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A B S T R A C T

Background: In spite of advances in the treatment of cartilage defects using cell and scaffold-based therapeu-
tic strategies, the long-term outcome is still not satisfying since clinical scores decline years after treatment.
Scaffold materials currently used in clinical settings have shown limitations in providing suitable biomechan-
ical properties and an authentic and protective environment for regenerative cells. To tackle this problem, we
developed a scaffold material based on decellularised human articular cartilage.
Methods: Human articular cartilage matrix was engraved using a CO2 laser and treated for decellularisation
and glycosaminoglycan removal. Characterisation of the resulting scaffold was performed via mechanical
testing, DNA and GAG quantification and in vitro cultivation with adipose-derived stromal cells (ASC). Cell
vitality, adhesion and chondrogenic differentiation were assessed. An ectopic, unloaded mouse model was
used for the assessment of the in vivo performance of the scaffold in combination with ASC and human as
well as bovine chondrocytes. The novel scaffold was compared to a commercial collagen type I/III scaffold.
Findings: Crossed line engravings of the matrix allowed for a most regular and ubiquitous distribution of cells
and chemical as well as enzymatic matrix treatment was performed to increase cell adhesion. The bio-
mechanical characteristics of this novel scaffold that we term CartiScaff were found to be superior to those of
commercially available materials. Neo-tissue was integrated excellently into the scaffold matrix and new col-
lagen fibres were guided by the laser incisions towards a vertical alignment, a typical feature of native carti-
lage important for nutrition and biomechanics. In an ectopic, unloaded in vivo model, chondrocytes and
mesenchymal stromal cells differentiated within the incisions despite the lack of growth factors and load,
indicating a strong chondrogenic microenvironment within the scaffold incisions. Cells, most noticeably
bone marrow-derived cells, were able to repopulate the empty chondrocyte lacunae inside the scaffold
matrix.
Interpretation: Due to the better load-bearing, its chondrogenic effect and the ability to guide matrix-deposi-
tion, CartiScaff is a promising biomaterial to accelerate rehabilitation and to improve long term clinical suc-
cess of cartilage defect treatment.
Funding: Austrian Research Promotion Agency FFG (“CartiScaff” #842455), Lorenz B€ohler Fonds (16/13), City
of Vienna Competence Team Project Signaltissue (MA23, #18-08)
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Large articular cartilage defects require biomaterial-supported cell
therapy to deliver and distribute regenerative cells at the site of carti-
lage loss and to initiate in vivo regeneration. Amongst a variety of strat-
egies using biomaterials with pre-cultivated or intraoperatively
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Research context

Evidence before this study

Biomaterial-supported cartilage defect treatment is the gold
standard of large chondral defect regeneration and leads to
improvement of clinical symptoms within the first postopera-
tive year. However, the recovery is often incomplete and reop-
eration was reported in up to 20% of the patients. In addition,
long-term studies reveal late deterioration of clinical parame-
ters (patient-reported outcome measures). The rare biopsies
available from transplanted areas show structural differences
of the formed tissue in comparison with native cartilage. A ran-
dom alignment of collagen is visible in fibrous tissues, which
might lead to secondary degradation due to insufficient biome-
chanics, fluid flow and nutrition. Since matrix alignment is
guided by scaffolding biomaterials and materials currently in
clinical use feature a random alignment, scaffold architecture
could be the reasons for inappropriate repair tissue formation.

Added value of this study

To our knowledge, this is the first study showing CO2 laser
engraving of cartilage in this high accuracy, depth and narrow
spacing, considering also beam damage and strategies to avoid
it, and furthermore achieving a clear chondro-supportive effect.

The decellularised cartilage scaffold developed in this study
provides a better load-bearing capacity than commercially
available materials, guides accurate matrix deposition and pro-
vides a cartilage-like architecture with authentic zonation
including the superficial zone. In addition, it supports chondro-
genesis, especially in the depth of the laser-engraved incisions.

Implications of all the available evidence

CartiScaff is a promising biomaterial to accelerate rehabilitation
due to earlier load-bearing and chondrogenic properties and
may have the potential to improve long term clinical success in
the treatment of cartilage defects.
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harvested chondrocytes, stem cells or progenitor cell populations, the
matrix-associated chondrocyte transplantation (MACT or MACI) is
the method established the longest with follow-up periods of up to
20 years [1-3]. Indeed, this treatment strategy leads successfully to
improvement of symptoms in most patients [2,4,5]. However, in long-
term observations, graft failures and reoperations in up to twenty per-
cent of the patients, occurring either early after implantation or after
several years, were reported [6-11]. Early graft failures often result
from insufficient rehabilitation or traumatic events after implantation
[1,12] while later deterioration may take place after several years,
even if clinical parameters had indicated a good performance in the
early phase [4,6,7]. The rare biopsies available from transplanted areas,
harvested in the course of clinically indicated reoperations or as exper-
imental endoscopic biopsies, reveal incompletely masked hyaline car-
tilage with random collagen alignment [13-15] and the formation of
fibrocartilage in a majority of defects [16,17]. This repair tissue differs
from native hyaline cartilage, which features completely masked colla-
gen fibres by incorporation of glycosaminoglycans (GAG) and a com-
plex collagen architecture with generally vertical alignment in deeper
regions, with fibrils bending towards the upper regions and being hor-
izontally aligned at the surface [18,19]. This particular structure is cru-
cial for biomechanics, fluid flow and nutrition [20-22], suggesting that
randomly organised regenerated matrix does not fulfil the require-
ments in the long run and probably leads to secondary degradation
and a late decline in clinical parameters. We hypothesise that this
inappropriate tissue formation mainly results from suboptimal scaf-
folds, and that an ideal biomaterial candidate for scaffolds should guide
accurate matrix deposition by its structure. In addition, it should pro-
vide a protective environment until articular cartilage tissue is rebuilt.
In fact, biomaterials currently in use for cartilage tissue engineering
often have a random architecture, are soft and prone to deformation
by cells or load [23,24]. Therefore, there is an urgent need for a bioma-
terial that retains its shape during the vulnerable phase of regenera-
tion and supports the formation of adequate matrix by structural,
compositional and biomechanical cues.

In search for such materials, obviously, articular cartilage itself has
the most natural properties in terms of mechanical behaviour and
composition. However, autologous transplants bear the disadvan-
tages of donor site morbidity and limited availability, while vital
allografts are also restrictedly available. Decellularised allografts offer
a promising alternative, however, the repopulation with host cells
has been found challenging, as the exceptionally dense cartilage
matrix restricts cellular ingrowth to outer regions [25-27]. Removal
of GAG did not result in sufficient porosity to repopulate the matrix
thoroughly [28]. Approaches to achieve matrix accessibility by physi-
cal perforation involved manual channel piercing with a needle or
incising by razor blades [29-31]. However, all these processes remain
rather laborious, difficult to standardise or scale-up and do not seem
feasible for clinical routine implementation.

For this reason, we hereby propose a concept for an automatised
approach of scaffold preparation, by using laser engraving to create
fine, well-defined structures into native cartilage. This process can be
performed with high precision and in a standardised fashion with
consistent quality and allows for large-scale production of an off-the-
shelf implant. While being widely used in industry for cutting, weld-
ing and engraving, also medical applications for CO2 lasers have been
established in various fields, such as dermatology [32], gynaecology
[33], dentistry and oral surgery [34,35] with hard and soft tissue
applications. Clinical applications for cartilage focus on auricular car-
tilage and involve ablation of the perichondrium, incisions or tar-
geted deformation of the tissue for otoplasty [36,37]. Recent
experimental studies involving CO2-lasered meniscal [38], temporo-
mandibular [39] tracheal [40] and first attempt for articular cartilage
[41] show promising results, mainly with porcine and rabbit carti-
lage. A concept of vital laser-engraved human articular cartilage as
allograft has been demonstrated by ProChondrix� (Allosource, Colo-
rado, United States), using laser engravings to facilitate cryopreserva-
tion and cell outgrowth. The advantage of this material is the natural
content of growth factors incorporated inside the matrix [42]. How-
ever, since the availability of allogenic material is restricted and the
quality dependent on the donor, a decellularised homologous matrix
might be a valuable alternative.

