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ABSTRACT

The limited capability of articular cartilage to self-repair renders its regeneration a formidable challenge.
In the quest of the optimal material for cartilage scaffold fabrication, the use of collagen type Il has been
advocated, but its optimal source still remains elusive. Herein, the potential of four [lesser spotted
dogfish (Scyliorhinus canicula), thorn back ray (Raja clavata), cuckoo ray (Leucoraja naevus) and blonde
ray (Raja brachyuran)] cartilaginous fish (chondrichthyes) derived collagen type Il preparation in cartilage
engineering was assessed. Collagen type Il was extracted using the acid-pepsin method, crosslinked with
4-arm poly (ethylene glycol) succinimidyl glutarate sponges were fabricated and their biophysical,
biochemical and biological properties were assessed. Pure collagen type II preparations were obtained
from all four chondrichthyes, as revealed by gel electrophoresis. Pore size, porosity, mechanical prop-
erties, denaturation temperature, free amine content and resistance to enzymatic degradation of the
produced sponges were not significantly (p > 0.05) affected as a function of species. Biological analysis
using human adipose derived stem cells revealed no significant (p > 0.05) differences between the
groups in cell viability, DNA concentration, metabolic activity, Alcian blue staining and sulphated gly-
cosaminoglycans synthesis. Human adipose derived stem cells seeded on fish-derived scaffolds
expressed lower mRNA levels of COL1A1 (fold change > 2.0) and COL3A1 (apart from lesser spotted
dogfish; fold change < 2.0) and higher mRNA levels of COL10A1 (fold change > 2.0), COMP (fold
change > 2.0), SOX9 (fold change > 2.0), and ACAN (apart from cuckoo ray; fold change < 2.0) than cells
grown on tissue culture plastic. Our data suggest that chondrichthyes derived collagen type II has the
potential to be used in cartilage engineering.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

people will be severely disabled because of osteoarthritis (OA) and
over 130 million people will be suffering from OA worldwide [1].

The absence of blood vessels, lymphatics and nerves renders
cartilage with limited intrinsic healing capacity. Chondral and
osteochondral lesions, caused by injury or osteoarthritis, generally
lead to the degeneration of articular cartilage and formation of
mechanically inferior scar tissue, ultimately resulting in progressive
total joint destruction. It is predicted that by 2050, over 40 million
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The complexity of current treatments (e.g. multiple drilling, abra-
sion arthroplasty, mosaicplasty and autologous chondrocyte im-
plantation) has driven the development of scaffold-assisted cell
implantation, assuming that the scaffold will be able to provide
mechanical stability and promote chondrogenesis. Mammalian
collagen (type I [2,3], type II [4,5], or combination thereof [6,7])
derived scaffolds are used extensively in cartilage engineering, with
variable degree of efficiency [8,9]. Further, extensive use of antibi-
otics, religious tenets and the potential for interspecies disease
transmission restrict their use, hence imposing the need for alter-
native, yet commercially relevant, collagen sources [10,11]. In this
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regard, marine species derived collagen offers an opportunity as a
safe, sustainable and environmentally friendly alternative to
mammalian species derived collagen [12,13].

Collagen type I/Il sponges from jellyfish (Rhopilema esculentum)
and hydrogels from jellyfish (Rhizostoma pulmo) have been shown
to maintain human, bovine and rat nasal chondrocyte phenotype
[14,15] and to induce chondrogenic differentiation of human
mesenchymal stem cells [16,17]. Considering though that collagen
type II scaffolds are more chondrogenic than collagen type I scaf-
folds [18—20], it is imperative to develop pure collagen type II
preparations and assess their potential for cartilage engineering. In
this frontier, the only two studies available have demonstrated
proof of principle. Specifically, collagen type II from Peru squid
(Dosidicus gigas) has been shown to suppress pro-inflammatory
macrophage phenotype, to prevent hypertrophic chondrocyte
phenotype and to alleviate inflammation in an OA rat model [21].
Further, oral administration of collagen type Il from blue shark
(Prionace glauca) has been reported to facilitate recovery of artic-
ular membranes in the ankle joint and to suppress rheumatoid
arthritis in a complete Freund's adjuvant-induced rheumatoid
arthritis rat model [22]. A systematic study is therefore required to
identify marine species for collagen type II extraction for cartilage
engineering.

