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Abstract

For long term durability of tissue-engineered cartilage
implanted in vivo, the development of the collagen fibre
network orientation is essential as well as the distribution
of collagen, since expanded chondrocytes are known to
synthesise collagen type 1. Typically, these properties
differ strongly between native and tissue-engineered
cartilage. Nonetheless, the clinical results of a pilot
study with implanted tissue-engineered cartilage in pigs
were surprisingly good. The purpose of this study was
therefore to analyse if the structure and composition of
the artificial cartilage tissue changes in the first 52 weeks
after implantation. Thus, collagen network orientation
and collagen type distribution in tissue-engineered
cartilage-carrier-constructs implanted in the knee joints of
Gottinger minipigs for 2, 26 or 52 weeks have been further
investigated by processing digitised microscopy images of
histological sections. The comparison to native cartilage
demonstrated that fibre orientation over the cartilage
depth has a clear tendency towards native cartilage with
increasing time of implantation. After 2 weeks, the collagen
fibres of the superficial zone were oriented parallel to the
articular surface with little anisotropy present in the middle
and deep zones. Overall, fibre orientation and collagen
distribution within the implants were less homogenous than
in native cartilage tissue. Despite a relatively low number
of specimens, the consistent observation of a continuous
approximation to native tissue is very promising and
suggests that it may not be necessary to engineer the perfect
tissue for implantation but rather to provide an intermediate
solution to help the body to heal itself.
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Introduction

Injuries of joint cartilage in patients can result in a
significant loss of quality of life and an increase in
the susceptibility to early osteoarthritis (Bhosale and
Richardson, 2008). Although the development of
osteoarthritis in cartilage has been extensively investigated
(Agnesi et al., 2008; Bae et al., 2003; Buckwalter et al.,
2000; Nagaosa et al., 2002; Setton et al., 1999; van der
Esch et al., 2005) there is currently no surgical method
available for cartilage injuries that can prevent its early
onset (Magnussen et al., 2008). Tissue engineering
offers promising new approaches that have the potential
to provide such therapies. The aim of creating vital
implants for tissue repair is to provide a fully functional
replacement of the damaged tissue. This includes the
biomechanical, structural and biochemical properties of
the cartilage tissue, as well as its integration within the
existing native tissue.

Microscopy is a tool commonly used to study tissue
samples. Bright field and fluorescence microscopy are
normally used to show the biochemical constituents
of the cartilage tissue, for example collagen or
glycosaminoglycans, while polarised light microscopy
allows the organisation of collagen fibres to be observed
(Hughes et al., 2005; Rieppo et al., 2008; Rieppo et al.,
2009).

Benninghof introduced the classical model for the
architecture of the collagen network, consisting of
arcades that are formed by fibres that run perpendicular
to the subchondral bone in the deep zone and arciformly
change direction in the transitional zone to run parallel to
the articular surface in the superficial zone (Benninghoff,
1925). These patterns have been confirmed using polarised
light microscopy (Hughes et al., 2005; Hyttinen et al.,
2009; Julkunen et al., 2009; Rieppo et al., 2009) and
pu-MRI (Alhadlaq et al., 2004; Griinder, 2006; Nissi et
al., 2006; Seidel et al., 2005; Xia et al., 2003). None of
these studies has investigated the development of the fibre
orientation within in vivo implanted tissue-engineered
cartilage over time. Further, the methods applied have been
limited in their ability to quantify the collagen distribution
throughout the area of the tissue.

The purpose of this pilot study was to investigate
whether tissue-engineered cartilage implants develop
in vivo an anisotropic collagen network after their
implantation and if such a network resembles the network
found in native cartilage. Further, to study these questions,
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a new method was developed to quantify the orientation
and distribution of the collagen fibre network in soft tissues.

