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Correspondence should be addressed to Sebastien Hagmann; sebastien.hagmann@med.uni-heidelberg.de
Received 28 February 2021; Accepted 28 May 2021; Published 19 June 2021
Academic Editor: Nicholas Dunne
Copyright © 2021 Benedict Lotz et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Reinforced hydrogels represent a promising strategy for tissue engineering of articular cartilage. They can recreate mechanical and
biological characteristics of native articular cartilage and promote cartilage regeneration in combination with mesenchymal
stromal cells. One of the limitations of in vivo models for testing the outcome of tissue engineering approaches is implant ﬁxation.
The high mechanical stress within the knee joint, as well as the concave and convex cartilage surfaces, makes ﬁxation of reinforced
hydrogel challenging. Methods. Diﬀerent ﬁxation methods for full-thickness chondral defects in minipigs such as ﬁbrin glue,
BioGlue , covering, and direct suturing of nonenforced and enforced constructs were compared. Because of insuﬃcient ﬁxation
in chondral defects, superﬁcial osteochondral defects in the femoral trochlea, as well as the femoral condyle, were examined using
press-ﬁt ﬁxation. Two diﬀerent hydrogels (starPEG and PAGE) were compared by 3D-micro-CT (μCT) analysis as well as
histological analysis. Results. Our results showed ﬁxation of below 50% for all methods in chondral defects. A superﬁcial
osteochondral defect of 1 mm depth was necessary for long-term ﬁxation of a polycaprolactone (PCL)-reinforced hydrogel
construct. Press-ﬁt ﬁxation seems to be adapted for a reliable ﬁxation of 95% without confounding eﬀects of glue or suture
material. Despite the good integration of our constructs, especially in the starPEG group, visible bone lysis was detected in microCT analysis. There was no signiﬁcant diﬀerence between the two hydrogels (starPEG and PAGE) and empty control defects
regarding regeneration tissue and cell integration. However, in the starPEG group, more cell-containing hydrogel fragments were
found within the defect area. Conclusion. Press-ﬁt ﬁxation in a superﬁcial osteochondral defect in the medial trochlear groove of
adult minipigs is a promising ﬁxation method for reinforced hydrogels. To avoid bone lysis, future approaches should focus on
multilayered constructs recreating the zonal cartilage as well as the calciﬁed cartilage and the subchondral bone plate.
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1. Introduction
Osteoarthritis is known to be one of the fastest-growing
causes of disability worldwide and signiﬁcantly reduces the
quality of life in aﬀected individuals [1]. It is generally

understood that once the disease has started, it may be
delayed, but not cured. Due to an important number of cases
where osteoarthritis starts from cartilage injuries or defects
in young or middle-aged patients, the eﬀective repair of
these defects is a top-priority goal in orthopedic surgery.
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To date, many approaches for cartilage repair have been
proposed, including microfracture, osteochondral autograft
transplantation, mosaicplasty, minced or micronized articular cartilage allografts, autologous matrix-induced chondrogenesis (AMIC), or autologous chondrocyte
implantation (ACI) [2]. Nevertheless, none of these methods
have been able to generate functional hyaline joint cartilage
but rather induce ﬁbrocartilage with inferior mechanical
properties [2]. Another issue, especially for AMIC and ACI
procedures, is the ﬁxation of the constructs within the defect
and to the adjacent native cartilage.
In more advanced osteoarthritis, the most commonly
used treatment remains partial or total joint replacement. As
a result of the limited durability of the implants and an
ageing population, the revision rate is said to increase in the
future. Also, it needs to be remembered that, despite the
good functional and patient-reported outcome for certain
joints such as the hip, other joints show signiﬁcantly less
promising results [3]. Also, implants remain a foreign body,
with important issues such as the susceptibility for infections, and wear-related problems. For these reasons, cartilage repair remains an important task for orthopedic surgery
and thus for research of cartilage repair.
Due to the low self-repair capacity of cartilage tissue, tissue
engineering has focused on adequate cellular sources for
cartilage repair. In contrast to articular chondrocytes (AC),
mesenchymal stromal cells (MSCs) can be harvested with a
smaller donor site morbidity at a higher expansion rate and
therefore represent a promising cell source [4]. While the
chondrogenic potential of MSCs has been demonstrated in
numerous studies [5–7], their clinical use, however, is far from
being widespread. One of the issues is that adequate carriers for
the multitude of the MSCs eﬀects in the cartilage defect and the
joint seem to be a prerequisite for their use.
Hydrogels represent a promising approach as carriers for
cell-based tissue engineering of cartilage tissue. They are easy to
handle, can be evenly loaded with cells, and can promote
chondrogenic diﬀerentiation of MSC [8, 9]. Hydrogels based on
allyl-functionalized poly(glycidol) (P(AGE-co-G)) cross-linked
thiofunctionalized hyaluronic acid (herein further named PAGE
hydrogels) can be combined with mesenchymal stromal cells
and showed promising results in in vitro chondrogenesis [9].
Besides, PEG-based hydrogels, such as starPEG, allow
modulation of mechanical properties, degradability, and the
customized incorporation of cysteine-containing peptides.
They oﬀer excellent conditions for MSCs regarding viability
and proliferation. Furthermore, starPEG hydrogel constructs show good extracellular matrix distribution
throughout the entire construct and promising results in
vivo as well as in vitro [8, 10].
To address the mechanical and biological characteristics
needed for cartilage regeneration, hydrogel reinforcement is
necessary. Polycaprolactone (PCL) reinforcement can be
used to achieve a similar stiﬀness as native articular cartilage
[11]. PCL-reinforcement has also shown promising results
for chondral and osteochondral regeneration in vivo [12, 13].
However, to date, in vivo studies with PCL-reinforced
constructs in large animal models have been limited due to
an insuﬃcient ﬁxation within the cartilage defect [13, 14].
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Large animal models are an essential step to transfer
successful in vitro tested strategies for cartilage repair to
clinical applications. Many large animal models have been
established in the past [2]. Minipigs show important similarities to the human species concerning knee anatomy as
well as biomechanics. They are believed to predict clinical
outcomes better than small laboratory animal models.
Therefore, minipig models are a validated preclinical model
for chondral and osteochondral repair [15]. Furthermore,
minipigs are genetically similar individuals, which minimizes the interindividual inconsistencies in the healing
potential [16]. These properties, as well as the similarity to
the human knee joint concerning weight-bearing requirements and collagen ﬁbre arrangement, make them a commonly used large animal model for cartilage regeneration
[17–19]. Both trochlear groove and femoral condyle defect
models have been established in minipigs, with important
diﬀerences in biomechanical loading of the defect site
[19, 20]. In clinical practice, both chondral and osteochondral defects come to attention. In contrast to chondral
defects, osteochondral defects have the advantage of providing osseous integration and thus permanent ingrowth
and ﬁxation of the construct [18].
While, on the one hand, evaluation of safe handling of
cell-laden constructs and their potential beneﬁt in a clinical
application should be generated from large animal studies,
there remains, on the other hand, the question of safe ﬁxation of the constructs. Huge variations in stability are
observed depending on the ﬁxation method used. Because of
their unique properties, determination of proper ﬁxation
techniques cannot be performed in a general manner but
must be considered for each construct combination individually. Obviously, one of the most important prerequisites
for clinical use is that the constructs stay permanently in
place, even when there is joint movement.
Therefore, the objective of this study was to adapt construct
and ﬁxation designs to obtain permanent retention of cellladen tissue engineering constructs in a minipig animal model
with cartilage defects. With ﬁbrin glue being one of the most
commonly used methods for ﬁxation besides suture, or
combinations of both, the main focus was to determine
whether ﬁbrin glue provides adequate ﬁxation for diﬀerent
construct designs. However, other ﬁxation techniques, such as
press-ﬁt ﬁxation, were also evaluated. To determine whether
trochlear groove or femoral condyle defects diﬀered concerning ﬁxation eﬀectiveness, both chondral and osteochondral
defects in both locations were compared. Lastly, because of the
aforementioned important biomechanical diﬀerences in
chondral and osteochondral defects, the eﬀectiveness of ﬁxation was evaluated upon defect depth, to deﬁne whether
construct ﬁxation in chondral defects can be as reliable as in
osteochondral defects.

