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Abstract: New cell culture techniques raise the possibility
of creating cartilage in vitro with the help of tissue engineer-
ing. In this study, we compared two resorbable nonwoven
cell scaffolds, a polyglycolic acid/poly-L-lactic acid (PGA/
PLLA) (90/10) copolymer (Ethisorb) and pure PLLA (V 7-2),
with different degradation characteristics in their aptitude
for cartilage reconstruction. Chondrocytes were isolated en-
zymatically from human septal cartilage. The single cells
were resuspended in agarose and transferred into the poly-
mer scaffolds to create mechanical stability and retain the
chondrocyte-specific phenotype. The cell–polymer con-
structs were then kept in perfusion culture for 1 week prior
to subcutaneous transplantation into thymusaplastic nude
mice. After 6, 12, and 24 weeks, the specimens were ex-
planted and analyzed histochemically on the presence of
collagen (azan staining), proteoglycans (Alcian blue stain-
ing), and calcification areas (von Kossa staining). Further-
more, different collagen types (collagen type I, which is
found in most tissues, but not in hyaline cartilage matrix;
and collagen type II, which is cartilage specific) were differ-
entiated immunohistochemically by the indirect immuno-
peroxidase technique. Vascular ingrowth was investigated
by a factor VIII antibody, which is a endothelial marker.
Quantification of several matrix components was performed
using the software Photoshop. Significant differences were

found between both nonwoven structures concerning ma-
trix synthesis and matrix quality as well as vascular in-
growth. Ethisorb, with a degradation time of approximately
3 weeks in vitro, showed no significant differences from nor-
mal human septal cartilage in the amount of collagen types
I and II 24 weeks after transplantation. Thin fibrous tissue
layers containing blood vessels encapsulated the trans-
plants. V 7-2 constructs, which did not show strong signs of
degradation even 24 weeks after transplantation, contained
remarkably smaller amounts of cartilage-specific matrix
components. At the same time, there was vascular ingrowth
even in central parts of the transplants. In conclusion, poly-
mer scaffolds with a short degradation time are suitable
materials for the development of cartilage matrix products,
while longer stability seems to inhibit matrix synthesis.
Thus, in vitro engineering of human cartilage can result in a
cartilage-like tissue when appropriate nonwovens are used.
Therefore, this method could be the ideal cartilage replace-
ment method without the risk of infection and with the pos-
sibility of reconstructing large defects with different con-
figurations. © 1998 John Wiley & Sons, Inc. J Biomed Mater
Res, 42, 347–356, 1998.
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INTRODUCTION

In modern head and neck surgery, there is a grow-
ing demand for a material that can be used to replace
large cartilage defects.1,2 Traumatic, tumorous, or con-
genital lesions of the midfacial region or rhinobasis
need to be reconstructed carefully to guarantee suffi-

cient aesthetic and functional results. Furthermore, the
replacement of larynx3 and trachea2 still remains an
unsolved problem. Until now, no material had been
found that could fulfill all the demands or the main
ones of a tracheal equivalent.

Today, autologous rib and ear cartilage is widely
used due to the remaining transplant viability and
only minor resorption phenomena. Unfortunately,
there is rarely enough material. In addition, the risks
of a second operation have to be considered. Further-
more, calcification mainly of rib cartilage would have
a negative influence on mechanical characteristics.4
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Allogeneic transplants must be conserved to pre-
vent autolysis. At the same time, antigenic character-
istics and the chance of transmitting an infection are
eliminated or at least reduced.1 However, no definite
consensus exists regarding whether transmission of
infections is possible5–7 when applying common con-
servation chemicals such as cialit. Xenogeneic trans-
plants need to be treated for conservation as well. This
results in frequent resorption; moreover, the risk of
infectiousness cannot be excluded completely.

