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Abstract

Cartilage injuries remain ckaller ging since the regenerative capacity of cartilage is extremely
low. The aim was to dzasiy1 a novel type of bioactive glass (BG) scaffold with suitable
topology that allows u.~ tormation of cartilage-specific extracellular matrix (ECM) after
colonization with chonurogenic cells for cartilage repair. Highly porous scaffolds with
interconnecting pores consisting of 100% BG were manufactured using a melting, milling,
sintering and leaching technique. Scaffolds were colonized with porcine articular
chondrocytes (pAC) and undifferentiated human mesenchymal stromal cells (hMSC) for up
to 35 days.

Scaffolds displayed high cytocompatibility with no major pH shift. Scanning electron
microscopy revealed the intimate pAC-scaffold interaction with typical cell morphology. After
14 days MSCs formed cell clusters but still expressed cartilage markers. Both cell types
showed aggrecan, SOX9 gene and protein expression, cartilage proteoglycan and sulfated
glycosaminoglycan synthesis for the whole culture time. Despite type Il collagen gene

expression could not anymore be detected at day 35, protein synthesis was visualized for
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both cell types during the whole culturing period, increasing in pAC and declining after day
14 in hMSC cultures.

The novel BG scaffold was stable, cytocompatible and cartilage-specific protein synthesis
indicated maintenance of pAC’s differentiated phenotype and chondro-instructive effects on
hMSCs.

Key words: bioactive glass, cartilage, articular chondrocytes, human mesenchymal stromal

cells, type Il collagen

Short title: bioactive glass for cartilage tissue engineering

Highlights

e a novel bioactive glass (Car12N) tailored for cartila je ..3sue engineering (TE)
e Carl2N induces no hydroxyapatite and pH shift

e highly porous 100% Car12N scaffolds have a <.bc.ogy suitable for cartilage TE

e Car12N is cytocompatible, allows c:ll adherence and chondrocytic phenotype
maintenance.

e Car12N exerts some chondro-instruc:ve effects on undifferentiated MSCs.

Abbreviation list

2D two dimensiona

3D three dime ns.nal

ACAN gene coung 1or aggrecan

ACI autologous chondrocyte implantation

ACTB gene coding for beta-actin

BG bioactive glass

BMSC bone marrow derived mesenchymal stromal cells
CLSM confocal laser scanning microscope

COL1A1 gene coding for type | collagen
COL2A1 gene coding for type 1l collagen

DAPI 4',6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle’s Medium
DMMB dimethylmethylene blue



DMSO dimethyl sulfoxide solution

ECM extracellular matrix

EDTA Ethylenediaminetetraacetic acid

ETOH ethanol

FCS fetal calf serum

FDA fluorescein diacetate

HBSS Hank's Balanced Salt Solution

HCI hydrochloric acid

hMSC human mesenchymal stromal cell

MACI matrix assisted chondrocyte implantation

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethc xypt enyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt

OA osteoarthritis

pAC porcine articular chondrocyte

PBS phosphate buffered saline

PCL polycaprolactone

PEG poly(ethylene glycol)

PFA paraformaldehyde

PG proteoglycans

PI propidium iodide

PL platelet lysate

PLLA Poly-L-lactic av:A

PU polyuretha~.z

RT room le, "oe ure

SD standard ~eviation

SEM scanning electron microscopy

sGAG sulfated glycosaminoglycans

Sl silicon

SOX9 SRY (sex-determining region Y)-box 9 protein

TBS TRIS buffered saline

TE buffer TRIS EDTA buffer

Highlights

e a novel bioactive glass (Car12N) tailored for cartilage tissue engineering (TE)



e Carl2N induces no hydroxyapatite and pH shift
e highly porous 100 % Car12N scaffolds have a topology suitable for cartilage TE
e Car12N is cytocompatible, allows cell adherence and maintains chondrocytic phenotype.

e Car12N exerts some chondro-instructive effects on undifferentiated MSCs.

1. Introduction

Hyaline cartilage consists mainly of extracellular matrix (ECM), which is formed by few
chondrocytes and contains neither nerves nor blood or lymphatic vessels. Therefore,
chondrocytes can only be supplied by diffusion [1]. Cartilage injuries lead to cartilage ECM
damages mainly of the type Il collagen fibers, proteoglycans (F ). especially of the large PG
aggrecan and sulfated glycosaminoglycans (sGAG) and ¢ los.; of chondrocytes [2]. The
result is a reduction of the unique viscoelasticity of joint ce rtila ye, an impairment in the gliding
ability of the joint bodies and consequently, a high risk of developing osteoarthritis (OA) [3,
4]. Untreated OA progresses steadily and is acconmanid by joint inflammation that affects
not only the joint capsule, subchondral bone, su'rounding ligaments, but also the intra-
articular fat pad and results finally in comple.< curtilage destruction [5, 6]. OA is so far
incurable [7]. Therefore, the developmer: ~f OA resulting from traumatic cartilage injuries
should be prevented by treatment of cartn>'se defects using chondrogenic cells and chondro-
instructive scaffolds to cover defects. 71 facilitate intrinsic cartilage repair the implantation of
autologous chondrocytes (autologot s c¢i.ondrocyte implantation, ACI) amplified in culture and
implanted into the defective area 1.0s been recommended since decades [8-10]. The ACI
technique is based on autolcous chondrocyte isolation from a small biopsy of articular
cartilage taken from a non:loau Yearing joint area; the resulting chondrocytes are multiplied
in vitro and then inserter: inu» the cartilage defect covered by a patch of e.g. the periost [10-
12]. The idea of the prc-eaure is that the autologous chondrocytes will repair the damaged
area and form a new layer of natural articular cartilage. Today, in addition to ACI [11], the so-
called matrix-associated chondrocyte implantation (MACI) is more and more common [13].
MACI is an expansion technique in which the obtained autologous chondrocytes are seeded
on a matrix that corresponds exactly to the size of the cartilage defect [14, 15]. The MACI
method is considered a promising cell therapy [16]. Long-term clinical results indicate that
MACI might be a suitable option for long-term cartilage repair [12, 17]. To improve the
outcome of MACI, versatile chondro-instructive biomaterials are required that can be
validated using tissue engineering strategies. Cartilage tissue engineering strives not only for
the preservation of the -cartilage-specific phenotype of chondrocytes and their ECM
production, but also for the stable fitting and integration of an implant into the cartilage defect

[18, 19] which can be mediated by scaffolds [20]. Because of their suitable mechanical
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properties, low toxicity and predictable biodegradation, different synthetic materials such as
polymers, Poly-L-Lactic acid (PLLA), polyglactin/polydioxanone, polycaprolactone (PCL),
polyglycolide or poly(ethylene glycol) (PEG) have been investigated for cartilage tissue
engineering [21-25]. Since synthetic polymers are not bioactive on their own, it is promising
to combine them with other materials such as bioactive glasses or ceramics [26-29]. In
general, bioactive materials have been defined as materials that induce specific biological
activities at the tissue-material interface, undergo a surface modification and lead to
biochemical reactions [30-32].

Bioactive glass or bioglass (BG) is suitable as a biomaterial not only because its composition
and structure can be precisely modified and tuned, but also hecause it can release various
bioactive and cell stimulatory ions during the leaching process. L 'ring this process the glass
scaffold emits alkaline ions such as Na® that result in the forr.»atic 1 of a silica gel layer on the
glass surface due to hydrolysis and this mechanism cou:1 re.:ult in an unfavorable increase
in pH. In addition, the release of alkaline earth n.~tal ions such as Ca? leads to
hydroxyapatite deposition in the presence of PO,> "33] A detailed list of the patented ion
composition of well-known BGs is given in Tahle 1 and compared with the novel BG
addressed in the present study. The listed B/5 ariations (BG1393 and BG45S5) and other
variations of them have been specificall ax sig.~ed to stimulate bone healing [34-37]. They
share the formation of hydroxyapatite. A _-rong interaction with the surrounding tissue and
the activation of tissue-specific genes < g. by hydroxyapatite are necessary for an effective
bone reconstruction [38-40]. Hydrcx: apdtite is the main inorganic salt of bone and teeth,
which is a calcium phosphate b.oce.amic [41, 42]. Moreover, although some authors were
also able to show that a hydrc.-vapatite layer can support cartilage repair, proliferation and
glycosaminoglycan (GAG) cvnthesis of chondrocytes, it remains the main component of the
bone matrix and is not dey-adable [43-45]. Hence, this study aimed to find a novel BG
composition which does .>ot allow hydroxyapatite formation.

