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Abstract

Here we describe a novel bioinspired hydrogel material
that can be hardened with calcium ions to yield a scaffold
material with viscoelastic properties matching those of
cartilage. This material consists of a negatively charged
biopolymer triplet, composed of morphogenetically
active natural inorganic polyphosphate (polyP), along
with the likewise biocompatible natural polymers N,O-
carboxymethyl chitosan (V,0-CMC) and alginate. The
porosity of the hardened scaffold material obtained after
calcium exposure can be adjusted by varying the pre-
processing conditions. Various compression tests were
applied to determine the local (nanoindentation) and
bulk mechanical properties (tensile/compression test
system for force measurements) of the N,O-CMC-polyP-
alginate material. Determinations of the Young’s modulus
revealed that the stiffness of this comparably water rich
(and mouldable) material increases during successive
compression cycles to values measured for native cartilage.
The material not only comprises viscoelastic properties
suitable for a cartilage substitute material, but also displays
morphogenetic activity. It upregulates the expression of
genes encoding for collagen type II and aggrecan, the
major proteoglycan within the articular cartilage, in human
chondrocytes, and the expression of alkaline phosphatase
in human bone-like SaOS-2 cells, as revealed in RT qPCR
experiments. Further, we demonstrate that the new polyP-
based material can be applied for manufacturing 3D solid
models of cartilage bone such as of the tibial epiphyseal
plate and the superior articular cartilage surface. Since the
material is resorbable and enhances the activity of cells
involved in regeneration of cartilage tissue, this material
has the potential to be used for artificial articular cartilage
implants.
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Introduction

Articular cartilage, a hyaline cartilage of a thickness of
2-4 mm, is a highly specialised tissue who’s function is to
reduce joint friction at the extremities of the long bones
(reviewed in: Fox et al., 2009). This tissue is lacking any
blood vessels, nerves, or lymphocytes. It is characterised
by a compact and massy extracellular matrix (ECM), into
which cells — the chondrocytes — are only rarely embedded.
Besides water, the ECM is composed of collagen,
especially type II, which provides the material with the
required shape and strength, and proteoglycans through
which the matrix acquires resistance to mechanical stress
(Poole et al., 2001). The proteoglycans retain most of the
water in the ECM and, by that, provide and maintain the
mechanical properties of the cartilage (Weber e al., 2015).
Articular cartilage has only a limited capacity for repair.
This has been attributed to the absence of vasculature and,
as a consequence, the lack of a trafficking path — reducing
the possibility of distribution and migration, especially
of progenitor cells, from the blood or the bone marrow
(Vinatier et al., 2009).

The cartilage is divided into the following four zones
(Fuller and Ghadially 1972; Fox et al., 2009; Johnstone et
al., 2013); superficial, middle, deep and the zone of calcified
cartilage. The thin superficial tissue zone, comprising 10-
20 % of the cartilage thickness, protects the deeper layers
from mechanical shear stresses. It is composed of collagen
fibres of type II and IX that run parallel to the articular
surface (Fig. 1) and harbour flattened chondrocytes. The
middle, transitional zone, encompassing 40-60 % of the
total cartilage volume, contains proteoglycans and thicker
collagen fibrils. Those fibrils are organised obliquely, and
contain chondrocytes in a scattered density. The deep zone
(= 30 % of the articular cartilage) showing the strongest
resistance to compressive forces is traversed by collagen
fibrils that are arranged in a perpendicular manner to the
articular surface. This zone has a high proteoglycan content,
and simultaneously a low water concentration. There, the
chondrocytes are arranged in a columnar orientation,
parallel to the collagen fibres. Finally, the zone of calcified
cartilage, which comprises only scarce hypertrophic
chondrocytes, and, besides protein, contains phosphate
and carbonate of different degrees of crystallinity (Duer et
al., 2009). The calcified cartilage forms the cartilage-bone
[periosteum] interface (Hoemann et al., 2012), the site
which is rich in mesenchymal stem cells (MSC) (Mara et
al., 2011). The MSC give rise to both chondrocytes and
osteoblasts (Vinatier ef al., 2009; Kang et al., 2015). Recent
results show that the periosteum chondrocytes represent a
major source of osteoblasts and, by that, contribute to the
endochondral bone formation in vivo (Zhou et al., 2014).
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Fig. 1. Schematic diagram of osteochondral tissue. (Left) Histology of the transition zones between the cancellous
bone and cartilage; the different zones are marked. The ingrowing chondrocytes form a fibrous collagen filament into
which the glyco-proteinaceous matrix is deposited. (Right) Proposed implantation of the artificial scaffold formed
from polyP, alginate and N,O-CMC. It is highlighted that the mesenchymal stem cells differentiate both to bone cells
which deposit the calcified cartilage, layered on top of the subchondral bone and to chondrocytes which migrate into
the artificial cartilage material, where they release collagen and proteoglycan.

In the last three decades attempts have been made to
exploit (bio)material-assisted, synthetic or bioinspired
polymeric materials, or even biomimetic and biological
materials as cartilage substitutes (reviewed in: Johnstone
et al., 2013; Seo et al., 2014; Grissel and Lorenz, 2014).
Besides tissue transplantation, strategies targeting repair
of chondral or osteochondral tissue have been driven by
the requirements that the scaffolds are biocompatible,
biodegradable and meet the mechanical properties and
conditions, as well as the pore structure of the ambient
tissue. Biodegradable synthetic polymers, e.g. aliphatic
polyesters, in different formulations have been applied
to osteochondral scaffolds. Due to poor surface activity
and cell affinity, those materials have been blended
and copolymerised, such as polyvinyl alcohol with
polycaprolactone (Shafiee et al., 2011). Since those
polymeric scaffolds have been proven to comprise
insufficient mechanical characteristics, e.g. low stress
resistance, the organic polymers have been reinforced with
inorganic materials, such as metals or ceramics (Navarro
et al., 2008).

Surely, cell sources, modified by molecular and
genetic manipulations, will contribute to successful future
biological solutions in the field of development of a genuine
functional tissue engineered cartilage substitute (Chung and
Burdick, 2008). However, the regulatory requirements to
be overcome are extraordinary. Focusing on biomaterials,
the development lines for a cartilage substitute started
from inert and non-biodegradable hydrogel materials,
e.g. agarose, or alginate (Chang ef al., 2001), and aimed
at fabricating biologically active materials (reviewed in:
Johnstone et al., 2013; Seo et al., 2014). The latter line
of development of three-dimensional cartilage-like, or
imitating matrices, either followed the highly organised
hierarchical, filamentous structure of the cartilage or
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scaffold-free constructs. Based on the three-dimensional
fibre organisation of the natural cartilage; polymers, such as
collagen, chitosan and hyaluronic acid, have been applied
to reach the desired structural stability and distinctive
compression-resistance properties (Mow et al., 1992).
Those hybrid materials have been further biologised by
physisorption of proteins/peptides on their surfaces (Ma et
al., 2002) or by inorganic deposits, such as hydroxyapatite
(HA) (Kato et al., 1996). Scaffold-free artificial cartilage
constructs using natural alginate (Hauselmann et al,
1992) or hyaluronan (Goa and Benfield, 1994), have been
reinforced with collagen sponges (Nehrer et al., 1998),
fibrin (Sims et al., 1998), or synthetic polymers such as
poly(lactic acid) (Freed ef al., 1994).