A new concept of transplantation has been dis-
cussed recently.8,9 Instead of using the whole tissue,
single cells could be applied to obtain the original tis-
sue’s function. Hepatocytes were used to support in-
sufficient liver function.10 It might be possible to trans-
plant microencapsulated islet cells to increase pancre-
atic function in diabetes mellitus.11,12 Increasing
knowledge of chondrocyte differentiation characteris-
tics could open similar new perspectives for cartilage
transplantation. Bovine chondrocytes have already
been used to grow new cartilage in vivo.13–15 As there
are remarkable differences in the characteristics of
chondrocytes from different species,16 in this study
only human cells were investigated. Prior work of our
research group showed that human chondrocytes in
polymer fleece structures and a perfusion chamber are
able to produce their own new cartilage matrix.17–19

The perfusion culture system was designed to grow
cells under the most natural conditions possible.
Originally, the inventors grew renal cells in the sys-
tem20.21; our research group first used it for chondro-
cytes.17,18 Perfusion guarantees a permanent flow of
fresh medium. Chondrocytes are encapsulated by aga-
rose, which allows sufficient diffusion of nutrients,
and at the same time leads to accumulation of newly
synthesized matrix products. We found that the cells
were able to retain their differentiated phenotype in
this three-dimensional culture system.22,23 Further-
more, production of typical matrix components such
as proteoglycans and collagens including collagen
type II was observed in vitro.17,18,22

Resorbable polymer scaffolds which allow the
three-dimensional distribution of cells and offer me-
chanical stability have been analyzed for their biocom-
patibility24 and found to be suitable for cartilage
growth in vitro. The aim of the present study was to
investigate the matrix synthesis of in vitro engineered
human cartilage after transplantation.

MATERIALS AND METHODS

Polymer scaffolds

We used Ethisorb (Ethicon, Norderstedt, Germany), a
nonwoven material consisting of polyglycolic acid (PGA)
and poly-L-lactic acid (PLLA) in a 90:10 ratio, and also

containing small amounts of polydioxanon (Fig. 1). These
ingredients have been used as suture material in surgery for
many years. The degradation time of Ethisorb in vitro is
approximately 3 weeks.25

The second nonwoven material was V 7-2 (Institute for
Textile and Process Engineering, Denkendorf, Germany)
(Fig. 1). It is made of pure poly-L-lactide (PLLA). The deg-
radation time is approximately 9 months.24

Both fleeces were obtained as 10 × 10 × 0.2-cm sheets and
were cut into 0.5 × 0.5 × 0.2-cm square pieces.

Each nonwoven material was coated with a 0.1-mg/mL
poly-L-lysine-solution (Biochrom, Berlin, Germany) to im-
prove chondrocyte attachment to the polymer fibers.24 After
they were kept in a solution of about the 10-fold volume of
the fleeces for 1 h at room temperature, the fleeces were
lyophilized for 2 days.

Isolation of chondrocytes and monolayer culture

Human septal cartilage was obtained from 80 patients
(ages 22–64) who had undergone reconstructive surgery of
the nasal septum.

As described previously,19 chondrocytes were isolated en-
zymatically in a solution of 2 mg/mL collagenase type II
(Seromed, Berlin, Germany), 0.1mg/mL hyaluronidase
(Serva, Heidelberg, Germany), and 0.15 mg/mL DNAse
type II (Pasel, Frankfurt, Germany). Chondrocytes were
seeded in monolayer culture flasks (Greiner, Frickenhausen,
Germany) in a concentration of 20,000 cells/cm2. The cells
were grown in Dulbecco’s minimal essential medium
(DMEM) (Gibco, Deisenhofen, Germany) supplemented
with 10% fetal calf serum (FCS) (Gibco) and 20 mg/L gen-
tamicine (Merck, Darmstadt, Germany). Medium was
changed three times per week. Culture conditions were held
constant at 37°C in an atmosphere of 5% CO2 and 90% hu-
midity.

