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Abstract

Loss of articular cartilage from ageing, injury or
degenerative disease is commonly associated with
inflammation, causing pain and accelerating degradation
of the cartilage matrix. Sulphated glycosaminoglycans
(GAGs) are involved in the regulation of immune responses
in vivo, and analogous polysaccharides are currently
being evaluated for tissue engineering matrices to form a
biomimetic environment promoting tissue growth while
suppressing inflammatory and catabolic activities. Here,
we characterise physical properties of sulphated alginate
(S-Alg) gels for use in cartilage engineering scaffolds,
and study their anti-inflammatory effects on encapsulated
chondrocytes stimulated with IL-1B. Sulphation resulted
in decreased storage modulus and increased swelling of
alginate gels, whereas mixing highly sulphated alginate
with unmodified alginate resulted in improved mechanical
properties compared to gels from pure S-Alg. S-Alg gels
showed extensive anti-inflammatory and anti-catabolic
effects on encapsulated chondrocytes induced by IL-1p.
Cytokine-stimulated gene expression of pro-inflammatory
markers IL-6, IL-8, COX-2 and aggrecanase ADAMTS-5
were significantly lower in the sulphated gels compared
to unmodified alginate gels. Moreover, sulphation of the
microenvironment suppressed the protein expression of
COX-2 and NF-kB as well as the activation of NF-kB and
p38-MAPK. The sulphated alginate matrices were found to
interact with IL-1p, and proposed to inhibit inflammatory
induction by sequestering cytokines from their receptors.
This study shows promising potential for sulphated
alginates in biomimetic tissue engineering scaffolds, by
reducing cytokine-mediated inflammation and providing
a protective microenvironment for encapsulated cells.
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Introduction

Osteoarthritis (OA) can be idiopathic in nature or initiated
by trauma, joint malformation or excessive load on joints
(Clutterbuck et al., 2009). Recent evidence has shown that
OA also has an inflammatory component (Berenbaum,
2013; Konttinen et al., 2012), where matrix fragments can
signal through toll-like receptors. Proteolytic degradation
of the matrix can also release immobilised cytokines
such as interleukin (IL)-1P and IL-6 and tumour necrosis
factor (TNF) which in turn further induce cytokine
expression and secretion of matrix-degrading enzymes
from chondrocytes, thus propagating tissue breakdown
(David et al., 2007; Martel-Pelletier, 1999). These effects
are largely mediated by nuclear transcription factors such
as nuclear factor-kappaB (NF-kB), which has been shown
to induce expression of inflammatory cytokines, matrix
metalloproteinases (MMPs), cyclooxygenase-2 (COX-
2), as well as adhesion molecules (ICAM-1, VCAM-1
and E-selectin) implicating NF-«xB in the recruitment of
leukocytes (Ke et al., 2007; Miagkov ef al., 1998).
Cultivation of chondrocytes in vitro is a strategy of
cell-based therapies to repair damaged and diminished
cartilage due to injuries or degenerative diseases. One
approach is by autologous chondrocyte implantation (ACI),
where chondrocytes are isolated from a biopsy of healthy
cartilage and passaged in vitro, followed by reintroduction
to the defect site (Risbud and Sittinger, 2002). Matrix-
induced autologous chondrocyte implantation (MACI)
has been developed as a technique to incorporate a
supportive scaffold for the chondrocytes to enhance
cartilage matrix synthesis, overcome donor variability
and improve the clinical outcome (Makris ef al., 2015).
Scaffolds for cartilage regeneration must provide a
suitable environment with physical support and hydration,
promote proliferation and production of extracellular
matrix and prevent dedifferentiation of the chondrocytes
(Darling and Athanasiou, 2005; Holtzer et al., 1960).
The engineered biological or synthetic matrix must be
biocompatible and have low immunogenicity to prevent
an inflammatory response in the host upon introduction
of cultivated tissues. Furthermore, it should serve as a
protective microenvironment for the encapsulated cells
against the effects from the inflamed defect site such as
diffusion of inflammatory cytokines or matrix-degrading
enzymes. Therefore, developing biomimetic materials with
both intrinsic anti-inflammatory and chondropermissive
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properties is crucial for improving the clinical success of
tissue engineering strategies in cartilage repair.

Articular cartilage is rich in sulphated
glycosaminoglycans (GAGs) which have significant
roles in hydration, cell motility and intra- and inter-
cellular communication, and are thus of great interest
for incorporation in tissue engineering scaffolds (Chen
et al., 2007; Pieper et al., 2000). Heparin, in particular,
has been shown to have anti-inflammatory effects by
reducing nuclear translocation of NF-kB, thus lowering
expression of inflammatory cytokines, and may further
inhibit downstream processes by direct association with
cytokines, adhesion proteins and the complement and
coagulation cascades (Hochart et al., 2006; Parish, 2006;
Spillmann et al., 1998; Weiler et al., 1992).

Alginate has long been considered for cell encapsulation
due its gentle gelling conditions, good biocompatibility and
high availability (Rehm and Valla, 1997). As native alginate
is relatively inert, functionalisation by covalent modification
has been extensively explored (Dalheim et al., 2015; Pawar
and Edgar, 2012; Rowley et al., 1999). One such strategy is
by chemical sulphation, increasing the negative charge and
thus promoting electrostatic interactions characteristic of
sulphated GAGs. We have previously presented sulphated
alginate as a potential heparin/heparan sulphate analogue,
as it associates with heparin-binding proteins and exhibits
anti-inflammatory effects in blood (Arlov et al., 2015;
Arlov et al., 2014; Arlov et al., 2016). Furthermore, we
recently demonstrated that sulphated alginate gels induce
mitogenicity of chondrocytes within a three-dimensional
microenvironment while preserving their native phenotype,
by mediating fibroblast growth factor (FGF) signalling
(Oztiirk et al., 2016). As cells have specific requirements
to their surrounding scaffold, a sulphated alginate-based
matrix may show promise in its customisability, through
sequence modifications using C5-epimerases (Ertesvag,
2015) and by tuning the sulphation degree (DS) to optimise
biological efficacy while minimising cross-reactivity and
destabilisation of the matrix.