The hitherto fabricated artificial articular cartilage
materials show some significant success in repairing animal
osteochondral defects, by producing fibrocartilaginous
repair cartilage, a stage which can be further improved by
adding cells to the implanted matrices (see: Johnstone et
al., 2013). To continue in this line of thinking, we fabricated
a biomaterial that allows the cells to invade the artificial
material. Cells, able to migrate into a polymeric material
follow a gradient of growth factor(s), e.g. transforming
growth factor B (TGF-B) (Johnstone et al., 1998), as well
as structural elements, allowing them to adhere, such as
collagen or Arg-Gly-Asp (RGD)-tagged peptides (Neufurth
et al., 2015). Furthermore, the biomaterial must allow
the migrating cells to form niches into which they can
settle; preferentially, they should find their proper pore
configurations by dissolving the biomaterial, enabling
them to tunnel through. Stimulated by available data
indicating that platelet-rich plasma/platelet-rich fibrin are
effective substrates and scaffolds for growth of MSC in
fibrocartilage-like tissue and, in turn, a promising source
for osteochondral tissue regeneration (Wakitani et al.,
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2007; Seo et al., 2013), we studied in detail the effect of
the major inorganic constituent of platelets, polyphosphate
(polyP) (see: Morrissey et al., 2012). In these cells, polyP
is present in a concentration of 0.74 nmol/10® platelets,
corresponding to = 1.1 mM. The chain length of this
polymer in vivo can range from three to more than 1000 P,
residues (Rao et al., 2009). In addition, polyP is present in
larger amounts in osteoblast(-like) cells (Leyhausen et al.,
1998). This polymer is not biologically inert, but induces
the expression of genes in bone(-related) cells required
for the differentiation of MSC to osteoblasts, e.g. bone
morphogenetic protein 2 (BMP2), (reviewed in: Wang et
al., 2014a). Recently we have established that the water
soluble polyanion polyP, with the cationic counterion
Na*, and the soluble organic polymer alginate form in
the presence of Ca*" stable complexes, qualifying this
biomaterial as a promising artificial bone implant material
(reviewed in: Wang et al., 2015). This self-assembled
hydrogel network, built of polyP and alginate has been
successfully reinforced with N, O-carboxymethyl chitosan
and has even proven to be a promising hard implant material
in in vivo studies (Miiller et al., 2015c). The hardness of the
scaffold can be adjusted to the biomechanical requirements
of the environment by a controlled exposure to Ca*".

In the present study, we describe the formulation for
a bioscaffold material, composed of the physiological
polymer polyP, as well as the biocompatible natural
polymers, N,O-carboxymethyl chitosan (&, 0-CMC)
and alginate, that has the potential to be used as an
artificial articular cartilage material. This scaffold
matches the biomechanical properties of cartilage and
elicits morphogenetic activity, both for the human
bone-like SaOS-2 cells (Pautke et al., 2004) and human
chondrocytes (Prins ef al., 2014), since it upregulates the
gene expressions of the alkaline phosphatase (ALP) in
Sa0S-2 cells and of collagen type Il (COL-II) as well as of
aggrecan in chondrocytes. Finally, it is demonstrated that
the new scaffold can be used for moulding of soft tissue
regions, the superior articular cartilage surface and the
epiphyseal plate, within the epiphysis and the metaphysis
of the tibia.

Materials and Methods

Materials

Na-polyP with an average chain length of = 40
phosphate units was obtained from Chemische Fabrik
Budenheim (Budenheim, Germany). The peptide NH,-
RGDGGRGDGGGRGDGGGHHHHHH-COOH (termed
His/Gly-tagged RGD) has been chemically synthesised by
Coring System Diagnostix (Gernsheim, Germany).

Preparation of the /V,0-CMC-polyphosphate-alginate
material

N,O-carboxymethyl chitosan (N,0-CMC) was prepared
as described (Miiller et al., 2015a). The basic N,O-CMC-
polyphosphate-alginate hydrogel was derivatised from
chitosan (#C3646; Sigma, Taufkirchen, Germany), as
outlined (Miiller et al., 2015a). In brief, 1 g of N,O-CMC
was dissolved in 20 mL sterile 0.9 % NaCl, at ambient
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temperature while stirring, yielding a 5 % solution. After
complete dissolution 0.4 g of Na-polyP (2 % [w/w; final
concentration]) was added and stirred until homogeneous.
Finally, 1 g of sodium alginate (#W201502; Sigma-
Aldrich) was added and again stirred until the solution
reached a smooth texture. The His/Gly-tagged RGD
peptide was added, at a concentration of 30 pg/mL, to the
basic scaffold components (N, O-CMC, polyP and alginate)
prior to the crosslinking with 2.5 % [w/v] aqueous CaCl,
solution. The ready-made hydrogel was either directly used
for the preparation of artificial cartilage or stored at 4 °C
in a sealed container until needed.

Preparation of artificial cartilage scaffolds

Two different types of artificial cartilage scaffolds were
prepared. First, an A-Type scaffold was fabricated from
freshly prepared basic hydrogel; the second type, B-Type
scaffold, was prepared from the basic hydrogel after a
storage period of 2 d at 4 °C. Both types of scaffolds
were processed, in a moulding procedure, to tissue-like
modules (used for the biomechanical studies) or the
hydrogel was spread directly onto a given surface (for
cell culture experiments). Subsequently, the modules or
the coated surfaces were hardened by complete immersion
in an aqueous 2.5 % (170 mM) CaCl, solution at 37° C,
overnight. Finally, the artificial cartilage scaffolds were
washed twice for 5 min with sterile phosphate buffered
saline (PBS) and then stored submersed in PBS, in a
container at 4° C.

Determination of the mechanical properties:
nanoindentation

The stiffness of the artificial cartilage scaffolds (local
Young’s modulus) was measured in PBS by using
the Piuma nanoindenter ferruled optical fibre system
(Optics11, Amsterdam, The Netherlands) (Chavan et al.,
2011). For each sample ten independent measurements
were performed at ten different sites.