In this study, we aimed to develop a CO2-lasered allogenic carti-
lage scaffold with reproducible engraving patterns, featuring a maxi-
mum amount of deep incisions for accessing even deep scaffold
regions with little impact on matrix stiffness. This approach should
provide a biomaterial amenable to an off-the-shelf supply, scalable
production, and should have good handling properties to facilitate
application by the surgeon to maximise long-term benefits for the
patients.

2. Methods

2.1. Sample harvest

Macroscopically intact human articular cartilage was harvested
from femoral heads of donors undergoing femoral head replacement,
with the approval of the local ethical board and written personal
informed consent. Full-thickness non-calcified cartilage was sepa-
rated from the subchondral bone and biopsies of 8 mm in diameter
were prepared with a circular biopsy punch. These biopsies (discs)
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were washed with and stored in phosphate-buffered saline (PBS,
without Ca2+/Mg2+, BE17-512F, Lonza, Switzerland) plus Gentamycin
(15710049, Gibco, United States) and Amphotericin B (15290018,
Gibco, United States). Sample thickness standardisation was per-
formed with a Teixido cartilage cutter (MicroFrance� by Integra Life-
Sciences, United States) for 400 mm thick samples or a self-made
cartilage cutting device for 600 mm or 1 mm thickness. Therefore, the
cartilage discs were cut off the deep zone-side, leaving the superficial
layer intact.

2.2. Laser engraving

A first approach aimed to determine whether CO2 laser engraving
was a feasible method to generate structures of the desired dimen-
sion (large enough for reseeding but as small as possible; between 30
and 100 mm) and distribution (as narrow as possible for regular dis-
tribution of cells and nutrition of the cartilage matrix, but still provid-
ing enough stability) for cellular repopulation and estimate the
impact of thermal ablation on the residual cartilage matrix. Holes
were engraved into cartilage discs using a Trotec Speedy 300 (Trotec
Ltd, Austria) with a standard wavelength of 10.6 mm, a power of
30 W and a pulse frequency of 5000 Hz. They were lasered with a
speed of 42.6 cm/s and three runs in 600 mm thick cartilage, drawn
either with a diameter of 10 or 100 mm (at least three discs per
group). Effects on the cartilage matrix were evaluated via collagen
type II immunostaining.

To increase flexibility and cell/scaffold ratio, the holes were then
replaced by a grid pattern. To determine the minimal line spacing
(since overlap of the V-shaped incision would lead to cutting off the
surface) and maximum incision depth, parallel lines were engraved
300 mm, 500 mm or 1 mm apart. Full thickness cartilage was used (at
least three discs per group) in order to be able to experiment with
engraving depth without risking sample disintegration. The speed
was again set to 42.6 cm/s, runs ranged from one to nine. The incision
shape and the effects of the laser on the matrix were evaluated via
collagen type II immunostaining.

In order to achieve a grid incision pattern for the final scaffold
design, the line pattern was repeated in a 90° angle. Those scaffolds
were imaged with mCT and used for cell seeding, differentiation and
in vivo performance experiments.

2.3. Matrix pretreatment: devitalisation/decellularisation

Cartilage discs with laser-engraved patterns were either devital-
ised (mortification of cells) or decellularised (removal of cells and cell
remnants, “decell”) with subsequent glycosaminoglycan (GAG)
depletion (“decell-deGAG”) as previously developed [28].

For devitalisation, four freeze/thaw cycles (�20 °C / room temper-
ature) were performed, twice frozen dryly and twice frozen sub-
merged in hypotonic buffer (10 mM Tris-base, H5131, Promega,
United States, adjusted to pH 8.0 using HCl, K025.1, Roth, Switzer-
land). Decell-deGAG samples were also subjected to freeze/thaw
cycles and then incubated overnight in hydrochloric acid (0.1 M,
K025.1, Roth, Switzerland) for decellularisation followed by over-
night pepsin treatment (1 mg/mL, P7012, Sigma-Aldrich, United
States, in 0.5 M acetic acid, Merck, Germany) for selective matrix
depletion. Finally, samples were subjected to a 6 h incubation in
sodium hydroxide (0.1 M, 3738.1, Fluka/Sigma, United States). All
incubation steps took place under continuous shaking at 180 rpm
and 37 °C.

2.4. Mechanical compression test

Cartilage discs 1 mm in thickness, engraved within nine runs,
were subjected to mechanical compression analysis at different states
of preparation: without matrix pretreatment and after decell-deGAG
treatment. Native human articular cartilage and three commercially
available scaffolds � Chondro-Gide� (Geistlich, Switzerland),
TissuFleeceTM (Baxter, United States) and HyalograftTM (FIDIA
Advanced Biopolymers, Italy) - were tested for comparison. All sam-
ples, at least five per group, were punched to 8 mm diameter and
tested under the same conditions.

Mechanical compression was performed on a custom-made com-
pression set fitted on a Zwick BZ2.5/TN1S uniaxial testing machine
(Zwick GmbH & Co. KG, Germany) equipped with a 50 N load cell.
Before testing specimens were equilibrated in PBS for at least 24 h
and then placed inside a well of matching dimensions to mimic the
situation in the defect. After achieving a preload of 50 mN, data were
recorded and the samples compressed until 80% deformation with a
constant speed of 100 mm per minute. Compressive modulus was
calculated between 17 and 20% deformation.

2.5. mCT imaging

Laser-engraved devitalised as well as cell-seeded decellularised
and decell-deGAG scaffolds were prepared for mCT to evaluate the
grid pattern in a three-dimensional manner as well as visualise neo-
tissue integration within the crossed line incision. Samples were
fixed with 2.5% glutaraldehyde (49630, Sigma Aldrich, United States),
rinsed in 0.1 M sodium cacodylate buffer (12300, Electron Micros-
copy Sciences, United States) and post-fixed with 1% osmium tetrox-
ide (7436.1, Roth, Germany) and 0.07% ruthenium hexammine
trichloride (262005, Sigma Aldrich, United States). Then, samples
were rinsed and dehydrated in a graded series of alcohol and dried
with hexamethyldisilazane (440191, Sigma Aldrich, United States).
CT scans of the stained cartilage samples were performed using a
SCANCO mCT 50 (SCANCO Medical AG, Switzerland). Samples were
scanned with 90 kVp, 88 mA, 1500 projections, 600 ms integration
time and averaging 3 resulting in a resolution of 2mm per voxel.

2.6. Ethics of cell donors and animals

ASC were obtained from liposuction material with the written
approval of the ethical board of Upper Austria in 2014 (without a ref-
erence number) and collected on the base of a written personal
informed consent.

Human articular chondrocytes (hAC) were gained with the
approval of the local ethical board of the hospital of the Austrian
Workers' Compensation Board (AUVA EK 1/2005) and written per-
sonal informed consent, from patients undergoing femoral head
replacement.

Prior to the animal study, the experimental protocols were
approved (GZ: 982788/2015/13) by the City Government of Vienna
(municipal authorities MA 58 & 60) in accordance with the Austrian
law and the Guide for the Care and Use of Laboratory Animals as
defined by the National Institute of Health (revised 2011).

2.7. Cell culture

Human adipose-derived stromal/stem cells (ASC) as alternative
cell source for cartilage regeneration were used for the in vitro adher-
ence and differentiation experiments. ASC were, isolated from lipo-
suction material via collagenase digestion (Collagenase NB4,
S1745403, Nordmark, Germany) as described previously [43]. ASC
were cultured at 37 °C and 5% CO2 in our standard proliferation
medium (EGM-2, CC-3162, Lonza, Switzerland), which has been
tested before to retain the chondrogenic potential (unpublished
lab-internal standardisation tests). Medium was replaced twice
per week and cells were passaged at 70% confluence. In passage
three, ASC were harvested via trypsinisation and used for reseeding
experiments.
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For the in vivo experiment, immortalised human ASC (ASC/TERT1,
Evercyte GmbH, Austria), characterised in Wolbank et al. [44] were
used in order to avoid donor and passage variability. They were
expanded in the same way as the primary cells and passaged at 70%
confluence.

