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Abstract: The aim of this study was to investigate the pos-
sibility of using the benzyl ester of hyaluronic acid (HYAFFt
11), a recently developed semisynthetic resorbable material,
as a scaffold for the culture of human nasoseptal chondro-
cytes in tissue-engineering procedures of cartilage recon-
struction. Different techniques such as immunohistochemis-
try, scanning electron microscopy, and confocal laser scan-
ning microscopy were used to study the behavior,
morphology, and phenotype expression of the chondro-
cytes, which were initially expanded and then seeded on the
material. The nonwoven cell carrier allowed good viability
and adhesivity of the cells without any surface treatment
with additional substances. Furthermore, the cultured cells
expressed cartilage-specific collagen type II, indicating that
they were able to redifferentiate within the scaffold of

HYAFFt 11 and were able to retain a chondrocyte pheno-
type even after a long period of in vitro conditions. Never-
theless, the expression of collagen type I, which was pro-
duced by dedifferentiated or incompletely redifferentiated
chondrocytes, was noticeable. Additional data were ob-
tained by subcutaneous implantation of samples seeded
with human cells in the in vivo model of the athymic nude
mouse. The results after 1 month revealed the development
of tissue similar to hyaline cartilage. This study is promising
for the use of this scaffold for tissue engineering of cartilage
replacements. © 1998 John Wiley & Sons, Inc. J Biomed
Mater Res, 42, 172–181, 1998.
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INTRODUCTION

Tissue engineering of autologous cartilage seems to
be a promising method for repairing cartilage defects
in reconstructive surgery. For this purpose a small
number of chondrocytes is initially isolated from a
tiny cartilage biopsy. Then the cells are expanded in
conventional monolayer cultures to provide a suffi-
cient number of cells. Finally the cells are seeded into
a scaffold structure to enable the organization of 3-
dimensional (3-D) configurations [Fig. 1(a)].1–5 The
process of amplification causes a dedifferentiation of
the chondrocytes, leading the cells to assume a fibro-
blastlike phenotype [Fig. 1(b,c)].6,7 Thus, it becomes
essential to induce the cells to reexpress their original
cell type. As a consequence, the redifferentiation po-

tential of chondrocytes cultured within 3-D matrices
made of biocompatible materials appears to be crucial.

Different attempts have been described that demon-
strate the suitability of cultured chondrocytes in gel
substances like agarose,8–10 hyaluronic acid gels,11,12

fibrin glue,13–15 collagen,16 alginate,17–20 or polyethyl-
ene oxide.21 However, these gel cultures do not pro-
vide suitable mechanical stability for creating cartilage
structures with a specific predefined shape for trans-
plantation. An additional problem is the dedifferen-
tiation of cultured chondrocytes into phenotypic fibro-
blastlike cells in substances like fibrin.14 Although gel
substances like agarose can induce cell redifferentia-
tion,9 the use of agarose has not been approved for
medical treatment in human beings. Other promising
attempts have been described using demineralized
bone matrix20 or bioresorbable nonwoven fiber struc-
tures composed of polyglycolic/polylactic acid co-
polymers.3,22–24 In these 3-D cultures, chondrocytes
were able to produce hyaline cartilage-specific matrix
molecules like collagen type II or proteoglycans.
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The aim of this study was to investigate the adhe-
sivity, vitality, and redifferentiation potential of cul-
tured human nasoseptal chondrocytes in a novel non-
woven structured biomaterial based on hyaluronan
(HA) benzyl ester (HYAFFt 11) obtained from Fidia
Advanced Biopolymers (FAB, Abano Terme, Italy).25

Microperforated films of HYAFFt 11, which are also
known by the commercial name LASERSKIN (FAB),
have been proven to be an optimal substrate to culture
and deliver viable keratinocytes for treating burns and
chronic ulcers.26,27 The desirable cytocompatibility
qualities induced the consideration of the possibility
of using nonwoven HYAFFt 11 as a potentially valu-
able scaffold for cartilage-tissue engineering.

