The slow degradation rate and acid byproducts of degrading synthetic materials, such as
PLA, interferes with tissue integration and new tissue formation[42]. Natural materials that
can be used for scaffold production, such as collagen, HA or gelatin, bypass the issues of
bioactivity and biodegradability. However, their relative simplicity is in sharp contrast to the
complex build-up of the native cartilaginous tissues.
Approaches addressing the regeneration of tissue types other than cartilage and bone
have focused on using ECM as a scaffold material. ECM scaffolds are already used to regenerate skin, tendons, cardiovascular structures and in vitro visceral organ systems[43-45].
Extracellular matrix in itself is a natural biomaterial. It should, however, be considered a
natural biomaterial plus as it consists of multiple components, rather than just one selected
protein such as collagen. Extracellular matrix scaffolds are based on allogeneic and sometimes xenogeneic matrix that have undergone a decellularization process to remove all
residing cells to prevent adverse immune responses[46]. Decellularization does, however,
preserve the multiple components and bioactive cues that allow ECM scaffolds to be more
like the naturally complex ECM[47]. The retention of all these functional components aids
in tissue regeneration. The limited regenerative capacity of cartilaginous tissues makes
the use of ECM scaffolds a new field of interest in cartilage tissue engineering. Currently,
cartilage ECM scaffolds can be made from in vitro grown tissues[48] or from allogeneic and
xenogeneic cartilage particles[49]. However, their true value for (osteo-)chondral repair has
yet to be determined.

aiMs and OuTlinE Of This ThEsis
The overall aim of this thesis is to evaluate a new approach to osteochondral repair by
using natural cartilage ECM to promote cartilage tissue regeneration. To this extent this
thesis consists of two parts. Part A aims at the characterization of articular cartilage, and
to evaluate the morphological differences in both human and equine articular cartilage
throughout the different layers. These studies were performed to underscore the rationale
for choosing the equine model to further evaluate osteochondral repair. The aim of part B
of this thesis is to investigate natural ECM scaffolds as a platform for (osteo-)chondral tissue
engineering both in vitro and in vivo in equine experimental subjects.
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Part i:
In Chapter 2 we characterized and compared the zonal characteristics of articular cartilage of both equine and human origin. Next, in Chapter 3 we draw a correlation between
cartilage thickness and body mass across different species ranging from mice to elephants,
putting the strong resemblance between equine and human cartilage in a broader perspective. In Chapter 4 we studied a new technique to non-destructively analyze the depthdependent proteoglycan distribution in ex vivo samples.

Part ii:
The second part of this thesis focuses on using natural cartilage ECM to promote cartilage
tissue regeneration. In Chapter 5 an overview is given of the literature regarding ECM
scaffolds for osteochondral repair. Chapter 6 then describes the differences in response of
multipotent stromal cells and chondrocytes to a decellularized cartilage-derived scaffold.
Subsequently, Chapter 7 describes the protocol to develop these cartilage-derived matrix
scaffolds in more detail. To illustrate the versatility of cartilage-derived matrix scaffolds, we
describe the use of these scaffolds to drive endochondral bone regeneration in vivo in Chapter 8. In Chapter 9 we describe that varying the particle size in the production of decellularized cartilage-derived matrix scaffolds has no effect on their capacity to form cartilage-like
tissue. Lastly, Chapter 10 describes the first equine pilot study in which cartilage-derived
matrix scaffolds are evaluated for osteochondral repair as a first step towards a larger animal
study in the future. Final thoughts and points of discussion regarding the architectural
make-up of cartilage tissue and the use of ECM scaffolds in cartilage tissue engineering are
addressed in Chapter 11.
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aBsTraCT
Articular cartilage defects are common after joint injuries. When left untreated, the
biomechanical protective function of cartilage is gradually lost, making the joint more
susceptible to further damage, causing progressive loss of joint function[1] and eventually
osteoarthritis (OA). In the process of translating promising tissue-engineering cartilage
repair approaches from bench to bedside, pre-clinical animal models including mice,
rabbits, goats, and horses, are widely used[2]. The equine species is becoming an increasingly popular model for the in vivo evaluation of regenerative orthopedic approaches[3].
As there is also an increasing body of evidence suggesting that successful lasting tissue
reconstruction requires an implant that mimics natural tissue organization, it is imperative
that depth-dependent characteristics of equine osteochondral tissue are known, to assess
to what extent they resemble those in humans. Therefore, osteochondral cores (4-8mm)
were obtained from the medial and lateral femoral condyles of equine and human donors.
Cores were processed for histology and for biochemical quantification of DNA, glycosaminoglycan (GAG) and collagen content. Equine and human osteochondral tissues possess
similar geometrical (thickness) and organizational (GAG, collagen and DNA distribution
with depth) features. These comparable trends further underscore the validity of the equine
model for the evaluation of regenerative approaches for articular cartilage.
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BriEf rEPOrT
Osteochondral cores (4-8mm) were taken from the central sites of both medial and lateral
femoral condyles of cadaveric horses (n=15 for cartilage thickness, n=14 for biochemical
analysis, mean age: 10.5 years) and humans (n=7 for biochemical analysis, n=23 for cartilage
thickness, mean age: 74.4 years). Donor horses had been euthanized for reasons unrelated
to their femorotibial joints. Human material was obtained from human cadavers. After
harvest, osteochondral cores were either fixed in 10% formalin (for histology) or frozen at
-20˚C for biochemical analyses.
Osteochondral samples for histology were decalcified using Luthra solution (3.2% 11M
HCl, 10% formic acid in distilled water). After decalcification, samples were dehydrated,
cleared in xylene and embedded in paraffin. Subsequently, the samples were sectioned
(5μm) and stained with hematoxylin and eosin for cells or with hematoxylin, fast green and
Safranin-O for proteoglycan distribution. The sections were examined using a light microscope (Olympus, BX51, USA) and scored according to the histological and histochemical
grading system (HHGS) as described by Mankin et al.[4].
The cartilage of the frozen osteochondral plugs was sectioned in the tangential plane,
i.e. parallel to the joint surface, to yield 50µm slices using a cryotome (Cryocut 1800,
Leica, Germany). Four consecutive sections were stored together as 200µm aliquots (approximately 15mg tissue) at -20˚C until further use. After thawing, samples were digested
overnight in 20ml papain solution (0.01M cysteine, 250mg/ml papain, 0.2M NaH2PO4 and
0.01M EDTA) per mg cartilage tissue at 60˚C. The cartilage digests were used for glycosaminoglycan (GAG), DNA and collagen analysis. GAG content was determined spectrophotometrically after reaction with dimethylmethylene blue (DMMB, Sigma-Aldrich, USA) as
previously described[5]. DNA content was determined using the Picogreen DNA assay (Invitrogen, P7589) in accordance with the manufacturer’s instructions. Collagen content and
cross-links were analyzed by HPLC-MS/MS using multiple reaction monitoring (MRM).
Cartilage samples were hydrolyzed (110˚C, 18–20h) in 6M HCl. Homo-arginine was added
to the hydrolyzed samples as an internal standard, after which they were vacuum-dried and
dissolved in 30% methanol containing 0.2% heptafluor buteric acid (HFBA). The supernatants were subjected to HPLC-MS/MS analysis, using an API3000 mass-spectrometer
(Applied Biosystems/MDS Sciex, Foster City, CA) at a source temperature of 300˚C and a
spray voltage of 4.5kV. Amino acids were separated on a Synergi MAX-RP 80A (250 x 3mm,
4µm) column (Phenomenex Inc., Torrance, CA) at a flow rate of 400µl/min, using a gradient
from MilliQwater (Millipore, Billerica, MA) containing 0.2% HFBA to methanol. Amino
acids and collagen were analysed in MRM mode using the mass transitions 189.2/143.7 for
homo-arginine, 131.8/67.8 for hydroxyproline (Hyp). Data were analysed by reference to
the corresponding calibration curves and corrected for the recovery of internal standard.
Collagen content was calculated as follows: µg collagen (pmol Hyp/300)*0.3 (300 is the
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number of Hyp residues in one collagen triple helix, 0.3 is the molecular weight of collagen,
300,000Da).
To measure cartilage thickness, digital images of hematoxylin and eosin-stained sections
were analysed using cell^F software (Olympus, USA). Average thickness of the articular
cartilage of each sample was determined by averaging 4 measurements per image at different locations.
Statistical comparisons of Mankin scores and cartilage thickness were conducted using a
paired two-tailed Student’s t-test. For comparison of the GAG, DNA, and, collagen content
at each of the different depths a repeated measurement analysis (one-way ANOVA) was
performed, followed by a Bonferroni post-hoc test. Significance level was set at a p-value
smaller than 0.05. All data are represented as mean ± standard deviation.
Cartilage from both the lateral and medial femoral equine condyles was macroscopically
healthy, as confirmed by relatively low average Mankin scores (0.9±0.9, Figure 1A). Mankin
scores for human osteochondral tissues were higher (3.7±1.8, Figure 1B), illustrated by early
signs of OA with increasing age in these samples, such as decreased staining for proteoglycans (Figure 1A and 1B) and hypercellularity.
Equine cartilage thickness ranged from 0.96-3.13mm, closely resembling cartilage thickness observed in the human samples (0.65-3.52mm). The equine cartilage at the centre of
the medial femoral condyle was significantly thicker than on the lateral side (2.19±0.80mm
vs. 1.35±0.31mm, p=0.003) (Figure 1C). Cartilage thickness on the human femoral condyles
did not show a statistically significant difference between the medial and the lateral side
(2.01±0.75mm vs.1.96±0.45mm, p=0.95).
The GAG content significantly increased over the first 600mm from the surface in both
the lateral and medial equine samples (lateral p=0.001 and medial p=0.0002, Figure 2A),
beyond this depth, GAG levels stayed constant until the bone-cartilage interface. The same
trend was observed for human cartilage tissue from both the lateral and medial condyles
with only a significant difference between 400µm and 600µm on the lateral condyle
(p=0.041) (Figure 2B).
DNA content in samples derived from both the medial and the lateral equine femoral
condyle decreased with depth up to approximately 1000mm, whereafter a relatively constant
level was reached (Figure 2C). Both lateral and medial equine condyles showed significant
differences between subsequent 200µm sections (lateral respectively, p=0.002, p=0.0004,
p<0.0001, p<0.0001 and medial respectively, p=0.002, p<0.0001, p<0.0001, p<0.0001).
When comparing the lateral and medial equine condyles, no significant differences in DNA
content were observed in the first 200µm sections. However, the deeper layers had a significantly lower DNA content in the medial equine condyle (p=0.002). A similar decreasing
trend in DNA content was observed in human cartilage, although no significant differences
were found between the subsequent 200µm sections (Figure 2D).
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figure 1: Safranin-O staining of equine (A) and human (B) articular cartilage from the central sites of the femoral condyles. Average thickness of equine and human cartilage from the central sites of the femoral condyles
(C). A significant difference was observed between the lateral and medial condyle of equine samples (p<0.01).

No significant differences in hydroxyproline, as a measure of collagen content, were observed with depth or location (lateral and medial) in equine and human articular cartilage
(Figure 2E and 2F).
The in vivo evaluation of cartilage tissue engineering applications is inevitable when
aiming at the implementation of new regenerative techniques. Over the past few years, the
equine model has gained popularity for this purpose[2, 3], but more insight is required in
the histological and biochemical characteristics of equine cartilage and how these relate to
the human situation to better appreciate the value of this model.
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figure 2: Depth-dependent biochemical content of equine GAG (A), DNA (C), and hydroxyproline (E) and
human GAG (B), DNA (D) and hydroxyproline (F). Statistical differences (p<0.05) are indicated by *.

Cartilage thickness allows for the accommodation of the stresses and strains that are
exerted on the cartilage matrix[6] during daily movement and is thus an important factor
when choosing a suitable animal model. Cartilage thickness of the equine and human knee
joints was found to be within the same range and in line with earlier reports[7, 8]. This is
of relevance when studying the healing capacity of the tissue after creating a full-thickness
critical size defect. It is known that in smaller animal species, such as rabbits, average osteochondral defects are smaller due to the thinner cartilage in these animals[7]. Thinner
cartilage often leads to cartilage defects that protrude into the subchondral bone or growth
plate, thereby stimulating spontaneous repair. Results obtained from small animal studies
are therefore more difficult to extrapolate to the human situation.
The significant difference in cartilage thickness between the lateral and medial condyle in
equine tissue might be attributed to the larger loading that the medial condyle experiences.
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Indeed, it has been suggested that cartilage thickness is area-specific and proportional to local loading[7]. Joint congruency plays a role too with thinner cartilage in a more congruent
joint, as the stresses can more easily be distributed over a larger surface area[8]. A higher
degree of congruence of the lateral equine condyle may explain the difference with the human knee joints, where we did not observe a significant difference in cartilage thickness
between the lateral and medial condyle (n=23), which is in line with earlier reports[8].
This may be a gradual difference, however, as Hall and Wyshak[9] investigated cartilage
thickness on arthrograms (n=370) of young (average age 34.7 years) patients and found a
small but significant difference, suggesting that differences in thickness between the medial
and lateral femoral condyle are not non-existent in humans, but less evident than in horses.
GAGs are important extracellular matrix components in articular cartilage; they attract
water molecules and thereby aid in shock absorbance[10]. This is the first time that depthdependent GAG concentrations were biochemically quantified in the equine femorotibial
joint. Previous research has only focused on the metacarpophalangeal joint and showed
depth-dependent distributions, similar to our findings[11].
Collagen is another key building block of articular cartilage, providing structural integrity
and tensile strength[10]. Throughout the different layers of articular cartilage, the orientation of the collagen fibrils changes, from parallel in the superficial zone to perpendicular
in the deep zone[12]. This contributes to the different mechanical properties of each of the
three zones. In the present study, no distinct significant differences were found in collagen
content throughout the different cartilage layers in either equine or human samples. This
suggests that although the alignment of the fibers changes throughout the tissue, the collagen content remains stable.
DNA content showed a clear depth-dependent distribution in both equine and human
tissue with declining cell numbers with increasing distance to the surface, in line with previous reports[13]. No substantial differences were observed in DNA content between equine
and human tissue, which is noteworthy, as cellularity of the cartilage tissue is known to be
higher in smaller animals[14]. The increased cell number may relate to the more naturally
occuring spontaneous cartilage repair in smaller animals, which again brings about extrapolation issues towards the human situation.
The comparable trends in GAG, collagen and DNA distributions throughout the different
layers in both human and equine articular cartilage underscore the translational value of the
equine model. However, there are additional advantages to using this model. First, naturally
occuring cartilage defects due to osteochondrosis or trauma are not uncommon in equine
veterinary medicine. Hence, performing pre-clinical testing of regenerative cartilage repair
applications in the horse may be of direct clinical benefit to the species itself. Furthermore,
the size of the equine femorotibial joint allows for second-look arthroscopies to evaluate the
ongoing repair process in vivo and allows for monitoring by means of biomarker analysis of
serially sampled synovial fluid[15]. Moreover, long-term follow-up studies are impossible
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in small rodents, but pivotal in evaluating functional performance of cartilage regenerative
techniques. Lastly, the high degree of mechanical loading in the equine knee joint is advantageous for pre-clinical evaluation of new therapies, as novel cartilage regenerative applications that are successful in horses are much more likely to survive the less biomechanically
challenging environment of the human knee joint.
In conclusion, these findings add to the knowledge base on comparative equine and
human osteochondral biology and may provide valuable information for researchers who
consider using the equine model for pre-clinical animal testing of new cartilage tissue
engineering applications.
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aBsTraCT
Mammalian articular cartilage serves diverse functions, including shock absorption,
force transmission and enabling low-friction joint motion. These challenging requirements
are met by the tissue’s thickness combined with its highly specific extracellular matrix, consisting of a glycosaminoglycan-interspersed collagen fiber network that provides a unique
combination of resilience and high compressive and shear resistance. It is unknown how
this critical tissue deals with the challenges posed by increases in body mass.
For this study, osteochondral cores were harvested post-mortem from the central sites of
both medial and lateral femoral condyles of 58 different mammalian species ranging from
25g (mouse) to 4000kg (African elephant). Joint size and cartilage thickness were measured
and biochemical composition (glycosaminoclycan, collagen and DNA content) and collagen cross-links densities were analyzed.
Here, we show that cartilage thickness at the femoral condyle in the mammalian species
investigated varies between 90μm and 3000μm and bears a negative allometric relationship
to body mass, unlike the isometric scaling of the skeleton. Cellular density (as determined
by DNA content) decreases with increasing body mass, but gross biochemical composition
is remarkably constant. This however need not affect life-long performance of the tissue in
heavier mammals, due to relatively constant static compressive stresses, the zonal organization of the tissue and additional compensation by joint congruence, posture and activity
pattern of larger mammals.
These findings provide insight in the scaling of articular cartilage thickness with body
weight, as well as in cartilage biochemical composition and cellularity across mammalian
species. They underscore the need for the use of appropriate in vivo models in translational
research aiming at human applications.

Relating cartilage thickness and body mass

inTrOduCTiOn
Articular cartilage is a heavily challenged tissue, as its main functions (shock absorption,
force transmission and enabling low-friction movement of joints) require a combination
of both great resilience and high compressive and shear resistance[1]. These demands are
difficult to reconcile, but the tissue succeeds in doing so by the specific characteristics of its
extracellular matrix (ECM) that consists of a glycosaminoglycan-interspersed collagen fiber
network[2]. As articular cartilage is aneural, avascular and of low cellularity, its ECM is of
relatively homogeneous composition. The downside, however, is that this constitution is
thought to be the underlying cause of the very limited regenerative capacity of the tissue[3].
There is a huge difference in adult body mass amongst the currently living mammalian
species. A mouse may weigh as little as 25 grams, whereas an African elephant easily reaches
4 tons, which represents 150,000-fold increase in body mass. The cube square law[4] stipulates that with increasing volume of a body, total mass increases with the third power of unit
length, while the cross-sections of the supporting structures only increase with the second
power, thus resulting in a linear increase in potential load (force per unit area) on these
structures. The mammalian skeleton (y) generally scales proportionally[5] (isometrically; y
= bxa; a = 0.33) with body mass (x), and to compensate for the relatively higher loading of
specific supporting structures, bone mass increases at certain sites[5,6,7,8] and thus scales
with positive allometry (a>0.33). However, the basic biological requirement for bone is to
provide rigidity, which is more straightforward than the specific demands cartilage has
to meet. Thus far, little is known about how articular cartilage deals with the challenges
posed by increases in body mass[9]. The biochemical composition of the cartilage varies
significantly over different topographical locations of the joint surface[10,11,12], and glycosaminoglycan (GAG) content appears to be dependent on local tissue loading[10,13,14].
While some significant differences in cartilage biochemical composition have been demonstrated between species[15], it is not known to what extent a similar mechanism would be
necessary and may indeed exist to accommodate for the much larger differences in loading
generated by the size differences between species.
Increases in thickness are likely to be limited by the avascular nature of cartilage. Previous
studies in small groups of mammals, however, demonstrated that cartilage thickness does
increase with increasing body mass[16,17,18]. Simon[16] found that cartilage thickness in 5
species of quadrupeds (mouse, rat, dog sheep, and cow) generally increased with body mass
although marked variations were noted. Interestingly, Simon did not observe a consistent
relationship between tissue thickness and the estimated compressive stress on the joint[16].
Stockwell[17] also showed that overall articular cartilage thickness is proportional to body
mass in 8 mammalian species (mouse, rat, cat, rabbit, dog, sheep, man, and cow), although
human cartilage was found to be relatively thicker. While these studies are helpful, they
unfortunately comprised only a few species, were not fully conclusive, and failed to find
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evidence of a mechanism that may compensate for the more than proportional increase in
potential loading that follows from the cube-square law.
We investigated the thickness and composition of the articular cartilage at the femoral
condyle in 58 mammalian species with a wide variation in body mass. The hypotheses to
be tested were that, (1) due to diffusional constraints[19,20], cartilage thickness, unlike
the dimensions of bones, cannot scale isometrically with increasing body mass and hence
will be relatively thinner in larger animals; (2) a high cellularity of the articular cartilage
could only be sustained in mammals with a low body mass; and (3) dramatic changes in
extracellular matrix composition would not be required in view of the previously reported
similar static compressive stresses in the articular cartilage of various species[16]. The
results indeed show that cartilage thickness scales with negative allometry with body mass
and that collagen and glycosaminoglycan content remain relatively constant over a wide
body mass range.

MaTErials and METhOds
Tissue harvest
Osteochondral cores were harvested post-mortem from the central sites of both the
medial and lateral femoral condyles of different-sized mammals sent in for autopsy at the
Department of Pathobiology, Faculty of Veterinary Medicine, Utrecht University, The Netherlands. Prior to harvest, animal species, age and body mass were recorded and macroscopic
photographs of the joints were taken. Joints demonstrating macroscopic signs of cartilage
degeneration, a microscopic Mankin score above 7 (see histology) or originating from
skeletally immature animals were excluded. Human tissue samples were obtained from
the Department of Pathology, University Medical Center Utrecht, The Netherlands, with
approval of the local ethics committee and in line with the Dutch code of conduct “Proper
Secondary Use of Human Tissue” as installed by the Federation of Biomedical Scientific
Societies. In total, tissue was harvested (121 samples for histological and 84 for biochemical
analysis) from mammals belonging to 58 different species (Table 1).

histology
Osteochondral tissue samples for histology were decalcified using Luthra solution (3.2%
11M HCl, 10% formic acid in distilled water), dehydrated, cleared in xylene, embedded in
paraffin and cut to yield 5μm sections. Sections were either stained with hematoxylin and
eosin for image analysis or with hematoxylin, fast green and Safranin-O for measurement
of cartilage thickness from the surface down to the chondro-osseous junction and for osteoarthritic grading using the Mankin score[21]. Digital images were analyzed using cell^F
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Table 1: Number of animals per species included in this study.
Species

Average body
mass (kg)

Histology (n)

Biochemistry (n)

1

Mouse (Mus Musculus)

0.025

5

2

Pygmy marmoset (Callithrix pygmaea)

0.13

1

3

Common marmoset (Callithrix jacchus)

0.3

1

1

4

Rat (Rattus sp.)

0.3

5

4

5

Cotton-top or Pinché tamarin (Saguinus oedipus)

0.34

1

1

6

Eurasian Red squirrel (Sciurus vulgaris)

0.4

1

7

Cape Ground squirrel (Xerus inauris)

0.65

1

8

Guineapig (Cavia porcellus)

0.78

3

3

9

Potto (Perodicticus potto)

0.99

1

1

10 Ferret (Mustela putorius furo)

1.3

1

2

11 White-faced saki (Pithecia pithecia)

2

1

1

12 Ring-tailed lemur (Lemur catta)

2.2

1

2

13 Opossum (Didelphis sp.)

2.4

1

1

14 Oriental small-clawed otter (Aonyx cinerea)

2.81

15 Hare (Lepus sp.)

3.1

2

4

16 Rabbit (Oryctolagus cuniculus)

3.7

6

7

17 South American coati (Nasua Nasua)

5.1

2

1

18 European otter (Lutra lutra)

6.5

1

1

19 Linnaeus’s two-toed sloth (Choloepus didactylus)

6.5

1

1

7

1

1

21 Vervet monkey (Chlorocebus pygerythrus)

7.7

2

1

22 Southern or Chilean Pudú (Pudu puda)

7.8

2

2

23 Woolly Monkey (Lagothrix lagotricha)

8.4

1

1

24 Barbary macaque (Macaca sylvanus)

8.5

2

2

25 Badger (Meles meles)

10

2

2

26 Dikdik (Madoqua kirkii)

10

1

20 Black Mangabey (Lophocebus albigena)

27 Beagle dog (Canis sp.)

1

12

4

2

28 Tammar wallaby (Macropus eugenii)

12.5

2

1

29 Hamadryas baboon (Papio hamadryas)

15.8

3

3

16

1

1

30 Indian crested porcupine (Hystrix indica)
31 Thomson’s gazelle (Eudorcas thomsoni)

18

4

1

19.2

5

2

22

1

1

34 Dutch milk goat (Capri hircus)

25

1

35 West African dwarf goat (Capri sp.)

29

1

1

39.5

4

1

41

2

2

52.5

2

1

32 Roe deer (Capreolus capreolus)
33 Capybara (Hydrochoerus hydrochaeris)

36 Cheetah (Acinonyx jubatus)
37 Impala (Aepyceros melampus)
38 Red Kangaroo (Macropus rufus)

37
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Table 1: Number of animals per species included in this study. (continued)
Species
39 Human (Homo Sapiens)

Average body
mass (kg)

Histology (n)

Biochemistry (n)

68.3

10

2

40 Fallow deer (Dama dama)

70

1

1

41 Gorilla (Troglodytes gorilla)

74

42 Siberian tiger (Panthera tigris)

80

1

43 Reindeer (Rangifer tarandus)

125

1

1

44 Lion (Panthera leo))

148

1

45 Horse (mini-shetland) (Equus sp.)

150

1

1

46 Kudu (Tragelaphus strepsiceros)

150

1

47 Llama (Lama Glama)

160

1

48 Polar bear (Ursus Maritimus)

175

1

1

49 South American tapir (Tapirus terrestris)

250

1

1

50 European moose (Alces alces alces)

343

1

1

51 Watoessi (Bos Taurus Taurus watussi)

350

1

52 Dairy cow (Bovinae)

450

2

53 Giraffe (Giraffa camelopardalis)

555

3

1

54 Horse (Equus ferus caballus)

557

15

13

55 Banteng (Bos javanicus)

600

1

1

56 White rhinoceros (Ceratotherium simum)

1550

2

2

57 Asian elephant (Elaphus maximus)

3350

2

1

58 African Elephant (Loxodonta africanus)

4000

1

Total

121

84

software (Olympus, USA). The average thickness of the articular cartilage of each sample
was determined by averaging 4 measurements per image at different locations.

glycosaminoglycan and dna content
Cartilage samples for biochemical analyses were digested overnight at 60°C in 20µL papain solution (0.01M cysteine, 250µg/ml papain, 0.2M NaH2PO4 and 0.01M EDTA.2H2O)
per mg cartilage tissue. Glycosaminoglycan (GAG) content of the digests was determined
spectrophotometrically after reaction with dimethylmethylene blue reagent (DMMB, Sigma-Aldrich, USA)[22]. DNA content was determined using the Picogreen DNA assay[23]
(Invitrogen, P7589) in accordance with the manufacturer’s instructions.

Collagen content
Hydroxyproline content (as a measure of collagen content) and collagen cross-links were
analyzed by HPLC-MS/MS using multiple reaction monitoring (MRM) as previously described[24]. Briefly, aliquots of digested cartilage samples were hydrolyzed (110°C, 18–20h)
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in 6M HCl. Homo-arginine was added to the hydrolyzed samples as an internal standard.
Samples were vacuum-dried and dissolved in 30% methanol containing 0.2% heptafluor
buteric acid (HFBA). After centrifugation at 13,000g for 10 min, the supernatants were
analyzed with HPLC-MS/MS, using an API3000 mass-spectrometer (Applied Biosystems/
MDS Sciex, Foster City, CA) at a source temperature of 300°C and a spray voltage of 4.5kV.
Amino acids were separated on a Synergi MAX-RP 80A (250 x 3mm, 4µm) column (Phenomenex Inc., Torrance, CA) at a flow rate of 400µL/min, using a gradient from 0.2% HFBA
in MilliQwater (Millipore, Billerica, MA) to 100% methanol (Biosolve, Valkenswaard, The
Netherlands).

statistics
Statistical comparison of the medial and lateral cartilage thicknesses was conducted using
a paired one-sample Student’s t-test on the ratios. For correlations between body mass and
cartilage thickness, a regression analysis using a power curve fit was performed. Statistical comparison of the obtained power coefficient with the theoretical coefficient of 0.33
(isometric scaling) was performed using a one-sample T-test. Significance of both tests was
assumed at p<0.05.

rEsulTs
The total width of the lateral and medial condyles was analyzed (Figure 1) as a measure of
joint size in the 58 different species of mammals evaluated (Table 1). We found an increase
in total condyle size with body mass that scaled according to an isometric relation (a=0.337,
Figure 1), in line with previous observations on the scaling of the mammalian skeleton.
Histological analysis revealed a relatively higher bone density of the subchondral bone in
larger species in our study (Figure 2).
Within the cartilage tissue of all species, a decreased intensity of Safranin-O staining was
observed within the superficial layers compared to the deeper layers, indicative of lower
glycosaminoglycan content in the upper tissue regions (Figure 2).
We found that the thickness of the calcified plus non-calcified cartilage layer on the summits of the lateral and medial femoral condyles varied widely between species (Figure 3),
ranging from about 90µm in the mouse to 2,000µm in humans and approximately 3,000µm
in the Asian elephant (Figure 3, Table 2). Moreover, cartilage thickness was (on average per
species) significantly greater at the medial than at the lateral condyle (15%, p=0.004).
There was a direct relationship between cartilage thickness and body mass, but our data
reveal that cartilage thickness increased less than would be expected based on isometric
scaling of the skeleton (as illustrated in Figure 1), and consequently bore a negative allometric relationship to body mass over the range 25g (mouse) – 4,000kg (African elephant)
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figure 1: Scaling of the knee joint. The total average width of the articulating lateral and medial condyles per
species follows an isometric relationship with body mass (a=0.337, R2=0.96), illustrating the isometric scaling
of the entire skeleton. Image shows the lateral and medial condyles of a cheetah.

A

B

C

figure 2: Safranin-O staining (stains GAGs red) of osteochondral tissue of the (A) rat, (B) barbary macaque
and (C) white rhinoceros. Scale bars indicate (A) 200µm, (B) 400µm, and (C) 1000µm.

for both the lateral (a=0.262; R2=0.80, p<0.001) and medial (a=0.280; R2=0.79, p<0.001)
condyles (Figure 3). The obtained power coefficients (a) were significantly different from
the theoretical coefficient of 0.33 for both lateral (p<0.001) and medial (p=0.01) sites.
The average overall GAG content across species (lateral: 47±14µg per mg, medial:
49±15µg per mg cartilage) appeared not to be related to body mass (Figure 4A). In addition,
hydroxyproline content, as a measure of collagen content, (lateral: 350±154nmol hydroxyproline per mg, medial: 419±180nmol hydroxyproline per mg) was also independent of
body mass across different species (Figure 4B). In contrast, an inverse relationship between
DNA content and body mass was observed (lateral: R2=0.50 and medial: R2=0.51) (Figure
4C), resulting in a rapid decrease in DNA content with increasing body mass, particularly
in the 25g-10kg range.
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figure 3: Average mammalian articular cartilage thickness per species at the center of lateral (black diamonds)
and medial (open squares) condyles varies allometrically with body mass (a=0.262 and a=0.280, respectively).
Table 2: Cartilage thickness at the lateral en femoral condyles of selected species. *=only one sample was available.
Species

(n)

Thickness Lateral ±SD (µm)

Thickness Medial ±SD (µm)

Mouse (Mus Musculus)

5

99±32

87±13

Rat (Rattus sp.)

5

213±29

235±46

Rabbit (Oryctolagus cuniculus)

6

455±119

470±139

Vervet monkey (Chlorocebus pygerythrus)

2

540±142

707±48

Beagle dog (Canis sp.)

