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Abstract 31 

 32 

 The use of marine collagens is a hot topic in the field of tissue engineering. Echinoderms 33 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

possess unique connective tissues (Mutable Collagenous Tissues, MCTs) which can represent an 34 

innovative source of collagen to develop collagen barrier-membranes for Guided Tissue 35 

Regeneration (GTR). In the present work we used MCTs from different echinoderm models (sea 36 

urchin, starfish and sea cucumber) to produce echinoderm-derived collagen membranes (EDCMs). 37 

Commercial membranes for GTR or soluble/reassembled (fibrillar) bovine collagen substrates were 38 

used as controls. The three EDCMs were similar among each other in terms of structure and 39 

mechanical performances and were much thinner and mechanically more resistant than the 40 

commercial membranes. Number of fibroblasts seeded on sea-urchin membranes were comparable 41 

to the bovine collagen substrates. Cell morphology on all EDCMs was similar to that of structurally 42 

comparable (reassembled) bovine collagen substrates. Overall, echinoderms, and sea urchins 43 

particularly, are alternative collagen sources to produce efficient GTR membranes. Sea urchins 44 

display a further advantage in terms of eco-sustainability by recycling tissues from food wastes. 45 

 46 

Keywords 47 

“Blue” biotechnology, alternative biomaterial, marine collagen, echinoderms, Mutable Collagenous 48 

Tissues, human fibroblast culture, Guided Tissue Regeneration, environmental impact, by-product 49 

valorisation. 50 

 51 

1. Introduction 52 

 53 

 The marine ecosystem and its inhabitants have always been sources of food, biomaterials, 54 

active compounds or simply ideas for human applications (e.g. medicine, cosmetics, biotechnology, 55 

biofuels, etc.). Many examples of sustainable exploitation of “blue resources” have been reported so 56 

far including: i) professional swimsuits inspired by shark skin, ii) algae and marine sponge 57 

bioactive substances (Gupta and Abu-Ghannam, 2011, Dembitsky et al., 2005; Rao et al., 2006; 58 

Guzmán et al., 2011) for pharmacological use (anti-cancer or anti-neurodegeneration drugs), iii) 59 

structural molecules (i.e. chitin and collagen) from different marine animals as alternative 60 

biomaterials for biomedical applications (Gomez d’Ayala et al., 2008; Gómez-Guillén et al., 2011). 61 

Basic research on ocean life and applied research on possible industrial applications are the key 62 

activities in terms of “blue growth” in biotechnology and bioeconomy (European Commission, 63 

2012): the sustainable exploitation of “blue resources” and the eco-friendly management of 64 

industrial wastes are nowadays two of the most challenging aspects in this field. 65 

 To date, marine invertebrates (e.g. sponges, jellyfish and molluscs), are among the most 66 

promising groups of animals for this kind of studies because of their variety and abundance in all 67 
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seas. However, a wide range of marine biodiversity is still unexplored from this point of view. 68 

Echinoderms are marine invertebrates widespread in all the oceans and employed as source of food 69 

for decades (e.g. sea cucumbers and sea urchins; Conand, 2004; Barrington et al., 2009). They are 70 

well-known also for their peculiar connective tissues, called Mutable Collagenous Tissues or MCTs, 71 

which are able to rapidly change their passive mechanical properties (stiffness and viscosity), under 72 

the nervous system control (Wilkie, 2005). MCTs are a unique feature of echinoderms and, although 73 

their presence was not described in all known species, their ubiquity throughout the Phylum is 74 

highly probable: indeed, MCTs have been described in all the five extant Classes (Wilkie, 2005) and 75 

in fossil specimens as well (Baumiller and Ausich, 1996), thus indicating they are probably an 76 

ancestral character. This type of tissue has been recently proposed as possible source of inspiration 77 

for “smart dynamic biomaterials” for tissue engineering and regenerative medicine applications 78 

(Barbaglio et al., 2012; 2013). Particularly, the sea urchin peristomial membrane (a well-known 79 

MCT) has been proposed as a sustainable and eco-friendly source of native fibrillar collagen to 80 

produce thin membranes for regenerative medicine applications (Di Benedetto et al., 2014). Indeed, 81 

the peristomial membrane is a sea urchin food industry waste that can be transformed in a highly 82 

valuable by-product. 83 

Among the “blue biomaterials” marine collagen has the most promising perspectives as 84 

valid candidate for replacing the most commonly used mammal-derived collagen. This latter is 85 

routinely employed in a wide range of human applications (Karim and Bath, 2008; Silva et al., 86 

2014; Silvipriya et al., 2015), from large-scale uses, such as food (Djagny et al., 2010), 87 

pharmaceutical/nutraceutical industry (Sahithi et al., 2013) and cosmetics (Buck II et al., 2009), to 88 

more targeted fields, such as cell cultures (Lee et al., 2008) and biomedical/clinical applications 89 

(Tsai et al., 2005; Glowacki and Mizuno, 2008). However, due to allergy problems (Silvipriya et al., 90 

2015), religious and social/life style constraints (Jenkins et al., 2010), disease transmission-91 

connected reasons (e.g. bovine spongiform encephalopathy or BSE) and high costs of recombinant 92 

technologies, collagen sources alternative to mammals are constantly investigated (Silva et al., 93 

2014). 94 

In this sense marine animals, and echinoderms in particular, are surely appealing 95 

