Formation of Cartilage Repair Tissue in Articular Cartilage Defects
Pretreated with Microfracture and Covered with Cell-Free
Polymer-Based Implants

Christoph Erggelet," Michaela Endres,”* Katja Neumann,? Lars Morawietz,* Jochen Ringe,® Kathrin Haberstroh,?
Michael Sittinger,® Christian Kaps>>

'Department of Traumatology and Orthopaedic Surgery, University of Freiburg, Hugstetter Str. 55, 79106 Freiburg, Germany, “TransTissue
Technologies GmbH, Tucholskystrasse 2, 10117 Berlin, Germany, >Tissue Engineering Laboratory, Department of Rheumatology, Charité
Campus Mitte, Charité—Universititsmedizin Berlin, Tucholskystrasse 2, 10117 Berlin, Germany, *Institute of Pathology, Charité Campus Mitte,
Charité—Universititsmedizin Berlin, Charitéplatz 1, 10117 Berlin, Germany, *Berlin—Brandenburg Center for Regenerative Therapies, Charité—
Universitatsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin, Germany

Received 2 December 2008; accepted 11 February 2009
Published online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002 /jor.20879

ABSTRACT: The aim of our study was to evaluate the mid-term outcome of a cell-free polymer-based cartilage repair approach in a sheep
cartilage defect model in comparison to microfracture treatment. Cell-free, freeze-dried implants (chondrotissue™) made of a poly-glycolic
acid (PGA) scaffold and hyaluronan were immersed in autologous serum and used for covering microfractured full-thickness articular
cartilage defects of the sheep (n =4). Defects treated with microfracture only served as controls (n =4). Six months after implantation,
cartilage implants and controls were analyzed by immunohistochemical staining of type II collagen, histological staining of proteoglycans,
and histological scoring. Histological analysis showed the formation of a cartilaginous repair tissue rich in proteoglycans. Histological scoring
documented significant improvement of repair tissue formation when the defects were covered with the cell-free implant, compared to
controls treated with microfracture. Immunohistochemistry showed that the cell-free implant induced cartilaginous repair tissue and type II
collagen. Controls treated with microfracture showed marginal formation of a mixed-type repair tissue consisting of cartilaginous tissue and
fibro-cartilage. Covering of microfractured defects with the cell-free polymer-based cartilage implant is suggested to be a promising
treatment option for cartilage defects and improves the regeneration of articular cartilage. © 2009 Orthopaedic Research Society. Published

by Wiley Periodicals, Inc. J Orthop Res
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Injuries of the articular cartilage of the knee are a
common challenge in orthopedic surgery. The low
inherent regeneration capacity of articular cartilage
and the risk of potentially developing severe osteo-
arthritis from injured cartilage led to the development
of a variety of orthopedic repair techniques. Common
cartilage repair techniques comprise debridement,
bone marrow stimulating techniques, osteochondral
grafting, and autologous chondrocyte implantation.'™
Autologous chondrocyte implantation (ACI) has been
shown to be clinically effective when implanting
culture-expanded chondrocytes alone®® or in combina-
tion with resorbable scaffolds made of collagen, hyalur-
onan, or polymers.®~*!