4

476±146

849±184

Hamadryas baboon (Papio hamadryas)

3

805±85

1087±145

Cheetah (Acinonyx jubatus)

4

919±152

999±297

Human (Homo Sapiens)

10

2014±512

2050±780

Horse (Equus ferus caballus)

15

1283±205

2309±726

White rhinoceros (Ceratotherium simum)

2

2119*

2502±192

Asian elephant (Elaphus maximus)

2

2413±101

3021±335

figure 4: Average (A) glycosaminoglycan (GAG) and (B) hydroxyproline (Hpro) content of the articular cartilage per species is independent of body mass, whilst an inverse relation was observed for (C) DNA at the lateral
(black diamonds, a=-0.327) and medial (open squares, a=-0.282) condyles.
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Since structural features of the collagen network might also influence the mechanical
properties of the tissue, collagen cross-links were analyzed as well. However, no significant
correlation between lysyl-pyridinoline (LP) or hydroxylsyl-pyridinoline (HP) cross-link
density and body mass was found (Figure 5).

figure 5: Average collagen cross-link content as a function of body mass. (A) Lysyl-pyridinoline (LP) and (B)
hydroxylsyl-pyridinoline (HP) cross-links are independent of body mass at the lateral (black diamonds) and
medial (open squares) condyles.

disCussiOn
The present study shows for the first time that cartilage thickness at the femoral condyle
bears a negative allometric relationship body mass, unlike the size of the mammalian
skeleton that generally scales proportionally (isometrically) with body mass[5,6,7,8]. In
addition, we show that cellular density (as determined by DNA content) decreases with
increasing body mass particularly in the lower end of the mass spectrum, but that gross
biochemical composition is remarkably constant over a wide range of mammalian body
mass.
The condylar cartilage thicknesses reported here are in line with the outcomes of earlier studies investigating cartilage thicknesses in small groups of animals of different species[16,17,18]. Moreover, the average greater thickness of the medial compared to the lateral
condyle is also in line with previous reports on a number of different species including
the horse[25], cow[26], sheep[27] and rabbit[28]. Cartilage thickness scaled according to
a negative allometric relationship with body mass; i.e., based on the thickness observed in
small mammals and assuming proportional scaling, one would have expected a considerably greater tissue thickness (approximately 4,500-6,000µm) than the actual observed value
(3,000µm) for the African elephant. This lower-than-expected increase in tissue thickness
may be related to diffusional constraints, as adult articular cartilage lacks vascularization[20,29]. Interestingly, recent research on fossilized material of the largest land creatures
that ever lived, the dinosaurs, revealed traces of vascularization to potentially sustain the
substantially thicker articular cartilage[30]. In contrast to our findings, previous investiga-
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tions[16,17,26] have suggested a positive allometric relationship between articular cartilage
thickness and body mass. These studies were however performed on only a small number
(5-8) of mammalian species of less than 300kg, analyzed the maximum cartilage thickness
in the joint and included skeletally immature animals[16,17,26]. These factors likely explain
the overestimation of cartilage thickness in the larger species in these studies.
Besides variation in thickness, the mechanical characteristics of articular cartilage are
determined by the interplay of its three main biochemical constituents: collagen, proteoglycans and water. Although some species differences in biochemical composition of the
articular cartilage have previously been demonstrated[15], we found that gross biochemical
composition is remarkably constant. It should be noted however that the DMMB assay[22]
we employed is a rather crude technique for GAG quantification that for example does
not discriminate between keratan sulphate and chondrotin sulphate[31]. The ratio of these
components in the cartilage may significantly affect the overall fixed charge density[31],
which in turn will affect the mechanical characteristics of the tissue[32]. Nevertheless, our
results indicate a certain immutability of cartilage ECM with respect to gross composition,
as both collagen content and the abundance of pyridinoline cross-links that heavily influence mechanical properties, were likewise found to be relatively stable over a wide range of
mammalian body mass.
Cartilage DNA content, as a measure of cellular density, decreases with increasing body
mass. This observation is consistent with the finding that cell density in thinner cartilages is
considerably higher[17], although in the current study potential species-specific differences
in DNA content per cell were not taken into account. The relatively high DNA content in
mouse and rat cartilage is not a specific feature of rodent cartilage, as the cartilage of the
Capybara (the largest extant rodent in the world), showed considerably lower DNA content,
which is in the range of other similarly-sized mammals. The high DNA content of the thinner cartilages could also be related to the high cell content in the superficial zone of the
tissue[17,25,33,34], which likely contributes relatively more to total tissue thickness in thin
cartilage than in thicker cartilage. Regardless, the relatively high DNA content in the lighter
species is indicative of a higher cellularity of thinner cartilage (as supported by histological
evaluation of tissue cell density). This may impact (positively) on the regenerative capacity
of cartilage in these smaller animals and underscores the need for the use of appropriate in
vivo models[35,36], which approximate the human situation, when evaluating experimental
approaches for cartilage repair.
An increase in mammalian body mass will require adaptations of the musculoskeletal
system to accommodate for higher loading. Alterations in tissue dimensions and/or composition constitute a logical response to such changes. Indeed, articular cartilage biochemical
composition (and with it biomechanical characteristics) have been shown to be both location and age dependent[37,38,39], which may explain the higher variation of the biochemical data in comparison to the joint sized in our study.
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When gross ECM composition is remarkably stable over a large range of species and
body mass, differences may exist at a more detailed (structural/molecular) level. These
may explain previously reported interspecies differences in mechanical properties[32].
Although cartilage is a relatively homogeneous tissue, distinct zones, each with their own
specific compressive properties, biochemical composition and structural organization,
can be distinguished from the articular surface down to the cartilage-bone interface. For
example, the superficial zone is known to exhibit larger strain[40] and to have lower GAG
content[25] compared to deeper zones (in line with our histological Safranin-O stainings).
Moreover, the superficial zone contains a number of specific extracellular matrix components, including lubricin (proteoglycan-4)[41] and clusterin[42] that are not found in
the deeper zones. In addition, the chondroitin sulphate sulphation motifs and the ratio of
chondroitin sulphate to keratan sulphate also vary with depth[31,43]. Collagen content is
relatively stable throughout the depth of the tissue[25], but collagen fibril orientation is
notably depth-dependent[44]. These depth-dependent differences clearly have implications
for the overall mechanical characteristics of tissue with a specific thickness and may hence
contribute to the adaptation to higher loads. Consequently, the potential variation in depthdependent biochemical properties of the cartilage over a range of species and body masses
warrants further investigation.
The limited increase in thickness of cartilage and its biochemical constancy are probably
largely compensated for, as supported by the fact that static compressive stresses in the
joint cartilage among various species are within one order of magnitude and are unrelated
to cartilage thickness[16]. Moreover, compression of the tissue is radially confined and
shear forces are further resisted by bonding with the subchondral bone and periarticular
structures. This, together with the increase in joint surface area in the larger species and
accompanying changes in joint alignment, posture and activity pattern (which are related
to body mass[9]), might be sufficient to compensate for the additional loading. However,
whether the less-than-proportional increase of articular cartilage thickness in larger mammals contributes to a greater susceptibility to degenerative joint disorders in these animals
remains unclear and could be an interesting area of future investigation.

COnClusiOn
Articular cartilage thickness scales according to negative allometry, and, as a result, cartilage is relatively thinner in larger animals. This is potentially due to diffusional constraints,
as is illustrated by the presence of high cell densities only in thin cartilages. However, gross
biochemical composition is remarkably constant over a wide range of body mass, which,
together with the negative allometric scaling of thickness, theoretically leads to a decrease
in biomechanical resistance with increasing body weight. However, an isometric increase in
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thickness may not be required for life-long performance, in light of relatively constant static
compressive stresses on the tissue perhaps facilitated by additional compensatory factors
like congruence, posture and activity pattern of the animal.
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aBsTraCT
Objective: Equilibrium Partitioning of an Ionic Contrast agent with microcomputed
tomography (EPICµCT) is a non-invasive technique to quantify and visualize the threedimensional distribution of glycosaminoglycans (GAGs) in fresh cartilage tissue. However,
it is unclear whether this technique isapplicable to already fixed tissues. Therefore, this
study aimed at investigating whether formalin fixation of bovine cartilage affects X-ray
attenuation, and thus the interpretation of EPIC-µCT data.
Design: Osteochondral samples (n=24) were incubated with ioxaglate, an ionic contrast
agent, for 22h prior to µCT scanning. The samples were scanned in both formalin-fixed and
fresh conditions. GAG content was measured using a biochemical assay and normalized to
wet weight, dry weight, and water content to determine potential reasons for differences in
X-ray attenuation.
Results: The expected zonal distribution of contrast agent/GAGs was observed for both
fixed and fresh cartilage specimens. However, despite no significant differences in GAG
concentrations or physical properties between fixed and fresh samples, the average attenuation levels of formalin-fixed cartilage were 14.3% lower than in fresh samples.
Conclusions: EPIC-µCT is useful for three-dimensional visualization of GAGs in formalinfixed cartilage. However, a significant reduction in X-ray attenuation for fixed (compared to
fresh) cartilage must be taken into account and adjusted for accordingly when quantifying
GAG concentrations using EPIC-µCT.

EPIC-µCT

inTrOduCTiOn
Glycosaminoglycans (GAGs) are one of the most important constituents of articular
cartilage. They provide a net negative charge and aid the cartilage in resisting the large
compressive loads to which it is exposed on a daily basis[1]. GAGs vary in concentration
throughout the depth of articular cartilage, with low concentration in the superficial zone
and increasing concentrations in the middle and deep zones[2]. These variations are functionally important, as they allow for compliant articular surfaces, and a relatively smooth
transition to the stiffer calcified cartilage and subchondral bone[3]. GAG levels are known
to decrease in early osteoarthritis (OA)[1, 4] and are an early indicator of degradation of
cartilage tissue and loss of joint function. Further, the GAG content and distribution in
in vitro cultured tissues may be a key to developing successful tissue engineered cartilage
constructs to replace damaged or degenerated cartilage[5]. Thus, knowledge of GAG
concentration and distribution in native and tissue-engineered cartilage is fundamentally
important to understand the onset and progression of cartilage disease and to develop successful regenerative treatment strategies.
GAG content and distribution in cartilaginous tissues has most commonly been monitored using destructive methods. Typically, small cartilage biopsies are taken, sectioned and
mounted on glass slides, after which GAG content is visualized using histological stains,
such as Safranin-O[6], Alcian blue[7], or Toluidine blue[8]. These techniques are invasive,
creating a defect in clinical situations, and only give two-dimensional information on a relatively small section of the tissue, which may not be representative of the whole tissue. While
there have been efforts to make some of the histological methods quantitative using image
processing techniques[9], they are generally qualitative in nature. For quantification of the
GAG content, pieces of cartilage are commonly digested using an enzyme (e.g., papain or
proteinase K), and analysed using a spectrophotometric method with a specific dye (typically dimethylmethylene blue)[10]. This method is the gold standard for quantification, but
the distribution of GAGs throughout the depth of the tissue is difficult to obtain.
In the past decade, non-invasive means to quantify GAG content have been developed
to overcome the limitations of destructive tests. For example, magnetic resonance imaging (MRI) in combination with a gadolinium contrast, a technique referred to as delayed
Gadolinium-Enhanced MRI of Cartilage (dGEMRIC) has been shown to be effective in
measuring GAG content of articular cartilage[11-13]. However, MR imaging is a costly
process and often does not provide a high enough resolution when looking at thinner layers
of cartilage in smaller animals such as rats or mice[14]. This also poses a problem when
imaging thin layers of in vitro cultured cartilage constructs. GAG content and zonal variations can also be studied by means of microcomputed tomography (µCT) combined with
the contrast agent ioxaglate (Hexabrix®). This method, termed Equilibrium Partitioning of
an Ionic Contrast agent (EPIC) µCT[14-17] is based on the distribution of the contrast
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agent, which is inversely related to the amount of GAGs in the cartilage. It can hence be
used to quantify GAG content even in thin cartilage samples[18]. In particular, a strong
correlation between EPIC-µCT attenuation levels and GAG content measured in digested
tissues was observed[15]. Further, EPIC-µCT has been used to monitor the decrease of
GAG content of bovine cartilage explants after treatment with Interleukin-1 (IL-1)[15], as
well as age-related differences in GAG content in the articular cartilage of rats[17]. The latter study demonstrated that the GAG differences can be detected by EPIC-µCT, not only in
thick cartilage layers, but also in thin cartilage layers e.g., present in smaller animal models.
Thus far, GAG content has only been quantified by EPIC-µCT using freshly harvested
specimens, rather than formalin-fixed ones[14, 15, 17, 19]. For EPIC-µCT, fresh samples
must be scanned immediately after excision, limiting the settings in which this technology can be used. The ability to use formalin-fixed samples would offer the opportunity of
non-invasive GAG quantification of multiple samples over more extensive periods of time.
Moreover, degradation of the proteoglycan network would be prevented, facilitating easier
sample handling. Further, pre-fixed archival samples could be analysed to determine threedimensional (3D) GAG concentration and distribution. Thus, extension of EPIC-µCT to
formalin-fixed samples would have significant impact on the high-resolution quantification
of GAG content and distribution in a broad range of small and large cartilage samples.
Therefore, we evaluated the effect of formalin fixation on EPIC-µCT imaging in bovine
cartilage samples.

MaTErials and METhOds
design and tissue harvest
Adult bovine osteochondral tissue was obtained from a local abattoir. Twenty-four osteochondral fragments of approximately 3mm x 5mm were obtained from the trochlear groove
using a hacksaw, with phosphate buffered saline (PBS) irrigation. The fragments were stored
overnight at 4°C in PBS with protease inhibitors (2mM Na2-EDTA, 1mM PMSF, 5mM
Benz-HCl, 10mM NEM) (all Sigma-Aldrich, St. Louis, MO, USA) to prevent degradation.
The osteochondral samples were divided into three groups (group I, group II, group IIIa and
group IIIb). All samples were incubated in 1mL of an ionic contrast agent solution (1mL
40% ioxaglate (Hexabrix®, Mallingckrodt, Hazelwood, MO)/60% PBS with protease inhibitors) for 22 hours at 37°C with continuous shaking immediately prior to imaging. This time
was shown previously to be sufficient for reaching equilibrium[15], and was verified by pilot
studies. Group I was incubated directly with ioxaglate and scanned immediately afterwards.
Group II was first fixed in 10% neutral buffered formalin for 48 hours, then incubated in
ioxaglate and then scanned. Group III was incubated immediately with ioxaglate (like group
I) and scanned (group IIIa). Subsequently, the samples were incubated in PBS at 4°C for

EPIC-µCT

48 hours to allow for ioxaglate desorption. Then, the samples were fixed in 10% neutral
buffered formalin for 48 hours, incubated in ioxaglate for a second time and scanned (group
IIIb) (Figure 1). This allowed us to study the intra-group variation of attenuation levels
before and after formalin fixation.

figure 1: Diagram of experimental protocol for EPIC-uCT imaging of the three experimental groups. Samples
in Group I were scanned directly after incubation with ioxaglate. Samples in Group II were fixed prior to ioxaglate incubation and scanning. Samples in Group III were first imaged as samples in Group I, then washed in
PBS, fixed, incubated with ioxaglate and imaged again.

From each of the groups, five samples were randomly selected for biochemical GAG
analysis. The three remaining samples from group II were used for Safranin-O staining. The
remnants of the proteinase K digestion of the fixed samples were also used for Safranin-O
staining.

MicroCT
MicroCT scanning was performed at standard resolution in the µCT40 (Scanco Medical,
Brüttisellen, Switzerland) at 45kVp, 177µA, resulting in 12µm isotropic voxel size. Scanco
µCT software (Scanco Medical, Brüttisellen, Switzerland) was used for the analysis of the
osteochondral cores. A cubic volume of interest (2mm x 2mm x cartilage thickness) was
defined, and threshold values were determined visually for segmenting the cartilage from
the osteochondral bone, using a Gaussian filter with sigma of 1.2 and a support of 2.
Attenuation levels (presented in Hounsfield Units (HU)), which are proportional to the
concentration of ioxaglate, and inversely related to the GAG concentration, were calculated
using the Scanco software. Three-dimensional images of the osteochondral fragments were
generated using the Scanco software for visual inspection of the zonal distribution of GAG
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concentration. Additionally, attenuation levels from 2mm x 2mm x 0.012mm slices from
the top 20% (superficial zone), next 40% (middle zone), and bottom 40% (deep zone) were
averaged for a representative sample from Group III before and after fixation to further
investigate zonal differences in attenuation. The cartilage thickness before and after fixation
was calculated using a direct distance transformation algorithm. Further, the change of
thickness was also evaluated by a shell-to-shell comparison of a single sample from Group
III. A difference map showing the deviations of the cartilage surfaces was created by aligning and comparing STL files of a 1mm cross-section, scanned before and after fixation,
using Rapidform 2006 (INUS Technology Inc., Seoul Korea).

histology
Samples from group II and group III were used for Safranin-O staining. Samples were
decalcified in EDTA (Sigma-Aldrich) before they were dehydrated through a graded ethanol series, cleared in xylene and embedded in paraffin. Embedded samples were sectioned
to yield 5μm sections, which were stained using a triple stain of haematoxylin, fast green
FCF (0.001% w/v) and Safranin-O (0.1% w/v) (all from Sigma-Aldrich). The sections were
examined using a light microscope (Olympus, BX51, United States) and photomicrographs
taken with a Olympus DP70 camera (United States).

wet weight/dry weight
For the determination of the wet and dry weight, articular cartilage samples were separated from all the visible subchondral bone using a scalpel (n=5 per group), and weighed
(wet weight). Subsequently, samples were snap frozen in liquid nitrogen, lyophilized
(Martin-Christ, Germany), and weighed (dry weight).

glycosaminoglycan assay
Lyophilized cartilage samples were digested with 0.5mg/mL proteinase K (Invitrogen,
Carlsbad, USA) at 60°C overnight. Absorbance was measured at 525nm in a microplate
reader (Biorad, Philadelphia, USA) after reaction with dimethylmethylene blue (SigmaAldrich), and GAG content was calculated using a standard of chondroitin sulphate C
(Sigma-Aldrich) [10].

statistical analysis
Statistical comparisons were made using a 2-tailed Student’s t-test with significance
determined by a p-value smaller than 0.05. For comparisons of samples scanned before and
after fixation (Group III), paired t-tests were used. All data are represented as mean and 95%
confidence interval (lower limit, upper limit). Analysis of variance (ANOVA) was used to
compare Group I, Group II and Group III with significance determined by a p-value smaller
than 0.05.
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rEsulTs
The presence and zonal distribution of GAGs throughout the bovine articular cartilage
tissue samples was confirmed by means of Safranin-O staining (Figure 2A), which is directly proportional to the GAG content [9]. The intensity of the staining in the cartilage
tissue increased from the superficial layer towards the deeper layers.

figure 2: Safranin O staining of (A)
fixed bovine osteochondral explant
and (B) fixed bovine articular cartilage following overnight digestion
with proteinase K. Safranin-O stains
GAG red, Fast Green FCF stains proteins green and haematoxylin stains
nuclei blue. GAG staining was depthdependent in (A) fixed bovine cartilage but not observed in (B) proteinase K digested bovine cartilage.

The average attenuation, as an indirect measure of overall GAG content of the unfixed
samples, did not significantly differ between Group I and Group IIIa (n=8, 3667.3 (3357.63977.0) HU vs. 3618.1 (3248.0-3988.1) HU, p=0.66. However, fixation prior to EPIC-μCT
imaging (Group II) resulted in a significant decrease of the attenuation by 14.3% compared
to that of unfixed samples (Group I) (n=8, 3142.2 (2812.8-3471.5) HU vs. 3667.3 HU,
(3357.6-3977.0) HU, p<0.001). In line, the average attenuation of Group III decreased
significantly after fixation (n=8, 3618.1 (3248.0-3988.1) HU vs. 3317.6 (2953.2-3682.1) HU,
p<0.05).
A zonal distribution of GAGs was observed in fresh and fixed cartilage using EPIC-μCT
imaging (Figure 3). However, as a result of the differences in overall cartilage attenuation
between the fixed and unfixed samples, the output ranges needed to be adjusted for optimal
visualization of the 3D zonal distribution of GAGs. Output ranges of 1748-4851 HU for
freshly scanned samples (Figure 3A) and 1748-3871 HU for fixed samples (Figure 3D)
resulted in similar images of the zonal GAG distribution (Figure 3 A,D). The difference
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in attenuation between the superficial (top 20%), and middle (20-60% of depth) zones of
a representative sample from Group III was 12% (14% after fixation), and 28% (28% after
fixation) between the superficial and deep (bottom 40%) zones (Figure 3E). The attenuation
level was consistently lower throughout the depth of cartilage after fixation, as demonstrated
by similar reductions of attenuation in the superficial (top 20%), middle (20-60%) and deep
(bottom 40%) zones (Figure 3E).

figure 3: Two-dimensional representations of three-dimensional attenuation values present in (A, B) fresh
and (C, D) fixed osteochondral samples. Different attenuation value ranges were chosen to show the greatest
range from superficial to deep zones in (A) fresh and (D) fixed tissues. Clear differences in attenuation values
can be seen when (B) fresh samples are displayed in the fixed range, and (C) fixed samples are displayed in the
fresh range. After adjusting the attenatuation value ranges, images (A) fresh and (D) fixed show the optimal
representation of GAG distribution in both fresh and fixed cartilage tissue. Low attenuation (blue) indicates
high GAG concentration, high attenuation (red) indicates low GAG concentration. (E) Attenuation values in
different zones (mean with 95% CI, n=20 slices for superficial (S), 40 slices for middle (M), and 40 slices for deep
(D) zones) for a representative sample from group III before and after fixation.

Moreover, biochemical quantification of GAGs (Table 1) revealed similar levels in fresh
(Group I) and fixed tissues (Group II and Group IIIb), whilst Safranin-O staining of fixed
and subsequently digested samples confirmed the absence of residual GAGs (Figure 2B).
Further, no significant differences in the average amount of GAG per dry weight could be
determined between the groups (Table 1).
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Table 1: Biochemically quantified GAG content of bovine samples. GAG content of Group 1 (n=5), Group II
(n=5) and Group IIIb (n=5) bovine samples shown as mean and 95% confidence interval of the GAG content
per wet weight (ww), dry weight (dw), and water. No significant differences were found between the experimental groups using unpaired t-tests, with P-values comparing respective groups listed below the mean and
confidence interval.
group i

group ii

group iiib

gag/ww (µg/mg)

32.9 (30.5, 35.3)
p = 0.28, 0.50

35.6 (31.8, 39.4)
p = 0.28, 0.83

36.9 (26.2, 47.6)
p = 0.50, 0.83

gag/dw (µg/mg)

165.3 (151.7, 178.8)
p = 0.99, 0.88

165.3 (141.8, 188.9)
p = 0.99, 0.89

168.9 (126.8, 211.0)
p = 0.89, 0.88

gag/h2O (µg/mg)

41.2 (37.7, 44.7)
p = 0.19, 0.44

45.4 (40.8, 50.0)
p = 0.19, 0.81

47.2 (33.0, 61.5)
p = 0.44, 0.81

disCussiOn
We have shown that the non-destructive imaging technique, EPIC-µCT, can be used to
detect zonal differences in GAG content in both fresh and formalin-fixed articular cartilage
explants. Previous studies have shown that EPIC-µCT is a valuable 3D tool for quantification of GAG levels in the different zones of fresh articular cartilage[14, 15, 17]. However,
there are multiple benefits to using formalin-fixed tissue, including prevention of matrix
degradation, simplification and standardization of sample processing, and allowing for
analysis of GAG content and distribution in already-fixed or archival samples. Thus, this
work extends the realm of applications for EPIC-µCT.

figure 4: Weights of water and dry cartilage content in Group I (n=5), Group II (n=5), and Group III (n=5)
(A). No significant differences were found using an unpaired t-test. Error bars represent 95% CI. Comparison
of cartilage µCT surfaces of a representative sample from Group III (B). A 1mm thick section is shown, with
articular surface on top, cut surfaces on the sides, and cartilage-bone boundary on the bottom. Color intensity
represents the variation between surfaces of the fresh and fixed scans. The distribution of differences between
scans shows an average difference of 0.02mm, corresponding to a change in thickness of 0.04mm.
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One major finding of our study is that formalin fixation decreases X-ray attenuation levels
in ioxaglate-stained cartilage. This was apparent in both the average attenuation values
(Figure 3) and depth-dependent attenuation values (Figure 4). As the amount of ioxaglate is
inversely related to the amount of GAGs[15], one could reach the conclusion that fixed tissues contain a higher concentration of GAGs than fresh tissues. While this could potentially
be the case, the samples in Group III, which were both scanned fresh and after fixation,
showed lower attenuation levels after fixation, indicating that this phenomenon is probably
due to fixation rather than sample variation between experimental groups.
To gain further insight into the potential causes for the observed differences in attenuation between the fresh and fixed samples, several potential explanations for the differences
were studied. The first possible explanation is that the GAG content was higher in the fixed
tissues, potentially caused by GAG loss in the fresh tissues. Therefore, we quantified the
amount of GAGs in the samples by means of a biochemical assay following proteinase K
digestion of the tissues. To the best of our knowledge there are no data on the degradation
of fixed cartilage tissue by proteinase K. However, other tissues such as lung tissue have successfully been released after fixation using proteinase K[20]. Safranin-O staining revealed
that proteinase K digestion of the fixed cartilage tissue was adequate since positive staining
for GAGs was absent in the residual tissue after digestion (Figure 1). The total GAG content
of the tissue (relative to dry weight, wet weight, or water) did not significantly vary between
the fresh and fixed samples and differences in attenuation levels can, therefore, most likely
not be explained by differences in GAG content.
A second possible explanation for the observed differences in attenuation could be a variation in water content between the experimental groups. Ioxaglate accumulates in the water
compartment of cartilage during incubation. Thus, if the water content in fresh samples is
higher than in fixed samples, the amount of ioxaglate in the fixed samples could be lower.
No significant differences in cartilage thickness, determined by μCT, were observed within
Group III before and after fixation, but small observed differences in volume (~5%) may
account for some of the differences in attenuation. Our results also show that there is no
significant difference between the water content of fresh samples (Group I, n=5) and the
fixed samples (Group II and Group III, n=10). Thus, changes in water content and geometry
are not likely to be the sole cause for the observed differences in attenuation levels.
An alternative explanation for the lower attenuation in fixed tissues is that the diffusion
of ioxaglate is hindered in fixed tissues due to a tighter extracellular matrix network, and
thus a longer incubation is needed to reach equilibrium. EPIC-μCT relies on the principle of
equilibrium of the ionic contrast agent[15, 17] and thus it is important to reach equilibrium
when using this technique. However, attenuation levels of fixed tissues stained for 72 hours
remained unchanged from those stained for 22 hours, and lower than the fresh tissues
(data not shown). Formalin fixation has been shown to form strong and stable methylene
cross-links with amino, amide and guanidyl groups as well as aromatic amino acids. This
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means that formalin would cross-link the NH-groups that are present on the chondroitin
and keratan sulfate on GAGs[21]. It is possible that the extensive cross-linking that occurs
during formalin fixation[21] leads to a decrease in the maximal possible ioxaglate diffusion
because of the tighter extracellular matrix of the osteochondral tissue. This explanation
could relate to our results of lower attenuation levels in fixed tissue despite the similar GAG
contents in fresh and fixed samples. However, this issue will have to be addressed in future
research.
One final possible explanation for the differences in attenuation is that residual formalin interacts with ioxaglate, leading to a lower concentration of the contrast agent in the
fixed tissue. There was no precipitate formed in the incubation tubes (both fresh and fixed
samples), thus at least a precipitation reaction can be ruled out. Additionally, pilot studies
showed that attenuation levels for fixed tissues remained lower than fresh tissues following
a 24 hour PBS wash after fixation (to remove any residual formalin) and before a second
scan (data not shown). Thus, residual formalin does not likely explain the differences we
have measured.
This research has focused on bovine cartilage explants, which could have implications
for EPIC-µCT studies on cartilage from different species. Bovine cartilage is a relatively
thick tissue when compared to cartilage from smaller animal models, thus zonal variations
are more easily discerned than in small animal models. However, previous research has
shown that the zonal GAG distribution can be studied in thin cartilage samples from small
animals using EPIC-µCT[14,15,17]. Changes to staining protocols, such as shortening ioxaglate incubation time, can be made for thin cartilage specimens, since less time is required
for equilibration of the contrast agent. Given that histological staining protocols, such as
Safranin-O, work well on fixed tissues irrespective of cartilage thickness, it is likely that
fixed thin cartilage tissue will behave similarly to those tissues studied here when using
EPIC-µCT. Nonetheless, further research is required to confirm this assumption.
Besides EPIC-μCT, the MRI-based technique, dGEMRIC has also been used to non-destructively quantify GAG content in fresh and fixed articular cartilage[22]. dGEMRIC and
EPIC-μCT are both based on the principle of a contrast agent that is distributed throughout
the cartilage in an inverse relationship to the concentration of GAGs[13, 15]. One of the
main differences between dGEMRIC and EPIC-μCT is their application in research settings. dGEMRIC has already been succesfully used in vivo[23, 24], whereas EPIC-μCT has
only been used ex vivo as there are concerns using this technique regarding the radiation
exposure and the high amounts of contrast that will have to be administered[12, 14, 15,
17]. Therefore it seems less likely for EPIC-μCT to be implemented in clinical diagnostics.
However, EPIC-μCT in ex vivo cartilage imaging of small samples is possibly more relevant
than dGEMRIC due to the lower resolution of MRI-generated images when scanning
small samples ex vivo, unavoidably this leads to unclear images of small cartilage samples.
Another difference is that fixation of cartilage appears not to affect GAG quantification
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in dGEMRIC[22] whereas our results demonstrate a significant reduction of the average
attenuation using EPIC-μCT imaging. Dugar et al. performed dGEMRIC imaging on fixed
bovine and human tissue. They reported that fixation “had a very modest, if any, effect” on
dGEMRIC imaging of bovine and human cartilage tissue[22]. The results of our study however show a significant difference in cartilage attenuation after formalin fixation of bovine
cartilage when using EPIC-µCT imaging. This will inevitably influence the quantification
of GAGs in the tissue.
Despite the differences between attenuation levels of fresh and fixed tissue, the use of
EPIC-μCT to non-destructively determine the local distribution of GAG content in cartilage samples remains a valid and promising technique. As we have shown, there is no
change in GAG content after fixation; therefore we believe that the correlation between
X-ray attenuation and GAG content is different for fresh and fixed samples. This should be
taken into account and adjusted accordingly when quantifying GAG concentrations of both
fresh and fixed cartilage samples using EPIC-µCT imaging.

EPIC-µCT
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aBsTraCT
Regenerative medicine approaches based on decellularized extracellular matrix (ECM)
scaffolds and tissues rapidly expand. The rationale for using ECM as a natural biomaterial is
the presence of bioactive molecules that drive tissue homeostasis and regeneration. Moreover, appropriately prepared ECM is biodegradable and does not elicit adverse immune
responses.
Successful clinical application of decellularized tissues has been reported in cardiovascular, gastrointestinal and breast reconstructive surgery. At present, the use of ECM for
osteochondral tissue engineering is gaining interest. Recent data underscore the great
promise for future application of decellularized ECM for osteochondral repair.
This review describes the rationale for using ECM-based approaches for different regenerative purposes and goes into detail on the application of ECM for cartilage or osteochondral repair.

