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Abstract

Mesenchymal stem cells (MSCs) hold great promise for the treatment of cartilage related injuries. However, selectively
promoting stem cell differentiation in vivo is still challenging. Chondrogenic differentiation of MSCs usually requires the
use of growth factors that lead to the overexpression of hypertrophic markers. In this study, for the first time the effect
of stiffness on MSC differentiation has been tested without the use of growth factors. Three-dimensional collagen and
alginate scaffolds were developed and characterised. Stiffness significantly affected gene expression and ECM deposition.
While, all hydrogels supported chondrogenic differentiation and allowed deposition of collagen type Il and aggrecan, the
5.75 kPa hydrogel showed limited production of collagen type | compared to the other two formulations. These findings
demonstrated for the first time that stiffness can guide MSCs differentiation without the use of growth factors within a
tissue engineering scaffold suitable for the treatment of cartilage defects.
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Introduction mesenchymal tissue types such as osteogenic, chondro-
genic and adipogenic.'"!? They represent a promising alter-
native to the currently used articular chondrocytes, as a
larger number of cells can be obtained from a wider variety
of sources such as bone marrow, peripheral blood, adipose
tissue, dental pulp, placenta or the umbilical cord.!* Overall,
cartilage development is a tightly regulated process, diffi-
cult to recapitulate both in vitro and in vivo. In order to
accelerate matrix production by implanted MSCs and
improve matrix quality it is important to ensure stem cells
differentiate into chondrocytes.> Chondrogenic induction

Osteochondral defects are lesions that involve both the
articular cartilage and the underlying subchondral bone and
can be caused by ageing, discase (e.g. osteoarthritis) or
traumatic injuries.'> Trauma associated osteochondral inju-
ries frequently occur in active young patients and if left
untreated will lead to the development of osteoarthritis.>*
Due to its avascular nature, the poor diffusion of nutrients
and the lack of abundant progenitor cells, cartilage has a
limited ability to self-repair.’> Currently, several clinical
treatments are available, such as marrow stimulation, autol-
ogous chondrocyte implantation and osteochondral auto-
graft and allograft, but none of them has achieved the
complete healing of the osteochondral lesion.®”'? In the last
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of MSCs in vitro usually requires the use of growth factors
such as transforming growth factor beta (TGF-f3), however,
their clinical application is still limited as undesired off-
target effects on the synthesis and functionality of cartilage
matrix components have been shown.'* Mueller et al.
showed that both TGF-B1 and TGF-B3 induce hypertrophy
of MSCs."® A recent study revealed that genes associated
with cartilage hypertrophy were upregulated in MSCs after
a single day of exposure to TGF-B1, and their expression
remained elevated even after its removal.'® For MSC-based
tissue engineering of articular cartilage, the expression of
hypertrophy markers is a major concern because hypertro-
phy will ultimately potentially lead to apoptosis, vascular
invasion, and cartilage mineralisation.'” Thus, alternative
strategies to differentiate MSC into chondrocytes are
required. Recent studies have shown that directing stem
cell fate could be achieved by finely tuning the mechanical
environment.'2* In particular, stiffness, defined as the
extent to which a material resists deformation in response
to an applied force, has been shown to influence cell pheno-
type and to play a pivotal role in tissue development,
homoeostasis and disease.”>° On stiff substrates, MSCs
have been shown to acquire an clongated spindle shape
triggering the activation of extracellular signal-regulated
kinase 1 (FRK) and ERK?2 thus promoting osteogenic dif-
ferentiation.>'*> Conversely, several studies demonstrated
that soft hydrogels (0.1-15kPa stiffness), significantly
upregulate chondrogenic markers and matrix deposi-
tion.2!333¢ A recent study not only demonstrated that soft
hydrogels (2kPa) supported higher cell viability compared
to stiffer hydrogels (60kPa), but they also exhibited
increased expression of aggrecan and collagen type 11.>7
Even though soft substrates do not mimic the stiffness of
native cartilage, they appear to simulate the mechanical
properties of the developing limb bud, suggesting that
developing soft substrates simulating the mechanical prop-
erties of cartilage development could represent a promising
strategy for directing MSCs into chondrocytes.?!3
However, all studies to date have been conducted in the
presence of chondrogenic media containing TGF- thus
making it difficult to understand whether stiffness alone
could drive the differentiation of MSCs down the chondro-
genic lineage. In the present study, collagen and alginate
hydrogels with different stiffness were developed to evalu-
ate whether or not stiffness alone could drive the differen-
tiation of MSCs into chondrocytes. We hypothesise that
controlling the stiffness of the scaffold successful differen-
tiation of MSCs down the chondrogenic lineage can be
obtained in the absence of growth factors.

Materials and methods

Materials

Collagen from calf skin, glacial acetic acid (=99%),
sodium hydroxide =97.0% pellets, bovine serum albumin,

alginic acid sodium salt from brown algae low viscosity,
Ficoll Histopaque®-1077 (1.077 g/mL), Alcian Blue 8XG
solution, Alizarin Red S, Oil Red O, calcium chloride
anhydrous =96.0%, paraformaldehyde (PFA) powder
were purchased from Merck Life Science UK Limited
(Gillingham, UK). Crystalline sucrose, DMEM (high glu-
cose), GlutaMAX™ Supplement, foetal bovine serum
(FBS), Hank’s Balanced Salt Solution (HBSS), Gibco™
phosphate buffered saline (PBS, pH 7.4), Gibco™ trypsin-
EDTA (0.25%), phenol red, Gibco™ penicillin-streptomy-
cin (10,000U/mL), Gibco™ StemPro™ chondrogenesis
differentiation Kit, Gibco™ StemPro™ osteogenesis dif-
ferentiation Kit, Gibco™ StemPro™ adipogenesis differ-
entiation Kit, Invitrogen™ Ethidium Homodimer-1
(EthD-1), Invitrogen™ Calcein, AM, cell-permeant dye
phalloidin Dylight 550, Invitrogen™ CellTrace™ CFSE
Cell Proliferation Kit for flow cytometry, Molecular
Probes™  PrestoBlue™  Cell Viability Reagent,
Invitrogen™ 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)Amino)-2-Deoxyglucose), epredia 125 ML
OCT embedding cryoembedding matrix, Anti-Mouse 1gG
(whole molecule) F(ab")2 fragment-FITC, Invitrogen™
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride),
Epredia™ SuperFrostTM microscope slides, ground 90°,
2-methylbutane (isopentane) 99 + % extra dry, AcroSeal™,
Fisherbrand™ RNase-Free disposable pellet pestles,
Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor were purchased
from Fisher Scientific (Loughborough, UK). Mouse anti
sheep CD44 antibody clone 25.32, Mouse anti sheep CD45
antibody clone 1.11.32, SsoAdvanced Universal SYBR
Green Supermix were purchased from Biorad (Watford,
UK). Purified anti-human CD29 antibody was purchased
from Biolegend (London, UK). PE Mouse Anti-Human
CD34 was purchased from BD Biosciences (Wokingham,
UK). Anti-Aggrecan antibody [6-B-4], Anti-Collagen II
antibody, Rabbit monoclonal [EPR7785] to Collagen I,
Goat Anti-Rabbit I[gG H&L (Alexa Fluor® 594) were pur-
chased from Abcam (Cambridge, UK). RNeasy Micro Kit,
QIAzol Lysis Reagent, QIAshredder were purchased from
Qiagen (Manchester, UK) RTqPCR specific primers were
purchased from Eurofins Genomics (Ebersberg, Germany).