In these experimental studies human chondro-
cytes isolated from biopsies of nasoseptal cartilage
were seeded onto nonwoven structured samples of
HYAFFt 11 and were cultivated in vitro. Cell adhe-
sion, 3-D distribution, morphology, and viability of
the cells within the scaffold were examined by using
confocal laser scanning microscopy (CLSM) in asso-
ciation with a double fluorescent dye-based staining
technique. Observations on cell morphology and pro-
liferation activity were made using conventional scan-
ning electron microscopy and light microscopy. Phe-
notype characterization of the cells was investigated
by immunostaining of collagen type II, which is ex-
pressed by differentiated chondrocytes, and collagen
type I, which is expressed by dedifferentiated chon-
drocytes. To verify that cultured chondrocytes may
still express hyaline-cartilage markers once they are
implanted in vivo, a pilot experiment was conducted
on rodents. Multiplied chondrocytes were precultured
on the scaffold and then implanted for 1 month sub-
cutaneously in nude mice. Explants were examined
histochemically and immunohistochemically for the
expression of collagen type II and I to investigate fur-
ther redifferentiation of the chondrocytes.

MATERIALS AND METHODS

Test material

The test material was a fleece composed of nonwoven
fibers of HA benzyl ester (HYAFFt 11). It was obtained from
Fidia Advanced Biopolymers Srl (FAB) in 0.2 × 10 × 10 cm
square pieces (about 100 g/m2). The HYAFFt 11 polymer
was derived from the esterification of sodium hyaluronate
(80–200 kDa) with the benzyl alcohol on the free carboxyl
groups of glucuronic acid along the polymeric chain (degree
of substitution, 87.8),28 leading to an increase of the hydro-
phobic component of the polymer chain. The fibers were
produced by extrusion and had a diameter of approximately
20 mm under dry conditions. In aqueous solution the mate-
rial hydrates (about a 40% increase in weight), which con-

Figure 1. (a) Concept of autologous cartilage-tissue engi-
neering in reconstructive head and neck surgery. (b, c) De-
differentiation process of chondrocytes in monolayer cul-
ture: simultaneous labeling of collagen type I (green fluores-
cence) and collagen type II (red fluorescence) of human
nasoseptal chondrocytes after (b) 1 week and (c) 3 weeks of
monolayer culture. It is rather obvious that both collagen
types are detectable after 1 week in the monolayer. How-
ever, after the multiplication phase of 3 weeks, the cells only
express collagen type I. Expression of collagen type II is not
detectable in this differentiation state. Cell nuclei (blue fluo-
rescence) are marked with Hoechst 33258. Original magni-
fication ×400.
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sequently results in swelling of the fibers to about double the
above-mentioned diameter, and it undergoes degradation
by spontaneous hydrolysis of the ester bonds.29 As a conse-
quence of the degradation process, the material becomes
progressively hydrophilic and hydrated, reacquiring simi-
larity to the soluble native HA polymer with time. In artifi-
cial plasma at 37°C, nearly complete hydrolysis of the ester
bonds occurs in about 2 months.30,31 The material was ster-
ilized by a 2.5-Mrad standard dose of g rays.

For the experiments the nonwoven sheet was cut into 1 ×
1 cm2 samples using sterile techniques. The size of the
samples in our study was selected because it is similar to
that required by the filling of septal defects in clinical use.