Materials and Methods

TE-cartilage constructs

Histological sections of tissue-engineered and native
cartilage were taken from a previous animal experiment
described in detail elsewhere (Baumbach et al., 2008;
Nagel-Heyer, 2004; Nagel-Heyer et al., 2005; Petersen et
al., 2008). Briefly, osteochondral implants were cultured,
consisting of a calcium phosphate carrier (¢ 4.5 mm x 2
mm), as a bone substitute, with a layer of tissue-engineered
cartilage (~1 mm). These were implanted in the femoral
condyles of six Gottinger minipigs, which were sacrificed
after 2, 26 or 52 weeks.

The tissue-engineered cartilage was cultured from joint
biopsies taken from the knees of six minipigs under general
anaesthesia. Chondrocytes were isolated by sequential
digestion with hyaluronidase and collagenase and expanded
(Petersen etal., 2008). After two or three passages, adherent
cells were released from the culture flasks by exposure to
0.25 % trypsin/EDTA. 2-4 x 10° expanded chondrocytes
were then seeded on the calcium phosphate carriers to
improve the adherence of cartilaginous tissue produced
later on. Cell-seeded carriers were cultivated for two weeks
(Petersen et al., 2008). To prepare the cartilaginous layer of
the constructs, expanded chondrocytes were encapsulated
in alginate gel and cultivated for two weeks (Yaeger et al.,
1997). After 2 weeks of cultivation, the chondrocytes were
surrounded by cell-associated matrix. Cells were released
from the alginate gel and re-suspended in medium and
sedimented (1 x 10° cells centrifuged at 70 g) onto the
cell-coated calcium phosphate carriers (Calcibon®, Biomet
Merck Biomaterials, Darmstadt, Germany). These biphasic
constructs were further cultivated for three weeks (Petersen
etal., 2008).

The constructs were implanted in the weight-bearing
zone of the medial femoral condyle of the animal from
which the cells were originally harvested. Surgery was
performed 50 d after biopsy in all animals. The chondral
layer of the implants was trimmed along the edge of the
carrier to create a fresh cartilage interface to the native
cartilage at the implantation site in the femoral condyle.
Constructs were inserted into ¢ 4.5 mm x 3 mm drilled
holes levelling the articular surface of the cylinder with the
adjacent cartilage. All animals were allowed free activity
and full weight bearing.

Histology

Histological sections of cartilage-carriers with the
surrounding native cartilage-bone interface of animals
sacrificed after 2 weeks (n = 2; in the following referred
to as specimens B and C), 26 weeks (n = 2; specimens
D and E) and 52 weeks (n = 2, specimens F and G) were
investigated. Each specimen was dissected out, fixed in
freshly prepared 4 % formaldehyde in PBS, pH 7.4, at 4
°C, decalcified, embedded in paraffin and cut into 5 pm
sections in the sagittal plane. One sample of native cartilage
(referred to as specimen A) was harvested from animal B
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close to the implantation site as a reference and treated
in the same manner. Since the objective of this study had
originally not been part of the animal study, the number
of histological sections is limited.

Representative sections of each specimen were
stained immuno-histochemically (Petersen et al., 2008).
Immunostaining was performed on adjacent tissue
sections for collagen type I and type II, respectively.
Monoclonal anti-type I collagen (clone I-8HS5) and anti-
type Il collagen (clone I1-4C11) were purchased from Acris
Antibodies GmbH, Herford, Germany. Native cartilage
and bone samples were used as positive controls. Negative
controls were prepared omitting the primary antibodies.
Immunostaining was highly specific, no cross reactions
were observed using native cartilage and bone tissue as
positive controls.

Epitopes were unmasked for 4 h at 37 °C with 1 mg/
mL hyaluronidase in 0.1 M phosphate buffer, pH 5.5;
blocking was performed with 10 % serum for 30 min.
Primary antibodies (5 pg/mL) were prepared in antibody
diluent with background reducing components (Dako
Cytomation, Hamburg, Germany). The incubation with
primary antibodies was carried out for 16 h at 4 °C.
Subsequently, incubation with biotinylated secondary
goat anti-mouse antibody in antibody diluent (2.5 pg/mL,
Biozol, Eching, Germany) was carried out for 1 h at room
temperature. Finally, the tissue sections were incubated
with Vectastain ABC-alkaline phosphatase reagent for 1
h (Vector Laboratories, Burlingame, CA, USA). Alkaline
phosphatase enzyme activity was visualised using the
Naphtol-AS-BI-phosphate/New Fuchsin color reaction.
Slides were counterstained with Mayer’s haemalum 1:1
in distilled water for 30 s and mounted with Ultra Mount
(Dako Cytomation, Hamburg, Germany).