(Shimomura et al., 1962; Nagai and Suzuki, 2000; Nagai et al., 2000; Swatschek et al., 2002; Song 96 

et al., 2006; Uriarte-Montoya et al., 2010; Barros et al., 2014; Di Benedetto et al., 2014). A further 97 

advantage of echinoderm MCTs is the relative easiness to obtain high amount of native collagen 98 

fibrils, which maintain their original structure (Matsumura, 1974; Trotter et al., 1994; Di Benedetto 99 

et al., 2014). Indeed, most mammalian collagen is usually employed in its hydrolized (acid-100 

solubilized) form, a characteristic that strongly reduces the mechanical performances of the 101 
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produced membrane/scaffold and that can be a limit in those biomedical applications where highly 102 

resistant materials, with fibril three-dimensional organization, are required e.g. tendon/ligament 103 

regeneration (Kew et al., 2011) or dermis re-construction (Ruszczak, 2003). Echinoderm MCTs can 104 

be useful to easily and rapidly produce fibrillar collagen membranes with a high similarity in terms 105 

of both ultrastructural and mechanical characteristics to the physiological situation of connective 106 

tissue. 107 

 A specific regenerative medicine field where fibrillar collagen membranes are commercially 108 

used is Guided Tissue Regeneration (GTR; Ferreira et al., 2012; Tal et al., 2012). One of the aims of 109 

GTR is to reduce post-surgical tissue adhesions, a common and only partially solved complication 110 

(Parker et al., 2001), which prevents proper tissue regeneration. These latter are abnormal 111 

attachments or mixture of cells forming between tissues or organs after surgery or due to local 112 

inflammation. Only recently researchers have tried to produce effective and satisfactory tools to 113 

overcome them. Indeed, barrier-membranes composed by several different biomaterials (e.g. 114 

chitosan and hyaluronic acid) have been tested for GTR but none of them displayed all the 115 

necessary functional properties, the most important of which is avoiding cell penetration into the 116 

underlying anatomical compartment (Tang et al., 2007). Collagen-based membranes seem 117 

promising from this point of view because their porosity/three-dimensional structure can be 118 

modified as desired. However, their use is still limited by the weak mechanical resistance. This, for 119 

example, reduces their efficacy in prevention of wound dehiscence or in tendon repair. 120 

 The present work was addressed to evaluate if echinoderm-derived collagen membranes 121 

could represent a valuable “blue alternative” to the commercially available (mammal-derived) 122 

membranes employed for GTR. This was done by considering different aspects, including 123 

ultrastructural properties, mechanical performances as well as the behaviour of human skin-derived 124 

fibroblasts (hSDFs) when seeded on these substrate types. Considering the high biodiversity of 125 

echinoderms, we also evaluated which animal/MCT source might be more suitable for this 126 

biotechnological application. To accomplish this, representatives of different echinoderm Classes 127 

were used: the sea urchin Paracentrotus lividus, the starfish Echinaster sepositus and the sea 128 

cucumber Holothuria tubulosa. 129 

 130 

2. Materials and methods 131 

 132 

2.1 Experimental animals 133 

 Adult specimens of the sea urchin Paracentrotus lividus, the starfish Echinaster sepositus 134 

and the sea cucumber Holothuria tubulosa were collected by SCUBA divers in Paraggi (Marine 135 
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Protected Area of Portofino, Ligurian Sea, Italy), transferred to the Department of Biosciences 136 

(University of Milan) and immediately dissected. Samples of sea urchin peristomial membranes 137 

(PM; Fig. 1A and 1B), starfish aboral arm walls (AW; Fig. 1C and 1D) and sea cucumber whole 138 

body walls (BW; Fig. 1E, 1F and 1G) were collected and stored at -20°C for the subsequent 139 

collagen extraction protocol (see paragraph 2.2). Animal collection and experimental manipulation 140 

were performed according to the Italian law.  141 

 142 

2.2 Echinoderm collagen extraction 143 

 Sea urchin collagen was extracted from the peristomial membranes as previously described 144 

by Di Benedetto and co-workers (2014). Starfish aboral arm walls followed the same protocol with 145 

only slight modifications. Briefly, the frozen tissues of both animals were dissected in small pieces, 146 

rinsed in artificial sea water and left in a hypotonic buffer (10 mM Tris, 0.1% EDTA) for 12 h at 147 

room temperature (RT) and then in a decellularizing solution (10 mM Tris, 0.1% Sodium Dodecyl 148 

Sulfate) for 12 h at RT. After several washings in phosphate-buffered saline (PBS), samples were 149 

placed in disaggregating solution (0.5 M NaCl, 0.1 M Tris-HCl pH 8.0, 0.1 M β-mercapto-ethanol, 150 

0.05 M EDTA-Na). The obtained collagen suspension was filtered and dialyzed against 0.5 M 151 

EDTA-Na solution (pH 8.0) for 3 h at RT and against dH2O overnight at RT. Starfish samples 152 

underwent an additional step in 1 mM citric acid (pH 3-4) between decellularizing and 153 

disaggregating solutions in order to remove as much as possible the calcium carbonate ossicles 154 

present in the fresh tissue. All the steps were carried out under stirring conditions. 155 

Sea cucumber collagen was extracted from the whole body wall following a different protocol. 156 

Briefly, the starting tissue was cut into small pieces, placed in PBS and gentamicin (40 µg/mL) and 157 

left in stirring conditions at RT for at least 5 days in order to obtain a collagen suspension that was 158 

subsequently filtered. Suspensions obtained from the three experimental models were then stored at 159 

-80°C until use. 160 

 161 

2.3 Ultrastructural characterization of isolated echinoderm collagen fibrils 162 

 163 

2.3.1 D-period measurements 164 

 A drop of fibril suspension was placed on a 300 mesh copper grid with FORMVAR 165 

membrane. The excess was removed after 5 min and the grid was stained with potassium 166 

phosphotungstate (pH 7.3) for 1 min. All the grids were then observed and photographed under a 167 

transmission electron microscope (TEM JEOL SX 100, Tokyo, Japan) and the D-period was 168 

measured from digital images by Adobe Photoshop CS3 Extended Software (Version 10.0.1). 169 
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 170 