Gel formulation and analysis

Collagen alginate (col/alg) hydrogel preparation. Alginate is a
natural polymer commonly used in tissue engineering of
cartilaginous tissues as it has been shown to promote the
typical chondrogenic phenotype with rounded morphology
and collagen type Il and proteoglycans synthesis.*** Algi-
nate undergoes rapid and gentle gelation through the inter-
action with divalent cations, which makes it attractive for
cell encapsulation. Furthermore, its mechanical properties
can be easily tuned by increasing the concentration of the
crosslinker.*>#** However, alginate lacks bioactive ligands
essential for cells anchoring, which limits cells adhesion
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and proliferation. Therefore, alginate was combined with
collagen type I. Collagen type I has been extensively used
in tissue engineering as it represents the most abundant pro-
tein of the body and it has excellent biocompatibility, good
biodegradability, and weak antigenicity.>* 8

A 1% w/v collagen solution was prepared by dissolving
type I collagen powder from calfskin in acetic acid (2%
v/v) at 4°C overnight. Once dissolved, the pH of the col-
lagen solutions was adjusted to 7.4 by the addition of 1N
NaOH. DMEM was added to further dilute the collagen
solution to 0.5%. A 5% w/v alginate solution was prepared
by dissolving alginic acid sodium salt powder in a sterile
calcium-free phosphate buffer solution (PBS 1X, pH=7.4).
The solution was then slowly stirred until fully dispersed,
to obtain a viscous solution. Alginate and collagen solu-
tions were then mixed in a 1:1 ratio. Hydrogels were first
crosslinked by calcium diffusion through the gel by using
different concentrations of CaCl, (30-100mM). To form
bulk hydrogels for rheological analysis 1 mL of col/alg
solution was added to a CaCl, bath in a 6 well plate. For
cellular studies 50 uL of col/alg mixture were added to a
CaCl, bath in a 24 well plate. A ratio of col/alg mixture and
CaCl, of 1:5 was used for both bulk and beads formation.
Hydrogels were then placed for 3 h at 37°C in an incubator
to complete collagen gelation.

Rheological analysis. Rheological characterisation was per-
formed using a Rotational Rheometer (TA Discovery HR
10 TA Instruments, Wilmslow, United Kingdom) with a
40 mm diameter stainless steel flat plate. A strain sweep of
fully formed hydrogels (1 mL) was performed in the
0.1%-100% strain range at a frequency of w,=1.0Hz
(6.3rads™") in order to determine the linear- viscoelastic
regime (LVE) which was then used for the frequency
sweep tests. Frequency sweep tests were performed to
study how the elastic modulus (G’) and viscous modulus
(G") changed with frequency. Frequency sweeps from
0.01 to 100 Hz were conducted at the LVE strain amplitude
determined in the strain sweeps tests. Each hydrogel sam-
ple was used for only one test and all tests were conducted
in triplicate at 37°C. Data were analysed using TRIOS
software (TA Instruments, Wilmslow, United Kingdom).
The Young’s modulus was calculated using equation (1):

E=2><G><(1+v) €8

where E is Young’s modulus, G is the complex modulus,
and v=0.5 is the Poisson’s Ratio.**=!

Porosity measurements. The porosity and pore diameter
were examined on freeze-dried hydrogels (n=3) using
high-resolution X-ray computed tomography (XCT, Versa
520, Zeiss, Pleasanton, US). The images were collected at
30kV and 2W with an isotropic voxel size of 6.36 um,
2401 projections were collected over 360° with an

exposure time of 1.5s per projection. The 3D data was
then analysed with Avizo (9.7.0, ThermoFisher Scientific,
Waltham, US). After reconstruction, a volume of interest
was extracted containing only the sample in the field of
view (~9.5X9.5X 1.5mm®) and converted to a binary
image using an interactive threshold method. From the
segmented images, the diameter of the pores and the poros-
ity of the sample were calculated. Outliners pores (i.e.
diameter exceeding 250 um) at the edges of the samples
were excluded from the analysis.

Hydrogels ~ degradation. Freeze-dried hydrogels were
weighed and placed in 1 mL of phosphate buffer solution
(PBS, pH=7.4) at 37°C in a shaking incubator (rpm 150).
The PBS was changed every 2days. At 7 and 14 days, the
hydrogels were removed from the buffer, freeze-dried and
weighed. The extent of in vitro degradation was calculated
using equation (2):

Weight loss (%)= (W, =W, )/ W, |x100 )

where W, is the initial weight of the scaffold and W, is the
weight of the scaffold after the degradation experiment.
The surface of freeze-dried samples was evaluated by
scanning electron microscopy (30kV, SEM, EVO MA10,
White Plains, US) on day 0, 7 and 14 of the degradation
studies. Images were taken by a scanning electron micro-
scope, after having sputter coated the samples with gold
and palladium (Polaron €500, Quoram Technologies,
Lewes UK). Experiments were done in triplicate.

Ovine bone marrow mesenchymal stem cells
(oMSCs) isolation and characterisation

oMSCs isolation. Bone marrow from iliac crest was aspi-
rated from five sheep. All procedures were carried out in
accordance with the UKs Animals (Scientific procedures)
Act 1986 at the Royal Veterinary college, North Mymms.
The project was approved by the animal welfare and ethical
review body of the Royal Veterinary College and the pro-
cedures were carried out under a Home Office Project (pro-
ject licence number P16F4AAOA). Home office personal
licences were held by all those taking part in any surgical
procedure. Anaesthetised sheep were positioned in sternal
recumbency and the skin over the iliac crest prepared by
shaving followed by treating with povidone iodine solu-
tion. Under aseptic conditions stab incision was made and
the cancellous bone was accessed using a Jamshid needle.
A 10mL syringe pre-loaded with 1mL of heparin at
1000 iu/mL was used to aspirate 5 mL of bone marrow from
the intramedullary cavity of the iliac crest. The bone mar-
row was then transferred into a sterile universal tube,
swirled slightly to mix the heparin with marrow to prevent
clotting and a buffy layer coating nucleated cells was sepa-
rated from red blood cells using Ficoll-Paque (1.077 g/mL).
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Firstly, a layer of Ficoll was added into a tube, then the
aspirate was gently dispensed into the tube in order to
obtain an upper layer of bone marrow and a bottom layer of
Ficoll. Subsequently, the samples were centrifuged at 300 g
(Eppendorf® Centrifuge 5702, Eppendorf UK LTD, Steve-
nage, UK) for 25 min, leaving a buffy layer at the interface
between a Ficoll-erythrocyte residue at the bottom and a
plasma layer above. The bufty layer was washed in sterile
PBS and centrifuged at 300 g for 5Smin. The pellet was resus-
pended in DMEM supplemented with 10% foetal bovine
serum (FBS), penicillin/streptomycin (1%) and plated into a
25cm? flask. Cells were cultured in a humidified atmos-
phere at 37°C, 5% CO, and at 80% confluence, cells were
trypsinized and expanded. oMSCs were characterised at
passage 3 and all experiments described below were per-
formed at passage 4, and for each experiment cells derived
from three different animals were employed and all cell
samples were tested in triplicate.