However, in clinical routine, bone marrow stimulat-
ing techniques like drilling, abrasion, or microfracture
are frequently used,"'*'? are cost effective, and are first-
line treatment options for focal cartilage defects. In
microfracture, the introduction of multiple perforations
into the subchondral bone of the cartilage defect leads to
bleeding, allows mesenchymal stem and progenitor cells
from the bone marrow to enter the defect, and induces
formation of cartilaginous repair tissue. The cellular
mechanisms underlying stem cell migration into the
defect and subsequent tissue formation are not obvious.
Recently, it has been shown that synovial fluid recruits
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mesenchymal progenitor cells from bone marrow.*
In addition, a variety of chemotactic cytokines and
growth factors, components of synovial fluid and serum,
stimulates migration and homing of mesenchymal stem
cells'®® and may contribute to ingrowth of progenitors
into the cartilage defects in microfracture. Multi-potent
cells residing in the subchondral cortico-spongious
bone marrow have a high chondrogenic differentiation
capacity!” and may form a cartilaginous repair tissue
upon stimulation by growth and differentiation factors
from the subchondral bone.®1° Although clinical studies
demonstrated that microfracture shows good results in
the short term,%?° the repair tissue induced by micro-
fractures has been shown to be of a hyaline to fibrous
appearance with limited short-term durability. How-
ever, long-term studies with up to 17 years follow-up
showed that 80% of the patients treated with micro-
fracture improved compared to the preoperative situa-
tion, while 20% showed no improvement or considered
the pain worse postoperatively.?! Interestingly, in a
group of 85 patients with full-thickness cartilage defects,
the clinical situation improved in the short-term at
18 months follow-up. In the mid- to long-term, the
clinical scores significantly decreased at 36 months
compared to 18 months follow-up, but were significantly
increased compared to the preoperative situation.??
Obviously, the microfracture treatment shows good
short-terms results, but clinical results may be
variable in the long-term. In addition, the microfracture
technique may be limited by its indication for relatively
small defects and the need for an intact defect
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shoulder surrounding the defect. Therefore, further
development of the microfracture technique is
indicated that may improve cartilaginous repair tissue
formation by, for instance, enhancing the content of
key cartilage matrix components?® and by covering
the defects as well as by extending the indication to
isolated defects with, at least, a partly missing defect
shoulder.

Recently, we have shown that mesenchymal progen-
itors are recruited by autologous serum and that
hyaluronan supports the chondrogenic differentiation
of human mesenchymal progenitors. The cell-free
implant made from a polyglycolic acid scaffold, hy-
aluronan and serum improved cartilage repair in
ovine cartilage defects pretreated with microfracture in
the short-term with 3 months follow-up.?* We hypothe-
size that covering of cartilage defects with a polymer-
based cell-free implant after microfracture improves
microfracture-induced cartilage repair and leads to a
more hyaline-like repair tissue rich in type II collagen
compared to microfracture treatment alone in the mid-
term at 6 months follow-up.

MATERIALS AND METHODS

Implantation of Cell-Free Implants in Cartilage Defects of

the Sheep

The cell-free implant was manufactured under aseptic con-
ditions. The resorbable scaffold (15 x 20 x 1.1 mm?®) of pure
polyglycolic acid (Alpha Research Deutschland GmbH, Berlin,
Germany) was immersed in 330 ul hyaluronic acid (10 mg/ml
Ostenil®, TRB Chemedica AG, Miinchen, Germany) as
described previously.2 Implants were freeze-dried for 16 h
using a lyophilizator (Leybold-Heraeus, Koln, Germany) and
stored in a desiccator at room temperature.

The study has been approved by the Review Board for the
Care of Animal Subjects at the Regierungspréasidium Freiburg,
Germany. Eight adult Merino sheep (female; age: 3 years) were
used in this study. All surgical procedures were performed
under general anesthesia (isoflurane inhalation) and under
aseptic conditions. The medial femoral condyle of the left stifle
joint was exposed using a medial approach. Degeneration of the
joint and skeletal abnormalities were excluded by visual
inspection and full-thickness cartilage defects of 11 x 8 mm
were created in the weight-bearing cartilage using a scalpel and
a curette. Depending on the size of the sheep, the cartilage
surface of the medial femoral condyle is about 5 cm? with a less
load-bearing rim of 2—3 mm. A defect of 11 x 8 mm corresponds
to approximately 20%-25% of the load-bearing area of
the medial femoral condyle. In every defect, nine microfracture
perforations were introduced using a chondropick’, until
bleeding was observed. Autologous sheep serum was obtained
intraoperatively using standard serum monovettes (Sarstedt,
Numbrecht, Germany). The -cell-free cartilage implants
(11 x8x 1.1 mm) were immersed in the sheep serum for
10 min, used for covering of the defects (n =4), and securely
fixed trans-osseously as described.?’ Cartilage defects with
microfracture perforations but without covering with cell-free
implants served as controls (n=4). Sheep were allowed to
recover in boxes for 10 days with full load-bearing and were kept
out at feed thereafter. At 6 months, sheep were killed by
injection of an overdose of thiopentone followed by potassium
chloride, intravenously.
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Histology and Immunohistochemistry