Bovine articular chondrocytes (bAC) used in the in vivo experi-
ment were gained from the femoral condyles and tibia plateau of
adult cows obtained from the local abattoir. The cells were isolated
via overnight incubation in collagenase (0.15%, 17101-015, Gibco,
United States, in DMEM, Gibco). They were cultivated in expansion
medium (DMEM, 41966-052, Gibco, United States, supplemented
with 10% FCS, P30-3302P+, PAN-Biotech, Germany, 50 mg/mL ascor-
bate 2-phosphate, 49752, Sigma-Aldrich, United States, 10 mM
HEPES, 15630106, Gibco, 5 mg/mL insulin, I6634, Sigma-Aldrich,
2 mM L-glutamine, BE17-605E, Lonza, 2 mg/mL Amphotericin B and
100mg/mL Gentamycin) overnight and used one day after isolation.

Human articular chondrocytes were gained from femoral heads of
five donors (two female and three male) with a mean age of 55 years.
Human chondrocytes were isolated via 1 h incubation in hyaluroni-
dase solution (0.1%, H3506, Sigma-Aldrich, United States in DMEM,
41966-052, Gibco, United States), 0.5 h in pronase solution
(10165913103, 0.1%, Roche Switzerland in DMEM) and overnight
incubation in a collagenase/papain mix (200 U/mL collagenase,
17101-015, Gibco, United States, and 1 U/mL papain, P4762, Sigma-
Aldrich, United States, in DMEM), then cultivated in expansion
medium (DMEM supplemented with 10% FCS, 50 mg/mL ascorbate 2-
phosphate, 10 mM HEPES, 5 mg/mL insulin, 2 mM L-glutamine, 2 mg/
mL Amphotericin B and 100 mg/mL Gentamycin). Cells were cryopre-
served in P0, thawed before the experiment and allowed to adapt to
culture for four days at 37 °C and 5% CO2, before seeding onto the
scaffolds. Cells of the five donors were pooled in order to reduce
donor variability and allow for a small animal group (according to
the 3Rs) in this very first animal experiment.
2.8. Cell adhesion on cartilage matrix with hole-shaped incisions

To test the cytocompatibility and reseeding efficacy of the laser
hole scaffolds, cartilage discs of 600 mm thickness were engraved
with the two dimensions of hole patterns (10 and 100 mm laser-
engraved diameter) and either devitalised or decell-deGAG-treated.
Then, the scaffolds (three per group) were transferred to 1.5 mL
screw-cap vials and preincubated in DMEM +20% fetal calf serum at
37 °C for 2 h. Each sample was seeded with 1*106 ASC in 1 mL EGM-2
and incubated at 37 °C under continuous rotation of 60 rpm for the
whole cultivation period. Medium was replaced three times per
week. Samples were harvested after one week and subjected to histo-
logical examination.
2.9. Cell adhesion and differentiation on cartilage matrix with crossed
line incisions

To test for cytocompatibility and cell adhesion of the laser grid
scaffold, cartilage discs of 400 mm thickness with engraved grid pat-
terns (three runs), were either devitalised or decell-deGAG-treated
and then transferred to 1.5 mL screw-cap vials and preincubated in
DMEM +20% fetal calf serum at 37 °C for 2 h. Three samples were
seeded with 1*106 ASC in 1 mL EGM-2 and incubated at 37 °C under
continuous rotation of 60 rpm for the whole cultivation period.
Medium was replaced three times per week. After one week, medium
was switched to chondrogenic differentiation medium, with a low
dose of growth factors of 1 ng/mL BMP-6 and TGFb3 (507-BP and
243-B3, both by R&D systems, United States), respectively (low-dose
differentiation medium), for two weeks. Samples were harvested
three weeks after reseeding. Presence of vital cells on the scaffolds
was examined via Calcein-AM staining (C3099, Thermo Fisher
Scientific, United States), adhesion to the scaffold was observed histo-
logically via AZAN staining andmCT.

For in vitro differentiation tests, three decell-deGAG scaffolds of
400mm thickness with engraved grid patterns (three runs) were pre-
incubated in DMEM +20% FCS and seeded with 1*106 ASC in EGM-2
per sample. Cultivation took place under continuous rotation at
60 rpm and 37°C during the first 3 days after reseeding, then samples
were cultivated statically at 37 °C and 5% CO2. Medium was changed
three times per week. One week after reseeding, the medium was
switched to differentiation medium supplemented with 10 ng/mL
BMP-6 and TGFb3. Samples were harvested five weeks after reseed-
ing (4 weeks after switching to differentiation medium) and sub-
jected to histological examination.
2.10. In vivo cultivation in an osteochondral plug model

To examine the performance of CartiScaff in vivo in a cartilage
defect environment, reseeded scaffolds were implanted into experi-
mental cartilage defects in osteochondral plugs and kept subcutane-
ously in nude mice [45].

Therefore, osteochondral plugs of 1 cm in diameter, with a carti-
lage thickness similar to human knee cartilage, were harvested from
the tibial plateau and the femoral condyles of bovine knee joints
obtained from the local abattoir. Full thickness cartilage defects were
prepared using a 4 mm biopsy punch. In a preliminary experiment,
four unseeded scaffolds (decell-deGAG treated cartilage discs) were
implanted into the defect and tested in the nude mouse model under
the same conditions as hereby described, to check for cell invasion
from the plug or host.

Decell-deGAG scaffolds with engraved crossed line incision pat-
terns, 4 mm in diameter and either with a thickness of 600 mm
(engraved with five runs, 500 mm spacing) or 1 mm (nine runs, 500
mm spacing), depending on the defect depth, were prepared. Before
seeding, they were preincubated in DMEM +20% FCS. Scaffolds were
either seeded with 0.25*106 bovine or aged human chondrocytes or
human immortalised ASC/TERT1.

Since ASC require the combination of TGFß3 and BMP-6 to com-
mit to the chondrogenic lineage [46], seeding of ASC was performed
three weeks before implantation. Seeded scaffolds (nine) were culti-
vated under continuous rotation, one week in EGM-2 and two weeks
in chondrogenic differentiation medium supplemented with
10 ng/mL BMP-6 and TGFb3. Thereafter, six (out of nine) implants
were transferred into the defect and implanted subcutaneously into
the nude mouse. The other three implants were subjected to histo-
logical examination as control.

Chondrocytes were seeded onto the scaffolds (three with bAC, six
with hAC) immediately before implantation. Therefore, 2/3 of the
cells were directly delivered to the defects and 1/3 of the cells pipet-
ted onto the scaffolds which was immediately afterwards implanted
into the defects. Collagen type I/III scaffolds (Chondro-Gide�) of
4 mm diameter were seeded and implanted in the same way (two
with hAC) and served as commercial control. Two empty control
defects were used as reference from a previous study. Sample size
was chosen according to our previous study with this animal model
[45]. The number of controls was low due to the knowledge already
generated in previous studies. The presented groups were randomly
assigned as part of a larger study, the number of animals necessary
for the presented study groups was 9.

The interface of the scaffolds and plugs was covered with fibrin
sealant (1502524, ARTISS, Baxter, United States) in order to stabilise
the scaffolds in the defect and the plugs were kept submerged in
expansion medium overnight at 37 °C and 5% CO2. The day after,
plugs were implanted subcutaneously into 10-weeks-old female
athymic NMRI nude mice (Naval Medical Research Institute; Charles
River, Sulzfeld, Germany). As described previously [45].
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After arrival of animals from the breeder, animals were kept for
acclimatisation for at least two weeks before intervention. Mice were
anaesthetised with isoflurane (2�3%, AbbVie, Austria) and two 1 cm
incisions were made paramedian on the left and right side of the
back. The osteochondral plugs were placed in subcutaneous skin
bags, one on each side of the back. Two different groups were com-
bined within one animal according to a plan prepared in advance.
Randomisation was done by the incidental order by which animals
were taken out of the cage. The incisions were closed by using 6-0
absorbable monofilament sutures (Monosyn, B Braun, Spain). All
mice received 1 mg/kg meloxicam (Metacam�, Boehringer Ingelheim,
Germany) orally two hours before surgical intervention and for
4 days (S.I.D.) after the operation to alleviate pain and discomfort.
The PI but not the surgeon or the animal care attendant was aware of
the groups. Animals were kept in groups of five with a stripe-code on
the tail. Persisting inflammation at the implant site or pain were the
criteria to exclude animals from the study but no animal had to be
excluded. After 6 weeks, the animals were sacrificed by using deep
inhalation anaesthesia with isoflurane followed by cervical disloca-
tion. The osteochondral plugs were explanted and subjected to histo-
logical examination.