Flow cytometric analysis. At passage 3, cells were analysed
for expression of surface marker molecules by direct
immunofluorescent staining. Briefly, cell pellets were
resuspended in PBS, and incubated with fluorescein iso-
thiocyanate (FITC)— or phycoerythrin (PE)—conjugated
antibodies: CD44-FITC (1:25), CD45-FITC (1:50), mouse
anti-human CD34-PE (1:10), and CD29-PE (1:10) for 1h
at room temperature. Antibody-treated cells were washed
with PBS and spun down (300 g). For each sample, the cell
pellet was resuspended in 500 uL of PBS and 10,000
events per assays were collected using the FACSCalibur
(BD Biosciences, Wokingham, UK) and analysed using
CellQuest software (BD Biosciences, Wokingham, UK).
Unstained oMSC were used as control. See Supplemental
Figure 5 for gating strategy.

Multipotential characterisation of oMSCs

Adipogenic  differentiation. oMSCs were seeded at
30,000 cells/cm? in a 24 well plate. Adipogenesis was
induced by culture for 21 days in StemPro™ Adipogenesis
Differentiation Kit (supplemented with 0.1 mM dexameth-
asone, S0mM indomethacin, 0.45mM 3-isobutyl-1-meth-
ylxanthine (IBM)X and 10mg/mL Insulin.). Adipogenic
differentiation was compared to a control consisting of
cells cultured for the same period of time in 10% FBS/
DMEM. The cells were grown at 37°C, 5% CO, and the
presence of lipid droplets within the cells was confirmed
by staining with Oil Red O on day 21. Briefly, an Oil Red
O stock solution was prepared by dissolving 0.5 g of Oil
Red O powder in 100mL of isopropanol. An Oil Red O
working solution was prepared fresh each time by dilut-
ing it 3:2 with deionised water. On day 21 oMSCs were
fixed with 500 uL. PFA 4% in PBS for 10 min and washed
three times with PBS. oMSCs were then rinsed with 60%
isopropanol and then stained with 500 uL. Oil Red O work-
ing solution for 15min. oMSCs were then rinsed in PBS

and imaged using an inverted microscope connected to a
camera (Axio Vert Al, Zeiss White Plains, US).

Osteogenic  differentiation. oMSCs were seeded at
30,000 cells/cm? in a 24 well plate. Osteogenesis was
induced by culture for 21 days in StemPro™ Osteogenesis
Differentiation Kit (Gibco) (supplemented with 100nM
dexamethasone, 50pg/mL L-ascorbic acid 2-phosphate
and 10 mM beta-glycerophosphate), according to the man-
ufacturer’s instructions. Osteogenic differentiation was
compared to a control consisting of cells cultured for the
same period of time in 10% FBS/DMEM. Differentiation
was confirmed by Alizarin S Red staining. Alizarin Red
S staining was prepared by dissolving 0.492 g of Aliza-
rin Red S powder into 5S0mL of deionised water. On day
21 oMSCs were fixed in 500 uL of methanol for 10 min
and washed three times with PBS. oMSCs were stained
with Alizarin Red S staining (pH 4.2) for 15min at room
temperature. oMSCs were then rinsed five times with
deionised water and imaged using an inverted microscope
connected to a camera.

Chondrogenic  differentiation. Chondrogenesis  was
assessed using the micropellet formation (2.5 X 103 cells)
technique. oMSCs pellet was cultured in StemPro™ Chon-
drogenesis Differentiation Kit (1x ITS, 40 ug/mL proline,
100nM dexamethasone, 100pum ascorbate-2-phosphate
and 10ng/mL TGF-B) for 21days in a 24 well plate,
according to manufacturer’s instructions. Chondrogenic
differentiation was compared with cell micropellets cul-
tured for the same period of time with 10% FBS/DMEM.
Differentiation was confirmed by Alcian blue staining. On
day 21 oMSCs were fixed with 500 uL. PFA 4% for 1h and
washed three times with PBS. The pellets were then stained
overnight in 1% Alcian blue solution. The pellets were then
washed extensively with PBS 1X and then imaged using an
inverted microscope connected to a camera.

Hydrogel cytocompatibility

Cell encapsulation. oMSCs (passage 4) were incubated
with trypsin-EDTA for 5min, centrifuged, and resus-
pended in 1 mL of DMEM supplemented with 10% (v/v)
FBS and counted using a haemocytometer. A dilution of
1 X 10° cells/mL was used for each experiment and hydro-
gels of S0uL containing 50,000 cells were used in each
experiment. Briefly 1 X 10° cells were pelleted by centrif-
ugation and the supernatant was removed in order not to
dilute the 1mL col/alg solution that was subsequently
added and mixed gently to avoid bubble formation. Col/
alg hydrogels were formed by adding dropwise 50 uL of
the mixture to a CaCl, bath and allowed to gel for 10 min.
Then the hydrogels with cells were placed at 37°C in an
incubator for 3h and 1 mL of DMEM supplemented with
10% (v/v) FBS was subsequently added.
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Live/dead staining. Viability of oMSCs encapsulated into
the hydrogels was analysed at day 1 and 7 by double stain-
ing with ethidium homodimer-1 and calcein-AM assay
according to the manufacturer’s instructions. Briefly, cells
were washed with PBS 1X and stained with 500 pL of cal-
cein-AM 2 uM and ethidium homodimer-1 4 uM for 2 h at
37°C. Then samples were rinsed twice with PBS 1X and
imaged with a confocal laser scanning microscope (LSM
880, Zeiss, Oberkochen, Germany) at 488 and 543 nm.
Cell viability was quantified using Image-J software
(National Instruments, Austin, US). Viability data were
calculated according to equation (3).

% of viable cells = Live cells | Total number of cells 3)

Cell proliferation

CellTrace labelling. Cell labelling was performed with
oMSC cells using CellTrace carboxyfluorescein succin-
imidyl ester (CFSE). For the labelling, cells were incu-
bated with trypsin-EDTA for 5min, centrifuged, and
resuspended in 1 mL of PBS 1X (without Ca?>" and Mg?™).
Cells were incubated with 1mL CellTrace CFSE (5—
10uM) in PBS 1X for 20min at 37°C. Subsequently, to
remove the unconjugated CellTrace, cell suspensions were
incubated with DMEM supplemented with 5% (v/v) FBS
for Smin at 37°C. Cells were centrifuged, resuspended in
DMEM supplemented with 10% (v/v) FBS and analysed
as described below.