Cell culture and seeding on biomaterial

Human nasoseptal chondrocytes were isolated by enzy-
matic digestion with 2 mg/mL collagenase type II (Seromed,
Berlin, Germany), 0.1 mg/mL hyaluronidase (Serva, Berlin,
Germany), and 0.15 mg/mL DNAse (Paesel, Frankfurt, Ger-
many) in DMEM (Seromed) cell culture medium (4500 mg/
mL glucose). About 2–4 × 105 chondrocytes can be isolated
from a patient’s nasoseptal biopsy, depending on the size of
the samples and individual differences. Cells were first cul-
tured for multiplication under conventional monolayer cul-
ture conditions as previously described1 for three to four
passages in about 3 weeks, reaching a final cell mass of
about 15 × 106. Following this expansion phase, the dedif-
ferentiated cells were then seeded on the square samples of
HYAFFt 11. A volume of 200 mL of culture medium con-
taining 4 × 106 cells (final concentration, 20 × 106 cells/mL of
the nonwoven scaffold) was added to each sample that was
placed on the bottom of a 9.6-cm2 tissue culture dish. The
cells were allowed to adhere for a period of 5 h, and the
samples were turned upside down once an hour to provide
a uniform cell seeding. Once adhesion was completed, 5 mL
of medium was added to each sample. In the present stud-
ies, the DMEM, containing 10% fetal calf serum (Boehringer,
Mannheim, Germany) and 50 mg/mL ascorbic acid,32 was
renewed 3–4 times a week. After 2 days samples were trans-
ferred to new cell culture dishes, and the cells that had not
previously adhered to the biomaterial remaining on the bot-
tom of the first dish were removed by trypsin and counted
in order to indirectly assess cell adhesivity on the scaffolds.
At selected time periods of up to 33 days, cell morphology,
viability, and phenotype were monitored within the non-
woven constructs. Overall the tests were performed with the
cells derived from 20 different patients, preparing three to
four samples from each one.

Animal model

For the in vivo experiments four samples of different pa-
tients were cultivated in vitro for 26 days as described above.
Samples were then subcutaneously implanted in the dorsal
region of athymic nude mice at the Fidia Research Labora-
tories (Abano Terme, Italy) as previously described5 and in

accordance with the European Directive for Care and Use of
Laboratory Animals (EC 86/609). Two male nude mice
(HSD, athymic nu/nu, Harlan, Italy) were anesthetized with
12.5 mL of 4% chloralium hydrate solution (Carlo Erba,
Italy). Two samples were inserted contralaterally into each
mouse. The animals were sacrificed 1 month after surgery by
CO2 asphyxiation, and the implants were cut in half and
either processed for paraffin embedding or frozen for cryo-
sectioning.

Morphological observations

For the scanning electron microscopy the specimens were
fixed with 3% glutaraldehyde in phosphate buffered saline,
pH 7.4. After washing and dehydration in a graded series of
ethanols, samples were critical-point dried with CO2 and
sputter coated with gold. Samples were examined on a Jeol
ISM-35CF scanning electron microscope (Jeol, Tokyo).

3-D reconstruction of cell culture

A technique based on CLSM was used for optimal 3-D
reconstruction of cell distribution, morphology, and viabil-
ity of cultured chondrocytes within the matrix.33–35The
staining of the cells was performed by using the Eukolight
Viability/Cytotoxicity Assay (MoBiTec, Göttingen, Ger-
many). The cells were directly observed without using any
fixation procedure, therefore avoiding the artifacts that oc-
cur with other methods. By the presence of intracellular ac-
tivity, vital cells convert calcein-AM to an intensively cyto-
plasmatic green fluorescence. The second fluorochrom
ethidium homodimer enters damaged membranes, thereby
producing a bright red fluorescence in the nuclei of nonvital
cells. The staining procedure was performed in one experi-
mental step according to the manufacturer’s protocol. In our
experiments 3-D image data acquisition was performed with
an LSM 410 CLS microscope (Zeiss, Jena, Germany). The
application of CLSM allows the optical sectioning of micro-
scopic volumes of up to 200 mm without mechanical cutting.
Thus, volume image data are acquired comparable to com-
puted tomography and magnetic resonance tomography.
Fluorescence of both fluorochromes was excited by an argon
laser at 488 nm and was measured simultaneously (green
fluorescence: bandpass, 515–565 nm; red fluorescence long-
pass, 590 nm). Figure 4(a,b) shows projections of volumes at
different scales of magnification. One axial and two lateral
projections of the data volumes shown in each figure give a
coarse impression of the 3-D structures. For visual inspec-
tion and cell counting, however, stereo image pairs from
different directions of viewing were calculated and observed
through a stereo slide viewer or at the computer graphic
screen using shutter glasses. Stereo image pairs were calcu-
lated from this data set by projection at different angles of 6°
using Zeiss LSM software.

