
Histochem Cell Biol (2011) 136:57–69

DOI 10.1007/s00418-011-0822-2

ORIGINAL PAPER

In vitro and in vivo neo-cartilage formation by heterotopic 
chondrocytes seeded on PGA scaVolds

A. Lohan · U. Marzahn · K. El Sayed · 
A. Haisch · B. Kohl · R. D. Müller · 
W. Ertel · G. Schulze-Tanzil · T. John 

Accepted: 19 May 2011 / Published online: 9 June 2011
© Springer-Verlag 2011

Abstract Implantation of tissue-engineered heterotopic
cartilage into joint cartilage defects might be an alternative
approach to improve articular cartilage repair. Hence, the
aim of this study was to characterize and compare the qual-
ity of tissue-engineered cartilage produced with heterotopic
(auricular, nasoseptal and articular) chondrocytes seeded on
polyglycolic acid (PGA) scaVolds in vitro and in vivo using
the nude mice xenograft model. PGA scaVolds were seeded
with porcine articular, auricular and nasoseptal chondro-
cytes using a dynamic culturing procedure. Constructs were
pre-cultured 3 weeks in vitro before being implanted subcu-
taneously in nude mice for 1, 6 or 12 weeks, non-seeded
scaVolds were implanted as controls. Heterotopic neo-carti-
lage quality was assessed using vitality assays, macroscopi-
cal and histological scoring systems. Neo-cartilage
formation could be observed in vitro in all PGA associated
heterotopic chondrocytes cultures and extracellular carti-
lage matrix (ECM) deposition increased in vivo. The
6 weeks in vivo incubation time point leads to more consistent

results for all cartilage species, since at 12 weeks in vivo
construct size reductions were higher compared with
6 weeks except for auricular chondrocytes PGA cultures.
Some regressive histological changes could be observed in
all constructs seeded with all chondrocytes subspecies such
as cell-free ECM areas. Particularly, but not exclusively in
nasoseptal chondrocytes PGA cultures, ossiWcated ECM
areas appeared. Elastic Wbers could not be detected within
any neo-cartilage. The neo-cartilage quality did not signiW-
cantly diVer between articular and non-articular chondro-
cytes constructs. Whether tissue-engineered heterotopic
neo-cartilage undergoes suYcient transformation, when
implanted into joint cartilage defects requires further inves-
tigation.
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Introduction

Articular cartilage has only a limited capacity for intrinsic
healing. Hence, cartilage tissue engineering raises the
hope of Wnding approaches to treat articular cartilage
lesions using in vitro produced autologous neo-cartilage.
However, the availability of autologous articular chondro-
cytes for neo-cartilage production remains the limiting
issue. The use of non-articular heterotopic chondrocytes
might circumvent this restriction and present a cell source
for articular cartilage defect repair (El Sayed et al. 2010).
Recently, we found cell–cell compatibility of auricular
and articular chondrocytes in co-culture systems and
some adjustment in the ECM expression of both chondro-
cytes types in co-cultures (Kuhne et al. 2010). Getting
suYcient cell numbers for tissue engineering requires
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autologous chondrocytes expansion in monolayer culture
which goes along with their dediVerentiation (Benya and
ShaVer 1982). Chondrocyte dediVerentiation during
monolayer culture has been shown in a similar manner for
all heterotopic chondrocytes (El Sayed et al. 2010).
Three-dimensional (3D) cultures provide a possibility for
rediVerentiation of dediVerentiated chondrocytes and
long-term chondrocyte cultures (Hauselmann et al. 1992;
Schulze-Tanzil et al. 2002, 2004; Domm et al. 2002; Kurz
et al. 2005). A variety of 3D culture models have been
developed to improve cartilage tissue engineering in the
past decades (Schulze-Tanzil 2009; Chung and Burdick
2008). Bioresorbable biomaterials are tools to provide
3D conditions and a transient stability of the tissue
engineered constructs up to the point where suYcient
neo-matrix is produced by the embedded autologous chon-
drocytes. PGA is a biodegradable biomaterial with
well-characterized biocompatibility (Athanasiou et al. 1995;
Gunatillake and Adhikari 2003). The elastic Xeece char-
acter produced by woven or non woven PGA Wber conWg-
urations makes PGA a Xexible and formable scaVold with
a wide range of applications (Athanasiou et al. 1998).
However, the degradation product of PGA, glycolic acid,
can accumulate in the tissue and the resulting local shift
of the tissue pH might have local inXammatory eVects
(Stoll et al. 2011). Dynamic culture conditions provide a
higher exchange of the growth medium and biomaterial
degradation products, a more homogenous cell distribu-
tion and mechanostimuli which can improve in vitro carti-
lage formation compared with static culturing (Schulz and
Bader 2007). Hence, diVerent dynamic culturing strate-
gies have been used for cartilage tissue engineering
(Schulz and Bader 2007; KaWenah et al. 2002; Chung and
Burdick 2008). A more continuous nutrient exchange and
probably a more similar oxygen and carbon dioxide pres-
sure compared with the in vitro conditions can be pro-
vided by implantation of seeded scaVolds in vivo in the
nude mice which, nevertheless, might diVer from the
intraarticular conditions. Thymic aplastic and hence,
immunodeWcient nude mice allow the implantation of
xenogenic chondrocyte species and ectopic cartilage for-
mation (Isogai et al. 2006; KaWenah et al. 2002; Endres
et al. 2007). In the present study, porcine chondrocytes
were used since they share several similarities with
human chondrocytes (Schulze-Tanzil et al. 2009). It was
performed to compare the chondrogenic potential of
auricular and nasoseptal chondrocyte species with articu-
lar chondrocytes in 3D PGA cultures. Till date, only two
studies have analyzed the behavior of porcine heterotopic
chondrocytes, in this case, articular and auricular chon-
drocytes cultured in hyaluronic acid in an in vivo nude
mice model for 6 and 12 weeks (Chung et al. 2008). In the
other study, performed by Xu et al., Wbrin polymers