2. Materials and Methods
2.1. Animals. The experiments were performed on a total of
27 skeletally mature miniature pigs (Göttingen Minipigs,
Ellegaard Göttingen Minipigs, Dalmose, Denmark; MiniLewe, Farm for Education and Research in Ruthe, University
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of Veterinary Medicine Hannover, Germany). 7 male and 20
female minipigs at an average age of 27.5 ± 4.8 months and
with an average weight of 54.9 ± 10.4 kg at the day of surgery
were used. Animals were kept in indoor runs allowing free
movement and unrestricted access to water. They were fed
once a day. The animal experiments were approved by the
Animal Experimentation Committee Karlsruhe (G-203/14,
G-117/16) and were performed according to the national
guidelines for animal care in accordance with European
Union Directive (2010/63/EU).
2.2. Isolation and Culture of Porcine Articular Chondrocytes.
Porcine articular chondrocytes (pACs) were isolated from
healthy porcine knee joints (n � 2 donors) from slaughter
pigs obtained from the local abattoir as described before [21].
Brieﬂy, rinsed cartilage was cut into small pieces, digested
overnight with collagenase B (1.5 mg/ml, Roche Diagnostics,
Basel, Switzerland) and hyaluronidase (0.1 mg/ml, SigmaAldrich, St. Louis, Missouri, USA), and ﬁltered through a
40 μm nylon mesh. Chondrocytes were seeded at 6000 cells/
cm2 and expanded for 5-6 days in Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM) low glucose with L-glutamine,
10% fetal calf serum (FCS, Biochrom, Berlin, Germany),
100 U/mL penicillin, 100 µg/mL streptomycin at 37°C, and
6% CO2. The medium was replaced twice a week.
2.3. Isolation and Culture of Porcine Mesenchymal Stromal
Cells. Porcine mesenchymal stromal cells (pMSCs) were
isolated from bone marrow obtained by bone marrow aspiration of the pelvis from 2 minipig donors as described
previously [22, 23]. The mononuclear cell fraction was
separated by density gradient centrifugation using Ficoll Paque PLUS (GE Healthcare, Little Chalfont, United
Kingdom), washed and seeded in an expansion medium
(DMEM high glucose with L-glutamine, 10% FCS, 100 U/
mL penicillin, and 100 μg/mL streptomycin, supplemented
with 4 ng/mL ﬁbroblast growth factor-2 (FGF-2, Active
Bioscience, Hamburg, Germany)). Mononuclear cells were
plated at a density of 1.5 × 105 cells/cm2 in monolayer culture, and adherent MSCs were subcultured for 3 passages
(5 × 104 cells/cm2) at 37°C and 6% CO2.
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2.4. Preparation of Hydrogel Materials and Tissue Engineering
Constructs. The starPEG hydrogel was formed by mixing
thiol-end-functionalized (non-MMP-sensitive) starPEG or
starPEG-MMP-conjugates carrying MMP-sensitive peptides
at every arm and maleimide functionalized heparin of a
constant molar ratio of (total) starPEG to heparin of 1.5 as
described before [8, 24]. Hydrogel precursors were reconstituted with PBS. The total solid content of the hydrogel was
adjusted to be constant at 5.3% after mixing of both components. The synthesis of linear P(AGE-co-G) and HA-SH
was carried out as described before [9]. For hydrogel
preparation, P(AGE-co-G) and HA-SH were dissolved in
PBS with a ﬁnal polymer concentration of 10 wt.% (5 wt.% of
each polymer, and an equimolar ratio of SH and allyl groups)
and the photoinitiator I2959 (BASF, Ludwigshafen,