Determination of the mechanical properties:
compression testing
The overall mechanical properties of the cartilage
scaffolds (bulk Young’s modulus or compressive modulus)
were measured on standardised cylindrical material
samples (11 x 5 mm), using a “MultiTest 2.5-xt Force
Testing System” equipped with a Load Cell (100 N) unit
(Mecmesin Ltd., Slinfold, UK). All data were recorded
continuously at a frequency of 50 Hz using the Emperor
XT Force software (Mecmesin Ltd.). To determine the
unconfined compressive strength, a force of 25 N was
applied to the samples and kept for 60 s. Subsequently,
an unloading period (0 N) followed for 300 s. This cycle
was repeated five times. The resulting force-displacement-
time data were used to calculate the bulk Young’s modulus
of the material for the different cycles according to the
following equation: E [Young’s modulus] equals to o
[stress]/e [strain], whereby ¢ = force (N)/area (mm?) and
&= AL [difference in length] (mm)/L  [initial length] (mm).
For the generation of the creep-recovery-curves a
constant load of 2.5 N was applied to the samples and held
for 30 min. Subsequently, the recovery period followed
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during which the force of 0 N was held for 10 min. All
data for the creep-recovery-curves were recorded at a
frequency of 50 Hz and used to calculate the stress () and
the strain (g) as described (Mansour, 2003); sample sizes
11 x 5 mm, 25 N for 60 s, followed by 0 N for 300 s (5
replications). Where indicated, comparative measurements
were performed with cartilage samples from domestic pigs,
obtained from a local butcher.

Water content

To determine the water content of the respective cartilage
samples, the material was cut to slices of almost identical
dimensions. After removal of the superficial liquid the
specimens were deep frozen at —80°°C (60 min) and
lyophilised overnight (Sentry 2.0 lyophiliser; SP Scientific,
Warminster, PA). Then the dry weight was determined and
the % water content was calculated.

Light microscopy analyses

Digital light microscopy studies were performed using a
VHX-600 Digital Microscope (Keyence, Neu-Isenburg,
Germany) equipped with a VH-Z25 zoom lens. The surface
texture was sized with the “Easy, on-screen 3D profile
measurement” (Keyence) program. The lyophilised samples
were inspected with a digital microscope (VHX-1000,
Keyence Deutschland GmbH, Neu-Isenburg, Germany).
The ingrowth of the chondrocytes was documented after
removal of the medium/serum after gentle shaking. Five
independent experiments were performed.

Cultivation of human SaOS-2 cells and human
chondrocytes
The human osteogenic sarcoma cells SaOS-2 cells (Pautke
et al., 2004) were cultured in McCoy’s medium (Biochrom-
Seromed, Berlin, Germany) that was supplemented
with 2 mM vr-glutamine, 15 % heat-inactivated foetal
calf serum (FCS), 100 units/mL penicillin and 100 pg/
mL streptomycin (Wiens et al., 2010a). The cells
were incubated in 24-well plates (diameter of 16 mm;
#CLS3516; Sigma, Taufkirchen, Germany) at 37 °C. The
cultures were started with 1 x 10* cells/well in a total
volume of 1.5 mL. Where indicated, the cultures were
first incubated for a period of 3 d in the absence of the
mineralisation-activating cocktail (MAC), comprising
5 mM B-glycerophosphate, 50 mM ascorbic acid and
10 nM dexamethasone to induce biomineralisation (Wiens
et al., 2010b). Then, the incubation of the cultures was
continued for an additional 7 d in the absence or presence
of the MAC. The scaffold slices (“B-Type scaffold”) were
added to each well at the beginning of the experiments.
Every third day, the culture medium was replaced by fresh
medium/serum and — where indicated — with MAC.
Human articular chondrocytes were purchased from
Lonza (Walkersville, MD). After thawing the vial of frozen
cells (normal human articular chondrocyte cells; NHAC-
Kn), the cells were transferred to the chondrocyte growth
medium (Lonza; #CC-4409), supplemented with 15 %
FCS, and cultivated in 6-well plates at an initial density
of 5 x 10* cells/well. Confluency was reached after 6-7 d.
Chondrocytes used were at a passage number no higher
than 4 (Guo et al., 1989).
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For testing the cartilage specimens, ~ 2 mm thick
slices, with a diameter of = 15 mm, were inserted into the
wells; prior to use they were treated with 70 % ethanol for
5 min. Then, the cells were seeded at a density of 2-3 x 10*
per well, directly on the top of each sample. After an
attachment period of 15 min, 1 mL of medium/serum was
added to each well and the plates were transferred to the
incubator and cultivated as indicated under “Results”.

Growth onto the scaffolds

After the respective period of incubation the cell culture
medium was removed and the loosely attached SaOS-2
cells were aspirated and the cartilage specimens were
washed once with PBS. The samples were fixed with
precooled 70 % ethanol at —20 °C overnight. After
washing once with PBS for 5 min each the samples
were stained by incubation in 5 pM DRAQS5 (BioStatus
Ltd., Shepshed, UK) in 1 x PBS for 30 min. Inspection
and photo documentation of the stained samples were
performed in an Evos™ FL digital fluorescence microscope
with activated Cy®5 light cube (Fisher Scientific GmbH,
Schwerte, Germany) selecting an absorbance of 650 nm
and an emission wavelength of 680 nm (blue).

Cell viability (metabolic activity) assay

Sa0S-2 cells, as well as chondrocytes, were seeded into the
48-well plates (#CLS3548 Sigma; Corning/Costar culture
plates) and cultured for 3 d in McCoy’s medium/15 %
FCS (Sa0S-2 cells) or chondrocyte growth medium
(chondrocytes). Two parallel series of experiments were
performed. Either the cells were cultured in the absence
of scaffold slices or incubated onto the “B-Type scaffold”.
Then, after a 3 d incubation period, the metabolic activity
of the cells was assessed with 3-[4,5-dimethy] thiazole-2-
yl]-2,5-diphenyl tetrazolium (MTT; #M2128, Sigma) as
described (Wang et al., 2014b). Ten parallel experiments
each were performed.

Reverse transcription-quantitative real-time PCR
analyses

The reverse transcription-quantitative real-time polymerase
chain reaction (RT-qPCR) was applied to determine the
gene expression level of both the alkaline phosphatase
(ALP) in SaOS-2 cells and collagen type I (COL-I) in
chondrocytes. The cells were seeded either directly onto
the culture plates, or were incubated onto the “B-Type
scaffold” slices. The SaOS-2 cells remained in the medium/
serum for 3 d and were subsequently incubated in the
absence or presence of the MAC for 7 d. The chondrocytes
were incubated in the medium for 7 d. Then the cells
were collected and the RNA was isolated, which was
then subjected to RT-qPCR (Wiens et al., 2010b). The
following primer pairs, matching the respective human
ALP, human COL-II and human aggrecan genes were used:
ALP [alkaline phosphatase; NM_000478.4] fwd:
5’-TGCAGTACGAGCTGAACAGGAACA-3’

[nt,, tont,.]andrev:
5’-TCCACCAAATGTGAAGACGTGGGA-3’ [nt, to
nt,.; product size of 278 bp];

COL-II [collagen type II, alpha 1 (COL2A1),

transcript variant 1; NM_001844] fwd:
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5'-TCCATTCATCCCACCCTCTCAC-3'[nt,, to
nt,__Jandrev: 5-TTTCCTGCCTCTGCCTTGACC-3'
[nt,,,, tont,.: 148 bp];

and aggrecan [NM_001135.3] fwd:
5’-CCTCTGCATTCCACGAAGCTAACC-3’

[nt,., tont_ ] and rev:
5’>-TGCCTCTGTCCCCACATCACTG-3’ [nt, . to
nt...; 146 bp].