Compared to unmodified alginate, sulphated alginates
form weaker gels which swell and disrupt faster as a
function of sulphation degree, due to the relatively bulky
sulphate groups preventing ideal network formation
described in the “egg-box” model (Grant et al., 1973). It
is therefore desirable to evaluate whether pure sulphated
alginate gels are necessary for the observed beneficial
effects, and if gel stability can be increased by mixing with
unmodified alginate without loss of effectiveness.

In the present work, we explored the effect of sulphation
on the physical properties of alginate gels, as well as the
chondropermissive and immunoprotective effects on
human chondrocytes. To study the anti-inflammatory
potential and the influence of sulphate content, human
chondrocytes were encapsulated in hydrogels containing
varying amounts of sulphated alginate, and the expression
of inflammatory and catabolic markers was studied
following stimulation with IL-1.
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Materials and methods

Sulphation of alginates

The alginate used was protanal LF200S (F_= 0.68, M|
=270 kDa, [n] = 1085 dL/g), referred throughout as Alg,
extracted from the stipe of Laminaria hyperborea (FMC
Biopolymer). Sulphation of the alginate was performed
using 99 % chlorosulphonic acid (Sigma) in formamide
(Merck) as previously described(Arlov et al., 2014),
with an HCISO, concentration range of 1.5-4.0 vol% in
formamide at 60 °C for 2.5 h. High Resolution Inductively
Coupled Plasma Mass Spectrometry (HR-ICP-MS) was
employed to quantify the wt% content of sulphur in the
lyophilised samples, and the average number of sulphates
per monosaccharide (DS) was estimated, using the
following equation (MM, monosaccharide mass):

MM = C,0H, + (DS+1) Na' + (DS x SO,)+ H,0

The sulphated alginates (S-Alg) were analysed by NMR,
showing a sulphation pattern consistent with previous
findings (not shown). For further structural characterisation
of sulphated alginates, the reader is referred to earlier
publications (Arlov et al., 2015; Arlov et al., 2014). The
molecular weight of the alginates was measured using size
exclusion chromatography with light scattering (SEC-
MALS).

Rheological characterisation of sulphated alginate
gels

Alg and S-Alg were dissolved in deionised water and
mixed with calcium carbonate (CaCO,) before degassing
using a vacuum pump to remove air bubbles. Glucono-o-
lactone (GDL) (Sigma) was dissolved in deionised water
and added to the alginate solution under gentle stirring.
Final concentrations of CaCO, and GDL were respectively
30 mM and 60 mM for a 2 wt/vol% Alg/S-Alg solution.
The mixture (2 mL) was immediately applied to a Kinexus
rheometer system (Malvern, Worcestershire, UK) equipped
with 40 mm serrated geometry, and the storage modulus
of the gelling solution was measured at 20 °C over 15 h in
oscillatory mode at 1 Hz and 0.005 strain, with a solvent
trap to reduce evaporation. The data were recorded and
processed using the software rSpace (Malvern).

Swelling properties of sulphated alginate gels

Solutions were prepared from Alg or Alg mixed with
20-80 wt% S-Alg (DS = 0.90) (2 wt/vol % in 300 mM
mannitol), and their average diameter was measured
following hourly changes of the saline. Alginate/sulphated
alginate gel beads were prepared using a Pasteur pipette
to drip the polysaccharide solution into a gelling bath of
50 mM calcium chloride (CaCl,) or 50 mM CaCl,+1 mM
barium chloride (BaCl,), both supplemented with 150 mM
mannitol. Mannitol was added to the alginate solution and
gelling bath as an osmolyte that does not interact with
cross-linking junction zones in alginate. The gels were left
overnight in the gelling solution before transferring them to
150 mM sodium chloride (NaCl). The average diameter of
the gels was then measured following hourly replacements
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of a 150 mM NaCl medium. The sulphur, barium and
calcium concentrations of the gels were measured at three
time points at the start, middle and end of the experiment,
by dissolving 20 gels in ethylenediaminetetraacetic acid
(EDTA) at 18 mM for calcium gels or 36 mM for calcium-
barium gels, followed by elemental analysis using HR-
ICP-MS.

Chondrocyte isolation

Human chondrocytes were isolated from non-arthritic
articular cartilage obtained from surgical knee operations
(over 60 years old, male) (ethics approval number KEK-
ZH 2013-0097) and kept in phosphate-buffered saline
(PBS) supplemented with 10 pg/mL gentamycin (Gibco).
The cartilage specimens were minced into 1-3 mm?
pieces with a sterile blade and washed with Dulbecco’s
modified eagle medium (DMEM) (Glutamax, high glucose)
(Invitrogen) with 10 pg/mL gentamycin. Minced cartilage
tissue was digested with 0.1 % collagenase (Sigma) in
DMEM supplemented with 10 % foetal bovine serum
(FBS) (Invitrogen) overnight at 30 °C with gentle shaking.
Digested tissue was filtered through a 100 pm and then a
40 um cell strainer. The filtered solution of chondrocytes
was centrifuged at 500 xg for 10 min and washed twice
with growth medium (DMEM containing 10 % FBS, 50 ng/
mL r-ascorbic acid -2-phosphate (Sigma) and 10 pg/mL
gentamycin). The chondrocytes were seeded at a density of
3000 cells/cm? and expanded in growth medium to passage
4 before encapsulation in the hydrogels.

Chondrocyte encapsulation in hydrogels

Gel precursor solutions of Alg, S-Alg (DS = 0.32) and
mixtures of Alg/S-Alg (20, 40 or 60 wt% of S-Alg
(DS = 0.9)) were prepared in 150 mM NaCl and sterile
filtered (0.2 pm pore size). The solutions were gently
mixed with a concentrated cell suspension to yield 2 wt/
vol% polymer solution with a cell density of 6 x 10° cells/
mL. 30 pL discs of each solution were cast and gelled in
100 mM CaCl, for 20 min. Chondrocytes encapsulated in
hydrogels were cultured in growth medium supplemented
with 3 mM CaCl..