Extracellular matrix scaffolds

ThE nEEd fOr iMPrOvEd rEPair Of OsTEOChOndral dEfECTs
Joint injuries are common in the young and active population and often result in cartilage
or osteochondral lesions. If untreated, these defects lead to joint swelling, pain and serious
restrictions in daily activities and can eventually progress towards osteoarthritis (OA), of
which the only end-stage, salvaging therapy is artificial joint replacement. Over 151 million
people suffer from OA worldwide[1], implying a huge clinical and socio-economic burden.
Established OA is notoriously difficult to treat, but prevention through successful treatment
of cartilage lesions will significantly reduce this socio-economic impact.
Natural wound healing in full-thickness cartilage defects leads to the formation of socalled fibrocartilage that is functionally and biomechanically inferior to the original hyaline
cartilage. This makes the tissue more prone to further deterioration, thus inciting a vicious
cycle.
Currently, many different cartilage repair-enhancing treatments are applied in patients
with (osteo-)chondral defects. These techniques are either based on cell therapy, like autologous chondrocyte implantation (ACI)[2] or matrix-induced chondrocyte implantation
(MACI)[3], on the replacement of the damaged tissue within the joint, e.g. by mosaicplasty[4] or osteochondral allografting[5, 6], or on the recruitment of mesenchymal stromal
cells (MSCs) through, for example, microfracture[7]. All of these techniques provide fairly
acceptable clinical results, but neither result in the restoration of fully functional hyaline
cartilage, making long-term prognosis uncertain.
In an attempt to optimize the functional restoration of cartilage, tissue engineering
has been suggested as a good basis for new regenerative therapies. The key to successful
engineering of cartilage with optimal restoration of function lies in finding the optimal
combination between biomaterials, biofactors, and cells[8]. Currently applied biomaterials
within the field of cartilage tissue engineering can be grossly divided into two groups, the
natural biomaterials like collagen[9], gelatin[10], and fibrin[11], and synthetic biomaterials
such as polycaprolactone (PCL)[12], and polylactic acid (PLA)[13]. The synthetic materials
often have good biomechanical strength and by changing the polymer composition their
specific properties can be tailored. However, the major challenge for these materials, which
are foreign to the body, is to achieve satisfactory tissue integration and tissue differentiation.
A natural biomaterial may surpass this, as these are biocompatible and biodegradable.
Despite the great advances that have been made within the field of material sciences in
mimicking the natural tissue environment in order to drive cell proliferation and differentiation, oversimplified biomaterials for (cartilage) tissue regeneration are still being used.
In fact, all tissues in the body are composed of a complex mixture of different biomaterials
and this situation is not different for cartilage, notwithstanding its seemingly homogeneous
and straightforward appearance. In reality, the extracellular matrix (ECM) of cartilage is a
structurally complex three-dimensional (3D) environment composed of various types of
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collagens and proteoglycans in which multiple bioactive factors, for instance growth factors, integrins and functional peptides are incorporated. Even highly sophisticated, newly
developed biomaterials will probably never reach this complexity.
The abovementioned circumstances and considerations have driven the tissue-engineering field towards increased use of biomaterials or scaffolds based on (processed) natural
extracellular matrices, an approach that might be a very valid option for cartilage repair as
well.

ExTraCEllular MaTrix-BasEd rEgEnEraTivE MEdiCinE
All tissues are composed of cells surrounded by ECM that consists of a unique and
tissue-specific 3D environment of structural and functional molecules and is secreted
by the resident cells[14]. There is reciprocal interaction between cells and ECM; cellular
products, including proteinases modify the ECM, while ECM-incorporated growth factors
and cytokines act as functional cues, steering the metabolic and secretory activity of cells.
This situation becomes even more complex, as the intricate interplay of cells and ECM
in a given microenvironment is not static, but rather a dynamic event that will respond
to external influences, such as biomechanical triggers or hormonal actions[15]. It is the
eventual outcome of these dynamic processes that determine tissue homeostasis and possible aberrations thereof. Given the high complexity of these processes and the multiple
roles of the ECM, it can be supposed that constructs based on natural ECM sources are
better prepared to produce a tissue with optimal functionality than those built from merely
artificial compounds.
Extracellular matrix-based tissue engineering strategies are already successfully being
used clinically for the regeneration of a range of different tissues, including heart valves[16],
trachea[17], muscle[18], tendon[19] and abdominal walls[20], with bladder and small intestinal submucosa[21] derived matrices as most widely used implants. The main advantage
of ECM as a scaffolding material is that it allows for so-called ‘constructive remodeling’[22],
i.e. it supports and encourages specific tissue formation at the implantation site rather than
forming inferior and less functional scar tissue. However, the functional outcome of ECMderived scaffolds depends on several aspects, including the retention of growth factors
within the ECM, its surface topology, modulation of the immune response (Box 1), and the
micro-environmental cues that are exerted upon the cells, such as biomechanical loading
(Box 2)[23].
The exact underlying working mechanisms are still not fully understood, but several
potential explanations are possible for the positive outcomes obtained with ECM-derived
scaffolds. First, the above explained process of “dynamic reciprocity”[24], which is vital to
proper functioning of the tissues, is more likely to be effective in a natural tissue that con-
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Box 1: The immune response to decellularized matrix
Several decellularized products for different regenerative purposes are available for clinical use. However, the
amount of cellular material that remains after decellularization is quite variable[38]. There are no clear-cut
guidelines for the degree of decellularization that needs to be achieved, as cell remnants in devitalized tissue
do not always hinder tissue regeneration[43, 69].
The immune response that may occur in response to the implantation of foreign cellular material is partially
macrophage-mediated[38]. A macrophage response to implantation of a scaffold is a necessary event, as
macrophages are involved in scaffold degradation. However, macrophages release several soluble factors
upon activation that can be both beneficial and detrimental to neo-tissue formation depending on macrophage phenotype. The activation of M1 macrophages leads to adverse remodeling through the release of
catabolic cytokines, whereas the activation of M2 macrophages leads to constructive remodeling through
anabolic cytokines[38]. For example, M1 macrophages release IL-1b and IL-6, which are upregulated in patients with damaged knee cartilage. The balance between M1 and M2 macrophages after implantation tends
to shift to M2 macrophages if decellularization is more successful[38].
The avascular nature of cartilage is one of the major challenges in initiating intrinsic repair but may also be
advantageous, as the tissue is to a large extent immunopriviliged, which opens up many more options in
choosing the ECM source, including allogeneic and xenogeneic sources, without rejection issues[70]. Additionally, the dense nature of cartilage ECM may further contribute to the weakly immunogenic, or even
non-immunogenic, status, as it physically protects the chondrocytes from T and NK cells that are released in
graft rejection processes[70]. The application of xenogeneic products for cartilage repair is still in its infancy
but should be explored further, as it overcomes the limited availability of human tissue or cells. The question
remains, however, which tissue components may lead to an inappropriate immune response, the cells or the
ECM.

tains bioactive cues, like growth factors, polysaccharides or functional peptides, than in an
artificial tissue that does not. In the same line, incorporating a certain cell type in a scaffold
made from the target ECM will more easily drive the cell towards the appropriate terminal
differentiation[25-27]. Second, naturally occurring ECM is the product of the resident cells
and has a 3D structure that may guide cell behavior, attachment and migration[28], but
incorporated growth factors or other functional proteins are often also associated with the
alignment of the collagen fibers that mostly make up the 3D structure of a tissue, and which
give a tissue its biomechanical strength and resilience[29]. The biomechanical environment
of the cell, which is largely dictated by the biomaterial, can be of great influence on cell
differentiation. For example, MSCs are known to commit to the osteogenic lineage in stiff
biomaterials, but to the neuronal lineage in more flexible biomaterials[30].
The mechanism behind the successful use of ECM-based scaffolds seems to be to a certain
extent generic and not exclusively tissue-specific, as ECM scaffolds originating from other
tissues than the target tissue have been used with success. For example, small intestinal submucosa ECM (SIS-ECM) has been used as a scaffold for the repair of the musculotendinous
junction between the gastrocnemicus muscle and the Achilles tendon in dogs[31, 32]. The
scaffold was re-cellularised by progenitor cells from its surroundings and was ultimately
completely replaced by functional contractile muscle and tendon including one of the most
challenging types of tissue to regenerate: the neurovascular bed[31]. Extracellular matrix-
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Box 2: Biomechanical properties of decellularized matrix
The biomechanical characteristics of articular cartilage in terms of resilience and stiffness are crucial to
proper functioning of the tissue in a strictly mechanical sense, but also with respect to tissue homeostasis, as
biomechanical cues steer chondrocyte behaviour to a large extent via mechanotransduction pathways[71].
In this context, biomechanical properties influence the growth factor reservoir within the ECM and matrix
stiffness may for instance mediate TGFb driven processes through which this reservoir is continuously replenished and emptied[27].
The processes of harvesting, decellularization and sterilization of ECM scaffolds affect the hydration status
and 3D configuration and hence strongly influence biomechanical behaviour. Washing steps using SDS or
other processes that lead to removal of GAGs entail loss of water and produce a more loosely packed collagen
network and hence loss of viscoelastic properties[22, 72]. Freeze-thaw cycles may result in the disruption of
the collagen network through crystal formation.
The biomechanical behaviour of ECM scaffolds in vivo will depend on the way the scaffold was processed,
on the properties and the geometry of the surrounding tissue, the pattern and magnitude of forces exerted
on the scaffold, its degradation rate and the extent to which new ECM is formed[73]. The biomechanical
properties of any ECM–based scaffold will almost invariably be inferior to those of the original tissue. The
extent and rate to which neo-tissue is formed and takes on more physiologic biomechanical characteristics
depends mainly on the capacity of the scaffolds (and/or the cells seeded therein, if any) to properly respond
in an anabolic way to the cues elicited by joint loading and motion.

based scaffolds can even be of xenogeneic origin[31, 33, 34], after successful decellularization to remove cellular antigens.
Decellularization of tissues can be accomplished using various methods or combinations thereof (Table 1). Physical treatments, such as thermal shock, freeze-thaw cycles and
mechanical crushing of the tissue will lead to cell lysis and tissue break-down, allowing for
easier infiltration of the chemical and enzymatic treatments that often follow[24]. Treatments with detergents or other chemicals, including SDS and Triton X-100, are used to
break down cellular and nuclear membranes[35], which can then be removed in subsequent
washing steps. Enzymatic treatments depend on the tissue type, but often trypsin, and
nuclease solutions are used to break down peptides, DNA, and RNA[35].
Decellularization should ideally remove all cells and cellular antigens while retaining the
bioactive cues that reside in the ECM. The decellularization of bladder submucosa matrix
using several washing steps with enzymatic agents and detergents led to full decellularization but also ensured that important growth factors, like VEGF, TGFb1, bFGF, and EGF,
typically remain present within the decellularized tissue[36]. In the case of cartilage, preservation of proteoglycans, one of the main ECM components, may be important. Especially as
proteoglycans do not only contribute to the mechanical characteristics of the tissue through
the attraction of water by variations in fixed charge density[37], but are also thought to
be a reservoir of several growth factors at times when these are not readily produced and
released by the resident cells[36].
Single tissues, but also whole organs can be decellularized, providing a biological scaffold
of resident ECM with the complex geometry of an organ and an intact vascular network
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Table 1: Possible decellularization techniques for (osteo-)chondral repair
CarTilagE TissuE
Decellularization method

Tissue type

Described by

1. Rinsing in PBS
2. Lyophilization
3. Tissue grinding
4. Trypsin treatment
5. Rinsing in PBS
6. Nuclease treatment
7. Hypotonic Tris-HCl treatment
8. Incubation in Triton X-100
9. Rinsing in PBS
10. Lyophilization
11. Crosslinking with UV
12. Sterilization by ethylene oxide

Bovine cartilage

Yang, 2010[46]

1. Rinsing in PBS
2. Shattering of the tissue in PBS
3. Differential centrifuging
4. Incubation in Triton X-100
5. Hypotonic Tris-HCl treatment
6. Nuclease treatment
7. Rinsing in PBS
8. Tris-HCl treatment
9. Rinsing in PBS
10. Lyophilization
11. Dehydrothermal treatment
12. Crosslinking with carbodiimide
13. Rinsing in PBS
14. Sterilization by cobalt g-irradiation

Human cartilage

Yang, 2008[45]

1. Rinsing in distilled water
2. NaOH treatment
3. Rinsing in PBS
4. Defattening in ethanol
5. GndHCl and NaOAc treatment
6. Rinsing in PBS
7. H2O2 treatment
8. Rinsing in PBS

Human nasal cartilage
Porcine nasal cartilage
Porcine meniscus

Schwarz, 2012[47]

1. Rinsing in PBS
2. Freeze and thaw cycles
3. Hypotonic Tris-HCl treatment
4. SDS-EDTA treatment
5. Rinsing in PBS
6. Nuclease treatment
7. Rinsing in PBS
8. Peracetic acid treatment
9. Rinsing in PBS

Porcine cartilage

Kheir, 2011[71]

1. SDS treatment
2. Rinsing in water
3. Lyophilization

Cartilage ECM sheets of 10µm

Gong, 2010[50]
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Table 1: Possible decellularization techniques for (osteo-)chondral repair (continued)
BOnE TissuE
Decellularization method

Tissue type

Described by

1. Rinsing in demiwater
2. NaN3 treatment
3. Chloroform and methanol treatment
4. Incubation in Triton X-100
5. SDS treatment
6. Rinse in PBS

Human cancellous bone

Yang, 2011[55]

1. Defattening in acetone
2. Rinsing in saline
3. Trypsin treatment
4. Rinsing in saline
5. Rinsing in acetone
6. Crosslinking with hexamethyldiisocyanate
7. Rinsing in acetone
8. Rinsing in saline
9. Sterilization by g-irradiation

Porcine trabecular bone

Gerhardt, 2012[54]

CulTurEd CEll MaTriCEs
Decellularization method

Tissue type

Described by
Pei, 2011[26]

1. Incubation in Triton X-100 with NH4OH

Human MSC matrix

1. Rinsing in PBS
2. Rinsing in double distilled water
3. Freeze and thaw cycles
4. NH4OH treatment
5. Rinsing in double distilled water
6. Na3PO4 treatment
7. Rinsing in double distilled water

Human MSC matrix, normal human Lu, 2011[49]
articular chondrocyte matrix, and
normal human dermal fibroblast
matrix cultured on PLGA meshes

1. SDS with nuclease and EDTA treatment
2. Rinsing in PBS
3. Culturing for 4 weeks
4. SDS with nuclease and EDTA treatment
5. PBS rinsing

Immature bovine chondrocyte
matrix cultured in agarose wells

Elder, 2009[44]

1. Freeze and thaw cycles
2. Rinsing in PBS
3. Rinsing in double distilled water
4. Perfusion based washing in bioreactor

Human MSC bone matrix cultured
on polyesterurethane

Sadr, 2011[56]

1. Freeze and thaw cycles
2. Rinsing in distilled water
3. Lyophilization

Human MSC bone matrix cultured
on tissue plastic

Kang, 2011[57]

that will enhance nutrient supply, benefitting regeneration and recellularization[24]. In
case of organ decellularization it is imperative that the process does not disrupt the natural
integrity of the tissue; in case of tissue decellularization the process can be more rigorous.
Certain criteria have been proposed for successful decellularization, or perhaps better
denuclearization: 1) absence of nuclei on histological evaluation (hematoxylin/eosin or
DAPI), 2) DNA quantification <50ng/mg dry tissue and 3) DNA fragments <200bp[24].
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However, these criteria were based on the decellularization of loosely organized tissues (SIS
and urinary bladder matrix (UBM)) and may not apply to more dense tissues like cartilage.
Rigorous decellularization enhances loss of structural integrity of the ECM and of certain
ECM compounds. However, whether absolute decellularization is necessary is still under
discussion as ineffectively decellularized ECM still induced similar host remodeling as effectively decellularized material[38].
In addition to decellularization, artificial cross-linking of ECM scaffolds is often applied
to enhance the biomechanical strength of the scaffold in the initial stages after implantation.
However, this practice unequivocally affects ECM properties. Artificial, and more specifically, chemical crosslinking will ultimately decrease the degradation rates and thereby the
controlled release of bioactive factors[39]; chemical crosslinking may also physically hamper tissue remodeling as it elicits an adverse recipient immune response[40].
The successful application and encouraging results from in vitro and in vivo work using
ECM scaffolds in several different fields hold great promise for this approach in attempts to
regenerate (osteo-)chondral tissue.

aPPliCaTiOn Of ECM BasEd sCaffOlds fOr ThE TrEaTMEnT Of
OsTEOChOndral dEfECTs
Mosaicplasty and allogeneic osteochondral grafting can theoretically be considered ECMbased strategies, as they imply the direct implantation of cartilage and bone matrix (Figure
1). However, the use of seeded or unseeded ECM-based scaffolds is a new and emerging
approach within the field of cartilage tissue engineering, supported by a slowly increasing
body of evidence of success.
One of the major advantages of using the ECM as a scaffolding material is its potential
to retain the growth factors that the tissue is naturally inclined to respond to. For cartilage,
some of the most important growth factors are transforming growth factor beta (TGF-beta),
fibroblast growth factors (FGF), and insulin-like growth factor (IGF)[8]. The retention of
bioactive molecules will be especially beneficial in regenerating cartilage, as this tissue
naturally lacks appropriate growth factor and nutrient supply due to its avascular nature.
Bioactive ECM for (osteo-)chondral repair can be applied in many different ways that
fall in three general categories (Figure 1). First, non-decellularized cartilage particles[41]
have been combined with a degradable biomaterial, showing initial clinical results at least
matching the outcomes of microfracture. Even ECM particles from osteoarthritic patients
can be used for this purpose[42]. When combining OA cartilage particles that had undergone freeze-thaw cycles (devitalization) with MSCs in fibrin glue and implanting these in
subcutaneous pockets in mice the procedure led to better shape fidelity; further glycosaminoglycan (GAG) content and chondrogenic gene expression were also enhanced compared
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figure 1: Various possibilities of matrix-based approaches to (osteo-)chondral repair.

to non-supplemented glue[42]. Cartilage tissue can also be processed into cartilage microparticles[43] that may be used as an additive to enhance current cell-centered techniques
(ACI or MACI) by mixing it with the cell suspension or biomaterial that fills the defect. The
addition of microparticles to pellet cultures leads to an upregulation of chondrogenic gene
profiles, and moderately decreases hypertrophic gene expression[43].
Second, cartilage matrix can be harvested from allogeneic or even xenogeneic sources and
then used in a scaffold form. The pre-clinical results underscore the benefits of devitalized
or decellularized tissue over implantation of living cartilage, as formation of neocartilage
of the latter tends to lag behind[44]. Decellularized cartilage matrix can be obtained from
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different sources and through different decellularization processes. Due to the dense nature
of cartilage ECM in which the cells are embedded, more vigorous protocols are required to
decellularize cartilage than in many other tissues. This inevitably leads to more destruction
of the ECM components; especially GAGs will be affected[45]. Moreover, cartilage thickness decreases and the tissue loses some of its biomechanical resilience[45]. The effect of
GAG loss on the final concentrations of bioactive cues, such as growth factors still needs
to be evaluated for different decellularization protocols. Decellularized cartilage ECM can
also be rebuild into a scaffold through lyophilization[46-48]. In rabbits, this type of scaffold
resulted in the regeneration of hyaline cartilage, when combined with rabbit MSCs[47].
Lastly, the ECM to produce a scaffold for cartilage repair can be harvested from cultured
cells to create so-called cell-derived ECM scaffolds[27, 28, 49, 50]. Cell-derived ECM overcomes the issues of possible exogenous pathogen transfer and allows for the use of ECM
produced by the patient’s own cells. Moreover, different cell types can be mixed to create
the appropriate ECM for more complex tissues, and using thin ECM sheets allows for much
easier decellularization and recellularization[49]. Extracellular matrix sheets seeded with
MSCs or chondrocytes show superior chondrogenesis compared to pellet cultures[49, 51].
The main challenge in using cell-derived ECM is finding a way to upscale the process in
such a way that it can be clinically applied for human regenerative therapies. One way to
accomplish this is to stack several different decellularized cartilage sheets to create a layered
construct[51, 52].
The process of decellularization paves the way for the use of xenogeneic material, the
major advantages of which are cost-effectiveness and the relatively limitless availability of
ECM. With a xenogeneic matrix, the age of the source animal should be taken into account.
Young individuals heal better than adults, and the tissues may be morphologically different. ECM derived from submucosa of the small intestine, for example, is thinner in older
animals and has lost its elastic properties, as well as some of the proteoglycans and growth
factors[23]. Therefore, the use of tissue from younger donors may be advantageous[23]. For
a tissue such as cartilage, that is metabolically stable in mature individuals, it is the question
up to which age this is true. Products of the process of non-enzymatic glycation such as
pentosidine cross-links are known to start to accumulate linearly in cartilage from approximately the age of 15 onwards[53]. This might be an indication of the cut-off age after which
ECM from young individuals can be supposed to have acquired a mature metabolic rate.
Xenogeneic use of cartilage has already been successful when implanting human cartilagederived scaffolds seeded with canine MSCs in nude mice[46]. Cells showed good viability
and the neocartilage contained both GAGs and collagen type II[46].
An important feature of the ultimate ECM scaffold is its biomechanical behavior. This
is an especially challenging topic when considering the mechanical forces that are exerted
daily upon the cartilage and the underlying bone in a human joint. Combining ECM with
a stronger synthetic or ceramic material could potentially enhance the biomechanical
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properties of an ECM scaffold, an approach that may be especially attractive for the repair
of osteochondral defects. Alternatively, Jia et al.[54] have tried to use a novel lyophilization method to control the orientation of collagen fibers within a fabricated scaffold. This
approach ultimately led to a Young’s modulus that was almost three times higher than in
non-oriented scaffolds[54]. Moreover, the chondrocytes that were seeded upon these scaffolds tended to align along these fibers, proliferated more rapidly and produced similar
amounts of GAG- and collagen-rich neotissue compared to scaffolds without collagen fiber
alignment[54].
The repair of cartilage defects penetrating into the subchondral bone (osteochondral
defects) poses additional challenges. First, bone regeneration should not extend beyond
the osseous phase of the defect, so there may be a need for different biomaterials for the
cartilaginous and the osseous phases. Second, the integration between cartilage and bone is
challenging and depends on simultaneous maturation of both tissues, which is influenced by
the biomaterials chosen for both tissue types. Similar to decellularized cartilage, decellularized bone has also been shown to promote tissue growth upon subcutaneous implantation,
even outperforming the bioactivity of established biomaterials such as bioactive glasses[55].
Attempts have been made to combine decellularized cartilage and decellularized bone to
create biphasic constructs for osteochondral defect repair[56]. Pre-culturing a biphasic
construct with MSCs for 4 days before implantation into an osteochondral defect in canine
knees led to full regeneration after 6 months with near-hyaline cartilage repair[56]. Also
in the case of bone regeneration, decellularized tissue-engineered ECM can be used to
enhance the biological interaction of synthetic or ceramic biomaterials with cells[57-59],
and may even aid in the controlled release of incorporated and normally rapidly released
growth factors like BMP-2[58].
Current work from our group focuses on the use of decellularized equine cartilage matrix
for osteochondral repair. To this extent we performed an equine pilot study in which a
critical size osteochondral defect (11mm Æ x 10mm) was created in the stifle (knee) joint

figure 2: Osteochondral repair in a horse using decellularized cartilage:
Macroscopic overview of osteochondral repair tissue after 8 weeks of implantation (A). Both GAG-rich (B,
Safranin-O, Fast Green) and collagen type II (C) rich neo-tissue was found after 8 weeks with a clear distinction
between the cartilage and bone phase. Scale bars represent 2mm; the box approximates the created osteochondral defect.

Extracellular matrix scaffolds

of a horse. This defect was treated using a decellularized cartilage matrix scaffold and after
8 weeks clear regeneration of both the bone and cartilage phase was present (Figure 2).
The two tissues could clearly be distinguished and the integration between the two was
satisfactory[60]. This might imply that a biphasic construct may not be a biological necessity for osteochondral regeneration, but may only serve as a biomechanical stabiliser during
the initial phases of tissue repair in a challenging environment such as the joint. An item
that needs attention is assessment of the possible long-term ossification of the neo-cartilage
tissue in vivo in long-term studies.

fuTurE PErsPECTivEs Of ECM-BasEd sCaffOlds fOr
OsTEOChOndral rEPair
The use of decellularized extracellular matrix is gaining ground within the field of cartilage tissue engineering and may prove to be of great potential as it allows for multifactorial
mimicry that has not yet been achieved by human-made biomaterials. The approach is still
relatively underexplored and extensive research is required to understand the biologic response to ECM scaffolds within the joint environment and to optimize the decellularization
techniques and ultimately the final repair tissue. There are several items that need to be
addressed.
A first topic is that cartilage naturally consists of different zonal layers that exert different
functions due to differences in matrix composition and chondrocyte phenotype[29, 61,
62]. The approach of using ECM sheets may offer the possibility to represent this natural
microenvironment by stacking ECM sheets produced by the different zonal cell types. Recreation of the zonal structure can be further stimulated through the use of bioprinted 3D
porous constructs to deposit zone-specific matrices[63], combining hydrogels and strong
synthetic polymers, which permits tailoring of the mechanical properties[64]. The synthetic
materials or hydrogels that are ideal for bioprinting are often suboptimal in stimulating cell
differentiation[65] and could be functionalized using ECM particles to optimize the cell
response to the biomaterial.
A second point is that current decellularization approaches have focused on decellularizing cartilage tissue[47, 56] or ECM produced by either stem cells or chondrocytes[49, 51,
52]. However, the need to use cartilage-specific matrix may be questioned and more readily
available tissues, e.g. small intestine submucosa or bladder matrices may have similar effects. For example, SIS-ECM has been used successfully to regenerate other tissue types,
such as cardiac and vaginal tissues[66, 67]. The use of non-cartilage-specific matrix would
have many advantages, as the scaffolds can be produced through standardized protocols
that have already been established, the tissue is more easily accessible and available in larger
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volumes; and the use of for example SIS-ECM has already been evaluated both in vitro and
in vivo and is currently applied clinically.
A last point is that the repair of osteochondral defects remains a huge orthopedic challenge due to the complex combination of cartilage and bone, which frequently leads to an
overgrowth of bone. Osteoinductive materials such as tricalcium phosphate (TCP) or biphasic calcium phosphate (BCP) are already available and successful in the regeneration of
critical size bone defects[68]. Therefore, it seems not more than logical to create a biphasic
construct of such an already successful ceramic and combine it with bioactive decellularized
cartilage, which on its own seems to also drive tissue regeneration in vivo. The use of extracellular matrix scaffolds may even allow for a non-cell laden approach to osteochondral
repair as they can attract cells from the implant site that will then differentiate into the
appropriate cell type and elicit endogenous repair. Eventually, this may lead to natural offthe-shelf products that can be applied for a wide range of cartilage or osteochondral defects.

COnCluding rEMarKs
Extracellular matrix scaffolds have shown great promise within the field of tissue engineering and are now being developed specifically for cartilage repair. Decellularized
ECM-based scaffolds may solve many problems associated with the currently used matrixbased approaches to the repair of cartilage or osteochondral defects, like osteochondral
allografting or mosaicplasty. This approach may lead to the development of the “ideal”
cartilage or osteochondral scaffold, providing the injured site with the right bioactive cues
that stimulate the regeneration of functional tissue that resembles the healthy situation.
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aBsTraCT
Osteochondral defects lack sufficient intrinsic repair capacity to regenerate functionally
sound bone and cartilage tissue. To this extent cartilage research focuses on the development of regenerative scaffolds. This paper describes the development of scaffolds that
are derived completely from natural cartilage extracellular matrix. Potential applications
include: i) producing allografts for cartilage repair, ii) scaffolds for osteochondral tissue
engineering, iii) in vitro models to study tissue formation. By decellularizing this tissue the
donor cells are removed, but the natural bioactive cues are thought to be retained. The main
advantage of using such a natural scaffold over a synthetically produced scaffold is that
no further functionalization of polymers is required in order to drive osteochondral tissue
regeneration. The cartilage-derived matrix scaffolds can be used for both bone and cartilage
tissue regeneration in in vivo and in vitro settings.

Fabrication of CDM scaffolds

inTrOduCTiOn
Traumatic events causing articular cartilage defects in the knee can lead to discomfort,
and may have a large impact on the lives of the young and active population[1-3]. Moreover,
cartilage damage at a young age may lead to a more rapid onset of osteoarthritis later in
life[4]. Currently, the only salvage therapy for generalized osteoarthritis of the knee is joint
replacement surgery. As cartilage is a hypocellular, aneural and avascular tissue its regenerative capacity is severely limited. Therefore, regenerative medicine approaches are sought
after to aid and stimulate the regenerative capacity of the native tissue. To this purpose
scaffolds are designed and used as either a cell-carrier or as an inductive material that incites
differentiation and regeneration of tissue by the body’s native cells[5].
Decellularized scaffolds have been widely researched within several subfields within
regenerative medicine[6]. It has had some successes for example in aiding regeneration of
skin[7], abdominal structures[8], and tendons[9]. The advantage of using decellularized
scaffolds is their natural origin and their capacity to retain bioactive cues that both attract
and induce cell differentiation into the appropriate lineage required for tissue repair[6, 10].
Moreover, as the extracellular matrix (ECM) is a natural biomaterial, and in the case of decellularization, potentially devoid of cellular or genetic content that could cause undesired
immune responses, issues regarding biocompatibility and biodegradability are overcome.
Cartilage-derived matrix (CDM) scaffolds have shown great chondrogenic potential in in
vitro experiments when seeded with mesenchymal stromal cells[11]. Also, these scaffolds
have shown the potential to form bone tissue through endochondral ossification on ectopic
locations in in vivo settings[12]. As CDM scaffolds guide the formation of both bone and
cartilage tissue these scaffolds may hold potential for osteochondral defect repair next to
cartilage repair only.
This paper describes a protocol adapted from Yang et al. (2010)[13] for the production
of decellularized CDM scaffolds. These scaffolds are rich in collagen type II, devoid of cells
and do not contain any glycosaminoglycans after decellularization. Both in vitro and in vivo
experiments on (osteo-)chondral defect repair can be conducted using these scaffolds.

PrOTOCOl
This protocol describes the fabrication of scaffolds from decellularized cartilage, which
can be used for applications as in vitro tissue culture platforms or for in vivo implantation in
regenerative medicine strategies. The enzymatic treatment steps must be performed in the
described chronological order.
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1.

harvesting of articular cartilage from donor (cadaveric) joints.

1.1)

1.6)
1.7)

Ahead of the harvesting step, prepare the cartilage washing solution, consisting of
sterile phosphate-buffered saline (PBS), supplemented with 100U/mL penicillin, 10
mg/mL streptomycin and 1% v/v Fungizone (Amphotericin B). Shake vigorously to
ensure homogeneous mixing.
Perform an arthrotomy on the harvested knee joint, and inspect the cartilage for any
macroscopic damage. Note that this step does not have to be performed in a sterile
environment.
1.2.1)
If the articular cartilage does not have a glossy and smooth appearance
or if evident blistering, clefts or defects are present, the sample should be
discarded. To prevent the cartilage from drying out, regularly drip some of
the PBS and antibiotics solution on the cartilage.
Use a scalpel to remove the cartilage from the subchondral bone, at this time the
size of the cartilage slices does not matter. Make sure to cut all the way down to the
subchondral bone to also remove the deep zone of the cartilage (Figure 1).
After removing the cartilage slices from the joint soak them in previously prepared
washing solution (Figure 2A).
Submerge the washed cartilage slices in liquid nitrogen for 5 minutes to snap-freeze
them. Afterwards, take the cartilage slices from the liquid nitrogen and put them into
50 ml tubes.
Lyophilize the cartilage slices for 24 hours in a freeze-dryer (Figure 2B).
After lyophilization the cartilage slices can be stored in a dry place until further use.

2.

Creating decellularized cartilage particles

2.1)

The cartilage slices can be ground either manually or by any milling machine.
2.1.1)
When grinding the cartilage slices by hand use a mortar and pestle and
submerse the lyophilized cartilage slices in liquid nitrogen and grind for 45
minutes until the slices are pulverized (Figure 2C-D).
2.1.2)
When grinding automatically, snap-freeze the cartilage slices in liquid
nitrogen and mill the cartilage until the slices are pulverized.
The cartilage particles can be sieved in order to select a specific range of sizes, depending on the chosen application.
2.2.1)
After selecting the fraction of particles having the desired size for the scaffold, such particles can be stored until further use in a dry place.

1.2)

1.3)

1.4)
1.5)

2.2)

3.

Enzymatic decellularization – trypsin 0.25%-EdTa

3.1)

Prepare the digestion solution, consisting of trypsin-EDTA 0.25% with 5ml penicillin/streptomycin and 5ml fungizone in a 1L stock solution. This solution does not
have to be sterile and must be stored at 4°C.

Fabrication of CDM scaffolds

figure 1: Equine knee after removing full-thickness cartilage. The cartilage is removed from the condyles using
a scalpel and is removed until the calcified cartilage layer is reached that cannot be cut using a scalpel.

figure 2: Sequential steps in creating decellularized cartilage-derived matrix particles. (A) Cartilage slices that
have been removed from the condyles are washed in an antibiotic-infused solution. (B) Lyophilized cartilage
slices, note their white and paper-like appearance. (C) Snap-freezing of the lyophilized cartilage. (D) Pulverized
cartilage particles after hand-milling using a mortar and pestle, note that this step can also involve automatic
milling. Adapted from Benders et al. Cartilage (2014).
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3.2)
3.3)
3.4)

3.5)

4.