Respective adjacent tissue sections were stained with
Sirius Red to enhance the birefringence of the collagen
fibres. Prior to staining, the sections were de-waxed in
two changes of Rotihistol (Carl Roth GmbH, Karlsruhe,
Germany), for 15 min each. Rehydration was performed
in a descending ethanol series. After a short immersion in
70 % ethanol, the sections were stained for 24 hina 0.5
% Sirius Red solution (Sirius Red F3B, Dystar GmbH,
Leverkusen, Germany). The sections were washed in
distilled water for 10 mins and de-hydrated in an ascending
ethanol series. Sections were mounted using Roti-Histokitt
(Carl Roth GmbH) and were covered with a coverslip.

Image acquisition

Investigation of the collagen fibre network was performed
using a polarisation microscope (Nikon Eclipse 80i, Nikon
Corp., Tokyo, Japan) in which the specimen is placed
between two polarising filters with a 90° relative orientation
to present a dark field in areas lacking birefringence
properties. Images were acquired with a digital camera
(Nikon DS-5Mc, Nikon Corp.) through lenses of either
40x or 100x magnification, depending on the height of
the cartilage layer between the articular surface and the
underlying carrier/subchondral bone in the histological
section of the specimen. This led to image resolutions of
2.42 um/pixel and 0.97 um/pixel, respectively, allowing
clear differentiation of individual chondrocytes.
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Fig. 1. The digitised colour microscopy image is saved in the RGB colour space. Each pixel consists of a red, green,
blue triplet. This information is transformed into the three channels of the HSI colour space being hue, saturation
and intensity. These channels are then used for the image analysis on the histological sections.

The sections were centrally positioned on a rotating
fixture in the plane of the polarising filters, aligning
cartilage surface of the section initially at 45° with respect
to the orientation of the polariser and analyser. Aperture
and exposure time were kept constant and additional
filters (such as the digital gain) were turned off, to ensure
comparability of the images for the digital image analysis
procedure. Overexposure of the images was avoided by
initially adjusting the exposure time at an angle of the
rotation stage for which the maximum birefringence of a
specimen occurred.

The images for the analysis were recorded by rotating
the histological section in increments of 5° over a range
of £ 45° resulting in 19 images for each specimen.
Consequently, every fibre orientation angle from parallel
to the joint surface to orthogonal was accounted for. All
images were saved using an uncompressed file format
(TIFF).

Standard bright field images of the sections stained
for collagen type I and type II were taken to assess the
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collagen distribution with the same microscope in the
fluorescence mode. Camera settings were held constant
to ensure comparability of the images.

Image processing

The alignment of the articular surface of the 19 rotated
images was performed semi-automatically, using points
of interest for a rough alignment followed by fine-tuning
with an optimisation algorithm (Avizo, Mercury Systems,
MA, USA).

To analyse the collagen fibre orientation, the intensity
of each pixel must be determined. Images were therefore
transformed from the Red-Green-Blue (RGB) colour space
into the Hue-Saturation-Intensity (HSI) space (Gonzalez et
al., 2004) (Matlab, The MathWorks, MA, USA). A value
of zero for the saturation and intensity channels is equal
to a complete infiltration with white light and a value of
one represents a complete lack of white light.