The ionic composition of a BG is the decisive factor not only for bioactivity but also for
adapting the rate of BG degradation [46]. Silicon (Si) is the major component of BG. It could
enhance proliferation and differentiation of progenitor cells [47]. Other ions like calcium
(Ca"), strontium (Sr**), or magnesium (Mg®") are associated with osteogenic differentiation,
progenitor cell growth and maintenance [48-51].

Due to the fact that pure bioactive glass scaffolds are brittle and cannot be well processed as
well as withstand the mechanical loads in the body, they have to be additionally strengthened
[52]. For the preparation of bioactive composites, polymers such as poly(L-lactic) (PLLA),
poly(D,L-lactic acid) (PDLLA), polyethylene, poly(methyl methacrylate), polysulfones or
collagens are used as a basis and then supplemented with BG/ ceramic particles, powders

or fibers [53]. These compositions are not only suitable for bone tissue engineering [54], but
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allow also to some degree cartilage tissue engineering [25]. However, cartilage tissue
engineering could be facilitated in future by developing chondro-instructive BG species. The
use of autologous chondrocytes for cartilage tissue engineering based approach for cartilage
repair is limited by donor-site morbidity. In addition, the expansion of chondrocytes in cell
culture is costly, time-consuming and leads to an irreversible phenotypic shift after prolonged
culturing periods [55-57]. Precursor cells with high chondrogenic capacity such as bone-
marrow derived mesenchymal stromal cells (BMSCs) provide an alternative because they
can be harvested with very low risk of donor site morbidity and can be rapidly amplified to
high numbers before chondrogenically differentiated, making scaffold colonization possible
[58, 59].

The aim of this study was to characterize performance v <hondrocytes and human
mesenchymal stromal cells (hMSCs) on a highly porous pLre F.G scaffold named Carl2N
with a novel composition and suitable topology, partic llan * adapted for cartilage tissue
engineering purposes with no risk of hydroxyapatite dey.sition due to lack of alkaline earth
metal ions and pH shift. Hence, in this study, ce.. mcrphology, adherence, survival and
cartilage ECM expression profiles were monitored «n poicine articular chondrocytes (pACs)
and hMSCs seeded on the Carl2N scaffold .- 2ssess the influence of its bioactivity on
chondrogenesis and tissue formation. M%C. ai> a potential regenerative cell source of the
body and could also offer a significant . enefit in terms of personalized cartilage defect
regeneration. Furthermore, the questio.” arises whether hMSCs can already pre-differentiate
in the chondrogenic direction only b 'or y-term cultivation on the BG scaffold.



2. Materials and Methods

2.1 Scaffold composition

Table 1 Detailed composition of the raw glass used for Car12N scaffold preparation [%]

lons Mass percentage Putative effect on BG processing or cells
SiO, 62.7
P,Osg 7 Network former
B,O; 2 Network changer
Na,O 25.6 Boron-ions: might stimulate cell proliferation
K,O 1 Stabilizing gel layer
TiO, 0.12 Titanium-ions: might sumuate cell proliferation
Z2r0, 0.1 Zirconium-ions: a’wu :ﬁﬁmmatory
CuO 0.02 Copper-ions: a. tibacterial
ZnO 0.06 Zinc- and nc 'riun -ions: might stimulate cell
NaCi 03 proliferation
NaF 0.2 -/
Na,SO, 0.4 '4or.ogenizes melted mass
KNO3 0.5 Optirnization of melting

1

Table 2 Main components of our BG (Czrlzi ! red underlined) in comparison to other typical BG species like
1393, 45S5, 60S, 45S5F, 45S5.4F, 455575 and 52S4.6. The values refer to the percentage of the glass [%].

BG 1393 |45S5 | 6L | 45S5F | 45S5.4F | 45S85B5 | 52S4.6 | Carl2N
SiO, 53 45 ¢n 45 45 40 52 62.7
P,0Os 4 6 #‘.6 6 6 6 6 7

CaO 20 245 19.6 | 12.25 14.7 24.5 21 -

CaF, - - - 12.5 9.8 - - -

Na,O 6 24.5 17.7 | 245 24.5 24.5 21 28
B,0; - - - - - 5 - 2

2.2 Scaffold preparation

For the production of the BG scaffold (Carl2N) a recently patented glass composition
(Carl2N) was used (DE 10 2018 114 946 B3, 2019) (Table 1). The chemical components
(Table 2) were mixed and combined to melt a raw glass body, which was then crushed and
ground in a ball mill. The glass powder obtained (grain size < 40 um) was suspended with an
aqueous solvent (isopropanol, Carl Roth GmbH, Karlsruhe, Germany) and applied to a
porous polyurethane sponge (Eurofoam Deutschland GmbH Schaumstoffe, Wiesbaden,
Germany). The powder particles adhered evenly to the surface of the sponge, thus

reproducing the sponge geometry. A subsequent 2 hours (h) heat treatment (600-740°C)
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completely decomposed the polyurethane sponge and sintered the glass particles together
forming a highly porous scaffold. In the last step, a leaching process of 6 days with 0.1 M HCI
at room temperature (RT) was performed to reduce its alkali content. Scaffolds were stored
in sterile, hypotonic and pyrogen free water (Carl Roth GmbH) (Fig. 1).

mixture of coating of a poly- acid-
A components B homogenization urethan D mediated E native
+ melting milling foam (PU) with powder

leaching scaffold

18 2 B 3 B

-> sintering - gel layer

Figure 1 Scaffold preparation process. Raw glass is fabricated by mixing and mel ing . f the components (A). The glass body
was crushed to powder of defined particle sizes (B, roughly 1 and fine 2). The p. 'v-u ethane foam (PU) (1) is coated with
powder (2) which is sintered to a scaffold by high temperature (3)(C). HC' tre.*ment leads to a leaching process which
results in gel layer formation at the surface of the scaffold (D). Macroscopical “iew in the scaffold (E). Scale bars: 1 cm.

2.3 Isolation of porcine articular chondrocytes

PACs were isolated from 7 healthy knee joints “rcm 4-6 month old pigs derived from the
abattoir. The harvested cartilage pieces were cut into small slices (2 mm) and digested by
collagenase NB5 derived from Clostridi.™m "iistolyticum (1 mg/mL, Merck KGaA, Darmstadt,
Germany) in chondrocyte growth me Yium (99% [v/v] DMEM/Ham’s F-12 [1:1] with stable L-
glutamin, 1% [v/v] amphotericch B, 1% [v/v] MEM amino acids, 1% [v/v]
penicillin/streptomycin, 1% [v/v] esonre.c acid supplemented with 10% fetal calf serum [FCS]
(all products from Bio&Sell, Feuci.* Germany) overnight in a rotatory device at 37°C. After
sieving and washing, isolatea chondrocytes were cultured in chondrocyte growth medium in
T175 flask (CellPlus, Sarz. v ~G, NUmbrecht, Germany). For expansion, chondrocytes were
detached with 0.054./0.224 trypsin/ Ethylenediaminetetraacetic acid (EDTA) solution
(Bio&Sell) and seeded i», T175 flasks. Growth medium changes were done every second
day.