Considering the above, herein we selected to work with chon-
drichthyes, which are a diverse group of cartilaginous fish (e.g.
sharks, skates, rays and chimaeras [23]) that lack true bone and
exhibit a skeleton solely comprised of unmineralized cartilage,
predominantly built of collagen type II [24,25], which is the main
extracellular matrix (ECM) component of cartilage [26,27]. Collagen
was extracted from four chondrichthyes [lesser spotted dogfish
(Scyliorhinus canicula), thorn back ray (Raja clavata), cuckoo ray
(Leucoraja naevus) and blonde ray (Raja brachyuran)] using the acid/
pepsin treatment that increases yield and reduces immune
response [28—30]. Subsequently, collagen sponges were fabricated
and crosslinked with 4-arm poly (ethylene glycol) succinimidyl
glutarate that has a well-established cytocompatible stabilisation
capacity [31,32]. The biophysical, biochemical and biological
properties of the produced sponges were then assessed.

2. Materials and methods
2.1. Materials

All chemicals were of analytical grade. Fish products (lesser
spotted dogfish (LSD), thorn back ray (TBR), cuckoo ray (CR), blonde
ray (BR)) were provided from the Marine Institute (Galway,
Ireland). All tissue samples were obtained fresh and stored
at —20 °C until further process. 4-arm polyethylene glycol (PEG)
succinimidyl glutarate (4SG, Mw 10,000) was purchased from
JenKem Technology (USA). All other materials and reagents were
purchased from Sigma—Aldrich (Ireland), unless otherwise stated.

2.2. Collagen type II extraction and purification

The cleavage of the N- and C- terminal regions of the collagen
molecules was achieved by enzymatic digestion with pepsin
(3200—4500 units per mg protein, cat. no. P6887). Fish products
were thawed and washed thoroughly under running tap water.
Cartilage was manually dissected from surrounding tissue using a
surgical scalpel, followed by treatment with 0.2 M NaOH for 12 h
and subsequently three washes with absolute ethanol. Cartilage
samples were then cut into small pieces, homogenised in liquid
nitrogen using a CryoMill (SPEX SamplePrep 6870, Germany) and
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suspended in 1 M acetic acid at tissue to 1 M acetic acid ratio of 1 to
1 (g/l) under stirring for 48 h at 4 °C. Then pepsin was added at
tissue to pepsin ratio of 10 to 1 (w/w) at room temperature and the
solutions were kept under constant stirring for 48 h at 4 °C. The
collagen solutions were filtered through a sieve (approximately
1000 pm in diameter) and a filter mesh (100 pm in diameter);
insoluble matter was discarded. Purified acid soluble collagen so-
lutions were obtained after repeated (twice) salt precipitation
(0.9 M NacCl)/centrifugation (20 min, 8000 rpm, 4—8 °C). Superna-
tants were discarded and precipitates were dissolved in 1 M acetic
acid. The precipitates from the second salt precipitation were dis-
solved in minimum amount of 1 M acetic acid to obtain highly
concentrated collagen solutions, which were repeatedly dialysed
against 0.001 mM acetic acid for 48 h at 4 °C and then stored at 4 °C
until use. The purity of the extracted collagen from the various tis-
sues was assessed using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE; see supplementary information)
under non-reducing conditions [33].