For histological and immunohistochemical analyses, joints
were fixed in 4% buffered formalin, decalcified with EDTA for
4 weeks, embedded in paraffin, and microsectioned at 6 pum.
Proteoglycans were visualized by staining with Alcian Blue
8GS (Roth, Karlsruhe, Germany) at pH 2.5, followed by
counterstaining with nuclear fast red (Sigma, St. Louis, MO).
For histological scoring, sections were stained with hematox-
ylin-eosin and sections through the center of the defect (n =2
per specimen, n =8 per group) were evaluated by the scoring
systems according to O’Driscoll et al.,2® Pineda et al.,2” and
Wakitani et al.?® A low score (min. 0; max. 15), according to the
Wakitani as well as the Pineda scoring system, describes a
native-like cartilage tissue, a good defect filling, and good
integration into the surrounding host tissue. The score
according to O’Driscoll is inverted with a high score (min. 0;
max. 24) representing native-like cartilage repair tissue.
Histological scoring was performed by two independent
observers and the mean was calculated. The ¢-test was applied
for statistical evaluation and differences were considered
significant when p < 0.05.

For immunohistochemical analysis of type II collagen,
sections were digested for 30 min with hyaluronidase (100 U/
ml in PBS) and fixed in ice-cold methanol and acetone. Sections
were incubated for 1 h with primary antibodies (rabbit
anti-bovine type II collagen, Biologo, Kronshagen, Germany)
or rabbit IgG as control (DAKO, Hamburg, Germany).
Subsequently, sections were processed using the EnVision
System Peroxidase Kit (DAKO, Hamburg, Germany) according
tothe manufacturer’sinstructions, followed by counterstaining
with hematoxylin (Merck, Darmstadt, Germany). Controls
gave no signal.

RESULTS

Clinical and Gross Examination

At 6 months, all sheep were out at feed and showed no
lameness or abnormal behavior. There were no clinical
signs of inflammation, infection, or allergic reaction.
The exposed joints showed no signs of synovial inflam-
mation or irritation. The synovial fluid was clear and
appeared to be normal. A complete reconstruction of the
articular cartilage and the surface as well as complete
filling of the defects were not evident.

Histological Evaluation of Full-Thickness Cartilage
Defects Treated with Microfracture

Histological analysis of control defects treated with
microfracture was performed with emphasis on central
regions of the defects with cartilaginous repair tissue.
Staining of proteoglycans with Alcian blue is shown for
each individual defect (Fig. 1). After 6 months, the
defects treated with microfracture without covering
with the cell-free implant showed formation of marginal
and nodule-like repair tissue. In one case, the subchon-
dral bone plate was broken, collapsed, and showed
pronounced ingrowth of fibrous and granular tissue
void of proteoglycans (Fig. 1A, black arrowhead), and
formation of vascularized scar tissue (Fig. 1A, white
arrowheads). Intense remodeling of the subchondral
bone was observed (Fig. 1A, asterisk; Fig. 1B, black
arrowhead) and proteoglycan-rich repair tissue was
evident at the level of the subchondral bone plate
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(Fig. 1B, white arrowhead). Adjacent to regions with
proteoglycan-rich cartilaginous repair tissue (Fig. 1C/D),
subchondral bone with no signs of repair tissue was
evident (Fig. 1C, black arrowhead). The regions with
repair tissue were irregular and showed nodule-like
cartilaginous tissue (Fig. 1E, white arrowhead) and
marginal tissue formation with a thin cell layer (Fig. 1F,
black arrowhead). In some regions, incidental remains
of the debrided articular cartilage were evident and
the repair tissue achieved the level of the subchondral
bone plate (Fig. 1G/H, black arrowhead).

The quality of the repair tissue formed in control
defects after microfracture was assessed by immunohis-
tochemical staining of type II collagen (Fig. 2). The
presence of type II collagen in the repair tissue formed
after microfracture treatment was variable. Some

Figure 1. Histological staining of proteogly-
cans in repair tissue formed after microfracture.
At 6 months, Alcian blue staining was variable
in repair tissue formed after microfracture treat-
ment in control defects. One of the defects
(A) showed a fibrous, granular scar-like tissue
with vascular ingrowth (A, white arrowheads)
void of proteoglycans (A, black arrowhead) and
extensive remodeling of the subchondral bone
(A, asterisk). Adjacent to the fibrous tissue,
proteoglycan-rich repair tissue (B, white arrow-
head) and subchondral bone remodeling (B, black
arrowhead) was observed. Next to the repair
tissue that was rich in proteoglycan (C, white
arrowhead; D), there was subchondral bone
showing no repair tissue formation (C, black
arrowhead). Another defect showed nodule-like
repair tissue formation (E, white arrowhead) and
a thin cell layer covering the subchondral bone
plate (F, black arrowhead). Incidentally, rem-
nants of the original cartilage (G, H, black
arrowhead) were evident.