Put the cartilage particles in a 50ml tube ensuring that 30ml of the trypsin-EDTA
0.25% solution can be added to fill up the tube.
Shake the solution to make sure that all of the cartilage particles that need to be
re-hydrated are fully soaked by the enzymatic solution.
Leave this enzymatic solution with the cartilage particles in a 37°C incubator under
vigorous agitation for 24 hours in total.
3.4.1)
The total trypsin-EDTA 0.25% incubation should last 24 hours, however
the trypsin solution must be refreshed every 4 hours.
3.4.2)
To refresh the trypsin-EDTA 0.25% solution centrifuge the solution for 20
minutes at 4000rpm, to cause sedimentation of the particles.
3.4.3)
Remove the supernatant. Note that the supernatant will become clearer
with every trypsin incubation period.
3.4.4)
Add a fresh 30ml of trypsin 0.25%/EDTA, make sure to stir the cartilage
particles through the solution before leaving it under vigorous agitation at
37°C again for 4 hours.
3.4.5)
In total refresh the trypsin 0.25% solution 6 times in 24 hours.
After the final trypsin 0.25% step make sure to remove the supernatant after centrifuging and wash the particles in a PBS and penicillin/streptomycin and fungizone
solution twice. Centrifuge the particles for 20 minutes at 4000rpm between each of
the washes.

Enzymatic decellularization – nuclease treatment

4.1)
4.2)

Prepare a 10mM Tris-HCl solution at pH 7.5 in demi-water.
Add 50U/ml deoxyribonuclease and 1U/ml ribonuclease A to the Tris-HCl buffer, to
obtain the nuclease solution.
4.3) Add 30ml of the nuclease solution to the cartilage particles and stir the particles
through the solution making sure that the particles are homogeneously suspended
and that no large clumps are unexposed to the solution.
4.4.) Place the 50ml tubes with the nuclease solution and cartilage particles on a continuous roller plate for 4 hours in a 37°C incubator.
4.5) After 4 hours centrifuge the cartilage particles for 20 minutes at 4000rpm, take off the
supernatant.
4.6) To wash the samples, add 30ml of 10mM Tris-HCl solution without the deoxyribonuclease and ribonuclease A to the cartilage particles. Stir well. Leave on a roller
bench for 20 hours at room temperature.

5.

detergent decellularization – Triton solution

5.1)

Centrifuge the cartilage suspended in Tris-HCl for 20 minutes at 4000 rpm, then
remove the supernatant.
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5.2)
5.3)
5.4)
5.5)
5.6)

5.7)

Make a 1% Triton-X-100 (v/v) solution in PBS. This solution does not have to be
sterile.
Add 30ml of the 1% Triton-X-100 solution to the cartilage particles. Stir mildly to
avoid foaming of the solution.
Leave the cartilage particles in the Triton solution on a rollerplate at room temperature for 24 hours.
Remove the Triton solution by centrifugation for 20 minutes at 4000 rpm. Keep the
cartilage pellet and discard the supernatant.
To remove all of the remnants of the decellularization solutions, wash the cartilage
particles in 6 cycles of 8 hours in PBS supplemented with penicillin/streptomycin and
fungizone. This washing takes place on a roller plate at room temperature.
5.6.1)
Make sure that after each PBS wash the cartilage-PBS mixture is centrifuged
for 20 minutes at 4000rpm before discarding the supernatant.
After finishing the 6 PBS washes the remaining cartilage particles are decellularized
and can be stored before use at -80°C.

6.

Creating the scaffolds from the decellularized particles

6.1)

If the particles have been stored frozen, these need to be thawed in warm water before
creating the scaffolds.
Use a small ladle to put the cartilage particles into a cylindrical mold, for example, a
plastic vial (TAAB) of 8mm diameter and 2cm height.
6.2.1)
When placing the cartilage particles into the plastic mold make sure that all
the air-bubbles are pressed out to ensure that there will not be any cavities
in the scaffold.
6.2.2)
The use of a metal mold will more easily lead to cracks in the scaffold as it
is more diffcult to take the scaffolds out later on.
Freeze the molds with cartilage particles for 10 minutes at -20°C.
Lyophilize the cartilage scaffolds within their molds for 24 hours in a freeze dryer
(Figure 3).
After lyophilization take the scaffold out of the mold and cross-link them using an
UV-light at a 30cm distance overnight.
In order to use the scaffolds for in vitro cell culture or for in vivo implantation, they
must be sterilized. To this extend, use ethylene oxide gas sterilization.

6.2)

6.3)
6.4)
6.5)
6.6)

7.

Characterizing decellularized scaffolds – histological stainings

7.1)

To ensure complete decellularization and to visualize the remaining natural characters of the cartilage several stainings should be performed before using the scaffolds
in any experiment.
Cut the scaffolds in thin slices of approximately 3mm.

7.2)
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figure 3: The final product, a decellularized cartilage-derived matrix scaffold. This scaffold is 2cm high and has
a diameter of 8mm. The scaffold as a clear porous structure that can be observed from all sides of the scaffold.
Note that no large holes are present at the surface of the scaffold as all of the air bubbles were removed prior to
lyophilization. Adapted from Benders et al. Cartilage (2014).

7.3)

7.4)
7.5)

Embed the scaffolds in a drop of 4% w/v alginate and cross-link using formalin
containing 20mM CaCl2.
7.3.1)
Alginate is required to facilitate scaffold handling and ensure that the
scaffold without any cells can go through the paraffin embedding process
without getting lost during the washing steps.
7.3.2)
If the scaffolds are tested by histological analysis after being seeded with
cells and cultured, alginate embedding can be skipped as the composition
of the scaffold will be resistant enough due to the neo-ECM incorporated
into the scaffold.
7.3.3)
In case of using alginate to process samples for paraffin embedding make
sure to wash off the alginate using citric acid prior to rehydration of the
paraffin sections.
Process the samples for paraffin embedding and sectioning with a microtome, process
using a graded ethanol series and collect the obtained slices on microscopy slides.
Perform the following stainings to characterize the scaffold
– H&E to ensure decellularization
– Safranin-O to visualize residual glycosaminoglycan content
– Picrosirius red to visualize collagen alignment
– Collagen type I immunohistochemistry to differentiate between collagen content
– Collagen type II immunohistochemistry to differentiate between collagen content

8.

Characterizing decellularized scaffolds – quantitative analyses

8.1)
8.2)

Obtain papain digests of the scaffolds.
Perform an assay to measure DNA content of the scaffolds (for example Picogreen)
to ensure complete decellularization of the scaffold. Express the amount of DNA per
weight of the scaffold.
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8.3)

Perform a dimethylmethylene blue assay to quantify the remainder of the glycosaminoglycans within the scaffold. Express the amount in GAG per DNA.

9.

seeding of decellularized scaffolds

9.1)
9.2)

Use fully sterilized scaffolds and cut these into 3mm thick slices.
To seed the scaffolds use chondrocytes that have not been expanded past the P1 passage to reduce the number of already dedifferentiated chondrocytes. Other cell types
can be used. In case mesenchymal stromal cells are used, they must be checked for
their multi-lineage differentiation ability.
Prior to seeding the scaffolds, pre-soaking is required due to their dehydrated state.
9.3.1)
Put the scaffolds in separate wells of a 6-well plate.
9.3.2)
Pipet 1ml of the medium in which the scaffolds will be cultured on the top
side of the scaffold and let it soak for 30 min.
The total number of cells seeded on the scaffold will be 3×106 on scaffolds of 8mm
diameter and 3mm in height. The cells have to be seeded in 100ml per scaffold. In
order to ensure adequate cell attachment this has to be done in two steps.
9.4.1)
Pipet 50ml of cell suspension on the top of the pre-soaked scaffold. Incubate
the scaffold for 1 hour at 37°C.
9.4.2)
Carefully flip over the scaffold and pipet the remaining 50ml of cell suspension on this side of the scaffold and incubate for 1 hour at 37°C.
9.4.3)
After incubation add 3ml of medium to the wells, handle the culture plate
gently, to avoid shaking of the culture media that might lead to detachment
of the cells.
Culture the scaffolds for the period that is required in the experiment and change
the medium 2-3 times a week. Perform medium refreshing always slowly and gently,
pipetting as far away from the scaffold as possible.
After culture, cut the scaffolds in half to process them for both histology and biochemical analyses.

9.3)

9.4)

9.5)

9.6)

rEPrEsEnTaTivE rEsulTs
Decellularization of CDM scaffolds must always be confirmed using histological stainings, and an additional DNA quantification to measure the amount of DNA remnants. Insufficient decellularization might lead to undesired immunological responses that influence
the results in in vivo settings[14-16]. Full decellularization using this protocol will lead to
the production of a scaffold that is rich in collagen type II, has no cells and no proteoglycans
(Figure 4).
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figure 4: Histological characterization of the scaffold. (A) H&E staining that shows particles of different sizes
and the absence of cells. (B) Safranin-O staining that shows that no proteoglycans have been retained in the
decellularization process. (C) Collagen type II immunolocalization showing that ll of the decellularized particles are rich in collagen type II. All scale bars represent 500µm. Adapted from Benders et al. Cartilage (2014).

The scaffold must display a macroscopically, homogeneous porosity. Air bubbles will lead
to easily detectable large holes in the scaffold and should, therefore, be prevented (Figure 3).
These large holes in the scaffold may have a detrimental impact on the mechanical properties and lead to inhomogeneous cell attachment upon seeding. Successful production of the
scaffold also involves a freeze-drying step lasting at least 24 hours; this will lead to a scaffold
that has a white appearance (Figure 3). In case of insuffcient lyophilization the scaffolds will
have a yellowish aspect and no clear pores can be observed.
Previous research has shown that matrix production by chondrocytes on this scaffold
is unsatisfactory, especially when compared to the abundant matrix deposition by mesenchymal stromal cells[11]. As cartilage-like tissue is deposited on the scaffold, this new
matrix is generally first deposited in the periphery of the scaffold before invading the rest
of the scaffolds. This can often clearly be seen on the histological slices in which a cell-rich
periphery is often seen rather than a cell-rich center (Figure 5). However, this effect may
be reduced using perfusion bioreactors for cell seeding and to enhance nutrient exchange.
As matrix deposition occurs, the scaffolds will also assume a more glossy appearance, and
become more mechanically consistent, and less brittle. As such, they can be easily cut using
a scalpel without falling apart completely. The properties of the newly formed matrix can be
evaluated using both histological stainings, as well as quantitative assays. As no GAGs are
left after the decellularization process, all of the GAGs that can be quantitatively measured
will be a product of neosynthesis.

disCussiOn
The extracellular matrix of articular cartilage is very dense and quite resilient to different
enzymatic treatments. The multi-step decellularization protocol described in this paper addresses such resistance and successfully generates decellularized matrices. To achieve that,
the process spans over several days. Many decellularization processes have been proposed
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figure 5: Neo-matrix formation on the scaffold after 6 weeks of culture using mesenchymal stromal cells. The
newly formed matrix is rich in proteoglycans as can be observed on this Safranin-O staining. The periphery of
this scaffold is on the right side of this image. Cell density is higher at the periphery, as well as the amount of
matrix deposition. Scale bar represents 500µm.

for different types of tissues[17], and this paper describes a protocol suitable for the decellularization of cartilage. In this protocol it is, however, necessary to follow the enzymatic
treatment with the detergent steps in order to remove all cells. The amount of DNA is diminished critically in the first few steps involving the treatment with trypsin and leaving out
these steps will not result in proper decellularization[11].
It should be noted that this protocol is based on the decellularization of equine cartilage
tissue. The activity of enzyme solutions used, were found sufficient for the adequate removal
of the equine chondrocytes. However, despite the conservation of the matrix composition
across species, the protocol may have to be adjusted for decellularization of cartilage from
other animals due to the differences in the amount of naturally residing chondrocytes[18].
For example, cartilage of smaller animals is known to have higher cell content, and may,
therefore, require a more aggressive decellularization process. A particular reason for
choosing equine cartilage to create decellularized scaffolds is that equine and human cartilage show clear resemblance in thickness, cell density and biochemical make-up[19].
To ensure a reproducible product, several assessment criteria may be important to determine whether complete decellularization has been achieved. In this protocol, we use both
H&E stainings, as well as biochemical quantification to evaluate the residual amount of
DNA in the end product. Others have also proposed to determine the size of the remaining
DNA, with a maximum of 200bp in length for quality control[20]. Regardless, alterations
to the protocol must always be followed-up with histological evaluation and quantitative
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assays to determine the effect on decellularization, as well as the remaining extracellular
matrix products.
The main limitation of this protocol is, that the thorough decellularization involving the
exposure to trypsin leads to extensive loss of GAGs. These extracellular matrix components
are important in retaining the water in articular cartilage and, therefore, play a significant
role in providing the tissue its biomechanical resilience[4]. Protocols that aim to reduce the
loss of GAGs throughout the decellularization process, will affect the thoroughness of the
decellularization process.
The scaffolds produced using this decellularization protocol provide an off-the-shelf
solution and can be implanted without the necessity of cell seeding before implantation.
However, when applied as a treatment for (osteo-)chondral defects, the biomechanical
properties will have to be enhanced to diminish the chance of indentation of the construct
in the early phases of articular loading. In the future, the retention of GAGs, preserving
collagen fiber orientation or even using other biomaterials to reinforce these scaffolds might
prove necessary to allow for a smoothly regenerated articular surface. Consequently, these
scaffolds may play a role in the regeneration of osteochondral defects in the future.
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aBsTraCT
Objective: Although extracellular matrix (ECM)-derived scaffolds have been extensively
studied and applied in a number of clinical applications, the use of ECM as a biomaterial for
(osteo-)chondral regeneration is less extensively explored. This study aimed at evaluating
the chondrogenic potential of cells seeded on cartilage derived matrix (CDM) scaffolds in
vitro.
Design: Scaffolds were generated from decellularized equine articular cartilage and seeded
with either chondrocytes or multipotent stromal cells (MSCs). After 2, 4, and 6 weeks of in
vitro culture, CDM constructs were analyzed both histologically (H&E, Safranin-O, collagen types I and II) and biochemically (glycosaminoglycan (GAG) and DNA content).
Results: After 4 weeks, both cell types demonstrated chondrogenic differentiation, however, the MSCs significantly outperformed chondrocytes in producing new GAG-containing
cartilaginous matrix.
Conclusion: These promising in vitro results underscore the potency of CDM scaffolds in
(osteo-)chondral defect repair.

MSCs vs chondrocytes

inTrOduCTiOn
The young and active population is often affected by traumatic injuries to the knee leading to cartilage or osteochondral defects[3-5]. When untreated, cartilage defects develop
into osteoarthritis (OA), which strongly affects the patient’s quality of life due to increased
discomfort or pain as well as a strong decline in mobility[6]. The ultimate salvage treatment
option for OA is artificial knee replacement, which is not an appropriate option for young
and active patients due to the relatively short lifespan of artificial joint replacements.
Ideally, to prevent the onset and progression of osteoarthritis, the body would have to initiate cartilage healing itself. However, the regeneration and repair of cartilage are hampered
by insufficient nutrient supply and hypocellularity[7]. To compensate for the incapacity of
the body to heal cartilage defects, new techniques to guide articular cartilage regeneration
are sought after.
A promising approach for cartilage reconstruction is tissue engineering, which utilizes
scaffolds to aid in the delivery of cells and/or growth factors. Additionally, these scaffolds
can serve as a mechanically stable platform for the deposition of newly formed extracellular
matrix (ECM)[8]. Structural and biological cues, such as growth factors can be incorporated
in biomaterials to stimulate the deposition of neo-tissue and/or to tailor the construct’s properties for specific tissue requirements. Through interactions between the resident cells and
the surrounding ECM, chemotactic stimuli and specific gene expression result in constant
remodelling of the tissue[9]. Hence, the tissue-specific ECM drives cellular differentiation and
differential functional adaptation[10], therefore it seems logical to explore the application of
ECM as a biomaterial for tissue engineering applications. Additional advantages of natural
ECM-based scaffolds are their biodegradable nature and the potential to be applied crossspecies, as ECM proteins are highly conserved across species[9, 11]. ECM-derived biomaterials are often decellularized to allow for optimal host incorporation and to prevent or modulate
possible immunogenic responses after implantation[10, 12, 13]. Indeed, these materials have
already been pursued and were found effective in many different fields of reconstructive and
regenerative medicine[12, 14-17]. For cartilage tissue, relatively more vigourous decellularization protocols are needed due to the dense nature of the cartilage matrix. This typically results
in lower GAG content and loss of biomechanical resilience of the cartilage-derived matrix
(CDM)[18]. Nevertheless, scaffolds have been generated from decellularized cartilage matrix
particles through lyophilization[19, 20] and, when inoculated with MSCs, hyaline cartilage
formation was observed in a orthotopic rabbit model[21]. However, despite this luring prospect of ECM-based scaffolds[2], the number of studies that report on the use of decellularized
CDM to drive chondrogenic differentiation and eventually cartilage repair[20-25] is limited.
We therefore aimed at further exploring the potential of this approach by producing and characterizing CDM scaffolds and evaluating the in vitro chondrogenic potential of chondrocytes
or multipotent stromal cells (MSCs) when seeded on CDM scaffolds.
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METhOds
scaffold production
The CDM scaffolds were produced according to a protocol adapted from Yang et al.[21]
Briefly, full-thickness cartilage from the medial and lateral femoral condyles of the stifle
(knee) joint of an equine donor was dissected using a scalpel, and washed in phosphate
buffered saline (PBS) (supplemented with penicillin, streptomycin and fungizone (Invitrogen)). Next, the cartilage particles were snap-frozen in liquid nitrogen and lyophilized
for 24 hours (Fig 1A). Thereafter, the lyophilized tissue was ground for approximately 40
minutes under liquid nitrogen to obtain fine cartilage particles (Fig 1B). Subsequently, the
particles underwent 6 cycles of 0.25% trypsin-EDTA (Invitrogen) treatment in 24 hours
at 37°C under vigorous agitation. Next, the tissue was washed in PBS and treated with a
nuclease solution of 50U/ml deoxyribonuclease (Sigma) and 1U/ml ribonuclease A (Sigma)
in 10mM Tris-HCl, pH 7.5, at 37°C under vigorous agitation. After 4 hours, the nuclease
solution was removed and replaced by 10mM hypotonic Tris-HCl for 20 hours on a roller
plate at room temperature. Subsequently, the tissue was immersed in 1% (v/v) Triton X-100
in PBS for 24 hours on a roller plate at room temperature. To remove all remnants of the
enzymatic treatments, the tissue was washed thoroughly in PBS in 6 cycles over the course
of 48 hours. The supernatants of all described steps were stored at -20°C. After the decellularization process, the resulting matrix particles were inserted into 8mm Ø cylindrical
molds and lyophilized for 24 hours (Fig 1C). To allow cross-linking, the scaffolds were
subjected to UV-light overnight. Prior to cell seeding, the scaffolds were sterilized using
ethylene oxide gas. A number of scaffolds were sputter-coated (Cressingdon) with a thin
gold layer to study them with a scanning electron microscope (Fig 1D) (SEM; Zeiss).

Equine chondrocyte and equine multipotent stromal cell isolation
Full-thickness equine chondrocytes were obtained from macroscopically healthy cartilage
of the load-bearing sites of the medial and lateral femoral condyles of skeletally mature donors (n=3, aged 3-10 years). Cartilage was obtained under aseptic conditions and digested
overnight using 0.15% type II collagenase (Worthington Biochemical Corp) at 37˚C. Next,
the cell suspension was filtered, and washed thoroughly in PBS. Cells were resuspended in
chondrocyte expansion medium consisting of DMEM (Dulbecco’s Modified Eagle Medium
41965, Invitrogen), 10% heat-inactivated fetal bovine serum (Biowhittaker), 100 units/ml
penicillin and 100µg/ml streptomycin (Invitrogen), and 10ng/ml FGF-2 (R&D Systems).
The cells were expanded in a monolayer culture with a cell seeding density of 5.0×103 cells/
cm2 until confluency was reached (approximately 10-14 days, ~3-4 population doublings).
Equine sternal bone marrow aspirate was obtained from healthy, living donors (n=3, ages
3-10 years), with approval of the local animal ethical committee. The mononuclear fraction
(MNF) was isolated from the bone marrow aspirate by centrifuging on Ficoll-Paque. The
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figure 1: The production of the scaffolds starts with lyophilized cartilage shrapnels (A) that were ground into
small particles (B) that are subjected to several enzymatic treatments. The produced scaffolds are porous (C), as
was confirmed by scanning electron microscopy (D). The scale bar represents 50µm.
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MNF was resuspended in MSC expansion medium containing a-MEM (22561, Invitrogen)
complemented with 10% heat-inactivated fetal bovine serum, 0.2mM L-ascorbic acid
2-phosphate (Sigma), 100 units/ml penicillin and 100µg/ml streptomycin, and 1ng/ml FGF2. Cells were expanded in a monolayer culture with an initial cell density of 2.5×105 cells/
cm2. The cells were expanded to subconfluence before passaging.
To ensure that the cells isolated from the sternal bone marrow aspirate were MSCs, the
multilineage potential was confirmed by differentiating the equine MSCs into the adipogenic, osteogenic, and chondrogenic lineages, as previously described[26]. In brief, the
MSCs were cultured in three different media. Osteogenic and adipogenic differentiation was
stimulated in monolayer cultures once confluency was obtained. Osteogenic differentiation
was stimulated in a-MEM, supplemented with 10% heat-inactivated FBS, 0.2mM L-ascorbic
acid-2-phosphate, 100U/ml penicillin, 100µg/ml streptomycin, 10mM b-glycerophosphate
(G9891, Sigma), and 10nM dexamethasone (Sigma). Adipogenic medium consisted of
a-MEM, supplemented with 10% inactivated FBS, 100U/ml penicillin, 100µg/ml streptomycin, 1µM dexamethasone, 0.5mM IBMX (3-Isobutyl-1-methylxanthine, Sigma), 0.2mM
indomethacin (Sigma), and 1.72µM insulin (Sigma). Chondrogenic differentiation was
evaluated in a pellet culture of MSCs in chondrogenic MSC differentiation medium. Pellets
were made by centrifuging 250,000 cells in a 15mL tube. Chondrogenic MSC differentiation
medium contained DMEM (31966, Invitrogen) supplemented with 0.2mM L-ascorbic acid
2-phosphate, 1x ITS+ premix (BD Biosciences, USA), 0.1µM dexamethasone, 100 units/ml
penicillin and 100µg/ml streptomycin, and 10ng/ml TGFb-2 (R&D Systems).
Osteogenic differentiation was evaluated through alkaline phosphatase (ALP) activity of
the differentiated MSCs. The monolayer was permeabilized with 0.2% Triton X-100 in tris
buffered saline (TBS). The presence of ALP was determined using the Fuchsin-SubstrateChromogen kit (Dako). Adipogenic differentiation was confirmed by an Oil-red O staining
(Sigma). The monolayer was fixed in formalin, washed in distilled water, washed with 60%
isopropanol and stained with Oil-red O for 10-20 minutes at room temperature. Chondrogenic differentiation was confirmed by the presence of glycosaminoglycans (GAGs)
(Safranin-O staining) and collagen type II (immunohistochemistry), as described below.

scaffold seeding and culturing
Prior to cell seeding, the scaffolds were cut into discs of approximately 3mm thickness.
These discs were pre-soaked in DMEM (Invitrogen) for 1 hour. Next, 3.0×106 cells, either
chondrocytes (P1) or MSCs (P1), were seeded onto the scaffolds (n=6 per donor). For this,
1.5×106 cells were seeded on the top of the scaffold and after 60 min, the scaffold was turned
and 1.5×106 cells were seeded on the bottom in order to improve cell seeding efficiency.
Scaffolds seeded with expanded chondrocytes were cultured for 2, 4 and 6 weeks (n=3
per donor) in chondrogenic differentiation medium (DMEM (41965, Invitrogen) supplemented with 0.2mM L-ascorbic acid 2-phosphate, 0.5% human serum albumin (SeraCare
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Life Sciences), 1% ITS-X (Invitrogen) 100 units/ml penicillin and 100µg/ml streptomycin,
25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Invitrogen) and 5ng/
ml TGFb-2).
The MSC-seeded scaffolds were first cultured for 1 week in MSC expansion medium and
subsequently differentiated for either 4 and 6 (n=3 per donor) weeks in MSC chondrogenic
differentiation medium.

histology
Samples were cut in half and dehydrated through a graded ethanol series, cleared in xylene
and embedded in paraffin. The paraffin embedded samples were sectioned into 5µm slices
and stained with hematoxylin and eosin for cell detection, and a triple stain of hematoxylin,
fast green, and Safranin-O to identify GAG deposition (all from Sigma). The stained sections were examined using a light microscope (Olympus BX51) and representative images
were taken from sections of the centre of the constructs.

immunohistochemistry
Paraffin-embedded sections were deparaffinized through a graded ethanol series and
washed in PBS with 0.1% Tween 20 for 5 minutes prior to immunolocalization of collagen
types I and II. Antigen retrieval steps involved exposure to hyaluronidase for 30 minutes
(Sigma, 10mg/ml in PBS), and to pronase for 30 minutes (Roche, 1mg/ml in PBS), both
at 37°C. Next, the sections were blocked with 5% bovine serum albumin in PBS for 30
minutes at room temperature, and incubated overnight at 4°C with antibodies either against
collagen type I (1:50; I-8H5, Calbiochem) or type II (1:100; II-6B3II, Developmental Studies Hybridoma Bank). Then, the samples were incubated with a biotinylated anti-mouse
antibody (1:200; GE Healthcare) and streptavidin/peroxidase (1:400; Beckman Coulter), or
a secondary anti-mouse antibody conjugated with peroxidase (Dako), respectively, all for 60
minutes at room temperature. Antibody binding in all of the sections was visualized using
3,3’-diaminobenzidine solution (Sigma) for up to 10 minutes. Nuclei were counterstained
with Mayer’s hematoxylin.

gag and dna quantification
The remaining half of each of the samples was digested overnight in papain solution (0.01M
cysteine, 250µg/ml papain, 0.2M NaH2PO4 and 0.01M EDTA) at 60°C. After reaction with dimethylmethylene blue (DMMB) (Sigma), GAG content was measured spectrophotometrically
in a microplate reader (Biorad) by determining the ratio of absorbances at 540 and 595nm.
GAG content per scaffold was quantified using a chondroitin sulphate (Sigma) standard.
DNA content was quantified on the papain digests using a Picogreen DNA assay (Invitrogen) according to the manufacturer’s instructions.
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statistical analysis
To compare the GAG per DNA of chondrocyte- and MSC-seeded CDM scaffolds twotailed unpaired Student’s t-tests were performed. Significance was set at p<0.05.

rEsulTs
scaffold characterization
The produced CDM scaffolds had a diameter of 8mm and were approximately 2-3mm
in height. Scanning electron microscopy demonstrated that the scaffolds were highly porous and contained randomly aligned extracellular matrix particles (Fig 1D). Successful
decellularization was confirmed, as no cells were observed in HE-stained sections (Fig 2A).
Moreover, the scaffolds did not contain any residual GAGs, as was demonstrated by the
Safranin-O staining and confirmed by the quantitative DMMB analysis (Fig 2C and 5).
Quantitative DMMB analysis revealed that the majority of GAGs were lost in the decellularization process during the first enzymatic treatment steps (trypsin) (Fig 2E). In contrast to
the loss of GAGs, the scaffolds did show intense staining for collagen type II (Fig 2B), whilst
no staining for collagen type I was observed (Fig 2D).

in vitro tissue formation: chondrocyte-seeded CdM scaffolds
CDM scaffolds seeded with equine chondrocytes were differentiated for 2, 4 and 6 weeks.
During the culture period, limited matrix deposition was observed Nevertheless, after 4
weeks of culture, the chondrocytes were dispersed throughout the entire volume of the
scaffolds (Fig 3A). The newly formed matrix did show positive staining for collagen type
II (Fig 3B), as well as some positive staining for collagen type I in the pericellular matrix
(Fig 3D), as was demonstrated by immunolocalization. However, Safranin-O staining revealed that hardly any GAGs were deposited (Fig 3C). The chondrocyte-seeded constructs
degraded during the culture period (2-4 weeks). After 6 weeks of culture the scaffold was
fully disintegrated and samples could not be further analyzed.

in vitro tissue formation: MsC-seeded CdM scaffolds
CDM scaffolds with MSCs were cultured for 4 and 6 weeks in chondrogenic differentiation medium. After 4 and 6 weeks of culture, cells were observed throughout the scaffold
structure (Fig 4A and E, respectively) and the deposited matrix stained more intensely for
GAGs (Fig 4C and G, respectively) than the matrix in the corresponding chondrocyteseeded CDM constructs (Fig 3C). After culture the MSC-seeded tissue constructs were
stable upon handling and had macroscopically a cartilage-like appearance. In addition, the
produced matrix showed intense staining for collagen type II both after 4 (Fig 4B) and 6
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weeks (Fig 4F). However, at both time points staining for collagen type I was noted at the
periphery of the constructs (Fig 4D and H).