2.3. Scaffold fabrication and physicochemical properties assessment

Collagen type Il preparations were freeze dried, re-dissolved in
0.05 M acetic acid to form solutions of 5 mg/ml, crosslinked with
1 mM PEG-4SG in phosphate buffered saline (PBS) and frozen
at —80 °C for 12 h. Non-crosslinked collagens were prepared using
PBS only. Frozen solutions were freeze dried to obtain collagen type
II sponges. All the collagens were produced on the same day and
under the same freeze-drying conditions. The produced scaffolds
were subjected to ultrastructural [34], biomechanical [35], dena-
turation temperature [36], free amine content [33] and resistance
to enzymatic degradation [37] analyses (see supplementary
information).

2.4. Cell culture and scaffolds’ basic cellular function assessment

Human adipose derived stem cells (hADSCs) from a female
healthy donor (cat. no. PT-5006) were purchased from Lonza
(Switzerland) and cultured in alpha Minimum Essential Medium
(a-MEM) with GlutaMAX™ (Gibco Life Technologies, Ireland)
supplemented with 10% foetal bovine serum and 1% penicillin-
streptomycin at 37 °C in 95% humidified atmosphere of 5% CO,.
At passages 5, cells were resuspended in fresh medium and 100 pl
of cell suspension was seeded onto each collagen sponge at a
density of 200,000 cells/sponge. As a negative control group, hu-
man adipose derived stem cells were cultured on tissue culture
plastic (TCP) at 50,000 cells/cm?. Cells were left to attach to the
sponge for 2 h before the expansion medium was added. Expansion
medium was changed to chondrogenic induction medium the next
day to allow for the cells to attach and spread evenly throughout
the scaffold. Media were changed every 2 days. The chondrogenic
induction medium was composed of high glucose Dulbecco's
Modified Eagle's medium (DMEM), 100 nM dexamethasone, 50 mg/
ml bovine serum albumin, 50 pug/ml ascorbic acid-2-phosphate,
5 ml insulin-transferrin-selenium (ITS) liquid media supplement,
10 ng/ml transforming growth factor betta 3 (TGF-(33, R&D Systems,
USA). Cell viability, proliferation and metabolic activity were
assessed after 7, 14 and 21 days in culture (see supplementary
information). Cell infiltration and ECM synthesis analyses were
conducted at the same timepoints, following cryosectioning and
haematoxylin and eosin (H&E) staining (see supplementary
information).
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2.5. Scaffolds’ chondrogenic potential assessment

The amount of sulphated glycosaminoglycans (sGAG) produced
by the hADSCs was qualitatively assessed via Alcian blue staining
and quantitatively assessed via the Blyscan™ sGAG (Biocolor, UK)
assay kit (see supplementary information). Quantitative gene anal-
ysis via real-time polymerase chain reaction (RT-PCR) was also
conducted (see supplementary information) for collagen type I a1
(COL1A1), collagen type II a1l (COL2A1), collagen type III ol
(COL3A1), collagen type Xa1 (COL10A1), aggrecan (ACAN), cartilage
oligomeric matrix protein (COMP), SRY-box 9 (SOX9), EIF2B1
(eukaryotic translation initiation factor 2B subunit alpha), GUSB
(glucuronidase beta), TBP (TATA-box binding protein). EIF2B1, GUSB,
TBP genes were used as control. Supplementary Table S1 lists the
genes and the sequence of their respective primers. Upregulated or
downregulated mRNA expression was defined as a fold change > 2.0,
no difference in mRNA expression was defined as a fold change < 2.0.

2.6. Statistical analysis

Numerical data are expressed as mean + standard deviation.
Statistical analysis was performed using SPSS Statistics (USA).
Analysis was performed using One-way analysis of variance
(ANOVA) for multiple comparisons and 2-sample t-test for pair
wise comparisons after confirming the following assumptions of
parametric analysis: the distribution from which each of the sam-
ples was derived was normal (Shapiro—Wilk normality test) and
the variances of the population of the samples were equal to one
another (Levene's test for equal variances). Nonparametric statistics
were used when either or both of the above assumptions were
violated and consequently Kruskal—Wallis test for multiple com-
parisons or Mann—Whitney test for 2-samples were carried out.
Statistical significance was accepted at p < 0.05.