regions with repair tissue showed an intense staining
of type II collagen (Fig. 2A), while others showed no
(Fig. 2B) or marginal staining of type II collagen
(Fig. 2C). Morphologically, the cells were either of a
chondrocyte-type or stretched and of a fibroblastoid
phenotype scattered across the repair tissue (Fig. 2B,
D, white arrowhead).

Histological Evaluation of Full-Thickness Cartilage

Defects Pretreated with Microfracture and Covered with
the Cell-Free Implant

Histological analysis of the repair tissue in defects
after microfracture treatment and implantation of
the cell-free implant showed the formation of cartilagi-
nous tissue with intense staining of proteoglycans
(Fig. 3A-F). The repair tissue was void of polymer
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fibers and rich in viable round-shaped cells that were
evenly distributed across the cartilaginous tissue.
In some regions, a columnar and chondron-like distri-
bution of cells with some clustering was found (Fig. 3F,
white arrowhead). Signs of abnormal -calcification,
infiltration of immunological cells, apoptosis of cells, or
necrosis within the repair tissue were not evident. The
surface of the repair tissue developed after micro-
fracture treatment, and covering with the cell-free
implant was regular and smooth (Fig. 3A, C, E, white
arrowheads). The repair tissue developed in one out of
four defects was rich in cells and showed a variable
staining with regions showing no (Fig. 3G, black
arrowhead) to weak staining of proteoglycans (Fig. 3H,
white arrowhead). The cell-rich cartilaginous repair
tissue showed good bonding to the subjacent subchon-
dral bone that still underwent remodeling.

Immunohistochemical staining showed that carti-
lage-specific type II collagen was present in repair tissue
developed after pretreatment of cartilage defects with
microfracture and implantation of the cell-free polymer-
based implant (Fig. 4). Type II collagen staining showed
a dominant to medium intensity in the repair tissue of
each individual defect (Fig. 4A—D). The staining indi-
cated an even distribution of cartilage matrix compo-
nents within the repair tissue, with type II collagen in
regions contiguous to the subchondral bone plate and
towards the joint space.

Histological Scoring

For quantitative evaluation of repair tissue formation
after microfracture compared to defects pretreated with
microfracture and covered with the cell-free-implant,
histological scores were applied (Fig. 5). Defects treated
with microfracture were rated after 6 months with a
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Figure 2. Immunohistochemical stain-
ing of type II collagen in repair tissue
formed after microfracture. At 6 months,
the repair tissue formed after microfrac-
ture treatment in control defects showed a
variable presence of type II collagen with
an intense (A), marginal (B), and moderate
(C, D) staining of the cartilage matrix
component. The repair tissue showed a
mixed cell population of a round-shaped
and fibroblastoid phenotype (B, D, white
arrowhead).

histological score of 9.5 (Wakitani, Fig. 5A), 9.0 (Pineda,
Fig. 5B), and 7.8 (O’Driscoll, Fig. 5C). Covering the
defects pretreated with microfracture with the cell-free
implant significantly (p <0.0075) improved cartilagi-
nous repair tissue formation. Defects that received the
implant were scored with 5.1 (Wakitani), 5.0 (Pineda),
and 14.7 (O’Driscoll).

DISCUSSION

In the present study, we demonstrated that treatment of
full-thickness ovine cartilage defects with microfracture
and covering with a cell-free cartilage implant made of a
poly-glycolic acid scaffold, hyaluronan and autologous
serum improved cartilage repair tissue formation
compared to microfracture treatment alone in the mid-
term outcome after 6 months. The repair tissue formed
in the defects showed abundant amounts of proteogly-
cans and type II collagen suggesting the formation of a
cartilaginous to hyaline-like tissue after implantation of
the cell-free implant. Defects treated with microfracture
alone formed a mixed, cartilaginous to fibrous tissue
with variable amounts of cartilage-specific type II
collagen.