A
A

B
B

C
C

D
D

E
E

figure 2: The CDM scaffold is porous with no remaining cells (A, H&E staining), no GAGs (C, Safranin-O
staining) and no collagen type I (D). All scaffold material was positive for collagen type II (B). Scale bars represent 500µm.
During the decellularization process the majority of GAGs was lost during the first trypsin treatment steps as
confirmed by quantitative GAG analysis (E), error bars indicate 95% confidence intervals.
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figure 3: Chondrocyte-seeded scaffolds after 4 weeks of culture, showing cells on remaining scaffold particles
(A, H&E staining), with collagen type II positive matrix (stains brown in B), which hardly contains GAGs
(stains red in C). In the pericellular matrix, some staining for collagen type I was noted (stains brown in D).
Scale bars represent 200µm, S = scaffold, arrows indicate cells.
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figure 4: MSC-seeded scaffolds after 4 weeks of culture (top row) and 6 weeks of culture (bottom row). Abundant cartilage matrix production was already noted after 4 weeks and was further increased at 6 weeks of culture
(A and E, H&E staining). The newly formed matrix was positive for GAG (C and G, Saf-O stains GAGs red),
collagen type II (brown in B and F) and was in the periphery also positive for collagen type I (brown in D and
H). Scale bars represent 200µm, S = scaffold.

gag and dna analysis
Quantitative GAG and DNA analyses demonstrated an increase in GAG per DNA after culturing both chondrocytes and MSCs, confirming the histological findings (Fig 5).
However, a significant difference was observed between the chondrocyte-seeded group and
MSC-seeded group after 4 weeks of culture (p=0.002), with the latter showing more GAG/
DNA.

disCussiOn
This study aimed to evaluate the chondrogenic potential of chondrocytes and MSCs that
were seeded CDM scaffolds that can ultimately be applied to osteochondral defect repair.
Previous studies in other fields of regenerative medicine, including reconstructive skin surgery, heart valve replacement, and bladder repair have shown great regenerative potential of
ECM-based materials[9-12, 14-17, 24, 27]. Whilst the treatment of cartilage defects remains

MSCs vs chondrocytes

figure 5: Quantitative analysis of GAG production expressed as GAG/DNA. The amount of GAG/DNA increased for both the chondrocyte-seeded (C) and MSC-seeded (M) conditions compared to the empty scaffolds,
but significantly more in the MSC-seeded condition after 4 weeks of culture (*p=0.002). ND=not determined at
that time-point. Error bars indicate 95% confidence intervals.

a significant clinical challenge, approaches based on ECM-derived scaffolds have thus far
not been extensively studied for this application[2].
Our results demonstrate that porous scaffold structures can be generated from decellularized cartilage matrix. Moreover, the outcomes underscore the chondrogenic potential of
CDM scaffolds when seeded with MSCs. In contrast, we showed that chondrocyte-seeded
constructs do not result in the production of abundant new cartilaginous matrix. Previous
studies, however, performed with chondrocytes (passage 1) from other donors, but expanded under the exact same conditions, confirmed the capacity of these cells to form abundant
cartilaginous matrix formation in pellet cultures[1]. While chondrocytes are the resident
cells of the cartilage tissue and are clinically applied in regenerative approaches for cartilage
repair (e.g. via autologous chondrocyte implantation[28]), our results thus question the
presumption that they are efficacious in producing matrix when seeded on scaffolds that
potentially resemble their collagen-rich natural habitat. Although some differences in GAG
deposition and collagen production have been observed between chondrocytes and MSCs
on ECM-based scaffolds[29], MSCs performed substantially better on CDM scaffolds.
MSCs are generally known to have a higher proliferative potential and higher capability
to retain their differential capacity than chondrocytes[30] and it has been suggested that
MSCs intrinsically secrete a higher number of matrix anabolic agents after expansion[30],
enhancing their capacity to form new cartilage matrix. Nevertheless, the observed difference is likely also related to the specific composition of the collagen type II rich CDM scaffolds. Chondrocytes are indeed known to produce catabolic factors, such as MMP1, MMP3
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and MMP13 in response to exposure to collagen type II fragments[31, 32]. Also, these
cells release increased levels of catabolic agents in response to exposure to cartilage ECM
components[30]. This may have led to a disruption of the delicate balance of anabolic and
catabolic cues, resulting in the more rapid scaffold degradation and disintegration observed
in the current study. Chondrocyte-seeded scaffolds could hence only be evaluated up to 4
weeks of culture, whilst MSC-seeded scaffolds did not disintegrate and formed stable tissue
constructs during 6 weeks of in vitro culture. The exact mechanisms behind the superior
production of cartilage matrix by MSCs on this scaffold have not been addressed yet, as is
the generally observed tendency of hypertrophic differentiation by the MSCs. This will be
the focus of future investigation.
The major ECM components of native cartilage matrix are collagen type II and GAGs[7].
The decellularization protocol used in this study resulted in a predominantly collagen-based
scaffold in which the GAGs were not retained. In order to accomplish full and consistent decellularization of dense tissues such as cartilage, the procedure involves the use of multiple
agents. This will inevitably lead to a greater deprivation of ECM and structural integrity
than in less dense tissues, such as small intestinal submucosa or urinary bladder walls[9,
10, 33]. For example, the extensive use of the enzyme trypsin, and detergent Triton X-100
have previously been reported to lead to a loss of GAGs[10, 34]. Using these agents leads to
effective decellularization, but it also results in extensive GAG loss compared to previously
reported decellularization protocols for cartilage[20, 21]. Whereas in the present study
these circumstances did not hamper satisfactory matrix formation in the MSC-seeded scaffolds, it remains to be evaluated whether remnants of GAG in the scaffold could contribute
to enhanced chondrogenic differentiation.
Besides impacting on cartilage repair, the encouraging in vitro results observed for
MSC-seeded constructs may also offer opportunities for regenerative approaches to treat
osteochondral defects. These defects are in direct contact with the bone marrow and MSCs
could repopulate the scaffold in vivo through cell homing rather than through cell-delivery.
This suggests a possible cell-free, “off-the-shelf ” application for this scaffold, which might
strongly facilitate therapeutic translation. Nevertheless, the potential catabolic effect of the
implanted scaffold on the surrounding cartilage tissue should be carefully assessed, despite
the fact that preliminary equine pilot studies have not indicated that such damaging effects
on the surrounding tissue would occur[2]. Moreover, MSCs have the ability to differentiate
towards the osteogenic lineage, either directly or via the endochondral route[35, 36] and
can, therefore, also regenerate the bone phase in an osteochondral defect, thus serving a
dual purpose. As stated previously, the challenge will be to restrict hypertrophic differentiation and endochondral ossification to the osteogenic layer. The presence of bioactive and
bioinductive cues is considered to be the main contributor to the success of biological ECM
scaffolds[2, 9, 21, 33]. The ECM of small intestinal submucosa, for example, is often used as
a biological scaffold material and has been characterized extensively[37-40]. This material
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has been shown to retain endogenous growth factors that remain bioactive after decellularization and sterilization[41-43]. Also, the presence of collagen and other structural
and functional molecules has been proposed as a contributing factor for cell proliferation,
migration, and differentiation[33].
The tissue and cells that were used in the present study were all of equine origin, since
previous studies have shown that there are clear similarities between equine and human
cartilage in both thickness, as well as biochemical composition[44-46]. These similarities
make the equine model the large animal model of choice to perform in vivo pre-clinical
translational research on osteochondral defect repair[47-49]. Moreover, equine patients
often develop cartilage or osteochondral lesions due to congenital disorders or traumatic
events similar to human patients[50-52]. Hence, the development of a new and ECM-based
treatment modality may benefit both veterinary and human patients.
We have demonstrated the excellent chondrogenic differentiation capacity of MSCs in
CDM scaffolds. The MSCs outperformed chondrocytes in cartilage matrix production
when seeded on this scaffold. In addition, the use of CDM scaffolds surpasses the issues
of biodegradability and biocompatibility that may arise with synthetic scaffolds. Also, the
natural ECM environment might provide bioactive cues that initiate natural regeneration.
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aBsTraCT
Following an endochondral approach to bone regeneration, multipotent stromal cells
(MSCs) can be cultured on a scaffold to create a cartilaginous callus that is subsequently
remodeled into bone. An attractive scaffold material for cartilage regeneration that has
recently regained attention is decellularized cartilage-derived matrix (CDM). Since this
material has shown potential for cartilage regeneration, we hypothesized that CDM could
be a potent material for endochondral bone regeneration. Additionally, as decellularized
matrices are known to harbor bioactive cues for tissue formation, we evaluated the need for
seeded MSCs in CDM scaffolds.
In the present study ectopic bone formation in rats was evaluated for CDM scaffolds
seeded with human MSCs and compared to unseeded controls. The MSC-seeded samples
were preconditioned in chondrogenic medium for 37 days. After 8 weeks of subcutaneous
implantation, the extent of mineralization was significantly higher in the MSC-seeded constructs versus unseeded controls. The mineralized areas corresponded to bone formation
with bone marrow cavities. Also, rat-specific bone formation was confirmed by collagen
type I immunohistochemistry. Finally, fluorochrome incorporation at 3 and 6 weeks revealed that the bone formation had an inwardly directed progression.
Taken together, our results show that decellularized CDM is a promising biomaterial for
endochondral bone regeneration when combined with MSCs at ectopic locations. Modification of current decellularization protocols may lead to enhanced functionality of CDM
scaffolds, potentially offering the prospect of generation of cell-free off-the-shelf bone
regenerative substitutes.
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inTrOduCTiOn
Previously, bone regeneration strategies have predominantly relied on biomimicry of the
intramembranous pathway of bone formation. However, this approach has not yet resulted
in a new treatment modality for the repair of large bone defects in clinical practice. In
recent years, following the concept of developmental engineering[1], the attention has
shifted towards exploration of the feasibility of bone regeneration following an alternative
method: the endochondral approach[1-5]. In the endochondral approach, bone formation
starts from a cartilaginous template[6]. Cells residing in this template undergo terminal
chondrogenic differentiation. During the hypertrophic stage of differentiation, these cells
initiate the mineralization of the cartilaginous matrix that is surrounding them. Before cell
death, angiogenic and chemotactic factors are excreted that can attract cells to remodel the
mineralized cartilage into bone. As a consequence, blood vessels, osteoblasts and osteoclasts
invade the template and replace it with bone tissue[6].
Multipotent stromal cells (MSCs) are ideal candidate cells for bone regeneration through
the endochondral route, as they have the capacity for hypertrophic differentiation under
currently applied chondrogenic culture conditions[5, 7, 8]. The endochondral approach to
bone tissue engineering has proven its feasibility for MSC-containing constructs at ectopic
locations in rodents[1-5, 9, 10]. In general, MSCs were chondrogenically stimulated in
vitro and after subcutaneous implantation, the formation of bone tissue was observed. The
formed bone was mineralized and contained bone marrow cavities with hematopoietic cells.
Despite its great promise, several challenges remain in the creation of grafts following this
approach. A major obstacle is increasing construct size. Endochondral bone formation in
vivo is either achieved in small pellet cultures[1, 3, 5] or restricted to the periphery of larger
constructs[2]. Choosing a scaffold material that can further stimulate and/or accelerate the
endochondral process, could address this limitation. As endochondral bone formation is
based on the formation of bone from a cartilaginous template, it may be desirable from a
developmental engineering standpoint[1], to increase the construct size by increasing the
cartilage volume. So, instead of relying on the creation of a cartilaginous matrix by the
MSCs only, a logical step would be to add cartilaginous matrix as a scaffold material.
The use of cartilage as a substitute for bone tissue has been vastly explored in the 50s
to 80s of the last century[11-14]. It has been shown that autologous or isogenic cartilage
transplantation in rats induced bone formation[12, 14]. This effect was affected by donor
age and predominantly observed for tissue obtained from young donor animals[12, 13].
Another important prerequisite for in vivo bone formation was the presence of viable cartilage cells[12, 13]. Additionally, despite its potential in auto and isotransplantation, ossification of the cartilage matrix was never seen in xenotransplantation[12]. This property would
render clinical application of decellularized xenogenic cartilage-derived matrix limited as a
biomaterial for endochondral bone regeneration.
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To summarize, recently, the use of decellularized cartilage-derived matrix (CDM) has
gained attention and its potential for cartilage regeneration was recognized[15-19]. Moreover, preliminary in vivo studies indicated that a CDM scaffold could be effective in regenerating bone and cartilage in an osteochondral defect model[15]. In this previous study, the
CDM scaffold was cell-free, and it remains unknown if preseeding of the construct with
multipotent stromal cells is a prerequisite for endochondral bone regeneration.
To address the latter, we here investigated the feasibility of decellularized cartilage-derived
matrix (CDM) xenografts as a scaffold material for ectopic endochondral bone regeneration.
Our main question was whether the unseeded scaffolds could attract host cells and induce
endochondral bone regeneration. This would offer the prospect of generating off-the-shelf
bone constructs consisting of CDM only. The performance of the unseeded CDM scaffolds
was compared to that of CDM seeded with human MSCs.

MaTErials and METhOds
Experimental design
An overview of the experimental layout is shown in Table 1. The induction of bone tissue
formation was evaluated in subcutaneous dorsal pockets of immunocompromised rats.
To test the intrinsic osteoinductivity of the CDM scaffold material, samples were either
preconditioned with human MSCs (MSC-seeded) or remained unseeded. Human MSCs
were chosen with the eventual application in patients in mind. An equine source was chosen
to be able to obtain sufficient amounts of cartilage for CDM preparation and in view of
potential translation to both human and equine patients. Moreover, equine cartilage closely
resembles human cartilage in both histological and biochemical properties[20].
The MSCs were seeded and expanded prior to chondrogenic differentiation in vitro.
The samples were implanted for a total of 8 weeks. The number of samples taken for each
analysis varied as indicated in the table.

Multipotent stromal Cell isolation and culture
A bone marrow aspirate was taken from the iliac crest of a 69-year old male human
patient receiving a total hip arthroplasty following his informed consent according to a protocol approved by the local Medical Ethics Committee (University Medical Center Utrecht).
The cells were separated on Ficoll-paque and the mononuclear fraction was then plated
for selection on plastic-adherence, as described previously[8]. The cells were passaged at
subconfluency and maintained in expansion medium containing αMEM (Minimum Essential Medium α; Invitrogen), with 10% heat-inactivated fetal bovine serum (BioWhittaker), 0.2mM L-ascorbic acid 2-phosphate (Sigma), 100U/mL penicillin with 100mg/mL

CDM for bone formation

Table 1: Overview of the experimental set-up including the time frame and numbers of samples.

* One animal died before the intended end of the experiment at day 22

streptomycin (PenStrep, Invitrogen), and 1ng/mL basic fibroblast growth factor (bFGF,
R&D Systems). At passage 4, they were harvested for scaffold seeding.
The potential of the MSCs for multilineage differentiation into adipogenic, osteogenic,
and chondrogenic cells was confirmed[8]. Also, FACS analysis was performed for confirmation of the presence of CD73 (BD Pharmagen), CD90 (Biolegend), CD105 (Abcam) and
for the absence of CD31 (Serotec), CD34 (BD Pharmagen), and CD45 (BD Pharmagen).
Isotype matched controls (Life Science) were also analyzed.

scaffold preparation
Equine cartilage from 7 donors (age 3-10) was harvested post-mortem from the femoral
condyles of the stifle joints after obtaining permission of the owners. The joints were stored
at -20°C prior to tissue harvest. The cartilage was removed from the femoral condyles, cut
into small pieces with a surgical blade and immersed in PBS supplemented with 10% PenStrep and 10% fungizone (Life Technologies™). Next, the cartilage was subjected to multiple
enzymatic and mechanical treatment steps, as described previously[21]. The resulting CDM
was transferred into cylindrical molds (3.5mm diameter, 10 mmhigh) and freeze-dried for
24 hours. The scaffolds were cross-linked by UV exposure[22] overnight and sterilized using ethylene-oxide. Before cell seeding, the scaffolds were cut to measure 5mm in height and
pre-soaked for one hour in expansion medium without bFGF.
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scaffold seeding and differentiation
The hMSCs were seeded onto the porous scaffolds in two steps. In total, 700,000 cells
were suspended in 50µl of expansion medium for each scaffold. In the first round, half of
the volume was applied along the mantle of the scaffold cylinder. After one hour, the scaffolds were turned 180°C before pipetting the second half of the suspension onto the scaffolds. On day 7, the medium was changed from expansion to chondrogenic differentiation
medium consisting of high glucose Dulbecco’s modified Eagle’s medium (Invitrogen) with
1% ITS + premix (BD Biosciences), 10-7M dexamethasone (Sigma), 0.2mM L-ascorbic acid
2-phosphate, PenStrep, and 10ng/mL TGFβ2 (R&D Systems). The seeded scaffolds were
maintained in 24-wells plates while medium was refreshed twice a week until implantation. Following 37 days in differentiation medium three scaffolds were fixed in formalin for
histological analysis.
The two groups of scaffolds that were implanted subcutaneously were either cell-seeded
as described above, or unseeded. The unseeded scaffolds were not pre-soaked prior to
implantation.

implantation in immunocompromised rats
The experiment in rats was approved by the local Ethics Committee for Animal Experimentation and in compliance with the Institutional Guidelines on the Use of Laboratory
Animals. The experiment was performed on male, athymic nude rats (Hsd:RH-Foxn1rnu,
11 weeks, Harlan, The Netherlands) that were anaesthetized with 2.5% isoflurane and air/
oxygen. Subcutaneous pockets were created from 7-10mm dorsal incisions, to each fit
one scaffold. Each pocket was created by blunt dissection through the skin incision and
filled with one implant. The skin was closed transcutaneously with Vicryl Rapide sutures
(Ethicon, Germany). Before and after the operation, the animals received 0.05mg/kg
buprenorphin subcutaneously (Temgesic, Schering-Plough/Merck, USA). The rats were
housed in pairs at the Central Laboratory Animal Institute of Utrecht University. At week 3
and 6 after implantation, all animals received subcutaneously administered fluorochromes,
100mg/kg xylenol orange (Sigma) and 10mg/kg calcein green (Sigma), respectively. These
fluorochromes are known to bind free calcium ions before their incorporation in active
mineralization processes, thus indicating sites of active bone formation after the moment
of injection[23, 24]. At 8 weeks, the rats were euthanized by CO2/O2 inhalation and the
scaffolds were explanted and fixed in formalin.

x-ray and fluorescence imaging
While in formalin, the explants were imaged in 2D in a Faxitron® x-ray system with a
dose of 22kV for 12 seconds, taking along a femur and tibia of the rats as a positive control.
Mineralized areas in the samples were clearly delineated and their brightness was comparable to that of rat bone controls. Using Adobe Photoshop CS5, the total surface area of
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the mineralized tissue was quantified and the pixel dimensions were converted to mm2. To
illustrate the total number of samples of the groups that did show mineral content on the
x-ray, a ratio was calculated as: ratio of positive x-rays=number of samples with mineral
content/ total number of samples in the group.
Additionally, the explants were examined by whole mount fluorescence microscopy using
a triple filter (Olympus) for simultaneous detection of the red and green fluorochromes.
After image analysis, the explants were further processed and embedded in paraffin or
methylmethacrylate (MMA).

histology and immunohistochemistry on paraffin sections
Explanted samples (n=7 for MSC-seeded CDM, n=6 for unseeded CDM) were decalcified
in Luthra solution (0.35M HCl and 2.65M formic acid in distilled water), before dehydration, embedding in paraffin, and sectioning (5µm). For identification of cartilage and bone,
a triple stain of Safranin-O, fast green and hematoxylin was used[8].
Besides subcutaneous implants, these rats had also received samples in one critical defect
in one of their femora. However, only subcutaneous samples were included in analyses of
the present study. One rat died at day 22 after implantation during revision surgery of a
loosened internal fixator. Samples retrieved from this animal were not decalcified but fixed
in formalin and directly embedded in paraffin. On sections from this animal mineralization
could be visualized by a von Kossa staining with Mayer’s hematoxylin counterstaining, as
well as the presence of tartrate-resistant acid phosphatase (TRAP) in osteoclasts. TRAP
is secreted by active osteoclasts that resorb mineralized cartilage or bone in order to be
remodeled into new bone. For TRAP staining, sections were deparaffinized and rehydrated,
before incubation in 0.2M acetate buffer containing 50mM L-(+)tartaric acid (Sigma) at pH
5.0 for 20 minutes at room temperature. Next, TRAP activity was stained by adding 0.5mg/
ml Naphtol AS-MX phosphate and 1.1mg/ml Fast red TR salt (both from Sigma) to this
solution and incubating at 37°C for 1-4 hours. Finally, the sections were counterstained with
Mayer’s hematoxylin.
Immunohistochemical detection of collagen types I, II, and X was performed after
deparaffinization and rehydration of the sections. The reactivity of the collagen type I
antibodies was extensively tested on rat, human and equine tissues. It was found that the
mouse anti-human I-8H5 antibody could recognize both human and equine collagen type
I, but not collagen from rat origin. On the other hand, the rabbit anti-rat ABT-123 antibody
exclusively detected rat collagen type I and not collagen of equine or human origin.
All sections were blocked to prevent non-specific binding in 5% bovine serum albumin
and 0.3% H2O2. For collagen type I (human) and type II, antigen retrieval was performed by
incubation with 1mg/mL pronase (Sigma) and 10mg/mL hyaluronidase (Sigma) for half an
hour each. Retrieval of rat collagen type I was performed by boiling the sections for 10 minutes in 10mM citrate buffer, pH 6.0. Collagen type X antigen was retrieved by incubation at
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37°C in 1mg/ml pepsin (Sigma) in 0.5M acetic acid for 2 hours and in 10mg/mL hyaluronidase (Sigma) for half an hour. Next, sections were incubated with the primary antibodies
for collagen type I (1:100, monoclonal mouse anti-human, CP17 clone I-8H5, Millipore;
and 1:50, polyclonal rabbit anti-rat, ABT123, Millipore), collagen type II (1:100, monoclonal mouse, II-II6B3, DSHB) and collagen type X (1:20, Quartett), all at 4°C overnight.
Subsequently, collagen type I (human) and type II sections were incubated with GAM-HRP
(1:200, P0447, Dako) at room temperature for an hour. Collagen type I (rat) sections were
incubated with goat anti-rabbit biotinylated antibody (1:200, E0432, Dako) and with SAHRP (1:400, Dako), both for one hour at room temperature. Collagen type X sections were
incubated with a biotinylated secondary antibody (1:200, GE Healthcare, RPN1001V) for 1
hour at room temperature, after which they were incubated with SA-HRP (1:400, Dako) for
an hour at room temperature. All collagen types were detected by a 10-minute conversion
of 3,3’-diaminobenzidine solution (Sigma). Nuclei were counterstained with 50% Mayer’s
hematoxylin. Isotype control stainings were carried out with a murine IgG1 monoclonal
antibody (Dako) at concentrations matching those used for the primary antibodies or by
incubation without primary antibody. The stained sections were examined by using a light
microscope (Olympus BX51).
To examine the fate of the implanted cells, human mitochondria were stained. Following
deparaffinization and rehydration of paraffin sections, the antigen was retrieved by cooking
the sections in Tris-EDTA (pH 9, 10mM Tris-HCl, 1mM EDTA), at 95°C for 30 minutes.
Then, sections were blocked in 3% H2O2, washed and incubated with the primary antibody
overnight at 4°C (1:1000, anti-mitochondria, Abcam). The anti-mouse, HRP-labeled Envision+ system (Dako) was used for 30 minutes before the staining was performed with
the DAB+ Substrate Chromogen System (1:100, Dako). Section were counterstained with
hematoxylin before mounting in depex.

histology and fluorochrome detection on MMa sections
Undecalcified samples (n=7 for both groups) were dehydrated and embedded in polymethylmethacrylate, MMA. Sections of 20-30μm were generated along the long axis of
the cylindrical samples on a saw Microtome system (Leica 4 SP1600, Germany). The axial
sections were stained with methylene blue and basic fuchsine and evaluated by light microscopy. In addition, sections were made that remained unstained to evaluate the presence of
fluorochromes.

statistics
The raw data of the 2D quantification of mineralized areas in the Faxitron images were
expressed as ‘pixel2’. These data were analyzed with in IBM® SPSS® Statistics, version 20. An
independent samples t-test was performed, assuming unequal variances, to compare the 2D
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projected areas containing mineral in images from CDM samples that were MSC-seeded
(n=14) or unseeded (n=13). A p<0.05 was considered significant.

rEsulTs
in vitro chondrogenesis of hMsCs in CdM scaffolds
The hMSCs spread throughout the CDM scaffold pores and formed matrix containing
proteoglycans and collagen type II, the main cartilage matrix components. Cell differentiation and cell density were inhomogeneous, although hMSCs were seeded according to the
same protocol into each scaffold, and the cells were able to spread throughout the complete
interior of the CDM scaffolds (Figure 1). The cells had also invaded several CDM particles.
In general, most deposition of glycosaminoglycans was observed at the circular periphery
of the constructs.

figure 1: Extent of MSC chondrogenesis in CDM scaffolds demonstrated by safranin-O staining after 37 days
of in vitro preconditioning. (B-D) Glycosaminoglycans are stained in red while the remaining collagenous tissue is stained green. (A) Macroscopic image of unseeded cylindrical CDM scaffold. (B) Safranin-O-stained
paraffin section of an unseeded control scaffold, showing no Safranin-O positive components. (C) Safranin-Ostained paraffin section of human MSC-seeded CDM scaffold that was chondrogenically differentiated for 37
days, containing little glycosaminoglycans (GAGs). (D) Safranin-O-stained paraffin section of human MSCseeded CDM scaffold showing extensive GAG deposition by the seeded cells. Note that the cells in (C) and (D)
have caused sample compaction as compared to the unseeded scaffold in (B).
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in vivo ectopic endochondral bone formation in CdM scaffolds
X-ray analysis showed that mineralized tissue was predominantly present in the MSCseeded samples (Figure 2). Mineralization in the MSC-seeded constructs was evident by
x-ray in 13 out of 14 samples, yet the extent of mineralization varied considerably (Figure
2B-D). In contrast, negligible mineralization was present in the unseeded CDM scaffolds.
The average size of the mineralized area in MSC-seeded constructs was 4.08 ± 3.75mm2,
while significantly less mineral deposition (0.08 ± 0.17mm2, p=0.002) was found in the unseeded controls (Figure 2I). Only three of the unseeded control samples contained a small
(<0.5mm2) area that was mineralized under x-ray examination, of which one contained
the red fluorochrome. As the originally implanted cylindrical samples had a 2D-projected
surface area of 15mm2, the aforementioned numbers would roughly represent 27.2 ± 25.0%
of mineralized area in the MSC-seeded samples and 0.5 ± 1.1% of mineralized area in the
unseeded samples.
For the MSC-seeded constructs, it was observed that the red fluorochrome, xylenol orange, was incorporated at the periphery of the newly formed bone tissue at week 3 (Figure
2L-M). Although calcein green was administered 3 weeks after xylenol orange, it was incorporated inwards from the initially delineated area of bone formation at week 6, indicating
an inwardly directed progression of mineralization (Figure 2N).
After 8 weeks of implantation, bone formation was evident in the cell-seeded constructs
(Figure 3). The circular periphery of the 8-week hMSC-seeded constructs harbored cartilaginous tissue containing glycosaminoglycans and collagen type II (Figure 3A,B). Both
scaffold remnants and tissue deposited by the implanted cells stained positive for collagen
type II. Besides, neotissue that was negative for human and equine collagen types I and II
was identified at the periphery of the construct as well (indicated by B in Figure 3B,C). In
Figure 3, the development of bone marrow cavities can be observed morphologically, containing both types of marrow: hematopoietic marrow and fatty bone marrow. Furthermore,
morphological evidence and the presence of mineralized cartilage further indicated that
new bone had formed via the endochondral pathway (Supplementary Figure 2). However,
all samples retrieved after 8 weeks did undergo decalcification in Luthra solution, which did
not allow staining of collagen types I (rat) and X, TRAP, or von Kossa.
As mentioned previously, one cell-seeded sample was harvested at day 22. As this sample
did not undergo decalcification, it was processed to paraffin to confirm the endochondral
process of bone formation. Active matrix remodeling was observed at the circular periphery
this MSC-seeded construct, which indicated endochondral bone formation. At the circular
periphery of the implant, tissue rich in glycosaminoglycans was present (Figure 4A). Also,
a matrix rich in collagen type I of human origin was present between the scaffold particles
(Figure 4B). Collagen type II of human and/or equine origin was detected in the newly
deposited matrix and in the CDM particles (Figure 4D). Small areas positive for collagen
type X of human origin were observed at the circular periphery of the construct, specifically
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figure 2: Significantly more bone was formed in MSC-seeded constructs compared to unseeded CDM. (A-D)
X-ray representations of an average unseeded (A) control sample and the lowest (B), average (C) and highest
(D) mineralized areas in MSC-seeded CDM scaffolds, following an 8-week subcutaneous implantation period.
(E-H) Whole-mount fluorescence images of the explants (in A-D, respectively) showing the fluorochrome incorporation in the newly formed bone tissue at 3 (red) and 6 (green) weeks of implantation. (I) The extent of
mineralization was measured on x-ray images of all explants and calculated as mm2 in the 2D representations.
Significantly more mineralized tissue formation was observed in the MSC-seeded versus the unseeded samples.
Note that the theoretical maximum surface area was 15mm2. (J) The ratio of the numbers of samples showing
mineral deposition on x-ray over the total number of samples in that respective group is shown for all samples.
For the MSC-seeded samples also the number of samples showing lowest (<1.5mm2), average (2.5-5.5mm2),
and highest (>7.0mm2) mineralized areas are included. (K-N) In MSC-seeded samples, fluorochrome incorporation was shown on MMA-sections. The pattern of fluorochrome incorporation in general was that the red (3
week) label was present on the outer periphery of the formed bone, while the green label (6 weeks) was located
inward. (O,P) Macroscopic appearance of MSC seeded (O) and unseeded (P) constructs upon explantation.
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figure 3: All aspects of endochondral bone formation were apparent after 8 weeks of subcutaneous implantation in MSC-seeded samples only (columns 1-3). Unseeded samples did not show bone formation (column 4).
(A) Cartilaginous neotissue was indicated by Safranin-O staining in MSC-seeded constructs. In the lacunae
also hypertrophic cells were present. No safranin-O stained tissue was observed in the unseeded constructs.
(B) At the sites of bone formation, the cartilaginous collagen type II staining is partly replaced by bone (‘b’ in
image, lightly stained in purple by hematoxylin). Unseeded constructs contained collagen type II only in the
scaffold material but not in the fibrous ingrowth. (C) Collagen type I of human and/or equine origin was present
in the neotissue, between CDM scaffold remnants (s) in MSC-seeded constructs. The scaffold material did not
stain for collagen type I. As the newly formed bone stained negative for human collagen type I, its most likely
origin is rat.

indicating hypertrophic differentiation of the implanted human MSCs (Figure 4E). Active remodeling of the hypertrophic cartilage matrix at these sites was shown by a TRAP
staining that revealed osteoclast activity (Figure 4F). The areas undergoing remodeling also
contained mineral depositions (Figure 4G). In addition, the early onset of the formation of
bone marrow cavities was observed already after 22 days (Figure 4C,E). Noteworthy, several
small areas of woven bone were visible at the construct periphery, which were not stained
by the human and equine collagen antibodies. The patches did however react with a ratspecific antibody for collagen type I, confirming bone formation of rat origin (Figure 4C).
Finally, the predominant presence of bone formation in the MSC-seeded CDM scaffolds,
as compared to the unseeded scaffolds, was also observed on the basic fuchsin-stained
MMA sections (Figure 5). The newly formed bone was mainly found at the periphery of
the CDM constructs and had a woven and trabecular appearance. At the interface between
de CDM matrix and newly formed bone, clear signs of endochondral ossification could
be observed with mineralization of the cartilaginous matrix. Within the trabecular bone
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figure 4: Tissue formation after 22 days of implantation (n=1) on undecalcified paraffin sections. Active remodeling of cartilaginous matrix into host-derived bone by the endochondral route was shown at the circular
ends of the cylindrical construct. (A) Safranin-O stained sections showing the presence of proteoglycans in the
construct at the circular cylinder ends. (B) Collagen type I was produced in the constructs by the seeded MSCs.
As the antibody does not detect collagen type I produced by rat cells, it is assumed that this matrix is deposited
by the implanted human cells. (C) Collagen type I of rat origin was produced in the construct periphery where
the newly formed bone was laid down. (D) Collagen type II was detected both in the equine scaffold material
and in the neotissue in the construct. (E) At the circular cylindrical ends, remnants of collagen type X production are shown. This matrix was produced by the implanted cells as the antibody did not react with rat collagen
type X. (F) Active matrix remodeling was revealed by TRAP staining of multinucleated osteoclasts in red. (G)
Mineralization of predominantly the CDM scaffold was present at the periphery of the construct.

structure, bone marrow cavities had formed containing both hematopoietic and fatty bone
marrow. In contrast to the bone formation in the MSC-seeded scaffold, the resorbed areas
of the unseeded scaffolds were replaced by fibrous tissue that also infiltrated the scaffold
pores. Only in one construct of the unseeded scaffolds, a very small area of bone formation
was observed.
The fate of the implanted human cells was examined by anti-human mitochondrial staining on day 22 and on week 8 after implantation (Supplementary Figure 3, A-D and E-H,
respectively). Human cells were detected in the cartilaginous tissue that was deposited by
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figure 5: Bone formation (b) was only present on MMA sections from MSC-seeded constructs after 8 weeks
of subcutaneous implantation. Loose fibrous tissue was observed among the CDM particles in unseeded control
scaffolds (A), while the seeded samples contained areas of bone formation, including bone marrow cavities
(B-F). (C) Bone formation was evident at the construct periphery (B) and scaffold remnants were present (s).
The marrow cavities contained hematopoietic bone marrow (D, hBM) and also fatty bone marrow (F, fBM). (E)
Besides cell-derived matrix, the CDM particles (s) were also mineralized.

the human cells but not in the fibrous infiltrate. Next to the bone marrow, the tissue’s cells
were a mixture of human (green arrowhead) and rat (open arrowhead) cells. On Safranin-O
stained consecutive sections, the tissue appeared to be composed of a mixture of newly
formed bone (dashed lines) and other tissue. Overall, human cells were present in areas
of bone formation but from our results it was not possible to establish whether they were
present in the newly formed bone itself.
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disCussiOn
The concept of developmental engineering[1] suggests that understanding and mimicry
of natural processes can assist in improving tissue regeneration. We applied this concept by
using current knowledge on endochondral bone development from a cartilaginous tissue
template. While most endochondral bone tissue regeneration approaches rely on cartilage
tissue engineering to create a cartilage extracellular matrix, we explored the potential of
a decellularized cartilaginous scaffold for this purpose. Here we report on the successful
ectopic bone regeneration from a material of xenogenic origin containing xenogenic MSCs
and their matrix.