Assessment of cell viability and morphology

In order to assure the cells were viable before addition
of IL-1p, viability and morphology were assessed. After
1 week of culture, the gels were incubated in growth
medium supplemented with 2 uM calcein AM and 20 uM
propidium iodide for 1 h at 37 °C. The gels were washed
twice with growth medium for 20 min and imaged with
fluorescence microscopy (Zeiss Axio Observer). For
assessment of cell morphology, the gels were fixed with
4 % formaldehyde (Sigma) with 0.1 % Triton-X-100
(Sigma) in PBS for 1 h at 4 °C and washed twice with
150 mM NaCl and 5 mM CaCl,. Then the gels were stained
with phalloidin-rhodamine for actin and 4’,6-diamidino-2-
phenylindole (DAPI) for DNA for 45 min followed by two
washes with 150 mM NaCl and 5 mM CaCl, and imaged
with fluorescence microscopy. For the quantification of
viability, 200 uM z-stacks from the gels were projected
with maximum intensity followed by determination of the
number of live and dead cells with ImageJ. Twenty images
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from each sample were projected for analysis and three
replicates were used for each condition.

Chondrogenic redifferentiation and
immunohistochemistry

For the assessment of chondrogenic redifferentiation,
chondrocytes were encapsulated in the hydrogels (n=3 for
all conditions) and cultured for 3 weeks in chondrogenic
medium (DMEM supplemented with 1 % ITS+ Premix
(Corning), 50 pg/ml rL-ascorbic acid -2-phosphate,
10 pg/mL gentamycin, 40 pg/mL L-proline, 100 nM
dexamethasone and 10 ng/mL transforming growth
factor-p3 (TGF-B3) (Peprotech)). After 3 weeks, the gels
were collected and fixed with 4 % formaldehyde with
0.1 % Triton-X in PBS for 1 h at 4 °C. Then, the gels were
washed twice with 150 mM NaCl supplemented with 5 mM
CaCl,. The hydrogels were incubated with a 1:1 mixture of
PBS and optimum cutting temperature compound (OCT)
(VWR) for 2 h at RT and then were completely embedded
in OCT overnight. The gels were snap-frozen on dry ice and
cut with a cryotome (CryoStar NX70, ThermoScientific) in
5 um sections. The sections were fixed with 96 % ethanol
and washed several times with PBS to remove the OCT.
Epitope retrieval was performed by incubating the sections
in 2 mg/mL hyaluronidase (Sigma) in PBS for 30 min at
37 °C. Then, the sections were blocked for 1 h at RT with
5 % bovine serum albumin (BSA) followed by incubation
with the primary antibody in 1 % BSA at 4 °C overnight.
The sections were washed three times in PBS and incubated
with the secondary antibody in 1 % BSA (IgG goat anti-
mouse AlexaFluor488, Invitrogen) for 1 h at RT. The
samples were washed with PBS, stained with DAPI for
15 min, washed again, mounted with aqueous mounting
media (Vector Laboratories) and imaged with fluorescence
microscopy. The primary antibodies used were mouse anti-
collagen II (II-116B3, Developmental Studies Hybridoma
Bank) and mouse anti-collagen I (Abcam).

Inflammatory induction of chondrocytes with IL-1p
The hydrogels were cultured for a week in growth medium
and serum starved overnight before the inflammatory
induction. Then, the hydrogels were cultured with
medium containing DMEM supplemented with 50 pug/mL
L-ascorbic acid-2-phosphate, 10 pg/mL gentamycin and
1 ng/mL IL-1B (Peprotech) for either 24 h or 48 h before
harvesting of the samples.

Western blotting

After 24 or 48 h of IL-1p induction hydrogels (n = 3
for all conditions) were washed twice with 150 mM
NaCl and 5 mM CaCl, and stored at =80 °C. The
frozen hydrogels were homogenised with a pestle in
radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitors (Sigma), incubated on ice for 1 h, and
then centrifuged at 10,000 xg for 15 min. The supernatant
was collected and the protein concentration was determined
by Bradford assay (Bio-Rad). Samples were adjusted to
0.5 pg/uL concentration with RIPA and Laemmli buffer
and denatured at 95 °C for 5 min. 10 pg protein was loaded
in pre-cast 4-12 % Bis-Tris gels (Invitrogen) and run for
35 min at 125V followed by transfer onto a nitrocellulose
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membrane for 1 hat 25 V. The membrane was washed twice
with ddH, 0O, stained with Ponceau S (Sigma) for protein
visualisation and washed three times with tris-buffered
saline with tween-20 (TBST) buffer. The membrane was
then blocked with 5 % BSA for 1 h at RT and incubated
with primary antibody overnight at 4 °C. The membrane
was washed four times with TBST and then incubated with
the secondary antibody for 1 h (25 °C), washed again and
visualised with Clarity Western ECL Substrate (Bio-Rad)
for chemiluminescence. The primary antibodies used were
anti-COX-2, anti-phospho-NF-kB p65 (Ser 536), anti-
NF-xB p65, anti-phospho-p38-MAPK (Thr180/Tyr182)
(Cell Signaling Technology) and anti-actin (Sigma). The
secondary antibody was anti-rabbit-HRP (Cell Signaling
Technology).