seeded with porcine auricular, articular or costal chondro-
cytes were implanted for 4, 8 and 12 weeks in nude mice
(Xu et al. 2004). Further, only one other study exists
which makes use of PGA scaVolds seeded with (human
and bovine) nasoseptal and articular chondrocytes for
characterization of the in vivo neo-cartilage formation in
the nude mice model after 3 and 6 weeks (KaWenah et al.
2002). However, other potential cell sources for cartilage
tissue engineering are chondrogenic diVerentiated mesen-
chymal stem cells (MSCs), periostal cells and program-
mable cells of monocytic origin (PCMO) (Nakahara et al.
1990; Pufe et al. 2008; Richter 2009; Zhang and Spector
2009) whereby the chondrogenic diVerentiation potential
of MSCs and periostal cells is donor age-dependent (De
Bari et al. 2001; Nakahara et al. 1990; Yoo et al. 1998).
In vitro expansion of MSC and their subsequent chondro-
genic diVerentiation process which remains sometimes
unstable and incomplete (Pelttari et al. 2008) are more
time consuming than the use of autologous chondrocytes.

Hence, the present study was undertaken to provide a
detailed and comprehensive characterization of in vitro
dynamically pre-cultured and in vivo tissue-engineered het-
erotopic neo-cartilage. We used three time points (1, 6 and
12 weeks observation time) for in vivo cultivation of the
PGA scaVolds seeded with porcine articular, auricular and
nasoseptal chondrocytes to assess cartilage-source-speciWc
chondrogenic properties.

Materials and methods

Isolation and culturing of porcine chondrocytes

Porcine cartilage was harvested from the auricle, the carti-
laginous nasal septum and the knee joint (articular cartilage
from the femoral grove, condyles and patella were pooled)
of pigs (3–6 months old hybrid pigs [n = 10]). The connec-
tive tissue and perichondrium of auricular and nasoseptal
cartilage were carefully removed. Porcine cartilage samples
were subsequently minced into 1 mm slices and enzymati-
cally digested with 0.4% pronase (7 U/mg, Roche, Basel,
Switzerland) diluted in Ham’s F-12/Dulbecco’s modiWed
Eagle’s (DMEM) medium 1:1 (Biochrom AG, Berlin, Ger-
many) for 1 h at 37°C and subsequently digested with 0.2%
(w/v) collagenase (¸0.1 U/mg, SERVA Electrophoresis
GmbH, Heidelberg, Germany) diluted in growth medium
for 16 h at 37°C. Isolated chondrocytes were resuspended
in growth medium (Ham’s F-12/DMEM 1:1 containing
10% fetal calf serum (FCS) [Biochrom AG], 25 �g/mL
ascorbic acid [Sigma-Aldrich], 50 IU/mL streptomycin,
50 IU/mL penicillin, 0.5 �g/mL partricin, essential amino
acids, 2 mM L-glutamine [all: Biochrom AG]) and seeded
at 2.8 £ 104 cells/cm2 in culture Xasks.
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Dynamic 3D PGA cultures

Biodegradable non woven PGA meshes (Biofelt 65 mg/cc,
Concordia Medical, USA) 10 £ 10 £ 3.5 mm were soaked
in 5 mL porcine chondrocytes suspension in the growth
medium (8 £ 106 cells of the second or third monolayer
passage) prepared from each of the three heterotopic chon-
drocyte sources. Dynamic cultures were performed by stir-
ring the cell suspension in a bioreactor Wlter tube (TPP,
Switzerland) under orbital shaking conditions with the
Xoating PGA felt at 36 rpm in a rotatory shaker (digital
tube roller Stuart SRT9D, Bibby ScientiWc, USA) at 37°C
and 5% CO2. Growth medium was changed three times a
week, every 48–72 h.

Assessment of cell vitality in PGA cultures

After washing with PBS, the 21-day-old scaVolds were
incubated in Xuorescein diacetate (FDA) (3 �g/mL dis-
solved in acetone [stock solution], Sigma-Aldrich and fur-
ther diluted 1:1,000 in PBS [working solution]) for 15 min
at 37°C, rinsed three times with PBS before being counter-
stained with propidium iodide (PI) solution (1 mg/mL dis-
solved in PBS [stock solution], Sigma-Aldrich further
diluted 1:100 in PBS [working solution]) for 1 min in the
dark at room temperature. The green or red Xuorescence
was visualized using Xuorescence microscopy (Olympus
Soft Imaging Solutions GmbH, Münster, Germany).