Effects of cells and culture methods
The present study showed effective bone regeneration at a subcutaneous location in CDM
scaffolds implanted with MSCs. The implanted cells were chondrogenically primed for
37 days before implantation. This preconditioning period did not induce in vitro matrix
mineralization and was within the previously reported ranges required for induction of
ectopic endochondral bone formation from predominantly pellet cultures, varying from
two[1] or four[2], to six[10] or seven[5] weeks of in vitro preconditioning in chondrogenic
media. Induction of hypertrophy during the in vitro preconditioning period has had positive effects[1], while in vitro mineralization of the matrix had negative effects[3] on the in
vivo endochondral process. Overall, the induction of hypertrophy by thyroid hormone was
not considered crucial for endochondral bone regeneration[1, 2, 5] and therefore omitted
in the present study.
During our preconditioning period, the MSCs had started to produce a cartilaginous
matrix, rich in glycosaminoglycans. The most intense staining for GAGs following the in
vitro preconditioning period was observed at the circular periphery of the constructs. This
spatial pattern later coincided with the regions of bone formation in the in vivo samples.
This tendency may indirectly support the assumption that regions of optimal in vitro cartilage tissue formation, give rise to in vivo bone formation. Moreover, this may explain the
variability in the extent of bone formation among the MSC-seeded in vivo samples. After all,
the applied seeding methods and preconditioning period cannot guarantee homogeneous
tissue formation by the MSCs in vitro and thus no homogeneity in tissue formation upon
implantation.
Inhomogeneous tissue differentiation in the constructs could be caused by nutrient
limitations[25]. However, it is expected that if the geometry of the constructs pores would
be carefully controlled that still a considerable increase in construct size can be obtained
by adding CDM particles to a construct. In addition, flow-perfusion of the in vitro culture
can also assist in providing sufficient nutrients to the core of the construct[26]. The issue of
necrotic core development, which can start as soon as the construct is removed from a flow-
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perfusion system, will however still apply to large cartilaginous constructs for endochondral
bone formation. Nevertheless, if it would be possible to pinpoint the optimal time window
for implantation, dying hypertrophic cells could be implanted that secrete the angiogenic
factors. This way, construct size could be increased without core necrosis.
The timing of events in our study was comparable to those observed during endochondral
bone from living cartilage implants[13], where the onset was discerned after 3-4 weeks and
completion of matrix remodeling into bone by week 8. Further, in line with previous findings[2, 4], new bone in our CDM scaffolds was formed by host cells that had infiltrated the
construct. This was shown by the absence of type I collagen of human origin and abundance
of rat-derived collagen type I in the newly formed bone tissue. However, immunohistochemical detection did reveal the presence of human cells up to 8 weeks after implantation
in areas of newly formed bone tissue (Supplementary Figure 3). It has been suggested previously that implanted MSCs could contribute to bone formation[2, 10] and do not reside
in the hematopoietic niche[10] after the hypertrophic cartilage has been replaced by bone.
For transplanted cartilage tissue, it was estimated that 1% of bone cells had originated from
the implanted chondrocytes[13]. In the present study, the matrix origin has been identified
next to the cellular origin. Our data suggest that overall, new bone consists of rat-specific
collagen type I.
The implanted cells were still present at 22 days after implantation, both in cartilaginous
and bone-like tissues. It has been reported before that these implanted cells actually do
contribute to the bone formation and end up encapsulated in the bone matrix[1, 10]. The
contribution of these cells is still elusive, whether the hypertrophic chondrocytes transdifferentiate to the osteoblastic lineage or the MSCs become osteoblasts directly, or a
mixture of both, remains disputable.

Effects of CdM composition
Although equine age is known to affect GAGs in the cartilage matrix[27], this factor is
not expected to have a major impact on our results as our decellularization protocol resulted
in negligible amounts of GAG in the CDM scaffolds. In fact, CDM scaffolds do contain
mainly type II collagen, and collagen composition of equine cartilage has been shown not
to significantly change with age[28].
The CDM scaffolds that were obtained after decellularization in the present study contained negligible remnants of glycosaminoglycans[29]. However, other decellularization
protocols may result in as many different scaffold compositions. For example, the GAG
content of decellularized cartilage can vary depending on the number of SDS (sodium dodecyl sulfate) cycles involved[30]. Therefore, several decellularized cartilage scaffolds have
been developed that do contain GAGs[30, 31], in contrast to the scaffolds evaluated in the
present study. Notably, in order to retain GAGs in the scaffolds, concessions have to be made
in terms of the level of decellularization[15]. Likewise, all other steps in a decellularization
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protocol can affect the performance of the final product. Future studies may therefore focus
on elucidation the influence of CDM composition on in vivo bone formation.
The exact contribution of the GAG-rich matrix to ectopic bone formation is unclear. Besides the effects of the seeded cells, the matrix may have been important since it was lacking
in the unseeded control scaffolds. It is for example likely that the growth-factor retaining
potential of the GAG structures[32] played a certain role in for example recruitment of host
cells and local stimulation of cellular processes. In a previous study, a reduced GAG content
of cartilaginous tissues resulted in a delayed progression of bone formation from articular
cartilage implants[13]. In contrast, the removal of GAGs and subsequent inhibition of GAG
synthesis did not inhibit bone formation in cartilage that was transplanted to the anterior
chamber of the eye[13]. These contradicting results stress the need for future studies into
the necessity of GAGs in decellularized cartilage-derived matrix for ectopic endochondral
bone regeneration.
Overall, our data indicate that the presence of the MSCs stimulated bone formation. One
factor or a combination of the following may have contributed to the onset of endochondral
bone formation: (a) component(s) of the decellularized cartilaginous matrix, or the matrix
or other factors produced by the MSCs. Future studies may therefore incorporate devitalized preconditioned samples to distinguish the effects of the cells and the matrix or factors
they produce.
Further, the simultaneous occurrence of intramembranous bone deposition next to the
observed endochondral bone formation cannot be excluded based on our results.

Effects of implantation model
The ectopic implantation model is suitable for screening of the osteoinductive capacity of
different construct compositions. Although this environment is challenging for establishing
bone formation, MSC-seeded CDM samples successfully regenerated bone tissue. So far, ectopic bone regeneration in devitalized cartilaginous constructs has not been successful[12,
13, 33]. Of course, inclusion of healthy, non-immunocompromised animals in the model
could result in a different outcome and will be subject of our future studies.
This study shows that re-vitalizing a CDM matrix with pre-cultured MSCs in chondrogenic medium helps to regain its osteoinductive potential. However, the presence of cells
may not be a prerequisite for endochondral bone formation in CDM at orthotopic locations. In previous studies, bone did regenerate from unseeded decellularized cartilage in an
osteochondral defect in one instance[15]. As bone marrow-derived MSCs may have access
to the scaffold in an osteochondral defect model, an unseeded scaffold will probably behave
differently at an orthotopic location or at a site of fracture healing. If indeed unseeded
scaffolds could stimulate endochondral bone formation at an orthotopic site, there is a great
promise for pursuing clinical application by going towards a cell-free, off-the-shelf solution
for bone regeneration at orthotopic sites.
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COnClusiOn
Endochondral bone formation at ectopic location is greatly enhanced by the presence of
viable chondrogenic MSCs in decellularized CDM scaffolds compared to unseeded control
scaffolds.
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supplementary figure 1: MSC characterization by expression of surface markers and adipogenic and osteogenic differentiation capacity. The flow cytometry results are shown for CD31 (A), CD34 (B), CD45(C), CD73
(D), CD90 (E), CD105 (F), and CD271 (G). The percentages of positive cells of the gated population (inset in
A) are presented in the table (H). Oil red O-stained fat vesicles are demonstrated (I) and ALP activity is stained
in red (J).
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supplementary figure 2: Several hallmarks of endochondral bone formation are shown. (A) Hypertrophic
chondrogenic cells (arrows) in an MSC-seeded implanted sample after 8 weeks of subcutaneous implantation
(hematoxylin/ eosin stained paraffin section). (B) Von Kossa-stained undecalcified paraffin sections of the sample that was retrieved after 3 weeks of subcutaneous implantation. (C) For comparison, consecutive sections
were stained with Safranin-O to demonstrate the presence of mineralizing cartilage.
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supplementary figure 3: Fate of implanted human cells on day 22 (A-D) and 8 weeks (E-H) after implantation. Human cells (brown, green arrowheads) were present in the tissues adjacent to the bone marrow niches
(D) along with rat cells (open arrowheads). Also, mixed cell populations were present in mineralizing tissue (C).
An in vitro cultured control sample shows abundant mitochondrial staining in all cells (B). After 8 weeks human
cells are still present in areas where bone is formed (F-H). Newly formed bone (dashed lines in E, safranin-O/
fast green staining) is present in these areas as well.
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aBsTraCT
The use of extracellular matrix (ECM)-derived scaffolds has been extensively studied and
applied in a number of tissue-engineering applications, including bladder reconstruction,
skin regeneration, and heart valve replacement. Within the field of orthopedic surgery,
treatment of (osteo-)chondral defects remains challenging. Current cell-based treatment
strategies are both costly and often lead to defect filling with scar tissue rather than the
regeneration of the original tissue. Previous studies have shown the potential of decellularized cartilage-derived matrix (CDM) scaffolds in the repair of cartilage defects. The aim of
this study was to further investigate these scaffolds and study the influence of varying ECM
particle sizes on the biomechanical characteristics and chondrogenic potential of these
scaffolds.
To this extent, scaffolds were generated from decellularized equine articular cartilage in
different fractions (100:0, 50:50, 0:100) of smaller (<300µm) and larger (>710µm) particles,
and seeded with multipotent stromal cells (MSCs). Histological analysis after 4 and 6 weeks
of culture revealed the synthesis of collagen and proteoglycan rich matrix in all of the
groups. Biochemical analysis revealed no differences in the amount of glycosaminoglycan
production between the different scaffold groups. Additional biomechanical testing was
performed to further characterize these scaffolds.
We conclude that CDM scaffolds show great potential for the regeneration of cartilage
tissue. Moreover, as using different sized particles of CDM does not significantly alter the
chondrogenic potential or the biomechanical characteristics of these scaffolds, and hence
does not seem to be essential, the production process of these scaffolds may be simplified.

Varying particle scaffolds

inTrOduCTiOn
Articular cartilage defects are known to have limited regenerative capacity. Due to pain
complaints in the early stages of articular damage, and painful stiff joints after progression
of the damage towards osteoarthritis, the quality of life of patients is heavily affected because
of a substantial decrease in daily mobility[1]. Long-term functional limitations may in turn
lead to generalized health problems as well as psychological issues, burdening society with
a steep rise in associated health care costs[2].
The current treatment strategies for cartilage defect repair, such as microfracture and
autologous chondrocyte implantation (ACI) are restricted to certain patient groups due to
their limited inclusion criteria. Furthermore, these techniques lead to fibro-cartilaginous
repair tissue in the case of microfracture, and are time-consuming and expensive in the
case of ACI[3]. Other reasons why these novel repair strategies struggle to find their way
to global clinical application are the associated costs, regulatory, insurance and logistical
issues[4]. Therefore, the quest for novel, and preferably one-stage off-the-shelf regenerative
strategies still continues.
Tissue engineering is a potential solution to effectively treat cartilage defects, which, however, relies on finding the perfect combination of biomaterials, bioactive compounds and
cells[5]. Biomaterials for cartilage tissue engineering can be of natural origin (e.g. collagen
or alginate) or synthetic polymer compounds (e.g. polycaprolactone or polylactic acid)[6].
Despite the technological advances in the development of artificial scaffolds that mimic the
complex nature of native cartilage, as closely as possible, the ultimate scaffold will need to
incorporate the majority of the natural bioactive cues that can be found in the extracellular
matrix (ECM) of cartilage. To achieve this, the use of native extracellular matrix as the main
scaffold compound could be beneficial.
Decellularized extracellular matrices have been extensively studied and have been used
successfully for the repair of for example, skin[7], tendon[8], and abdominal wall tissues[9].
They also serve as a platform for tissue engineering purposes in whole-organ bioengineering[10, 11]. Despite this successful application in a range of clinical situations, the use of
ECM scaffolds in articular cartilage regeneration has only recently been identified as a
possible successful strategy.
Previously, we reported the fabrication of a decellularized cartilage-derived matrix (CDM)
scaffold from equine cartilage[12]. In that study, we showed that multipotent stromal cells
(MSCs) outperform chondrocytes in forming new cartilage tissue on these scaffolds[12].
Cartilage-derived matrix scaffolds are porous structures in which cells can infiltrate and
lay down new cartilage-like matrix. The porosity of the CDM scaffolds is bound to differ
with differing particle size. The same holds true for the biomechanical properties of the
scaffold. Also, the availability of the bioactive cues that are present in decellularized cartilage matrix[13] likely varies in constructs of differing particle sizes. Intuitively, particle size
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will hence affect biological performance of the scaffold and might need to be standardized,
but this has never been proven. To assess the need for such standardization, we evaluated
CDM scaffolds of various particle size compositions. The hypotheses to be tested were: 1)
decellularized CDM scaffolds will show significantly different biomechanical strength, and
2) decellularized CDM scaffolds made from different particle sizes will have significantly
different chondrogenic potential.

MaTErials and METhOds
scaffold production
Macroscopically healthy, full-thickness cartilage was harvested post-mortem from equine
donors that were euthanized for other reasons than musculoskeletal disease (n=10). The
cartilage slices were washed in phosphate buffered saline (PBS) supplemented with penicillin/streptomycin (Invitrogen), snap-frozen in liquid nitrogen and lyophilized for 24 hours.
The slices were then milled in liquid nitrogen using an automated mill and sieved into two
fractions of particles: a fraction smaller than 710µm and a fraction of particles smaller than
300µm. The two fractions were combined to form different ratios (100:0, 50:50, and 0:100)
of the 710µm and 300µm particles.
Next, the different mixtures were decellularized as previously described [12]. Briefly, the
cartilage particles underwent enzymatic treatment using 0.25% trypsin-EDTA (Invitrogen)
in 6 cycles in 48 hours at 37°C under vigorous agitation. Subsequently, the cartilage slurry
was subjected to a nuclease solution (50U/ml deoxyribonucease and 1U/ml ribonuclease A
(both from Sigma) in 10mM Tris-HCl, pH 7.5 at 37°C under agitation. After 4 hours, the
nuclease solution was removed and replaced by 10mM Tris-HCl for 20 hours on a roller
plate at room temperature. Next, the slurry was immersed in 1% (v/v) Triton X-100 in PBS
for 24 hours on a roller plate at room temperature. To remove all enzymatic agents and
detergents from the remaining cartilage sludge, vigorous PBS washing steps were applied in
6 cycles over the course of 48 hours at room temperature. In order to shape the sludge into
CDM scaffolds, the sludge was put into 8mm Ø cylindrical molds and these were lyophilized
for 24 hours. For additional cross-linking, the CDM scaffolds were subjected to UV-light
overnight. Sterilization of the scaffolds was performed using ethylene oxide gas.

Equine multipotent stromal cell isolation
Sternal bone marrow aspirate of three healthy, living equine donors was obtained with
approval of the local animal ethical committee. The bone marrow aspirate was centrifuged
on Ficoll-Paque to isolate the mononuclear fraction (MNF). The MNF was resuspended in
multipotent stromal cell (MSC) expansion medium (a-MEM (22561, Invitrogen) complemented with 10% heat-inactivated fetal bovine serum, 0.2mM L-ascorbic acid 2-phosphate
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(Sigma), 100 units/ml penicillin and 100µg/ml streptomycin (Invitrogen), and 1ng/ml FGF2 (R&D Systems)). The cells were expanded in a monolayer culture to subconfluence before
passaging. All cells were used at P3. To guarantee that the isolated cells were actually MSCs,
the multilineage potential was confirmed by differentiating the cells towards the osteogenic,
adipogenic and chondrogenic lineage as previously described[14].

Cell seeding and cell culture
The scaffolds were cut into smaller discs of approximately 3mm in height and pre-soaked
for approximately 60 minutes in a-MEM. Afterwards, a total of 3·106 cells were seeded per
scaffold. To ensure cell attachment, 1.5·106 cells were seeded on the top of the scaffold and
after leaving the scaffolds at 37°C for 60 minutes, the scaffolds were flipped over and another
1.5·106 cells were seeded on the other side. Again, the scaffolds were left for 60 minutes at
37°C before the culture medium was added to the culture plate.
All scaffolds were cultured in MSC expansion medium for 6 days. Next, the scaffolds
were cultured in chondrogenic MSC differentiation medium (DMEM (31966, Invitrogen),
supplemented with 0.2mM L-ascorbic acid 2-phosphate, 1% ITS+ premix (BD Biosciences,
USA), 0.1µM dexamethasone (Sigma), 100units/ml penicillin and 100µg/ml streptomycin,
and 10ng/ml TGFb-2 (R&D Systems)) for either 4 or 6 weeks. Medium was changed twice
every week.

MicroCT analysis
Scaffolds with different ratios (100:0, 50:50, 0:100) of the 710µm and 300µm particles
were scanned via micro-computed tomography (Scanco µCT 80, Scanco Medical AG, Brüttisellen, Switzerland) with an isotropic voxel size of 25µm. Using the built-in µCT evaluation software (Scanco Medical AG, Brüttisellen, Switzerland) the total volume versus solid
volume was determined as a measure for porosity.

Mechanical indentation analysis on non-seeded samples
Relaxation indentation testing (Mini Bionix 858 MTS Corp, Eden Praire, MN) was
performed on both the edge and middle of non-seeded scaffolds with different ratios of
particles (100:0, 50:50 and 0:100, n = 4 each group). Specimens were placed perpendicular
to the rigid indenter (diameter 1.59mm) on an X-Y stage, so each sample could be positioned for indentation near the edge of the sample and in the middle of the sample. Load
and displacement data were recorded during the stress relaxation test while samples were
allowed to relax up to 2500 seconds. A Matlab (Mathworks, Natick, MA) routine using a
Hertzian contact equation was used to determine both ramp and equilibrium moduli.
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dynamic mechanical analysis on cultured samples
Dynamic mechanical analysis (TA instruments DMA 2980) was performed on two
samples of each donor of each group (100:0, 50:50, 0:100) before culture, after 4, and 6
weeks of culture. The compression modulus (unconfined) of the samples was measured
using cylindrical structures. A total force of 5N was applied to the surface of the samples
over a time period of 10 minutes (rate 0.5N/min). The measured force and displacement
during compression were used to determine the stress-strain curve of each sample. The
Young’s modulus was calculated from the slope of the linear part of the stress-strain curve.

histology
Samples for histology were dehydrated through a graded ethanol series, cleared in xylene
and embedded in paraffin. Paraffin-embedded samples were sectioned into 5µm slices prior
to staining. A hematoxylin and eosin staining for cell detection was performed as well as a
triple stain of hematoxylin, fast green and Safranin-O for glycosaminoglycan deposition (all
from Sigma). A light microscope was used to examine and record the stainings (Olympus
BX51).

immunohistochemistry
Sectioned paraffin-embedded samples were deparaffinized through a graded ethanol
series and washed in PBS with 0.1% Tween 20 for 5 minutes. Next, antigen retrieval was
applied, first hyaluronidase for 30 minutes (Sigma, 10mg/ml in PBS), and pronase for 30
minutes (Roche, 1mg/ml in PBS), both at 37°C. Subsequently, the sections were blocked
with 5% bovine serum albumin in PBS for 30 minutes at room temperature. The samples
were incubated with either an antibody against collagen type I (1:50; I-8H5, Calbiochem)
or collagen type II (1:100; II-6B3II, Developmental Studies Hybridoma Bank) overnight at
4°C. Then, samples underwent incubation with a biotinylated anti-mouse antibody (1:200;
GE Healthcare) and streptavidin/peroxidase (1:400; Beckman Coulter), or a secondary antimouse antibody conjugated with peroxidase (Dako), respectively, all for 60 minutes at room
temperature. A 3,3’-diaminobenzidine solution (10 minutes, Sigma) was used to visualize
antibody binding in all of the sections. A counterstain of Mayer’s hematoxylin was used to
stain the nuclei.

gag and dna quantitative analysis
Samples for biochemical analysis were digested overnight at 60°C using a papain solution
(0.01M cysteine, 250µg/ml papain, 0.2M NaH2PO4 and 0.01M EDTA). Glycosaminoglycan
(GAG) content was measured spectrophotometrically after reaction with dimethylmethylene blue (DMMB) (Sigma) by determining the ratio of absorbances at 540 and 595nm.
GAG content was quantified using a standard of chondroitin sulphate (Sigma).
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DNA content was quantified on papain-digested samples using a picogreen DNA assay
(Invitrogen) according to the manufacturer’s instructions.

statistical analysis
To analyze and compare the different groups a one-way ANOVA with a Tukey’s post-hoc
test was performed using IBM SPSS Statistics 21. Statistical significance was set at p<0.05.

rEsulTs
MicroCT scanning
The three different compositions of CDM scaffolds were scanned using microCT to obtain
images of the scaffolds prior to cell seeding and to visualize the differences in particle size
throughout the scaffolds (Figure 1). Visual inspection showed that the 0:100 ratio contained
relatively smaller particles compared to the 100:0 ratio.

figure 1: Micro-CT images of the different scaffolds 100:0 (a), 50:50 (b), 0:100 (c). These images illustrate the
differences in particle size between the groups. Scale bar represents 1 millimeter.

indentation mechanical analysis on non-seeded samples
No significant differences were found in modulus between the 50:50 and 0:100 groups,
whilst the ramp and equilibrium moduli in the 100:0 group were significantly lower than in
the other two groups (Figure 2). No significant differences were observed between edge and
middle modulus in any of the groups.

figure 2: Edge and ramp mechanical indentation moduli. A significant difference (a= p<0.05) was found between the 100:0 group and the 50:50 and 0:100 groups.
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histology
To verify full decellularization of the scaffolds and to visualize their composition in terms
of proteoglycan, collagen type II, and collagen type I presence, histological stainings were
performed. Indeed, the scaffolds appeared to be fully decellularized (data not shown), which
was consistent with our previous findings[12]. The CDM scaffolds were predominantly
rich in collagen type II, and no positive staining for proteoglycans or collagen type I was
observed, confirming previous observations[12].
The cultured scaffolds of the different conditions after both 4 and 6 weeks of culture were
also stained for cells, proteoglycans and collagen types I, and II. The H&E staining showed
clear ingrowth of the cells into the different scaffolds with the majority of the cells aligning
along the outer border of the scaffolds (Figure 3A, E, I). The Safranin-O staining revealed
the presence of GAGs in the newly formed tissue. Subjectively, the amount of proteoglycans
seemed higher in the 0:100 scaffold group where the red staining was more intense red
(Figure 3B, F, J). The amount of proteoglycans was more abundant at the periphery of the
scaffold and diminish towards the center. The amount of newly formed proteoglycan containing tissue did seem to increase between 4 and 6 weeks of culture. The collagen immunohistochemical analysis showed that the newly formed tissue was mainly comprised of type I
collagen (Figure 3C, G, K), especially at the periphery of the seeded scaffolds. Nonetheless,
some patches of collagen type II rich areas could also be found (Figure 3D, H, L).

figure 3: H&E, Safranin-O, collagen type II and collagen type I staining of the different scaffolds after 6 weeks
of culture. Images A-D represent 100-0 scaffolds, images E-H represent 50-50 scaffolds, images I-L represent
0-100 scaffolds. Scale bar equals 200µm.
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quantitative glycosaminoglycan and dna analysis
All scaffolds were GAG-poor with the highest amount of GAGs per scaffold still present in
the 100:0 group (2.2µg±0.05), the second highest amount in the 50:50 group (2.0µg±0.04),
and the lowest amount in the 0:100 group (0.8µg±1.00). The remnants of DNA were still
measurable by the picogreen assay, but were as expected very low. The lowest amount of DNA
per scaffold was measured in the group with the smallest particles 0:100 (0.007µg±0.006)
when compared to the 50:50 (0.023µg±0.020) and 100:0 groups (0.013µg± 0.015).
To compare the effective GAG production between the different scaffold groups, the
amount of GAG per DNA per scaffold was quantified. At both 4 weeks and 6 weeks of culture, no significant differences were found between the different scaffold groups (Figure 4).

figure 4: GAG/DNA in µg per µg, at four and six weeks of culture. No significant differences were found in
GAG production between the different groups at the different time points.

young’s moduli of the scaffolds
The characterization of the scaffolds prior to cell seeding also involved measuring Young’s
modulus. A slightly higher, but not significantly different, Young’s modulus was found for
the 0:100 scaffolds, when compared to 100:0 and 50:50 scaffolds (data not shown). After cell
seeding and culture periods of either 4 or 6 weeks no significant differences were observed
between the different groups (Figure 5).
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figure 5: Young’s moduli of the different experimental groups after four and six weeks of culture. There were
no significant differences between the different scaffold groups.

disCussiOn
The aims of this study were twofold. The first aim was to investigate the effect of different
particle sizes of CDM on the biomechanical characteristics of the decellularized scaffold.
The second aim focused at the potential effect of particle size on the chondrogenic potential
of multipotent stromal cells that were seeded onto this scaffold. Our previous study already
demonstrated a clear differentiation potential of multipotent stromal cells towards the
chondrogenic lineage on decellularized CDM scaffolds[12]. Extracellular matrix scaffolds
are gaining interest within cartilage tissue engineering. They have potential not only for
the repair of cartilage defects, but they may also play a role in the repair of osteochondral
defects as multipotent stromal cells seem to differentiate towards the appropriate lineage
of the target tissue[13]. However, there is more to cell differentiation and proliferation and
suitable constructs for osteochondral repair also require certain biomechanical strength
and resilience to cope with the biomechanical shear and compression forces that are present
in the joint. By altering the composition of the decellularized CDM scaffolds through the
use of different particle sizes we might be able to influence the biomechanical properties of
the scaffolds.
Our results, however, show that the alterations in scaffold composition as carried out in
this study by using different relative fractions of particle sizes in the <710μm and <300μm
ranges did not have significant effects on the biomechanical properties of the scaffolds as
measured by mechanical indentation and dynamic compression. The indentation moduli of
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the unseeded scaffolds were smaller for the 100:0 samples consisting of the larger particles
because this fraction of particle sizes leads to more porous scaffolds, as evidenced by the
µCT images. Spatial homogeneity of all scaffolds was confirmed by the similarities between
the moduli at the edge and the center of the constructs. This observation provides evidence
that scaffold production by freeze drying produces scaffolds with uniform mechanical
properties throughout the entire construct. It is interesting to note that, where the CDM
scaffolds have a rather poor resistance to compressive forces, the indentation moduli of the
non-seeded constructs are smaller than the Young’s moduli, meaning that the extracellular
matrix that is produced within these scaffolds enhances their biomechanical strength. Still,
the values remain far below the elastic compression modulus of natural cartilage, which on
the femoral condyles typically ranges between 1-5MPa[15]. The reinforcement of scaffolds
for cartilage repair often necessitates a compromise in functionality. This is true for both
synthetic and CDM scaffolds, but compared to the latter synthetic scaffolds are considered
foreign bodies and do not contain the bioactive cues that are present in natural tissues,
which may lead to hampered tissue ingrowth and delayed cell differentiation. Nonetheless, in search for the most appropriate scaffold for cartilage regeneration, and even more
challenging osteochondral repair, we will have to focus on enhancing the biomechanical
properties of the CDM scaffold. One of the solutions might be combining decellularized
CDM with fiber reinforced 3D bioprinted constructs[16-18]. In due time, this technique
might even allow for the recreation of the zonal organization of native cartilage tissue[19].
Future applications may involve creating a printable decellularized CDM hydrogel[20] that
can be combined with a more biomechanically resistant printable material, or the functionalization of synthetic polymers with CDM particles[21].
The present study showed that the decellularized CDM scaffolds that were employed had
good functionality. All scaffolds allowed for the deposition of cartilage-like tissue that was
rich in GAGs, as well as collagen type II. There were no significant differences between the
different groups. Theoretically, one might expect that multipotent stromal cell differentiation and subsequent chondrogenesis would be highest in the group in which the bioactive
cues that are preserved within the ECM are more readily available to the cells. The question
then arises whether this availability is dependent on the gradual release of these functional
molecules during the process of degradation of the scaffold by the resident cells, or whether
these functional molecules act as integrins and require cell-extracellular matrix binding.
Until recently, the exact mechanisms behind the bioactive cues in the extracellular matrix
remained elusive. However, the (effective) presence of matrix-bound nanovesicles in several
commercially available and laboratory-produced scaffolds might provide the answer[22].
These nanovesicles are closely associated with collagen networks and contain nucleaseprotected miRNA that is preserved across species and tissue types. These miRNAs are
involved in regenerative processes such as ‘cellular development, cellular growth and proliferation, cell death and survival, cellular movement, and cell cycle activity’[22]. The high
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degree of preservation of the miRNA molecules across species and tissues also broadens the
scope towards a xenogenic application of extracellular matrices for cartilage repair strategies.
The variation in particle size that was used in this study had, through its influence on the
microstructure of the scaffolds effect on the pore sizes throughout the scaffold. In this study
this effect was only semi-quantitatively achieved via microCT scanning and the determination of the exact pore sizes was beyond the scope of this experiment. Nevertheless, pore
size is known to have an impact on cell adhesion and cell differentiation and, hence, matrix
production. The benefit of having larger pores is that cells will be able to move more freely
into the scaffold, leading to a more evenly distributed cell population than with small pore
sizes[23]. However, when pores become too large this will inevitably lead to cells ‘falling
through’ the scaffold. Pore size also influences nutrient supply to the seeded cells. Larger
pore sizes allow for greater influx of nutrients from the surrounding environment; in vitro
this would mean the influx of medium, in vivo this would involve infiltration of blood from
the underlying bone marrow in case of osteochondral defects. A certain amount of nutrient
and catabolic factor exchange is required to ensure a balance in matrix production[24]. In
the current experiment, the histological analysis showed highest cell density at the periphery
of the scaffold but also infiltration into the center of the scaffold, suggesting pore size was
sufficiently large to allow for cell adhesion throughout the scaffold. The higher abundance
of cells in the periphery can most likely be attributed to the larger availability of nutrients in
this area due to the submersion of the scaffolds in nutrient-rich medium.
Chondrocytes tend to retain their phenotype better and lay down more cartilage-like
tissue in collagen matrices containing smaller pores[24, 25]. Chondrocytes also thrive in
a hypoxic environment, as cartilage is an avascular tissue in nature[26]. By reducing the
pore size the amount of oxygen that will be delivered to the cells will diminish, possibly
creating a more favorable anabolic environment for chondrocytes, or chondrogenically
differentiated multipotent stromal cells. Smaller pore size also drives chondrocytes to grow
into 3D microstructures as they have less surface area to form a monolayer on[24], again
mimicking a more natural environment for matrix deposition. As no significant differences
in GAG/DNA or other parameters indicating chondrogenic functionality were found in this
experiment, it can be concluded that the particle size range as used for the scaffolds used in
this study did not contain a pore size that negatively influenced chondrogenic capacity. This
relatively large margin in particle size can be considered advantageous in generating CDM
scaffolds as the bioactivity of these scaffolds seems, at least within the range investigated
in this study, to be independent on particle size, especially since control over pore size will
be difficult in generating CDM scaffolds. This vastly simplifies the production process. In
addition, the observation may open up the possibility to use different sized particles to
functionalize other scaffold materials. When further pursuing the development of these
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CDM scaffolds as potential tools for cartilage defect repair, future experiments will need to
focus on improving the biomechanical characteristics of these scaffolds.