The GAPDH gene [glyceraldehyde 3-phosphate
dehydrogenase; NM_002046.5] fwd:
5'-CCGTCTAGAAAAACCTGCC-3' [nt,,, to nt,, ] and
rev: 5-GCCAAATTCGTTGTCATACC-3' [nt . to
nt,,; 217 bp] was used as reference.

The RT-qPCR reaction was performed as outlined (Wiens
et al., 2010b) using an iCycler (Bio-Rad, Hercules,
CA, USA). The mean C, values and efficiencies were
calculated using the iCycler software (Bio-Rad); the
estimated PCR efficiencies were in the range of 93-
103 %. Expression levels of the respective transcripts
were correlated to the reference gene to determine

relative expression, as described (Wiens ef al., 2010a).

Moulding of the artificial scaffolds to the hard tibia
bone regions

The soft tissue around a tibia from a young lamb
(= 5 months) was removed mechanically. Afterwards,
the bone was defatted with acetone (Roth, Karlsruhe;
Germany), dried at 37 °C and then immediately used for
cartilage reconstruction procedure. The epiphysis, with
the protruding intercondylar eminences, was removed
from the metaphysis along the cartilage-like epiphyseal
plate. Using this tibia specimen, two artificial cartilage-
like layers were moulded; first, the cartilage surface layer
of the epiphysis (the superior articular cartilage surface)
and second the cartilage-like epiphyseal plate. In the first
phase of the modelling process, the remaining bony parts
were scanned using a laser-based 3D-scanner with 500 pm
resolution (MakerBot Digitizer; MakerBot Industries,
Brooklyn, NY). For each bone part, ten scans were run
and combined together using the MakerWare software in
order to obtain the final computer model. The 3D-models
of'the bones were stored in a STL file format and processed
with the SolidWorks 2014 software (Dassault Systémes,
Vélizy-Villacoublay, France). Using the latter software,
the respective casting forms (representing the superior
articular cartilage surface cartilage-like epiphyseal plate)
were designed by subtraction of the desired structures
from a solid block. This block then was split into two units
and channels for the flow of the hardening solution were
added. The ready designed moulds were produced by a
3D-printing process using the Zprinter 450 (3DSystems,
Rock Hill, SC, USA), according to the manufacturer’s
instructions. Subsequently, additional moulding forms
were prepared by shaping the respective bone surface with
atwo component polymerising plastic material, Technovit
3040 (Heraeus Kulzer, Wehrheim, Germany). For the
fabrication of the artificial cartilage samples, the ready-
made basic hydrogel was injected within the cavities of
the respective moulds by using a 10 mL syringe without a
needle attached. Directly after injection, the moulds were
submersed in the 2.5 % CaCl, hardening solution. In the
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experiments using two-part moulds, the moulds were
closed prior to submersion in 2.5 % CaCl, solution. In a
third approach, the basic hydrogel was injected directly
on top of the metaphysis. Subsequently, the epiphysis
was placed onto the hydrogel under low pressure; then
the specimen was transferred to the hardening solution.
The respective samples were incubated in the hardening
solution for 1-3 d, depending on the thickness of the
sample. After incubation, the samples were washed twice
using physiological saline and manually cleaned from the
excess of the hardened hydrogel. The final samples were
stored at 4 °C until further analyses.

Statistical analysis

After finding that the respective values follow a standard
normal Gaussian distribution and that the variances of the
respective groups are equal, the results were statistically
evaluated using the independent two-sample Student’s
t-test (Petrie and Watson, 2013). The generation time
(number of cell doublings per given incubation period
[3 d]) of the cells was calculated according to Powell
(1956).

Results

Cartilage scaffold

The basic material, the hydrogel, used for the fabrication
of the scaffold consists of the negatively charged
polymers N,0-CMC, polyP and alginate. After dissolving
to a homogeneous jelly-like material the hydrogel can
subsequently be processed, after exposure to CaCl,, to a
harder, more solid scaffold, as described under “Materials
and Methods”. While the basic composition of the hydrogel
remains unchanged, the porosity of the final scaffold
can be adjusted by varying the pre-processing period.
Exemplarily, two time points have been selected, in the
A-Type scaffold the hydrogel was immediately hardened
with CaCl,, while a storage period of 2 d was used for
the fabrication of the B-Type scaffold, prior to the CaCl,
treatment. The “A-Type scaffold” shows a smoother surface
texture with a porosity of around 0.2 um (Fig. 2A), while
the “B-Type scaffold” is more coarse and rough with pores
of about 0.8 um (Fig. 2B).

Cartilage scaffold: Mechanical characterisation

For the determination of the mechanical properties of
the scaffolds, several compression tests were performed
using both a nanoindenter and a tensile/compression
test system for force measurements. The stiffness of the
artificial cartilage scaffolds, the bulk Young’s modulus, was
determined for the “A-Type scaffold” and for the “B-Type
scaffold”, using the force testing system, and found to be
significantly different between the two scaffolds. In general,
the “A-Type scaffold” shows a higher Young’s modulus and
by that is stiffer, compared to the “B-Type scaffold”. While
after a single compression cycle the “A-Type scaffold”
had a stiffness of 1.02 MPa, the corresponding “B-Type
scaffold” gave a value of 0.89 MPa (Fig. 3A). After
successive compression cycles, the values of the Young’s
modulus for both “A-Type scaffold” and “B-Type scaffold”
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Fig. 2. Artificial cartilage scaffold, prepared from N,O-CMC, polyP and alginate. Two types were studied; “A-Type
scaffold” (A, C, E, G), exposed immediately to CaCl,, and “B-Type scaffold” that was fabricated from the hydrogel,
after a pre-processing period of 2 d (B, D, F, H); digital optical microscopic images. (A and B) The scaffold prior to the
seeding of the cells. Chondrocytes were grown onto scaffold specimens (= 2 mm thick; diameter of = 15 mm) placed
into in 24-well plates. After an incubation period of 2 d (C and D), 4 d (E and F) or 6 d (G and H) the specimens were
removed, after gentle rotating, and inspected using an optical microscope. Some holes into which cells were assembled
are marked (> <). The textures of the surfaces from G and H (marked with a line) were assessed by the “Easy, on-screen
3D profile measurement” software (I and J).
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Fig. 4. Multiple strain recordings. (A) Individual strain/time records for the “A-Type scaffold” (termed strain A) as
well as the “B-Type scaffold” (strain B). The specimens were exposed to a force of 25 N for 60 s, followed by an
unloading period of 300 s (dotted line [bottom]). The individual loading/unloading tracings for “A-Type scaffold”
(strain A; solid line) as well as “B-Type scaffold” (strain B; broken lone) for the five consecutive stress exposures

are shown. (B) A similar recording from a native pig cartilage.