2.11. Histological examination

Immediately after harvest, samples were fixed overnight in 4%
neutral buffered formalin (P087.3, Roth, Germany), rinsed in water
and dehydrated with a graded series of alcohol from 50% to 100%
EtOH. For decalcification, osteochondral plugs were immersed in
USEDECALC decalcification solution (40-3310-00, Medite, Germany)
for five weeks with weekly change of the solution. Before embedding,
cartilage discs and the osteochondral plugs were cut in half, infil-
trated with xylol (CN80.5, Roth, Germany) and embedded in paraffin.
3�4 mm thick sections were cut with a rotary microtome (MICROM
HM355S by Thermo Fisher Scientific, United States), mounted on a
glass slide and deparaffinised. Then sections were stained according
to the research question: In order to analyse the distribution of the
seeded cells on the scaffolds, sections were subjected to AZAN stain-
ing displaying cells in intense red and the collagen matrix in blue. For
visualisation of fibre orientation, samples used for standard polarised
light microscopy (PLM) were stained with picro sirius red while sec-
tions undergoing quantitative polarisation microscopy (qPLM)
remained unstained. In order to examine the matrix composition,
Alcian blue (0.1% in 3% acetic acid at pH 2.5) was used for glycosami-
noglycan detection with haemalaun (T865.3, Roth, Germany) coun-
terstaining staining the cell nuclei. Collagen type I and II was
distinguished with immunolabelling (collagen type II clone 2B1.5,
MA5-12789, or 6B3, MA513026, both Thermo Fisher Scientific,
United States, collagen type I PA126204, Thermo Fisher Scientific,
United States) either in separate sections or in a double staining. Mac-
rophages were identified with CD68 immunolabelling (ab125212,
Abcam, Great Britain), other immune cells such as lymphocytes, gran-
ulocytes or monocytes via CD45 (ab10558, Abcam, Great Britain).
Degraded and partially degraded collagen type II was visualised via
CTX-II immunostaining (PAA686Hu01, Cloud-clone Corp, United
States).

The immunohistochemistry sections were treated with BLOXALL
(SP6000, Vector Labs, United States) to block endogenous peroxidase
and alkaline phosphatase. Antigen retrieval was performed either
with citrate buffer (pH 6) for collagen type I, CTX-II and CD45 or pep-
sin (pH 2) for collagen type II, CD68 and collagen type I for double
staining. The primary antibodies were incubated 1:500 (collagen
type I), 1:100 (collagen type II and collagen type I for doublestaining,
CD45), 1:700 (CTX-II) or 1:200 (CD68,) for 1 h at room temperature.
The polymer labelled secondary antibodies (KL DPVR110HRP, Bright
vision poly HRP; VWR, United States, anti-rabbit for collagen type I
and KL DPVM110HRP anti-mouse for collagen type II) were incubated
for 30 minutes at room temperature followed by the ImmPACT
NovaREDTM peroxidase substrate kit (SK-4805, Vector Labs, United
States) for development of the colour reaction with the polymer sys-
tem. Counterstaining war performed with haemalaun (T865.3, Roth,
Germany). In the double staining ImmPRESS AP reagent (MP-5402,
Vector Labs, United States) was used as secondary antibody to colla-
gen type II and incubated for 30 min at room temperature before
detection with Vector red alkaline phosphatase (Red AP) substrate kit
(SK-5100, Vector Labs, United States). Images were taken with an
E800 Nikon laboratory microscope equipped with a NIS software and
first histological analysis and CD68 quantification were done blinded.

2.12. Quantitative polarized light microscopy (qPLM)

Paraffin sections were prepared as described for histology, then
deparaffinised and analysed without staining. The system consists of
a transmitted light microscope, equipped with an interference filter
(green) with a circular polariser on the illumination side and a rotat-
ing linear polariser and a CCD camera at the detection side [47]. Back-
ground correction was performed to ensure uniform illumination.
The linear polariser was rotated at 0°, 45°, 90° and 135° with respect
to a horizontal reference. By comparing signals from the different
angles, the average orientation of the polarisation axis with the
greater index of refraction (the slow axis) was determined for each
pixel (0.5mm) and assigned to a colour range for visualisation.

The horizontal reference was defined as -35° to the sample sur-
face to avoid fibre alignments being close to 0° and 180°, which
would give a black/pink noise due to those angles being effectively
the same but assigned different colours. Fibre alignment was quanti-
fied by sorting the colours into one of nine angle ranges (20° each)
via a script using FIJI [48] with the plugin boneJ [49].

2.13. Biochemical assays

DNA and GAG content of the scaffolds (400mm,r 600mm or 1 mm
in thickness, 6 scaffolds per group) before and after the decell-deGAG
treatment were assessed using the CyQUANT� Cell Proliferation Kit
(C7026, LifeTechnologies, United States) and the dimethyl methylene
blue (DMMB) assay [50] respectively. Twelve untreated human artic-
ular cartilage biopsies served as control.

Samples were digested with papain according to a protocol
adapted from Kim et al. [51] For DNA quantification, digested sam-
ples were incubated with RNAse (R5125, Sigma Aldrich, United
States) for 30 min before adding CyQUANT GR dye. Fluorescence was
measured at 480ex/520em on a TECAN Infinite 200 reader (Tecan
Group AG, Switzerland) in 96-well plates (Greiner, Austria). Measure-
ments were performed in duplicate and DNA content was calculated
using linear regression to a standard curve (DNA sodium salt from
calf thymus, D3664, Sigma Aldrich, United States).

For the DMMB assay, digested samples were diluted with PBS-
EDTA and dimethyl methylene blue was added, resulting in meta-
chromatic changes in absorbance that were detected at 530 and
590 nm. The GAG content was calculated via linear regression to a
chondroitin sulphate standard (C4384, Sigma Aldrich, United States).

2.14. Quantification and statistics

The program Graph Pad Prism (version 6) was used for statistical
analysis and normal distribution of the data was assessed by Shapiro-
Wilk-test. Mechanical compression data of the most relevant groups
were compared. Since for one out of four groups the assumption of
normally distributed values was rejected, Mann-Whitney-U-Tests
were performed. Data were displayed as Scatter plots with mean and
standard deviation.

To assess the presence of CD68-positive cells in the different
groups cultivated in vivo, quantification of the CD68 positive area per
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incision for three incisions per scaffold was performed via a script
using FIJI [48], which segmented positive and non-positive areas via
a colour threshold. Data were displayed as Scatter plots with mean
and standard deviation. One of the groups had zero-values only
(bone marrow group), therefore a Kruskal- Wallis ANOVA by rank
was performed. Since the ANOVA indicates that at least two groups
differ significantly from one another (p<0.05), pairwise comparisons
were performed using Mann-Whitney-U-Tests.

In order to quantify the number of laser incisions bearing differen-
tiated neo-cartilage tissue, each single incision was evaluated. On his-
tological paraffin sections of all six samples per group the number of
collagen type II positive incisions was counted and compared with
the amount of total incisions and evaluated separately for chondro-
cytes and ASC.

2.15. Data sharing

The raw datasets generated within this study are available on
request from the corresponding author.

2.16. Role of funders

The funders were not involved in any of the steps of the study
(study design, analysis data interpretation) or in the writing of the
manuscript.

3. Results

Within this study, a CO2 laser was chosen to make dense cartilage
matrix accessible for repopulation with cells, which is essential for an
application as scaffold for cartilage regeneration. Hole, line and grid
patterns were tested and the laser-engraved scaffolds were subjected
to either devitalisation or decellularisation and GAG depletion and
examined for effects on cell adherence and matrix generation. Scaf-
folds with engraved grid patterns were finally chosen for follow-up
experiments and tested for their mechanical characteristics. The
chondrosupportive qualities of laser-engraved decell-deGAG scaf-
folds were demonstrated in vitro and in vivo in an osteochondral plug
model.