3. Results
3.1. Collagen preparations purity assessment

SDS-PAGE (Fig. 1) revealed a typical electrophoretic mobility of
collagen type II from all fish species, comprised of a1, f and y bands

STDI STDII LSD TBR CR BR
Y
[ Somst PR G — .
al

a2

Fig. 1. SDS-PAGE analysis of collagen preparations extracted from the chondrichthyes.
STD I: Standard collagen type I. STD II: Standard collagen type II. LSD: lesser spotted
dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray.
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and no a2 bands, which would have been indicative of collagen type
contamination. It is also worth noting that the produced collagen type
Il preparations, having derived from acid/pepsin extraction, repeated
salt precipitation/acid solubilisation and dialysis, were of higher pu-
rity than the commercially available collagen type Il preparation, as
evidenced by lower amounts of high molecular weight bands.

3.2. Scaffolds’ physicochemical properties assessment

Qualitative morphology analysis via SEM made apparent that all
materials exhibited a porous structure (Fig. 2). Subsequent quan-
titative pore size and % porosity analyses revealed no apparent
differences (p > 0.05) as function of fish species and crosslinking, as
the pore size and % porosity ranged from 90.1 + 21.2 um to
106.4 + 23.9 pm and from 88.5 + 3.6% to 91.4 + 1.5%, respectively,
for the non-crosslinked collagen type II sponges and from
959 + 23.0 um to 1053 + 19.2 um and from 88.8 + 3.4% to
91.2 + 3.4%, respectively, for the crosslinked collagen type II
sponges (Fig. 2).

Biomechanical assessment (Table 1) revealed no significant
(p > 0.05) differences in compression stress and elastic modulus as
a function of fish species and crosslinking significantly (p < 0.05)
increased compression stress and elastic modulus in all groups
(compression stress and modulus ranged from 2.4 + 0.2 kPa to
2.5 + 0.3 kPa and 8.1 + 0.7 kPa to 8.3 + 1.0 kPa, respectively, for the
non-crosslinked collagen type Il sponges and from 3.6 + 0.6 kPa to
3.7 + 0.4 kPa and 12.0 + 1.6 kPa to 12.3 + 1.3 kPa, respectively, for
the crosslinked collagen type Il sponges).

DSC analysis (Table 1) revealed no significant (p > 0.05) differ-
ences in denaturation temperature as a function of fish species and
crosslinking significantly (p < 0.05) increased denaturation tem-
perature in all groups (denaturation temperature ranged from
37.4+0.3°Cto38.6 + 1.1 °C for the non-crosslinked collagen type II
sponges and from 41.4 + 0.3 °C to 43.9 + 1.0 °C for the crosslinked
collagen type II sponges).

Free amine quantification (Table 1) revealed no significant
(p > 0.05) differences in free amine content as a function of fish
species and crosslinking significantly (p < 0.05) reduced free amine
content in all groups (% free amines ranged from 13.6 + 0.2% to
14.3 + 0.6% for the non-crosslinked collagen type II sponges and
from 8.4 + 0.1% to 9.9 + 0.3% for the crosslinked collagen type II
sponges).

Collagenase digestion analysis (Fig. 3) revealed no significant
(p > 0.05) differences in resistance to enzymatic degradation as a
function of fish species. Crosslinking significantly (p < 0.05)
increased the resistance to collagenase digestion of each group.
Further, all non-crosslinked samples were completely (<3%
remaining mass) digested within 12 h of collagenase digestion,
whilst crosslinked samples were more resistant to collagenase
digestion (~ 30% remaining mass after 24 h of collagenase
digestion).

Cell viability (Fig. 4a), DNA concentration (Fig. 4b) and metabolic
activity (Fig. 4c) analyses indicated that all scaffolds equally
(p > 0.05) supported hADSCs attachment, proliferation and growth
up to 21 days (longest timepoint assessed) in chondrogenic media
independently of the fish species. Qualitative cell infiltration and
ECM synthesis analyses via H&E staining (Fig. 4d) revealed a ho-
mogeneous cell distribution throughout the scaffolds and increased
ECM synthesis as a function of time in culture independently of the
fish species.