Tissue engineering and perfusion culture

After 1 week in monolayer culture, the chondrocytes were
harvested using a 0.05% w/v trypsin–ethylenediaminetetra-

Figure 1. Macroscopic appearance of polymer fleeces prior
to cell seeding. White-colored V 7-2 (Institute for Textile and
Process Engineering, Denkendorf, Germany) is on the left-
hand side, versus the lilac-colored Ethisorb (Ethicon, Nor-
derstedt, Germany) on the right side.
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acetic acid (EDTA) solution (Seromed, Berlin, Germany).
They were washed three times in DMEM and suspended in
2% w/v ultra-low-melting agarose type IX (Sigma, Munich,
Germany). The cell concentration was 1.5 × 107 cells/mL.
This chondrocyte–agarose suspension, corresponding to the
volume of the fleece squares, was poured over the polymer
nonwoven materials until the complete suspension was ab-
sorbed into them. Then, the fleeces were put into 4% w/v
ultra-low-melting agarose type IX to form a capsule approxi-
mately 1 mm thick around the polymer–chondrocyte con-
structs.

The specimens were placed into perfusion culture cham-
bers20,21 (Minucells and Minutissue, Bad Abbach, Germany)
as described previously in detail.17,18,23 Briefly, a peristaltic
pump was operated in on–off intervals of 30 min to guar-
antee constant supply of 1 mL fresh culture medium per
hour. We used Ham’s F12 (Gibco) supplemented with 2%
w/v FCS and 50 mg/mL ascorbic acid as culture medium.
Fresh medium was taken from a cooled reservoir and used
medium was pumped into a waste bottle (Fig. 2). The tem-
perature inside the perfusion culture system was kept up by
a heating plate to guarantee a constant temperature of 37°C.
The system was operated at room atmosphere. The speci-
mens were kept in perfusion culture for 1 week.

Transplantation of specimens

Male homocygotic nude (athymic) mice, aged 18–19
weeks (CD1, nu/nu; Charles River Wiga, Sulzfeld, Germany),
served for the investigation of the in vivo behavior of our
cartilage transplants. The German guidelines (GV-SOLAS)
for the care and use of laboratory animals were observed.
Ether (Hoechst, Frankfurt, Germany) and pentobarbital
(Nembutal®; Wirtschaftsgenossenschaft deutscher Tier-
ärzte, Hannover, Germany) were used for anesthesia. Under
aseptic conditions, a subcutaneous pouch was formed in the
back, into in which the fleece–chondrocyte constructs were
placed. The wound was closed with Seralon sutures (Ethi-

con, Norderstedt, Germany). After 6, 12, and 24 weeks, the
mice were sacrificed by an overdose of pentobarbital. The
specimens were removed for macroscopic and microscopic
analysis.

Experimental groups

We investigated three experimental groups (Table I). At 6,
12, and 24 weeks after subcutaneous transplantation, we ex-
planted six specimens into groups I and II, and three speci-
mens in group III. They were placed in OCT compound
(Tissue Tek, Hallstadt, Germany) and kept at −80°C until
histologic workup.

Sections from each transplant were cut in three different
areas: the left and right margins and center. As qualitative
assessment did not show major differences in the trans-
plants’ histological appearance, we used the central sections
for quantitative evaluation only.

Mechanical stability

The transplants’ size was measured on graph paper prior
to transplantation. After explantation, this procedure was
performed again to determine any change in size or configu-
ration. The mechanical testing was performed indepen-
dently by two experienced surgeons. Reference material was
native human hyaline cartilage. We determined whether the
material was soft or hard using the following criteria: It was
soft when it was squeezable when cut with a scalpel; it was
hard when it was hard to cut with a scalpel, but it did not get
squeezed.

Histochemistry

Sections were stained with Alcian blue for the investiga-
tion of proteoglycan synthesis, with azan for collagen syn-
thesis. For the identification of calcification areas, we carried
out von Kossa’s staining technique.26

Immunohistochemistry

For the indirect immunoperoxidase technique, the follow-
ing polyclonal antibodies were applied:

Figure 2. Perfusion culture chamber. The peristaltic pump
delivers a constant flow of fresh culture medium from the
medium reservoir. The culture chamber is placed upon a
heating plate to guarantee the optimal temperature. Used
medium is pumped into the waste bottle.