2.4 Isolation of human mesenchymal stromal cells

Donors of hMSCs were males (n=15) and females (n=6) with an average age of 28 + 8.5
who were voluntary bone marrow donors. Harvesting human tissue samples for hMSCs
isolation was approved by ethical commission of the Bavarian medical association (no.
17074, 6™ February 2018) for experiments with human derived tissues. It was in accordance
with the declaration of Helsinki. Bone marrow blood was obtained by iliac crest biopsies from
the bone marrow transplantation unit of the Nuremberg General Hospital. Freshly harvested
bone marrow blood was mixed with MSC growth medium (1:4) and pipetted into a T175 flask

(Sarstedt). The growth medium consisted of Dulbecco’s modified Eagle’s medium (DMEM
8



with stable glutamine [3.7 g/L NaHCO3; and 4.5 g/L D-glucose], BioSell), 5% human growth
factor-rich human Platelet Lysate (PL) solution (PL BioScience, Aachen, Germany), 0.04%
heparin (PL BioScience), 1% [v/v] amphotericin B, 1% natrium pyruvate (Biochrom, Berlin,
Germany), 1% penicillin/streptomycin (Bio&Sell). After three days, 10 mL fresh medium were
added to each flask and after three additional days the medium was completely removed.
Adherent cells were washed twice with phosphate buffered saline (PBS) and incubated with
20 mL fresh medium until a confluency of 80 - 90% was reached. For phenotype
characterization of undifferentiated hMSCs, immunocytochemical staining was performed.
For this step, 1.8 x 10* hMSCs per cm® were seeded on a glass cover slip. After 48 h
cultivation time, the samples were prepared for immunocytochemical staining (description of

the further steps for immunocytochemical staining is listed below >ee 2.13).

2.5 Cytotoxicity assay

The murine fibroblast cell line L929 (derived from subcu aneous tissue, strain C3H/An, from
Cell Line Services, Germany) was used for biologic. ! evaluation of cytotoxicity according to
the national standard DIN EN ISO 10993-5 2009-20 noim. Thawed primary pACs, hMSCs
(both derived from three different donors) anc' L™2¢ cells were seeded with an initial density
of 1.0 x 10* cells/cm? in cell culture flasks and cultured in growth medium until 80-90%
confluence at 37°C and 5% CO, was reac ‘ed. Growth medium was changed three times a
week. Extracts from three different scoffold charges were prepared to determine potential
cytotoxic effects. Cell-specific grov.t't nedium was used as extraction medium. The BG
scaffolds were sterilized with O . M YCI solution and washed three times for 10 min with
sterile aqua dest. to get rid ¢’ the HCI. Six scaffolds (0.199 g) were incubated in 1 mL
extraction medium at 37°C an. 5% CO, for 48 h under aseptic conditions using sterile,
chemically inert cell cult ire plates. Cells (L929, pACs, hMSCs) were seeded in 96-well cell
plates (Sarstedt) with ar: ‘nitial density of 1.0 x 10* cells/cm? and the cells were incubated for
24 h at 37 °C and 5% CO,to allow cell adherence. The growth medium was removed and the
cells were cultured with 100 pL extraction or control solutions per well for 24 h 37°C and 5%
CO;. A 10% dimethyl sulfoxide solution (DMSO, Carl Roth GmbH) was prepared with growth
medium and used as a positive control. Pure growth medium was applied as negative
control. After 24 h of incubation with the respective extracts, the medium was completely
discarded. 80 pL growth medium and 20 pL [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] solution (CellTiter
96®Aqueous One Solution Cell Proliferation Assay, Promega GmbH, Walldorf, Germany)
were added to each well. The cells were incubated for an additional 2 h under standard
culture conditions and absorbance was measured photometrically at a wavelength of 490 nm
(Tecan Austria GmbH, Grodig, Austria).



2.6 pH measurement

The pH of the pure growth medium (10 mL), of uncolonized scaffolds (6 scaffolds in 10 mL
culture medium) and pAC colonized scaffolds (6 scaffolds in 10 mL growth medium) was
measured at RT with a pH meter (PCE-PH20S, PCE Americas Inc., Florida, USA).

2.7 Scaffold colonization

Cubic scaffolds with a length/width of 3.0 £ 0.5 mm (18 mm®) and between 1 - 2 mm in height
were sterilized in 0.1 M HCI solution for five days after production. The scaffolds were
washed three times with purified poor endotoxin water and stored in water until colonization.
Before colonization scaffold were transferred in a Tubespn bioreactor tube (TPP,
Trasadingen, Switzerland) and pre-incubated for 1 h in FCS. *x10° primary cells (27.778
cellssrmm?®) pACs or hMSCs) per scaffold were used for d:nan ic seeding in 5 mL cartilage or
stem cell growth medium. Using a rotatory device (Barte* GmbH, Graz, Austria) with 36 rpm
at 37°C guaranteed a homogenous distribution of th. cels on the scaffold. Medium changes
were executed every second day until the cultivation was stopped at day 7, 14, 21, 28 and
35. Three independent experiments with cells isrlated from three different donors were

performed.

2.8 Vitality assay

To check if cells were alive or dead, 7. live/dead staining was performed with 1 pL propidium
iodide (PI, 1% stock solution in . dect., Thermo Fisher Scientific, Darmstadt, Germany) and
5 pL fluorescein diacetate (FD~.. stock solution: 3 mg mL™ in acetone, Sigma-Aldrich) in 1 mL
PBS. Cell vitality was dei~rmi.ed after 7, 14, 21, 28 and 35 days. For performing the
live/dead staining, the s :affc'ds were removed from growth medium, 50 pL of stain solution
was added and transfer, ~d to a microscopic cover slide. After a 5 min incubation period at
RT, the fluorescence or live and dead cells was monitored using a Leica SPEIl DMi8
confocal laser scanning microscope (CLSM, Leica, Wetzlar, Germany). Based on the vitality
assay, three different pictures with vital and dead cells from three independent experiments
were evaluated. The pictures were “split” with the ImagedJ 1.48v software in the green and
red channel. The amount of vital (green) and dead (red) cells on the scaffold surface was
calculated with the “particles analyzer” feature in the program. For the calculation of the
vitality per scaffold surface, the amount of vital (green) and dead (red) cells were evaluated.
The percentage of vitality refers to the sum of green and red dots. For determining the
“colonized scaffold surface” only the green channel was taken and the area of vital cells was

chosen.
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2.9 SEM analysis

Scaffolds were first fixed in 2% paraformaldehyde (PFA), 2.5% glutaraldehyde (Carl Roth
GmbH) in PBS without Ca®* and Mg?* overnight at 4°C, washed in PBS four times for 15 min
and fixed in 1% osmium tetroxide (OsO,). Afterwards, the scaffolds were gently rinsed four
times & 15 min in PBS and dehydrated in an ascending ethanol (ETOH) series (70%, 80%,
90% and 96% ETOH each 30 min) and three times 100% ETOH & 15 min. Then, the
samples were critical point dried, mounted onto specimen stubs and sputtered (agar auto
carbon coater, Agar scientific Ltd, Essex, UK) with a thin layer of carbon (=13 nm) before
SEM images were taken under an ESEM XL30 (FEI Europe B.V., Eindhoven, NL) at an
accelerating voltage of 20 kV.

2.10 Measurement of total DNA and GAG content

By CyQUANT® NF Cell Proliferation Assay the influen:e ¢* respective treatment on cell
division was examined after 7, 14, 21, 28 and 35 days. 1.2e standard curve was generated by
serial dilution of calf thymus DNA stock solution (2 mc mL™?) with TE-buffer (TRIS EDTA
buffer, 10 mM TRIS [pH 8.0], 1 mM EDTA in Aruia dest.). For the standard curve, 25 pL of
the serial calf thymus DNA dilution was mixed w.’n °.5 uL of CyQuant dye solution (1x Hank's
Balanced Salt Solution [HBSS] + dye biiai1g _olution 1:250 [ThermoFisher Scientific Inc.,
Waltham, USA]). After analyzing time po. ts (7, 14, 21, 28 and 35 days) of 3D long term
culture, scaffolds were transferred to k'ase and DNase free 2 ml safe seal tubes (Sarstedt)
with 50 pl of the Proteinase K digestiun vuffer (50 mM TRIS/HCI, 1 mM EDTA, 0.5% Tween
20) containing 0.5 mg mL™ praten.ase K (PanReac, ApplyChem, Darmstadt, Germany).
Samples were homogenized v.ith a 7 mm stainless steel bead (RNase and DNase free,
sterile, Qiagen, Hilden, Ge maiy) by using the Tissue Lyser (Qiagen, 50 Hz, 5 min, RT).
Then, 250 pL of the pro einase K digestion buffer containing 0.5 mg mL-1 proteinase K was
added. All samples were digested for 16 h at 56°C under continuous shaking. The enzymatic
reaction was stopped by freezing the samples at -20°C for 30 min. Before DNA
guantification, all samples were thawed and then centrifuged for 15 min at 16483.55 g. 10 pL
of each sample was added to 150 pL TE buffer and thoroughly mixed. Samples were
transferred in triplicate with 25 pL of the sample dilution to a black, flat bottom 96-well plate
(Brand GmbH, Wertheim, Germany) and mixed with 25 pL of the dye solution (1x HBSS +
dye solution 1:250). Subsequently, plates were covered to be protected from light and
incubated at 37°C for 60 min. The fluorescence of each well was measured in triplicate at
485 excitation/530 emission nm in a fluorometric plate reader. Three independent
experiments with cells derived from three different donors were performed.