3.3. Scaffolds’ chondrogenic potential assessment

Alcian blue staining (Fig. 5a) and sGAG quantification (Fig. 5b)
revealed no significant (p > 0.05) differences as a function of fish
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Fig. 2. Morphology, pore size and % porosity analyses of the produced scaffolds as a function of fish species and crosslinking. LSD: lesser spotted dogfish. TBR: thorn back ray. CR:
cuckoo ray. BR: blonde ray. -PEG-4SG: Non crosslinked groups. +PEG-4SG: Crosslinked groups.
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Table 1
Mechanical properties, denaturation temperature and free amine content of the produced scaffolds as a function of fish species and crosslinking.
LSD TBR CR BR
-PEG-4SG +PEG-4SG -PEG-4SG +PEG-4SG -PEG-4SG +PEG-4SG -PEG-4SG +PEG-4SG

Stress (kPa) 24+02 3.7 £ 0.2* 25+03 3.7 £ 0.4* 25+02 3.6 + 0.5* 25+03 3.6 + 0.6*
Modulus (kPa) 8.1 +0.7 12.2 £ 0.7* 83+1.0 123 £ 1.3* 82+05 12.0 + 1.6* 82+10 121 £ 2.2%
Denaturation Temperature (°C) 374+03 42.5 + 0.2* 386 + 1.1 43.7 + 1.3* 379+09 439 + 1.0* 377 +13 414 + 03*
Free Amines (%) 13.7 + 0.1 9.6 + 0.9* 143 + 0.6 9.9 + 0.4* 13.8 + 0.1 84 +0.1* 13.6 + 0.2 9.0 + 0.1*

LSD: Lesser spotted dogfish. TBR: Thorn back ray. CR: Cuckoo ray. BR: Blonde ray. -PEG-4SG: No crosslinked groups. +PEG-4SG: Crosslinked groups. * indicates significant

(p < 0.05) difference to the non-crosslinked group, within the same fish species.

species at any timepoint, SGAG content was significantly (p < 0.05)
increased as a function of time in culture for all collagen scaffolds
and at all timepoints, collagen scaffolds induced significantly
(p < 0.05) higher sGAG content than TCP.

Gene expression analysis after 21 days of chondrogenic induc-
tion (Fig. 6) revealed no COL2A1 gene expression in any of the
groups (data not shown); the LSD group exhibited upregulated
(fold change > 2.0) COL1A1 mRNA levels compared to the other
collagen groups and all collagen groups exhibited downregulated
(fold change > 2.0) COL1A1 mRNA levels compared to TCP; TCP and
the LSD group showed upregulated (fold change > 2.0) COL3A1
mRNA levels compared to the TBR and BR groups; all collagen
groups exhibited upregulated (fold change > 2.0) COL10A1 mRNA
levels compared to TCP; the LSD group showed upregulated (fold
change > 2.0) compared to the CR and BR groups and no difference
(fold change < 2.0) compared to the TBR group COMP mRNA
expression and all collagen groups showed upregulated (fold
change > 2.0) COMP expression compared to TCP; no differences
(fold change < 2) in SOX9 mRNA levels were observed between all
collagen groups and all collagen groups exhibited upregulated (fold
change > 2.0) SOX9 mRNA levels compared to TCP; and the LSD,
TBR and BR groups showed upregulated (fold change > 2.0) ACAN
mRNA expression levels compared to TCP and the CR group.
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4. Discussion