3.1. Generation of high precision laser incisions into human cartilage

In a first step, holes of different sizes were engraved into human
articular cartilage discs of 600 mm thickness and subjected to histo-
logical examination. Circles lasered with a diameter of 10 mm
resulted in holes of about 100 mm in diameter due to thermal abla-
tion, and circles of 100 mm in diameter led to a hole diameter of
about 250 mm. AZAN staining for visualizing intact cartilage matrix
in blue, showed an intensely stained red ring of about 10�20mm lin-
ing the edge of the holes (Fig. 1A, B). Immunohistochemistry of colla-
gen type II revealed that the tissue surrounding the holes was
unstained, hence appearing like a halo in the range of 150 mm
(Figs. 1B, S1). Both, the unstained halo and the ring of dense matrix
vanished after decellularisation and GAG-depletion (Fig. 1B).

To test for cytocompatibility of the lasered cartilage matrices and
the possibility to repopulate holes of different diameters, ASC were
seeded onto devitalised (freezing only) or decell-deGAG
(devitalised + HCl-pepsin-NaOH) treated scaffolds. All holes of both
tested sizes were successfully repopulated, and after one week in cul-
ture a loose tissue was formed inside holes of both pretreatments
(Fig. 1C). However, on devitalised scaffolds still containing the dense
matrix ring, the cells were not directly attached but in a distance to
the surface, connected only with few cell protrusions and matrix
fibres to the surface of the hole. In the decell-deGAG pretreated carti-
lage samples lacking the dense matrix ring, cells adhered closely to
the surface of the hole and also had access to the very superficial
empty lacunae fusing with the hole. On the decell-deGAG treated
matrix, cells appeared more polygonal and roundish and less spin-
dle-shaped than on only devitalised tissue.

3.2. Optimisation of cell to scaffold ratio by crossed line incision pattern
engraving

To further increase the cell to scaffold ratio and to obtain greater
flexibility, the hole-shaped incisions were replaced by a line pattern
which was then further adapted to a grid pattern for biomechanical
testing and reseeding. Based on the laser parameters for the hole pat-
terning, different settings were tested to determine the minimal pos-
sible line spacing and maximum incision depth.

The CO2 laser-engraved V-shaped incisions with an upper width
of about 150 to 200 mm and an angle which was steeper in deeper
incisions than in flatter ones. With the chosen laser settings the num-
ber of laser-runs was directly proportional to the incision depth,
ranging from 100 mm at one run to 900 mm at nine runs in 1 mm
thick samples (Figs. 2, S2). A spacing of 300 mm was possible in 400
mm thick samples while thicker cartilage needed a distance of 500
mm for incisions without overlap.

The settings established for the line patterns could be transferred
to a crossed line (grid) pattern without adaptations, resulting in a
maximum of surface area and sample flexibility. The final scaffold
featured a highly regular topography with deep incisions (Fig. 3A�C
and supplementary video) and was termed CartiScaff. Indeed, ASC
did well adhere and fill up the grids as visualised by Calcein-AM
staining (Fig. 3D).

When lasered cartilage matrices were decell-deGAG treated, DNA
content reduced from 889 +/�151 dry weight to an overall mean of
51 +/�6 ng/mg, of which the 400 mm thick samples reached 48
+/�10 ng/mg, the 600 mm thick samples 64 +/�4.4 ng/mg and the
1 mm samples 41 +/�3.8 ng/mg. The GAG content was lowered from
145 +/�15 to a quite constant value of 13 +/�2.1 mg/mg dry weight
in the three scaffold thicknesses (Fig. 4). The surface of the decell-
deGAG treated scaffolds appeared wavier and slightly looser and, as
the bulk material, was completely deprived of GAG (Fig. S1).

3.3. High compressive modulus suggests suitable biomechanical
characteristics of CartiScaff

The impact of the engraved grid patterns with and without decell-
deGAG treatment on mechanical characteristics was examined in
comparison to native cartilage via compression analysis using sam-
ples of 1 mm thickness. The strain stress curves (Fig. 5A) showed that
untreated cartilage reached the preset maximum load of 800 kPa at
60% deformation while laser-engraved scaffolds deformed 70% until
reaching the maximum load. The decell-deGAG procedure caused
further loss in stiffness, reaching 80% deformation at a load of 284
+/-26 kPa. Calculated at a physiologically relevant compression of
17�20% deformation, compressive modulus was highest for
untreated cartilage (971 +/�138 kPa) while laser-engraved cartilage
retained more than half of its native compressive modulus (494
+/�131 kPa) and laser-engraved decell-deGAG cartilage about one-
tenth (8.9%; 86 +/�42 kPa). This left the final scaffold, CartiScaff, still
more than 14 times stronger than the stiffest of the three tested com-
mercial scaffolds (Chondro-Gide�), featuring a compressive modulus
of 6 +/�3 kPa which is 0.6% of the native cartilage (Fig. 4B).

3.4. Scaffolds engraved with crossed lines are well suited for cell
adhesion and differentiation of ASC

To test CartiScaff in terms of cytocompatibility, adhesion and dif-
ferentiation experiments, scaffolds were seeded with ASC and ana-
lysed after three weeks of cultivation.



Fig. 1. Laser-engraved holes: effects onmatrix and reseeding. a) Laser engraving enables the generation of highly regular hole patterns. b) The laser process leads to matrix densi-
fication along the edge visible as red ring on AZAN staining (arrow) and altered collagen type II immunoreactivity surrounding the holes (asterisk). Both effects disappeared after
decell-deGAG treatment, even though leaving the collagen staining slightly less intense than untreated, unlasered native cartilage (n > 3). c) All types of holes (100 mm, 250 mm
diameter, devitalized, decell-deGAG) are successfully repopulated, yet on devitalized samples cells are in a distance to the densified scaffold surface (arrows) with few fibrous con-
nections (magnification); on decell-deGAG samples repopulation begins at the scaffold border and cells invade accessible lacunae (square and magnification thereof); n = 3.
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Calcein-AM staining demonstrated ASC to be vital on all samples
and present on the scaffold’s surface as well as inside the laser-
engraved structures (Fig. 3D). Histological examination showed the
incisions to be filled with cells and newly deposited matrix after the
three weeks culture period in proliferation followed by low dose dif-
ferentiation medium. Concerning adherence, the same observation as
with the seeded holes in Section 3.1 was made on samples with
lasered grid patterns. On devitalised scaffolds, neither cells nor the
endogenously produced matrix adhered tightly to the scaffold matrix
indicated by both histology and mCT images, which revealed gaps
between the newly formed matrix and the scaffold surface (white
interspace in histology and black interspace in mCT; Fig. 6A, B). Even
though these gaps are most probably induced by tissue shrinking
during dehydration for imaging, it indicates weak bonding of the
newly formed tissue. However, on decell-deGAG scaffolds the neo-
tissue adhered tightly to the cartilage matrix, and cells invaded
empty chondrocyte lacunae that have been made accessible by the
laser cut. The collagen fibres of the neo-tissue seemed to merge with
the cartilage of the scaffold creating a continuous transition (Fig. 6A).
Based on these promising observations, only decell-deGAG scaffolds
were included in following reseeding experiments.
To demonstrate de novo cartilage formation on CartiScaff (decell-
deGAG treated) with engraved crossed line incisions ASC were
seeded and cultivated in vitro under chondrogenic conditions in the
presence of high dose of chondrogenic growth factors (10 ng/mL
TGFß3, BMP6). After five weeks, histology showed that grids were
filled with a hyaline-like neo-cartilage tissue, staining positive with
Alcian blue for GAG and immunostaining for collagen type II (Fig. 6C).
This neo-cartilage had intense contact to the scaffold matrix and was
well-integrated into the incision. Polarised light microscopy of picro-
sirius red stained sections showed the tendency of fibre alignment
parallel to the incision surface with a vertical alignment within the
incision centre, which is the same orientation as in the scaffold and
the native articular cartilage once implanted into a defect (Fig. 6C).

3.5. CartiScaff in an ectopic osteochondral plug model in vivo
demonstrates regenerative potential

In order to get a first experience on the performance of the scaf-
folds combined with cells in an osteochondral environment in vivo,
the unloaded ectopic nude mouse (NMRI) model was used. Therefore,
artificial cartilage defects were generated in bovine osteochondral



Fig. 2. Laser-engraved line pattern: direct relation between increasing laser runs
and increasing incision depth. Collagen type II stained cross-sections of cartilage tis-
sue subjected to laser engraving a) 3 runs, b) 6 runs and c) 9 runs. There is hardly any
effect on the incision width on surface level or the amount of collagen type II denatur-
ation. n > 3.