2.3.2 Glycosaminoglycan (GAG) visualization 171 

 A 10 µL drop of suspension of each type of collagen was added to FORMVAR-coated grids 172 

which, after excess removal, were processed according to the following steps: filtered dH2O (30 sec 173 

x3), 500 mM NaC1 (1 min), fixative solution (2.5% glutaraldehyde, 300 mM MgCl2, 25 mM 174 

sodium acetate, pH 5.6; 1 min), 0.2% Cuprolinic Blue (1 min), fixative solution (30 sec x2), 1% 175 

sodium tungstate (1 min) and filtered dH2O (30 sec x3). The grids were then observed and 176 

photographed under a transmission electron microscope (TEM JEOL SX 100, Tokyo, Japan). 177 

 178 

2.4 Production of echinoderm-derived collagen membrane (EDCM) 179 

 Membranes of the three echinoderm collagen types were prepared as previously described 180 

for sea urchin membrane by Di Benedetto and co-workers (2014) to produce substrates for both 181 

mechanical and in vitro tests (see paragraphs 2.5.2 and 2.6 respectively). Briefly, 500 µL of the 182 

collagen suspensions were dried overnight in a silicon mould at +37 °C. The resulting collagen 183 

sheets were weighted in order to calculate the original collagen concentrations. The remaining 184 

suspensions were centrifuged for 10 min at 50x g to remove eventual precipitated debris and then 185 

for 20 min at 2000x g (sea urchin), 1500x g (starfish) or 4000x g (sea cucumber). The pellet was re-186 

suspended in 0.01% TritonX-100 for cell culture substrates or in autoclaved filtered dH2O for 187 

membranes for mechanical tests to reach a 2 mg/mL final collagen concentration. 300 µL of the 188 

former suspensions were placed in 24x multiwells dishes and 800 µL of the latter in rubber silicone 189 

moulds (10 mm x 16 mm) and left dry overnight at +37°C. The obtained collagen membranes were 190 

then immersed in EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-191 

hydroxysuccinimide) cross-linker solution (30 mM EDC/15 mM NHS in 100 mM MES (2-(N-192 

morpholino)ethanesulfonic acid) buffer, pH 5.5; Song et al., 2006; Yang, 2012) for 4 h at RT and 193 

then washed with PBS, dH2O and 70% EtOH. 194 

 195 

2.5 Collagen membrane characterization 196 

 197 

2.5.1 Ultrastructural analysis: scanning electron microscopy (SEM) 198 

 Collagen membranes for both cell cultures and mechanical tests were fixed with 2% 199 

glutaraldehyde in 0.1 M cacodylate buffer (2 h, +4°C) and post-fixed with 1% osmium tetroxide in 200 

0.1 M sodium cacodylate buffer (2 h, RT). After careful washings with dH2O, samples were 201 

dehydrated with an increasing concentration ethanol and then transferred to a series of solutions of 202 

hexamethyldisilazane (HMDS)/absolute ethanol in different proportions (1:3, 1:1, 3:1 and 100% 203 
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HMDS). Membranes were then mounted on stubs, covered with pure gold (Agar SEM Auto Sputter, 204 

Stansted, UK) and observed under a scanning electron microscope (LEO-1430, Zeiss, Oberkochen, 205 

Germany). Measurements of collagen membrane thickness, mesh size (superficial porosity), fibril 206 

diameter and length were performed with Adobe Photoshop CS3 Extended Software. SEM analyses 207 

were carried out also on both reassembled (fibrillar) bovine collagen (BCMs; see paragraph 2.6) 208 

and commercial membranes (CMs; bovine collagen) in order to compare their ultrastructural 209 

characteristics with the EDCM ones. 210 

 211 

2.5.2 Mechanical analysis: force-extension tests 212 

 Echinoderm and commercial collagen membranes were cut into small strips (2 mm x 10 213 

mm) whose ends were fixed to rigid plastic supports with cyanoacrylate cement (Superattak®, 214 

Heckel, Düsseldorf, Germany). Each strip was photographed under a LEICA MZ75 215 

stereomicroscope provided with a Leica EC3 Camera and Leica Application Suite LAS EZ 216 

Software (Version 1.8.0) to allow digital width measurements. For details on the experimental 217 

apparatus and conditions see Di Benedetto and co-workers (2014). 218 

19, 21, 46 and 7 strips were tested for sea urchin, starfish, sea cucumber-derived and commercial 219 

membranes respectively. Samples were immersed in L-15 Leibovitz cell culture medium throughout 220 

the mechanical test. They were subjected to elongations of 0.1 mm every 10 seconds until complete 221 

rupture. The force peaks generated at each elongation step were used to produce a stress-strain 222 

curve from which the mechanical parameters (stiffness, tensile strength and tensile strain) were 223 

calculated as follows: 224 

∆ stress (MPa) = ∆ F / CSA (Cross Section Area); 225 

∆ strain = ∆ l / l (sample starting length); 226 

Stiffness (Young’s Modulus; MPa) = ∆ stress / ∆ strain; 227 

Tensile strength (MPa) = Maximum weight before rupture / CSA; 228 

Tensile strain (%) = Extension / l (sample starting length) x 100. 229 

 230 

2.6 In vitro tests 231 

 Primary human dermal fibroblasts (hSDFs) derived from human epithelial biopsy were 232 

obtained as described in Coccè and co-workers (2016). Briefly, the cells were cultured in minumum 233 

essential medium Eagle (EMEM) with Earles salts and NaHCO3 (Sigma-Aldrich) supplemented 234 

with 10% fetal calf serum (Euroclone), 2 mM glutamine (cod. ECB3004D, Euroclone), antibiotic 235 

antimycotic solution 100 U/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B 236 