Marine species derived collagen is slowly, but progressively,
being considered as a viable, safe, sustainable and environmentally
friendly alternative to mammalian species derived collagen. In
cartilage engineering, although marine collagen has been shown to
maintain chondrocyte phenotype [14,15]; suppress pro-
inflammatory macrophage phenotype, prevent hypertrophic
chondrocyte phenotype and alleviate inflammation in OA rats [21];
and induce chondrogenic differentiation of human mesenchymal
stem cells [16,17], a systematic study to identify the optimal
collagen preparation has not been published as yet. Thus, herein,
we ventured to assess the potential of four chondrichthyes species
[lesser spotted dogfish (S. canicula), thorn back ray (Raja clavata),
cuckoo ray (L. naevus) and blonde ray (Raja brachyuran)] to yield
collagen suitable for cartilage engineering. We selected chon-
drichthyes as they lack true bone and exhibit a skeleton solely
comprised of unmineralized cartilage, predominantly built of
collagen type II [24,25], which is the main ECM component of
cartilage [26,27].

Pure collagen type II (no collagen type I contamination was
detected, as evidenced by the absence of a2 chain) was extracted
from all chondrichthyes, as evidenced by a typical collagen type Il
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Fig. 3. Resistance to collagenase digestion analysis of the produced scaffolds as a function of fish species and crosslinking. LSD: lesser spotted dogfish. TBR: thorn back ray. CR:
cuckoo ray. BR: blonde ray. -PEG-4SG: Non crosslinked groups. +PEG-4SG: Crosslinked groups.
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Fig. 4. hADSC viability (a), DNA concentration (b), metabolic activity (c) and infiltration and ECM synthesis (d) as a function of fish species for up to 21 days in culture. TCP: Tissue
culture plastic. D: Day. LSD: lesser spotted dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray. Note: The reduced cell number as a function of time in culture (a) is
attributed to the migration of cells from the surface to the inner of the collagen sponges.

electrophoretic mobility, corresponding to three a1(Il) chains. This
was similar to previous studies with collagen extracted from sil-
vertip shark (Carcharhinus albimarginatus) [38] and Peru squid
(D. gigas) [21]. It is worth noting that collagen extracted from
brownbanded bamboo shark (Chiloscyllium punctatum) and black-
tip shark (Carcharhinus limbatus) were contaminated with collagen
type I [39], which may reduce the chondrogenic potential of the

scaffold, as has been shown before with mammalian collagen type
I/collagen type II preparations [18—20].

The three-dimensional macrostructure of the resultant collagen
type II collagen sponges was not significantly affected as a function
of chondrichthyes species and crosslinking. All sponges exhibited a
homogenous porous structure with 70—120 um pore size and
80—100% porosity, which have been shown before to induce
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Fig. 5. Alcian blue staining (a) and sGAG quantification (b) as a function of fish species
for up to 21 days in culture. TCP: Tissue culture plastic. D: Day. LSD: lesser spotted
dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray. *: indicates p < 0.05.

chondrogenic differentiation of human adipose derived stem cells
[40—42].

Free amine content and mechanical properties, denaturation
temperature and resistance to enzymatic degradation were not
affected as function of fish species and the former was significantly
decreased and the latter were significantly increased as a function
of crosslinking. All these observations are in accordance with pre-
vious publications, where PEG-4SG has been shown to increase
mechanical properties, denaturation temperature and resistance to
enzymatic degradation and to decrease free amines in collagen
type I [43] and collagen type II [32] preparations. It is worth
mentioning that the denaturation temperature of non-crosslinked
fish derived scaffolds was <40 °C, as has been reported before for
various marine collagen preparations (e.g. 33—34 °C for collagen
from ray skin [44] and 35 °C for collagen from tilapia scales [45]).
This low (relatively to mammalian derived collagen preparations
that exhibit denaturation of >40 °C [31,33,45]) can be attributed to
their lower than mammalian collagen amino acid contents (proline
and hydroxyproline) [46,47].