Cell labelling efficacy. To evaluate the efficacy of the label-
ling, CFSE + oMSCs were seeded at 20,000 cells/cm? in
24-well plates in DMEM supplemented with 10% (v/v)
FBS and allowed to grow up to 7days. On days 1, 3 and 7
cells were analysed by flow cytometry to quantify the
remaining percentage of labelled cells. CFSE positive
oMSCs were detected using the blue 488 nm laser channel
(FL1). Non-stained cells were included as a control. Cells
were analysed in FACSCalibur flow cytometer collecting
at least 10,000 events. CellQuest software was used for
data analysis.

Cell viability. The effect of the CellTrace on the metabolic
activity of CFSE+oMSCs was evaluated by PrestoBlue
Assay. Cells were seeded at 20,000 cells/cm? in a 24-well
plate in DMEM/F12 supplemented with 10% (v/v) FBS
and allowed to grow for up to 7 days. On days 1, 3 and 7
cells were analysed following manufacturer instructions.
Non-stained cells were used as a control in each
experiment.

Cell proliferation. CFSE+0oMSCs were embedded into
hydrogels of different stiffness and allowed to proliferate.
On days 1, 3 and 7 samples were dissolved in 0.1 M EDTA
and 0.5M sodium citrate solution at 37°C for 10min.

Samples were then centrifuged at 300g for 5min and
resuspended in 500 uL of PBS. Cells were analysed by
flow cytometry as described above.

Nutrients uptake

A glucose stock solution was prepared by dissolving 5 mg
2-NBGD in 1 mL of PBS. Glucose uptake was monitored
by adding 68.85 uL of 2-NBDG stock solution to 5 mL of
complete media obtaining a working solution of
0.06845 mg/mL. Briefly, 50,000 cells were embedded into
hydrogels or seeded in 2D as control. After 24h, 500 uL.
2-NBGD working solution was added to the hydrogels and
to the 2D control. After either 1 or 3h incubation hydro-
gels were dissolved using 500l of dissolving buffer
(0.1M EDTA and 0.5M sodium citrate, pH 7.4). Cells
were washed twice with PBS to remove the excess of
2-NBGD and finally resuspended in 500 uL of PBS. Next,
cells were analysed by flow cytometry to quantify the per-
centage of fluorescent cells. 2-NGBD positive oMSCs
were detected using the blue 488 nm laser channel (FL1).
Non-stained cells were included as a control. Cells were
analysed in FACSCalibur flow cytometer collecting at
least 10,000 events. CellQuest software was used for data
analysis.

Cell morphology analysis

To qualitatively assess cell morphology of embedded cells,
Phalloidin Dylight 550 was used. Hydrogels were fixed
with 500 uL of 4% PFA for 1h and permeabilised with
0.2% Triton X-100 in PBS for 20 min. Non-specific bind-
ing sites were blocked by incubating the cells in 2% bovine
serum albumin in PBS for 1h. Cells were stained with
Phalloidin Dylight 550 (2 units/mL, stock solution 300
units/mL in methanol) for 2h. Nuclei counterstaining was
performed by incubating cells with DAPI (1:2000 dilu-
tion) for 15min. Subsequently, hydrogels were washed
twice with PBS. Lastly, hydrogels were imaged using con-
focal laser scanning microscope at 405 and 543nm
channels.

RNA extraction and RT-gPCR

Hydrogels were homogenised with a pellet pestle (Thomas
Fisher Scientific, USA) in 0.7 mL giazol and centrifuged at
18,000¢ for 2min at room temperature. The supernatant
was transferred into a fresh Qiashredder column (Qiagen,
Switzerland) and centrifuged for 2min at 18,000g at room
temperature. Total RNA was extracted using the RNeasy
Micro Kit according to manufacturer’s instructions. RNA
concentration and quality were measured using a NanoDrop
(ND-1000; NanoDrop Technologies, Wilmington, DE,
USA). Total RNA (250ng from each sample) was reverse
transcribed into cDNA using the High-Capacity cDNA
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Reverse Transcription Kit on a thermal cycler (T100,
Biorad, Watford, UK), according to manufacturer’s instruc-
tions. qRT-PCR was performed in a QuantStudio™ 5 Real-
Time PCR System (Applied Biosystems™, Fisher
Scientific Loughborough, UK) using SsoAdvanced
Universal SYBR Green Supermix and ovine specific prim-
ers reported in Supplemental Table 1.

Immunostaining

On day 21 hydrogels were fixed with 500 uL of 4% PFA
for 1h and rinsed three times with PBS. Hydrogels were
then incubated overnight in a 30% w/v sucrose solution at
4°C. The next day the samples were placed in OCT and
frozen in an isopentane bath previously chilled in liquid
nitrogen and stored at —80°C for at least 1 day before sec-
tioning. Sections of 20 um were cut with a cryostat (Leica
CM3050 S Cryostat, Leica Biosystems, Milton Keynes,
UK) and mounted on SuperFrost™ Microscope Slides and
left to dry for 30 min. Before staining the slides were fixed
in ice cold acetone for 10 min at —20°C and left to dry for
30 min. Antigen retrieval was performed by using TRIS/
EDTA buffer (10mM Tris base, I mM EDTA solution,
0.05% Tween 20, pH 9.0) at 95°C for 10min. Samples
were rinsed once in PBS and incubated 30 min in a block-
ing buffer containing 2.5% w/v of BSA. Samples were
then incubated with primary antibodies overnight at 4°C.
The next day samples were rinsed 3 times with PBS and
incubated with secondary antibodies for 1h at room tem-
perature. Nuclei counterstaining was performed by incu-
bating cells with DAPI (1:2000 dilution) for 15 min. A full
list of antibodies and dilutions is reported in Supplemental
Table 2. Samples were then washed three times with PBS
and mounted with aqueous fluorescent mounting media
and imaged using a confocal laser scanning microscope
LSMS880 at 405, 488 and 594 nm.

Statistical analysis

Data are expressed as the mean * standard deviation (SD).
All experiments were conducted in triplicate. Experiments
involving cells were conducted using cells from three dif-
ferent animal donors and each cell batch was further tested
in triplicate. Comparison between groups was assessed by
either ordinary one-way ANOVA or two-way ANOVA,
followed by Tukey’s multi-comparison test as indicated in
the caption of each figure. The statistical analysis was per-
formed with GraphPad Prism 8.0.2 (La Jolla, CA, USA),
data were considered significant when p <0.05.

Results

Hydrogels characterisation

Alginate/collagen (alg/col) hydrogels were crosslinked
with increasing concentrations of CaCl, (30-100mM) and

their Young’s modulus was measured by rheological
assessment (Supplemental Figure 1 and Table 1).