For the DMMB Assay, the same supernatant was used as in the CyQuant Assay. After

adequate sample dilution, the DMMB solution (ApplyChem) was added (40 mM glycine
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(Sigma-Aldrich), 40 mM NacCl (Carl Roth GmbH) at pH 3 and DMMB [8.9 mM in ETOH]).
Chondroitin sulfate (Sigma-Aldrich) was used as standard. The absorption shift was
measured at a wave length of A = 633 nm to A = 552 nm using a genios spectral photometer
(Tecan Austria GmbH). Three independent experiments with cells derived from three
different donors were performed.

2.11 RNA isolation

Scaffolds colonized with pACs and hMSCs were snap-frozen after 7, 14, 21, 28 and 35 days
(each n = 3) and homogenized in RLT-buffer (Qiagen) with the Tissue Lyser for 2 times & 3
minutes at 50 Hz. RNA was isolated and purified using the RNleasy Mini kit according to the
manufacturer’s instructions (Qiagen), including on-column DivAse treatment. Purity and
guantity of the RNA samples were monitored (260/280 absor . anc e ratio) using the Nanodrop

ND-1000 spectrophotometer (Peqlab, Biotechnologie GmiH, t’rlangen, Germany).

2.12 Quantitative real time PCR

For cDNA synthesis 120 ng of total RNA was reverse transcribed using the QuantiTect
Reverse Transcription Kit (Qiagen) according t¢ -he supplier manual. 20 ng cDNA was used
for each quantitative real-time PCR (qP(-"CR) reaction using TagMan Gene Expression
Assays (Life Technologies) with primer p.‘rs for type | collagen (CollAl), type Il collagen
(Col2A1), aggrecan (ACAN), SRY (sex determining region Y)-box 9 protein (SOX9) and the
housekeeping gene B-actin (ACTB) a. ¢ reference gene (Table 3). gRT-PCR was performed
using the real time PCR detectc' SteyOnePlus (Applied Bioscience (ABI), Foster City, USA)
thermocycler with the progran, StepOnePlus software 2.3 (ABI). The relative expression of
the gene of interests by th> cens on the scaffolds was normalized to the ACTB expression
and calculated for each samle using the AACT method as described by Schefe et al. 2006
[60].

Table 3 Sequences of primers used in the present study.

Gene Species | Gene name | Efficacy | Amplicon length | Assay ID *

symbol (base pairs)

ACAN Homo aggrecan 1.95 93 Hs00202971_m1
sapiens

ACAN Sus aggrecan 1.69 60 Ss03374823_m1l
scrofa

ACTB Homo B-actin 1.89 171 Hs99999903_m1
sapiens

ACTB Sus B-actin 1.71 77 Ss03376081_ul
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scrofa

Col1A1 Homo type I | 2.06 66 Hs00164004_m1
sapiens | collagen

Col1Al Sus type I|1.53 74 Ss03373340_ml
scrofa collagen

Col2A1 Homo type Il 2.06 124 Hs00264051 _ml
sapiens | collagen (1.9%%)

SOX9 Homo SOX9 1.92 102 Hs00165814_m1
sapiens

SOX9 Sus SOX9 1.57 145 Ss03392406_m1
scrofa

*All primers from Applied Biosystems® (life technologies ™). “*.‘mer efficacy determined for
porcine chondrocytes

2.13 Immunocytochemical staining

The protein expression profile was assessed using CLSM. After the cultivation time cover
slips (48 h, for MSC characterization) or scaffc'd. (14, 28 and 35 days) were fixed with 4%
PFA (Morphisto GmbH, Frankfurt am M-=in, Germany) subsequently washed with TRIS
buffered saline (TBS: 0.05 M TRIS, 0.6.5 " NaCl, pH 7.6) before incubated with protease-
free donkey serum (5% diluted in TBZ with 0.1% Triton X 100 for cell permeabilization) as a
blocking step for 20 min at RT. Samrpr.< were incubated with primary antibody (see Table 4:
CD29, CD34, CD44, CD45, .DY%C, CD105, vimentin, type Il collagen, aggrecan,
proteoglycans, SOX9) overnigt.t av 1°C. Samples were rinsed with TBS before incubated with
donkey-anti-rabbit-Alexa 488 |'nvitrogen, Carlsbad, USA) or donkey-anti-mouse-cyanine-3
(Cy3, Invitrogen) couplec socundary antibodies (diluted 1:200 in TBS, see Table 4) for 1 h at
RT. Cell nuclei werz ~ou.erstained using 10 pg/mL 4',6'-diamidino-2-phenylindol (DAPI,
Roche, Mannheim, Ger~any). In addition, to the CD29 immunocytochemical staining of the
hMSC colonized cover slips the F-actin was stained with Phalloidin Alexa488 (abcam,
Cambridge, UK). Cover slips were rinsed with TBS and covered with Fluoromount G (Biozol
Diagnostica Vertrieb GmbH, Eching, Germany) before examination by CLSM.
Immunolabeled scaffolds were washed three times with TBS before examined by using
CLSM. Three independent experiments were performed with representative microscopic
fields. For the calculation of the “type Il collagen area per cell”, three pictures of three
independent experiments were taken and splitted with the ImagedJ program in the “green”
and “blue” channels. The green area was measured and related to the amount to blue dots

(= cell nuclei).
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Table 4 Antibodies used in the present study.

Target Primary antibody Dilution | Secondary antibody | Dilution

aggrecan mouse anti human R&D | 1:30 donkey-anti-mouse; 1:200
systems, Minneapolis, Cy 3, Invitrogen
USA

CD29 mouse anti human R&D | 1:50 donkey-anti-mouse; 1:200
systems, Minneapolis, Cy 3, Invitrogen
USA

CD34 mouse anti human R&D | 1:50 donkey-anti-mouse; 1:200
systems, Minneapolis, Cy 3, Invitrogen
USA

CD44 mouse  anti human, | 1:50 donkc:/-anti-mouse; 1:200
CellSignaling Cy 3, Invitrogen
Technologies, Danvers, |
USA |

CD45 mouse anti human R&D | 1:70 - donkey-anti-mouse; 1:200
systems, Minneapolis, Cy 3, Invitrogen
USA

CD90 mouse anti human R&D | 277, donkey-anti-mouse; 1:200
systems, Minneapr's, Cy 3, Invitrogen
USA

CD105 mouse anti humon R&D | 1:50 donkey-anti-mouse; 1:200
systems, Mip~=aplis, Cy 3, Invitrogen
USA

type Il collagen rabbit anti 1. man, Acris | 1:50 donkey-anti-rabbit, 1:200
Laboratoric =. Alexa  Fluor 488,
Hiddenhauoan, Germany Invitrogen

proteoglycans mouse anti human, | 1:70 donkey-anti-mouse; 1:200
Ci.2ne~on  International, Cy 3, Invitrogen
Califc nia, USA

SOX9 rabbit anti human, Merck, | 1:100 donkey-anti-rabbit, 1:200
Darmstadt, Germany Alexa  Fluor 488,

Invitrogen

vimentin mouse anti  human, | 1:50 donkey-anti-mouse; 1:200

Sigma-Aldrich, Cy 3, Invitrogen

Darmstadt, Germany

2.14 Statistics

The statistic description refers to all performed experiments. Data from all experiments are

expressed as mean values with standard deviation (SD). Statistics were performed with

GraphPad Prism8 (GraphPad software Inc., San Diego, USA). The normal distribution of the
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results was analyzed using the Shapiro Wilk test. For comparison of groups a two-tailed one-
way ANOVA (Fisher) was used followed by Tukey's multiple comparison post hoc testing.
The level significance (Cl) was set at p values of < 0.05 (*) and p values of < 0.0001(****).
Power of tests was 0.8. Three independent experiments with cells from three different donors
were performed.