Fig. 4. DNA and GAG quantification of the laser-engraved, decellularised and GAG-
deprived cartilage matrix. DNA content is reduced from 889+151 to 51+/�6 ng/mg
dry weight: to 48+/�10 ng/mg in 400 mm thick samples, 64+/�4.4 ng/mg in 600 mm
thick samples to 41 +/�3.8 in 1 mm thick samples. GAG content is lowered from 145
+/�15 to 13+2.0 mg/mg dry weight. Red line at 50 ng/mg in the DNA control marks the
threshold of decellularisation. control n = 12; lasered and lasered decell-deGAG sam-
ples n=6. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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cylinders, filled with the lasered scaffolds together with either bovine
or human chondrocytes or ASC/TERT1 and implanted subcutaneously
into the nude mice. Bovine chondrocytes, as cells with a high regen-
eration potential, were used for a first experiment. In order to repre-
sent the clinical situation more closely, in a second in vivo
experiment, human chondrocytes were chosen as tissue-specific cell
type and human ASC/TERT1 as alternative cell source. A commercial
collagen type I/III scaffold was used for comparison with a material
used in clinics. Scaffolds without cells and empty defects were
implanted as controls.

After six weeks in vivo, cylinders were recovered and their macro-
scopic examination suggested no defect filling in controls without
scaffold (Fig. 7A), but a completely filled defect with a smooth surface
formed by the still intact scaffold (Fig. 7B). A cross-section through
Fig. 3. Laser-engraved crossed line incisions: spatial appearance. a) Macroscopic top
view and b) side view of cartilage biopsy with laser-engraved cross-wise line incisions
and c) mCT giving a three-dimensional impression of the precise and highly regular
grid pattern. d) Calcein-AM staining of ASC seeded on laser-engraved cartilage disc
showing a high density of vital cells inside the incisions.
the plug showed the whole depth of the defect to be filled with the
scaffold and de novo formed tissue (Fig. 7C).

The freshly isolated bovine chondrocytes retained their differenti-
ated character and formed a dense tissue, rich in collagen type II
(Fig. 7D) and glycosaminoglycans (Fig. S8). This tissue showed firm
integration with the scaffold material � more than with the
Fig. 5. Influence of engraved grid patterns and final scaffold pretreatment on com-
pressive stiffness and modulus. a) Native cartilage reaches 61 +/�4 % and lasered car-
tilage 74 +/�2 % deformation at the maximal load of 800 kPa while decell-deGAG
scaffolds is deformed 80% with 284 +/�26 kPa. 80% ChondroGide-deformation is
already reached with 88 +/�20 kPa. b) At 17-20% deformation, compressive modulus
of cartilage with laser-engraved grid patterns is reduced to 51% compared to native
cartilage. Laser-engraved decell-deGAG cartilage retains 6�16% of its native compres-
sive modulus, leaving it 10 to 26 fold stronger than the commercially available con-
trols; data shown as mean + SD. * P = 0.05, n = �5 (Mann-Whitney-U-Tests).



Fig. 6. In vitro seeding tests on cartilage with laser-engraved grid patterns. a) AZAN staining and b)mCT imaging of ASC on laser-engraved cartilage scaffolds after oneweek of culti-
vation in proliferation medium followed by two weeks of low dose differentiation medium. On devitalised samples (left) a gap remains between de-novo matrix and the scaffold surface
(arrow), while on decell-deGAG treated samples (right) cells adhere tightly to the scaffold matrix. c) After five weeks cultivation of ASC on decell-deGAG treated scaffolds in differentiation
medium, (immuno-)histochemistry reveals the presence of neo-cartilagewith a densematrix staining for collagen type II and GAG (Alcian blue) and fully integratedwith the scaffoldmatrix.
Polarization light microscopy of picro sirius red stained samples shows collagen fibres aligned along the cutting edges and perpendicular to the cartilage surface (insert). Representative con-
secutive sections; n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surrounding cartilage where a gap was visible at the interface to the
defect bottom. Despite the scaffold being intact, lacunae in close
proximity to the lasered surface were invaded by the bovine chon-
drocytes surrounded by intensely stained collagen type II (Fig. 7D).
Fig. 7. Performance of reseeded scaffolds in an osteochondral defect model in vivo. Ma
empty in the control group, while b) defects filled with reseeded scaffolds feature a smooth s
with scaffold and new matrix. d) The histological overview sections show the scaffolds and
neo-tissue derived from bovine chondrocytes (bAC) stains regular and intensely, human cho
effect). Bone marrow invading from the subchondral space of the plug forms an intensively
when chondrocytes or ASC/TERT1 fill the incisions. At some sites collagen type II producing c
Human chondrocytes were seeded after short in vitro expan-
sion of about one week. After six weeks inside the defect they
formed a loose tissue, filling the space between scaffold and
defect as well as inside the incisions (Figs. 7D, 8A, S4). However,
croscopic images reveal that after six weeks the experimental defects a) appear to be
urface. c) Cross-section through the osteochondral plug proving the filling of the defect
neo-tissue within the defects and differences in distribution of collagen type II. While
ndrocytes (hAC) or ASC/TERT1-derived matrix stains strongest within the incisions (tip
stained hyaline tissue all over the defect. The incision edges are more irregular than

ells are visible inside the scaffold close to the incision edge (arrows). n = 6.



Fig. 8. Chondrocytes (hAC), ASC/TERT1 or bone marrow cells in the incisions of decell-deGAG treated scaffolds with laser-engraved grid patterns in vivo. (Immuno-)Histo-
chemistry shows a a) regular distribution of cells inside the incisions and b) newly synthesized matrix. Human chondrocyte-derived matrix displays a gradient of increasing staining
intensity of collagen type II (Coll2=brown in single-staining) within the incisions (tip effect) and a dominance of collagen type II staining over collagen type I in the double staining
(Coll2=pink, Coll1=brown in double-staining). A gradient towards the tip is also visible for GAG in Alcian blue staining. In the ASC/TERT1-seeded scaffolds collagen type II is found
along the whole incision with slightly increasing density towards the tip but still generally weaker staining in comparison to the chondrocyte group. Also in the double staining col-
lagen type I is more dominant (brown instead of red in Coll1/Coll2 double staining) and the GAG-staining faint (Alcian blue). Matrix derived from invaded bone marrow cells stains
regularly and strong for collagen type II without any visible collagen type I staining (only pink Coll1/Coll2 double staining) and strong GAG (Alcian blue) staining. In all groups some
cells invaded empty lacunae inside the scaffold matrix (arrows). c) Staining of CD68 positive cells (arrows) indicates the presence of macrophages in the ASC/TERT1 and hAC group
but not in the dense, bone-marrow involving neo-cartilage. n = 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. Localisation of degraded collagen type II (CTX-II; arrows) at the edge of the
scaffold or in the circumference of invading cells. Incisions of CartiScaff implanted
in osteochondral defects with bone marrow (left), hAC (top) and bAC (below) and kept
for six weeks in vivo.

10 S. N€urnberger et al. / EBioMedicine 64 (2021) 103196
inside the incisions the neo-tissue was positive for collagen type
II especially along the incision edges, with increasing intensity
towards the incision tips, an observation that we term “tip effect”
(Figs. 7D, 8B). This phenomenon was found in 52% of all incisions.
The hyaline and the fibrous tissue showed good integration with
the scaffold and some empty lacunae near the surface were
invaded by individual cells (Figs. 7D, 8B).

ASC/TERT1 were precultivated for 3 weeks on the scaffold, two
of which in the presence of chondrogenic growth factors. After
the three weeks of precultivation, ASC/TERT1 showed no sign of
differentiation, when examined by (immuno)histochemistry (Fig.
S3). Yet, after six weeks of in vivo expansion, similar to the
human chondrocytes, collagen type II positive tissue was found
inside the incisions (83% of all incisions) with less intense stain-
ing than the human chondrocytes but more homogenous distri-
bution inside the incision (Figs. 8B, S4). Overall GAG staining was
weak, the matrix appeared more fibrous (Fig. 8A, B) and collagen
type I was more dominant (outshining collagen type II in the
double staining; Fig. 8B) indicating that the cells were not yet
fully chondrogenically differentiated. No morphological signs of
osteogeneses (hypertrophy, trabecular structures) were visible.