Nude mice xenograft model

Porcine articular, auricular and nasoseptal chondrocytes
were cultured for 21 days on 1 cm diameter PGA meshes as
described above. 6 mm diameter pieces of the chondrocyte-
seeded PGA constructs were punched out and were
implanted subcutaneously into the dorsal space of female
4- to 8-week-old athymic (nude) mice (Charles River, Sulz-
feld, Germany). The mice received Rimadyl (4 mg/kg body
weight, PWzer, Karlsruhe, Germany) subcutaneously as pre-
medication and they were subsequently anesthetized using
isoXurane (Forene® 100%, Abbott, Wiesbaden, Germany).
A skin incision of 1 cm was made under sterile conditions,
a pocket beneath the incision was opened and a single con-
struct was inserted. The incision was closed with 6-0 Pro-
lene® (Ethicon, New Jersey, USA). After 24 h, the mice
received Rimadyl (4 mg/kg body weight) again subcutane-
ously as analgesia. The animals were divided randomly into
three diVerent groups depending on the source of chondro-
cytes (articular, auricular and nasoseptal) implanted. Addi-
tionally, a fourth group of mice implanted with non-seeded
PGA scaVold served as control. The cell-free scaVolds were
soaked 24 h with growth medium before implantation. Ani-
mals were killed at 1, 6 or 12 weeks (n = 4 in each group

and at each time point) after implantation of the construct.
The explanted PGA constructs were macroscopically
scored (Table 1) and then measured and documented photo-
graphically using a Canon EOS500D camera with a Canon
EF-S60 mm macro objective (Canon, Krefeld, Germany).
Subsequently, they were Wxed for 15 min in 4% parafor-
maldehyde, dehydrated overnight in 30% sucrose solution
before being embedded in Tissue-Tek® O.C.T. Compound
medium (Sakura Finetek USA, Inc.). Cryosections were
prepared, histologically stained and analyzed using a histo-
logical scoring system (Table 2).

Macroscopical score to assess neo-cartilage quality

A macroscopical scoring system was developed to assess
the cartilage quality in vivo in the nude mice (Table 1). It
entails the examination of color, the constitution of the
PGA-construct, structural characteristics and maintenance
of original size after 1, 6 and 12 weeks in vivo.

Histological analysis (hematoxylin eosin, alcian blue, von 
Kossa and resorcin-fuchsin stainings)

For all histological staining procedures cryo-sections
(thickness 13 �m) were used. For hematoxylin eosin (HE)
staining sections were stained for 4 min in Harris hematox-
ylin solution (Sigma-Aldrich), rinsed in water and counter-
stained for 4 min in eosin (Carl Roth GmbH, Karlsruhe,
Germany).

For alcian blue (AB) staining, the sections were incu-
bated for 3 min in 1% acetic acid and then stained 30 min in
1% AB (Carl Roth, Karlsruhe, Germany). Subsequently,

Table 1 Macroscopical scoring of the explanted PGA-construct

Macroscopical scoring Points

Color

White 2

Rose 1

Other colors 0

Constitution

Cartilage-like 2

Fibrous tissue 1

Structural characteristics

Round, tight 2

Irregular tight 1

DiVuse, smooth 0

Maintenance of original size

Unaltered 2

Reduced/increased 1

Points (maximum: 8)
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they were rinsed in 3% acetic acid. Counterstaining of cell
nuclei was performed using nuclear fast red aluminum sul-
fate solution (Carl Roth) for 5 min.

For resorcin-fuchsin staining the sections were stained in
Weigert’s resorcin-fuchsin (Waldeck GmbH, Münster,
Germany) solution for 10 min, diVerentiated in hydrochlo-
ric acid/ethanol for 1 min. The cell nuclei were counter-
stained using fast red aluminum sulfate solution (Carl Roth
GmbH, Karlsruhe, Germany) for 10 min.

Using the von Kossa staining, the calcium deposition
was illustrated with 2.5% silver nitrate (Carl Roth GmbH,
Karlsruhe, Germany) for 30 min. The sections were
reduced with sodium carbonate (Carl Roth GmbH, Kar-
lsruhe, Germany) for 7 min. The cell nuclei were counter-
stained with fast red aluminum sulfate (Carl Roth GmbH,
Karlsruhe, Germany) for 10 min.

Finally, all sections were rinsed with aqua dest. and sub-
sequently dehydrated in an ascending alcohol series. Then,
the sections were embedded with Entellan (Merck, Darms-
tadt, Germany). All slices were analyzed by light micros-
copy (Axiophot 40 microscope: Zeiss Jena, Germany).
Photos of the sections were taken using an Olympus camera
XC30 (Olympus Soft Imaging Solutions GmbH, Münster,
Germany). For HE and AB sections a histological scoring
system was established to assess the quality of neo-carti-
lage (Table 2) and for von Kossa to assess tissue ossiWca-
tion (Table 3).