Germany; concentration of 0.05 wt.%) was added to the
hydrogel precursor solution. The pH of the hydrogel precursor solution was neutralized using 5 M NaOH.
PCL (Purac Purasorb PC12, Corbion-Purac, Gorinchem, the
Netherlands) was extruded using a RegenHU bioprinter (3D
Discovery Gen1, RegenHU) equipped with a thermopolymer
extruder (precision extrusion deposition print-head, screw-based
extruder, HM110EX). A needle with an inner diameter of
0.25 mm was used (Nordson EFD). The reservoir of the extruder
was heated up to 85°C, and the temperature at the print-head was
set to 93°C. The material was preheated for 30 min before
printing. PCL was printed with an extrusion speed of 17.5 revs/
min, 3 bar extrusion pressure, and a collector plate speed of
5 mm/s. Crosshatched patterns of PCL strands (90°) were printed
with a 6 × 6 mm circular footprint. The layer height was set to
0.20 mm, and the strand center to strand center distance was set
to 1 mm. For the chondral approach, a 3-layered PCL was printed
and 5-layered PCL was used in superﬁcial osteochondral defects.
The hydrogel material was either used cell-free or pMSC,
and pACs were added before polymerization. Hydrogels were
polymerized in a disc mold without enforcement or enclosing
either a CellCoTec (CCT; CellCoTec BV, Bilthoven, the
Netherlands) or a polycaprolactone (PCL) enforcement
(Supplemental Figure 1). The P(AGE-co-G) + HA-SH hydrogel
solution was cross-linked using UV light (UVL hand lamp with
ﬁlter, A. Hartenstein, Wuerzburg, Germany) at 365 nm for
5 min (1 mW cm-2). The PCL mesh had a diameter of 6 mm
and a height of ≤0.6 mm with three layers for the chondral
approach and a height of ≤1 mm with ﬁve layers for the
osteochondral approach with a strand width of approximately
285 μm. CCT and PCL were punched out with a diameter of
6 mm and a height of 0.6 mm (chondral approach) or 1 mm
(superﬁcial osteochondral approach). For enforced constructs,
the respective enforcement was soaked with 25 μL hydrogel in a
disc mold. For nonenforced constructs, disc molds were ﬁlled
with 30 μL of hydrogel material. Constructs were created directly before implantation and, after polymerization, implanted
using diﬀerent ﬁxation methods in chondral or osteochondral
defects at the medial trochlear groove or the femoral condyles.
2.5. Study Design. Several ﬁxation methods, based on
clinically applied approaches, were tested for our precasted/
nonreinforced as well as for CCT- and PCL-reinforced
constructs until we achieved a reliable construct ﬁxation.
First, the current gold standard ﬁbrin glue (TISSEL,
Baxter Deutschland GmbH, Unterschleißheim, Germany)
was compared to BioGlue (CryoLife Inc., USA oder JOTEC
aus Hechingen), which showed a superior implant ﬁxation
in vitro (data not shown). However, both ﬁxation methods
were insuﬃcient for reliable construct retention.
Therefore, we tested direct suturing of the constructs as
well as suturing of a collagen cover as described below.
Despite a stable intraoperative ﬁxation, we macroscopically
and/or microscopically observed a postoperative implant
dislocation after 4 weeks.
To evaluate whether diﬀerent biomechanical properties
have an inﬂuence on implant dislocation, implant ﬁxation in
the femoral trochlea was compared to the femoral condyle.
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As none of these methods achieved reliable ﬁxation in
full-size chondral defects in either location, we decided to
create a superﬁcial osteochondral defect as described below.
The additional height and stability of a superﬁcial osteochondral defect allowed a reliable ﬁxation of our construct
using a press-ﬁt technique. As there was no beneﬁt of the
femoral condyle as an alternative defect location, the further
experiments were only evaluated for trochlear defects.
For study design and animal protection reasons, the
sample sizes for ineﬀective ﬁxation methods were kept to a
minimum.
After establishing a superﬁcial osteochondral defect
using press-ﬁt ﬁxation as a reliable ﬁxation method, 2 different PCL-reinforced hydrogels, P(AGE-co-G) and starPEG hydrogels, were compared in terms of construct,
retention, subchondral bone lysis, and cartilage formation
(Figure 1) (Table 1).
Several ﬁxation methods were tested for full-thickness
chondral as well as superﬁcial osteochondral defects in the
femoral trochlea and femoral condyle of a minipig. After
successful ﬁxation of the implanted constructs, two diﬀerent
reinforced hydrogels (Gel 1: starPEG; Gel 2: PAGE) were
compared using macroscopy scores, μCT, and histological
analysis.
2.6. Orthotopic Implantation. All operations were performed under aseptic conditions in endotracheal anesthesia
(azaperone 5 mg/kg i.m., ketamine 15 mg/kg i.m., midazolam 0.5 mg/kg, propofol 2% i.v. to eﬀect, and inhalation
anesthesia with 1–3% isoﬂurane in oxygen). For orthotopic
implantation at the medial facet of the trochlear groove of
each femur, bilateral arthrotomy was performed as described
before [25]. A straight median skin incision of 5–8 cm was
set between the patellar apex and tibial tuberosity. After
preparation of the subcutaneous tissue, the patella tendon
was split longitudinally, giving access to the patellar space.
For implantation at the femoral condyles, arthrotomy
was performed on the right hind leg with a 3 cm incision
medially and laterally to the patella tendon, giving access to
both femoral condyles.
Two defects with a diameter of 6 mm and a depth of
about 0.6 mm (chondral approach) and 1 mm (osteochondral approach) were created either in the middle third of the
medial facet of the trochlear groove of each femur or at the
medial and lateral condyle of the right femur.
After marking the diameter with a biopsy punch, hyaline
cartilage was detached with a curette until a full-thickness
chondral defect with a smooth surface was achieved for
implantation (chondral approach). For the osteochondral
approach, after detachment of hyaline cartilage with the
curette, the calciﬁed layer was removed using a rose head
drill at 40.000 rpm under constant irrigation without causing
any bleeding of the subchondral bone. Four defects were
created in each minipig and treated with diﬀerent nonenforced or enforced hydrogel constructs or left empty as a
control. Constructs were carefully inserted until their surface
was just under the cartilage level and held in place by diverse
ﬁxation methods. Premilene 7/0 (B. Braun Melsungen AG,
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Melsungen, Germany) suture material was used for direct
suturing of the constructs as well as ﬁxation of a collagen
cover (Chondro-Gide , Geistlich Pharma AG, Wolhusen,
Switzerland). The wound was closed by multilayered wound
closure.
Postoperatively, the animals received buprenorphine
every 12 hours (Buprenovet , Bayer Vital GmbH, Leverkusen, Germany, 0.025 mg/kg i.m.) for a total of 48 hours
as well as meloxicam (Metacam 15 mg/ml, Boehringer
Ingelheim Vetmedica GmbH, Ingelheim, Germany, 0.4 mg/
kg p.o.) and amoxicillin (Duphamox
LA, Zoetis
Deutschland GmbH, Berlin, Germany, 15 mg/kg i.m.) as
long as required.
Minipigs were euthanized at 2, 4, or 12 weeks postoperatively under general anesthesia by an overdose of pentobarbital (Release , WDT, Garbsen, Germany). Soft tissue
was removed, and the joint capsule was opened to display the
defect area. The defect area as well as the surrounding soft
tissue was then examined for remaining constructs and
cartilage or soft tissue irregularities in shape and colour.
After macroscopic examination and photo documentation,
the trochlea or condyles were detached and defect areas were
processed for analyses.
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2.7. Micro-CT Analysis. Micro-CT analysis of the defect site
was performed directly after explantation using a SkyScan
1076 in vivo X-ray microtomography (SkyScan, Brukermicro-CT, Belgium). The following settings were used:
1.0 mm aluminum ﬁlter, source voltage 100 kV, source
current 100 μA, exposure time 400 ms, voxel size 18 μm, and
rotation step 0.5 degree. Reconstruction of images was
performed using NRecon software (version 1.6.3.2, SkyScan). In case of bone analyses, CTAn (version 1.13.2.1,
SkyScan) was used for calculation of the volume of bone
tissue within a deﬁned volume of interest (VOI,
8 mm × 1 mm) represented by the defect borders and 58
sectional images into the bone. The lower grey level was set at
80, and the upper grey level was set at 255. To measure the
eﬀects on bone volume/total volume in each group, one
animal with four empty defects was explanted directly after
surgery. Micro-CT analysis was performed to generate
representative day 0 values to compare with the outcome in
each group after 12 weeks.
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2.8. Histology. Directly after micro-CT imaging, porcine
osteochondral samples were ﬁxed for 72 h in 4% formaldehyde followed by either decalciﬁcation for up to 16 weeks
in ethylenediaminetetraacetic acid or 13–15 days in Formical 2000 (StatLab, USA) (n � 30), respectively, or processed for polymethylmethacrylate (PMMA) embedding
(n � 46). Decalciﬁed specimens were dehydrated and dissolved in acetone and xylene for PCL remnants, before
samples were embedded in paraﬃn. After cutting 5 μm serial
sections, type II collagens were stained with mouse antihuman monoclonal antibodies (MP Biomedicals, Germany;
Jackson ImmunoResearch, UK) according to standard immune histology protocols with ImmPACT Vector Red
counterstaining (Vector Laboratories, USA).

