
Citation: Carolo, A.; Melotti, L.;

Zivelonghi, G.; Sacchetto, R.;

Akyürek, E.E.; Martinello, T.;

Venerando, A.; Iacopetti, I.; Sugni, M.;

Martinelli, G.; et al. Mutable

Collagenous Tissue Isolated from

Echinoderms Leads to the Production

of a Dermal Template That Is

Biocompatible and Effective for

Wound Healing in Rats. Mar. Drugs

2023, 21, 506. https://doi.org/

10.3390/md21100506

Academic Editor: Azizur Rahman

Received: 1 September 2023

Revised: 21 September 2023

Accepted: 23 September 2023

Published: 26 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

marine drugs 

Article

Mutable Collagenous Tissue Isolated from Echinoderms Leads
to the Production of a Dermal Template That Is Biocompatible
and Effective for Wound Healing in Rats
Anna Carolo 1, Luca Melotti 1,* , Giulia Zivelonghi 1 , Roberta Sacchetto 1, Eylem Emek Akyürek 1 ,
Tiziana Martinello 2, Andrea Venerando 3 , Ilaria Iacopetti 4, Michela Sugni 5 , Giordana Martinelli 5,
Margherita Roncoroni 5, Stefania Marzorati 5 , Silvia Barbon 6 , Martina Contran 6, Damiana Incendi 6,
Filippo Perozzo 7 , Andrea Porzionato 6, Vincenzo Vindigni 6 and Marco Patruno 1,*

1 Department of Comparative Biomedicine and Food Science, University of Padua, 35020 Legnaro, Italy;
anna.carolo@unipd.it (A.C.); giulia.zivelonghi@studenti.unipd.it (G.Z.); roberta.sacchetto@unipd.it (R.S.);
eylememek.akyurek@phd.unipd.it (E.E.A.)

2 Department of Veterinary Medicine, University of Bari, 70010 Valenzano, Italy; tiziana.martinello@uniba.it
3 Department of Agricultural, Food, Environmental and Animal Sciences, University of Udine, 33100 Udine,

Italy; andrea.venerando@uniud.it
4 Department of Animal Medicine, Production and Health, University of Padova, 35020 Legnaro, Italy;

ilaria.iacopetti@unipd.it
5 Department of Environmental Science and Policy, University of Milan, 20133 Milan, Italy;

michela.sugni@unimi.it (M.S.); giordana.martinelli@unimi.it (G.M.);
margherita.roncoroni@studenti.unimi.it (M.R.); stefania.marzorati@unimi.it (S.M.)

6 Department of Neuroscience, University of Padua, 35121 Padova, Italy; silvia.barbon@unipd.it (S.B.);
martina.contran@unipd.it (M.C.); damiana.incendi@unipd.it (D.I.); andrea.porzionato@unipd.it (A.P.);
vincenzo.vindigni@unipd.it (V.V.)

7 Plastic and Reconstructive Surgery Unit, Padova University Hospital, 35128 Padova, Italy;
filippo.perozzo@gmail.com

* Correspondence: luca.melotti@unipd.it (L.M.); marco.pat@unipd.it (M.P.)

Abstract: The mutable collagenous tissue (MCT) of echinoderms possesses biological peculiarities that
facilitate native collagen extraction and employment for biomedical applications such as regenerative
purposes for the treatment of skin wounds. Strategies for skin regeneration have been developed and
dermal substitutes have been used to cover the lesion to facilitate cell proliferation, although very little
is known about the application of novel matrix obtained from marine collagen. From food waste we
isolated eco-friendly collagen, naturally enriched with glycosaminoglycans, to produce an innovative
marine-derived biomaterial assembled as a novel bi-layered skin substitute (Marine Collagen Dermal
Template or MCDT). The present work carried out a preliminary experimental in vivo comparative
analysis between the MCDT and Integra, one of the most widely used dermal templates for wound
management, in a rat model of full-thickness skin wounds. Clinical, histological, and molecular
evaluations showed that the MCDT might be a valuable tool in promoting and supporting skin
wound healing: it is biocompatible, as no adverse reactions were observed, along with stimulating
angiogenesis and the deposition of mature collagen. Therefore, the two dermal templates used in
this study displayed similar biocompatibility and outcome with focus on full-thickness skin wounds,
although a peculiar cellular behavior involving the angiogenesis process was observed for the MCDT.

Keywords: wound healing; marine collagen; mutable collagenous tissue; circular economy; blue
biotechnologies; skin regeneration; biomaterial; sea urchin; marine food waste; zero-waste approach

1. Introduction

Skin is the largest organ in vertebrates, and it represents the first barrier against
the external environment; it has a key role in several life-preserving processes, such as
thermoregulation, modulation of water loss, protection against pathogens and chemicals,
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and vitamin D synthesis. A loss in its integrity results therefore in a functional imbalance
that, in severe cases, can lead to death [1].

Skin wound healing is a complex process consisting of four overlapping phases
(hemostasis, inflammation, proliferation, and remodeling), which are mediated by the inter-
action of multiple cell types and numerous cytokines, chemokines, and growth factors [2].

Moreover, the repair of skin wounds in adults commonly results in the formation of
fibrotic tissue (scar); this process differs from regeneration as scars consist of disorganized
extracellular matrix, whereas regeneration leads to the formation of a tissue that possesses
identical structural and functional properties, almost indistinguishable from those of the
original skin [1].