(Sigma-Aldrich). Cells were seeded in 24x multiwells on EDCMs as well as on reassembled 237 
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(fibrillar) bovine collagen membranes (BCMs), on bovine skin-derived soluble collagen (Sigma-238 

Aldrich) and on plastic as controls, the last two being the commonly used controls for in in vitro 239 

tests. 300 µL of bovine-skin derived soluble collagen (Sigma-Aldrich) was added to each well, left 240 

for 15 min and subsequently removed and left air dried for at least 2 h before use. This same soluble 241 

collagen was used to produce BCMs: 8 volumes of collagen mixed with 1 volume of PBS 10X and 242 

1 volume of 0.1 M NaOH were added in each well and left to dry overnight at +37°C before use. In 243 

vitro tests lasted 4 days. 244 

 245 

2.6.1 Cell counting 246 

 Cells seeded on the different substrates were fixed in 4% paraformaldehyde in PBS, stained 247 

with 0.1% methylene blue and carefully washed with filtered dH2O. Photographs of five 248 

representative areas for each well were taken under a LEICA MZ75 stereomicroscope provided 249 

with a Leica EC3 Camera and Leica Application Suite LAS EZ Software (Version 1.8.0). Cell 250 

counting was independently performed from digital images by two different operators. Once 251 

absence of statistically significant differences between operators was verified (t-test), mean values 252 

were considered. The mean cell number of each well was normalized against the mean cell number 253 

of the control (plastic) wells and expressed as a percentage. Each treatment (= substrate) was 254 

repeated in duplicates or triplicates. Experiments were repeated five times (rounds). 255 

 256 

2.6.2 Cell morphology and cell-substrate adhesion/interaction analysis 257 

 SEM and immunofluorescence (IF) techniques were performed to analyse cell morphology 258 

as well as cell-substrate adhesion and interactions. For SEM analyses cell seeded substrates were 259 

fixed after 4 days in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 2 h (+4°C) and then 260 

processed as previously described (see paragraph 2.5.1). Samples were observed under a scanning 261 

electron microscope (LEO-1430, Zeiss, Oberkochen, Germany). 262 

IF specific stainings were performed to reveal cytoskeletal F-actin organisation and both stress fibre 263 

and focal adhesion presence. After 4 days in culture, cells were fixed in 4% paraformaldehyde and 264 

permeabilised with 0.1% Triton X-100 in PBS for 30 min at RT. Cells were subsequently blocked 265 

with 10% normal goat serum in PBS for 1 h and incubated with mouse monoclonal Anti-Vinculin 266 

antibody (1:500, Sigma-Aldrich) overnight at +4°C. Then, cells were incubated with FITC 267 

(fluorescein isothiocyanate) conjugated goat anti-mouse secondary antibody (1:250, Millipore) and 268 

Actin-stain 555 phalloidin (100 nM, Cytoskeleton) for 1 h. Nuclei were counterstained with 269 

Fluoroshield with DAPI (4,6-diamine-2-phenylindole dihydrochloride, Sigma-Aldrich). Samples 270 

were then examined under a Leica TCS SP2 Laser Scanning Confocal microscope (Leica 271 
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Microsystems). 272 

 273 

2.7 Statistical analyses 274 

 For mechanical tests non-parametric Kruskal-Wallis test, Tukey’s test and Dunn’s Multiple 275 

Comparison test were used to analyse stiffness, tensile strength and tensile strain of both EDCMs 276 

and commercial membranes (GraphPad Software). 277 

For in vitro tests Generalised Linear Model (GLM) was used to analyse the effect of both substrate 278 

type and round on cell number with Bonferroni post-hoc test (SPSS 15.0 Version Software). In both 279 

cases, differences were considered significant at the P < 0.05 level (see Results). 280 

 281 

3. Results 282 

 283 

3.1 Echinoderm-derived collagen extraction 284 

 The extraction protocols optimized for the different echinoderm tissues (i.e. sea urchin 285 

peristomial membrane, starfish aboral arm wall and sea cucumber body wall) allowed us to obtain 286 

highly concentrated collagen fibril suspensions. No fibril aggregates, cell debris and calcium 287 

carbonate residues were detected from both light and electron microscopy observations, thus they 288 

were considered suitable for the production of two-dimensional membranes (Fig. 2). Sea urchin-289 

derived collagen was extracted from both animals collected in the wild and from commercial 290 

activities (e.g. waste from restaurants) but since ultrastructural, mechanical and in vitro analyses 291 

showed almost identical results (data not shown) they were pooled together. 292 

 293 

3.2 Ultrastructural characterization of collagen fibrils and membranes 294 

 Table 1 summarizes the mean fibril D-period for each type of collagen membrane. As shown 295 

in Fig. 3, in all three echinoderm collagen types GAGs were present regularly distributed along the 296 

whole fibril, strictly according to the D-patterning. 297 

 As for TEM analyses, also SEM observations confirmed the “cleanliness” of the 298 

echinoderm-derived collagen suspensions since no debris and undissociated fibres were detected 299 

(Fig. 2). Data on fibril ultrastructural features and on membrane average mesh size and thickness 300 

are reported in Table 1. SEM analyses showed that in both EDCMs and BCMs, collagen fibrils were 301 

randomly distributed on the well plastic surface, without a clearly organized pattern and creating a 302 

highly dense collagen network (Fig. 2). Differently, commercial membranes showed thick 303 

fibril/fibre bundles interspersed in a loose thin fibril network and displayed a more oriented 304 

distribution (Fig. 2B and 2C). Figure 4 shows at a macroscopical level (stereomicroscopy) an 305 
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example of commercial bovine collagen membrane and an example of EDCM (sea urchin-derived 306 

collagen membrane). 307 

 308 

Table 1: Ultrastructural features of collagen fibrils and membranes. Data shown as mean ± SD 309 

and/or ranges. a Tricarico et al., 2012; b Di Benedetto et al., 2014. 310 

 Commercial 
membrane (CM) 