In the commercial scaffold seeded with human chondrocytes, cells
were distributed, yet no collagen type II or GAG stained neo-tissue
was visible (Fig. S5). After six weeks in the ectopic in vivo setting, the
horizontally arranged fibres of the collagen type I/III matrix appeared
loose and partially disintegrated.

In the empty control defects there was little fibrous tissue present
associated with small interconnections with the subchondral bone,
and in one case a hyaline-like cell aggregation, suggesting an origina-
tion from bone marrow (preliminary tests, data not shown). Also, in
two samples of the reseeded groups, bone marrow appeared to
invade from the subchondral space and produced the typical bone-
marrow-derived cartilage matrix, with a homogenous appearance,
highly positive for collagen type II and GAG and excellent integration
with the scaffold (Figs. 7D, 8A, B). The incision edge was substantially
degraded and structurally altered in this bone marrow group
(Figs. 7D, 8A, B), while degraded collagen type II (CTX-II) within the
generally intact matrix was detected in all cell groups, either at the
incision edge or around invaded lacuna (Fig. 9). Intact collagen type II
was also observed within invading cells and lacunae inside the scaf-
fold (Figs. 7D, 8B).

Since there was obvious bone marrow invasion at least in some
samples (Fig. S6), CD68 and CD45 staining were performed to assess



Fig. 10. Macrophage quantification via CD68 positive areas within the incisions.
Most staining is present in the ASC/TERT1 (ASC) group followed by the hAC group. In
bAC only one and in the bone marrow group no incision contains positive areas. data
shown as mean + SD. ** P = 0,0036 *** P < 0,0001 (Mann-Whitney U test) ASC/TERT1
n = 19; hAC n= 18; bAC n= 6; BM n= 6.

Fig. 11. Collagen fibre alignment inside the neo-cartilage. a) Collagen type II stain-
ing (same sites as in Fig. 8B) and the corresponding qPLM images, with the fibre orien-
tation for each pixel (0.5 mm) assigned to a colour range. b) Quantitative distribution
of fibre orientation reveals relatively regular fibres alignment inside the engraved inci-
sions (orange curve), corresponding to the alignment inside the scaffold (black curve),

S. N€urnberger et al. / EBioMedicine 64 (2021) 103196 11
whether macrophages and leucocytes were present inside the neo
tissue. Interestingly, CD45 and especially CD68 positive cells were
found in incisions with incomplete chondrogenesis, invading the
defect through interruptions in the integrity of the osteochondral
interface (Fig. S7), but were absent in the well differentiated neo-car-
tilage supposedly formed by bone marrow-derived neo-cartilage
(Figs. 8C, S7). Quantification of the CD68 positive areas (Fig. 10)
underlines this observation, with the area being highest in the ASC/
TERT1 group where cells have been shown to be not yet fully differ-
entiated, and lowest in the bovine chondrocyte group and in defects
invaded by bone marrow, where collagen type II deposition was
most pronounced. qPLM imaging as well as quantitative image analy-
sis demonstrated that the orientation of fibres inside the engraved
incisions corresponded well to the orientation inside the scaffold in
all groups, with more than half of the fibres being aligned at an angle
of 80° to 100° to the scaffold surface, most noticeable in matrix pro-
duced by ASC (Fig. 11). The differentiated neo-tissue from bAC did
also feature similar orientations as the scaffold matrix in the tip of
the incisions. The outer part of the rather small incisions were ran-
domly aligned (Fig. S8).
both with the majority of fibres arranged in an angle of 80° to 100° to the scaffold sur-
face. BM = bone marrow. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
4. Discussion

In this study we demonstrated that the use of a CO2 laser to
engrave fine structures into articular cartilage is a suitable method to
repopulate decellularised cartilage with therapeutic cells and achieve
differentiated neo-tissue, which is well-integrated with the scaffold.

Engineering of the laser-engraved, decellularised scaffolds is pre-
cise, allows to preserve the inherent structure of cartilage with its
continuous layers (superficial to deep zone), its natural architecture
and collagen orientation. The laser technique does not alter the bulk
of the cartilage matrix apart from the incision edges and leads to
reproducible engravings. Hence, the laser-engraved cartilage scaffold
has the potential to permanently or temporarily replace native carti-
lage in the most appropriate way.

The laser settings tested within this study aimed for the mild-
est treatment requiring short exposition time, with a short pulse
duration and fast laser movement, while still achieving enough
power to penetrate the cartilage matrix. Incision depth was deter-
mined by the repetition rate. Two types of matrix changes were
observed after laser treatment: 1) A narrow dense matrix ring
(about 10�20 mm) with intense staining with azocarmine G (a
component of the AZAN stain) lining the surface of the holes and
lines. This material most probably derived from condensed matrix
residuals resulting from the ablation process and vanished after
matrix pretreatment with HCl-pepsin-NaOH and 2) alteration of
the matrix in circumference of the laser hole (a halo of about 150
mm) characterised by the lack of antibody binding in immunohis-
tochemistry against collagen type II. These changes probably result
from matrix damage by thermal denaturation (gelatination) of a
part of the collagen fibrils [52,53] that hamper antigen accessibil-
ity. Interestingly, collagen type II immunoreactivity was restored
after matrix pretreatment (decell-deGAG), which might be
explained by the removal of damaged matrix masking structurally
intact collagen fibrils.

In terms of DNA removal, the decell-deGAG process lowered the
DNA content to 48 +/-10 ng/mg in 400 mm thick scaffolds and 41
+/�3.8 ng/mg in 1 mm thick scaffolds, which complies with the com-
monly acknowledged threshold of < 50 ng/mg for a scaffold to be
termed decellularised [54]. The 600mm scaffolds remained, with 64
+/�4.4 ng/mg residual DNA, slightly above the threshold. The reason
for a lack of correlation between DNA residuals and scaffold thickness
could be an unfavourable surface-volume ratio in 600 mm scaffolds.
While 400 mm scaffolds are generally thin and in the 1 mm scaffold
the proportion of the incision is high in relation to the backbone, in
the 600mm scaffolds the backbone accounts for a higher relative pro-
portion of a quite thick scaffold. To further lower the DNA content of
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the 600 mm scaffolds, either a reduction of the backbone, if mechani-
cally still stable, or an adjustment of the decell-deGAG protocol could
be beneficial.

Laser-engraved scaffolds, either devitalised or subjected to decellu-
larisation and GAG depletion, were seeded with ASC to evaluate the
influence of the matrix pretreatment on cytocompatibility and cell
adhesion. On both, devitalised and decell-deGAG treated laser-engraved
scaffolds, cells were viable but adhered stronger to the GAG depleted
matrix edges, where new tissue formed a smooth transition to the scaf-
fold matrix. The difference might be related to the dense matrix ring
which is not removed in the devitalised scaffolds. It seems to be low-
adhesive, either due to a smooth, dense and unstructured surface or the
presence of degraded matrix components including GAG which have
been shown to have an antiadhesive effect [55,56]. The decell-deGAG
process finally removes the dense ring and the remaining cartilage inci-
sions feature enhanced porosity and adhesiveness.

Two main laser patterns, holes and lines or crossed lines (grids)
were compared within this study for the beam effect on the matrix,
the seeding efficiency and cell-matrix (cell-scaffold) ratio. Compared
to holes, the line and grid engraving led to less beam damage on col-
lagen type II (visible as a thinner halo on the collagen type II immu-
nostaining). From a spatial perspective, lines and crossed lines
provide more space for new matrix to be generated (higher cell-
matrix ratio) and a maximum of surface area, distributing the cells
more homogeneously throughout the scaffold. A large surface area
was deemed essential, since the seeded cells have to maintain the
scaffold matrix, re-load it with GAG or gradually replace it with
endogenous matrix. Furthermore, cells perform the transplant inte-
gration and are therefore required in sufficient amount at the lateral
interface between scaffold and defect. Among the tested patterns,
crossed lines provide the most space for cells, especially in compari-
son with holes, which did not reproducibly stretch through the entire
thickness of the scaffold. Moreover, the grid structures produced in
this study may further enable better exchange of nutrients through
the incisions, which is especially relevant in the first stage after
implantation when cells need to adapt to the lowly perfused condi-
tions in the defect. Furthermore, the line and especially the grid
structure bears the advantage of making the scaffold more flexible,
allowing adaptation to the joint curvatures in larger defects, thus
maximizing the scaffold-host contact.