Type II collagen immunolabeling

Cryo-sections of the tissue-engineered constructs were rinsed
in Tris buVered saline (TBS: 0.05 M Tris, 0.015 M NaCl, pH
7.6) before incubated with 5 mg/ml pronase (7 U/mg, Roche,
Basel, Switzerland) diluted in TBS for 5 min at 37°C. Sec-
tions were subsequently rinsed with TBS, blocked with pro-
tease-free donkey serum (5% diluted in TBS) for 30 min at
room temperature (RT), rinsed and incubated with the poly-
clonal rabbit anti-type II collagen antibody (27.5 �g/mL,
Acris Antibodies, Herford, Germany) in a humidiWer cham-
ber overnight at 4°C. Sections were subsequently washed
with TBS before incubation with donkey-anti-rabbit-Alexa-
Fluor®488 (10 mg/mL, Invitrogen) secondary antibody for

Table 2 Histological scoring (HE, AB)

Histological scoring Points

Cells

Cellularity

Normal 2

Slight hypo-/hypercellularity 1

Severe hypo-/hypercellularity 0

Arrangement/distribution

Homogenous 2

Focally 1

No cells 0

Cellular morphology

Roundly shaped within ECM lacunae 3

Roundly shaped without lacunae 2

Elongated, Wbroblast-like 1

No cells 0

InXammation

InXammatory cells, Wbrin deposition 
at the rim/margin of the construct

None 2

Moderate 1

Severe 0

Around the Wbers

None 2

Moderate 1

Severe 0

ECM

Intensity of alcian blue staining

Normal, nearly normal 2

Moderate 1

None 0

ECM distribution

Homogenous 2

Focally 1

Absence of ECM 0

ECM quality

Homogenous 3

Loose, Ximsy 2

Fibrous 1

Absence of ECM 0

Points (maximum: 18)

Table 3 von Kossa scoring

von Kossa scoring (ossiWcation) Points

Amount

Intensive Ca2+ deposits (deep black) 2

Few Ca2+ deposits (dark grey, brown) 1

No Ca2+ deposits 0

Distribution

Generalized (2/3) 2

Focal (·1/3) 1

No Ca2+ deposits 0

Histological organization

Osteocytes within lacunae, bone marrow 2

No cells embedded/no histological organization 1

No Ca2+ deposits 0

Points (maximum: 6)
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30 min at RT. Negative controls included omitting the pri-
mary antibody during the staining procedure. As a positive
control served a decalciWed subchondral femoral bone-articu-
lar cartilage tissue section derived from a pig knee. Cell
nuclei were counterstained using 4�,6-diamidino-2-phenylin-
dole (DAPI) (0.1 �g/mL, Roche). Labeled sections were
rinsed several times with TBS, embedded with Fluoromount
G (Southern Biotech, Biozol Diagnostica, Birmingham,
USA) and examined using a Xuorescence microscope (Axio-
skop 40, Carl Zeiss, Jena, Germany). Images were taken
using a color view II (Olympus, Europa Holding, Hamburg,
Germany).

Statistical analysis

All values were expressed as mean with standard deviation,
except for Fig. 5e which shows the mean with SEM. Data
were analyzed using unpaired Student’s t test (GraphPad
Prism 5, GraphPad software inc., San Diego, USA). Statis-
tical signiWcance was set at a p value of ·0.05.

Results

Cartilage formation in vitro: cell vitality 
and neo-cartilage histology

Chondrocytes adhered and spread well on the PGA scaV-
old. All heterotopic chondrocytes formed cell-ECM sails
between the PGA Wbers. A high number of vital chondro-
cytes, irrespective from which cartilage sources (articular,
auricular or nasoseptal) they were derived from, could be
observed within the PGA scaVolds during the 3 weeks in
vitro culture period (Fig. 1a1–c1). Formation of an ECM-
rich tissue within the scaVolds was already detectable in
vitro (Fig. 1a2–c2): This ECM contained cartilage-speciWc
sulfated proteoglycans as shown by AB staining whereby
the ECM containing these proteoglycans formed focal nod-
ules around groups of chondrocytes within the scaVolds
(Fig. 1a3–c3, arrows). In these nodules, chondrocytes were
embedded in lacunae and surrounded by a dense and
homogenous ECM. However, the chondrocytes were
arranged at random within the ECM whereby the neo-carti-
lage revealed no zonality. No major diVerences between the
PGA-cultures of all heterotopic chondrocytes could be
observed (Fig. 1a1–c3).