Real-time PCR

Samples were collected (z =3 for all conditions) and frozen
at —80 °C until used. The hydrogels were homogenised with
a tissue pestle in Trizol® (Invitrogen), and centrifuged at
12,000 xg for 10 min at 4 °C. The supernatant was removed
and chloroform was added followed by centrifugation
at 12,000 xg for 15 min at 4 °C, before removing the
aqueous phase. RNA isolation was performed using the
NucleoSpin miRNA kit (Macherey-Nagel AG) according
to the manufacturer’s instructions. Quantification of RNA
concentration was done with a plate reader (Tek3 plate,
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Fig. 1. Measurement of the storage modulus in solutions
of (a) alginate (Alg) mixed with sulphated alginate (S-
Alg, DS = 0.90), or (b) exclusively sulphated alginate
with increasing sulphation degree during gelation (15 h).
Solutions were gelled with 30 mM CaCO, and 60 mM
GDL for a final polysaccharide concentration of 2 % w/v.
Oscillating shear deformation was carried out at 20 °C
with a frequency of 1 Hz and strain of 0.005.
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Synergy, BioTek, Inc.). RNA was reverse transcribed
using SuperScript III reverse transcriptase (Invitrogen)
and the resulting cDNA was amplified by quantitative
real-time PCR (StepOnePlus, Applied Biosystems) with
Fast SYBR®™ Green master mix (Invitrogen). Ribosomal
protein L13 (RPL13a) was used as an internal reference
gene and fold change was quantified with the AACt
method. The following primers for human (Microsynth
AG) were used in this study: RPLI/3a (forward (F)
5’-AAGTACCAGGCAGTGACAG-3’; reverse (R)
5’-CCTGTTTCCGTAGCCTCATG-3’), COX-1 (forward
(F) 5’-CTCTTCGTCTGATCCGTCCTA-3’; reverse (R)
5’-TGAGGTTGCGGTCTGTTAGT-3"), COX-2 (forward
(F) 5’-GCAATAACGTGAAGGGCTGT-3’; reverse (R)
5’-CGGGAAGAACTTGCATTGAT-3"), IL-6 (forward
(F) 5>-GAAAGCAGCAAAGAGGCACT-3’; reverse (R)
5’-TTTCACCAGGCAAGTCTCCT-3"), IL-8 (forward
(F) 5’-GTTCCACTGTGCCTTGGTTT-3’; reverse (R)
5’-GCTTCCACATGTCCTCACAA-3"), MMP-13 (forward
(F) 5’-TGGTCCAGGAGATGAAGACC-3’; reverse (R)
5’-TCCTCGGAGACTGGTAATGG-3"), ADAMTS-5
(forward (F) 5’-CGATGGCACTGAATGTAGGC-3’;
reverse (R) 5’-CTCCGCACTTGTCATACTGC-3).

Enzyme Linked Immunosorbent Assay (ELISA) for
quantification of IL-1f retention

Hydrogel precursor solutions were mixed with IL-1 (R&D
Systems) to yield a polymer concentration of 2 wt/vol% and
cytokine concentration of 1 ng/30 pL and the mixtures were
incubated at RT for 2 h. 30 pL discs from each solution
were pipetted onto casters and gelled in 102 mM CaCl,
for 20 min (n = 3 for all conditions). Then, the hydrogels
were incubated in a buffer containing 150 mM NaCl, 5 mM
CaCl, and 1 mg/mL bovine serum albumin (BSA) (Sigma)
for 24 or 48 h. The gels were collected at given time
points and dissolved by incubating in a buffer containing
55 mM sodium citrate, 30 mM EDTA and 150 mM NaCl
at pH 6.8 for 10 min with shaking at 1,000 rpm at RT. IL-
1B retention in the hydrogels was quantified by an IL-1
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems) according to manufacturer’s instructions.

Statistical analysis

Quantitative data was expressed as mean + standard
deviation (s.d.). Statistical analyses were performed
with OriginPro 9.1 by analysis of variance (ANOVA)
with Tukey’s post-hoc test. Values of p below 0.05 were
considered statistically significant.

Results

Rheological characterisation of sulphated alginate
gels

Alg/S-Alg gels were prepared and the storage modulus
(G) was measured to evaluate gelling kinetics and the final
stiffness of the gels. Using mixtures of highly sulphated
alginate (S-Alg, DS =0.90) and Alg a prominent decrease
in gel stiffness was observed with increasing S-Alg content
(Fig. 1a). Furthermore, the introduction of highly sulphated
alginate was shown to have a negative effect on gelling,
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Table 1. Young’s modulus (E) of gels prepared
from mixtures of alginate (Alg) and sulphated
alginates (S-Alg, DS = 0.90), or from exclusively
S-Alg with increasing degrees of sulphation.
Gelation occurred over 15 h using 30 mM CaCO,
and 60 mM GDL. All sulphated alginate gels were
prepared from a total polysaccharide solution
of 2 % w/v and the modulus was measured by
oscillatory shear deformation.

Fig. 2. (a) The average volume of alginate gel
beads made in a gelling solution of 50 mM CaCl,,
following hourly replacements of a 150 mM NaCl
medium. The gels were made from 2 wt/vol%
solutions of LF 200S alginate (Alg), or Alg mixed
with sulphated alginate (S-Alg, DS = 0.90). Gel
content of (b) calcium (Ca) and (¢) sulphur (S) after
0, 7 and 15 h. The gels were dissolved in 18 mM
EDTA (30 mL) prior to analysis by HR-ICP-MS.
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as excluding S-Alg resulted in increased gel stiffness
by approximately 1000 Pa for a 1.2 wt/vol% solution
of Alg (Table 1). Using pure sulphated alginates, stable
gels were formed at DS = 0.20 and 0.28 with stiffness
similar to that of 40 % S-Alg (DS = 0.90). At DS =0.36
there was observed an approximately tenfold decrease in
stiffness resulting in fragile gels (Fig. 1b), while samples
with DS > 0.50 did not form true gels under the present
conditions (not shown).

Swelling properties of sulfated alginate gels
Calcium-crosslinked gel

There was observed a difference in the initial size of the
calcium gels, where a higher S-Alg content was associated
with a larger volume (Fig. 2a). The Alg control and the
20-60 % S-Alg gels displayed initially similar swelling
rates following hourly replacements of the saline, while the
volume increase of the 80 % S-Alg gels was considerably
higher, causing gel disruption after 10 h. After 6 h the
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swelling of the Alg gels accelerated and eventually gained
a similar volume to that of the 40 %. The 20 % S-Alg gels
displayed considerably less swelling and remained intact
for longer than all other samples, a trend also observed
for S-Alg samples of lower DS (not shown). Gels were
retrieved after 0, 7 and 15 h, and the relative concentrations
of calcium and sulphur in the gels are shown in Fig. 2b
and ¢, respectively. The calcium content of all gels was
reduced by approximately 60 % from 0 to 7 h. A higher
concentration of calcium was detected in the S-Alg samples
compared to Alg at 0 h, which was also observed at 7
and 15 h for the 20 % and 40 % S-Alg samples, whereas
the 60 % and 80 % S-Alg gels had dissolved at 15 h.
Furthermore, there was a decrease in sulphur over time,
indicating loss of sulphated alginate during swelling. The
20 % S-Alg gels displayed no material loss at 7 h, whereas
the sulphur content was reduced by approximately one
third at 15 h.
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Fig. 3. (a) The average volume of alginate gel beads made in a gelling solution of 50 mM CaCl, and | mM
BaCl,, following hourly replacements of a 150 mM NaCl medium. The gels were made from 2 wt/vol%
solutions of LF 200S alginate (Alg), or Alg mixed with sulphated alginate (S-Alg, DS = 0.90). Gel content of
(b) barium (Ba), (¢) calcium (Ca) and (d) sulphur (S) after 0, 17 and 33 h. The gels were dissolved in 36 mM

EDTA (30 mL) prior to analysis by HR-ICP-MS.