®
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of best fixation method

ca.0.6mm

Cartilage

(i)
(ii)
(iii)
(iv)
(v)

Calcified cartilage
Subchondral bone
Femoral condyle/
Femoral trochlea

Gel 1

Evaluation of different fixation
methods (2–4 weeks)

Chondral

Fibrin glue
Suture
BioGlue
Cover
Press-fit

Macroscopy

n = 10
Gel 2
Best method

µCT

n = 10

of non-enforced and enforced
hydrogels

6mm
ca.1mm

Histology

Empty control n = 8
Medial trochlea:
2 osteochondral
defects/knee

Osteochondral

Figure 1: Study design.
Table 1: Overview of the number of defects per group and ﬁxation method for the 2–4 week study. 12 minipigs with trochlea chondral
defects with reinforced hydrogels and ﬁbrin glue ﬁxation were euthanized after 2 weeks, and all other animals were euthanized after 4 weeks.
Trochlea
Chondral
Reinforcement
Fibrin glue
BioGlue
Fibrin + cover
Direct suture
Press-ﬁt + ﬁbrin glue
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−
4

+
23
4

Condyle
Osteochondral
−
+
4

Chondral
−
2

Osteochondral
−
+
3

+
2

1

1
3
4
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PMMA embedded specimens were stained using toluidine
blue. Polymerization was completed in an incubator at 37.5°C.
Ground sections were cut, mounted on Acropal slides and
polished before surface staining with toluidine blue.

treatment, all animals were able to walk without any clinical
signs of pain or lameness. The minipigs stayed healthy, and
no unforeseen events were encountered until euthanasia up
to 12 weeks after surgery.

2.9. Modiﬁed O’Driscoll Score. For semiquantitative histomorphological evaluation of repair quality of the 12-week
groups, one representative toluidine blue stained section was
assessed by two blinded observers according to criteria of a
modiﬁed O’Driscoll score [26] (Supplemental Table 1).