Macroscopical evaluation of cartilage formation in vivo

A macroscopical scoring system was developed (Table 1)
to assess the cartilage-like properties of the constructs
explanted from the subcutaneous pockets of the nude mice
(Fig. 2). This macroscopical score comprised color, mainte-

nance of original size, and other parameters detailed in
Table 1. The construct size expressed by measuring its total
area was also determined separately (Fig. 2e). A cartilage-like
mostly white and translucent appearance was discernible in
the articular and auricular chondrocytes PGA-associated
constructs at 6 and 12 weeks (Fig. 2a2, a3, b2, b3). Nasoseptal
chondrocytes constructs exhibited a varying coloration
(yellowish, rose or white color) (Fig. 2c2, c3). Blood vessels
were visible at the surface of nasoseptal chondrocytes at
6 weeks (Fig. 2c2) and 1-week-old auricular chondrocytes
(Fig. 2b1) constructs. The non-seeded constructs had gener-
ally a brownish or rose color (Fig. 2d1, d2). At 12 weeks the
non-seeded PGA scaVold was generally resorbed in the
nude mice and not any longer detectable (Fig. 2d3). To
assess size reduction of the constructs, the overall areas of
all explanted constructs were measured. Most of them
revealed a size reduction (Fig. 2e). Shrinkage was less pro-
nounced in all constructs explanted after 1 week and in the
constructs prepared from auricular chondrocytes after
6 weeks in vivo compared with those from articular and
nasoseptal chondrocytes at 6 and 12 weeks. Non-seeded
constructs showed a slight swelling after 1 week of in vivo
incubation. So the constructs were signiWcantly larger com-
pared with the other constructs explanted after 1 week.
However, after 6 weeks in vivo a severe size reduction of
the non-seeded constructs could be detected which was sig-
niWcantly higher compared with the constructs seeded with
articular or auricular chondrocytes explanted at the same
investigation time point. The explant size reduction was
also signiWcantly higher in constructs seeded with nasosep-
tal chondrocytes compared with auricular chondrocytes at
6 weeks (Fig. 2e).

The PGA scaVolds seeded with all heterotopic chondro-
cyte species exhibited signiWcantly higher macroscopical
scores at 1 and 6 weeks compared with the non-seeded
PGA scaVolds (Fig. 2f) at each time point of explantation.
The macroscopical scores of the PGA scaVold prepared
from the investigated heterotopic chondrocytes sources
diVered only signiWcantly between auricular and nasoseptal
chondrocytes at 6 weeks, but not when heterotopic (naso-
septal and auricular) chondrocytes were compared with
articular chondrocytes (Fig. 2f).

At 12 weeks the macroscopical scoring results of all
chondrocyte species revealed a higher variation compared
with 6 weeks. The macroscopical properties of nasoseptal
chondrocytes constructs, summarized by the scoring
results, were signiWcantly inferior after 6 weeks compared
with 1 week in vivo.

Histological evaluation of cartilage formation in vivo

The cartilage formation of the PGA constructs was clearly
increased in vivo in the mice (Fig. 3) compared with in
123
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vitro results after 21 days (Fig. 1). The cellularity in the
neo-cartilage in vivo decreased compared with the in vitro
observations (Figs. 1a2–c3, 3a1–d3, HE-stainings not
shown). The non-seeded scaVolds contained diVerent immi-
grated mice-derived host cells and a few non-speciWc ECM
deposits produced by immigrated subcutaneous Wbroblasts
(Fig. 3d1, d2). Groups of inXammatory cells could be
detected still at 6 weeks in the non-seeded constructs but
hardly in the chondrocytes seeded PGA constructs
(Fig. 3d2). After 6 weeks in vivo, PGA Wbers were nearly
completely degraded.

After 1-week incubation in the nude mice, Wrst areas of
a proteoglycan-rich ECM were discernable (Fig. 3a1–c1),
except for the non-seeded PGA scaVolds (Fig. 3d1). Carti-
lage formation substantially increased after 6 weeks (non-
signiWcant): in all cell-seeded constructs a dense ECM
could be detected with the chondrocytes surrounded by

lacunae (Fig. 3a2–c2). However, particularly at 12 weeks
more and more regressive changes could already be
observed histologically within the cell-seeded constructs:
such as areas of cell-free ECM in articular and auricular
chondrocyte cultures (Fig. 3b2, a3 and b3, white arrows).
In nasoseptal chondrocyte cultures, ECM ossiWcation was
evident as well as the occurrence of bone-marrow-like
holes (Fig. 3c3, black arrows). However, the histological
analysis of the neo-cartilage formed by heterotopic chon-
drocyte PGA constructs revealed only non-signiWcant
diVerences between the investigated chondrocyte sources
at 1 and 12 weeks investigation time points, but auricular
chondrocytes containing PGA constructs at 6 weeks
revealed in vivo signiWcantly higher histological scores
than nasoseptal or articular neo-cartilage constructs
(Fig. 3e). To prove the presence of calcium deposits as a
feature of ossiWcation, von Kossa staining was performed