Sea urchin  
P. lividus 

Starfish  
E. sepositus 

Sea cucumber  
H. tubulosa 

Mean fibril D-period 
(nm) ± SD 

- 62.7 ± 2.8 63 ± 4.7 66 ± 1.6 

Fibril D-period range 
(nm) 

- 60 - 66 a 60 - 70 61.4 - 68.9 

Diameter range (nm) 
70 - 3640 

 (fibrils and fibres) 
25 - 300 b 
(fibrils) 

37 - 362 
(fibrils) 

36 - 520 
(fibrils) 

Mean length (µm) ± SD - 208 ± 93.3 337.7 ± 106.8 233 ± 115.8 

Average mesh size (µm) >> 2 < 2 b < 2 < 2 

Membrane thickness 
range (µm) 

316 - 390 9 - 14 9 - 15 10 - 11 

 311 

3.3 Mechanical characterization of echinoderm-derived and commercial collagen membranes 312 

 Stiffness (or Young’s Modulus), tensile strength and tensile strain were evaluated in order to 313 

have a complete overview and comparison among the EDCM and commercial membrane 314 

mechanical features in physiological conditions (i.e. immersed in a fluid biochemically and 315 

osmotically similar to that present in human tissues). Both EDCM stiffness (Fig. 5) and tensile 316 

strength (Fig. 6) were significantly higher (~ 20 folds) than those of commercial membrane, which, 317 

on the contrary, showed higher tensile strain comparing to EDCMs. Sea urchin membrane stiffness 318 

(see also Di Benedetto et al., 2014) was similar to that of both starfish and sea cucumber 319 

membranes (P > 0.05; Dunn’s Multiple Comparison Test), whereas sea cucumber membrane 320 

stiffness was significantly higher than that of starfish membrane (P < 0.001; Dunn’s Multiple 321 

Comparison Test). Both sea urchin and sea cucumber membrane stiffness was significantly higher 322 

than that of commercial membrane (P < 0.01 and P < 0.001 respectively; Dunn’s Multiple 323 

Comparison Test), whereas starfish membrane stiffness was statistically similar to commercial 324 

membrane values (P > 0.05; Dunn’s Multiple Comparison Test). Echinoderm membrane tensile 325 

strength was statistically similar among each type of collagen (P > 0.05; Dunn’s Multiple 326 

Comparison Test) and significantly higher than that of commercial membrane (P < 0.01 sea urchin, 327 

P < 0.001 starfish and sea cucumber; Dunn’s Multiple Comparison Test). Commercial membrane 328 

mean tensile strain ± SD (62.12% ± 14.43) was higher than that of EDCMs (sea urchin: 32.81% ± 329 
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5.77 (see also Di Benedetto et al., 2014); starfish: 49.48% ± 20.89; sea cucumber: 27.96% ± 9.89). 330 

 331 

3.4 Cell counting 332 

 The Generalised Linear Model (GLM) was used to evaluate the effect of substrate type, 333 

experimental round and their interaction on the number of seeded cells. Cell growth was 334 

significantly affected by both factors (P < 0.001) but not by their interaction (P = 0.079). This 335 

means that, during the same experimental round, changing the substrate, cells grew differently, and 336 

that, with the same substrate, cell grew differently in different experimental rounds depending on 337 

the specific condition of each experimental round. However, the statistical evaluation of the 338 

interaction between substrate type and experimental round indicates the substrate performance 339 

(from the most favorable to the least one in relation to the cell growth) did not significantly change 340 

in the different experimental rounds. Data on cell counting are reported in Figure 7 and Table A 341 

(Appendices). Cell number on sea urchin-derived collagen was significantly higher than that on the 342 

other echinoderm-derived substrates (starfish P < 0.001 and sea cucumber P < 0.022) but was 343 

comparable to the control (plastic, 100%) and was also statistically similar to soluble bovine-skin 344 

collagen substrate (P > 0.05); however, hSDFs were less numerous than on BCMs, even if only in 345 

one round. Cell percentage on starfish and sea cucumber-derived membranes was comparable (P > 346 

0.05) but significantly lower than all the other substrate types (P < 0.05). Moreover, hSDFs were 347 

seeded once also on aligned type I collagen fibrils (AlignCol®Matrix, Sigma-Aldrich) and the 348 

percentage of cells (normalized against the plastic) resulted comparable (81.63% ± 8.13) to that of 349 

cells seeded on EDCMs. 350 

 351 

3.5 Cell morphology and cell-substrate adhesion/interactions 352 

 Overall, hSDFs seeded on fibrillar substrates, namely EDCMs and reassembled bovine 353 

collagen membranes (BCMs; Fig. 8C) presented a more elongated shape in comparison to those on 354 

“flat” substrates, as plastic and soluble bovine collagen, where they showed a highly flattened “sun-355 

like” morphology (Fig. 8). 356 

Considering cell-substrate interactions (Fig. 9), fibroblasts seeded on both EDCMs and 357 

BCMs similarly displayed a low number of short filopodial processes, which strongly localized 358 

only at the main cell attachment points (usually two), whereas cells on “flat” substrates (plastic and 359 

soluble bovine collagen) showed a higher number of numerous, long and thin filopodial processes, 360 

widespread on the whole cell surface. 361 

Immunofluorescence microscopy (IF) with phalloidin confirmed the different cell 362 

morphology already observed by SEM analyses and enabled visualisation of cytoskeletal 363 
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organization, particularly stress fibres, contractile actin bundles fundamental for cell adhesion. 364 