Overall the increasing concentration of CaCl, led to the
formation of hydrogels with increasing stiffness, with
Young’s modulus ranging from 0.82 to 6.85kPa. The 3D
structure of the hydrogels was analysed by image analysis
from XCT tomograms (Figure 1). The col/alg hydrogels
crosslinked with the lower concentration of CaCl, were
characterised by a highly interconnected porous structure,
with an overall porosity of 68.17% and an average pore
diameter of 140.10 um (Table 1). Conversely, the col/alg
hydrogels crosslinked with 60 and 100 mM CaCl, appeared
to have an inner porous core and an outer region character-
ised by small pores in the size range between 7.89 and
29.96 um and an overall porosity of 27.29% and 42.65%,
respectively. For the gel crosslinked with 60 mM CaCl, the
average pore diameter was 22.15 um, with over 58.77% of
the pores in the range of 11.36—19.85 um and these smaller
pores were mainly present in the outer area of the hydro-
gels. The gels crosslinked with 100 mM CaCl, were charac-
terised by an average pore diameter of 42.57 um and over
47% of the pores were in the range of 11.36—19.85 pum.

SEM images of the col/alg hydrogels surface revealed
that all hydrogels were characterised by a smooth non-
porous surface with visible collagen fibres (Figure 2(a)
and (b)). SEM images were also taken after 7 and 14 days
of incubation of the hydrogels in PBS to assess their deg-
radation; loss of integrity and formation of a highly
porous surface were evident (Figure 2(c) and (d)). The
col/alg hydrogels crosslinked with the 30 mM CacCl, lost
70% weight after 7days and over 90% after 14days
(Figure 2(e)). The other two formulations were character-
ised by a slower degradation rate with a weight loss of
40% for the 60 mM and 50% for the 100 mM formulation
at day 7 and an overall weight loss of 81% at day 14 for
both (Figure 2(e)).

oMSC characterisation

Immunophenotypic characterisation of oMSCs was per-
formed at passage 2, all samples showed positivity to
CD44 and CD29 (mesenchymal marker) and were nega-
tive for CD45 and CD34 (haematopoietic stem cell mark-
ers), indicating that the cells were not of haematopoietic
origin (Figure 3(a)). oMSCs were successfully differenti-
ated into osteoblasts, chondrocytes and adipocytes in
21days (Figure 3(b)).

Hydrogels cytocompatibility

oMSCs were encapsulated into col/alg hydrogels of differ-
ent stiffness and the viability was evaluated at day 1 and 7
(Supplemental Figure 2). A quantitative analysis of cell
viability (Figure 4(a)) revealed that 90% of cells were via-
ble within the hydrogels with no significant difference
among the formulations.



Roncada et al.

Relative frequency (%)

(b)

60

20+

Relative frequency (%)

0=

Pore diameter (pm)

60—

20+

Relative frequency (%)

0=

500

Pore diameter (um)

OO DBV VDV VWV VDD WD DD DD O OLOLD
™~ <FLOON 00

2!
3!
4
25
26
27
28!
29
0!
1
2!
3!
4
5!
6!
7!
8!
9!
0!
1
2!
3!
4
5!
65
95
05

Pore diameter (um)

Pore diamete

=

Hum)

Figure |. Representative 3D pore network from the XCT reconstruction of hydrogels crosslinked with (a) 30mM CaCl, -
corresponding to 0.82 kPa stiffness, (b) 60 mM CaCl, — corresponding to 5.75kPa stiffness and (c) 100mM CaCl, — corresponding to
6.85 kPa stiffness, their 3D pore network and pore distribution (n=3). Both D’Agostino and Pearson’s and Kolmogorov-Smirnov’s

normality test returned p <0.001 for all gels.

To further evaluate the cytocompatibility of the hydro-
gels, nutrient uptake was assessed using a fluorescent glu-
cose probe (2-NBGD), this was added to the media and the
percentage of positive cells was determined through flow
cytometry after 1 and 3h (Supplemental Figure 3). After
1 h, more than 50% of cells resulted positive for glucose in
all formulations, with over 70% of cells positive for glu-
cose in the softer hydrogel (Figure 4(b)). After 3h in all
three formulations, the percentage of positive cells was
over 75% without any significant difference between the
5.75 and 6.85 kPa hydrogels. Cell proliferation was assessed
using CFSE Celltrace staining, where a reduction of fluo-
rescence overtime indicates the proliferation of oMSCs.>23
To establish cell proliferation within the hydrogel the first

step was to validate cell labelling using Cell Trace dye
(Supplemental Figure 4). Since CellTrace binds covalently
to all free amines on the surface and inside of cells, through
subsequent cell divisions, daughter cells receive approxi-
mately half of the fluorescent label of their parent cells,
allowing the analysis of the fluorescence intensities of
labelled cells. Data showed a reduction of fluorescence
overtime indicating that oMSC embedded into the hydro-
gels are proliferating (Figure 5(a)). On day 1 no significant
difference was found for oMSC embedded into hydrogels
of different stiffness. On day 7 cells embedded into the
0.82kPa hydrogels were characterised by a significantly
higher proliferation rate compared to the cells encapsulated
in the 5.75 and 6.85kPa hydrogels (Figure 5(b)).
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Table I. Rheological parameters and porosity data for col/alg hydrogels crosslinked with different CaCl, concentrations. Data are

reported as mean = SD (n=3).

CaCl, concentration 30mM 60mM

100mM One-way

ANOVA

Tukey’s post-hoc
multicomparison test

Loss modulus (kPa) 0.27 = 0.06 1.87 =0.46

Storage modulus (kPa) 0.04 =0.02 0.42 =0.06

Complex modulus (kPa) 0.27 =0.06 1.91 =0.40

Young’s modulus (kPa) 0.82*=0.19 575x1.15

Porosity (%) 68.17 =5.93 27.29 =246

Average pore diameter (um) 140.1 = 6.54 22.15+2.02

2.56 +0.38 p<<0.0l 30 vs 60mM p < 0.0001
30 vs 100mM p < 0.0001
60 vs 100mM p < 0.0001
30 vs 60mM p < 0.0001
30 vs 100mM p < 0.0001
60 vs 100mM p < 0.05
30 vs 60mM p < 0.0001
30 vs 100mM p < 0.0001
60 vs 100mM p < 0.05
30 vs 60mM p < 0.0001
30 vs 100mM p < 0.0001
60 vs 100mM p <0.05
30 vs 60mM p < 0.01

30 vs 100mM p < 0.05
60 vs 100mM p>0.05
30 vs 60mM p < 0.0l

30 vs 100mM p<<0.01
60 vs 100mM p>0.05

0.61 =£0.07 p<<0.001

2.28 = 0.49 p<0.0001
685+ 1.12 p<0.0001
42.65 = 13.51 p<0.00!