3.1. Failed Fixation of Hydrogel Constructs in a Trochlea
Groove Chondral Defect. To develop the best ﬁxation
method for a cell-free precasted hydrogel, several clinically
or experimentally used approaches were compared in a
chondral trochlea defect in vivo.
Precasted hydrogels (n � 4), as well as CCT-reinforced
hydrogels (n � 8), were ﬁxed using ﬁbrin glue. After 4 weeks,
none of the constructs were detectable within any of the
defects.
Chondro-Gide was used as a covering ﬂap to prevent
displacement of a nonreinforced construct (n � 1). Intraoperatively, due to the fragility of the hydrogel, the pressure
applied to the cover pushed the gel out of the defect
(Figure 2(a)). While the Chondro-Gide remained in place
after 4 weeks, no remnants of the gel were found within the
defect neither macroscopically nor microscopically.
The CCT-reinforcement was stable enough for direct
suturing to the surrounding cartilage. While we obtained a
stable ﬁxation intraoperatively, none of the constructs thus
treated remained in place after 4 weeks in vivo (n � 3)
(Figure 2(b)).
However, in several knees, the dislocated construct was
found within the surrounding tissue, suggesting an early

2.10. Statistics. The Shapiro–Wilk test was performed to
conﬁrm normal distribution of all our data. Descriptive statistics
were performed for all continuous variables with mean and
standard deviation (SD). To investigate the diﬀerence between
groups, one-way ANOVA was used and corrected with the
Bonferroni test. Histological data of all groups were compared
using a Kruskal–Wallis test with the post hoc Mann–Whitney
U-test and signed-rank test. All tests were performed in accordance with two-sided testing. Diﬀerences were considered to
be signiﬁcant at p ≤ 0.05. Statistical evaluation was accomplished using SPSS (version 22.0.0, SPSS Inc., Chicago, IL, USA).

3. Results
All minipigs recovered well from anesthesia. After ﬁve to
nine days of postoperative analgesia and antibiotic
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Figure 2: Fixation of novel constructs in chondral trochlea defects. Covering the construct with Chondro-Gide resulted in intraoperative
squeeze out of the hydrogel (a). CCT-reinforced hydrogels were directly sutured to the surrounding cartilage. None of the constructs
remained in place after 4 weeks. Macroscopic changes to the surrounding cartilage due to suture tear out (thin arrow) were observed (b).
Fibrin glue was used to ﬁx a precasted hydrogel with CCT-reinforcement in a 6 mm trochlea defect. After 4 weeks, the displaced construct
was found within the synovial tissue (big arrow), H and E staining (c). BioGlue led to macroscopic colour changes of the surrounding
cartilage as well as microscopic bone lysis (H&E staining) of the subchondral bone plate (∗) (d). Scale bar: 2 mm; i: bone; ii: cartilage; ∗: bone
lysis.
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dislocation rather than an early, full degradation of the
construct within the ﬁrst 4 weeks. There was no evidence for
a macroscopic inﬂammatory cartilage reaction. Histologically, there were no subchondral lesions in any of the defects
and no remaining hydrogel and reinforced hydrogel detectable (Figure 2(c)).
In vitro experiments had shown a superior adhesion of
constructs glued with BioGlue compared to ﬁbrin glue
(Supplemental Figure 2). Despite the promising in vitro
results, none of the constructs ﬁxed with BioGlue remained
in place after 4 weeks (n � 4). At the time of explantation, a
macroscopic change in colour of the surrounding cartilage
was observed. These ﬁndings correlated with microscopic
results that showed degeneration of the surrounding cartilage but also severe lysis of the cortical structure of the
subchondral bone in all BioGlue
treated defects
(Figure 2(d)). Micro-CT visualization revealed bone erosion
after the use of BioGlue in chondral defects (data not
shown).

®

®

®

In conclusion, none of the tested methods was able to
reproducibly ﬁx a precasted (reinforced) hydrogel in a
chondral defect of the trochlea groove.
3.2. No Inﬂuence of Defect Location on Retention of the
Construct. Due to the constant shearing forces in the
femoropatellar joint, the femoral condyle was tested as an
alternative defect location with diﬀerent biomechanical
loading. The high stiﬀness and fragility of the CCT-reinforcement deemed inapplicable for our application. PCLreinforcement was easier to handle and less fragile with a
good porous system (Supplemental Figure 1). Furthermore,
pACs were added to our constructs. After 4 weeks in vivo,
histological analysis showed no hydrogel remnants within
the defects treated without PCL-reinforcement in either
location (n � 4 trochlea; n � 2 condyle). PCL-reinforcement
resulted in a higher retention rate of 2/3 on the trochlea and
1/2 on the femoral condyles. Macroscopically, the trochlea
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Condyle

Trochlea

–PCL

Figure 3: Insuﬃcient construct retention in condylar and trochlea chondral defects with and without PCL-reinforcement. Collagen type II
staining of exemplary depiction of one defect per group after 28 days. Both defects without PCL (left) showed a residual layer of cartilage
(arrow). Fibrous tissue formed in one of the defects (big arrow). Fibrous tissue was retained in between PCL strands. Retained PCLconstruct (arrowhead). Scale bar: 500 μm.