Fibroblasts seeded on fibrillar substrates (namely EDCMs and BCMs) showed less stress fibres and 365 

less numerous focal adhesion plaques comparing to those on “flat” substrates. Figure 10 shows two 366 

representative examples (plastic and sea cucumber-derived membrane) of the aforementioned 367 

differences. 368 

 369 

4. Discussion 370 

 371 

 Marine collagen is one of the most promising biomaterials for a wide range of different 372 

applications (Silva et al., 2014; Silvipriya et al., 2015). New biotechnology with a low 373 

environmental impact are nowadays widely encouraged since the large public attention and 374 

sensibility to both human health and eco-sustainable nature exploitation have highly increased in 375 

the last few decades. Many marine animals are currently investigated and used to extract collagen 376 

(Nagai and Suzuki, 2000; Nagai et al., 2000; Uriarte-Montoya et al., 2010; Addad et al., 2011; Pang 377 

et al., 2013). Echinoderms especially can be valid “blue” and alternative sources of collagen to the 378 

currently used mammalian one. Indeed, as previously described by Di Benedetto and co-workers 379 

(2014), fibrillar collagen can be easily extracted from echinoderm MCTs and the high plasticity of 380 

their collagen fibril cohesive forces/cross-linking (Wilkie, 2005) is probably one of the reasons for 381 

the relative ease with which collagen fibrils can be isolated. 382 

In the present work we optimized different extraction protocols to efficiently obtain clean, 383 

relatively pure and highly concentrated native collagen fibril suspensions from three echinoderm 384 

MCTs/species, which differ in the overall collagen fibril and fibre organization and in the skeletal 385 

element presence (Fig. 1). Starfish aboral arm wall and partly sea urchin peristomial membrane 386 

show highly packed fibrils/fibres and conspicuous calcareous ossicles, whereas sea cucumber body 387 

wall displays loosely packed and homogeneously widespread fibrils as well as small calcareous 388 

spicules. This can partially explain why fibril extraction is easily obtained by mild non-denaturing 389 

methods (such as PBS) for sea cucumber, whereas stronger treatments (disulphide bonds disruption) 390 

are necessary for both sea urchin and starfish. Despite these differences, the fibrillar conformation 391 

and integrity were maintained throughout the extraction protocols, an important feature for the 392 

subsequent employment in scaffolding. Indeed, it is well-documented that the reassembling of 393 

mammalian solubilized collagen (by simple pH/temperature variation or electrospinning) produces 394 

fibrillar structures which are only partially similar to the native conformation in terms of both 395 

mechanical and structural properties (Zeugolis et al., 2008; Chung et al., 2010). Also collagens 396 

from other marine sources, e.g. fish, jellyfish and sponges, are currently extracted in their acid-397 
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soluble form, thus losing their native conformation (Nagai and Suzuki, 2000; Addad et al., 2011; 398 

Barros et al., 2014). 399 

Fibril mean diameter and D-period were similar among the three types of echinoderm 400 

sources and comparable also to those reported for other MCTs (Barbaglio et al., 2015), other marine 401 

animals (Heinemann et al., 2007) and mammalian type I collagen (Gelse et al., 2003; Wilkie, 2005; 402 

Fang and Holl, 2013). 403 

Glycosaminoglycan (GAG) presence along the fibril surface is fundamental to maintain 404 

fibril integrity (Tricarico et al., 2012). Moreover, GAGs are important for cell migration, adhesion, 405 

proliferation and differentiation (Pieper et al., 2000) both in vitro (e.g. cell culture) and in vivo (e.g. 406 

morphogenesis and wound healing) and are often added to mammalian collagen scaffolds to 407 

improve their performances in tissue engineering applications (Haugh et al., 2011). Therefore, 408 

obtaining a native fibrillar collagen already provided with GAG decoration is one of the advantages 409 

of EDCMs. 410 

 The average superficial porosity of EDCMs was much smaller than the size of human cells. 411 

Therefore, they are likely to be efficient as cell barrier for biomedical applications where a proper 412 

division between two anatomical compartments is requested, such as Guided Tissue Regeneration 413 

(GTR). In GTR these barriers help the healing process avoiding mixture of adjacent regenerating 414 

tissues and are useful to prevent post-surgical tissue adhesions (Tsai et al., 2005). These latter are 415 

widespread and serious medical problems, not only for the patient health (Diamond and Freeman, 416 

2001) but also from an economic point of view (Wilson et al., 2002). Commercial bovine collagen 417 

membranes are currently used for this kind of purposes (Fig 4). However, their porosity is much 418 

higher and their network is less homogeneous than those of EDCMs (Table 1; Fig. 2), thus 419 

suggesting these latter are likely to display a more efficient barrier-effect. 420 

EDCM limited thickness, combined with high mechanical resistance, can be further 421 

advantages since this biomaterial simultaneously provides handleability during surgery, reduced 422 

steric hindrance in the wound and post-surgery resistance to avoid dehiscence occurrence: the 423 

higher the tensile strength and the resistance to uni-axial tension (Young’s Modulus) the better the 424 

biomaterial can support stresses before rupture. The mechanical resistance of commercial 425 

membranes (Fig. 5 and 6), which display a much higher thickness, or reported for bovine-derived 426 

collagen membranes cross-linked with EDC/NHS (~ 30 MPa; Grover et al., 2012) is much lower 427 

compared to EDCMs, thus suggesting the potential utility of echinoderm collagens, especially in 428 

mechanically demanding tissue engineering applications. Lower values of EDCM tensile strain 429 

(relative elongation) than those recorded for commercial membranes further support the previous 430 

statement. Moreover, the possibility to produce much thinner membranes is an obvious advantage 431 
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also from a practical point of view since a lower amount of fresh material is necessary. 432 