For quantitative histological image analysis, the
HSI model allows a more direct use of the information
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max

Fig. 2. For each sample, the images taken with different polarisation angles y are aligned on top of each other (here,
polariser angles -45°, 0°, and 45° in respect to the cartilage surface of the same histological section are shown)
and are saved in a three-dimensional matrix. The first two dimensions define the location of a pixel with respect
to the histological section; the third dimension defines its intensity in respect to the polarisation angle y. For the
determination of the dominant collagen fibre orientation at a location/pixel, the maximum intensity Imax along the
third dimension is determined. Repeating this for all pixels allows derivation of the orientation of the collagen fibre

network of a specimen’s histological section.

contained within the pixels of the image than the RGB
model, since only one value has to be considered to perform
the analysis. For example, for a histological stain that is
investigated by bright field microscopy, it is the Saturation
channel that provides the local concentration of the stain
relative to the other portions of the specimen. When using
fluorescence microscopy, the Intensity channel will provide
this information. In addition, filtering out information on
the basis of a certain wavelength, i.e. colour, can easily
be done by using the information contained in the Hue
channel. In the following, the Intensity channel is used
for the analysis of the collagen fibre orientation (Fig. 1)
while the Saturation channel facilitates the analysis of the
collagen distribution within the histological sections.
The pixels, stacked virtually on top of each other in an
array data structure, have intensity values between zero and
one (Fig. 2). The maximum intensity of a pixel correlates
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with the birefringence of the specimen. Therefore,
knowing the maximum intensity of a pixel, the dominant
orientation of the collagen fibres can be derived from the
angle of orientation of the histological section relative to
the polariser and analyser. Due to background intensity
noise, birefringence was only considered if rotating the
stage caused a change of at least a 0.05 in intensity. The
accuracy of determining the angle describing the dominant
fibre orientation is dependent on the incremental rotation
of the stage (+ 2.5° in this study). The dominant collagen
fibre orientation for each pixel due to the combined analysis
of the images can subsequently be displayed as a pseudo
colour image.

In a further analysis, the same information was used to
derive the dominant collagen fibre orientation as a function
of the relative depth of the cartilage tissue. Because the
surface of the cartilage is not even, the shape of the surface
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Fig. 3. Calculation of the fibre orientation as a function of the cartilage depth along the surface profile. The surface
profile was moved downwards pixel-by-pixel from the articular surface to the border of the subchondral bone.
During each step, the mean value for the fibre angle along the profile as well as its standard error is calculated and
visualised in a graph showing the fibre angle versus cartilage depth.

was taken to be the base line from which the mean and
the standard error of the fibre orientation were acquired
(Fig. 3). Since birefringence is not present in the region
above the cartilage surface, where the histological section
ends, the surface profile can easily be identified due to the
constant intensity values of the pixels over the 19 images
(Matlab). The profile obtained is then moved pixel-by-pixel
in a depth-wise direction from the cartilage surface down
to the subchondral bone. For each step from the cartilage
surface down to the border of the subchondral bone, the
mean angle and standard error were calculated along the
profile. Isotropic pixels were excluded from the latter
calculation steps.

The immuno-histochemical staining procedure does
not allow for the comparison of the collagen content
among different histological sections but can be used for
the visualisation of the relative collagen type I and type II
distributions within the histological sections. The amount
of stain correlates with the Saturation channel (Fig. 4)
allowing visualisation of the collagen distribution as a
pseudo colour image.

Results

Collagen fibre orientation of native cartilage

The collagen network of native articular cartilage showed
anisotropic properties (Figs. 5 and 6; specimen A). Within
the superficial zone, the collagen fibres are oriented
predominantly parallel to the surface up to a depth of
approximately 30 um. In the adjacent transitional zone,
the fibre orientation becomes isotropic presenting as a
approximately 30 um wide band oriented parallel to the
joint surface. In the deep zone down to the subchondral
bone, the collagen network becomes anisotropic again,
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aligned perpendicularly to the joint surface (Fig. 5;
specimen A). This change can also be seen in the graph,
indicating the fibre orientation at the respective cartilage
tissue depth (Fig. 6; specimen A). The cartilage depth is
presented normalised to the total cartilage height of each
specimen, where 0 % corresponds to the articular surface
and 100 % to the transitional zone of the subchondral bone.
In addition, the alignment of the fibres in the deep zone of
the native cartilage is very consistent as can be seen by the
low standard error (grey area beneath the line).