3. Results
3.1 Scaffold morphology and characterization
Not only pACs but also hMSCs were used to colonize a cubic BG scaffold with a pore size of
286.37+88.87 um and a strut length of 112.98+12.13 um. The struts had a diameter of
59.24+9.99 um with a surrounding gel layer of 2 um thickness (Fig. 2).

cells BG scaffol

pACs

hMSCs

1000 pm I

Figure 2 Primary cells used for future BG s.~ffolds coulonization and scaffold topology. Primary porcine articular
chondrocytes (pACs) (A) and primary human mesenc.. ‘mal stromal cells (hMSCs) (B) were seeded on a cubic BG scaffold (C).
Scanning electron micrographs displayed a detcler. ‘iew of morphology, especially of the strut length (red arrows) and the
pore size (yellow circle) (D). At higher magnifica: ‘on the diameter of a strut (blue arrow) (E) and the gel layer (F) can be
observed.

3.2 Cytotoxicity, cell vitality «.~d cytocompatibility of the scaffold

To assess whether the icn r:iease of BG scaffold exerted cytotoxic effects on cells,
cytotoxicity testing acco diny to the national standard DIN EN ISO 10993-5 2009-10 norm
was performed with the murine L929 fibroblasts as a testing cell line. Since pACs and
hMSCs were used for the scaffold seeding experiments, these cells were also included in
cytotoxicity testing. The normalized cell vitality was 102.69% + 5.25 for L929, 98.14% + 2.40
for pACs and 101.29% =+ 6.81 for hMSCs. The positive control (treatment with 10% DMSO,
data of all three cell species were pooled) was 11.42% + 6.30 and the negative control
(treatment with cell-specific growth medium) was 100% + 3.87 (Fig. 3A). The values of L929,
pACs and hMSCs were normalized to the negative control and can therefore, be higher than
100%. Due to the fact that the growth medium was changed every second day only two-time
points were chosen for pH measurement. The pH value of the growth medium without
scaffolds was in a range of 8.1 = 0.01, the pH value of the medium with uncolonized
scaffolds was 7.8+ 0.2 and the pH value of the medium with colonized scaffolds was 8.023 +
0.1 (pACs) and 8.000 + 0.24 (hMSCs). No significant differences were detected (Fig. 3B).
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Figure 3 Cytotoxicity Assay of BG scaffold extracts (A) and pH measureme: t of . rowth medium exposed to the scaffolds
(B). Viability of L929 (light grey), porcine articular chondrocytes (pACs. b.. ~k) and human mesenchymal stromal cells
(hMSCs, dark grey), treated for 24 h with BG scaffold extracts (48 h extru. *ion) prepared from three different BG scaffold
charges. A: Cell viability was above 70% in all cases. Positive and ne jati ~ controls were performed with L929, pACs and
hMSCs. Cell viability of the positive control with 10% dimethylsulfoxide /7M.0O, red) was below 20% (highly cytotoxic) for all
three cell species (data is pooled) and that of the negative control w'.h cu.*uire medium (white) was set 100% for all three
cell species. Cytotoxicity 2 was taken from
https.//www.igb.fraunhofer.de/content/dam/igb/de/document -/ sro: chueren/zte/Biologische_Beurteilung_von_Medizinpr
odukten_Pruefungen_auf_in_vitro_zytotoxizitaet_nach_din_"o_10993_5.pdf (downloaded: 05.08.2020). The CellTiter
96®Aqueos One Solution Cell Proliferation Assay wa® us.d to assess cytotoxicity. n=3. Ordinary one-way ANOVA with
multiple comparison, p values: **** < 0.0001. B: The ,~H / 4t RT) of the fresh growth medium without scaffolds (white), the
pH of uncolonized scaffolds (checkered), the pH of pAC-c. 'nized scaffolds (black) and the pH of hMSC-colonized scaffolds
(grey) was measured. No significant differences we. » detected using unpaired t-test (n=3).

The vitality assay proved survival of |."Cs and hMSCs up to 5 weeks of culture on the
scaffolds. Viable cells were label2d >/ FDA, a green fluorescence marker with cytoplasmatic
distribution, whereas dead cein. were labeled by Pl, a red fluorescence marker intercalating
into DNA when the nucl~ar aembranes become permeable thereby showing nuclear
distribution. The majority of ‘e chondrocytes attaching to the struts was vital during the five
weeks of observation tin.~ and spread over the whole scaffold surface around the pores (Fig.
4A-E). Spread chondrucytes could be detected, which nearly completely colonized the
scaffold surface. No difference in viability of pACs could be observed during the entire
cultivation time. In contrast to the pACs, the hMSCs formed cell clusters around the struts
and inside the pores after 7 days after colonization. After 14 days the hMSCs tried to spread
around the struts and their cell shape was getting more and more elongated. After 21 days
hMSCs lost their contact to the scaffold, leading to a decreasing amount of cells on the
scaffold. After 35 days only some single cell clusters could be detected (Fig. 4F-J). The
evaluation of the migration depth of the cells into inner parts of the scaffold was impossible
because the BG scaffolds could not be transected due to being too brittle.

Nevertheless, the calculated percentage of colonized scaffold surface covered by vital pACs

was slightly increasing and reached nearly 100% after 35 days (Fig. 4KA), which indicated
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that only vital cells could be found on the struts. The total scaffold surface percentage
covered with vital cells decreased (27%) after 14 days in the pAC scaffold cultures and then
increased again up to 49% surface area until day 35 (Fig. 4L, not significant). The cell vitality
of hMSCs increased significantly after 21 days compared to 7 and 14 days (Fig. 4M). In the
hMSC culture, a smaller surface area (21%) was colonized with vital cells after 7 days in
comparison to the pACs and a continuous decrease of the surface area displaying living cells
could be calculated reaching less than 10% after 35 days (Fig. 4N, no significant
differences).
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Figure 4 Vitality Assay of colonized BG scaffold and calculation of cell vitality per scaffold surface and colonized scaffold
surface. Representative pictures of three independent experiments show vital (green) and dead (red) porcine articular
chondrocytes (pACs) (A — E) and human mesenchymal stromal cells (hMSCs) (F- J) over a cultivation time of 7 to 35 days.
PACs vitality per scaffold surface (K) and the colonized scaffold surface (L) over the whole cultivation period. Results of
hMSCs vitality per scaffold surface (M) and the colonized scaffold surface (N) over the whole cultivation period. Three
independent experiments (n=3) with cells from three different donors were performed. One-way ANOVA combined with post
hoc Tukey’s multiple comparison between groups: p values: * <0.05. Scale bar: 200 um
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3.3 Ultrastructure of pACs and hMSCs on bioactive glass scaffold

Analysis of the pore sizes and the cell attachment of pACs and hMSCs was performed with
SEM. After 14 days, the struts and pore walls were nearly completely colonized with cells.
The cell shape of pACs was rounder in comparison to the hMSCs, which had longer spindle-
shaped cell bodies with a high number of filopodia. Both cell types started to synthesize a
fibrous ECM that covered the scaffold surface. After 28 days the struts and pores were filled
with pACs which formed a homogenous layer covering the struts. hMSCs were found only in
selected areas, whereas the pACs were homogenously distributed. Both cell types

maintained their typical cell shape (Fig. 5).

Figure 5 Scanning electron microscopy (SEM) of colonized BG scaffolds. Cell morphology of the pACs (A, B) and hMSCs (C,
D) on the BG scaffold after 14 days (A, C) and 28 days (B, D) in culture. Differences in cell shape and distribution on the
struts can be seen. Scale bars of 50 um.

3.4 Cell type and time dependent proliferation and sGAG synthesis

The cell number per scaffold was determined at different time points by measurement of

DNA content and using a cell number standard curve to calculate the DNA content per cell in
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order to estimate the final cell proliferation. During the 21 day cultivation period on the
scaffold, the DNA amount of pACs was significantly decreased (from 370.000 to 60.000) and
significantly increased until 35 days after seeding (260.000). In general, the cell number of
hMSCs in the scaffold was reduced in comparison to the pACs. After a slight increase until
day 21 (150.000 cells per scaffold), the cell number was decreasing until day 35 (30.000)
(Fig. 6A, C).