42.57 =25.80 p<<0.0001

oMSC morphology in hydrogels of different
stiffness

oMSC grown in 2D culture are characterised by a spindle
shape morphology, when embedded into the soft hydrogels
oMSCs acquired a rounded chondrocyte-like morphology
and on day 7 started to form small aggregates of cells. In
particular, the formation of aggregates was more evident in
the 0.82 and the 5.75kPa hydrogels, with the latter pre-
senting better defined and larger aggregates (Figure 6).

Gene expression analysis

To monitor how stiffness affects the ability of oMSC to
differentiate into chondrocytes, gene expression analysis
was performed at days 1, 7 and 14 (Figures 7 and 8). The
analysis compared the level of SOX9, the master regulator
of chondrogenesis, and RUNX2, a transcription factor
involved in the osteogenic differentiation of MSCs. On
day 1 a significant increase in the expression of SOX9 was
observed in all formulations, with over 500-fold increase
compared to the 2D control. A high level of SOX9 expres-
sion was maintained to day 7 in the 5.75kPa hydrogel,
while it significantly decreased on the 0.82 and 6.85kPa
hydrogels. Interestingly an increase of RUNX2 was
observed at day 1 in all formulations, with a stable expres-
sion over 14 days in the 6.85kPa substrate. oMSC embed-
ded into the 5.75kPa hydrogels showed an increase in the
expression of RUNX2 both at day 1 and 7, which drasti-
cally decreased at day 14. Even though a significant
increase of RUNX2 was observed in all formulations

compared to the 2D control, the ratio analysis between
SOX9 and RUNX2 revealed that on day 1 the expression
had significantly shifted towards the chondrogenic lineage
and remained higher at day 7 and 14 in the 5.75kPa com-
pared to the other two formulations.

In order to investigate the differences in gene expres-
sion for extracellular matrix components associated with
the formation of cartilage in different gels COL241, ACAN
and COLI1A1 were evaluated (Figure 8). The expression of
COL2A1 significantly increased at day 1 within all formu-
lations, with a more significant effect in the 5.75kPa
hydrogel where the expression was 2000-fold higher than
the 2D control and twice the expression of COL2A1 in the
0.82 and 6.86 kPa hydrogels. Furthermore, the expression
of COL2A1 in the 5.75kPa substrate at day 7 remained
58-fold and 10-fold higher than on the 0.82 and 6.75kPA
substrates, respectively. In particular, a significant decrease
in the expression of COL2A1 was observed in the softer
hydrogels at day 7. Stiffness affected the expression of
ACAN as well (Figure 8). A positive effect of the 5.75kPa
stiffness was observed in the expression of ACAN both on
day 1 and 7. The 0.82 kPa hydrogel was characterised by a
significant increase in the expression of ACAN at day 1
followed by a significant decrease at day 7 and 14. As the
experiments were conducted in the absence of growth fac-
tors the expression of COLIAI was measured to investi-
gate the effect of stiffness on the expression of hypertrophic
markers. Interestingly, a significant downregulation of
COLIAI on day 1 in all the substrates was observed com-
pared to the 2D control. On day 7 an increase in the expres-
sion of COLIAI was observed in the 0.82 and 5.75kPa
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Figure 2. Degradation of col/alg hydrogels crosslinked with 30, 60 and 100mM CaCl, incubated in PBS at 37°C. (a) SEM images
of the surface of col/alg hydrogels and (b) at higher magnification before the degradation studies. SEM images of the surface of col/
alg hydrogels on (c) day 7 and (d) 14 of degradation. (e) Weight loss of hydrogels during the degradation study. Data re reported as

mean * SD (n=6). Comparison between groups was assessed by ordinary two-way ANOVA (time effect p <0.001, stiffness effect
p > 0.05) using post hoc Tukey’s test (** p <0.001).
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Figure 3. Surface marker expression analysis of ovine MSCs and osteogenic, chondrogenic and adipogenic differentiation. (a)
Phenotypic characterisation by flow cytometry of a representative population of oMSCs. The black histogram represents the
specific antibody, while the grey histogram represents the isotype control. Markers characteristic of MSCs (CD29, CD44) and
haematopoietic cells (CD45, CD 34). (b) Alizarin red S (osteogenesis), (c) Alcian Blue (chondrogenesis) and (d) Oil Red O
(adipogenic) staining of differentiated stem cells at day 21.
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Figure 4. Viability of oMSC and nutrients diffusion in hydrogels of different stiffness. (a) Quantitative analysis of the cell viability.
Data are reported as mean = SD (n=3). Comparison between groups was assessed by ordinary two-way ANOVA (time and
stiffness effect p > 0.05) followed by a post-hoc Sidak’s test. (b) Quantitative analysis of 2-NBDG uptake by oMSC embedded
into hydrogels of different stiffness after | and 3 h. Data are reported as mean = SD (n=3). Comparison between groups was
assessed by ordinary two-way ANOVA (time effect p <0.0001 and stiffness effect p <0.01) using post hoc Sidak’s test (*» <0.01,
*p < 0.001 and ##p <0.01, ##p <0.00| comparing time points).

hydrogels. However, in both formulations, the expression = compared to the 2D control. COL2A41 and COLIA1 expres-
of COLIAI significantly decreased at day 14 (Figure 8). sion were compared and the ratio between the two genes
Furthermore, the gene expression analysis revealed that at ~ revealed that over time the expression of COL2A41 was
day 14 the expression of COL1A41 was significantly lower  higher in all formulations.
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Figure 5. (a) Flow cytometry histogram of the frequency distribution of CFSE stained oMSC at day |, 3 and 7. (b) Proliferation of
oMSCs into hydrogels of different stiffness at day |, 3 and 7. Data are reported as mean = SD (n=3). Comparison between groups
was assessed by ordinary two-way ANOVA (time and stiffness effect p <<0.0001) followed by a post-hoc Tukey’s test (*p <0.01,

#5p < 0,0001).

Immunostaining of ECM proteins

To investigate the effect of stiffness on ECM deposition,
immunofluorescence analysis was conducted at day 21 to
determine the composition of the extracellular matrix.
Collagen type Il and aggrecan staining was performed to
assess the synthesis of ECM typical for cartilage (Figure 9).
Deposition of ECM was observed in all formulations. Due
to its higher degree of porosity and degradation rate, the
softest substrate did not support the formation of intact tis-
sue (Figure 9(a)). Furthermore, the deposition of the carti-
laginous matrix was significantly lower compared to the
5.85 and 6.85kPa substrates as shown by the mean intensity
fluorescence (MIF) analysis (Figure 9(d)). Higher deposi-
tion of collagen type Il and aggrecan was evident in the
5.75kPa substrate and was further confirmed by the MIF
analysis (Figure 9(b), (d) and (e)). Even though all three soft

substrates direct stem cell fate into a cartilage phenotype,
affecting both gene expression and ECM deposition, they
did not prevent hypertrophy as shown by the deposition of
collagen type I. In fact, the immunofluorescence analysis
revealed that collagen type I, a marker of cartilage hypertro-
phy, was present in all formulations, showing significantly
higher deposition in the 0.82 and 6.85kPa substrates com-
pared with the 5.75 kPa hydrogel. The MIF analysis revealed
that oMSC embedded into the 5.75kPa hydrogels deposited
a significantly lower amount of collagen type I.