Collagen fibre orientation of implanted tissue
engineered cartilage

The histological sections of the tissue engineered cartilage
retrieved two weeks after implantation showed first signs
of an aligning collagen fibre network (Figs. 5 and 6;
specimens B and C). The collagen fibres in the superficial
zone are orientated parallel to the surface down to a
relative depth of 10 % to 20 %, similar to the native tissue
(12 %) (Fig. 6). However, the absolute depth value for
the fibres oriented parallel to the cartilage surface (about
100 um) differs from the value found in native tissue. The
transitional and deep zones have a predominantly isotropic
fibre network. In the deep zone of specimen B, there are
already some small regions of vertically oriented fibres
apparent. The majority of the intercellular space within
the deep zone displays an isotropic fibre orientation.
In contrast, the fibres surrounding the chondrocytes
already show anisotropic characteristics (Figs. 5, 6 and
7; specimens B and C), running tangentially around the
periphery of the cell lacunae.

In the deep zone directly above the calcium phosphate
carrier of the implants retrieved after two weeks, the fibres
of the tissue-engineered cartilage are orientated parallel
with respect to the cartilage surface, similar to those in
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Fig. 4. A brightfield microscopy image of a histological section is transformed from the RGB colour space to the HSI
colour space. The saturation channel being dependent on the relative amount of collagen in the image of a histological
section is displayed as a pseudo colour image to visualise the relative collagen distribution throughout the tissue sample.

the superficial zone (Figs. 5 and 6; specimens B and C).
The analysis of the fibre angle as a function of cartilage
depth demonstrates an irregular orientation in the 2 week
tissue-engineered implants B and C compared to the
homogeneous change in fibre orientation of the native
tissue A. The high standard error for B and C in comparison
to specimen A, emphasises the irregular fibre orientation
in these specimens.

After 26 weeks, the collagen fibres of the histological
sections constitute a highly structured network (Figs. 5, and
6; specimens D and E). At the joint surface, the collagen
fibres are orientated parallel with respect to the cartilage
surface up to a depth of 25-100 um. In the transitional
and deep zones, the orientation changes to become
predominantly diagonal (Figs. 5 and 6; specimen E) or
vertical (Figs. 5 and 6; specimen D). In specimen D, the
cartilage was still in contact with the calcium phosphate
carrier and the collagen fibres developed a fibre orientation
parallel to the surface that extended up to 400 pum into the
deep zone of the tissue. In specimen E, a layer of bone is
present between the tissue-engineered cartilage and the
carrier. Here, the collagen fibres retained their diagonal-
to-vertical orientation, even at the cartilage-bone interface.
The analysis of the fibre orientation profile after 26 weeks
shows a more uniformly oriented network than for the
specimens at 2 weeks. However, the tissue-engineered
cartilage samples still differ markedly from the native
cartilage. Especially in the deep zone, the tissue-engineered
cartilage fibres tend to be oriented more parallel with
respect to the cartilage surface.

After 52 weeks (Figs. 5 and 6; specimens F and G)
the collagen fibre network is similar to native cartilage,
although not quite as homogeneous (Figs. 5 and 6; specimen
A). The superficial zone of both implants exhibits collagen
fibres oriented parallel to the joint surface. However, in
implant G this zone is only about 10 um thick and does
not completely cover the joint surface. In the transitional
zone the fibre orientation is either isotropic (Figs. 5 and
6; specimen F) or vertical (Figs. 5 and 6; specimen G).
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In both specimens, a layer of subchondral bone had been
developed between the carrier and the cartilage tissue. The
similarity in fibre orientation between the implants (Figs. 5
and 6; specimens F and G) and the native cartilage (Figs.
5 and 6; specimen A) can easily be seen from the similar
trend for the collagen fibre orientation depth profiles (Fig.
6). However, in the tissue-engineered cartilage, the change
in fibre orientation from the superficial to the deep zone
occurs with a gradient that is less steep than that for native
cartilage.