Clinically, the microfracture technique is a frequently
used, first-line cartilage repair option and induces the
formation of cartilage repair tissue by perforating the
subchondral bone. These microfractures allow mesen-
chymal progenitor cells to populate the defect and form
cartilaginous tissue.! However, the repair tissue that is
induced by microfracture may appear unstructured and
shows predominantly fibro-cartilage. For instance, a
recent clinical study in young athletes with a 3-year
follow-up showed that fibro-cartilage and surface fibril-
lation were evident in 8 out of 14 biopsies.? This is
consistent with the data presented here using the ovine
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cartilage defect model. In the mid-term outcome, defects
treated with microfracture formed a repair tissue that
was of fibrous to cartilaginous appearance with a
variable presence of cartilage-related type II collagen.
Recently, we showed that human serum recruits mes-
enchymal progenitors, that hyaluronan supports carti-
lage matrix formation, and that covering of ovine defects
pretreated with microfracture enhances cartilage repair
in the short-term.?* This suggests that covering of the
defects treated with microfracture with the polymer-
based implant may accelerate repair tissue formation,
may enhance cartilage-related repair tissue composi-
tion, and may improve cartilage regeneration compared
to microfracture treatment.

In microfracture, it is suggested that vaso-active
factors, growth factors and cytokines that are released

Figure 3. Histological staining of proteogly-
cans in repair tissue formed in defects pretreated
with microfracture and covered with the cell-free
implant. At 6 months, formation of a cartilagi-
nous repair tissue was evident that showed
intense staining of proteoglycans as assessed by
Alcian blue staining (A—F). The surface of the
repair tissue formed in the defect was even and
smooth (A, C, E, white arrowheads). The cartila-
ginous repair tissue was rich in viable cells of a
round-shaped phenotype and showed some col-
umnar cell distribution (F, white arrowheads). In
one of the defects, the repair tissue was variable
with a faint staining of proteoglycans and regions
void of proteoglycans (G, black arrowhead).
The repair tissue with moderate formation of a
cartilaginous extracellular matrix showed vital
round-shaped cells of a chondrocytic phenotype
(H, white arrowhead).

by platelets, washed into the defect by bleeding or
released from subchondral microfractures may influence
the recruitment of mesenchymal progenitors and sub-
sequent cell differentiation and tissue development.®3°
Migration of cells into, or enrichment of, progenitors
within the cell-free implant may be induced by autolo-
gous serum that contains a variety of chemokines and
growth factors. In recent in vitro studies, it has been
shown that chemokines and growth factors,'®3! as well
as human synovial fluid'* and human serum,?* are
potent inducers of mesenchymal stem cell migration. In
particular, human serum and blood may be of special
interest in cartilage repair, since blood has been shown to
improve hyaline cartilage formation after microfracture
in a rabbit model when combined with a chitosan-
glycerol-phosphate implant.?? Therefore, as used here
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in microfracture, serum may support the enrichment of
multi-potent mesenchymal progenitor cells within the
cartilage defect and support hyaline repair tissue
formation.
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Figure 5. Quantitative evaluation of repair tissue formation. At
6 months after treatment of the defects, histological scoring
according to Wakitani (A), Pineda (B), and O’Driscoll (C) showed
that covering of defects pretreated with microfracture with a cell-
free implant based on the poly-glycolic acid scaffold, hyaluronan
and autologous serum significantly (*, p <0.0075) improved
cartilage repair tissue formation compared to microfracture treat-
ment alone.
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Figure 4. Immunohistochemical stain-
ing of type II collagen in repair tissue
formed 1n defects pretreated with micro-
fracture and covered with the cell-free
implant. At 6 months, the repair tissue
that formed after microfracture treatment
and covering with the cell-free implant
was of a hyaline-like to hyaline appear-
ance as shown by the presence of type II
collagen. The repair tissue showed abun-
dant amounts of the cartilage-related
collagen with an intense (A, B) to moderate
(C, D) staining of type II collagen.