Having highlighted the advantages of EDCMs, is there a favoured echinoderm/MCT 433 

collagen source for the proposed application? Despite the comparable ultrastructural characteristics 434 

and mechanical performances (with sea cucumber membranes displaying slightly higher values), 435 

the three different EDCMs showed partially different results in the in vitro tests with human skin-436 

derived fibroblasts. We previously demonstrated that sea urchin-derived membranes are not toxic 437 

for mammalian cells: horse mesenchymal stem cells seeded on these substrates were viable and 438 

even able to actively proliferate in long-term period (21 days), although they showed an initial 439 

transitory “drop” (day 4) and a slight delay compared to controls (Di Benedetto et al., 2014).  440 

In this work we used human adult fibroblasts because this cytotype is the most suitable in 441 

view of GTR applications and because it was largely used to test also different marine-derived 442 

collagen substrates, such as from jellyfish (Song et al., 2006; Addad et al., 2011). Cells seeded on 443 

EDCMs and BCMs (both regarded as fibrillar substrates) were similar in terms of morphology, 444 

cytoskeletal organization and substrate adhesion pattern, thus suggesting the absence of any 445 

anomalous cell behaviour due to the echinoderm-derived collagen. Interestingly, they presented a 446 

more elongated shape, less and shorter filopodial processes in comparison with those seeded on 447 

“flat” substrates (bovine skin-derived soluble collagen and plastic), possibly indicating a reduced 448 

substrate adhesion, a feature that can be advantageous in “cell barrier” for GTR applications. 449 

Nevertheless, cell numbers recorded after 4 days were different on the three EDCMs: sea urchin 450 

membranes displayed similar values to bovine collagen substrates and to plastic control, whereas 451 

both starfish and sea cucumber membranes showed a lower number. Whether this is only a transient 452 

and temporary cell behaviour, as we previously observed for sea urchin membranes (Di Benedetto 453 

et al., 2014) or it’s a toxic effect must be investigated by further long-term analyses. In general, our 454 

findings underline also that the standard controls usually employed for this kind of in vitro tests 455 

(soluble collagen and plastic) are not truly reliable to test biocompatibility of fibrillar substrates, as 456 

they display a different structure/geometry (“flat” vs fibrillar), a parameter strongly influencing cell 457 

behaviour and response (Murphy et al., 2012). 458 

 From a socio-economical perspective, sea urchins, and partially starfish, might display a 459 

major advantage if compared to sea cucumbers. In the former, collagen can be reliably obtained as 460 

food industry by-product without affecting natural populations. In starfish, high amount of eco-461 

friendly collagen could be obtained from those ecologically “dangerous” species regularly subjected 462 

to massive control campaigns (e.g. the coral feeder crown-of-thorn Acanthaster planci; Fraser et al., 463 

2000; Mendonça et al., 2010; Baird et al., 2013). Sea cucumbers, from both fishery and aquaculture 464 

(Toral-Granda et al., 2008; Purcell et al., 2013; Yokoyama, 2013), have the undoubted advantage of 465 
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the amount of collagen obtainable from a single animal but are over exploited as source of food, 466 

especially in the Asian cuisine and, therefore, they could not be conveniently used as by-product. 467 

Thus, in terms of eco-sustainability sea urchins and starfish should be preferred to sea cucumbers. 468 

However, considering a possible industrial scale-up, at present sea urchin employment seems more 469 

promising and feasible. The increased market demand and the simultaneous decline of sea urchin 470 

wild populations all over the world are making aquaculture a fundamental alternative to sea urchin 471 

fishery (Carboni et al., 2012; Parisi et al., 2012). The possibility to valorise sea urchin by-product is 472 

likely to further promote the development of this mariculture sector. Moreover, sea urchin farming 473 

in (environmentally sustainable) integrated multi-trophic aquacultures (IMTA) will also ensure 474 

social acceptance and additional economic advantages (Schuenhoff et al., 2003; Barrington et al., 475 

2009). 476 

 477 

5. Conclusions 478 

 479 

 Echinoderm MCTs can be considered eco-sustainable sources of fibrillar collagen for 480 

biomedical applications. The possibility to rapidly produce valuable collagen membranes suitable 481 

for specific clinical purposes makes these marine invertebrates highly interesting in terms of both 482 

research and applied studies. We propose this “blue” biomaterial derived from marine invertebrates, 483 

especially from sea urchins, as a promising alternative to the nowadays mammalian-derived 484 

collagen biomaterials. Further in vitro and in vivo studies are necessary to more deeply evaluate 485 

EDCM exploitability, including permeability, biodegradability and immunogenicity, all of these 486 

being key features to validate new biomaterials for human clinical applications (Chung et al., 1990). 487 
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Appendices 770 

 771 

Table A: Mean cell number (from two to four wells/replicates) ± SD on the different substrates 772 

normalized against the corresponding plastic control well mean values for each of the five rounds 773 

and estimated marginal mean ± SE of cells on each type of substrate for the corresponding rounds 774 

(normalized as just described). Not all the different substrates were present in each round due to 775 

starting material availability. 776 

 

Bovine skin-
derived soluble 

collagen 
substrate 

Reassembled 
(fibrillar) 

bovine collagen 
membrane 

(BCM) 

Sea urchin-
derived 
collagen 

membrane 

Starfish-
derived 
collagen 

membrane 

Sea cucumber-
derived 
collagen 

membrane 

Round 1 136.19 ± 18.58 - 156.17 ± 16.50 - 29.73 ± 2.16 

Round 2 139.73 ± 18.62 - 90.60 ± 7.67 45.66 ± 9.75 - 

Round 3 109.97 ± 10.71 - 51.41 ± 6.33 16.61 ± 4.70 58.17 ± 15.93 

Round 4 165.21 ± 85.48 240.17 ± 148.25 161.97 ± 13.31 - - 

Round 5 62.51 ± 9.18 96.07 ± 18.13 55.29 ± 3.94 34.60 ± 5.82 - 
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Estimated 
Marginal 