TABLE I
Experimental Groups

Group (No.
of Animals) Fleece

Monolayer
Culture (wk)

Perfusion
Culture (wk)

I (18) Ethisorb 1 1
II (18) V7-2 1 1

III (9) Agarose 1 1
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PS-48 (Monosan, Uden, Netherlands): rabbit–anti-human
collagen type II.27,28 The dilution was 1:20; the incubation
time was18 h.

PS-47 (Monosan, Uden, Netherlands): rabbit–anti-human
collagen type I.27,28 The dilution was 1:50; the incubation
time was 18 h.

AO 82 (Dako, Hamburg, Germany): rabbit–anti-human fac-
tor VIII, which can be found in the endothelial basal mem-
brane.29–31 The dilution was 1:3000; the incubation time
was 30 min.

The 5-mm cryostat sections were fixed with acetone
(Merck) and hydrogen peroxide, then incubated with one of
the primary antibodies. After a 10-min wash in Tris base
solution, detection was carried out with a peroxidase-
conjugated anti-rabbit antibody (Dako) for 30 min. Visual-
ization was performed with the AEC (3-amino-9-
ethylcarbazol) (Sigma) method.32 For negative controls, the
primary antibody was omitted according to the immunohis-
tochemical protocol.

The dilutions were optimized with dilution series on na-
tive cartilage and skin specimens.

Quantification of matrix synthesis

The software Adobe Photoshop was used on a Macintosh
Quadra 800 computer to perform quantification of matrix
synthesis.

Stains were evaluated only when they differed from the
positive control (septal cartilage) < 5%. Septal cartilage was
also used to set the standards for the different staining meth-
ods.

Each specimen was photographed in a 50-fold magnifica-
tion and transfered to a CD-ROM. The whole area of the
transplants was determined. Afterward, the positively
stained sections were measured. The quotient of positively
stained area and the whole transplant area resulted in the
positively stained area as a percentage.

Statistical analysis

The nonparametric Kruskal–Wallis test was applied be-
cause it does not require Gaussian distribution as a prereq-
uisite; this means it is suitable for small sample sizes as in
this experiment. Afterward, Dunn’s multiple comparison
test, which is a modification of the Bonferroni test, was ap-
plied. All results are shown as box plots. The median is
marked with a thick bar; the 25th and 75th percentile ranks
are the respective borders of the boxes.

RESULTS

Perfusion culture

After 1 week in perfusion culture, collagen was de-
tected by azan staining in all specimens of each ex-

perimental group. With the indirect immunoperoxi-
dase method, we identified large portions of the whole
collagen to be cartilage-specific type II collagen. Type
I was found in small amounts as well. There were only
slight differences between the groups.

Proteoglycans were identified with Alcian blue
staining. In summary, they were less frequent than
collagens. There were no major differences between
the experimental groups.

Transplantation

Macroscopic appearance and stability of size and
configuration

In group I, complete resorption of four specimens
was observed. Two samples could not be explanted
after 12 weeks, and another two samples after 24
weeks. In all other transplants of group I, there was no
remarkable change in size [Fig. 3(a)]. Mechanical sta-
bility was similar to cartilage, with slight elasticity re-
vealed by gross examination. There was no resorption
or change in size in group II [Fig. 3(b)]. In comparison
to group I, the specimens were slightly harder. All
grafts of group III showed a decrease in size [Fig. 3(c)].
Mechanical characteristics were clearly softer than in
both other groups.

Histologic appearance

Samples varied among groups. In group I, 14 of 18
samples showed typical histological features of native
cartilage with a homogenous matrix, embedding
roundly configurated cells in chondron-like struc-
tures. However, transplants also included areas,
mainly in the periphery of the samples, with a fibrous
matrix similar to fibrous regenerating tissue. Both
other experimental groups were less inhomogenous in
their histologic appearance. Group II samples mainly
contained fibrous cartilage-like tissue. Areas with few
cells and poor matrix formation appeared in the
samples’ periphery. Group III transplants showed ho-
mogenous matrix in some parts, while areas without
matrixproduction were observed in others.