Subchondral cortico-spongious bone harbors multi-
potent mesenchymal progenitors with a high chondro-
genic potential.!” Chondrogenic differentiation of mes-
enchymal progenitors can be induced by stimulation of
cells with, e.g., all isoforms of transforming growth factor
and selected bone morphogenetic proteins in micro-
masses.?>~%5 In addition, synovial fluid and hyaluronan
(HA), a key component of the synovial fluid, have been
shown to induce the chondrogenic developmental
sequence with deposition of proteoglycan and type II
collagen in equine mesenchymal stem cells derived from
bone marrow.3® In microfracture, the application of a HA
gel resulted in improved cartilage regeneration with
thicker cartilage and more hyaline-like cartilage repair
tissue in a rabbit model.?” In addition, HA has been
shown to support the chondrogenic development as
shown by the induction of type II collagen and repression
of type I collagen of human mesenchymal stromal cells
stimulated with transforming growth factor (TGF) in a
HA scaffold.?® These reports suggest that hyaluronic
acid may induce or, at least, support the chondrogenic
development of mesenchymal progenitors in microfrac-
ture.

In our cell-free cartilage regeneration approach, the
implant made of a textile polymer-based scaffold, hyalur-
onan and autologous serum improved repair of full-
thickness cartilage defects in microfracture. However,
limitations of the study are the limited number of sheep
and the lack of a correlation between different defect sizes
and the “regenerative success” of microfracture treatment
with and without covering by the polymer scaffold. This
may help to decide whether a given defect can be treated
with microfracture only or should be microfractured and
covered with a resorbable scaffold. As reported recently,
resorbable scaffolds are basically suited for cell-free
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cartilage repair approaches. In a rabbit model, the
implantation of fibronectin-coated scaffolds based on
HA, polylactic acid (PLLA), and the co-polymer poly
(lactic-co-glycolic acid) (PLGA) in osteochondral defects
resulted in the formation of bony and cartilaginous repair
tissue. However, scaffolds that enhance the migration of
reparative cells into the empty scaffold or defect were
considered to be advantageous for the treatment of
osteochondral defects.>® In addition to polymer-based
scaffolds, cell-free cartilage repair has been shown for
various resorbable and nonresorbable biomaterials. For
instance, in an ovine model, implantation of a non-
resorbable device made of filamentous polyethylene
terephthelate enhanced the amount of repair tissue after
microfracture treatment compared to microfracture treat-
ment alone.*° The use of a type II collagen membrane for
covering of cartilage defects in dogs pretreated with
microfracture showed the best filling with repair tissue,
even in comparison to defects treated with autologous
chondrocytes embedded in the collagen matrix.** Inter-
estingly, in the ovine model, the use of a porcine collagen
matrix for covering of cartilage defects after pretreatment
with microfracture showed no improvement of defect
healing compared to microfracture treatment. However, a
hyaline-like cartilage repair tissue formed after micro-
fracture and covering of the defects with the collagen
matrix augmented with chondrocytes.*%*3

Obviously, covering of cartilage defects after micro-
fracture is advantageous for the healing sequence, and
may enrich the amount of progenitor cells with chondro-
genic differentiation potential at the defect site and may
enhance the formation of cartilaginous repair tissue.
Consequently, covering of cartilage defects pretreated
with microfracture with a cell-free collagen matrix
combined with fibrin glue and autologous serum is
suggested to be a promising treatment option for
cartilage defects.** In addition, covering of cartilage
defects with a matrix may protect the underlying bone
and the surrounding cartilage by establishing a tran-
sition zone from the defect to the healthy cartilage that
may absorb the loads affecting the defect. Textile matrix
structures allow the in-growth of cells and keep the blood
released by microfracture within the defect. This may
open the opportunity to treat defects with, at least, a
partly missing cartilage rim. However, clinical studies
are needed that show the clinical benefit of covering
microfractured cartilage defects.

In summary, we have shown that covering of full-
thickness ovine cartilage defects pretreated with micro-
fracture with a cell-free implant of a textile poly-
glycolic acid scaffold, hyaluronan and autologous serum
improved the formation of cartilaginous repair tissue in
microfracture. In addition, the textile structure of polymer-
based scaffolds allows secure fixation of the implant in the
defect by cartilage suturing, trans-osseous suturing,
or by resorbable pins.**~*7 Therefore, the implantation of
polymer-based cell-free implants into cartilage defects is
suggested to be a promising approach for the regeneration
of articular cartilage defects after microfracture.
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