Discussion

A successful strategy to differentiate MSCs into a stable
chondrocytic population that does not have a propensity to
undergo hypertrophy when implanted in vivo is still
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Figure 6. Morphological characterisation of oMSCs at day 7 embedded into hydrogels of different stiffness. Representative
confocal images of oMSCs at day 7 stained with phalloidin and DAPI.
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Figure 7. Gene expression of SOX9, RUNX2 and SOX9/RUNX2 of oMSC embedded into col/alg hydrogels of different stiffness at
day |, 7 and 14. mRNA data are presented as fold change relative to 2D control. Results represent mean = SD (n=3). Comparison
between groups was assessed by ordinary two-way ANOVA effect of time p <0.0001 for SOX9, p <0.05 for RUNX2, p <0.0001
for SOX9/RUNX2; effect of stiffness p <0.0001 for SOX9, p >0.05 for RUNX2, p > 0.05 for SOX9/RUNX2) followed by a post hoc

Tukey’s test (¥ p<0.01, # p < 0.001, *5 p < 0.0001).
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Figure 8. Gene expression of ECM protein COL2A 1, ACAN, COLIA| and COL2A1/COLIAI of oMSC embedded into col/alg
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lacking. Today most studies use growth factors to guide
the differentiation of MSCs into chondrocytes.**>° The
widespread use of TGF-f3 to guide chondrogenic differen-
tiation has been shown to lead to the overexpression of
hypertrophic markers even after only 1 day of exposure.'®
This will eventually lead to the formation of fibrocartilage,
characterised by the production of collagen type I and infe-
rior mechanical properties compared to hyaline cartilage.
The present study aimed at developing hydrogel formula-
tions of low stiffness to recapitulate the conditions found

in the soft environment of the limb bud, and use them to
evaluate the effect of substrate stiffness in directing MSCs
differentiation towards the chondrogenic lineage without
the use of growth factor. Soft col/alg hydrogels were suc-
cessfully produced, and their stiffness was tuned by
employing different concentrations of crosslinker, offering
a simple model for encapsulating MSCs and studying their
behaviour. The rheological analysis revealed that Young’s
modulus was within the range of 0.82—6.85kPa, which
has previously been shown to be favourable for the



Journal of Tissue Engineering

0.82 kPa

5.75 kPa

(b)

6.85 kPa *
(d) 200000
150000
c
= 100000
50000
O_
0.82 5.75 6.85
= Stiffness (kPa
[g) 220008 ness (kPa)
150000
™ u
s 100000
50000
0_
0.82 5.75 6.85
(f) 200000 Stiffness (kPa)
150000
* % *
T n P ‘ I
s 100000 +
50000
0_
0.82 5.75 6.85
Stiffness (kPa)

Figure 9. Immunofluorescence images of ECM deposition at day 2| and quantitative analysis of the mean intensity fluorescence.
Representative confocal images of (a) collagen type Il, (b) aggrecan and (c) collagen type | staining at day 21 in hydrogels of different
stiffness. Quantitative analysis of mean fluorescence intensity (MFI) of (d) collagen type Il, (e) aggrecan and (f) collagen type | in
hydrogels of different stiffness at day 21. Data are reported as mean * SD, n=3. Comparison between groups was assessed by
ordinary one-way ANOVA (p <0.05 for COLI and ACAN, p < 0.0l for COLII) followed by a post-hoc Tukey’s test (*p <0.05, **

p<0.0l).

differentiation of MSCs into chondrocytes.?'***” Even
though soft substrates do not mimic the stiffness of native
cartilage, they appear to simulate the mechanical proper-
ties of the developing limb bud, suggesting that develop-
ing soft substrates simulating the mechanical properties of
cartilage development could represent a promising strat-
egy for directing MSCs into chondrocytes.?'*® SEM
images of intact hydrogels showed the presence of an outer
membrane for each hydrogel. However, XCT analysis
revealed that the 0.82 kPa hydrogels were characterised by
a higher porosity, compared to the 5.75 and 6.85kPa that
were characterised by a ticker outer membrane of smaller
pores, and an inner highly interconnected porous core.
However, it is unlikely that the hydrogels are able to main-
tain the size of these pores when hydrated, nevertheless
characterisation of the porosity of dry gels is important as
it provides information on the most appropriate gel for cell
encapsulation, differentiation, proliferation, migration and

extracellular matrix production. The presence of an outer
membrane might be due to the use of CaCl, as crosslinking
agent. Due to its high solubility in water the gelation rate
of alginate is too high to control, and leads to the formation
of an outer membrane as soon as the drop of col/alg mix-
ture enters the CaCl, bath.** Gelation rate affects gel uni-
formity and strength, in fact though the col/alg hydrogel
crosslinked with 100mM of CaCl, were characterised by
higher Young’s modulus, both the XCT and rheological
analysis showed a non-uniform and weaker structure char-
acterised by reversible crosslinking at higher frequencies,
which was not observed in the other two formulations. In
order to control the porosity and the thickness of the outer
shell, crosslinking time could be adjusted and different
exposure times to CaCl, could be tested.** The presence of
a thicker shell allowed for better cell encapsulation within
the gels without affecting nutrient diffusion into the hydro-
gel or hampering the migration and proliferation of the
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encapsulated cells. Degradation studies performed without
cells revealed that all three hydrogels lost over 90% of
their weight over 14 days. Conversely, when oMSCs were
embedded into the 5.75 and 6.85kPa hydrogels they
remained intact for 21 days, suggesting that ECM deposi-
tion affected the integrity of the hydrogels. The integrity of
the gel with cells at 21 days may be explained by greater
cell proliferation, cell aggregation and matrix deposition.
When embedded into the 0.82 kPa hydrogel, for which the
weight loss at day 7 was 70%, oMSC did not form an intact
tissue and at day 21, the immunofluorescent analysis
revealed that oMSCs in this gel were characterised by
lower matrix deposition and smaller cell aggregates with
large gaps between the cells suggesting that the degrada-
tion rate of the hydrogels was higher than the ECM deposi-
tion. The stiffness of the gel did not affect cell viability
over time, however, it affected oMSCs proliferation which
at day 7 was significantly higher in the 0.82 and the
5.75kPa substrates compared to the 6.75kPa hydrogel. It
is well known that stiffness regulates cell proliferation,
however, previous studies have shown that stiffer sub-
strates increase cell proliferation compared to soft sub-
strates. We hypothesised that the increased proliferation
rate on 0.82 and 5.75kPa hydrogels might be associated
with cells aggregation which is known to improve cell
viability and proliferation.®® The effect of stiffness in
directing MSCs behaviour was first demonstrated by
Engler et al.?> Their work suggested that, when pre-condi-
tioned on a specific stiffness, MSCs couldn’t be repro-
grammed even with the use of growth factors. Park et al.
highlighted the importance of stiffness, in particular of soft
substrates (1 kPa), in directing MSCs towards the chondro-
genic and adipogenic lineage; however, they warned this
effect may not be specific for only one lineage, and bio-
chemical factors such as TGF-P are required.®' In contrast,
our work provided for the first-time evidence that soft sub-
strates can direct oMSC towards the chondrogenic lineage
without the use of any growth factor. MSCs sense the sur-
rounding environment and respond to physical cues by
changing their phenotype. Cytoskeleton reorganisation is
known to be a key regulator of MSCs differentiation, as a
spreading morphology has been demonstrated to promote
osteogenesis.®? On the other hand reduction in cells spread-
ing and transition to rounded morphology is associated to
chondrogenic differentiation.®* Soft col/alg hydrogels pro-
vided a suitable 3D environment that reduced cells spread-
ing and lead oMSCs to acquire a rounded morphology
without stress fibres, this environment also aided cells
migration and allowed the formation of aggregates.
Furthermore, this work revealed that stiffness significantly
affects the expression of the master regulator of chondro-
genesis, SOX9, as well as COL2A1 and ACAN already
from day 1. Mesenchymal condensation represents the
major event affecting MSCs commitment to the chondro-
genic lineage and the stabilisation of SOX9 and its