Collagen distribution in native cartilage

No collagen type I was found in the histological section of
native cartilage tissue but it was present in the subchondral
bone (Fig. 8; specimen A). The distribution of collagen type
IT shows a consistent pattern throughout the entire depth
of the cartilaginous tissue.

Collagen distribution in implanted tissue
In contrast to the native tissue, both collagen types were
found throughout the tissue-engineered cartilage for the 2
weeks specimens (Fig. 8; specimens B and C). For the 26
week tissue (Fig. 8; specimens D and E), implant D has
developed a triangular region containing collagen type I
directly above the calcium phosphate carrier. There is little
collagen type I visible between the tip of the triangle and
the joint surface. Directly beneath the cartilage surface, a
strip of tissue containing collagen type I is present, reaching
50 um into the tissue. In particular, a narrow strip staining
positively for collagen type II is observed parallel to the
right side of the triangle containing mostly collagen type
L. In contrast, implant E shows a collagen distribution that
is more similar to the two week old specimens B and C.
At 52 weeks, there is very little collagen type I is found
within the tissue-engineered cartilage (Fig. 8; specimens
F and G), but collagen type II is present throughout the
tissue. There is a maximum staining intensity close to the
articular surface, similarly to the native cartilage (Fig. 8;
specimen A).
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Fig. 5. Collagen fibre network development within the tissue-engineered cartilage specimens (B, C: implanted for
2 weeks; D, E: implanted for 26 weeks; F, G: implanted for 52 weeks) compared to native cartilage (A). An angle
of 0°, visualised in red, represents collagen fibres oriented parallel to the cartilage surface, whereas an angle of 90°,
visualised in blue, denotes collagen fibres that are oriented perpendicular to the cartilage surface.
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Tissue engineered cartilage after 2 weeks
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Fig. 6. The depth profiles (mean shown as a line + standard error shown as a grey band) display the fibre orientation
along the relative depth of the cartilage for the tissue-engineered specimens (B, C: implanted for 2 weeks; D, E:
implanted for 26 weeks; F, G: implanted for 52 weeks) compared to the native cartilage specimen (A).
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Fig. 7. Detailed view of the collagen fibre network in the deep zone of the cartilage specimens B and C implanted
for 2 weeks. Although the tissue generally shows isotropic properties (also see Fig. 6), collagen fibres appear to be
oriented around single cells of the tissue.

Discussion

Applying polarisation microscopy and the digital image
analysis method developed for this study, it was possible
to determine the fibre orientation at each location within
each single histological section. To our knowledge,
the development of the collagen fibre orientation over
several time points post implantation of implanted
tissue-engineered cartilage has not been shown before.
Furthermore, the determination of the simultaneous
collagen type distribution allows determination of the
relationship between the fibre orientation and collagen
type present.

The orientation of the collagen fibre network within the
native tissue corresponds to the literature (Benninghoff,
1925; Hughes et al., 2005; Rieppo et al., 2009). This can
be viewed as an indication that the image analysis method
developed in this study successfully allows determination
of'the spatial fibre orientation in cartilage. The results for the
tissue-engineered constructs demonstrated that the method
can also be used to detect a less developed orientation of
collagen fibres which cause less birefringence.

Collagen fibre orientation

The first region to develop an anisotropic structure within
the tissue-engineered cartilage was the superficial zone.
This agrees with the observation of Hughes et al. (2005),
who investigated the development of the fibre network of
mice in an age range from one day to eight months. They
recorded fibres oriented parallel to the surface starting
from five days after birth. Before that no anisotropy was
observed. They proposed that the development of an
anisotropic fibre network may be initiated by joint loading.
Based on the result of the current study, the anisotropic
properties of the superficial zone already after two weeks
of implantation suggest that the cartilage implants were
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indeed responding to joint loading. This is supported by
the observation that the animals showed normal activity
post operatively (data not shown).