COnClusiOns
Decellularized cartilage-derived matrix scaffolds have shown to promote cartilage matrix
deposition when seeded with multipotent stromal cells. Using different fractions of different
particle sizes to create the scaffold did not alter the biomechanical characteristics of the
scaffolds, nor did it influence the cartilage-matrix production. This relative independence
of functionality of particle size greatly facilitates production and hence the practical applicability of these potentially very interesting scaffolds.
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aBsTraCT
Decellularized cartilage-derived matrix (CDM) scaffolds have shown great promise in
the regeneration of cartilage tissue in in vitro settings. Also, the generation of bone tissue
through the endochondral pathway has been demonstrated in vivo at ectopic implantation
sites. By combining the regeneration of cartilage and bone tissue using a decellularized
CDM scaffold a new step towards the repair of osteochondral defects could be made. To this
extent, this equine pilot study (n=1) was designed.
Osteochondral defects were created on the lateral trochlear ridge of the stifle joint, and
either filled with a CDM scaffold or with an already clinically applied TruFit plug (Smith
and Nephew) as a control. After 8 weeks, macroscopic and microscopic evaluation on the
formation of cartilage and bone tissue within the defects was performed. The CDM scaffold
showed osteochondral defect filling and distinct cartilage-like and bone-like phases could
be identified. The TruFit plug showed only limited filling of the osteochondral defect and
clear remnants of the scaffold could still be observed when compared to the CDM scaffold.
This pilot study showed favorable results regarding the implantation of a CDM scaffold in
an osteochondral defect in the equine stifle joint. Especially when compared to the TruFit
plug, abundant neo-tissue with a distinct cartilage and bone phase could be identified. This
study will therefore be, the foundation for a large equine in vivo study in the future.

Equine pilot

inTrOduCTiOn
Extracellular matrix (ECM) scaffolds are gaining interest within the field of cartilage
tissue engineering. Previously, they have been successfully used within regenerative medicine, in for example engineering of cardiovascular tissues, skin, and tendons[1]. The use
of decellularized ECM as a scaffold material overcomes the restraints on biodegradability,
biocompatibility and bioactivity that are present when synthetic materials are used to create
scaffolds. Moreover, decellularized ECM is thought to naturally retain bioactive cues, such
as growth factors, peptides and other functional molecules that initiate, drive, and regulate
tissue regeneration[2].
Cartilage tissue harvested from cadaveric donors can be decellularized and used to create
scaffolds[3]. Previously, decellularized cartilage-derived matrix (CDM) scaffolds were successfully generated and their ability to facilitate abundant cartilage extracellular matrix production by mesenchymal stromal cells was demonstrated in vitro[4, 5]. Interestingly, these
scaffolds can potentially be applied to regenerate both the cartilage and the underlying bone.
Evolutionary, bone tissue is generated through the intramembranous ossification pathway,
but also through endochondral bone formation[6]. This latter pathway is of particular
interest for osteochondral repair by CDM scaffolds as the scaffold can provide the cartilage
template that is required for endochondral ossification. Moreover, decellularized tissue of
other origins than the target tissue have proven to be beneficial in driving regeneration of
completely different tissues[7]. The regeneration of osteochondral defects might not require
scaffolds to be pre-cultured prior to implantation as mesenchymal stromal cells (MSCs)
from the subchondral bone could be used as an adequate cell source to drive regeneration,
a technique that is based on current microfracture techniques[8].
In order to translate in vitro work to the bed-side, preclinical animal studies must first be
performed to evaluate the performance of these scaffolds in an in vivo setting. Small animal
studies are often harder to extrapolate towards the human application due to differences
in size, skeletal immaturity, and biochemical differences in cartilage composition[9]. The
equine model has become increasingly popular as equine and human cartilage is similar
in composition and thickness[10, 11]. Also, the equine population suffers from naturally
occurring cartilage defects and can, therefore, also be considered a target population rather
than simply a pre-clinical model[12].
Therefore, this pilot study aims at evaluating osteochondral repair by implanting a cellfree decellularized cartilage-derived matrix scaffold in an osteochondral defect in the stifle
joint of a horse. It is performed as a work-up towards a larger study in which the potential
of CDM scaffolds in a highly challenging orthotopic location will be tested. We hypothesize
that the host’s mesenchymal stromal population from the subchondral bone will populate
this scaffold. Our second hypothesis is that both cartilage and bone tissue will be formed in
their respective natural environments in the defect.
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MaTErials and METhOds
animal
This was a pilot study that involved one healthy mature Dutch Warmblood horse of 490kg,
age 6 years. Prior to surgery no lameness was observed, nor was there any radiological
indication of joint disease. During the study the horse was housed in an individual box and
fed a standard maintenance ration of concentrate with hay and water. The study protocol
was approved by the ethical and animal welfare committee of Utrecht University. To reduce
the use of experimental animals, this horse was also destined to be sacrificed for educational
purposes after 8 weeks.

scaffold production
Full-thickness cartilage from the medial and lateral femoral condyles of the stifle (knee)
joints of equine donors (n=5, ages 3-10 years) that were euthanized for reasons other than
joint disease, was dissected using a scalpel. The full-thickness cartilage slices were washed in
phosphate-buffered saline (PBS) supplemented with penicillin, streptomycin, and fungizone
(Invitrogen, Carlsbad, CA). Next, the cartilage slices were snap-frozen in liquid nitrogen
and lyophilized for 24 hours. After lyophilization the cartilage slices were snap-frozen using liquid nitrogen and ground using a pestle and mortar for approximately 40 minutes to
obtain fine cartilage particles. Subsequently, these particles underwent the first enzymatic
treatments using (0.25% trypsin-ethylene-diamine tetraacetic acid (trypsin-EDTA; Invitrogen, Carlsbad, CA). The particles were immersed in this solution for 24 hours in 6 cycles of
4 hours at 37°C under vigorous agitation. Next, the trypsin-EDTA was removed by washing
the particles in PBS, before treatment with a nuclease solution of 50U/mL deoxyribonuclease (Sigma, St. Louis, MO) and 1U/mL ribonuclease A (Sigma, St. Louis, MO) in 10mM
Tris-HCl, pH 7.5 at 37°C under vigorous agitation. After 4 hours, the nuclease solution was
removed and replaced by 10mM hypotonic Tris-HCl for 20 hours on a roller plate at room
temperature. To remove all of the remnant enzymatic solutions, the tissue was thoroughly
washed using PBS in 6 cycles over the course of 48 hours. After the last PBS washes the
decellularization process was finished (Figure 1). The cartilage particles were scooped into
cylindrical molds of 11mm diameter and 10mm deep, and lyophilized for 24 hours. To allow
for final cross-linking, the scaffolds were after lyophilization subjected to ultra violet light
overnight. Before in vivo implantation the scaffolds were sterilized using ethylene oxide gas.

Experimental design
A defect of 11mm diameter and 10mm depth was surgically created through a miniarthrotomy on the proximal lateral 1/3 of the trochlear ridge of the stifle joint in both knees.
The defect in the right stifle joint was filled with the decellularized CDM scaffold. The left stifle
joint was filled with a commercially available TruFit plug (Smith and Nephew), as a control.

Equine pilot

figure 1: Decellularized cartilage-derived matrix scaffolds for osteochondral implantation. Adapted from
Benders et al., (2014), Cartilage 5(4): 221-230[4].

surgical procedure
After general anesthesia the horses were positioned in dorsal recumbence. The stifle
joint was opened through a mini-arthrotomy approach between the patellar ligaments. The
osteochondral defect was created on the proximal 1/3 of the lateral trochlear ridge using
pre-designed hollow punches. Next the defects were flushed using a saline solution. The
scaffold and the TruFit plug were implanted press-fit into the created osteochondral defects.
The CDM scaffold was covered with fibrin glue to ensure that it would stay in place. The
arthrotomy wounds were closed in four layers (joint capsule, deep fascia, superficial fascia,
and skin).

Post-operative care and rehabilitation
The horses received post-operative pain medication in the form of metacam for five days
post-surgery. The rehabilitation protocol was adapted from Frisbie et al.[13] and ensured
a gradual increase in mobility in 8 weeks (Table 1). The horse was subjected to daily monitoring of clinical parameters (temperature, heart rate, and respiratory rate). Radiographs
of the femoropatellar joints were taken before and after surgery to check for radiographic
abnormalities before and after surgery.
Table 1: Rehabilitation protocol
Time point

activity

Week 1

Boxrest

Week 2

Handwalk 5 min/day

Week 3

Handwalk 10 min/day

Week 4

Handwalk 15 min/day

Week 5

Handwalk 20 min/day

Week 6

Treadmill trot 2 min/day

Week 7

Treadmill trot 5 min/day

Week 8

Treadmill trot 5 min/day
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Euthanasia and sample harvesting
After 8 weeks the horse was euthanized by a combination of detomidine (0,01 mg/kg,
Vetoquinol), ketamine (2mg/kg, Vetoquinol), midazolam (0,1 mg/kg, Actavis), and pentobarbital (50mg/kg, AST Farma). The femoropatellar joint was opened and blocks of tissue
were sawed out of the joint and fixed in 10% formalin until further histological evaluation.

histological processing
The formalin fixed samples were decalcified using ethylene diamine tetraacetic acid
(EDTA) and dehydrated through a graded ethanol series, cleared in xylene and embedded
in paraffin. The paraffin embedded samples were sectioned into 5µm sections. To assess
tissue ingrowth the sections were stained with hematoxylin and eosin. To evaluate GAG
deposition, sections were stained with a triple stain of hematoxylin, fast green and SafraninO, and for collagen orientation by a picrosirius Red stain (all from Sigma).
Immunohistochemical localization of collagen type II and collagen type I was performed
on the paraffin-embedded sections. The sections were deparaffinized through a graded
ethanol series and washed in PBS with 0.1% Tween 20 for 5 minutes prior to this immunolocalization. The antigen retrieval steps involved exposure to hyaluronidase for 30 minutes
(Sigma; 10mg/mL in PBS), and to pronase for 30 minutes (Roche, Basel, Switzerland; 1 mg/
mL in PBS), both at 37°C. Next, the sections were blocked with 5% bovine serum albumin
in PBS for 30 minutes at room temperature, and incubated overnight at 4°C with antibodies
against either collagen type II (1:100; II-6B3II, Developmental Studies Hybridoma Bank),
or collagen type I (1:50; I-8H5, Calbiochem, Darmstadt, Germany). Afterwards, the samples
were incubated with a biotinylated anti-mouse antibody (1:200; GE Healthcare, Fairfield,
CT) and streptavidin/peroxidase (Dako, Glostrup, Denmark), respectively, all for 60
minutes at room temperature. Antibody binding in all of the sections was visualized using
3,3’-diaminobenzidine solution (Sigma, St. Louis, MO) for up to 10 minutes. A counterstain
using Mayer’s hematoxylin was used to visualize the nuclei.
All the stained sections were examined using a light microscope (Olympus BX51) and
representative images were taken from sections in the center of the constructs.

rEsulTs
Post-operative course
After surgery, the horse initially presented with lameness of both legs. However, at the
end of the study period no lameness was observed. No wound infection, rise in temperature
or any abnormal joint effusion was observed. The rehabilitation period elapsed completely
uneventful. The rehabilitation protocol did not seem to be too cumbersome for the horse.

Equine pilot

Macroscopic evaluation
A clear indentation was seen at the site of CDM scaffold implantation. However, a cartilagelike layer could clearly be identified and be distinguished from the underlying bone layer.
Bone bruising seemed apparent with accompanying bloody infiltration of the tissue. Also, at
the site of implantation into the bone part a glossy cartilage-like appearance was still visible
(Figure 2). In comparison, the defect that was filled with the TruFit plug showed slightly less
indentation at the cartilage surface. The cartilage layer however showed clear cracks and had
a more yellowish color. Also, remnants of the TruFit plug could still be observed (Figure 2).

figure 2: Macroscopic image of the osteochondral defect after implantation of a CDM scaffold (left) after 8
weeks of in vivo evaluation, and the osteochondral defect after implantation of the TruFit plug (right).

histological evaluation
The hematoxylin and eosin, and Safranin-O staining revealed filling of the CDM-treated
defect with a cartilage-like tissue in the upper layer and a bone-like tissue in the bony part
of the osteochondral defect (Fig 3). There was clearly visible indentation at the cartilage
surface with some cleft formation when compared to the healthy articular surface, however
the defect was fully filled with tissue. The integration within the bone phase was excellent
(Fig 3B); also within the cartilage phase tissue integration at the margins was evident. There
was intense staining for proteoglycans within the repair tissue as well as in the previously
healthy surrounding tissue. Also, the repair tissue was rich in collagen type II at the articular
surface (Fig 3C), as well as some remnants of the CDM scaffold within the bony phase. The
orientation of collagen was, however, disorganized as conformed by a picrosirius red staining (Fig 3D). Bone density at the defect site seems to be slightly increased when compared
to the surrounding subchondral bone.
In comparison to the CDM scaffold, the TruFit plug (Fig 4) performed rather poorly in
terms of osteochondral tissue regeneration. The cartilage layer showed evident tears and
was only partly filled up with a neo-tissue that does not resemble native or fibrous cartilage
tissue. The bone part did integrate with the surrounding bone. However, the bone tissue did
not replace the osseous phase of the scaffold as was seen in the CDM scaffold.
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figure 3: Histological stainings of the osteochondral defect repair. A) Safranin-O staining revealing successful
integration within the bone phase and GAG-rich cartilage tissue with good tissue integration at the margins of
the defect. The square represents the area of the created osteochondral defect. B) Safranin-O staining showing
the cartilage-bone interface within the defect. C) Collagen type II immunolocalization shows that the neocartilage tissue is positive for collagen type II, as well as the remnants of the CDM scaffolds within the subchondral bone phase. D) Polarized picrosirius red staining that shows the disorganized collagen orientation within
the cartilage repair tissue. Scale bars represent 500 µm. Image from Vindas Bolaños, RA et al. Osteoarthritis and
Cartilage (2016) doi: 10.1016/j.joca.2016.08.005 [14].

figure 4: Histological stainings of TruFit implantation at 8 weeks. A) H&E staining showing evident cartilage
fibrillation, as well as the presence of areas with no tissue filling. B) Safranin O staining shows proteoglycanrich cartilage at the edges of the defect, in contrast to the ‘cartilage-layer’ filled by the TruFit. C) Picrosirius
Red staining reveals unorganized collagen fibrils and a lack of collagen in the center of the articular surface. D)
Collagen type II shows some collagen type II at the surface, but also a lack of collagen similar to the Picrosirius
Red staining. E) Collagen type I immunohistochemistry shows that the bone part is in fact rich in collagen type
I similar to the surrounding bone.

disCussiOn
Osteochondral defects occur in the young and active human population, as well as in the
equine population. The natural regeneration of this tissue involves defect filling with scar
tissue at best. This leads to painful joints, swelling, and impairment in mobility, leading to
significant rise in socio-economic costs[15]. For the equine population, problems arising
from osteochondral defects often arise in sports horses. The development of a new technique that addresses the biphasic repair of osteochondral defects would, therefore, benefit
both the human and the equine population.

Equine pilot

The decellularized CDM scaffold has been developed previously and has shown promising results in in vitro settings[4]. Also, the implantation of these scaffolds in a small animal
model underscored its potential for cartilage and bone tissue engineering[5]. However, to
extrapolate these results towards the human clinic, a large animal pilot study would have to
be performed, as a work-up to a larger in vivo equine study. In particular the equine model
has gained interest in the last few years as a large animal model to study joint regeneration
and repair[11]. Therefore, this pilot study was performed to evaluate the performance of the
decellularized CDM scaffold in osteochondral defect repair in a large animal model.
Our first hypothesis involved the ability of this scaffold to be invaded with the host’s
own cells to regenerate the osteochondral tissue. The scaffold was implanted without preseeding with mesenchymal stromal cells, chondrocytes or osteocytes. This means that any
tissue that was formed within this critical size osteochondral defect has been produced
by the resident cells in the surrounding osteochondral tissue, or was driven by the MSCs
that reside in the bone marrow of long bones. Although chondrocytes may have the ability to migrate from the surrounding cartilage edges and are the resident cells of natural
hyaline cartilage, MSCs are most likely responsible for the abundant extracellular matrix
deposition in the defect as they have the potential to differentiate to both the osteogenic and
the chondrogenic lineage[16]. Moreover, previous in vitro studies have already shown that
MSCs outperform chondrocytes on these CDM scaffolds in terms of cartilage-like tissue
formation[4]. It seems that this scaffold can be considered as a carrier of biologically active
cues and as an anchoring site for the extracellular matrix that is produced by the host’s own
cells. This is beneficial and it highlights the possibility for CDM scaffolds to act as a cell-free
and off-the-shelf product that does not involve any cell therapy.
Our second hypothesis involved the development of both bone and cartilage tissue at
their respective sites within the osteochondral defect. Previously, scaffolds considered in regenerating osteochondral tissue have often been biphasic to take into account the different
natural prerequisites to cartilage and bone regeneration[17]. These scaffolds are often composed of a ceramic bone phase that is topped off with either natural or synthetic polymers
for the cartilage layer[17]. The TruFit plug for example, that was used in this pilot is made
of the synthetic materials poly d,l-lactide-co-glycolide (PLG) copolymer, polyglycolide acid
(PGA) and the ceramic calcium sulfate. These biphasic scaffolds suggest that bone and cartilage require two different scaffold materials to drive regeneration. However, the embryonic
development of bone involves two pathways, the intramembranous and the endochondral
pathway[6]. Especially the latter is of interest when regenerating osteochondral tissues as it
involves a cartilage template from which bone tissue develops and growths. Building upon
this principle, the use of cartilage extracellular matrix as a biomaterial for both cartilage
and bone regeneration might not seem too farfetched. Indeed, the use of this decellularized CDM scaffold showed distinct layers of regenerated cartilage and regenerated bone.
This newly formed bone tissue integrated excellently with the surrounding bone tissue, and
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also the neo-cartilage tissue showed integration at the margins of the defect. It is striking
that the neocartilage layer did not seem to be invaded by calcifications that would lead to
bony overgrowth into the cartilage layer. These findings might question the need to create
biphasic scaffolds when considering osteochondral repair. Especially the rather poor tissue
regeneration and tissue integration that was seen at 8 weeks post-implantation of the TruFit
plug suggests slight superiority of the natural scaffold in this case. It is important to note
that tissue integration has always been an issue regarding the TruFit scaffold as bone cysts
have been observed in patients treated with this scaffold for osteochondral defect repair[18].
Despite the development of adequate bone and cartilage tissue within the defect, a clear
indentation at the top of the defect could still be observed. Also, there was still cleft formation present after 8 weeks of implantation. The biomechanical forces that the neo-tissue is
exposed to in an equine model are extensive. This expresses the need for a biomechanically
strong scaffold that can overcome these loads in this biomechanically challenging environment. The clefts that could be seen at 8 weeks of implantation could also be a result of large
biomechanical shear forces. Whether these clefts and indentation are the end-stage of the
cartilage regeneration using a CDM scaffold or whether this is just the initial repair that will
improve over time will have to be studied in a long-term follow-up study. The termination
at 8 weeks was a relatively early time-point considering the long-term equine studies that
have been done in for example the evaluation of autologous chondrocyte implantation[13],
in which further maturing of the tissue was observed over time.
The promising results of this pilot study are clear, as tissue regeneration seems evident
and a clear distinction between the two tissue types was seen. Until now it remains unclear
how the cartilage and bone neo-tissues will further develop in long-term studies. Also, to
ensure that these positive results are not only a reflection of the intrinsic regenerative capacity of this horse a long-term study with a larger sample size is undoubtedly required.

COnClusiOn
This short-term equine pilot study has shown promising results of a decellularized
cartilage-derived matrix scaffold for osteochondral repair. Both cartilage and bone neotissues were formed after 8 weeks of implantation and integration with the surrounding
healthy tissue was observed. These results form the foundation for a larger and long-term
equine follow-up study to further evaluate the potential of CDM scaffolds for osteochondral
defect repair.

Equine pilot
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ThE COMPOsiTiOnal MaKE-uP Of CarTilagE
At a first glance, articular cartilage may seem a relatively simple tissue as it is a highly
hydrated tissue that contains only a few cells and a dense matrix that predominantly consists of collagen and proteoglycans. However, when taking a closer look at the uncalcified
cartilage tissue, three distinct zonal layers can be distinguished[1, 2]. The superficial zone
in the top layer (10-20%) has collagen fibers that are aligned horizontally, a relatively high
number of cells with flattened morphology, and a relatively low amount of proteoglycans.
These attributes allow for the cartilage to resist the continuous shear forces that are present
at the articular surface. The middle zone (the next 40-60%) of cartilage can be considered
an intermediate zone between the cartilage resisting shear forces in the top layer and the
deeper layer that transmits the compressive forces from the articular surface towards the
bone. To resist these intense compressive forces, the deep layer (last 30-40%) has perpendicularly aligned collagen fibers, and a high proteoglycan content to retain water molecules.
This layer is well integrated with the subchondral bone through the calcified cartilage layer.
These zonal characteristics of articular cartilage are preserved across species. Evident
similarities were described in this thesis between equine and human articular cartilage in
terms of the zonal distribution of proteoglycans and DNA as a measure of cell density. As
expected, collagen content was similar across the different zones as the zonal differences are
based upon collagen fiber orientation rather than the amount of collagen.
Cartilage or osteochondral tissue engineering aims at recreating the native tissue with its
natural biochemical properties and functionalities. Many attempts have been made at creating cartilage neo-tissue that employs these zonal differences from the start[2]. However, in
vitro recreation of the different characteristics in the different zonal layers has proven to be
quite challenging. Possible attempts have aimed at creating scaffolds of different biomaterials[3], recreating collagen fiber alignment[4, 5] or even using different cell sources per zonal
layer[6-8]. However, as Isaac Newton already posed in his Philosophia Naturalis Principia
Mathematica (1687): “Nature is pleased with simplicity”, and we may be overcomplicating
our attempts to completely mimic the adult composition of articular cartilage. This seems
even truer when taking into account the initial homogeneity of neonatal articular cartilage.
The adult heterogeneous composition throughout the joint only develops in the first two
years post-partum in sheep[9] and horses[10]. These studies showed that prenatal cartilage
is similar at different sites within the same joint. Only after exposure to biomechanical
loading, do biochemical differences in composition become evident. As biomechanical
loading cannot be fully imitated in in vitro settings, we might have to consider ‘immature’
cartilage to be sufficient as an initial cartilage blueprint that will be further developed and
functionalized as it is exposed to naturally occurring mechanical stimuli. Moreover, when
aiming for in vivo regeneration, the initial repair tissue will only mature when it is exposed
to the appropriate mechanical stimuli.
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ThE iMPOrTanCE Of ThE fOundaTiOn: OsTEOChOndral dEfECT
rEPair
Despite our attempts at keeping it simple, the underlying bone should also be taken in account as it is rarely spared in traumatic injuries. Bone bruising occurs directly after trauma.
But over timee damage to the cartilage progresses, subchondral cysts may develop, making
the overlying cartilaginous structures more prone to secondary injuries[11]. These deeper
lesions must be addressed by resurfacing these defects as indentation of the overlying cartilage tissue will otherwise persist[12]. Moreover, inappropriate healing of cartilage defects
by current therapies, such as autologous chondrocyte implantation (ACI) and microfracture
can result in the formation of destructive subchondral cysts[13]. The presence of these cysts
often leads to the recurrence of previous symptoms in patients, and is an indicator of failure
of previous treatment.
The repair of osteochondral defects thus requires the regeneration of two very different tissue types. While the cartilage lacks intrinsic vascular nutrient supply, is elastic and
contains a matrix that is fully organic, the bone is relatively inelastic, has a matrix that is
both organic and inorganic and nutrients are supplied through a vascular system. The development of these distinct tissues requires specific boundary conditions. Many approaches
for osteochondral defect repair have aimed at the creation of multilayered or biphasic scaffolds[14, 15]. These provide separate environments that are favorable to either cartilage or
bone regeneration. One of the advantages of using osteochondral scaffolds is that they are
implanted into the cell-rich bone phase. This in turn leads to infiltration of the scaffold with
multipotent stromal cells (MSCs) that naturally reside in the bone marrow. MSCs are known
for their ability to differentiate towards both the chondrogenic lineage and the osteogenic
lineage[16] and would, therefore, be an excellent cell source for this regenerative approach.
As was described in this thesis, MSCs do indeed produce abundant cartilage matrix on
the scaffolds that we have created for osteochondral defect repair in vitro. Moreover, when
these scaffolds are seeded with MSCs that are primed to induce chondrocyte hypertrophy,
they also form bone tissue in vivo as was also described in this thesis. As MSCs are readily
available to invade scaffolds from the bone marrow that is present in osteochondral defects
these scaffolds can be implanted as cell-free off-the-shelf products. This will make the handling more easy and it will lead to a dramatic drop in costs compared to the expensive cell
transplantation alternatives[17].
The fact that osteochondral defect repair requires the regeneration of two different tissue
types seems challenging. However, when considering the natural development of bone,
the endochondral ossification pathway may provide us with a solution. During the early
development of bone, cartilage tissue is used as a template from which long bones grow by
gradual ossification of cartilage[18]. If our regenerative strategies allow for the formation
of an adequate cartilage template, stimulated by bioactive factors from the healthy bone
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surrounding the defect, endochondral ossification in the bone phase of the osteochondral
defect may be triggered. In fact, the decellularized cartilage-derived matrix scaffold allowed
for bone regeneration in the bone phase as was shown in our in vivo experiments.
In regenerating osteochondral tissue, care should be taken to prevent intra-lesional
osteophytes and upward migration of the subchondral bone plate. This phenomenon may
occur when there is no clear cartilage-bone interface. Osteophytes and a migrated bone
plate will lead to a failure of the regenerative strategy, and to further cartilage degeneration[19]. Unfortunately, the etiology of these bony changes is not yet known and preventive
measures are thus difficult to discern. Any novel regenerative strategy will, however, have to
be studied in vivo with adequate long-term follow-up to prevent theses complications from
being missed in (pre-)clinical trials.

ThE EquinE MOdEl fOr OsTEOChOndral dEfECT rEPair
Innovative approaches, in their translation from the bench to the bedside, have to be
thoroughly tested and re-tested in both in vitro and in vivo settings before human clinical
application. The Food and Drug Administration (FDA) has issued a draft guidance that
describes the necessity of using animal models to pre-clinically prove the safety and efficacy
of new treatment modalities[20]. This underscores the need of appropriate animal models
in osteochondral defect repair. The ‘ideal’ pre-human model would allow for direct extrapolation towards the human clinic whilst considering the high variability in biological repair
response between patients. Also, the appropriate animal for osteochondral repair would
allow for sequential, noninvasive monitoring and entail large enough subjects that could
undergo kinematic studies for gait analysis. It would also involve animals that can be trained
to follow rehabilitation regimes, and most importantly have comparable cartilage characteristics in terms of thickness, and biochemical properties. As all of these prerequisites can
never be reached in a single animal model, it is safe to say that the ‘ideal’ pre-human model
does not exist.
Small animal models (rodents and rabbits) have generally been the first choice in analyzing preliminary outcomes regarding novel therapies[20, 21]. The main advantages regarding
small animal models involve their easy housing, lower costs and their relatively easy handling. However, the extrapolation of results to the human application should be done with
care, as distinct differences in cartilage maturity, thickness [20, 22], and cell density exist.
Nevertheless, these animals should be considered for proof of concept studies, and testing
of foreign body responses of new (cell-laden) biomaterials[20].
According to the FDA guidelines, approval of new medical devices needs to involve
extensive testing in large animal models after the proof of concept studies[20]. Initial pilot
testing in larger animals would have to be followed up with pivotal studies of at least 6
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months or longer to draw any final conclusions on the efficacy and safety of the new device.
To live up to these guidelines, larger animal models that are often used for articular cartilage
regeneration are the canine, caprine or porcine model. The downside to these models is
that the joints are anatomically different and the cartilage is relatively thin[21]. Therefore,
this thesis focuses on a different large animal model: the equine model. This model has
gained increasing interest over the past few years due to the increasing body of evidence
that equine cartilage and human cartilage are greatly alike[20, 23]. As described in this
thesis, they are not only alike in cartilage thickness, but also the zonal characteristics of this
tissue are similar. In addition, (traumatic) osteochondral defects also occur in the equine
population. Therefore, the development of successful osteochondral repair strategies might
benefit both patient groups.
The need for long-term large animal studies that involve multiple subjects is important.
Promising results from pilot studies will need to be confirmed in a larger number of subjects
in order to correct for the variability in biological repair response. Long-term complications
must also be examined. For example, previous studies have already proven that failure of
repair tissue at twelve months is commonly due to insufficient strength of the collagen networks[24, 25]. After the initial promising results of the pilot study described in this thesis,
a larger follow-up study was required to further study the efficacy of the CDM scaffold. Despite some differences in study set-up, the CDM scaffolds showed rather poor osteochondral
defect repair in a larger long-term study that has recently been published[26]. The major
factors that may have accounted for the differences in performance of the CDM scaffolds
are the location of implantation and the rehabilitation protocol. Firstly, the scaffold was
implanted on the medial trochlear ridge rather than the lateral trochlear ridge as was done
in the pilot study. This may have led to differences in biomechanical loading. Secondly, as a
result of the less conservative rehabilitation protocol than in the pilot study, biomechanical
loading may have been too extensive in the follow-up study. The neo-tissue may not have
matured sufficiently to be a match for the loading that it was exposed to in early walking,
trotting and even cantering of the horses. Nevertheless, the failure of the repair tissue may
also be the result of an insufficiently matured collagen network, and insufficient amounts
of proteoglycans that can be retained within this collagen network. This in turn will have
had an effect in reducing the biomechanical strength of the regenerated tissue. To evaluate
the differences between the results from the pilot study and the long-term study, future
large animal studies involving this scaffold may have to include interval monitoring through
second-look arthroscopies[27] or imaging techniques.
An improvement to the equine model, as a large animal model for osteochondral defect
repair, would be to introduce subacute or chronic osteochondral defects. Human patients
rarely present themselves at the orthopedic surgery clinic with an acute osteochondral defect[28]. These are often chronic or subacute at best as initial management of traumatic injuries to the knee often involves conservative treatment. Moreover, symptoms from traumatic
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cartilage injury may not prompt patients to seek medical advice initially, but the late-onset
complaints of degeneration might lead to a doctor’s consultation. As osteochondral defects
are left untreated in the initial stages, they will have had an impact on joint homeostasis,
matrix degradation, and other catabolic effects influencing the regenerative effect of tissue
engineering approaches[28]. Therefore, positive results from equine studies that use acute
osteochondral defects may be an overestimation of the truth, as the catabolic effects might
still be relatively low. Thus, the need for human clinical trials will always remain.