expression is required during embryonic development as
well as in post-natal maintenance of articular cartilage.!’
Here we showed that oMSC embedded into soft hydrogels
started to condensate and formed small aggregates on day 7.
However, our data reveal that stiffness might play a funda-
mental role in regulating MSCs fate even before mesen-
chymal condensation. In fact, gene expression analysis
shows that soft substrates appear to affect the expression
of SOX9 from day 1 demonstrating that mechanical cues
may be a way to successfully engineer functional cartilagi-
nous tissues.

One of the main challenges in cartilage repair is the for-
mation of fibrocartilage. Our work showed that the expres-
sion of COLIAI, a marker of hypertrophy, significantly
decreased at day 14 compared to the 2D control.
Furthermore, our data indicate that the 5.75 kPa hydrogel,
did not only support ECM deposition but also limited the
expression of RUNX2 and the formation of fibrocartilage
compared to the other hydrogels suggesting that even
small changes in stiffness could have a significant effect
on the hypertrophic phenotype of MSCs. These data are in
accordance with Wang et al. that demonstrated that low
mechanical stiffness (~1kPa) led to the significantly
higher deposition of type I collagen.** Although the role of
stiffness has shown to play a crucial role in stem cells dif-
ferentiation, the biological mechanism behind is still
poorly understood. Stiff substrates appear to promote
nuclear localisation of Yes associated protein (YAP) and
Transcriptional coactivator with PDZ-binding motif (TAZ)
which modulate RUNX2 transcriptional activation thus
facilitating osteogenic differentiation, suggesting that
scaffolds with stiffness matching the one of the articular
cartilage might not be appropriate for chondrogenic dif-
ferentiation of MSCs.*%7 While on soft substrates MSC
have shown increased nuclear localisation of SMAD 2/3
(involved in the initiation of chondrogenic differentiation),
while SMAD 2/3 remained confined to the cytosol in
MSCs on stiff substrates.*®* Further research should focus
on understanding the biological mechanisms behind the
regulation of chondrogenesis on soft substrates.

Another important result from this study is the efficacy
in differentiating MSCs using a relatively low number of
cells. In fact, usually chondrogenic differentiation of MSCs
requires a high seeding density and pellet culture to allow a
proper ECM formation.®®%° This is one of the main limita-
tions in the translation of MSC therapies. Lee and Wang
have estimated that the dosage of MSC required for clinical
efficacy is in the range of 40—100 million cells per knee.'!
However, soft col/alg hydrogels are able to differentiate
oMSC:s into chondrocytes using much smaller numbers of
cells (1 million cells/mL) suggesting that the overall num-
ber of cells for clinical application could be reduced.

Although this work shows the importance of soft sub-
strates in directing MSCs fate, in order to obtain chondro-
cytes able to produce large amounts of extracellular matrix
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similar to articular cartilage, the introduction of other envi-
ronmental cues might be important. The delayed exposure
to hydrostatic pressure in combination with soft substrates
might further enhance the formation of cartilaginous
matrix and the increased expression of chondrogenic
markers over time.?**»’%"! The addition of a mechanical
stimulation such as hydrostatic pressure may regulate pro-
liferation of cells and the deposition of extracellular matrix
which may be important as the soft hydrogels will not be
able to withstand the load articular cartilage is subjected
to. Acclimatisation using mechanical stimulation of the
cells and production of ECM within scaffolds before
implantation, will increase the overall Young’s modulus of
the scaffold.? Hypoxia pre-conditioning should also be
considered as an additional cue to enhance cartilage for-
mation.”>” In vivo the oxygen tension within the cartilage
varies between 2% and 5%, whilst the atmospheric oxygen
level (20%) at which most typical tissue culture incubators
operate is actually non-physiological and represents hyper-
oxia. MSCs cultured under hypoxic conditions have shown
an increase in matrix formation along with a downregula-
tion of hypertrophic markers.”> Additionally, hypoxia pre-
conditioning could not only enhance cartilage formation in
vivo, but also support survival of MSCs when implanted
into the tissue.”®”’

One of the main limitations of this study from a transla-
tional perspective is the use of ovine mesenchymal stem
cells. The choice of using oMSCs was taken because work
would ultimately lead to implantation of the hydrogels
within an animal model. Large animal models are com-
monly used for in vivo testing of biomaterials for cartilage
repair due to the size of defects that can be created and the
loads sustained by the cartilage which is closer to human
levels than in a small animal models.”®#! Although oMSC
showed morphological, phenotypical and functional prop-
erties similar to those observed in their human counterparts,
Haddouti et al. performed a comparative study between
human and ovine MSC and demonstrated that oMSCs have
a significantly higher capacity for chondrogenic differenti-
ation compared to hMSCs.#># Future research should
focus on confirming the present results on human MSCs. In
conclusion, this study demonstrated for the first time that
soft col/alg hydrogels were able to direct mesenchymal
stem cells differentiation into chondrocytes without the use
of growth factors and allowed the deposition of cartilagi-
nous matrix with limited formation of collagen type I.
Furthermore, soft col/alg hydrogels allowed to obtain chon-
drogenesis even using a limited number of MSCs, suggest-
ing that the stiffness of the substrate is a crucial mechanical
cue in initiating and maintaining the chondrogenic differen-
tiation of MSC and this could potentially reduce the overall
number of cells required for clinical application. These gels
were able to maintain a chondrocytic phenotype reducing
the expression of hypertrophic genes. Soft hydrogels might
be ideal to direct MSC chondrogenesis and mechanical

properties should be carefully considered when developing
a scaffold for cartilage repair.
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