Although one of the two-week implants showed the
first signs of a vertical orientation of the bulk collagen fibre
network, the transitional and deep zones mostly displayed
an isotropic orientation of the collagen fibres. However,
in these zones a fibre network orientation was already
detectable in the immediate vicinity of the chondrocytes
with fibres running circumferentially around the periphery
of the cells. This local orientation pattern, of continuously
varying fibre angles, leads to an exaggerated standard
error over the tissue section as a whole. Consequently,
the angular profile over the cartilage depth shows a rather
irregular behaviour with a comparably high standard error
for these two specimens.

The oriented fibre matrix surrounding the cells is
no longer found at 26 weeks. This might indicate that
the birefringence effect of the interterritorial matrix is
dominant, covering up the birefringence effect caused
by the local fibre network around the cells. In view of
studies showing that the territorial collagen fibre network
is formed circumferentially around the chondrocytes of
adult animals (Hunziker et al., 1997; Poole et al., 1987,
Poole et al., 1984), this seems to be more likely than the
disappearance of the cell-enclosing network.

The fibre network was still anisotropic throughout the
depth of the tissue-engineered cartilage after 26 weeks in
vivo, with the depth profile of the predominant collagen
fibre orientation markedly different from the profile
of the native cartilage. In respect to sample E, there is
subchondral bone present underneath the implant’s tissue-
engineered cartilage, with the bone-cartilage boundary
of the implant zone being relatively close to the articular
surface. Consequently, there is a reduced height of the
overlying tissue compared to the other samples. In other
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Fig. 8. Relative collagen distribution of collagen type I and type II in native and tissue-engineered cartilage samples
after 2, 26 and 52 weeks. With increasing duration of implantation, the relative collagen distribution in the tissue-
engineered cartilage increasingly resembles the relative collagen distribution in native cartilage.

words, the regenerating bone tissue in sample D as well
as in the 52 week samples F and G, even though not fully
closed, is formed further away from the articular surface.
It seems that the comparatively thin layer of tissue above
the newly formed subchondral bone in sample E leads to a
load distribution or load transfer throughout the tissue into
the subchondral bone that affected the remodelling process
of the collagen fibre network, resulting in a predominantly
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diagonal orientation of the collagen fibres with respect to
the articular surface.

After 52 weeks, the implanted samples nearly resemble
native cartilage. Although lacking the homogeneous
appearance of native cartilage, especially near the articular
surface, the pseudo colour images, as well as the depth
profiles of the collagen fibre orientation, are quite similar
for implanted and native cartilage.

www.ecmjournal.org



H Paetzold et al.

On the basis of split line patterns in native cartilage,
Pauwels et al. (1980) proposed that the orientation of the
collagen fibres at the articular surface may result from
local tensile strains occurring during joint loading. The
observation that the superficial zone of the implanted
tissue-engineered cartilage is the first zone to develop a
fibre orientation might reflect a greater strain magnitude
at the surface than in the transitional and deep zones.
This could be clarified by performing a similar study with
samples implanted in non-load-bearing regions.

The orientation of collagen type I fibres parallel to the
carrier surface for younger samples B, C and D contrasts
with a perpendicular alignment in older samples E, F
and G, in which bone has grown between the carrier and
cartilage, and this might also have a mechanically basis.
In the younger samples, the cartilage is not well bonded to
the carrier, which may allow tensile strains to be generated
parallel to the carrier surface. In the older samples, the new
bone at the interface may limit strains in the tangential
direction, with the perpendicular fibre orientation rather
due to bone modelling processes.