increase and reach values of 2.18 MPa and 1.55 MPa,
respectively, for samples after the fifth compression cycle.
This increase in the stiffness is, at least during the first
compression cycles, attributed to the loss of water from the
scaffold. In comparison, the Young’s modulus for human
cartilage shows values of around 1 MPa (compression)
(reviewed in: Pal, 2014). An almost identical pattern of the
stiffness to “A-Type scaffold” and “B-Type scaffold”, has
been determined for native cartilage from pig (Fig. 3B).
This material also shows an increasing stiftness during 5
compression cycles, starting from 1.3 MPa (first cycle) to
~ 2.0 MPa (subsequent cycles).

The individual representation of five strain-time graphs
for “A-Type scaffold” and “B-Type scaffold” is shown in
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Fig. 4A. The material was exposed to a force of 25 N for
60 s, followed by a load relief of 0 N for 300 s. During the
progress of five consecutive compression cycles of 60 s
duration (force: 25 N) the more porous “B-Type scaffold”
shows a pronounced recovery response compared to the
“A-Type scaffold”, indicating that the first material is more
elastic. With an increment of the cycle number the Young’s
moduli increase, reflecting a decrease in the elasticity. This
property is attributed initially to a loss of water from the
scaffold, followed by a deformation of the architecture of
the scaffold material. In turn, this finding reflects a decrease
of the overall viscoelastic properties of the material
during the course of the loading/unloading treatment. This
conclusion is in agreement with the bulk Young’s moduli
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Fig. 5. Stress-strain curves for the two scaffolds, “A-Type scaffold” and “B-Type scaffold”, recorded during (A) the

first and (B) the fifth compression cycle.

A .
wx.:j i i 30 rr.\in: ZLiN___. ——Strain A 0:03
. | ---StrainB
EO.Z- . P L N Stress
E P e . - 0.02
£ ] B ~~a
E | '
e011 | - 0.01
8
@ §10 min: O N 0
0- - L

1000 1500 2000 2500
Time (s)

500

Stress (MPa)

B
— Native Cartilage

0'4 | = Stress

‘é‘ 30 min: 2.5 N =
o
£ 0.3- \.\.m.\,m\b [ 0.05 =
£ | ®
L5l o
c 0.2 £
.§ - n
5 0.1- 10 min:ON [ 0.00
0 -

500 1000 1500 2000 2500
Time (s)

0

Fig. 6. Representative creep behaviour for “A-Type scaffold” and “B-Type scaffold”. The specimens were subjected
to a constant compressive stress for 30 min (2.5 N), followed by a removal of the stress and recoding the strain

changes over another 10 min.

(E-moduli), retrieved for the respective compression cycles
(Fig. 3). In comparison, five consecutive compression
cycles have been performed with pig cartilage (Fig. 4B).
Basically, the traces recorded show principally the same
characteristics as the one determined for the artificial
scaffold. It is noticeable that the increment of the pig
cartilage strain is more pronounced with 0.58 mm/mm (first
compression) to 0.62 mm/mm (fifth cycle), compared to
the increase seen in the artificial material with 0.47 mm/
mm (first cycle) to 0.55 mm/mm (fifth cycle).

The shapes of the stress-strain curves (Fig. 5) indicate
the typical nonlinear viscoelastic or viscoelastic-plastic
behaviours, with delayed recoveries upon unloading.
Additionally, irreversible deformations are observable as
indicated by the incomplete recovery. A comparison of the
respective stress-strain curves between the compression
cycle one (Fig. 5A) and five (Fig. 5B) shows distinct
differences. In cycle one (Fig. 5A), a strong initial
deformation during the loading phase is seen for both
material types, reflecting both the porous structure and
the higher fluid content of the materials. During loading,
the fluid is squeezed out from the samples; for the more
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porous material “B-Type scaffold” the deformation is
stronger compared to the “A-Type scaffold”. The load
period shows a marked creep behaviour for both material
types. During the unloading period, the two material types
disclose a similar delayed recovery which is incomplete.
The stress-strain curves for compression cycle five (Fig.
5B) are markedly different. The initial deformation upon
loading is much less compared to cycle one, which is
ascribed to the reduction of the water content of the two
samples occurred during the preceding four compressions.
Likewise, the creep response of both material types is less
distinct. The recovery behaviour upon unloading is more
distinct than in cycle one, for both material types; for the
“B-Type scaffold” it is almost complete.

A likewise, different creep behaviour is characteristic
for “A-Type scaffold” and “B-Type scaffold” (Fig. 6A).
Both material samples were loaded with a force of 2.5 N
for 30 min. Then the samples were allowed to recover
for 10 min with a force of 0 N. Both material types show
biphasic creep-recovery curves with incomplete recovery
upon unloading. In agreement with the stress-strain curves
(Fig. 5), the deformation of the “B-Type scaffold” is more

| www.ecmjournal.org



WEG Miiller et al. Cartilage engineering

7
i
{ .1l L o £

Fig. 7. Growth of SaOS-2 cells onto either “A-Type scaffold” (A, B and E, F) or “B-Type scaffold” (C, D and G,
H). After seeding of the cells (A to D) onto the respective scaffold slices the cells were incubated for 3 d and then
stained with DRAQS; in controls no cells were added to the incubation assays (E to H). Fluorescence (left column)
as well as corresponding bright field images (right column) were taken.
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pronounced compared to “A-Type scaffold”. The remaining
irreversible deformation after the recovery is mainly due to
the loss of fluid from the material by squeezing. The latter
assumption is reflected by the recordings obtained with
pig cartilage (Fig. 6B). The initial strain response is much
faster and already reaches the maximal strain response after
2-3 s, with = 0.23 mm/mm; the recovery curve indicates
also a faster approaching of the relaxation level.