Fig. 1 In vitro cartilage formation: chondrocyte vitality, histological
structure and cartilage proteoglycan deposition. a1–c1 3-week-old
PGA scaVolds seeded dynamically with heterotopic chondrocytes
(a articular, b auricular or c nasoseptal chondrocytes) were analyzed
with FDA/PI live-death assay. Living cells were stained with FDA
(green), dead cells (and PGA Wbers) were counter-stained with PI
(red). a2–c2 Hematoxylin eosin (HE) staining of cryo-sections revealed

cell and ECM distribution of the heterotopic chondrocytes within the
PGA constructs. a3–c3: Cryo-sections of the PGA constructs were
stained with alcian blue (AB) to indicate cartilage-speciWc sulfated
proteoglycans within the ECM. It has to be recognized that the degrad-
ed PGA Wbers stain usually non-speciWcally for most of the staining
solutions. Black arrows cartilage nodules. Scale bars 100 �m
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which was positive in explants containing nasoseptal
chondrocytes on PGA, but also some focal staining was
evident in some constructs (Fig. 5a1–d2). Hypertrophic
chondrocytes and ossiWcated ECM areas could be found
more often in nasoseptal chondrocyte constructs at
12 weeks compared with the other samples (non-signiW-
cant, Fig. 5a1–d2). It was signiWcantly higher in 12-week-
old nasoseptal constructs compared with 1-week-old
nasoseptal neo-cartilage (Fig. 5e). A deeper look at the
12-week-old explants with nasoseptal chondrocytes
revealed several features of the onset of enchondral ossiW-
cation with hypertrophic chondrocytes with calciWed
ECM, bony spicules containing osteocytes which were
surrounded by osseous lacunae as well as bone-marrow
cavities (Fig. 5c2, black arrows) with invading blood ves-
sels (Fig. 5c2, white arrow) and bone-marrow-like mesen-
chymal tissue could be also detected.

No elastic Wbers could be detected by resorcin-fuchsin
staining of the in vitro cultured heterotopic chondrocytes
(not shown). After in vivo subcutaneous implantation some
elastic Wbers were detectable, but only at the outer margin
of some constructs and not within the neo-cartilage indicat-
ing that the auricular neo-cartilage did not contain mature
elastic Wbers (not shown).

Type II collagen immunolabeling

All heterotopic chondrocyte PGA constructs revealed an
intensive type II collagen immunolabeling after 6 weeks in
vivo which was nearly comparable with the type II collagen
staining in porcine articular cartilage in situ (Fig. 4a–f).

Discussion

Successful in vitro cartilage formation could be achieved
using cultured heterotopic chondrocytes, but it can be
improved in vivo after ectopic subcutaneous implantation
of chondrocyte cultures in nude mice. A more continuous
nutrient supply is provided in the nude mice compared with
the in vitro conditions. Athymic nude mice possess a
reduced immune system and hence allow the implantation
of xenogenic cell sources such as porcine chondrocytes
which were used in the present study. The nude mice xeno-
graft model has been used to study cartilage formation of
chondrocytes derived from diVerent animal species or
human, diverse biomaterials and culture systems by several
groups (Chung et al. 2008; El Sayed et al. 2010). So the
expression proWle of heterotopic auricular, nasoseptal and

Fig. 2 Macroscopical evaluation of in vivo cartilage formation. Neo-
cartilage explants grown subcutaneously in the nude mice deriving
from a articular; b auricular, c nasoseptal, chondrocytes seeded on
PGA scaVolds or from PGA scaVolds which had not been seeded with
chondrocytes (d non-seeded) are shown. ScaVolds remained implanted
for either 1 (a1–d1), 6 (a2–d2) or 12 weeks (a3–d3) in the nude mice.

e The percentage of construct size reduction (the total areas of the con-
structs were measured) is displayed compared with the size in the
beginning of the PGA culture. f Results of the macroscopical scoring
are summarized for each time point. Non-seeded constructs were only
detectable at 1 and 6 weeks but were resorbed at 12 weeks and hence
no scoring results were available at 12 weeks, n = 4
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�

articular chondrocytes was investigated in lapine, bovine
and human chondrocytes using diVerent 3D culture systems
(Isogai et al. 2006). Only one study compared the in vivo

chondrogenesis by human and bovine articular and naso-
septal chondrocytes cultured on PGA scaVolds (KaWenah
et al. 2002). In the present study, the time course of in vitro
and in vivo cartilage ECM synthesis by porcine heterotopic
(articular, auricular and nasoseptal) chondrocytes seeded on
PGA was monitored at 1, 6 and 12 weeks. A dynamic chon-
drocyte-seeding technique was chosen for PGA scaVold
culture, which leads to a mostly homogenous cell distribu-
tion within the construct. For this reason, other additives
which are usually applied to achieve a more homogenous
cell distribution such as Wbrin glue could be omitted. Fibrin
might inXuence in vitro and in vivo chondrogenesis
(Schmal et al. 2008). A construct size reduction could be
generally observed after 6 weeks in vivo, except for the
explants containing auricular chondrocytes. The reason for
the construct shrinkage remains unclear: it might altogether