Collagen type distribution

In most samples both collagen types I and II were present
during the development of an anisotropic collagen fibre
network in the tissue-engineered cartilage. The exceptions
were the two samples with the longest implantation time
of 52 weeks with nearly only collagen type II, similar to
native cartilage. Although the tissue-engineered cartilage
contained collagen type I and type II prior to implantation
and at 2 weeks after implantation, a shift towards
predominant collagen type II expression occurred after 26
weeks (sample D) and 52 weeks (samples F and G). This
is consistent with the findings of Roberts et al. (2009),
who assessed the distribution of procollagen type IIA,
collagen type II and collagen type I following autologous
chondrocyte implantation in the human knee joint. They
found that the percentage of area staining for type I
collagen was the least three or more years after treatment.
In contrast, the area staining positively for type II collagen
was increased for up to three years or more post-treatment.
Simultaneously with the development of the anisotropic
fibre orientation, collagen type I disappears. However,
similar to the difference in development of the collagen
fibre network, in sample E a shift towards collagen type
II fails to appear, probably also caused or influenced by
the loading of the tissue. In addition, collagen type I fibres
oriented parallel to the carrier were observed in samples
B, C and D in the region directly above the carrier. The
calcium phosphate carrier probably causes an increased
collagen type I content, due to its similarity with bone, in
which this collagen type predominates.

It has to be noted that although the general collagen
distribution in the native cartilage, and in most of the
tissue-engineered samples, match observations made in the
literature (Muir et al., 1970), the staining methods applied
cannot be used to quantify collagen content, since epitopes
are affected by factors such as tissue density or masking
by GAG molecules. Furthermore, at the border of the
histological sections, parts of the collagen fibres might have
become detached during preparation of the histological
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sections, leading to low collagen content observed at the
articular surfaces. This may indicate an impaired integrity
of the tissue-engineered cartilage in comparison to the
native tissue, since such an effect was not observed in the
native tissue.

Conclusions

A new, easy-to-use and standardised method to process
digitised microscopy images of histological sections was
developed to determine the fibre orientation of native
porcine cartilage, as well as the collagen fibre network of
tissue-engineered cartilage that had been implanted over
periods of 2, 26 and 52 weeks. It was demonstrated that
tissue-engineered cartilage has the potential to develop an
orientation of the collagen fibre network similar to native
cartilage.
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Discussion with Reviewers

Reviewer I: The differences in collagen distribution
after 52 weeks are quite striking. Is it possible that the
implanted engineered tissue is performing the function of
“filling the void’ and providing conditions so that the native
chondrocytes in the superficial zone can come in from
the edges and make an attempt at regenerating the tissue?
Authors: Unfortunately, we were not able to find any
evidence for this interesting suggestion in our data.
Although the tissue sections were made over the whole
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area of the implanted tissue, the data shown in this paper
concentrate on the central portions of the tissue. The border
between the implanted and the surrounding tissue is still
clearly visible in nearly all of the samples, even after 52
weeks. At the interface between the implant and the native
tissue, there was some cell death (empty lacunae) and
also clustering of chondrocytes occurring in the vicinity
of the incision made in the tissues during implantation.
Particularly in the native cartilage directly surrounding
the incision, there was a reduced cell density compared to
the tissue further away from the implant site. Thus, neither
in the surrounding cartilage tissue nor in the implant were
there higher cell densities suggesting progenitor cells at
the cartilage surface that proliferate and migrate from the
edges towards the centre of the implant.

Reviewer 11: What comment do the authors have about
sample E with respect to its reduced depth and relatively
poor morphology (compared to the other implants and
native tissue)? Do you think this implant may have failed?
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Authors: As shown for specimen E in Fig. 5 and Fig. 8,
the height of the tissue overlying the subchondral bone is
reduced at 26 weeks, even in comparison with the implants
after 52 weeks. Furthermore, the anisotropic collagen fibre
network is oriented predominantly parallel to the surface
(specimen E in Fig. 5) and staining for collagen type I
is more intense compared to collagen type II. Although
collagen staining is not quantitative, this finding suggests
a fibrous phenotype. This is in contrast to sample D, where
collagen type II staining was more prominent compared
to collagen type I. Interestingly, the subchondral bone
was closed in sample E, whereas in sample D the process
of bone regeneration was not yet terminated. While the
cartilage to bone interface of sample D was at the same
level as within the surrounding tissue, the boundary
in sample E was advanced towards the cartilage zone.
Inappropriate load distribution may have contributed to
the poor outcome of sample E, either as a cause for the
negative development of the tissue or at least as a negative
influence on tissue development.
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