The sGAG content per pAC cell increased from 7 days and reached the highest level after 21
days (1.1 ng), followed by a decreasing trend. In contrast to the pACs, the hMSCs showed a
decreasing trend with the lowest level after 21 days (0.35 ng/cell). But the sGAG content
increased and reached the highest amount after 35 days (1.55 ng/cell) (Fig. 6B, D).
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Figure 6 Calculation of cell numbers per scaffold and sulphated glycosaminoglycan (sGAG) content per cell. Results of the
cell number (A) and the sGAG content (B) of BG scaffolds colonized with pACs over the whole cultivation period. Results of
the cell number (C) and the sGAG content (D) of BG scaffolds colonized with hMSCs over the whole cultivation period. Three
independent (n=3) experiments with cells of three different donors were performed. One-way ANOVA (post-hoc Tukey Test)
for comparison between the groups. p values: * <0.05; **** <0.0001. pACs, porcine articular chondrocytes; hMSCs, human
mesenchymal stromal cells.

3.5 Articular chondrocytes show gene expression of cartilage-specific marker type I
collagen and aggrecan

Real-time PCR analysis was carried out for several cartilage-associated genes to estimate
the effect of BG on pACs and hMSCs after 7, 14, 21, 28 and 35 days of cultivation in a 3D
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cubic scaffold. Gene expression of type Il collagen, as the most important cartilage marker,
and aggrecan as well as type | collagen and SOX9 was detected in pACs. Type | and I
collagens, aggrecan and SOX9 were assessed in hMSC cultures. The results showed that
the relative gene expression of type | and Il collagen, aggrecan and SOX9 decreased with
increasing cultivation time in BG scaffolds colonized with pACs. The relative gene expression
of type | and Il collagen was the highest after 14 days and after 7 days that of aggrecan and
SOX9. The hMSCs cultures showed an upregulation of the relative gene expression of type |
collagen, while the relative gene expression of aggrecan was the highest in comparison to
the other four time points analyzed. hMSCs had no relative gene expression of type Il
collagen after 28 and 35 days. Although the relative gene expression of type | collagen
increased within the first two weeks of cultivation, it decreased a."1 had the lowest level after
35 days. The relative gene expression of SOX9 also decreas ~d a ter 21 days (Fig. 7).
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Figure 7 Gene expression level for cartil~.ae ex. -acellular matrix components and the transcription factor SOX9 after 7, 14,
21, 28 and 35 days in the BG scaffold. Rei. “ive gene expression of type Il collagen, aggrecan, type | collagen and SOX9. All
diagrams summarize n=3 independ=nt e.. criments with cells of three different donors and show means with standard
deviation. No significant differenc~- co. '~ be calculated after One-way ANOVA (post-hoc Tukey Test). Gene expression was
normalized to the reference genc 8-ac.'n (ACTB). pACs, porcine articular chondrocytes; hMSCs, human mesenchymal stromal
cells.

3.6 Characterization of undifferentiated human mesenchymal stromal cells

Typical surface marker expression such as CD29, CD90, CD105 and also vimentin could be
depicted in the wundifferentiated hMSCs and markers were localized using
immunocytochemical staining. The CD34 and CD45 expression on the hMSCs was not

detectable (suppl. Fig. 1).

3.7 Cartilage-specific ECM protein expression
For evaluation of cartilage-specific ECM protein expression immunocytochemical analysis
was carried out. The pACs and hMSCs were cultured for 14 and 28 days before being

immunolabeled for type Il collagen (green) and cartilage-specific proteoglycans (red). Type Il
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collagen was present around and between the cells in their freshly produced ECM. In
scaffolds colonized with pACs, type Il collagen was more prominent and more evenly
distributed around the cells, in contrast to the hMSCs, where it was associated with the cell
clusters after 28 days. At day 14 days the type Il collagen immunoreactive area was
significantly larger around hMSCs in comparison to that in the pAC cultures. However, after
14 days the area increased around pACs and significantly decreased around hMSCs (Fig.
8). The calculation of the collagen immunoreactive area per cell showed that hMSCs
produced significantly more type Il collagen after 14 days than pACs. After 14 days of further
cultivation the pACs continuously expressed type Il collagen, while the area per cell positive
for type Il collagen decreased to 0.05% in hMSCs scaffold cultiires (Fig. 8E).

The cartilage-specific proteoglycans (Fig. 8F-J, red) and the tia.*scription factor SOX9 (Fig.
8K-0O, green) were also evaluated after 14 and 28 days of ~ulti.ring both cell types on the
scaffold using immunocytochemical staining. Cartilage -spe cific proteoglycans could be
observed in the 14 and in the 28 days-old pACs cultu.~s (Fig. 8F and G). The cartilage-
specific proteoglycan expression tended to increase ‘urir g the cultivation time in the scaffold
cultures with pACs (Fig. 8J). In comparison to nACs the hMSCs expressed a significantly
lower amount of cartilage-specific proteoglyza.”s on the bioglass (Fig. 8F-J). During the
cultivation time a downregulation of the “~aru'age-specific proteoglycan expression (not
significant) could be observed in hMSC sc. fold cultures (Fig. 8J). SOX9 expression of pACs
was observed after 14 days and afte; 28 days (Fig. 8K and L). It increased during the
cultivation period in pACs cultivatec cn wie scaffolds (Fig. 80, not significant). In contrast to
the pACs, the immunoreactivity of ZOX9 was weaker in hMSCs and decreased after 28
compared to 14 days (Fig. 80, ~ot significant).

A type Il collagen (green) &~d cartilage-specific proteoglycan (red) expression of pACs could
be proven after 35 days. In *he detailed view type Il collagen expression appeared around
the cells and was more .. tensive than the cartilage-specific proteoglycan expression (suppl.
Fig. 2A, B). The negative control proved that the antibodies bound specifically and exerted
no unspecific binding to the BG. Additionally, no autofluorescence of the BG could be

observed (suppl. Fig. 2C, D).
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Figure 8 Protein expression of type Il collagen, -cartilage-specific proteoglycans and SOX9. Representative
immunocytochemical staining of type Il collagen (green) and cell nuclei (blue) of pACs (A, B, A1, B1) and hMSCs (C, D, C1,
D1). Calculation of the type Il collagen area per cell (E). Inmunocytochemical staining of proteoglycans (red) and cell nuclei
(blue) of pACs (F, G, F1, G1) and hMSCs (H, I, H1, 11) with the evaluation of the proteoglycan (PG) area per cell (J).
Immunocytochemical staining of SOX9 (green) and cell nuclei (blue) of pACs (K, L, K1, L1) and hMSCs (M, N, M1, N1) with
the evaluation of the SOX9 area per cell (O). An overview (A, B, C, D, F, G, H, I, K, L, M, N) and at higher magnification (A1,
B1, C1, D1, F1, G1, H1, 11, K1, L1, M1, N1) after 14 (A, A1, C, C1, F, F1, H, H1, K, K1, M, M1) and 28 days (B, B1, D, D1, G, G1,
I, 11, L, L1, N, N1) scaffold cultures. n=3. One-way ANOVA (post-hoc Tukey Test) for comparison between the groups. p
values: * <0.05; **** <0.0001. pACs, porcine articular chondrocytes; hMSCs, human mesenchymal stromal cells