Calcium-barium-crosslinked gels

The calcium-barium gels displayed overall higher stability
than the calcium gels and were monitored over 33 h (Fig.
3a), with elemental analysis of the gels carried out after
0, 17 and 33 h. The initial gel volume was similar for all
samples; the swelling rate was the highest for 80 % S-Alg
and lowest for the Alg sample. Past 17 h a decrease in
gel volume was measured for the 80 % S-Alg samples,
resulting in lower volumes than the remaining samples at
33 h. A high degree of barium retention was observed in
all samples (Fig. 3b), contrasting with the steep decrease
in calcium (Fig. 3¢). Similar to the calcium gels, higher
initial concentrations of gelling ions were detected in
the calcium-barium gels containing sulphated alginate
compared with the Alg control.

Gels were additionally prepared from exclusively
S-Alg with varying degrees of sulphation. When using a
gelling bath of 50 mM CaCl,, the gels took on a highly
inhomogeneous shape and were disrupted overnight. Gels
were successfully prepared with the CaCl,/BaCl, gelling
bath, but increased rapidly in volume and disrupted
after fewer replacements compared with gels containing
unmodified alginate (not shown).

Visualisation of chondrocyte viability, morphology
and chondrogenic redifferentiation in sulphated
alginate gels

As the inclusion of unmodified alginate resulted in
increased stability of sulphated hydrogels, we aimed to
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explore whether mixed gels demonstrate similar biological
effects on encapsulated chondrocytes as pure S-Alg gels,
as well as the influence of varying S-Alg content. For the
pure S-Alg gels, a sulphation degree of 0.32 was chosen,
whereas the mixed 80 % S-Alg sample was excluded
due to the high swelling potential. Live/dead staining of
encapsulated chondrocytes showed good viability after one
week and no significant differences between unmodified
alginate and gels containing sulphated alginate (Fig.
4a). Phalloidin-rhodamine staining showed formation of
filopodia from cells encapsulated in sulphated alginate
gels, most prominently for the gel containing exclusively
sulphated alginate (S-Alg DS = 0.32), whereas the
cells in the unmodified alginate displayed a spherical
morphology after one week culture (Fig. 4b). Filopodia
were also observed in the mixed gels, with no apparent
differences based on S-Alg content. The differences in
cellular morphology between chondrocytes encapsulated
within sulphated alginate or unmodified gels became much
more evident after 3 weeks of culture with chondrogenic
induction. Chondrocytes in sulphated alginate showed
extensive spreading throughout the gel whereas the
chondrocytes in unmodified alginate still revealed round
cell morphology (Fig. 5a).

We further investigated the chondrogenic
redifferentiation of chondrocytes within Alg or S-Alg
(DS = 0.32) gels. Immunohistological staining of the
chondrocytes in Alg or S-Alg gels revealed collagen II
deposition under both conditions (Fig. S5b). In the Alg
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Fig. 4. (a) Quantification of chondrocyte
viability in hydrogels of alginate (Alg),
sulphated alginate (S-Alg DS = 0.32) or
mixtures of Alg and S-Alg (DS = 0.90)
after 1 week. (b) Fluorescence imaging
of condrocytes encapsulated in calcium
gels of alginate (Alg), sulphated alginate
(DS = 0.32) or sulphated alginate
(DS = 0.90) mixed with unmodified
alginate. Cells were stained with calcein
and ethidium homodimer for viability
assessment (left), or with phalloidin-
rhodamine for cell morphology (right).
Arrows indicate protruding filopodia from
the plasma membrane.

gels, the collagen was highly concentrated around the
edges of the gels, whereas the S-Alg gels promoted a more
homogeneous matrix deposition. Collagen I deposition, on
the other hand, was much less in the sulphated hydrogels
compared to the unmodified alginate. Collagen I was
similarly deposited mainly on the edge of the Alg gels;
however, the thickness was higher than seen for the
collagen II staining (Fig. 5b). In S-Alg gels, a slight
collagen I deposition was observed in the edges and mainly
excluded from the collagen II-positive core of the gels (Fig.
Sb). The deposition of collagen II was dependent on the
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TGF-B3 induction of the chondrocytes and no collagen I1
staining was detected when the chondrocytes were grown
in TGF-B3-free control medium (not shown).

Inflammatory stimulation of encapsulated
chondrocytes with IL-1p

Gene expression of inflammatory markers

Gene expression of 1L-6, IL-8, COX-1, COX-2, MMP-
13 (collagenase-3) and ADAMTS-5 was quantified in
the encapsulated chondrocytes following 24 or 48 h
stimulation with IL-1 (Fig. 6). The gene expression was
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Phalloidin/DAPI

S-Alg

Collagen 11/DAPI

Collagen I/DAPI

Fig. 5. (a) Phalloidin-rhodamine staining of
chondrocytes encapsulated in alginate (Alg)
or sulphated alginate (S-Alg, DS = 0.32) after
3 weeks. (b) Immunofluorescence imaging of
collagen II (green) and collagen I (red) deposition

in Alg and S-Alg (DS = 0.32) gels. DAPI (blue)
was used as counterstain for cells.

generally lower after 48 h compared with 24 h, suggesting a
possible negative feedback regulation of the inflammatory
response. Interleukins IL-6 and IL-8 were strongly induced
by IL-1pB and displayed similar expression trends in the
different gels. Compared to the Alg control IL-6 and IL-8
induction was significantly reduced in all S-Alg gels,
most potently in the 20 % S-Alg (DS = 0.90) sample and
the gel containing exclusively S-Alg (DS =0.32). COX-2
expression was induced in alginate gels and significantly
reduced in all S-Alg gels, displaying a similar trend as
IL-6 and IL-8. No inhibitory effect of sulphated alginates
was found on the IL-1B-induced expression of MMP-13,
whereas ADAMTS-5 was significantly suppressed in the
S-Alg gels. Gene expression was for IL-6, IL-§8, COX-2
and ADAMTS-5 significantly lower in the 20 % S-Alg
gel compared to the 60 % S-Alg gel. Variable trends in
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gene expression were observed in the absence of IL-1f3
stimulation, although it was generally reduced by the
presence of sulphated alginate (not shown).