Collagen synthesis

Collagen was detected in all explanted specimens
by azan staining (Fig. 4). Quantitative analysis re-
vealed significant differences among the experimental
groups [Fig. 5(a–c)]. Large portions of collagen were
detected, especially in group I. After 24 weeks of
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transplantation, no significant difference between the
content of collagen in our neocartilage (92%) and the
content in native human septal cartilage (95%) existed.
Clearly lower amounts were found in the other
groups. Collagen reached a maximum of 70% of the
whole transplant area in group II 6 weeks after trans-
plantation, and a maximum of 63% in group III 12
weeks after transplantation.

Collagen types I and II

The indirect immunoperoxidase technique distin-
guished between cartilage-specific type II collagen

and the nonspecific type I. Type I is typical of many
body tissues, but regarding cartilage, this type is part
of the perichondrium only.

All explanted specimens contained collagen type II.
In group I, the content reached 80%, which is close to
native cartilage 24 weeks after transplantation (Fig. 6).
After 6 and 12 weeks, the amounts were markedly
lower [Fig. 7(a)] and varied from 19% to 41%. In group
II, very low levels of type II collagen [Fig. 7(b)] were
detected, with a maximum of 13%. No changes were
observed with increasing observation time. Group III
showed an enlargement in collagen type II content
from a minimum of 5% after 6 weeks to a maximum of
50% after 24 weeks, but could not reach cartilage-like
contents [Fig. 7(c)].

Collagen type I was observed in all grafts. In group
I, small amounts were detected which were not sig-
nificantly higher than the content in native cartilage,
owing to the perichondrium (8%). A minimal value of
4% was observed after 6 weeks; however, larger
amounts up to 38% were found in other transplants of
this group. Strikingly, collagen type I appeared mainly
in the transplants’ periphery [Figs. 8 and 9(a)]. Both
other experimental groups showed higher contents of
collagen type I, up to 79% in group II and 60% in
group III [Fig. 9(b,c)]. Furthermore, it was found in
varying areas of the neocartilage samples, including
central and marginal areas.

Comparison between collagen type II and type I
staining on serial sections revealed that some areas
were positive for type II as well as for type I.

Proteoglycan synthesis

Proteoglycans are typical contents of the cartilage
matrix. Alcian blue staining showed the presence of
these macromolecules in all explanted samples. As
this staining was very bright, we did not perform a
quantitative analysis. Qualitative assessment revealed
that there were large areas containing protoglycans,
especially in group I. These amounts increased with
time, which means that the largest areas were found
24 weeks after transplantation (Fig. 10). Unlike in col-
lagen type II, proteoglycans were detected abundantly
in both other experimental groups as well.

Calcification

Von Kossa’s stain was applied to all specimens to
detect calcification. One such area existed in one graft
of group II after 12 weeks. This area measured ap-
proximately 25% of the whole transplant area and was
localized in the middle of the sample with an oval

Figure 3. Macroscopic appearance of neocartilage 24
weeks after transplantation: (a) group I specimen; (b) group
II specimen; (c) group III specimen.
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configuration (Fig. 11). Calcification was not observed
in any other transplant.

Vascular ingrowth

The thin fibrous tissue layers encapsulating all
transplants contained abundant small vessels (Fig. 12).
The specimens of group I contained few vessels in
peripheral areas (Fig. 12) where cartilage-like matrix
had not yet developed. In central parts of the trans-
plants, no vessels could be detected. Inside the trans-
plants of both other experimental groups, vessels were
observed throughout the whole sample.

Figure 4. Azan staining of a group I specimen 24 weeks
after transplantation. There are only very few remnants of
Ethisorb left (f). Spaces which used to be filled with fleece
fibers are now partially filled with newly synthesized carti-
lage matrix (n). * = Collagen-containing matrix; c = chon-
dron-1 like cell arrangement. Original magnification ×460.