Biological analysis revealed that all collagen preparations
crosslinked with PEG-4SG supported hADSC growth, which is in
agreement with previous publications that have demonstrated the
cytocompatibility of PEG-4SG collagen scaffolds with both perma-
nently differentiated [32,48] and stem cell [49] populations.
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Histological analysis demonstrated equal among the different
collagen preparations cell and ECM distribution. Further, cartilage-
like ECM deposition was confirmed with both Alcian blue staining
and sGAG quantification. These observations not only confirm that
the pore size and porosity were suitable for cell and ECM migration
within the three-dimensional conformation of the scaffolds, but
also indicate the chondrogenic potential of the scaffolds. Again
these observations are in agreement with previous work in the
field, where Jellyfish (R. esculentum) collagen sponges with pore
size of 40—200 um (at the centre of the scaffold, the pore diameter
was 74 + 18 um and at superficial zones, the pore diameter was
50 + 20 um) [14] and bovine collagen type Il sponges with pore size
of 140 + 30 pm [50] maintained chondrocyte phenotype and Jel-
lyfish (R. esculentum) collagen sponges with porosity of 98.2 + 0.4%
induced chondrogenic differentiation of human mesenchymal stem
cells [16].

With respect to gene analysis, in general all collagen scaffolds
showed a higher chondro-inductive potential compared to TCP, as
evidenced by downregulated expression of COL1A1 and COL3A1
(except the LSD scaffold) and upregulated expression of COL10A1,
SOX9, COMP and ACAN (except the CR scaffold). This can be
attributed to the three-dimensional conformation of the scaffolds,
as studies have demonstrated the important role of three-
dimensional environment in effectively inducing [51] or main-
taining [52] chondrogenic phenotype. Having said that, the
biochemical signals of the scaffold cannot be excluded, as it has
been shown previously that collagen type I and collagen type II
coatings (i.e. two-dimensional culture) were more effective in
maintaining chondrogenesis of human articular chondrocytes than
non-coated substrates [53]. Within the different collagen prepara-
tions, the LSD preparation induced the highest COL1A1, COL3A1 (in
comparison to TBR and BR), COMP (in comparison to CR and BR)
and ACAN (in comparison to CR) gene expression, suggesting that
the LSD preparation held the highest chondrogenic induction po-
tential. We recognise that the presence of COL1A1, COL3A1 and
COL10A1 may be indicative of hypertrophy, but we believe that this
is due to incomplete differentiation as opposed to established hy-
pertrophy. To substantiate this one should consider that in chon-
drogenic differentiation of stem cells, collagen type I and collagen
type III are frequently encountered [54—56]. Further, considering
that collagen type X was expressed before collagen type I, it is
unlikely that in such short period of time (21 days) the stem cells
became hypertrophic before becoming chondrocytes, further
advocating that caution should be paid when lineage commitment
is judged based on collagen type X [57]. We recognise that although
21 days are customarily used for chondrogenesis [58—60], higher
COL2A1 expression is expected to occur at later stages of chon-
drogenic differentiation and hence longer timepoints to engineer
mature cartilage-like tissue are recommended (e.g. 28 days [61], 42
days [62], 49 days [63], 56 days [64], 84 days [65]). In addition, it
has been demonstrated that chondrogenic redifferentiation of
chondrocytes in marine collagen scaffolds takes at least 21 days and
the shift from collagen type I to collagen type Il gene expression
occurs after 21 days [14]. We speculate that this higher chondro-
genic capacity of the shark derived collagen over the ray-derived
collagens may be due to their compositional materials differences
[66] that may result in some form of tissue memory, as has been
shown before for collagen type I sponges that were prepared from
collagen preparations extracted from bovine and porcine skin and
tendon tissues [67].
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Fig. 6. Gene expression analysis after 21 days as a function of fish species. TCP: Tissue culture plastic. LSD: lesser spotted dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray.

5. Conclusion

Considering that cartilage is primarily composed of collagen
type II, the use of collagen type II scaffolds has been advocated for
cartilage engineering approaches. Ethical and biological, albeit
questionable, issues associated with mammalian collagen have
triggered investigations into the potential of marine collagen in
biomedicine. This study advocates the use of marine collagen type
Il and in particular collagen type II extracted from a marine chon-
drichthyan species (i.e. lesser spotted dogfish, S. canicula) for
cartilage engineering.
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