dECEllularizEd TissuEs fOr TissuE rEgEnEraTiOn – BaCK TO
naTurE’s TEMPlaTE
Natural ECM can be used as scaffold material for many tissue engineering purposes[31-33]. Scaffolds that are produced from decellularized cartilage matrix have also shown
potential for osteochondral defect repair, as described in the second part of this thesis.
As presented in the studies in this thesis, decellularized cartilage matrix scaffolds can also
regenerate bone, which is a distinctly different tissue than the source material. Moreover,
xenogeneic implantation is possible and leads to infiltration with host’s cells and subsequent
host species-specific matrix deposition.
Multiple extracellular matrices derived from other sources than the target tissue are
already used in clinical settings, for example human dermal tissue is applied in breast and
tendon reconstruction and human pericardium is used for regenerative applications in
ophthalmology, dentistry and neurosurgery[34, 35]. Besides cross-tissue application, crossspecies implantation has also found its application in the human clinic. More specifically,
porcine, bovine and equine products are already available for a multitude of regenerative
strategies[34]. Currently, no clinical evidence exists that allogeneic or xenogeneic decellularized matrix implantation results in abundant inflammatory host responses that result
in the rejection of these implants[35]. This is mostly based upon the idea that ECM scaffolds
are decellularized and therefore devoid of donor cells. A mild inflammatory host response
will undoubtedly occur, however, these are mainly macrophage-based responses that are
considered to play an important role in the regenerative process[36, 37]. The magnitude
of this remodeling process is dependent on the ratio between the pro-inflammatory M1
macrophages and the more constructive M2 macrophages. The latter of the two tends to
be the more dominant macrophage present in response to ECM scaffolds[35, 36]. The
degeneration of ECM scaffolds by the macrophages will in turn release the retained growth
factors and other bioactive molecules. These growth factors, as well as the collagens, the
main components of any ECM, are preserved across species and are therefore believed to
still exert their function even when implanted in different species[35]. This may greatly
benefit osteochondral tissue engineering as healthy cartilage from human donors is less
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abundantly available than healthy cartilage from another donor species, such as horses, and
might therefore serve as an adequate xenogeneic source for scaffold production. Moreover,
as the cartilage characteristics of humans and horses are similar, this source animal might
even be more promising. Xenogeneic implantation of equine decellularized CDM scaffolds
have already shown the ability to form both bone and cartilage tissue in subcutaneous
pockets in rats, as was described in Chapter 8.
Until recently the success of ECM scaffolds has been ascribed to the elusive ‘bioactive
factors’ that seem to be retained in the matrix despite decellularization processes. These
are relatively undefined factors and could for example involve growth factors, functional
peptides, or any other ECM component. Extracellular vesicles have been demonstrated to
play a role in tissue homeostasis, and are considered facilitative in tissue development[38].
Their presence has been affirmed in synovial fluids and they seem to derive from different
cell types[38]. They are mainly free-floating or budding from different cells within the ECM.
Recently, a matrix-bound equivalent to these free-floating extracellular vesicles has been
identified that may explain the bioactivity of ECM scaffolds. These matrix-bound nanovesicles have been found in multiple commercially available decellularized ECM products,
as well as laboratory decellularized urinary bladder and small intestine matrices[39]. The
matrix-bound nanovesicles tend to encapsulate and protect miRNA from the decellularization processes, and they are closely associated with the collagen network of the different
ECMs. The identified miRNAs that are encapsulated in the nanovesicles are conserved
across species, and were also found in ECM products regardless of their tissue origin[39].
Moreover, the miRNAs that have already been identified seem to be associated with tissue homeostasis and cell proliferation[39]. These findings are the first step in elucidating
the factors that make ECM scaffolds succesfull in driving tissue regeneration. As articular
cartilage is also composed of an ECM that is rich in collagen, the presence of matrix-bound
nanovesicles may well give CDM scaffolds the biofunctionality that leads to the abundant
matrix formation both in vitro and in vivo, as presented in this thesis.
The use of natural biomaterials is not a novelty within the field of cartilage tissue engineering. Even the use of scaffolds that have been made from extracellular matrix (ECM)
products, such as hyaluronic acid or collagen, is not entirely new. One of the widely clinically used collagen-based scaffolds is MaioRegen[29]. This biomimetic scaffold is actually
composed of collagen type I, and hydroxyapatite and can be used as an off-the-shelf product
that does not require cell seeding upon implantation. This relatively new product does not
yet have long-term follow-up results, and the 1 and 3 year results are inconclusive[29, 30].
Especially filling of the bone phase of the defect seems in some cases insufficient[30]. The
main difference, however, between the decellularized CDM scaffolds described in this thesis
and scaffolds that are made from natural products is that the latter lack the presence of
bioactive nanovesicles that may give the scaffold its additional biofunctionality.
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fuTurE PErsPECTivEs and COnCluding rEMarKs
The research described in this thesis supports the use of decellularized CDM scaffolds for
the repair of osteochondral defects. However, it also reflects the challenges we are continuously facing in osteochondral tissue engineering. Clinical application of any scaffold would
require not only the ability to produce abundant amounts of appropriate cartilage and bone
matrix but also requires the appropriate biomechanical properties. Moreover, initial promising results in large animal pilot studies should be followed up in larger studies with longer
follow-up. As such, one can conclude that the use of ECM scaffolds for osteochondral repair
is still in its infancy compared to the application of ECM scaffolds in other fields.
Cartilage-derived matrix scaffolds, as presented in this thesis, lack biomechanical strength
upon implantation and fail to mature enough in vivo to overcome this issue. Several enhancements to the present scaffold design are required to tackle this issue. By taking a closer
look at the natural architecture of cartilage tissue, and more specifically at the collagen fibers
that have their specific depth-dependent alignment, we might be able to use this to our
advantage to introduce extra strength to these scaffolds. Through unidirectional freezing of
ECM, structural alignment of ECM particles may mimic the naturally occurring collagen
alignment, and this has proven to enhance biomechanical properties[40]. Recently, an attempt to decellularize porcine cartilage without losing the intrinsic collagen fiber orientation has been successful[41]. By leaving this network intact, the biomechanical resistance
of the scaffolds increases rapidly. Moreover, these scaffolds have been successfully seeded
with chondrocytes isolated from the different zonal layers and might therefore enhance the
ability of the neo-tissue to quickly mature in vivo[42].
Another option is to use reinforcement with polymer fibers to enhance the strength of
the constructs. This concept has proven to greatly enhance the stiffness of hydrogels[43],
and might do the same for CDM scaffolds. Another option would be to coat a printable hydrogel or polymer with CDM particles, so that the nanovesicles can still act as the bioactive
components but in a sturdier construction. Other options, such as mixing CDM particles
through hydrogels[44], and creating hydrogels out of decellularized matrices, have also
recently been described[45].
A possible solution for osteochondral defect repair would be to use a xenogeneic decellularized and cell-free osteochondral graft. This might limit bony overgrowth, as the
infiltrated cells are forced to stop their matrix deposition at the cartilage interface that is
naturally present in this type of ECM scaffold. However, current attempts have not yet led
to successful regeneration of both tissues in vivo[46]. Decellularization of osteochondral
grafts may prove difficult as cartilage has a much more dense matrix and thus involves
more aggressive decellularization than bone. More aggressive decellularization techniques
will inevitably also alter the ECM and thereby reduce its bioactivity and biomechanical
resilience[34].
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In conclusion, the use of cartilage-derived matrix scaffolds for osteochondral defect
repair is still in the phase of early development and many adjustments may have to be made
for this solution to be successful for human application. However, by creating cartilagederived matrix scaffolds, we respect nature’s template for this complex tissue and open up a
new possibility in osteochondral defect tissue regeneration. It may be especially beneficial
to patients suffering from osteochondral defects, as these cell-free scaffolds will be more
readily available to a broader patient population than current regenerative cell therapies.
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suMMary
The work in this thesis describes the development of decellularized cartilage-derived
matrix (CDM) scaffolds for the repair of osteochondral defects. The first part of this thesis focuses on the compositional differences throughout the layers of articular cartilage
tissue, and compares these observed differences between a wide range of species and in
closer detail between humans and horses. These studies demonstrate the resemblance in
biochemical and histological make-up of cartilage of human and equine tissue. This was
the foundation for the studies in the second part of this thesis, where equine tissue was
used to further study osteochondral defect repair with decellularized CDM scaffolds. These
scaffolds showed great promise for osteochondral repair both in vitro and in small and large
animal (pilot) studies.
In Chapter 2 we describe the depth-dependent similarities between human and equine
cartilage tissue. Cartilage thickness and cell density show similar trends between these two
species across the different layers within cartilage. Also, the biochemical make-up, in terms
of glycosaminoglycans, DNA content and collagen content was the same. The similarities
between these two species is useful as the equine model has gained great interest within the
field of cartilage tissue engineering to evaluate novel tissue engineering techniques.
To put the findings of the first chapter into a broader perspective, Chapter 3 shows
the differences and similarities in cartilage thickness and cell density across 58 different
mammals. A negative allometric relationship to body mass was found. Moreover, cellular
density seems to decreases with increasing body mass, but gross biochemical composition
is remarkably constant. However, this seems to be compensated by the joint congruence,
posture and activity pattern of larger mammals.
The biochemical parameters that are described in the first two chapters have all been
determined using destructive biochemical assays. However, analyzing cartilage components
whilst preserving the sample may have additional benefits as these samples may also be used
for other analyses. Therefore, Chapter 4 describes a nondestructive imaging technique that
may be used to determine glycosaminoglycan content in cartilage tissue. Interestingly, this
technique is influenced by the use of formalin fixation. The use of this technique is thus
most easily applicable to fresh (frozen) samples.
The second part of this thesis focuses on the development of decellularized CDM scaffolds.
Chapter 5 provides the rationale for using CDM scaffolds for cartilage tissue engineering.
It also gives an overview of the different decellularization techniques that can be applied in
cartilage decellularization.
Chapter 6 describes the process of developing CDM scaffolds in closer detail. The decellularization process involves multiple enzymatic treatments as well as washing steps with
detergents. This extensive protocol allows for full decellularization and the production of
multiple scaffolds that can be used as an off-the-shelf product.
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The first in vitro results using CDM scaffolds show great promise in Chapter 7. The CDM
scaffolds were seeded with the resident cells of articular cartilage, chondrocytes, but also
with multipotent stromal cells (MSCs) that are known to be able to differentiate towards
the chondrogenic lineage. Interestingly, MSCs outperformed the chondrocytes in terms of
matrix deposition and overall glycosaminoglycan and DNA content. These results suggest
that pre-seeding the CDM scaffold with chondrocytes is not beneficial for cartilage tissue
regeneration. Moreover, as MSCs reside in the bone marrow and can be attracted to the site
of implantation, the cell-free application of CDM scaffolds seems possible.
The abundant cartilage matrix formation that occurs when seeding the CDM scaffold
with MSCs may provide a platform for endochondral bone formation. Chapter 8 describes
the potential of CDM scaffolds in endochondral bone regeneration at ectopic locations
in a rat model. As bone formation seems possible on these scaffolds, their use may even
be extrapolated further towards osteochondral defect repair that requires both bone and
cartilage tissue regeneration.
Chapter 9 focuses on the development of CDM scaffolds using different particle sizes.
Interestingly, altering particle sizes does not influence the chondrogenic potential of the
scaffold. Moreover, also the biomechanical properties remain the same when changing particle size. These findings may simplify the process of creating CDM scaffolds as no control
needs to be exerted on the size of the decellularized particles.
In Chapter 10, the work in this thesis is concluded with the first equine pilot study in
which a CDM scaffold and a commercially available scaffold are implanted in osteochondral
defects in the stifle (knee) joint of a horse. After 8 weeks of implantation, clear cartilage
and bone was formed in the defect filled with the CDM scaffold. It outperformed the commercial scaffold in terms of matrix formation and glycosaminoglycan deposition within the
cartilage layer. The results of this pilot study are the foundation for a larger and long-term
equine follow-up study to further evaluate the potential of CDM scaffolds for osteochondral
defect repair.
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Dit proefschrift beschrijft de ontwikkeling van gedecellulariseerde kraakbeenimplantaten
voor de behandeling van osteochondrale defecten. In het eerste deel van dit proefschrift
komen de verschillen in de van nature gelaagde opbouw van kraakbeenweefsel aan de
orde. Deze verschillen zijn onderzocht in een grote groep zoogdieren en worden in detail
besproken voor humaan en paardenkraakbeen. De studies beschreven in dit proefschrift
laten zien dat er een grote overeenkomst is tussen humaan en paardenkraakbeen wanneer
wordt gekeken naar de biochemische en histologische opbouw van het weefsel. Deze overeenkomsten vormen de rationale voor het tweede deel van het proefschrift. Daarin wordt
paardenweefsel gebruikt voor de regeneratie van osteochondrale defecten. De implantaten
die hiervan gemaakt zijn hebben zowel bij in-vitro- als bij in-vivo-experimenten tot veelbelovende resultaten geleid.
In hoofdstuk 2 worden de overeenkomsten tussen humaan en paardenkraakbeen beschreven. Als gekeken wordt naar de verschillende lagen die in kraakbeen voorkomen, is
er sprake van een duidelijke overeenkomst in weefseldikte en celdichtheid tussen paarden
en mensen. Ook de biochemische opbouw, die bestaat uit glycosaminoglycanen, DNA en
collageen, is hetzelfde tussen deze twee soorten. Deze gelijkenis zorgt ervoor dat bij het
onderzoek naar de regeneratie van osteochondrale defecten het paard als diermodel in
opmars is.
Hoofdstuk 3 plaatst de resultaten uit het voorgaande hoofdstuk in een breder kader. De
dikte en de celdichtheid van het kraakbeenweefsel zijn gemeten in 58 verschillende zoogdieren. Hieruit blijkt dat er een negatieve allometrische relatie is tussen lichaamsmassa en
kraakbeendikte. Daarnaast lijkt de celdichtheid af te nemen naarmate het lichaamsgewicht
van het zoogdier toeneemt, ondanks het feit dat de biochemische opbouw van glycosaminoglycanen en collageen constant blijft. Het kraakbeen lijkt zijn functionaliteit te behouden
omdat de vorm van het gewricht, de houding van het dier en het activiteitenpatroon veranderen bij toename van het lichaamsgewicht.
De hoeveelheid glycosaminoglycanen in de verschillende lagen van het kraakbeen, beschreven in de eerste twee hoofdstukken, wordt vaak gemeten met behulp van destructieve
biochemische analyses. Echter, het meten van deze kraakbeencomponenten zonder het
specimen op te hoeven lossen kan ervoor zorgen dat de specimens voor meerdere analyses
gebruikt kunnen worden. Hoofdstuk 4 beschrijft een nieuwe niet-destructieve beeldvormende techniek waarmee de hoeveelheid glycosaminoglycanen in het kraakbeen gemeten
wordt. Gebleken is dat formalinefixatie deze techniek beïnvloedt en dat deze techniek het
beste toegepast kan worden op verse monsters.
Het tweede deel van dit proefschrift beschrijft de ontwikkeling van gedecellulariseerde
kraakbeenimplantaten. Hoofdstuk 5 laat zien waarom dit soort implantaten relevant is voor
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de regeneratie van osteochondrale defecten. Het geeft ook een overzicht van de verschillende technieken die gebruikt kunnen worden om kraakbeen te decellulariseren.
Hoofdstuk 6 geeft een gedetailleerde beschrijving van het decellularisatieproces in de
ontwikkeling van de kraakbeenimplantaten die in dit proefschrift worden gebruikt. Dit proces bevat meerdere enzymatische behandelingen en wasstappen. Dit uitgebreide protocol
zorgt voor volledige decellularisatie van kraakbeen en beschrijft de productie van meerdere
implantaten die als een off-the-shelf product kunnen worden gebruikt.
De eerste in-vitro-experimenten waarin de gedecellulariseerde kraakbeenimplantaten
worden gebruikt worden beschreven in hoofdstuk 7. De implantaten werden gezaaid met
chondrocyten (de natuurlijk aanwezige cellen in kraakbeen) en multipotente stromale cellen (MSC’s) die zichzelf kunnen differentiëren naar kraakbeen- en botcellen. Het is met
name interessant dat de MSC’s nieuw kraakbeenmatrix vormden met daarin een grotere
hoeveelheid glycosaminoglycanen en DNA. Deze resultaten suggereren dan ook dat het
voorzaaien van de implantaten met chondrocyten niet bijdraagt aan kraakbeenregeneratie.
Bovendien zijn MSC’s al te vinden in osteochondrale defecten aangezien deze cellen in het
beenmerg aanwezig zijn. Bij plaatsing van het implantaat in het osteochondrale defect zullen de MSC’s zich hechten aan het implantaat. Hierdoor zou het ontwikkelde implantaat een
celvrije toepassing binnen osteochondrale defectregeneratie kunnen zijn.
De grote hoeveelheid nieuwe matrix die gevormd wordt als de gedecellulariseerde implantaten worden gezaaid met MSC’s kan ook een basis vormen voor botregeneratie via de
enchondrale route (botvorming vanuit bestaand kraakbeenweefsel). Hoofdstuk 8 beschrijft
deze potentiële toepassing. Enchondrale botvorming werd onderzocht in ectopische locaties in een rattenmodel. Botvorming via de enchondrale route bleek in deze studie eveneens
mogelijk. De regeneratie van osteochondrale defecten vereist nieuwvorming van bot en
kraakbeen, dus met deze studie komt die toepassing weer een stap dichterbij.
In hoofdstuk 9 werd het effect van implantaten die gemaakt zijn van partikels van verschillende groottes geëvalueerd. Hieruit bleek dat de grootte van de partikels geen invloed
had op de mate waarin nieuw kraakbeenweefsel werd gevormd. Ook die biomechanische
eigenschappen van de implantaten veranderden niet. Dit zou mogelijk het productieproces
van de implantaten kunnen versimpelen, omdat met deze parameter dan geen rekening
gehouden hoeft te worden.
In hoofdstuk 10, het laatste hoofdstuk van dit proefschrift, wordt de eerste pilotstudie beschreven waarin een gedecellulariseerd implantaat werd geïmplanteerd in een paard. Daarnaast werd het ontwikkelde implantaat vergeleken met een implantaat dat reeds klinisch
wordt toegepast. Na acht weken werd duidelijke regeneratie van bot- en kraakbeenweefsel
gezien in het defect in de paardenknie. De resultaten van deze studie vormen de basis voor
een vervolgstudie in paarden om de potentie van gedecellulariseerde kraakbeenimplantaten
verder te kunnen onderzoeken.
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Geen proefschrift komt er zonder de hulp van anderen, zo ook dit proefschrift niet. Er
zijn teveel mensen om te bedanken ten aanzien van dit proefschrift en mijn persoonlijke
ontwikkeling tijdens het schrijven hiervan. Desalniettemin wil ik hieronder een selectie
nader toelichten.
Prof. Dr. Malda, beste Jos,
Ik weet niet waar ik moet beginnen of eindigen, but here it goes. Dank voor het warme
welkom in je onderzoeksgroep. Dank voor de les “hoe-hou-ik-een-pipet-vast”. Dank
voor het vertrouwen dat je hebt gehad in dit project en in mij. Dank voor de tripjes naar
buitenlandse laboratoria. Dank voor mijn tijd in Australië, inclusief smerige Australische
bessen en vogels. Dank voor de deur die altijd openstond. Dank voor de snelle respons
op al mijn geschreven stukken of nieuwe grafieken. Dank voor je hulp in die vreselijke
Diergeneeskunde snijzaal. Dank voor de vele congressen. Dank voor alle introducties aan
buitenlandse kraakbeen-grootheden. Dank voor de etentjes bij je thuis. Dank voor het tripje
naar de SEH na die scalpel in mijn vinger. Dank voor de ritjes naar paardenklinieken. Dank
voor een kijkje in de wereld van patentaanvragen. Dank voor het werk op die ene buitenplaats bij Paard. Dank voor die gele en blauwe notitieboekjes van je waarin de ‘megalomane
ideeënwereld van Jos Malda’ beschreven staat. Dank voor de ruimte die je gaf aan mijn eigen
invulling van dit proefschrift. Dank voor de ‘goede woordjes’ die je voor me hebt gedaan.
Dank voor het mogelijk maken van de laatste twee maanden die ik nog nodig had, ondanks
dat we er misschien allebei op sommige momenten even niet meer in geloofden. Af is af…
dankjewel, dankjewel, dankjewel.
Prof. dr. Saris, beste Daan,
Ik zal de dag waarop ik je voor het eerst vroeg of ik onderzoek bij je zou mogen doen nooit
vergeten. Ik stond namelijk binnen vijf minuten weer buiten… Onderzoek in het lab kon
zeker, klinisch onderzoek niet. Dank voor je duidelijkheid wanneer dat nodig was en de
kans om deel uit te maken van Orthopedisch Utrecht.
Prof. dr. Dhert, beste Wouter,
Hier is het dan, vanaf mijn eerste paper die je face-to-face met je vulpen voor me na hebt
gekeken, tot dit proefschrift. Het is af! Iets meer dan een jaar geleden zei je tijdens een
promotie-receptie: “Ik gun jou ook zo’n mooie dag”. Die woorden hebben me zeker gedurende de laatste lootjes geholpen om dit boek af te maken. Dank voor je steun, de kansen
die je me gaf om dit onderzoek uit te kunnen voeren en je tomeloze vriendelijkheid.
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Prof. dr. van Weeren, beste René,
Je mag dan officiëel geen promotor heten, maar als co-auteur op bijna al mijn publicaties
en als mede-bedenker van menig nieuw experiment, beschouw ik je wel als onderdeel van
mijn promotiecommissie. Dank voor het openstellen van de afdeling Paard voor een nietdierenarts. Ik heb erg veel aan je kritische blik ten aanzien van mijn experimenten gehad en
nog meer aan je schrijftalent. Ik hoop dat je nog vele mensen zult inspireren, en vergeet niet:
“la vie est trop courte pour boire du mauvais vin”.
Prof. dr. Hutmacher, dear Dietmar,
Thank your for the Australian adventure that started at IHBI in Brisbane. It was the beginning of this thesis, and made all of this possible. I admire how you manage to clear your very
busy schedule for research meetings and little dinner gatherings. I hope to see you again in
the future.
Dr. Klein, dear Travis,
My supervisor-from-down-under. Thank you for making me feel welcome in Brisbane and
showing me how to work that insanely difficult microCT. It has always been great running
into you at research events. Thanks for everything, still cannot believe that you used to say
D’Oh…
Alexandre Suerman Commissie van het UMC Utrecht,
Dank voor het vertrouwen in mijn onderzoeksvoorstel en het bijpassende rugzakje. Ook
veel dank aan Lucette Teurlings voor de altijd weer inspirerende masterclasses waar het vaak
ook ‘even bijkomen’ was. Dank voor je stimulerende woorden en enthousiasme waarmee je
ons aan de intervisie zette, out of the box leerde denken en liet schermen en lacrosse spelen.
Dank aan de Su(p)erman buddies, ik had het beloofd… Heel veel dank voor de toptijd.
Mijn paranimfen,
Anika Tsuchida, sestra. We’ve come a long way en het is niet meer dan logisch dat jij naast
mij staat tijdens mijn verdediging. Terwijl ik dit over jou schrijf sta jij aan de andere kant van
de muur Japanse rijst te koken en een berg groente te snijden. Velen hadden niet gedacht dat
wij het zo lang in hetzelfde huis uit zouden houden. Maar wat is er fijner dan thuiskomen in
een huis waar je jezelf kunt zijn, keihard kunt lachen, de ugly cry mag uitoefenen en mooie
plannen voor de toekomst kunt maken. Het heeft geen zin om al onze mooie herinneringen
hier op te noemen want dat zijn er teveel. Ook als we straks onze eigen weg gaan hoop ik
dat er altijd plek is voor mij op een W-tripje.
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Lidewij Ochtman, mijn Antonius-buddy, mijn fellow ortho-chickie, mijn serial whatsapp
connectie, mijn bench-press spotter, mijn trotse mede-netflixer, maar boven al mijn goede
vriendin. Ik zou me niet voor kunnen stellen hoe saai het zou zijn zonder jouw bijna dagelijkse quote-updates. Dank dat je er bent.
Anne Spaans, opleidingsmaatje. De eerste dag dat ik met angstige ogen aan kwam op de
poli Orthopedie heb je me met die gierende lach uitgelachen. Geeft niet… wist ik veel dat
we vrienden zouden worden en dat ik die lach nu kan waarderen. Je bent in deze laatste fase
de stok achter de deur geweest. Ik ben blij met onze vriendschap en het feit dat je me soms
ook gewoon de waarheid zegt. Hopelijk zullen in de toekomst de noodzaak tot koffie-drinkmomentjes afnemen, maar blijven we ze wel gewoon doen voor de gezelligheid. Please,
wanneer mag ik weer appel-boterkoek?
Dino Colo, DC. Wat zorg jij toch altijd voor leven in de brouwerij en wat moet ik toch altijd
vreselijk lachen als we elkaar zien. Met jou weet je nooit wat er komt, behalve dat het weer
een ‘pareltje’ gaat worden. Om maar wat te noemen: surprise Stockholm, Bossche Bol in je
gezicht en wa-wa-wa-waar kommen ju-ju-ju-jullie dan vandaan? Ik kijk uit naar onze eerste
operaties samen, met Coldplay aan, de omgeving mag zijn borst wel nat maken. En als je
geluk hebt dan draaien we, vooruit, ook al haat ik het… “Another one…”
Anjo Nieuwoudt, they say that when you’ve been friends for seven years you are like family.
We didn’t need seven years, we needed seven seconds. You are my person…you will always
be my person. Enough said.
Mijn collega-onderzoekers,
Wouter Schuurman, als eerste genoemd! Deze ‘sterke vrouw’ heeft het ook gered. Dank dat
ik je opvolger mocht zijn. Michiel Beekhuizen, Mbeki, je bent een fantastische collega en
ik hoop dat we het koffie drinken nog jaren vol zullen houden. Joris Bekkers, vaderfiguur
in het lab, vaderfiguur in de opleiding. Michiel Jansen, Djens, topgozer. Ruth Geuze, dank
dat jij er ALTIJD in hebt gelooft en dat jij het altijd al zeker wist. Tommy de Windt, die
pokke-muggen zou ik zo nog een keer voor je overwinnen. Tom Schlösser, gelukkig ben ik
mijn zusje niet. Loek Loozen, als er iemand sterk genoeg is om orthopeed te worden… Jetze
Visser, fijn die Friese nuchterheid. Peter Levett, you and Libby are the funniest Australians
on bikes. Debby Gawlitta, ik kan geen piña colada kauwgom meer zien zonder aan jou te
denken. Michiel Croes, jij was de dependance van de Asian Room. Anita Krouwels, sterke
surf-chick, je bent altijd goed gezelschap. Linda Kock, hoezo hebben we nog steeds geen
biertjes gedronken? Mechteld Lehr, dank voor je interesse in zowel het onderzoek als de
mens erachter.
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Laura Creemers, Jacqueline Alblas en Lucienne Vonk, dank voor jullie scherpe blik tijdens
research meetings.
De collega’s bij afdeling Paard: Everaldo, Janneke, Janny en Harold dank voor jullie hulp. In
het bijzonder Annemiek Oomen, zo ver weg nu maar zeker je dromen achterna. We hebben
het goed gehad. Stefan Cokelaere, een Vlaamsch en een Hollandsch boekje! Het is gelukt!!!
Sylvia, Irene, Antoinette, Andrea, Simone, Mariska, Brenda, hartelijk dank voor jullie
ondersteuning en gesprekken in de wandelgangen.
My international collaborators, thank you for your input and the work we have done together: Wayne McIlwraith and Tammy Donahue at Colorado State University, and Jeremy
Mao and Chang Hun Lee at Columbia University.
Senior Girls Borrelclub,
Michelle Poldervaart, het spijt me dat ik hem ooit Fanfare heb genoemd…Knap hoe jij dit
werk met je gezin combineert. Petje af. Hsiao-yin Yang, yeeeeeeeeesssss I finished it too!!!
Thank you for your everlasting kindness, and thank you for the best Asian baby pictures
ever. Rhandy Eman, ik zal nooit vergeten dat we een bureau moesten delen, wat hebben we
mooie W Barcelona herinneringen en ik ben blij dat je ook nog steeds bij de senior girls
bent.
Fiona Wegman (en Jordi, en Jip, en Lola). Lieve Fi, je mag dan de dag dat ik onderzoeker
werd bij jullie danwel vergeten zijn of nooit opgemerkt hebben, maar dat doet niets af aan
de vriendschap die daarna is ontstaan. Als ik iets wil doen wat anderen een beetje ‘vreemd’
zouden vinden weet ik altijd wie ik moet bellen. We hebben die bucketlist en we gaan hem
afvinken!
Dank ook aan Jordi die altijd klaar staat als er iets gefixt moet worden en lieve Jip en Lola,
altijd welkom…zeker bij de Sinterklaasintocht.
Willemijn Boot, Bootje. Dit proefschrift is voor een deel ook een beetje van jou. Er zitten onmeunig veel uren werk van jou in. De avondmaaltijden in het UMCU, de vroege
ochtenden in de paardenkliniek en de ritjes naar Lienden waren allemaal een stuk zwaarder
geweest zonder jou. Je was mijn topstudent en ik ben blij dat je daarna mijn collega werd.
Ik ben trots op ons werk.
Mattie van Rijen, je was mijn steun en toeverlaat op het lab. Degene die mijn verhoudingen
WEL altijd kon uitrekenen. En inmiddels veel meer dan dat. Ik koester onze vriendschap
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en ben blij dat ik ook Marcha erbij heb gekregen ;-). De Brabantse gezelligheid in de Nederlandse zon of in de sneeuw. Ik kan niet meer zonder. Marcha, dank voor jouw altijd heerlijk
eerlijke mening en dank dat ik die van mij altijd mag uitspreken. Dat is ons clubje!
Mijn buddies Eugène Diekman en Joep Hufman, we zien elkaar te weinig, maar eten met
jullie is altijd een oplaadmoment.
Linda van Wagenberg en Jojanneke Kuhlmann, mijn SUMMA-vriendinnetjes. Alle drie
dokter, jullie al specialist maar ik kom achter jullie aangerend! Laten we elkaar nooit uit het
oog verliezen.
Dank aan Action de la Frette, Soprano Moliere, Amadeus, Colorado, Sam, Balero, Tadano,
Wallstreet, Co, Edwin en Stefan.
Cambridgelaan 205: Lauranne Cox and Antonis Voutsinos…The book about cartridges is
here!
Mijn Chirurgie collega’s in het St. Antonius Ziekenhuis in Nieuwegein, met speciale vermelding het traumatologie-team en mijn opleiders. En uiteraard de volgende personen:
Ernst Steller, David Roks, Xiaoye Zhu, Young-kon Lambeck, Janity Pawiroredjo, Valerie
Monpellier en Olga Arguedas Flores.
De OLVG-clan. Hier heb ik voor het eerst geleerd wat Orthopedie echt is. Ik kijk uit naar
mijn laatste jaren bij jullie.
De UMC Orthopeden en collega’s, dank voor de mogelijkheid om dit proefschrift af te
maken. Dank ook voor jullie wetenschappelijke vorming buiten dit schrijven om. Ik heb
veel geleerd en ben niet meer bang voor wervels!
De traumachirurgie in het UMC Utrecht. Dank voor het warme bad waarin ik terecht ben
gekomen tijdens mijn stage bij jullie. Nooit, nooit, nooit zal ik de single-port traumalaparotomie vergeten en het woord “precies” is voor altijd besmet. Siegrid de Meer, mijn Duo
Penotti helft!!! Wat was het mooi! Time flies when you are having fun…
Mijn gezellige Indo-familie. Dank voor jullie interesse in wat ik doe. En dank voor de liefde
die in overmaat aanwezig is tijdens onze verjaardagen.
Mijn peet-familie: Dennis en Aimée, Christian en Josephine, Daniëlle (Bami) en Rishi,
en uiteraard Oom Tom en Tante Christine, zonder jullie had ik misschien nog steeds niet
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gelopen ;-). Ik kijk er steeds weer naar uit om jullie te zien. Ik kijk er ook naar uit om jullie
tijdens mijn promotie vooraan te zien zitten! Heel veel liefs!
Arjan Markus, potjandorie mij is niks gevraagd maar….vooruit je mag met haar trouwen.
Astrid en Ingeborg, Bas en Borg. Mijn lieve, lieve kleine grote zusjes, de terror-tweeling die
nooit naar me luisterden als ik ze voorlas. De vriendinnen met wie ik Linda, Roos en Jessica moest playbacken. De partners in crime voor verrassingen voor papa en mama. Maar
tegenwoordig twee zelfstandige vrouwen op wie ik alleen maar trots kan zijn. Ik ben trots
op wat jullie allemaal voor elkaar hebben gebokst. We hebben nog minimaal 60 jaar samen
te gaan en ik kijk er naar uit!
Lieve papa en mama, het is gelukt, het boek is af. Wat ik hier ook opschrijf, het beschrijft
niet wat jullie voor mij betekenen. Jullie hebben er voor gezorgd dat ik vandaag hier sta
en mag zijn wie ik ben. Ik ben trots dat ik er eentje ben van Benders-Oei. Waar ik ook ben
geweest of waar ik nog naar toe ga: het mooiste aan weggaan is nog altijd het thuiskomen.
Ik hou van jullie.
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Cartilage and osteochondral defects lead to painful joints and limited
mobility. These defects often occur after sports injuries and thus mostly
affect the young and active population. In contrast to other human tissues, cartilage is not capable to initiate its own repair. This will inevitably lead to further degeneration of the joint.
Osteochondral damage is not limited to the human population. Horses
are equally affected by similar defects. Interestingly, the histological
and biochemical composition of human and equine (horse) cartilage
tissue show great similarities. The development of a novel treatment
strategy could therefore benefit both populations.
This thesis decribes the development of a natural scaffold for osteochondral defect repair. Natural cartilage tissue can be decellularized
and used to create a new scaffold that can be implanted into the defect.
These scaffolds have been evaluated in in vitro and in vivo settings and
have shown great potential in repairing the natural tissue.