The biomechanical properties, the local hardness,
follow a gradient from the surface of the scaffold to their
more central regions. The mechanical stiffness, i.e. the local
reduced Young’s modulus of the scaffolds, was determined
by nanoindentation using a ferruled optical fibre system-
based nanoindenter. The surface region (thickness of about
2 mm) of the “A-Type scaffold” is harder than the more
central regions (about 5 mm from the surface) with values
of 3.23 £ 0.61 MPa versus 0.33 = 0.095 MPa (n = 100).
The “B-Type scaffold” shows a shell stiffness with
1.17+0.31 MPa versus a core stiffness of 0.46 + 0.15 MPa
(n=100). In comparison, the local Young’s modulus from
pig cartilage surface is 1.12 + 0.18 MPa, a value which is
very much the same as in the artificial cartilage samples.

Water content

The water contents of the artificial cartilage scaffolds were
determined by weighing before and after freeze drying. The
average water content of the artificial cartilage scaffolds is
89.1 % + 1.69 %; in turn, the resulting dry mass amounts
t0 10.9 % £ 1.69 % (n = 6). No differences in water content
was measured between “A-Type scaffold” and “B-Type
scaffold”. This value matches very well with the water
content of articular cartilage which amounts to 70-85 %
(e.g. Mansour, 2003).

Growth of Sa0OS-2 cells and chondrocytes onto the
scaffold
In an orientating experiment, the SaOS-2 cells were
seeded (2-3 x 10* cells per mL) onto either the “A-Type
scaffold” or the “B-Type scaffold” and incubated for 3 d, as
described under “Materials and Methods”. Then the cells
remained unstained or were stained with DRAQS and then
inspected with a digital fluorescence microscope (Fig. 7).
The observation revealed that the abundance of cells onto
“A-Type scaffold” is lower (Fig. 7A [fluorescence] and B
[brightfield]), compared to the density which is visible onto
“B-Type scaffold” (Fig. 7C and D). In a control series it is
assured that both scaffolds, in the absence of any cells, did
not emit any autofluorescence (Fig. 7E-H).

Based on the finding that “B-Type scaffold” provided
a more suitable substrate than “A-Type scaffold” a
quantitative assessment of the growth kinetics was
performed. The cell growth, based on the metabolic
activity, was measured with MTT reagent; both SaOS-2
cells and chondrocytes were used for the experiments.
Incubation was performed in the absence or the presence
ofthe “B-Type scaffold”. The absorbance values, reflecting
the MTT reaction, indicated that both the SaOS-2 cells
and the chondrocytes grew with the same rate both in the
absence and in the presence of the scaffold (Fig. 8). The
number of doublings of SaOS-2 cells in the absence of the
scaffold was 4.3, while the chondrocytes grew more slowly.
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Fig. 8. Cell viability (metabolic activity) of SaOS-2 cells
(cross-hatched bars and open) as well as of chondrocytes
(closed bars and right hatched) after cultivation for 0
or 3 d, respectively. The cells were seeded either in the
absence (cross-hatched or closed bars) or the presence of
the “B-Type scaffold” (open or right hatched bars) into
the wells. After incubation, the assays were subjected to
the MTT assay and the absorbance was determined at
650 nm. Data represent means + SD of ten independent
experiments.
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Fig. 9. Steady-state expression of the ALP gene in SaOS-
2 cells in the absence (cross-hatched bars) or in the
presence of the “B-Type scaffold” (open). After an initial
incubation for 3 d, the cell incubation was continued
either in the absence or presence of the scaffold for
7 d. The expression level at time zero (directly after
seeding) is indicated with a grey-marked bar. After
the indicated incubation time the cells were harvested
and their RNA was extracted, which was subjected to
RT-qPCR analysis. The expression values are given as
ratios to the reference gene GAPDH. The results are
means from 5 parallel experiments (*p < 0.01); the
values are computed against the expression measured in
cells during seeding. In addition, the significance of the
difference of the expression levels between the cultures
incubated with MAC or without MAC is indicated (**,
p<0.01).
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Ingrowth of chondrocytes into the scaffold

After inspection by light microscopy, the chondrocytes
were found to grow into the scaffold material. After an
incubation period of 2 d the loosely attached chondrocytes
were removed and the surface of the scaffold was inspected
with an optical microscope. It is seen that the considerable
overall smooth surfaces are interspersed with holes into
which cells are accumulated. The number of cell nests were
found to be less frequent on “A-Type scaffold” (Fig. 2C)
compared to “B-Type scaffold” (Fig. 2D). The number of
ingrowth structures increase after an additional incubation
for 2 d onto both scaffolds (Fig. 2E and F). After a total
incubation period of 6 d, deeper recesses are frequently
found that have diameters of up to 45 um for the “A-Type
scaffold” (Fig. 2G); the depth is approximately 10 pm (Fig.
2I). On the average, the hollows, containing the cells are
larger and can measure up to 100 um (depth of 30 pm) for
“B-Type scaffold” (Fig. 2H and J).

Effect of the scaffolds on the gene expression patterns
in Sa0S-2 cells and chondrocytes

The level of the ALP gene expression is an indication for
activation status of SaOS-2 cells (Miiller et al., 2011). Here,
it is shown that in the absence of the MAC the steady-state
expression level of the ALP was moderately (= 2-fold with
respect to the transcript level in cells during seeding), even
though significantly, upregulated both in the absence or
the presence of the scaffold (“B-Type scaffold” was used
for this series of experiments). In contrast, if MAC was
added to the cultures the upregulation was 2.4-fold higher
for cells incubated without and 2.7-fold higher if the cells
were treated with the scaffold for 7 d, compared to the
assays without MAC (Fig. 9). The level of induction in
cells incubated with the scaffold is significantly higher,
compared to the steady-state level.
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In chondrocytes, the genes encoding for collagen type
1I (COL-II) as well as for aggrecan become upregulated
during activation and differentiation (Vinatier et al., 2009;
Flannery et al., 1998). Therefore, we determined the effect
of the “B-Type scaffold” on the expression level of those
two genes during an incubation period of 7 d. The data
show that during the 7 d incubation period a 2.2-fold
induction of COL-II is seen in untreated cells, while the
scaffold elicit a 3.4-fold induction during the same period
(Fig. 10A). In parallel, the chondrocytes were assayed for
the expression level of aggrecan. Again, it was measured
that the scaffold strongly induces the expression of this
gene by 7-fold, while in the absence of the scaffold only a
1.7-fold upregulation took place (Fig. 10B).