To assess the viability, 10 randomly chosen fields were
examined for each sample by calculating the viability index
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as follows: % cell viability = viable cells (green stained cells)
/ total number of cells × 100.

Histological analysis

Explants removed 1 month following subcutaneous im-
plantation were fixed with 4% paraformaldehyde (Merck,
Darmstadt, Germany) for 24 h, embedded with paraffin, and
sectioned. By standard histochemical techniques, sections
were stained with azan-blue according to Heidenhein
(Merck) to visualize the occurrence of collagen fibers.

Immunohistochemistry

For phenotypic characterization the immunohistologi-
cal stains were performed on 7-mm cryostat sections of the
in vitro cultured samples. In order to detect chondro-
cyte-specific collagen type II, a well-described monoclonal
antibody (kindly provided by Prof. Yoo, Department of

Medicine, University of Tennesse, Memphis, TN)36 was
used. Detection was carried out by using the alkaline phos-
phatase anti-alkaline phosphatase based procedure (Dako,
A/S, Denmark) in association with New Fuchsin pigment
(Chroma–Gesellschaft, Schmid GmbH & Co., Köngen, Ger-
many). Collagen type I expression was investigated with a
polyclonal anti-collagen I antibody (Chemicon, Temecula,
CA). Detection was carried out with a second peroxidase-
conjugated antibody (Dako); visualization was performed
with the aminoethylcarbazol method (Sigma, Deisenhofen,
Germany).32 Counterstain for the cell nuclei was performed
with acid-hemalaun solution (Merck).

Simultaneous detection of different collagens and cell nu-
clei was performed on 7-mm cryostat sections of in vivo
samples by using the indirect immunofluorescence tech-
nique and CLSM. Detection of the monoclonal anti-collagen
II antibody was carried out by using an anti-mouse Texas
Red conjugated antibody (Dianova, Hamburg, Germany);
the polyclonal anti-collagen I antibody was visualized with
an anti-rabbit tetramethylrhodaminisothiocyanate-
conjugated antibody (Sigma). For negative controls, the first
antibody was omitted according to the immunohistochemi-
cal protocol. Cell nuclei were stained by using the bisbenz-
imidazol fluorescent dye Hoechst 33258 (Sigma). Simulta-
neous detection of collagens was also performed on the
monolayer cultures after 1 and 3 weeks by indirect immu-
nofluorescence. Samples were incubated with a mixture of
the polyclonal anti-collagen I and the monoclonal anti-
collagen II antibody for 1 h. After washing, specimens were
incubated with a mixture of a goat anti-rabbit Cy-2 antibody
(Amersham Buchler, Braunschweig, Germany) and a goat
anti-mouse Texas Red antibody (Dianova). Thus, collagen
type I could be visualized as green fluorescence and collagen
type II as red fluorescence in the identical areas. Cell nuclei
were stained by using the Hoechst 33258.

RESULTS

In vitro culture

A series of observations on the behavior of chon-
drocytes within the newly developed HYAFFt 11 scaf-
folds [Fig. 2(a)] were carried out while constantly
monitoring the cultures. The first interesting notation
concerned the in vitro degradation rate of the material
in culture medium. The microscopic observation was
that samples of HYAFFt 11 that were not seeded with
cells rapidly hydrated and started to dissolve in the
medium in about 2 weeks; on the other hand, the sta-
bility of the material was noticeably increased by the
presence of chondrocytes.