defects were surrounded by fewer ﬁssures and changes in the
native cartilage compared to the condylar defects.
Subtle changes of the subchondral bone, without
osteolysis, were observed in trochlear defects treated with
PCL-reinforced constructs. Less remodeling of the subchondral bone was found in the defect with a dislocated
PCL-reinforced construct, where a ﬁbrous tissue layer
formed within the defect. The PCL structure was still deﬁnable after 4 weeks.
A lower retention rate, as well as microscopically formation of less ﬁbrous tissue within the defects treated
without PCL-reinforcement, was observed in femoral condyle defects compared to trochlea defects, which might
partially have been caused by the convex surface of the
femoral condyle (Figure 3).
To conclusively deﬁne whether the trochlea grove oﬀers a
satisfactory retention of PCL-reinforced constructs in a
chondral defect, further 12 defects were tested. However,
after 2 weeks, all 12/12 defects showed no PCL and or
hydrogel remnants within the defect.
Thus, a pure chondral defect did not provide the necessary defect depth for a reliable ﬁxation of nonenforced and
enforced constructs.
3.3. Improved Construct Fixation in a Superﬁcial Osteochondral Defect. By creating a superﬁcial osteochondral
defect without signiﬁcant bleeding points by drilling with a
rose head drill, we were able to achieve a defect depth of
approximately 1 mm. The stability of the subchondral bone
plate as well as the extra height allowed a press-ﬁt ﬁxation of
the pAC containing PCL-reinforced constructs in combination with ﬁbrin glue. Histological analysis conﬁrmed that
8/8 of PCL-reinforced constructs were still detectable after 4
weeks, while 0/8 of the nonreinforced constructs (one of the
constructs had an additional Chondro-Gide cover) was
detectable.
Due to diﬃculties in paraﬃn ﬁxation, caused by the
PCL-construct, explants were ﬁxed in PMMA for histology.
Histological analysis revealed osteolysis of the subchondral
bone regardless of PCL-reinforcement (Figure 4).
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To illustrate the extent of the bone lysis, we performed
micro-CT scans. In both groups, independently of the location, severe osteolysis was found compared to day 0 scans.
Osteolysis was found in both osteochondral defects, treated
with PCL-reinforced and nonreinforced constructs. In
contrast, chondral defects did not show any signs of
osteolysis in micro-CT scans (Figure 5). Due to the lack of
obvious beneﬁt and the observed changes in the adjacent
cartilage, the use of defects in the femoral condyles was
aborted.
After establishing press-ﬁt ﬁxation as an applicable
method for our precasted gels, two diﬀerent hydrogels
(starPEG and PAGE) were tested to determine whether the
use of a diﬀerent hydrogel had an eﬀect on bone lysis.
Furthermore, we proceeded without the additional use of
ﬁbrin glue due to potential immunological eﬀects, which
may have been a potential source for the observed changes in
the subchondral bone. We therefore quantiﬁed bone lysis in
both hydrogel groups as well as empty controls using microCT scans and compared the ﬁndings to day 0 defects.
3.4. Successful Press-Fit Fixation of PCL-Reinforced, pMSC
Containing Constructs with Two Diﬀerent Hydrogel Materials
(StarPEG vs. PAGE vs. Empty Controls) in Osteochondral
Defects of the Trochlear Groove. At explantation after 12
weeks, no signs of inﬂammation, intra-articular pathological
changes, or adverse reactions were observed within the joints
or the surrounding tissues. Macroscopically, PCL was clearly
visible in 17/20 defects after 12 weeks in vivo. Five of the
visible enforcements showed spiky ends of their top layer,
indicating inceptive deterioration of PCL enforcement. All 3
defects with macroscopically indiscernible PCL belonged to
the starPEG group. All empty defects were ﬁlled with white
repair tissue.
3.5. Increased Bone Loss in Defects Treated with PCL-Reinforced Constructs Compared to Empty Control Defects in a 3DMicro-CT Analysis. To assess the underlying bone changes
associated with defect treatment, all defect sites underwent
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Figure 4: Histological evaluation of the defects 4 weeks after implantation into trochlea and condylar defects. Collagen type II staining of
nonreinforced constructs. Toluidine blue staining of PMMA embedded PCL containing defects. In all osteochondral defects, regardless of
PCL-reinforcement, osteolysis of the subchondral bone was found. ∗: bone lysis. Scale bar: 500 μm.
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Figure 5: μCt visualization of bone lysis 4 weeks after implantation of nonreinforced and PCL-reinforced constructs in superﬁcial
osteochondral defects. Severe bone lysis was found in all defects regardless of the implanted construct. A reference d0 scan is shown,
indicating the original defect depth, as well as a chondral defect showing no bone lysis. Scale bar: 2 mm.
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micro-CT imaging directly after explantation. Micro-CT
visualization revealed bone erosion in all groups, which
seemed more pronounced in groups treated with PCL enforcement compared to empty controls (Figure 6(a)).
Bone volume/total volume (BV/TV) was quantiﬁed in a
volume of interest for each defect of the 12-week study under
standardized conditions. The mean of BV/TV of the three
groups was 37.05% (starPEG: 18.39–49.24%), 41.65%
(PAGE: 30.45–57.74%), and 46.41% (empty controls:
35.84–52.70%) (Figure 6(b)). Statistical analysis (ANOVA,
Bonferroni correction, p ≤ 0.05) revealed no signiﬁcant
diﬀerences between the groups. After 12 weeks, the mean
BV/TV decreased by 9.36% in the starPEG, 4.76% in the
PAGE group, and by 0.73% in the empty control group
compared to 4 empty defects explanted directly after surgery
(day 0) (Figure 6(c)). Therefore, treatment with PCL-reinforced constructs with PAGE tended to induce more bone
loss than empty controls while bone loss was signiﬁcantly
higher in the starPEG group compared to empty controls
(ANOVA, LSD, p � 0.031) (Figure 6(c)).
3.6. More Cell-Containing Defects in the StarPEG Group
Compared to the PAGE Group. Sections of polymethylmethacrylate (PMMA) embedded samples were
stained for proteoglycans. Microscopically, PCL-reinforcement remained in 19/20 defects, indicating the loss of only
one construct at 12 weeks. This defect showed severe bone
lysis and belonged to the starPEG group. Overall, the integration strategy was therefore successful.
Hydrogel fragments were found in 6/10 defects in the
starPEG-treated group and 6/10 defects in the PAGE-treated
group. In the starPEG group, 5/6 defects with hydrogel
fragments were cell-containing compared to only 3/6 in the
PAGE group.
3.7. Heterogenous Regeneration Tissue in the Histological
Evaluation of all Groups. Regeneration was graded by two
blinded observers using a modiﬁed O´Driscoll score covering the nature of the predominant tissue (cell morphology
and staining of matrix) and structural characteristics (surface, structure, lateral and basal integration, and subchondral bone) (Supplemental Table 1).
Overall, cartilage regeneration was very heterogeneous
with score ranges of 5–11 (empty controls), 4–10 (starPEG),
and 3–10 (PAGE). Due to this heterogeneity, no statistical
signiﬁcant diﬀerence was obtained between the groups
(Figure 7(a)).
The defects were mostly ﬁlled with ﬁbrous proteoglycannegative regeneration tissue (Figure 7(b)). Several defects
clearly showed good cartilage regeneration developing from
the underlying bone (Figure 7(c)).