Of the collagenases, collagenase 3 (MMP-13) has
the broadest substrate specificity, cleaving types I, II,
I, IV, X, and XIV collagen, gelatin, and aggrecan (10-
12). MMP-13 exhibits the highest activity (kcat/Km)
toward CII, the pre-dominant collagen in cartilage (13).
Compared with MMP-1 expression, MMP-13 expression is
somewhat restricted. In normal physiology, osteoblasts and
chondrocytes express MMP-13 in developing bone (14-
16). In pathologic conditions, the enzyme is expressed by a
variety of cell types, including OA chondrocytes (5,17-20),
rheumatoid synovium (21-23), squamous cell carcinomas
(24,25), breast cancer (26,27), chondrosarcomas (28),
fibroblasts in chronic wounds (29,30), and macrophages
in atherosclerotic plaques (31). Presumably, expression of
MMP-13 is more restricted than expression of MMP-1,
because the broad substrate specificity of MMP-13 makes
it potentially more damaging to normal tissues.

Protein expression of inflammatory markers

Protein expression in chondrocytes was studied by
Western blotting after 24 h IL-1f stimulation for NF-xB,
phosphorylated NF-xB (pNF-«kB) and phosphorylated
p38-MAPK (pp38-MAPK), and after 48 h stimulation for
COX-2 (Fig. 7).

Phosphorylated NF-kB was strongly reduced in all
sulphated alginate gels, and total NF-xB was reduced with
increasing S-alg content in the gels. Interestingly, NF-xB
was clearly expressed in the 20 % S-Alg sample whereas
phosphorylation (pNF-kB) was barely detectable in the
same sample. p38-MAPK is involved in the activation of
NF-xB and its phosphorylation was found to be similarly
suppressed in the sulphated alginate gels as a function of
sulphation level. COX-2 is a downstream marker compared
to NF-kB and p38-MAPK and was therefore measured
after 48 h IL-1p stimulation. COX-2 protein was strongly
induced in alginate gels and significantly reduced in all
sulphated alginate gels. S-Alg DS = 0.32 displayed a
slightly more potent reduction, whereas the effect was not
markedly different between the mixed gels.

IL-1p interaction with sulphated alginate hydrogels
We further aimed to investigate whether the sulphated
microenvironment led to an increased entrapment of IL-
1B, relating to the suppression of inflammatory signalling
in the chondrocytes encapsulated in the sulphated
hydrogels. For this purpose, IL-1f was immobilised in
gels of Alg, S-Alg (DS = 0.32), or mixtures of Alg and
S-Alg (DS = 0.90), followed by 24 or 48 h incubation in
physiological saline. After both 24 and 48 h incubation,
the sulphated gels showed a greater retention of IL-1
compared to the non-sulphated alginate gels (Fig. 8). After
24 h incubation, the increase in IL-1f retention followed a
clear dose-responsive trend with the increase in sulphated
alginate content. After 48 h incubation, the trend was less
pronounced where the 40 % and 60 % mixtures showed
similar IL-1p retention but still significantly higher than
the 20 % mixtures and the non-sulphated samples.
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Fig. 6. mRNA expression of IL-6, IL-8, COX-1, COX-2, MMP-13 and ADAMTS-5 in chondrocytes after
24 and 48 h stimulation with IL-1p. The cells were encapsulated in calcium gels of alginate (Alg), sulphated
alginate (S-Alg, DS = 0.32) or mixtures of Alg and S-Alg (DS = 0.90), and cultured for one week prior to IL-
1B stimulation. Non-stimulated alginate gels are denoted by Alg-. Significant values are given as p < 0.05 (¥),
p <0.01 (**%), p<0.001 (***) and p < 0.0001 (****) compared to Alg at the same time point, and the data are

expressed as the mean value of 3 samples + s.d.

Discussion

Sulphated alginate hydrogels were evaluated, in the present
study, for applications in cartilage engineering, through
characterisation of physical and biological properties. The
elastic modulus and swelling potential of the hydrogels
were initially studied. Furthermore, human chondrocytes
were encapsulated in sulphated alginate gels and stimulated
with IL-1pB, to study anti-inflammatory properties of
the scaffolds and the influence of varying the sulphated
alginate content.

For the rheological studies, hydrogels were prepared
using GDL to promote a gradual release of Ca** from evenly
distributed CaCO, This resulted in a more homogeneous
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gel network compared to CaCl, crosslinking, particularly
for large volumes of alginate solutions, as was the case with
the rheological measurements. Furthermore, this “internal”
gelation procedure allows formation of hydrogels in situ
from injectable solutions, and may show promise for
novel tissue engineering strategies (Sandvig et al., 2015).
Measurement of the storage modulus in gels of exclusively
S-Alg indicated a threshold in DS for the formation of
stable crosslinks by gelation with CaCO,. Previous studies
have shown that the number of consecutive guluronate
units required for stable junction zones is approximately
8 for calcium alginate gels (Stokke ef al., 1993). As the
sulphation follows a random pattern, sequences of non-
sulphated monosaccharides able to form stable cross-links

www.ecmjournal.org



O Arlov et al.