Moulding behaviour of the scaffold for fabrication of
soft tissue of a young tibia

The tibia of a young lamb was dissected, after removal
of the tissue, to the epiphysis (with its protruding
intercondylar eminences) and metaphysis. These parts
could be scanned independently with a laser-based 3D
scanner (Fig. 11A), after which an STL was compiled
(Fig. 11B). Using this file a mould, e.g. for an articular
cartilage surface was prepared (Fig. 11C). Following this
fabrication line both an articular cartilage surface and an
epiphyseal plate could be moulded with the new scaffold
(Fig. 11D). A built-up of the articular cartilage surface
and the epiphyseal plate, moulded with the new cartilage,
between the natural epiphysis and the metaphysis is shown
(Fig. 11E). The articular cartilage surface has been formed
from a mould that was computed from the scans of the
epiphysis by subtraction. The resulting file was calculated
and used for the fabrication of a cast into which the scaffold
was injected (Fig. 11F). Hardening of the moulded scaffold
was achieved after incubation in the CaCl, solution.
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Fig. 11. Moulding of cartilage-like regions in the tibia of a young lamb (= 5 months). After removal of the soft tissue
the epiphysis (ep) with the protruding intercondylar eminences (ice) was removed from the metaphysis (me) along
the cartilage-like epiphyseal plate (epl). The superior articular cartilage surface (ac) is layered on top of the epiphysis.
(A) The hard tissue (bone) with the superficial articular cartilage surface (ac) was scanned using a laser-based 3D
scanner, allowing the compilation of the (B) STL file (ac(f)). (C) After processing the file with the SolidWorks software
a casting form for the articular cartilage surface (ac(cf)) was prepared. (D) The sequential regions of the tibia with
the superficial articular cartilage surface, prepared by moulding with a plastic material (ac(m)), the epiphysis (ep)
with the intercondylar eminences (ice), the moulded epiphyseal plate (epl(m)), and finally the metaphysis (me). (E)
Placement of the parts on top of each other. (F) Fabrication of the moulded superficial articular cartilage surface
with the plastic material (ac(m)). Based on the STL files a cast (c) of the superficial articular cartilage surface was
calculated and the resulting form was used for moulding of the articular cartilage surface plastic (ac(m)). This layer
was placed on the epiphysis (ep) with the intercondylar eminences (ice) which was put on the moulded epiphyseal
plate (epl(m)), positioned onto the metaphysis.

Discussion

The physiological polymer polyP has been found in many
bacterial and eukaryotic cells and also in mammalian
cells, bone tissue among them (Kumble and Kornberg
1995; Schroder et al., 2000; reviewed in: Wang et al.,
2015; Miiller et al., 2015b). In previous studies, it has

CcaLLy
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been documented that cells, isolated from bovine caudal
intervertebral discs, grow readily on Ca-polyP three-
dimensional layers, where they express the genes encoding
COL-I and COL-II (Séguin et al., 2004). These data have
been extended by the finding that chondrocytes respond to
polyP with an increased synthesis of glycosaminoglycan
and collagen (St-Pierre et al., 2012). Recently, we have
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elaborated a fabrication process during which Na-polyP is
hardened in a controlled way to tissue-like microparticles,
microspheres and cubes, after exposure to divalent
cations (Miiller et al., 2015¢); this material can be further
reinforced with chitosan derivatives, e.g. N,0-CMC
(Miiller et al., 2015a). In turn, the polyanionic molecule,
polyP, has been acknowledged as a potential bone implant
material (reviewed in: Miiller et al., 2015b). The potential
application of polyP in orthopaedics has been further
boosted by the discovery that polyP elicits an acceleration
of ATP production in cells, especially if encapsulated into
nanoparticles (Miiller et al., 2015d).

In the present study, it is shown that polyP, together
with N,0-CMC, can be fabricated to cartilage-like
layers and even larger scaffolds that comprise not only
mechanical properties similar to cartilage, especially
articular cartilage, but also display morphogenetic activity
to both chondrocytes and osteoblasts, the main players
of chondrogenesis, especially in the calcified cartilage
region (Fig. 1). The artificial scaffold prepared here
displays initially (immediately after fabrication of “A-Type
scaffold”) a smoother texture compared to the one of a
2 d matured, more coarse material (“B-Type scaffold”).
Young’s modulus determination studies revealed that the
stiffness of the two materials increases during 5 successive
compression cycles to values that have been measured
for native cartilage. These values are in agreement with
published data for native cartilage, using the confined
compression testing approach (Mansour, 2003). Since the
local cartilage stiffness varies, depending on the size of the
indents, between 0.02 MPa (nm scale) and 2.6 MPa (um
scale) (Stolz et al., 2004), we determined this parameter by
nanoindentation technique. Using the same test parameters,
the local stiffness/hardness of native pig cartilage was
found to be 1.1 MPa compared to 0.3 to 3.2 MPa (for
“A-Type scaffold”) and 0.5 to 1.2 MPa (“B-Type scaffold”),
respectively for the artificial scaffolds. These values,
determined for the artificial polyP-based scaffold material
fabricated here, agree again with those measured for native
cartilage (e.g. Liet al, 2011).

Surely, quasistatic testing gives valuable insight
into the mechanical properties of a given material. Our
result showing that, in the repetitive compression testing
approach, the Young’s moduli increase with the number of
cycles applied reflects a decrease in elasticity. This decrease
in the viscoelastic properties during the loading/unloading
treatments was found for both materials fabricated. The
increment of the for “B-Type scaffold” was — like for
native pig cartilage — less steep compared to the “A-Type
scaffold”, certainly reflecting the initial loss of water in
both systems. At later phases for both scaffolds and also
for the native cartilage, the strain-stress tracings reflect
the largely viscoelastic properties of the materials. This
explanation is supported by the recordings of the stress-
strain curves during the phases of loading and unloading.
With a progression of the cycle number the initial
deformation during the loading phase is much lower and
the creep response is less distinct. During the unloading
phase, the recovery of the materials is more complete.
Again, the characteristics of the artificial materials match
those of the native cartilage (Mansour, 2003).

".'G.U& MAL=TEAL

186

Cartilage engineering

The water content in human articular cartilage varies
between 76 % (newborn) and 60 % (elderly) individuals
(Amado et al., 1976). The material fabricated in the present
study comprises approximately 90 % of water. However, in
consideration of our anticipated application of the material
for moulding and printing purposes, we have chosen this
composition since for that application a higher water
content is preferable. To harden the materials and to expel
the water from them can be obtained in a straightforward
manner by increasing the N,O-CMC concentration during
the fabrication from 5 % to 10 % [w/v]; by this the water
content reaches a level of = 70 %.