Polarised microscopy of in vitro as well as in vivo cultivated scaf-
folds showed the new collagen fibres to have a tendency to align per-
pendicularly to the cartilage superficial zone, guided by the shape of
the engraved incisions. Inside a defect, this corresponds to the natural
alignment in articular cartilage. Collagen alignment is of particular
relevance for long-term functionality of regenerated articular carti-
lage since it determines fluid flow within cartilage and substantially
contributes to the load bearing capacity of the tissue [21,57]. There-
fore, the proper alignment within the neo-cartilage inside the inci-
sions gives rise to the expectation of superior properties of newly
synthesised matrix on our scaffold. The guidance of collagen deposi-
tion by the engraved incisions is a distinctive feature of CartiScaff and
stands in contrast to the structure of the commercial collagen type I/
III scaffold, consisting of horizontally aligned fibres that also guide
new matrix deposition in this direction. The fibres of the commercial
scaffold are further prone to disintegration, already after a short time
in vivo, forfeiting further support.

Another surprising phenomenon was observed within the incisions:
after six weeks in vivo, an increased differentiation with obvious colla-
gen type II and GAG deposition was observed within the tips of the inci-
sions (tip effect) in comparison to the wider space and scaffold
surrounding. This was the case for human chondrocytes, despite origi-
nating from donors above the common age limit of 50 years for MACI
[6,58] and despite a previous 2D cultivation step which is known to ini-
tiate dedifferentiation of chondrocytes [59,60]. Also ASC, which accord-
ing to immunohistochemistry showed no indication of collagen type II
deposition at the time of implantation, developed this tip effect, indicat-
ing that these cells began synthesizing collagen type II inside the inci-
sions in vivowithout the addition of further growth factors. The staining
for collagen type II produced by ASC was less intense than with chon-
drocytes but more regularly distributed over the incision depth. Obvi-
ously, the micro-environment inside the incisions promotes
chondrogenic differentiation. Being themost homologousmaterial since
produced from cartilage matrix itself, biochemical and biomechanical
cues might be responsible for the chondrogenic effect inside the inci-
sions which is supported by studies reporting chondroinductive effects
of native cartilage as a whole or distinct cartilage components [61-63]
and is topic of further investigations. Moreover, also spatial reasons
might have an influence, especially when the newly forming tissue
within the tips becomes dense more quickly due to restricted space.
This condition probably enhances the chondrogenic stimulus, due to
accumulation of endogenous matrix and associated mechanical tension.
The tips inside the incisions and the accumulatingmatrixmight also fea-
ture an increasingly hypoxic environment, which has been shown to be
beneficial for chondrogenic differentiation [64-66] and preservation of
the chondrogenic phenotype [67-69].

In addition to the seeded cell types, invasion of the defects and graft
by bone marrow-derived cells from the bovine plug occurred in some
samples in vivo. The hereby created typical bone-marrow derived
matrix featured excellent chondrogenic differentiation and integration.
While scaffolds in defects without bone marrow invasion showed
degraded collagen type II within the matrix, no obvious signs of sub-
stantial scaffold matrix degradation were found at the time of explana-
tion. Contrary, bone marrow-derived cells had broken down superficial
parts of the scaffold, invaded the empty scaffold lacunae and synthes-
ised new matrix in place. These observations demonstrate that graft
remodelling is feasible and that the speed of scaffold degradation and
neo-cartilage formation depends on the cell type. Bone marrow is espe-
cially adapted to matrix remodelling and is often observed to invade
deep cartilage zones from the subchondral plate, with a variety of bone-
marrow derived cells such as macrophages and bone-marrow derived
mesenchymal stem cells (BMSC) in these areas expressing MMP-1,
MMP2, MMP-3 and MMP-13 [70,71]. Immunohistochemical examina-
tions in this study confirmed the presence of macrophages (CD68 posi-
tive cells) inside the scaffold incisions. Quantification revealed the
highest presence of CD68 positive cells in the ASC/TERT1 and human
chondrocyte group, which might be related to the xenogeneic origin of
the implanted cells (human cells in bovine osteochondral plugs). How-
ever, apart from their xenogeneic origin, ASC/TERT1 and human chon-
drocytes have also in common that they formed neo-tissue of low
density, and not fully differentiated matrix. In fully differentiated sites
formed by invading bone marrow or bovine chondrocytes, no macro-
phages were stained. These observations suggest a transient presence of
macrophages, probably due to increasingly inappropriate conditions in
the progressively denser neo-cartilage or an adverse effect of the hyaline
tissue or chondrocytes [72,73]. However, a controlled study on bone
marrow interaction with the lasered cartilage scaffold is necessary to
draw conclusions on the fate of bonemarrow cells inside the incisions.

The in vivo experiments within these studies used the scaffold
either pre-seeded (ASC/TERT1) or simultaneously implanted with
cells (chondrocytes) and occasionally bone marrow from the plug
contributed to tissue formation. This demonstrates that the lasered
scaffold is suitable for the three main types of cell-based cartilage
treatments: a) classical MACT with a pre-seeded scaffold, b) intrao-
perative assembly of scaffold with chondrocytes and/or enriched
bone marrow from the iliac crest and c) application of scaffold after
microfracture. CartiScaff could be easily provided as “off the shelf”
product and hence appropriate to replace current clinical materials in
an established clinical protocol. However, since bone marrow
appears especially promising judging by the few cases of this study,
CartiScaff could be particularly favourable for bone marrow-based
one-step procedure (e.g. augmented microfracture), and further
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improve the already promising results observed in clinical studies
[74].

Clinical strategies for scaffold fixation include sutures or the appli-
cation of adhesives, either alone or in combination. In the unloaded
ectopic mouse study fibrin glue was superficially applied for sealing.
Fibrin glue is cyto-compatible and comes along with regenerative
capacities. It has been shown to serve as biomaterial allowing for
chondrocytes as well as mesenchymal stem cells chondrogenesis
[75,76]. Nevertheless, its adhesive strength is quite low and might
not be sufficient to hold CartiScaff in place under loaded conditions
before de-novo tissue has formed. Therefore, an additional fixation
might be necessary. We expect that the mechanical stiffness, which
is 13 times higher than the tested standard biomaterials currently in
use for cartilage regeneration in clinics, has the potential to protect
the neocartilage formation from overload and trauma [1,77]. There-
fore it might tolerate loading early after surgery and shorten the
postoperative physiotherapy [78-81].

The main limitation of our study is that no reliable mechanical
data could be gained from in vivo samples since the compression
analysis was found to be highly influenced by the osteochondral
plugs, with great variations between samples (and also between con-
trol plugs without a defect). Mechanical testing of in vitro cultivated
scaffolds cannot be provided since they are often bended by the con-
tractile force of the cells and allover enclosed by newly formed tissue
and therefore deemed unrepresentative. Measurements would
mainly measure the neo-tissue but not reflect the constrained situa-
tion in the joint. In a follow-up study in large animals, alternative
mechanical test strategies need to be included.
5. Conclusion

Summarised, our approach generating the CartiScaff scaffold with
authentic cartilage architecture and zonation and well suited
mechanical properties, was shown to support de novo synthesis of
cartilage matrix in vitro and even in an unloaded ectopic animal
model in vivo. The native structure of the scaffold collagen is pre-
served and the newly synthesised matrix is guided towards a vertical
matrix alignment by the scaffold’s topography � an advantage over
sponge grafts which promote random matrix deposition. The laser
engraved structures greatly increase the cell-scaffold and scaffold-
defect contact and promote remodelling. The laser-engraving process
can be up-scaled to clinically relevant levels in terms of sample size
and throughput. By providing chondrogenic differentiation in the
incision tip, improved regeneration can be expected. We believe that
decellularised GAG-depleted cartilage with engraved grid-patterns
has the potential to efficiently counteract graft failures by preventing
early loading damage and improving neo-cartilage formation. There-
fore, the newly developed lasered cartilage scaffold holds promises
for being beneficial for patients with all current cell- and scaffold-
based treatment options. However it first needs verification in ortho-
topic (large) animal trials.
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