Fig. 3 In vivo cartilage formation (Alcian Blue staining) and results
of histological scoring. Histological pictures of cartilage explants pro-
duced with PGA scaVolds seeded with a articular, b auricular,
c nasoseptal chondrocytes or d non-seeded were shown after subcuta-
neous implantation for 1 (a1–d1), 6 (a2–d2) and 12 weeks (a3–d3) in the
nude mice. The white double-head arrows indicate cell-free ECM
areas. d1 The black arrow hints at Wbrin deposits as an early inXamma-
tory host response. c3 The asterisk marks regions of ossiWcated
cartilage and the black double-head arrows indicate bone-marrow-like
cavities containing blood-cells and mesenchymal-like tissue. e Results
of histological scoring based on HE and alcian blue staining are sum-
marized. Non-seeded constructs were only detectable at 1 and 6 weeks
but were resorbed at 12 weeks and hence no scoring results were avail-
able at 12 weeks, n = 4. Scale bars 100 �m

Fig. 4 Type II collagen immu-
nolabelling after 6 weeks in vivo 
incubation. Immunolabeling of 
the cartilage-speciWc matrix 
protein type II collagen was 
performed in constructs either 
seeded with heterotopic chon-
drocytes or cell-free explanted 
after 6 weeks in vivo to assess 
cartilage quality (a–d). 
A paraYn section of a porcine 
subchondral bone-articular carti-
lage segment, immunolabeled 
for type II collagen in a similar 
manner served as a positive con-
trol (e). f Isotype control. 
Scale bars 100 �m
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Fig. 5 In vivo von Kossa 
staining at 6 and 12 weeks. 
To indicate the presence of ECM 
ossiWcation within the cartilage 
constructs, von Kossa staining 
of 6 (a1–d1) and 12-week-old 
(a2–d2) constructs explanted 
from mice is shown. Cryo-
sections of PGA scaVolds seed-
ed with a articular, b auricular, 
c nasoseptal chondrocytes or 
d non-seeded scaVolds are 
compared after subcutaneous 
implantation in the nude mice. 
The white arrow in c2 hints at 
tissue, which invades into a bone 
marrow cavity-like hole (black 
double-head arrow) in the 
ossiWcated ECM. e Results of 
von Kossa scoring are summa-
rized, n = 4. Scale bars 100 �m
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be mostly inXuenced by the PGA Wbers degradation, reduction
of water content within the ECM, contraction of ECM
Wbers such as collagen or direct ECM degradation by mice
host cells such as macrophages and foreign body cells or
during enchondral ossiWcation (Fig. 5). Not surprisingly,
the non-seeded scaVolds, which contained sparse extracel-
lular matrix revealed the most rapid decrease in construct
size after implantation. This fact suggests that an in vitro
preformed cartilaginous ECM produced by chondrocytes
seeded onto the scaVolds which covers the Wbers might
somehow protect them from degradation by macrophages
and other host tissue-derived cells. This observation is in
agreement with the study by Kusahara et al. who used
another biomaterial (Kusuhara et al. 2009).

Accordingly, the non-seeded PGA scaVolds contained
many more inXammatory cells compared with the chon-
drocyte-seeded constructs. It indicates Wrst, that the ECM
produced by chondrocytes which covers the Wbers might
by less immunogen compared with the naked PGA
Wbers. Second and more importantly, the PGA Wber deg-
radation products might cause a local pH shift which can-
not be buVered in the non-seeded constructs by some
ECM coating the Wbers and which hence might induce a
sterile inXammation. Isogai et al., used a similar model
with bovine chondrocytes on poly(L-lactide-ecaprolactone)
(P[LA/CL]) and found no size reduction during the
20-week-observation period (Isogai et al. 2006). Only the
non-seeded constructs showed some size reduction simi-
lar to the present study. The more rapid degradation
course of PGA in comparison to (P[LA/CL]) (Freed et al.
1993; Honda et al. 2000) might be probably responsible
for these diVerences in addition to chondrocyte species
diVerences, since Isogai et al. (2006) used bovine and not
porcine chondrocytes. A nearly complete PGA Wber deg-
radation could be observed after 6 weeks in vivo. Hence,
the neomatrix formation by implanted bovine chondro-
cytes might be almost synchronized with the slow (P[LA/
CL]) degradation rate in the study of Isogai et al. (2006).
On the contrary, the PGA Wbers might degrade more rapid
than the porcine chondrocytes can produce a stabilizing
neomatrix. This fact could explain the shrinkage of the
tissue-engineered constructs in vivo. Recently, we could
conWrm the PGA degradation time of 6–12 weeks in vivo
in another tissue, the healing rabbit tendon (Stoll et al.
2011).