Figure 5. Quantitative analysis of the azan stains. (a)
Group I: 6 and 12 weeks after transplantation, the collagen
content was significantly lower than in the original hyaline
cartilage. After 24 weeks, no significant difference was
found. (b) Group II: 12 weeks after transplantation, the col-
lagen content was significantly lower than in the control
group. After 6 and 24 weeks, we found only clear differ-
ences. (c) Group III: differences between the transplanted
and the control cartilage’s collagen content were significant
6 and 24 weeks after transplantation. After 12 weeks, the
differences were not as distinct.

Figure 6. Indirect Immunoperoxidase staining for collagen
type II. Group I neocartilage 12 weeks after transplantation.
* = Collagen II–positive area; f = fleece fiber; c cell nucleus.
Original magnification ×400.
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DISCUSSION

Agarose used as a scaffold alone (group III) was
obviously not able to maintain the original configura-
tion of the transplant, because we observed a clear
decrease in size. Furthermore, handling of the very
soft and weak transplants would be extremely incon-
venient for the surgeon. Although a suspension of au-
tologous chondrocytes injected under a periostal flap
was recently used successfully to repair cartilage de-
fects in the knee,33 our results emphasize the necessity
of using an additional scaffold that can offer better
mechanical stability for the transplantation procedure
and a specific form corresponding to the cartilage de-
fect. Several characteristics need to be met by the op-
timal material.17,18,22,23 It has to be biocompatible and
biodegradable, as it is only a temporary scaffold and
should be replaced by cartilage tissue as soon as pos-
sible. It should support cell adhesion and cell function.
Besides the material’s structural characteristics should
allow a three-dimensional and homogenous distribu-
tion of the cells.18 As nonwoven fleece structures such
as Ethisorb and V 7-2 with high internal surface areas,
and at the same time low amounts of biomaterial, ac-
complish most of these aspects, they are suitable cell
carriers for cartilage engineering.

Recent studies by our group18,24,33 showed that
PGLA and PLLA nonwoven materials are suitable for
chondrocyte growth in vitro. The cells tolerate even
high concentrations of the degradation monomers gly-
colic acid and L(+) lactic acid with a better tolerability
to L(+) lactic acid. However, under perfusion culture
conditions, different characteristics were observed.
Ethisorb degrades rapidly with bulky releases of deg-
radation products. This process leads to the death of
the whole cell culture after 3 weeks in vitro. In con-
trast, V 7-2 is significantly more stable in perfusion
culture. Thus, for long-term growth of in vitro carti-
lage, V 7-2 is a more suitable material.

Prolonged in vitro development of the engineered
cartilage could result in a more distinct matrix forma-
tion. This could inhibit vascular and cellular ingrowth.
Both factors can be expected to have a negative influ-
ence on the transplant’s mechanical characteristics.
Vascularization is known to be the crucial step leading
to calcification and ossification of cartilage. Thus,
transplants could become very hard, lacking the typi-
cal flexible mechanical stability. Ingrowth of immuno-
competent cells, on the other hand, might destroy the
growing cartilage matrix and would thus lead to weak
transplants unable to keep up the original size and
configuration. Supporting the hypothesis of a positive
influence of a strong development of cartilage matrix
in vitro is the fact that we did not find vessels and host
cells in areas with a well-developed cartilage-like ma-
trix. Furthermore, cartilage is known to synthesize an
angiogenesis inhibitory factor.34,35 Puelacher and co-

Figure 7. Quantitative analysis of the collagen type II
stains. (a) Group I: After 6 and 12 weeks, the amount of
collagen type II was significantly lower in the engineered
cartilage than in the control. (b) Group II: The differences in
collagen type II content were obvious at all times, although
there was no statistical significance after 24 weeks. (c) Group
III: There was a clear enlargement in collagen type II content
with increasing transplantation time.
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workers13,14 found bovine neocartilage to be avascular
12 weeks after transplantation, which could well be a
result of sufficient production of the angiogenesis in-
hibitory factor. On the other hand, reasons for avas-
cularity in these studies could be a rapid matrix syn-
thesis caused by the application of the cells of new-
born calves or the shorter observation time compared
to our experiments.