Examining the same corresponding areas of the cell
material constructs at different time points under
phase contrast microscopy, it was found that the cells
readily adhered to the fibers and proliferated within
the samples to fill empty spaces between more distant

Figure 2. (a) Scanning electron microscopy micrograph of
the nonwoven HYAFFt 11, demonstrating the heteroge-
neously distributed fiber structures. Original magnification
×320. (b) Scanning electron microscopy studies after 33 days
of culture revealed the adhesivity of the chondrocytes on the
fiber structures. Even the interstitial spaces were filled with
cells. Original magnification ×440. f, fibers; c, cultured chon-
drocytes.
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cells and fibers [Fig. 3(a–f)]. Thus, a rather uniform
distribution of the cells was observed at 3 weeks from
seeding. Based on the number of nonadherent cells 2
days after seeding, it was estimated that 92–95% of the
initially seeded chondrocytes settled the scaffold.
Scanning electron microscopical investigations con-
firmed the good cell attachment to the fibers and the
filling of empty spaces between the fibers [Fig. 2(b)].

To assess the cytocompatibility of the scaffold,
CLSM was performed to reconstruct the 3-D cell cul-

ture. It revealed the homogeneous distribution of the
cultured chondrocytes within the nonwoven meshes,
as well as the high viability of more than 90% even
after 33 days [Fig. 4(a)], confirming the good biocom-
patibility of the scaffold. Analysis of randomly chosen
areas [Fig. 4(b)] revealed that only 7 cells were dead
out of a total of 190, indicating a viability of 96%. This
result was confirmed in all investigated samples with
a standard deviation of 4%. The homogeneous distri-
bution of vital cells in a heterogeneously composed

Figure 3. The same area of the scaffold with nasoseptal chondrocytes examined after (a) 2, (b) 8, (c) 13, (d) 16, (e) 17, and
(f) 20 days of culture in HYAFFt 11. The proliferating cells fill the interfibrillar spaces (arrow), causing an increasing stability
of the cell–fiber complex. Sometimes it is obvious that fiber parts, particularly the end sticks without enough attached cells,
are dissolved (small arrow). The formation of cell networks causes a stretch and reorganization of single fiber structures.
Original magnification ×200.
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cell carrier represents a main prerequisite to generate
solid tissue substitutes.

In the case of cartilage-tissue engineering, an addi-
tional crucial point concerns the dedifferentiation of
the expanded human chondrocytes and especially the
complete loss of collagen type II expression [Fig.
1(b,c)]. Therefore, the redifferentiation and chondro-
genic potential of the cells and their phenotypic
changes is a critical feature to be investigated.

Immunohistochemical analysis revealed that the re-
expression of cartilage-specific collagen type II [Fig.
5(a)] occurred in the cells that had been cultured first
in monolayer and then added to the nonwoven bio-
material. Despite this positive and interesting finding,
a certain expression of collagen type I, which is char-
acteristic of dedifferentiated chondrocytes, was also
noticeable [Fig. 5(b), Table I]. However, the entire in
vitro results appeared to indicate a trend of the cells
toward the progressive redifferentiation to chondro-
cytes.

In vivo study

The macroscopical examination of the samples at 30
days after grafting evidenced that they had acquired a

Figure 4. (a, b) Confocal laser scanning microscopy enables
3-D reconstruction of the unfixed cells of up to 200 mm in the
nonwoven scaffold comparable to computed tomography or
magnetic resonance tomography. In these micrographs cell
distribution, viability, and morphology after 33 days of cul-
ture is clearly demonstrated. More than 90% of the homo-
geneously distributed cells were vital and recognizable on
the green fluorescence. (a) Overview of the chondrocytes in
HYAFFt 11. The axial picture combined with the two lateral
projections gives a coarse impression of the cell cultures. (b)
Detailed axial and lateral projections: the cells on the fibers
form networks even between the fibers. Only a few cells are
avital and noticeable on the red cell nuclei. Vital cells are
green. f, fibers.