4. Discussion
The self-regeneration capacity of the adult articular cartilage is strongly limited due to its
avascularity, low cellularity and the fact that it is a bradytrophic tissue [57]. Clinical

requirements show the need to develop new strategies for cartilage repair [61]. To date,
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there is no cost-effective cartilage regeneration that is providing long-term OA prevention
after cartilage defects. Both therapeutical approaches (ACI and MACI) are cost-intensive as
well as surgeon- and lesion-dependent [62-64]. Success of a potential cartilage implant is
based on an intimate cell/material interaction, which allows chondrogenesis [65]. For
cartilage tissue engineering, as a promising approach to develop novel strategies for
cartilage repair, the scaffolds should have a high biocompatibility, provide a large surface for
sufficient cell attachment and proliferation as well as have an adequately adapted
degradation rate to be substituted by the newly formed tissue [20]. Chondrocytes should not
lose their chondrogenic phenotype and maintain their ECM production in a 3D environment
[66-68]. Hence, we designed a highly porous bioactive scaffold with interconnecting pores
which should be replaced by cartilage ECM prospectively [~"1. Nevertheless, the high
porosity, interconnectivity and a regular strut structure coulc be visualized by the SEM and
allowed not only the pACs but also the hMSCs to migrat * an 1 homogeneously distribute on
the BG scaffold surface. A suitable raw glass compocition was selected to achieve BG
scaffolds which withstand longterm culturing. Bas.-allv, the novel BG developed in the
present study consists of SiO,, P,Os, B,O3, and Na,0+k,0 and a leaching process leads to
the formation of a silica gel layer on the struw. Fowever, this layer can also change the
thickness of the struts and thus, influence \he porosity of the scaffold. Strut length (around
113 pum) and pore sizes (around 28> um) were selected to allow a chondrogenic
differentiation in agreement with a pre.‘ous study [69], since chondrogenic cell types pACs
and hMSCs were chosen for scaffo.d ccionization. Due to the fact that the amount of healthy
autologous cartilage available fct has “esting is very limited and taking a biopsy in the joint is
an invasive procedure, hMSCs were included in the experiments which can be more easily
harvested. Undifferentiatec hM:>Cs represent an alternative chondrogenic cell type suitable
to evaluate their chondr)gei ic response when exposed to the BG scaffold mediated by its
particular bioactivity anu topology including distinct 3D surface structure, porosity and pore
size [70]. The structural design of scaffolds, like porosity, pore size and interconnectivity as
well as surface structure facilitates cartilage regeneration [71]. The size of the pores is
decisive for the differentiation and maintenance of the typical cell phenotype, especially of
chondrocytes and hMSCs [72]. Because of the cell size variation of chondrocytes (12 — 40
pm) [73, 74] and of MSCs (12 — 30 um) depending on culture conditions [75], the pore size
was chosen within a range of around 285 pum to allow also to harbor cell aggregates. A
comparable pore size (200 um) was also suitable for chondrogenic differentiation of primary
and immortalized hMSCs in previous studies [69, 76]. Other research groups reported
migration and deposition of a mineralized ECM by BMSCs in even large-pored scaffolds (450
— 600 pm) [72]. However, it might not be ideal to harbor the self-aggregated MSCs clusters of

different sizes observed in the present study during longterm culturing. hMSC clusters were
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only loosely attached to the scaffold struts and might be lost due to fluid flow under the
dynamic culturing conditions applied.

The ideal scaffold topology (e.g. pore size, surface roughness) required for chondrocyte and
undifferentiated hMSC adhesion differs and might not be selected for the hMSCs at the
current state. It has to be adapted in future. MSCs prefer larger pores than chondrocytes [69]
but the pores used here might be too large (around 285 pm) to capture the smaller cell
aggregates. In addition to pores, surface topology presents an important issue for cell
differentiation. Enhanced proliferation of hMSCs by activating the extracellular regulated
kinase (ERK) pathway through silicon ions was also depended on the size of BG particles
included into a composite material [77]. Our scaffold consisting of 100% BG presented so far
a rather smooth surface except for some drop-like pits as show.» by SEM. The influence of
different degrees of surface roughness on chondrogenesis coul. be addressed in future as
well as the effect of BG particles on chondrocytes and MSCs Nevertheless, we believe that
the composition is crucial and could be further cha.qed in future to enhance initially
proliferative activity, to maintain adherence of MSCs ~nd further stimulate their expression of
chondrogenic genes.

The question why hMSCs do not maintain *hc r longterm adherence on Carl2N forming
compact clusters can probably not be & isv'erc1 by the scaffold topology but rather by its
composition. The pure BG scaffold charac <rized in the present study was mainly based on
silicon (SiO,) and phosphate (P,Os) ioi.~ and of many other ions (B,O3, Na,O and K,0O). The
ion composition is very important, not otuy for the ion release in response to leaching and the
subsequent degradation proces~ bu. particularly for the cell behavior. In recent years, many
authors tried to find out how 1.~ dissolved ions influence the cells. SiO,* ions for example
enhanced the proliferation ~nd .ifferentiation of osteoblasts through activating the Wingless
and integration site-1 Wnu1)/B-catenin and Mitogen Activated Protein kinase signaling
pathways [78]. Additiona.'v, an increased proliferation of osteoblasts could be shown in 45S5
BGs plus titanium and boron ions, but in contrast, iron- and fluorine-containing glasses
reduced their proliferation [79]. Hence, Carl2N contains titanium and boron but no iron
(Table 2). The effect of BG45S5 and BG60S, the latter contains 60% silicon but lesser CaO
than BG45S5, was also tested on fetal nasoseptal chondrocytes which modulated their
differentiation program in an osteogenic direction especially in response to BG45S5 [80].
Since the osteogenic lineage differentiation is unwanted, Car12N contains higher amounts of
silicon but no CaO (Table 1).

Beryllium is an alkaline earth metal, which specifically inhibits regeneration in vitro and in
vivo though disruption of cell migration and cell cycle progression, especially the G2/M phase
[81]. Due to the fact that Be** leads to an increase in senescence regulators (p53 and p21) in

human fibroblasts [82], we have not added this ion to our glass composition. Mg®* ions play
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an essential role in cell attachment through the binding interaction between the integrin
family of cell surface receptors and their ligand proteins [83]. This effect could be also shown
in hMSCs, additionally leading to a higher proliferation rate and an accelerated osteoblastic
differentiation [84]. In combination with silicon and released phosphate ions, Ca®* contributes
to the formation of hydroxyapatite and is therefore, interesting for bone tissue engineering
[85]. Mg®* might also contribute to hydroxyapatite formation [86]. Altogether, not only Mg**,
but also Ca®* and Sr** are osteoinductive, promote the osseo integration of calcium
phosphate-based scaffolds and stimulate osteoblasts [87, 88]. Barium (Ba), another alkaline
earth metal, acts in low doses as a muscle stimulator [89]. To avoid osteogenic differentiation
of chondrocytes and unwanted effects, all these alkaline earth metal ions were not included
in Carl2N. Car12N might contain only few ions needed for funcu~n of cell-ECM and cell-cell
adhesion receptors on MSCs. This hypothesis could expirin “he phenomenon of hMSC
cluster formation with increasing cultivation time. Integrin.:, pe ticularly the 31 chain [90] and
cadherins (e.g. N cadherine in MSCs [91, 92] operaw. as cell-ECM and cell-cell contact
molecules and require divalent cations for their ioncton. Hence, the absence of these
alkaline earth metal ions in the novel BG might Le paitly responsible for the lack of cell
adhesion of the MSCs on the material. In thic v «sF the pACs are less sensitive to impaired
divalent Mg®* and Ca?" supply. In chonc.ou /te_, the concentration of calcium plays also a
decisive role not only in maintaining th. phenotype and activating chondrocyte-specific
transcription factors but also in cell-ECM interaction [93]. The culture media for both cell
types contained CaCl, and MgSO,. Mor: of the Ca** and Mg** were in the MSC compared to
the chondrocyte growth mediur1. Coancerning the additional supplements for the growth
media 10% FCS was used ior chondrocytes and 5% PL for hMSCs which could also
influence cell performance ‘n reygard to adherence. However, the hMSCs might need more
ions than available due to ‘he fact that these cells are more active during chondrogenic
differentiation and inter, alize Ca?*" ions for cadherin function. Intracellular Ca®* storage
capacity might differ between both cell species. One could also hypothesize that some ions
released from the bioglas might capture essential divalent ions from the MSC growth medium
which are essential for MSC adhesion. In contrast to mature chondrocytes, chondrogenically
differentiating MSCs undergo intensive cell-cell interactions (forming cell aggregates
mimicking the so-called mesenchymal condensation phase during embryogenesis) before
starting later more intensive cell-ECM interactions [91] and hence, adherence to the
substrate. For these cell-cell interactions Ca*“dependent N-cadherin plays a pivotal role [92,
94]. Obviously, the Carl2N scaffolds supported MSCs self-aggregation in the scaffolds
suggesting the onset of their differentiation.

Changes of cell shape can be explained by the intracellular Ca®* content, which was not

measured in our study [95]. Nevertheless, the formation of h(MSC clusters and a decreasing
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DNA amount after 42 days irrespectively of maintained vitality could also be observed by
another research group on a collagen matrix supplemented with BG45S5 particles [96].