Regressive changes of the cartilage constructs could be
observed after 6 weeks in vivo: the ECM becomes obvi-
ously so dense that the nutrition per diVusion in the subcu-
taneous milieu in vivo might be insuYcient leading to
increased hypoxia and subsequent cell death. Accordingly,
cell-free ECM areas became more and more visible.
Despite this, some constructs were covered by blood ves-
sels adhering to their surface; no blood vessels were dis-

cernible within the construct apart from the constructs
seeded with nasoseptal chondrocytes which underwent
more or less complete enchondral ossiWcation. Within these
constructs, blood vessels and also a bone-marrow-like mes-
enchymal tissue were detectable. Blood vessel endothelial
cells and mesenchymal cells might probably be host
derived; however, it was not further investigated in this
study. Cartilage enchondral ossiWcation and bone-like tis-
sue formation could be observed in these samples starting
at 6 weeks and proceeding at 12 weeks. Calcium deposits
were predominantly, but not exclusively observed using
nasoseptal chondrocytes and hence, might be an intrinsic
characteristic of this particular heterotopic chondrocytes
source. One might speculate about the factors contributing
to the osteogenesis by nasoseptal chondrocytes such as the
production of a very dense ECM leading to hypoxia in the
center of the implant, a high sensitivity of nasoseptal chon-
drocytes to hypoxia activating hypoxia-dependent tran-
scription factors and Vascular Endothelial Growth Factor
or last but not least a higher content of stem cells capable
for osteogenic diVerentiation compared with the other
chondrocyte sources. Kusuhara et al. reported ossiWcation
for bovine costal chondrocytes ECM, but they did not Wnd
this feature in bovine nasoseptal chondrocyte-seeded biode-
gradable polymer constructs after explantation from nude
mice (Kusuhara et al. 2009). The question arises whether
ossiWcation is conWned to porcine nasoseptal chondrocytes
and inXuenced by the host, the mice. Hypertrophy and
ECM ossiWcation of premature nasoseptal chondrocytes
have also been reported for rat chondrocytes in vitro by oth-
ers (Kergosien et al. 1998; Loty et al. 2000). Elastic Wbers
are a typical feature of elastic auricular cartilage, for this
reason not only neo-cartilage produced with porcine auricu-
lar but also nasoseptal and articular chondrocytes were fur-
ther assessed for elastic Wbers synthesis using resorcin-
fuchsin staining. The lack of elastic Wbers in all constructs
might be caused by the absence of suYcient mechanosti-
muli in the mice subcutaneous mileu. This Wnding is in
agreement with the study of Naumann et al. who did not
detect elastin protein expression in 3-week-old macroag-
gregate cultures using human nasoseptal and auricular
chondrocytes (Naumann et al. 2004). In contrast, Kusuhara
et al. could observe elastic Wbers in bovine auricular, but
not in articular, nasoseptal or costal chondrocytes con-
structs after 10 or 40 days in the nude mice (Kusuhara et al.
2009). At gene expression level, elastin could be demon-
strated in diverse culture systems of auricular chondrocytes
and to a lesser degree also in articular chondrocytes
(Malicev et al. 2009; Kuhne et al. 2010). On the other side,
the full synthesis of elastic Wbers, which consist of elastin
and microWbrils, might require more time and the time
requirement might be species-dependent. However, our
own experience with healing tendon tissue revealed a rapid
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neo-formation of elastic Wbers (6 weeks) (Stoll et al. 2011).
It could be possible that oxytalan Wbers, which represent a
kind of immature elastic Wbers consisting of microWbrils,
without elastin, are present in auricular neo-cartilage. Oxy-
talan Wbers are more diYcult to detect. In some tissues,
these Wbers appearing before mature elastic Wbers can be
recognized (Bradamante and Svajger 1977).

A pronounced type II collagen and proteoglycan expres-
sion could be detected in all PGA-constructs seeded with
chondrocytes. However, the characteristic zonality natu-
rally observed in articular cartilage in vivo was completely
lacking in neo-cartilage, probably since the impulse from
the subchondral bone and adequate mechanical stimuli are
absent in the nude mice model. In this study, biomechanical
analyses of the PGA-associated neo-cartilage were not per-
formed which are also essential to assess the functional
properties of heterotopic cartilage.

In conclusion, we demonstrated cartilage formation with
all studied porcine heterotopic cartilage sources and we
developed and used a detailed macroscopical and histologi-
cal scoring system to assess cartilage quality in vitro and in
vivo in the nude mice model. The 6 weeks in vivo incuba-
tion period was obviously the most illuminative investiga-
tion time point for all studied cartilage subspecies since
lesser macroscopical construct size reduction in articular
and auricular chondrocyte-seeded explants and fewer
regressive histological changes compared with 12 weeks
were evident. Furthermore, slightly more convenient histo-
logical scoring results and lesser inter-sample variation of
the microscopical and macroscopical scoring results for
each cartilage species compared with 12 weeks and signiW-
cant histological diVerences between some of the investi-
gated heterotopic chondrocytes species could be recognized
at 6 weeks.

Only a few cell-speciWc characteristics of heterotopic
chondrocytes in the PGA cultures in vivo, e.g., ossiWca-
tion in nasoseptal chondrocytes cultures could be
detected. Heterotopic chondrocytes might lose other
source-speciWc features: since elastic Wber formation by
auricular chondrocyte cultures was lacking. Elastic Wbers
are normally expected in auricular cartilage. Neo-carti-
lage produced by porcine heterotopic nasoseptal and
auricular chondrocytes was not inferior compared with
that synthesized by articular chondrocytes in PGA-scaV-
olds suggesting that tissue-engineered cartilage using het-
erotopic chondrocytes should be further analyzed, e.g., for
biomechanical quality as a possible interesting source for
articular cartilage repair.
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