A distinct matrix synthesis in vitro is also important
because intercellular matrix is a crucial factor for cell
function36 which influences cellular proliferation, mi-
gration, and cellular metabolism. Antigenic character-
istics which are expressed on isolated chondro-
cytes38,39 are masked in intact cartilage.

Comparing the PGLA and the PLLA nonwoven ma-
terials regarding matrix synthesis in vivo, PGLA obvi-

Figure 8. Indirect immunoperoxidase staining for collagen
type I. Group I neocartilage 24 weeks after transplantation.
s = Collagen I–positive area in the transplant periphery; * =
central parts of the transplant which do not contain any
collagen type I; C = fibrous capsule around the transplant.
Original magnification ×200.

Figure 10. Alcian blue stain. Group I specimen 24 weeks
after transplantation. * = Wide areas of matrix with cartilage-
like configuration were stained positively for proteoglycans:
c = Cell nucleus. Original magnification ×400.

Figure 9. Quantitative analysis of the collagen type I stains.
(a) Group I: No significant differences in collagen type I
content existed at all times. (b) Group II: The amount of
collagen type I was markedly higher in group II than in the
control cartilage. Statistical significance was found after 6
and 24 weeks. (c) Group III: The content of cartilage-
unspecific type I collagen was clearly higher than in the
control group and significantly higher after 24 weeks of
transplantation.
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ously had a positive influence on the stability of the
chondrocyte phenotype. Collagen type II, the marker
for differentiated chondrocytes generally indicating
cartilage formation, was found in amounts compa-
rable to native cartilage when PGLA was used. On the
other hand, collagen type I was found only in small
amounts. Transplants containing the PLLA scaffold
showed significantly higher amounts of collagen type
I and lower amounts of collagen type II, which indi-
cates formation of fibrocartilage but not of hyaline car-
tilage. These results imply that the long-term stability
of V 7-2 in vivo has a negative influence on the forma-
tion of hyaline cartilage which was not detectable
when using Ethisorb fleeces. Coating with poly-L-
lysine, which is known to stabilize the differentiated
chondrocyte phenotype,39 was not able to inhibit this

effect. Certain areas containing both type I and type II
collagen were observed as well. This implies that ma-
trix synthesis switched from type I to type II sometime
after transplantation. Coproduction or a switch from
type II to type I could also be reasons for this obser-
vation.

A still unsolved problem is the homogenous distri-
bution of cells inside the polymer scaffold. If there are
transplant areas with very few chondrocytes, only mi-
nor quality cartilage-like matrix would develop.
Chondrocyte clusters, on the other hand, would also
result in unsatisfactory matrix synthesis. The major
problem is to create a completely homogenous cell
carrier in which the cell distribution could be as ho-
mogenous. The development of biomaterials with
suitable mechanical characteristics is crucial for the
improvement of cartilage engineering for transplanta-
tion.

This study clearly shows that nonwoven resorbable
polymer scaffolds are suitable to grow a transplant-
able chondrocyte–polymer construct in vitro. Al-
though further investigations concerning especially
the biomechanical properties of the neocartilage need
to be performed, the results of this study strongly en-
courage this new way of cartilage replacement with
the help of tissue engineering.

This work is dedicated to PD Dr. J. Bujia for many valu-
able discussions and generous idealistic support. Ethisorb
was kindly provided by Dr. H. J. Hoepttner (Ethicon,
Norderstedt, Germany). The authors thank K. Lempart and
A.-M. Allmeling for excellent technical assistance. Dr. N.
Rotter is a recipient of the ‘‘Progress in Medicine’’ Award
1996 from the German Physicians Congress.
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