Since osteochondral defects affect not only the
articular cartilage but also the underlying subchondral
bone layer (reviewed in: Nooeaid et al., 2012), suitable
osteochondral scaffolds that meet the bio-mechanical
properties of the native cartilage tissue and stimulate the
regeneration of damaged cartilage as well as that of the
underlying subchondral bone tissue have not yet been
adequately developed. Due to the fact that the capacity
of articular cartilage for regeneration and repair is
extremely low (Fosang and Beier, 2011), the inclusion
of a morphogenetically active polymer, e.g. polyP, into
an artificial cartilage biomaterial appears to be indicated.
Cartilage in general, and the calcified cartilage region in
particular, comprises an hypoxic environment with an
oxygen tension of 1 to 7 % (see: Vinatier et al., 2009),
conditions that have been recently pinpointed favourable
for the polyP-triggered formation of Ca-carbonate bio-
seeds onto osteoblasts, which gives rise to bone mineral
formation (Miiller et al., 2015¢). Since cartilage is
sparsely supplied with blood, and in turn also with glucose
(Mansour, 2003), a polyP-based artificial cartilage would
additionally provide metabolic fuel for cell metabolism
(Miiller et al., 2015b). By using both human bone-like
Sa0S-2 cells and human chondrocytes it is shown that
they readily attach to both artificial materials. In order
to increase the adhesion property of the polyP-based
material, the His/Gly-tagged RGD peptide (Neufurth et
al., 2015) was included into the material prior to its final
processing step. Since the cells attach more readily to the
“B-Type scaffold” in comparison to the “A-Type scaffold”
the 2 d aged material was used for the cell and molecular
biological studies. If the cells were tested in the absence
or presence of the scaffold the proliferation/growth rate,
based on the metabolic activity determination with MTT,
was not significantly different.

To assess the morphogenetic activity of the polyP-based
scaffold towards SaOS-2 cells and chondrocytes, gene
expression studies have been performed using RT-qPCR.
For the bone-like SaOS-2 cells the ALP expression has been
chosen, since the level of ALP reflects the differentiation
and activation state of bone cells (Fedarko et al., 1990)
and, additionally, its steady-state gene expression becomes
activated after exposure to dissolved Ca/Na-polyP (Miiller
et al, 2011). As reported here, the scaffold material,
developed here, significantly induces ALP gene expression
in SaOS-2 cells. First data performed in our laboratory
confirm that also mesenchymal stem cells, if exposed to
the mineralisation cocktail MAC, strongly express the
ALP gene in response to exposure to “B-Type scaffold”
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(unpublished). By this, through eliciting one key molecule
(enzyme), the “B-Type scaffold” confers a required
property to be essential for an artificial, biologically active
cartilage scaffold (Hosseinkhani et al., 2006). Osteoblastic
cells are required for building up a strong cartilage-bone
(osteochondral) interface (Lu ef al., 2010).

Besides matching with the suitable bio-mechanical
properties of an artificial scaffold for cartilage repair, its
potential either to provide or to induce the required growth
factors for the chondrocytes is essential for the implant
material. The inclusion of polyP to the scaffold material
used here is advantageous, since this natural polymer
has been shown to induce essential growth factors, e.g.
BMP2, in bone cells (see “Introduction”). BMP2 is not
only essential for the differentiation of bone cells but also
of chondroblasts/chondrocytes (reviewed in: Vinatier et
al., 2009). Besides those factors, the chondrocytes must
be supplied with stimuli that induce the structural and
functional extracellular scaffold materials, especially of
collagen and aggrecan. COL-II is the characteristic and
dominant fibrillar main collagenous component of cartilage
and gives this tissue its structure and strength. Impressively
the “B-Type scaffold” studied here induces the expression
of'this gene even 2-fold stronger than in the control system.
This advantageous property of the scaffold is consolidated
by the finding that also the steady-state expression of the
gene aggrecan is 7-fold stronger upregulated in response to
the polyP-based scaffold. Aggrecan, the major proteoglycan
within the articular cartilage, functions as an integral part
of the extracellular matrix of the cartilagenous tissue and
confers to it its degree of compression. It provides the
glyco-proteinaceous mesh for the hydrated gel structure
(Kiani et al., 2002). Relevant for a regeneratively active
artificial scaffold is the feature to allow the chondrocytes
to grow into the material. The support and induction of the
propensity of the chondrocytes to migrate into the material,
as demonstrated to some extent in the present study, will
contribute substantially to the overall consistency of the
repaired cartilage (Schmidt et al., 2006).

Taken together, the scaffold material presented
here is composed of the morphogenetically active and
physiologically acting polyP. This inorganic linear polymer
forms together with the biocompatible bio-polymers,
alginate and N,0-CMC, a biomaterial with viscoelastic
properties, comparable with those which are characteristic
for cartilage. The material is acellular and thus will not
raise ethical problems which must be considered for
materials that harbour stem cells. The unique feature of
this bioscaffold is its property to elicit an upregulation
of the steady-state expression of genes which encode
for proteins that are required for the differentiation of
chondrocytes (COL-II and aggrecan) and osteoblasts
(ALP). Furthermore, the material was shown to initiate
ingrowth of chondrocytes into the material aftera2to 6 d
growth phase. A sketch, summarising the biological activity
of the biomaterial to induce both bone-like cells to deposit
minerals within the calcified cartilage and chondrocytes
to migrate into the scaffold and express COL-II and
aggrecan, is given in Fig. 1. It might be speculated that
after transplantation in vitro the mesenchymal stem cells
are triggered by the artificial biomaterial to differentiate
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into bone cells and chondrocyte. After ingrowth, the latter
ones might have the capacity to form the organised collagen
fibres with the proteoglycan network.

The potential to use the scaffold, described here, for the
fabrication of both bone-like and cartilage-like units was
proven by embedding the material into a form/mould that
has been obtained by scanning and subsequent conversion
of the STL file into a physical model. It is shown that both
the articular cartilage surface and the epiphyseal plate can
be reconstructed with the scaffold, described here, and
inserted onto the epiphysis and between the epiphysis-
metaphysis, respectively. Based on previous data, it can be
anticipated that this material which is not only biologically
active (Wang et al., 2015) but also resorbable in vivo
Miiller et al., 2015a) can be processed to tissue implants
that are regeneratively active.

Conclusion

In the present work we describe a scaffold material,
composed of the physiological polyP and the biological
N,O0-CMC and alginate. This N,0O-CMC-polyP-alginate
hydrogel can be hardened with CaCl, allowing the
adjustment of the biomechanical properties of the material
close to those which are shown by the physiological bone/
cartilage tissue. It is feasible even to use the material
for manufacture of 3D solid models, custom implants,
through casting into moulds that have been generated by
CAD/CAM procedures. Since the material also elicits
morphogenetic activity (increased expression of alkaline
phosphatase, collagen and aggrecan) towards bone-like
Sa0S-2 cells and chondrocytes it can be anticipated that
those moulded units can be used as implant in orthopaedics.
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Discussion with Reviewers
Reviewer I: Do you have planned experiments with human

bone marrow derived primary cells / stem cells and show
that the artificial cartilage will stimulate the differentiation?

".'G.U& MAL=TEAL

Cartilage engineering

Authors: Surely, in the future we will apply mesenchymal
stem cells (MSC) (Salinas and Anseth, 2009), having
the potency to differentiate into both chondrocytes and
osteoblasts, to obtain a more detailed look into the kinetics
of the morphogenetic potential of the scaffold used here.
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