40% S-Alg
S-Alg DS=0.32

Alg
20% S-Alg

| 60% S-Alg

ONFKB W
\FB | -

pP38- I: o
MAPK L ™=
-—

Actin

|
f

i

- . -
s s e

Biomimetic sulphated alginate hydrogels

Fig. 7. Western blot
following IL-1p stimulation
of chondrocytes encapsulated
in alginate (Alg), sulphated
alginate (S-Alg, DS = 0.32)
or mixtures of Alg and S-Alg
(DS 0.90). Left: NF«B,
phosphorylated  (activated)
NF«B and p38-MAPK after
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Fig. 8. Retention of IL-1
immobilised in hydrogels
of alginate (Alg),
sulphated alginate (S-Alg
DS = 0.32) or mixtures of
Alg and S-Alg (DS = 0.90)
following 24 or 48 h
incubation in a saline
medium, quantified by
ELISA. Significant values
are given as p < 0.05 (*),
p<0.01 (**)and p <0.001
(***) compared to Alg at
the same time point, and
the data are expressed
as the mean value of 3
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are expected to be found at low sulphation degrees (Arlov
et al., 2014). The number of G monosaccharides required
for stable junction formation is lower for Ba?* than Ca*
(Stokke et al., 1991), and the elastic moduli of sulphated
alginate gels can thus be increased by saturation with BaCl,
following gelation. The molecular weight of the alginates is
a significant factor and it must be noted that the sulphation
reaction is highly acidic, leading to some depolymerisation.
In the present study an approximately 30-50 % reduction
in the average molecular weight was measured for the
various degrees of sulphation. While the storage modulus
of alginate gels is highly dependent on the MW, the present
results indicate that the density of the sulphate groups is
a more significant factor as the DS = 0.36 sample had
similar molecular weight but markedly lower stiffness
than the DS = 0.28 gel. Inclusion of the unmodified Alg
in the S-Alg gels results in increased gel stiffness, while
allowing incorporation of sulphated alginates with a high
DS, which may be desirable to strengthen electrostatic
protein interactions.

Inclusion of unmodified alginate also improved the
osmotic stability of sulphated alginate gels. Swelling of
alginate gels occurs when gelling ions in the cross-linking
junction zones are replaced with non-gelling cations such
as sodium, partially dissolving the alginate and weakening
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the gel network. Despite the prominent reduction in
stiffness, gels with a 20-40 % S-Alg content displayed
similar swelling rates as the Alg control. As indicated by the
elemental analysis of the dissolved gels, the higher charge
density introduced by S-Alg leads to increased binding and
retention of gelling ions. A greater retention of gelling ions
decreases the osmotic potential to the surrounding medium,
presumably slowing sodium influx and replacement of
calcium. Whereas leakage of sulphated alginate was
observed in the mixed gels following consecutive saline
changes and swelling, this was not expected for hydrogels
used for chondrocyte encapsulation due to the presence
of CaCl, in the incubation medium and the fact that no
swelling was observed in the gels over the course of the
study. For long term stability of gels with a high content or
consisting exclusively of sulphated alginate it is therefore
recommended to include CaCl, in the storage medium.
Recent studies have also explored the use of barium or
strontium as cross-linking ions. Although barium is highly
toxic to cells, a low concentration in implanted alginate
hydrogels may prove safe for encapsulated cells and
surrounding tissues, due to the strong association with
alginate preventing leakage (Morch et al., 2006; Merch
etal.,2012).
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Fig. 9. Schematic depiction of the proposed anti-inflammatory effects by sulphated alginates on encapsulated
chondrocytes. Stimulation of chondrocytes with IL-1 induces gene expression of inflammatory and catabolic
markers, mediated by NF-xB and p38-MAPK signalling pathways. Sulphation promotes interaction with
IL-1P and thus providing a protective microenvironment by sequestering the cytokine in the gel network and

inhibiting receptor activation.

We recently showed that the presence of sulphated
alginate stimulates proliferation and spreading of bovine
chondrocytes in a dose-responsive manner to the sulphate
content (Oztiirk ef al., 2016), which was consistent with
the results of the present study using passaged human
chondrocytes. The formation of filopodia has previously
been found to be mediated by integrin beta 1 interaction
with sulphated alginate, providing cell attachment
points and potentially increasing proliferation through
stimulated Cyclin D gene expression (Mhanna et al.,
2014). There was, in the present study, no observable
relation between cell viability and morphology and the
mechanical properties/sulphate content of the gels. The
stiffness of the gel is, however, expected to have a greater
influence on long-term expansion of tissues and deposition
of extracellular matrix, thus requiring additional studies
with longer cultivation times. The non-sulphated Alg
gels displayed highly concentrated deposition of collagen
around the edges of the gels, whereas a more homogeneous
matrix deposition was observed in the S-Alg gels. This can
be attributed to a poorer entrapment of growth factors in
the Alg gels, consistent with previous findings (Oztiirk et
al., 2016). Furthermore, chondrocytes showed much less
deposition of collagen I in S-Alg gels compared to Alg
indicating that the sulphated gels favour a more native-like
phenotype during chondrogenic redifferentiation with a
more homogeneous distribution of the produced matrix.
These results are also in line with our previous findings
where we showed that sulphation in the microenvironment
prevented dedifferentiation of non-passaged bovine
chondrocytes during 3D expansion by suppression of
collagen I (Oztiirk et al., 2016).