Figure 5. (a) Expression of collagen type II (arrow) in-
dicates the chondrocyte phenotype of the cultured cells in
HYAFFt 11 after 33 days. Original magnification ×460. (b)
Collagen type I expression (arrow) of still dedifferentiated or
incompletely redifferentiated chondrocytes after 33 days in
culture. Original magnification ×460. f, fibers.
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stable structure and a firm consistency similar to that
of cartilage, which confirmed that the cultured human
chondrocytes had retained their chondrogenic poten-
tial. The histochemical azan-blue staining demon-
strated the abundant occurrence of collagen fibers in
areas where a more mature cartilagelike tissue be-
tween the fibers had developed [Fig. 6(a)]. The specific
analysis of collagens by using the indirect immunoflu-
orescence technique with a simultaneous detection of
the cell nuclei was conducted by CLSM and revealed
the expression of collagen type II in large areas of the
samples [Fig. 6(b)]. The newly synthesized cartilage-
specific collagen appeared to stabilize the extracellular
matrix surrounding the chondrocytes and confirmed
the ongoing process of development of a cartilagelike
tissue. The expression of collagen type I was still de-
tectable [Fig. 6(c)].

These preliminary in vivo findings support and com-
plete the results from the in vitro investigations, sug-
gesting that the biomaterial did not negatively inter-
fere, but had a rather favorable effect on cell pheno-
type (Table I).

DISCUSSION

The present study focused on the culture of human
nasoseptal chondrocytes on the new semisynthetic
biomaterial made of HA, HYAFFt 11. This degradable
polymer of proven biocompatibility37–40 is the total
benzyl ester of HA and is produced in the form of a
nonwoven structure. The esterification of the free car-
boxyl groups of glucuronic acid, regularly distributed
along the polymeric chain of HA, causes a reduction in
the hydrophilicity of the molecule and an increase in
its hydrophobicity. As a consequence of these chemi-
cophysical changes, the original HA molecule be-
comes water insoluble and less susceptible to hydra-
tion.

HA plays a vital role in many biological processes
such as tissue hydration, proteoglycan organization,
cell differentiation, movement, proliferation, and an-
giogenesis.41 In embryonic tissues HA is the major

TABLE I
Collagen Expression at Different Phases

Phase of
Chondrocyte Culture

Collagen
Type I

Collagen
Type II

Cells cultured in monolayer
for 3–4 weeks +++ —

⇓
Cells cultured in nonwoven

samples for 1 month + +
⇓

Cells in nonwoven samples
1 month following in vivo
implantation ++ +++

(—) no expression; (+) weak expression; (++) fair expres-
sion; (+++) intensive expression.

Figure 6. (a) Paraffin section of a 1-month implant stained
with azan-blue. Note the abundant collagen fibers (blue) in
the cartilagelike areas. Counterstain of the cell nuclei was
performed with hemalaun solution. f, fibers. Scale bar = 50
mm. (b) Expression of collagen type II demonstrated with the
indirect immunofluorescence technique on cryosections of
1-month implants. Note the simultaneous detection of the
cell nuclei, marked with Hoechst 33258, in a kind of lacunae,
surrounded by the new synthesized matrix. The fibers are
slightly degraded but still present in large areas of the scaf-
fold. (c) Expression of collagen type I. f, fibers.
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component of the extracellular matrix and is produced
in large quantities by mesodermal cells during the
proliferation stage of limb development.42 In vitro ex-
periments have indicated that HA may influence the
differentiation of chondrocytes,39 and a series of ex-
periments that were conducted using mesenchymal
cells suggest that the effects of HA on the chondro-
genic differentiation are dependent on the molecular
size of the HA used.43 Therefore, it seems reasonable
to use the HA molecule for cartilage-tissue engineer-
ing, especially because it is an important extracellular
matrix component of native cartilage tissue.