Mean ± SE 
122.73 ± 10.33 168.12 ± 14.91 103.09 ± 8.44 32.29 ± 13.55 43.95 ± 17.83 

 777 

Figure captions 778 

 779 

Fig. 1: Echinoderm tissues for the collagen extraction protocol in in vivo (stereomicroscopy) and in 780 

histological sections (light microscopy, Trichrome Milligan staining, collagen is stained in green). 781 

A) sea urchin peristomial membrane (PM); B) PM connective tissue characterized by highly packed 782 

collagen fibrils and fibres (ct) with quite large ossicles (os); C) starfish aboral arm wall (AW; 783 

arrows); D) AW connective tissue characterized by dense collagen fibre bundles (ct) in which large 784 

ossicles (os) are widespread; E) sea cucumber body wall (BW); F) BW connective tissue with small 785 

spicules and absence of highly packed collagen fibres (ct); G) detail of Fig. F on the loosely packed 786 

collagen fibrils. 787 

 788 

Fig. 2 (SEM): Collagen network of the different membranes. It’s possible to observe the comparable 789 

homogeneous and random distribution of collagen fibrils, the low superficial porosity and the 790 

absence of debris of the three EDCMs, the comparable fibril network of the reassembled (fibrillar) 791 

bovine collagen membrane (BCM) and the more oriented collagen fibril bundles of the commercial 792 

membrane. A) BCM; B) commercial membrane; C) commercial membrane detail on the collagen 793 

fibril bundles showing the high superficial porosity of the collagen network; D) sea urchin-derived 794 

collagen membrane; E) starfish-derived collagen membrane; F) sea cucumber-derived collagen 795 

membrane. 796 

 797 

Fig. 3 (TEM): GAG distribution (arrows) on echinoderm collagen fibril surface according to the D-798 

patterning (square brackets). A) starfish-derived collagen fibril; B) sea cucumber-derived collagen 799 

fibril. For GAG decoration on sea urchin-derived collagen fibril see Figure 2 in Di Benedetto et al., 800 

2014. 801 

 802 

Fig. 4 (stereomicroscopy): Examples of the collagen membranes. A) commercial membrane 803 

currently available for clinical purposes; B) sea urchin-derived collagen membrane after the cross-804 

linking protocol. 805 

 806 

Fig. 5: Box plot of stiffness (or Young’s Modulus) of commercial membranes and EDCMs. CM, 807 
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commercial membrane (n = 7); sea urchin-derived collagen membrane (n = 19); starfish-derived 808 

collagen membrane (n = 21); sea cucumber-derived collagen membrane (n = 47). ** P < 0.01, *** 809 

P < 0.001 vs commercial membrane (Dunn’s Multiple Comparison Test). 810 

 811 

Fig. 6: Box plot of tensile strength of commercial membranes and EDCMs. CM, commercial 812 

membrane (n = 7); sea urchin-derived collagen membrane (n = 19); starfish-derived collagen 813 

membrane (n = 21); sea cucumber-derived collagen membrane (n = 47). ** P < 0.01, *** P < 0.001 814 

vs commercial membrane (Dunn’s Multiple Comparison Test). 815 

 816 

Fig. 7: Cell counting after 4 days of culture of human skin-derived fibroblasts seeded on bovine 817 

skin-derived soluble collagen, reassembled (fibrillar) bovine collagen membranes (BCMs) and 818 

EDCMs normalized against the plastic control (100%). Data shown as mean values of 2-4 replicates 819 

(see Table A in Appendices for mean values ± SD for each round). Black square: first round; grey 820 

diamond: second round; grey circle: third round; black triangle: fourth round; asterisk: fifth round. 821 

 822 

Fig. 8 (SEM): Morphology and shape of hSDFs seeded on different collagen membranes and on 823 

plastic. hSDFs seeded on fibrillar collagen membranes present a more elongated shape than those 824 

seeded on “flat” substrates. A) plastic (control); B) bovine skin-derived soluble collagen; C) 825 

reassembled (fibrillar) bovine collagen membrane (BCM); D) sea urchin-derived collagen 826 

membrane; E) starfish-derived collagen membrane; F) sea cucumber-derived collagen membrane. 827 

 828 

Fig. 9 (SEM): Details on the filopodial processes of hSDFs seeded on different collagen membranes 829 

and on plastic. hSDFs seeded on fibrillar collagens present less numerous and shorter filopodial 830 

processes than those seeded on “flat” substrates. A) plastic (control); B) bovine skin-derived soluble 831 

collagen; C) reassembled (fibrillar) bovine collagen membrane (BCM); D) sea urchin-derived 832 

collagen membrane; E) starfish-derived collagen membrane; F) sea cucumber-derived collagen 833 

membrane. 834 

 835 

Fig. 10 (IF): Representative images of the morphology, cytoskeletal (F-actin) organization and focal 836 

adhesion plaque pattern of hSDFs seeded on “flat” substrate (A) and fibrillar substrate (B). Cell 837 

nuclei are labeled in blue (DAPI), stress fibres in red (phalloidin) and focal adhesion plaques in 838 

green (vinculin). hSDFs seeded on fibrillar substrate present less numerous stress fibres and less 839 

visible focal adhesion plaques in comparison to those seeded on “flat” substrate. 840 
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Highlights  

− Marine collagen membranes are promising biomaterial for biomedical purposes. 

− Echinoderm Mutable Collagenous Tissues are endearing “blue” sources of collagen. 

− Echinoderm membranes (EDCMs) show better performances than commercial bovine ones. 

− EDCMs are not cytotoxic for human skin-derived fibroblasts. 

− EDCMs can be used as alternative tools in Guided Tissue Regeneration applications. 

 