RNA analysis of inflammatory markers showed
significant decreases in IL-6, IL-8, COX-2 and ADAMTS-5
in S-Alg gels compared with the Alg control. COX-1 was
not significantly induced by IL-1p as it is considered a
“housekeeping” gene involved in continuous prostaglandin
production in homeostatic functions, whereas COX-2 is
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more tightly regulated and inducible by inflammatory
cytokines (Crofford, 1997). MMP-13 expression is tightly
regulated, presumably due to its broad substrate specificity
and thus can severely affect cartilage matrix. MMP-13
is induced in chondrocytes by inflammatory cytokines
in osteoarthritis, and modulated by several intracellular
factors including NF-«kB and p38-MAPK (Mengshol et al.,
2000; Vincenti and Brinckerhoff, 2002). FGF-2 has been
demonstrated to have a chondroprotective effect (Chia et
al.,2009), and we recently showed that sulphated alginates
decrease the expression of MMP-13 and ADAMTS-5 in
chondrocytes by mediating FGF signalling (Oztiirk et al.,
2016). In the present study, sulphated alginate suppressed
the expression of MMP-13 in non-stimulated chondrocytes
but not following IL-1p stimulation, indicating different
signalling mechanisms during intrinsic expression
compared to inflammatory induction. Alternatively, as
the sulphated alginate matrix does not completely abolish
IL-1B induction, MMP-13 expression may only require a
low level of IL-1p signalling followed by amplification
and regulation primarily by intracellular mechanisms.
In the absence of IL-1f stimulation the expression of all
studied markers, including MMP-13 and COX-1, was
nearly abolished in the 20 % S-Alg gel. Thus, the sulphated
alginate matrices may additionally suppress inflammatory
and catabolic markers in a non-inflamed setting.
Analysis of protein expression showed a strong
reduction in the total NF-kB and COX-2 protein levels
in the sulphated alginate gels, as well as inhibition of
the phosphorylation of NF-kB and p38-MAPK. Pre-
incubation with soluble heparin and chondroitin sulphate
has previously been shown to dampen the inflammatory
response in cells stimulated with IL-1p, correlated
with reduced NF-kB signalling, but the mechanisms of
action by the polysaccharides are not clear (Hochart et
al., 2006; Jomphe et. al., 2008; Legendre et al., 2008).
Sulphated alginate has previously been demonstrated to
bind IL-6 (Freeman et al., 2008), and we recently found
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that incubation of sulphated alginate gels in human whole
blood lead to decreased levels of inflammatory cytokines,
including IL-1, IL-6, IL-8 and TNF, as well as inhibition
of the complement cascade (Arlov et al., 2014; Arlov et
al., 2016). IL-1p has been shown to bind several acidic
polysaccharides, in particular highly sulphated heparin
(Ramsden and Rider, 1992). Furthermore, sulphated
glycosaminoglycans present on the cell surface contribute
to cell signalling by immobilising growth factors, cytokines
and other signalling molecules in the vicinity of the cells
(Linhardt and Toida, 2004; Parish, 2006; Shute, 2012).
Chondrocytes in an inflammatory state release immobilised
cytokines through remodelling of the extracellular
matrix, thus propagating the inflammatory response. As
demonstrated in the present study, sulphated alginate
interacts with IL-1p and the sequestration of cytokines
in the extracellular environment may thus prevent
inflammatory induction of the encapsulated chondrocytes
(Fig. 9). Humans do not express enzymes that degrade
alginate, and while additional studies are required to assess
the in vivo stability of sulphated alginates, it is intuitive
that they are not degraded by the same mechanisms as for
sulphated glycosaminoglycans. Resistance to enzymatic
depolymerisation may provide increased stability of the
scaffold, with less release of signal molecules by matrix
turnover and thus potentially a more long-term anti-
inflammatory effect. Depending on the application, the
degradability of the alginate hydrogels can be influenced
by exploring alternative gelation strategies, or by functional
modifications such as partial periodate oxidation rendering
the alginate susceptible to depolymerisation.

In the present study, there was no clear dose-
response between the sulphated alginate content and
the anti-inflammatory effects. NF-kB protein and the
phosphorylation of p38-MAPK were found to decrease
with increasing sulphate content of the gels, whereas
gene expression of IL-6, IL-8 and COX-2 was generally
higher in 60 % S-Alg gels compared with 20 % S-Alg.
These results may be influenced by a trade-off effect where
increased electrostatic interaction at higher sulphation
levels are counteracted by a more porous network structure
with increased diffusion of extracellular signal molecules.
Alternatively, as sulphated alginates may interact with a
large variety of extracellular factors, the increased level of
sulphation may have additional cytokine-mediated effects
acting through alternative mechanisms.

Interestingly, the present results and previous findings
on growth factor signalling (Oztiirk et al., 2016) indicate
dual roles for sulphated alginates in signalling, through
suppressing and promoting cellular interaction with
soluble factors. Although this may be attributed to non-
specific binding of S-Alg to proteins, most interactions
between sulphated GAGs and their ligands are similarly
believed to have a low degree of specificity (Lindahl,
2014; Lindahl and Li, 2009). For FGF-2 signalling heparan
sulphate acts as a co-receptor forming a tertiary complex
with the ligand and receptor (Spivak-Kroizman et al.,
1994), whereas sulphated polysaccharides may conversely
inhibit signalling by associating with the receptor-binding
region of cytokines and/or preventing conformational
changes (Johnson et al., 2005). Additionally, signalling
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events may be directed through temporal regulation of
structural subtypes of sulphated GAGs, which can explain
their pleiotropic properties in vivo (Dyck and Karimi-
Abdolrezaee, 2015; Mikami and Kitagawa, 2013). As the
monosaccharide sequence of alginate can be predictably
altered utilising epimerases (Ertesvag, 2015) and the
sulphation degree readily tuned, these structural variations
can be employed to gain a greater understanding of the
interactions between the matrix and soluble factors,
and potentially tailor sulphated alginate gels to allow a
regenerative environment for cartilage while suppressing
key inflammatory events.

Conclusions

In the present study, we investigated the physical
characteristics of sulphated alginate gels and the biological
effects on human chondrocytes in the presence of
inflammatory induction. Sulphation of alginate resulted
in a prominent decrease in the storage modulus, and an
increase in swelling of the gel network. Encapsulation
of chondrocytes in sulphated alginate gels suppressed
the expression and activation of NF-xB following IL-1
stimulation, causing an inhibition of inflammatory and
catabolic responses. We propose that sulphated alginates
exert their anti-inflammatory properties by binding and
sequestering inflammatory mediators, namely IL-1§
in the present study. Mixing unmodified alginate with
a low content of highly sulphated alginate resulted in
improved gel stability and similar anti-inflammatory
activity compared with pure sulphated alginate gels, and
may allow more predictable tuning of gel properties. The
potent protection by the gel microenvironment against
inflammatory induction of chondrocytes, presumably
due to sequestration of inflammatory cytokines in the gel
network, reveals an important role of GAG-mimicking
sulphate moieties and a promising direction for cartilage
tissue engineering.
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