In contrast to many other experiments where BGs were used as a secondary component for
stabilizing the main construct (consisting polymers, ceramics and hydrogels) and as an ion
releaser during the leaching process [97-99] we developed a scaffold consisting of 100% of
BG Carl2N. The high cytocompatibility of the scaffolds was proven by the vitality assay of
pACs and hMSCs on BG scaffolds, especially the surface colonized after 35 days with pACs
was remarkable, with an almost negligible amount of dead cells. A defined cytotoxicity test
according to the national standard DIN EN ISO 10993-5 2009-10 norm was performed. With
its help it could be excluded that a profound ion release within 48 h might lead to cell
intolerance. Cytocompatibility could also be supported by the nH measurement because
there were no significant differences between before and af.~r tt e scaffold colonization. For
other BG species a clear shift of the pH in the alkaline di-ectin is known. BG45S5 patrticles
led to an increase in intracellular Ca?* of osteoblasts anu 2n internal and external ion balance
into the alkaline direction [100]. It has to be mentioi. \d t).at the pH measurement took place
at RT and not under culture conditions (37°C, 5% C0O,), which could very slightly influence
the pH.

Vitality assay, immunocytochemical stair:ng and SEM pictures showed that both cell types
colonized the scaffold surface evenly ai. 'r 14 days. The exact cell count could not be
calculated from the images due to corn.™Mient cell growth on the scaffolds; therefore, the cell
number per scaffold during culturiny w:ie determined based on the DNA content. The cell
amount of pACs decreased sigr fica.tly at day 21 of culture before recovering again by cell
proliferation to a significantlv i.'\nher level compared to day 21. It presented at the end of
culture no significant diffe.2nci: to the pAC numbers calculated at the beginning of the
culture. This biphasic tre nd «f DNA content could also be seen in another study with bovine
articular chondrocytes cu'tured on biodegradable polyurethrane scaffolds [101].

It has been reported that dynamic stimulation amplifies cellular DNA synthesis [102]. For this
reason, a dynamic culture system was selected in the present study. However, the decrease
in numbers of hMSCs after 28 days (not significant) was not fully understood because the
scaffolds were kept for the whole observation period under a slight shear stress by dynamical
culturing. Other authors reported an increase in the DNA content during long-time cultivation
of scaffolds colonized with MSCs and functionalized with BG (45S5 and mesoporous BG)
particles [103, 104]. It is possible that the dynamic rotation culture used in the present study
did not provide a sufficient chondrogenic stimulus for the cells, as it is known that not only
chondrocytes but also BMSCs cultured on scaffolds increase their GAG synthesis during
mechanical compression [105]. The presence and amount of ECM components such as the

total collagen content but also the homogenous scaffold structure led to an improvement of
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its mechanical strength [106]. The sGAG content per cell was highest at day 21 in pAC
scaffold cultures and increased in the scaffolds colonized with hMSCs at the end of the
culture.

Interestingly, there was an opposite trend in the cell numbers and the sGAG content in pACs
at the same observation time points. In the beginning of scaffold culture, a matrix formation
phase can be hypothesized in pACs, in which sGAGs are synthesized, but the pACs do not
proliferate. Then, a phase of increased proliferation follows, in which the cells reduce their
SGAG synthesis. Accordingly, the DNA content of pACs slowly decreased and the amount of
SGAGs increased at the same time and later vice versa. In hMSCs a comparable trend was
visible, but occurred delayed, starting with proliferation on the scaffolds accompanied by low
sGAG production. This might reflect their undifferentiated pher.~type in the beginning and
suggests later (between 21™ and 28" days of scaffold cul re) the onset of chondrogenic
differentiation characterized by an increased amount of s3AGs and higher Sox9 and
aggrecan gene activity. This might reflect the conditions f chondrocytes in the growth plate
[107]. In both cell types the 21™ day seems to repres. nt & turning point.

In addition to the sGAGs, cartilage-specific collaneis (e.g. type I, type IX, type Xl collagen)
and hyaluronan are also found in the cartilag - FCM, which is built up by relatively few
chondrocytes [1, 108]. The relative ge.ie exgcression of type Il collagen, as the most
prominent collagen type in cartilage [1], “as downregulated in the pAC cultures. Bovine
articular chondrocytes seeded on a nolyurethane scaffold also showed a continuous
reduction of relative gene expressiar. i type Il collagen during the longtime culture of 42
days [101]. Nevertheless, the spesific synthetic activity and the maintenance of the
chondrogenic phenotype coulu <till be concluded based on the protein expression of type Il
collagen detectable after ZR deys in both pAC and hMSC scaffold cultures. In contrast to
other studies, chondrog 'nic ifferentiation of undifferentiated hMSCs occurred here without
any supplementation wiu~ chondro-inductive mediators, growth factors, such as transforming
growth factor beta 1 (TGF-B1) or application of hypoxia [109-111] suggesting bioactivity of
the Carl2N BG scaffolds.

Aggrecan is the major proteoglycan in articular cartilage and protects the tissue under load
[112]. The degradation of aggrecan in the native tissue is documented as a typical feature of
cartilage degeneration in OA patients [113]. In general, the relatively higher expression of
aggrecan in comparison to type Il collagen could also be observed by other authors in
chondrocyte 3D cultures [114]. The relatively high gene expression of aggrecan at 28 days in
cultures of both chondrogenic cell types and the upregulation of the relative gene expression
of transcription factor SOX9 in the hMSC culture at 21 days suggests an ongoing
chondrogenic maturation process [115]. SOX9 also regulated the transcription of type Il

collagen, which increased the synthesis of cartilage-specific ECM, especially at day 21 in the
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hMSC culture [115]. SOX9 protein could also be detected in scaffold cultures of both cell
types at both investigation time points, but to a higher extend in the pAC cultures, suggesting
a higher degree of chondrogenic differentiation compared with the hMSCs. This assumption
is supported by the more pronounced immunoreactivity of collagen type Il and adult cartilage
proteoglycans in hACs compared to hMSCs.

The handling of our newly developed scaffolds after 35 days of cultivation indicates that it
was still stable and the degradation process has not yet proceeded. Cartilage repair requires
time and hence, slowly degrading biomaterials. Detailed analysis of the amount of ion
release, gel layer thickness and reduction of strut thickness after longtime cultivation
conditions are addressed by currently ongoing work. The evaluation of the migration depth
and therefore, the colonization of the inner parts of the scaffolu v.as not possible because of
the brittleness. Also, paraffin embedding and following hi. tolc jical staining (hematoxylin
eosin or alcian blue) to evaluate the overall cell cistriution and their surrounding
proteoglycans inside the scaffold could not be performe and therefore, were not compared
to other studies [69, 116]. In further investigations, the scaffold should be colonized with
differentiated hMSCs under mechanical stimilations for enhancement of neocartilage
formation mimicking chondrogenesis [117]. A1 wor.ally, more cartilage related proteins, like
cartilage oligomeric protein (COMP), versicin cnd matrilin-3, should be analyzed to prove
the stabilization and the maintenance of . @ ECM and its biochemical properties [108, 118,
119]. Another limitation of this stuu’ which should be addressed in future, is the
measurement of the pH value in t1¢. cell culture for further time points because the fibril
formation of type Il collagen, th< nu.mber of gap junctions and the activity of the adenylate
cyclase that regulates many pr. 1ependent metabolic pathways depend on pH [120-122].

5. Conclusion
In this study a complete’’ novel bioactive glass composition (Carl2N) was created, which
contains no alkaline earth metal ions preventing hydroxyapatite deposition unwanted in
cartilage and causing no alkaline pH shift. The BG could be used to prepare scaffolds
consisting of 100% Car12N with a high cytocompatibility, with a topology tailored for cartilage
tissue engineering. The present results confirmed that the pure BG scaffolds allow the
adherence, proliferation and sGAG synthesis of pACs and hMSCs. The sustained protein
expression of type Il collagen and cartilage-specific proteoglycans of pACs after 28 days of
culturing indicates the maintenance of their chondrogenic phenotype. In addition, chondro-
instructive bioactivity could be shown in undifferentiated hMSCs by expression of cartilage-

specific factors.
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