4. Discussion
Most studies addressing chondral regeneration use osteochondral defect models to achieve a reliable construct ingrowth
and integration. The defect depth of osteochondral defects in
minipig models usually ranges from 5 mm to 10 mm
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[15, 17, 27, 28]. The osseous trauma might be associated with the
formation of bone cysts due to an inﬂow of synovial ﬂuid or
accelerated bone resorption, even up to 12 months after implantation [20, 29, 30]. Femoral condyle defects show higher
cartilage repair, but also more subchondral bone cyst formation
and increased postoperative pain [20]. Only a few studies have
focused on regeneration of a full-size chondral defect without
creating an additional osseous trauma. This may be due to the
fact that the thin cartilage of <1 mm in most large animal
models makes retention of a precasted construct diﬃcult [31].
Despite similar mechanical properties, cartilage thickness diﬀers
from 1.5 mm in the porcine knee compared to 2.35 mm in
humans [16, 32]. Previous studies have shown even thinner
cartilage layers in minipigs of approximately 0.5 mm [17].
There is general consensus that creates layered constructs that mimic the native cartilage is crucial for cartilage
repair. To allow successful treatment of cartilage defects,
however, retaining these constructs is essential. To address
this issue, we tested several ﬁxation methods in vivo.
Fibrin glue is commonly used in experimental as well as
in clinical settings for ACI. Previous studies mainly focused
on direct injection of a cell-loaded ﬁbrin- or hydrogel
construct into osteochondral or chondral defects, with some
of the constructs covered with a collagen membrane [25, 33].
Fixation of constructs in chondral defects is far more difﬁcult compared to osteochondral defects. In an animal
model, even after 4 week immobilisation, neither ﬁbrin glue
nor ﬁbrin glue combined with a periosteal ﬂap achieved
suﬃcient implant ﬁxation in a chondral defect.
As shown in our experiments, ﬁbrin glue alone was not
suﬃcient to retain a precasted construct within a trochlear or
condylar chondral defect.
BioGlue is a surgical glue that is already in clinical use,
especially in the ﬁeld of cardiac and vascular surgery. It aims
to achieve hemostasis and to seal and reinforce soft tissue or
damaged parenchyma. Despite its clinical application, in
vitro studies have shown cytotoxic and proinﬂammatory
eﬀects, such as macrophage activation [34]. Macroscopic as
well as microscopic ﬁndings in our study reveal an obvious
degeneration of the surrounding cartilage as well as severe
lysis of the cortical structure of the subchondral bone. We
thus conclude that BioGlue is not suitable for ﬁxation in
cartilage repair, most likely due to the eﬀects of the glutaraldehyde component [35].
To determine whether the ﬁxation failure was mainly
caused by the biomechanical loading of the trochlear
groove, we compared osteochondral defects positioned in
the trochlear groove and the femoral condyles. There was
no signiﬁcant diﬀerence in ﬁxation stability between the
trochlear groove and the medial femoral condyle.
Osteochondral defects in the trochlear groove are known
to lead to less subchondral cyst formation and are
therefore the preferred defect location compared to
condyle defects. However, they also seem to bear the
disadvantage of an inferior capacity to form cartilage-like
tissue. In cartilage regeneration studies, the lower selfrepair capacity is of advantage to emphasize the eﬀect of
the implanted construct compared to a control defect.
These diﬀerences in healing capacity are most likely due
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Figure 6: μCT scans of osteochondral trochlea defects 12 weeks after implantation of diﬀerent hydrogels. μCT visualization revealing bone
lysis in all groups, scale bar: 2 mm (a). Bone volume/total volume was quantiﬁed in a volume of interest for each defect, and there was no
statistical signiﬁcance between the groups (b). To depict the loss of bone volume, BV/TV was compared to day 0 conﬁrming more severe
bone loss in defects treated with PCL-reinforced constructs compared to empty control defects. Mean percentage of bone loss ± SD per
group compared to day 0 defects. ∗: p ≤ 0.05 vs. empty control (ANOVA) (c).

to the diﬀerent biomechanical properties of both locations [20, 36]. The ﬂatter surface of the trochlear groove
compared to the anatomy of the femoral condyles is
another advantage for the experimental setting.

To avoid the additional trauma of a deep full-size
osteochondral defect, we created a defect of approximately
1 mm depth concurrent with our construct height. Therefore, we removed the chondral layer, including the calciﬁed
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Figure 7: Histology after 12 weeks in vivo. Histological evaluation using modiﬁed O‘Driscoll score by two blinded observers. Boxes
represent ﬁrst and third quartiles, medians are given as horizontal lines, and whiskers are maximal and minimal values. StarPEG and PAGE
n � 10, empty n � 4, and there was no statistical signiﬁcance between the groups, ∗: p ≤ 0.05 vs. empty control (ANOVA) (a). Best and worst
results per group according to histological scoring (mod. O‘Driscoll score done by two blinded observers). Toluidine blue staining; scale bar:
500 μm (b). Magniﬁcation of best constructs per group regarding cell morphology and metachromasia, toluidine blue staining; scale bar:
200 μm (c).