However, the soluble purified HA does not offer the
same support as its derivative HYAFFt 11. The ad-
vantages of the esterified polymer are further in-
creased in light of its processability in many different
forms such as membranes, sponges, microspheres,
and, recently, nonwoven fleeces. Furthermore, the
possibility of stoichiometrically controlling the extent
of the esterification allows the production of materials
with varying degrees of solubility, hydration, and rate
of degradation. Thus, different forms of the same ma-
terial could be considered, depending on the desired
clinical outcome.

In general terms, a cell carrier for cartilage tissue
engineering is expected to fulfill a series of prerequi-
sites concerning structural and biocompatibility re-
quirements. For instance, such a carrier should enable
the definition of a preformed shape prior to transplan-
tation.3 Furthermore, the scaffold should be noncyto-
toxic, guarantee the uniform cell distribution, and al-
low the synthesis of extracellular matrix components
as requested for the development of solid connective-
tissuelike cartilage.5,22 The presented data demon-
strate the good performance of the nonwoven mesh in
terms of cell adhesion, cytocompatibility, proliferation
activity, and uniform seeding of the cells in the ab-
sence of any treatment with additional substances.
The high viability of the cells and their homogeneous
distribution within the scaffold was clearly demon-
strated by the use of CLSM. It may not be excluded
that the positive effect of the fibers on the phenotype
of the cultured chondrocytes can be partly due to the
known effects of HA on the differentiation of these
cells.44

Another essential aspect for a carrier of cartilage
cells relates to its chemical nature and concerns the
effects of the material composing the scaffold on the
phenotype of the cultured chondrocytes. In most cases
of cartilage-tissue engineering techniques, the isolated
chondrocytes have to be expanded, resulting in the
dedifferentiation of the cells.6,7 Previously, the synthe-
sis of collagen type II has been considered to be one of
the best and most sensitive metabolic markers to in-
vestigate the level of phenotype differentiation in
studies dealing with chondrocytes isolated from hya-
line cartilage tissue.9 In our research studies, the cells,

once multiplied, were assayed for the presence of col-
lagen type II and collagen type I just before seeding
the scaffolds at a defined concentration. The results
achieved from the analysis conducted clearly showed
that the monolayer cultures were expressing collagen
type I, as expected in dedifferentiated cells. As a con-
sequence, the detection of collagen type II after about
4 weeks of culture on HYAFFt 11 indicated the first
signs of the redifferentiation potential of the chondro-
cytes. The in vivo experiments after 1 month of subcu-
taneous implantation suggest the progress of rediffer-
entiation, resulting in a much higher expression of col-
lagen type II compared to the in vitro results. Although
a noticeable expression of collagen type I was found as
well, a cartilagelike tissue was developing. It remains
to be discussed whether this collagen type I is pro-
duced by still dedifferentiated chondrocytes, is still
present in areas where chondrocytes have already re-
differentiated and now synthesize collagen type II, or
the redifferentiating cells coexpress both collagens at
the same time.7,45

The samples appeared to remain stable in form and
size during implantation. Prolonged in vivo studies
will investigate the behavior of the nonwoven scaffold
when seeded with chondrocytes. Whether the gaps
originating from the in vivo degradation of fibers are
being substituted with newly synthesized cartilage-
specific matrix molecules remains to be elaborated.
Improved culture conditions by using special bioreac-
tors or the addition of growth factors may further ac-
celerate the synthesis of extracellular matrix mol-
ecules.46–48

Depending on the clinical application and on the
specific physical and morphological requirements,
preformed scaffolds in sponge forms may be more
convenient than the nonwoven fleece. Therefore, pro-
longed in vivo studies are in progress to compare dif-
ferent forms of HYAFFt 11. The present study dem-
onstrates the suitability of this HA-based cell carrier
for the culture of chondrocytes. It widens the field of
biomaterials that do have potential for tissue-
engineering applications and should be the object of
consideration in future studies.

The authors express their thanks to Fidia Advanced Bio-
polymers, Abano Terme, Italy, for providing the biomaterial
and to Ms. K. Lempart and A.-M. Allmeling for excellent
technical assistance.
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