cartilage as well as approximately 0.5 mm of the subchondral
bone plate, creating a superﬁcial osteochondral defect.
Creating a superﬁcial osteochondral defect enabled us to
obtain the necessary depth for a press-ﬁt ﬁxation of our
construct, with only minor bleeding points. Another study
that created superﬁcial osteochondral defects used a

periosteal ﬂap, ﬁbrin glue, and/or platelet-rich plasma to
hold the engineered cartilage construct in place. In this
study, the periosteal ﬂap received the best results after 2
months. However, most implants that were glued in place
without a cover were lost despite an initial 4-week phase of
restricted joint movement [37], which is consistent with our
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ﬁndings. In our study, due to the stiﬀness of the reinforced
construct or the fragility of the hydrogel, covering did not
increase the retainment of the construct. A study by MainilVarlet created superﬁcial osteochondral defects and was able
to reduce implant loosening of press-ﬁt ﬁxed constructs
compared to chondral defects. Similar to our result, they
observed a high loosening rate in chondral defects of ∼50%,
compared to only 20% in superﬁcial osteochondral defects
[38]. In our study, the loosening rate was even lower, with
only 5% of the constructs loosened after 12 weeks.
Previous studies have shown that the use of ﬁbrin glue
led to distinctive cell inﬁltration in the subchondral bone
and inferior tissue quality compared to a ﬁbrin glue-free
control group [37]. Absence of an adhesive like ﬁbrin glue
allowed us to avoid any biocompatibility issues except for
those from the construct itself. This may be especially important due to the fact that ﬁbrin glue has shown to produce
negative eﬀects such as inferior tissue quality, lower defect
ﬁlling, and ﬁbrocartilage formation [14, 37].
PCL-collagen combined with BMSC has shown to
have a positive eﬀect on morphological outcomes of
cartilage-like repair tissue [36]. Furthermore, PCL has
been used for subchondral bone regeneration in combination with tricalcium phosphate (TCP) [39]. In our
opinion, the PCL-reinforcement is necessary to provide
higher stiﬀness, thus allowing a press-ﬁt ﬁxation into the
superﬁcial osteochondral defect. In addition, giving the
construct more ﬂexibility and stability compared to CCT,
PCL should also provide an adequately porous system,
allowing better integration of the scaﬀold. In our study,
this allowed a higher retention rate in chondral defects
compared to CCT-reinforcement. Studies have shown
that stiﬀ constructs improve bone regeneration more
than soft scaﬀolds [40]. In contrast to our study, Mancini
et al. did not achieve a reproducible retention with PCLreinforced hydrogels in horses, but only with PCL anchors. The authors created a deep osteochondral defect
for press-ﬁt ﬁxation of a PCL-reinforced construct into
the defect. They observed massive inﬂammation within
the ﬁrst 4 weeks after surgery, which most likely caused
severe bone loss, irrespective of the hydrogel used. As an
explanation, the authors discuss that these eﬀects may
have been caused by a xenogenic glue. This was an eﬀect
that we were able to eliminate in our ﬁnal study. The bone
loss observed in our study, therefore, may have been
attributed to mechanical stress, which might have been
enhanced due to the stiﬀness of our PCL-reinforcement.
While the defects were drilled under constant irrigation
and there was no indication for intraoperative heat
generation, we cannot reliably exclude an eﬀect of the
drilling process on the observed bone lysis.
The relatively short observation period of <3 months may
have been insuﬃcient to show full remodeling of the subchondral bone [14]. However, previous studies with osteochondral defects have also shown the presence of bone cysts
after one year [20]. Techniques that expose the subchondral
bone, such as the implantation of osteochondral scaﬀolds or
osteochondral allografts, may induce subchondral bone cyst
formation either through ﬂuid intrusion or bony contusion, as
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has been shown in an ovine defect model [41]. Nevertheless,
bone remodeling and or loss of bone matrix has also been
described for chondral defects [42].
Friedman et al. tried to identify a reliable ﬁxation for a
woven PCL scaﬀold in a chondral defect using press-ﬁt, ﬁbrin
glue, trans-chondral suture ﬁxation, or subchondral anchor
ﬁxation, in combination with microfracture of the subchondral
bone. They were able to achieve reliable retention of the scaﬀold
with subchondral anchoring, while none of the other methods
showed reproducible results (<50%). The insuﬃcient retention
in the press-ﬁt group was mainly attributed to the woven,
ﬂexible structure of the PCL-based construct. In combination
with the PCL, the authors observed subchondral bone lysis
surrounding the anchor [13].
In our study, there was no signiﬁcant diﬀerence in
cartilage repair between the two hydrogels (starPEG and
PAGE) and the empty control defects, indicating no signiﬁcant beneﬁt of defect treatment after 12 weeks. However,
in the starPEG group, more hydrogel fragments were found
within the defect area, and more of these hydrogel fragments
were cell-containing. These fragments may thus have a
longer eﬀect and impact on the regeneration process. Bone
loss, on the other hand, was similar in both hydrogels.
StarPEG, therefore, seems to be a more promising hydrogel
for future studies [43].
The use of nonzonal constructs did not lead to eﬀective
cartilage restoration in our study. Restoration of the subchondral bone plate, as well as the calciﬁed cartilage, however,
is deemed essential for a functional cartilage healing.
In order to pave the way for cartilage repair from bench to
bedside, the constructs must prove functional in daily clinical
routine and imperatively have to be easy to implant and show
reliable ﬁxation. Press-ﬁt ﬁxation meets these requirements and
has been clinically tested for osteochondral defects [44]. As a
result of the insuﬃcient cartilage thickness in minipigs, a superﬁcial osteochondral defect was essential for press-ﬁt ﬁxation
of our constructs. The greater cartilage thickness of human
cartilage might be suﬃcient for press-ﬁt ﬁxation without creating an additional osteochondral defect. However, removal of
the calciﬁed cartilage might prove important in osteoarthritis
due to the fact that the subchondral plate is usually thickened in
osteoarthritis, causing a diﬀerent mechanical property [45]. In
these cases, removing the subchondral plate and restoring its
properties might be essential for successful treatment of OA,
making the proposed superﬁcial osteochondral defect model a
promising large animal model for future studies. Albeit, more
studies are needed before introducing actual strategies combining constructs, cells, growth factors, and ﬁxation into clinical
use.

5. Conclusions
Superﬁcial osteochondral defects allowed successful press-ﬁt
ﬁxation of PCL-reinforced hydrogel constructs in the medial
trochlear groove of adult minipigs. In chondral defects, no
technique provided adequate ﬁxation in this model. Defects
treated with these constructs showed enhanced osteolysis in
the micro-CT analysis. Nonzonal constructs did not prove
superior to empty control defects.
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