The gold standard for the treatment of large or severe non-healing wounds is the
application of skin autografts [3]. However, the use of this practice is limited by difficulties
in finding a healthy tissue donor and the intense pain it causes the patients. In addition,
graft failure is frequent due to excessive inflammation, infection, or animal movement [3,4].
Therefore, in veterinary patients, large skin wounds are either treated via skin flaps or
conservatively treated to heal by secondary intention.

For the above-mentioned reasons, both in human and in veterinary medicine, the
demand for products that can accelerate and improve the healing process is increasing, as
is research in this field [5].

Tissue engineering is offering promising solutions by creating skin substitutes that can
accelerate wound closure and enhance the quality of the newformed tissue. Skin substitutes
can be described as “a heterogeneous group of biological and/or synthetic elements that enable
the temporary or permanent occlusion of wounds” [6]. The ideal scaffold should be resistant,
easy-to-handle, and should resemble the skin structure and function as closely as possible.

Previously, materials of different origin (bovine collagen, polyglycolic acid, acellular
cadaver dermis, etc.), have been utilized to obtain skin substitutes [7–10]. Their main
constituent is collagen, in addition to which lipids, fibrin, glycosaminoglycans, and proteo-
glycans can also be present.

As skin substitutes should resemble the physiological anatomy of the skin, many of
them are designed with a bi-layered structure, such as Alloderm® [11,12], Integra® (IDRT,
Integra Dermal Regenerative Template) [13], Pelnac® [14], and Matriderm® [15,16]. These
products are of vertebrate animal origin, which raises both economical and ethical problems
because of the risk of disease transmission (such as Bovine Spongiform Encephalopathy).
Alternative collagen sources have been investigated (e.g., marine organisms) [17–19] and
echinoderms are one of the most promising of these. In fact, since hydrolysis is a step
required for effective extraction, most marine-derived collagens (from fish, sponges, jelly-
fish, mollusks, and other organisms), as well as bovine or porcine collagens, are employed
in their hydrolyzed state, though this chemical extraction method has two main draw-
backs. In order to replicate the natural properties (e.g., hydration) of the extracellular
matrix (ECM), collagen-associated molecules or glycosaminoglycans (GAGs) must first be
artificially introduced because they are typically lost during hydrolysis [20]. Echinoderm
tissues, including those of sea urchins, easily yield large amounts of collagen fibrils in
their native conformation, with retained endogenous fibril-associated GAGs [21–23], thus
avoiding the need for hydrolysis. This peculiarity is due to the intrinsic and unique features
of the collagenous tissue from which echinoderm collagen is extracted, i.e., the mutable
collagenous tissue (MCT). Indeed, in contrast to vertebrate connective tissue, MCT is char-
acterized by the absence of permanent interfibrillar crosslinks [24], which facilitates their
extraction while maintaining their full integrity and mechanical efficiency [21,22]. This
collagen displays structural features (D-period, chain composition, etc.) comparable with
those of mammals [25], therefore representing a potential alternative tool in biomedical
applications. Furthermore, the recent optimization of extraction procedures enables this
collagen to be obtained from a food by-product, i.e., the sea urchin peristomial membrane,
a well-known mutable collagenous structure [26], which is discarded, together with the
tests and the spines, once edible sea urchins are processed for their gonads [21]. This eco-
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friendly collagen was efficiently used to produce an innovative marine-derived biomaterial
and particularly a novel bi-layered skin substitute (Marine Collagen Dermal Template or
MCDT) [27,28]. This device was recently characterized in terms of ultrastructure, mechani-
cal stability, functionality, and in vitro cytocompatibility [27]. Furthermore, a preliminary
study in a large animal model showed promising results with the MCDT supporting and
promoting the physiological healing of the skin, especially at the structural level [19].

As a step forward, the aims of the current study were to apply this novel skin substitute
(MCDT) on in vivo experimental wounds to assess its regeneration efficacy, and to compare
it with a commercial product already in use in human medicine (IDRT).

2. Results
2.1. Clinical Follow-Up

The macroscopic appearance of each lesion site was evaluated at 5 and 10 days post-
surgery: no signs of fluid accumulation, adverse inflammatory reactions, or infection were
noted during all studied periods.

The presence of the biomaterials Integra Dermal Regeneration Template (IDRT) and
Marine Collagen Dermal Template (MCDT) was observed in treated wounds at both time-
points. IDRT at day 5 presented with a yellowish appearance due to the presence of the
silicone layer, while the IDRT at day 10 and MCDT at both time points appeared as tissue
with a reddish appearance.

When evaluating the wound contraction percentage, 5 days after surgery, the wounds
treated with MCDT showed a statistically significant acceleration of wound closure com-
pared with wounds treated with IDRT (MCDT 28.74 ± 3.73% vs. IDRT 6.32 ± 1.44%,
p < 0.01). At 10 days, wound closure was similar between treatment groups (MCDT
69.79 ± 0.80% vs. IDRT 67.81 ± 1.36%) (Figure 1). At 10 days, none of the treatment
groups reached a complete wound closure.
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Figure 1. Clinical aspect of wounds. (A) Representative images of skin lesions at 5 and 10 days after
wounding and (B) wound closure ratio. Data are expressed as mean ± SEM; ** p < 0.01 by Student’s
t-test. Scale bar = 1 cm.

2.2. Histological Analysis

Histological observations of wounds treated with MCDT and IDRT led to similar
results. At 5 days wounds covered by IDRT showed the “silicone” layer at the top and a
“matrix web” underneath, in the deep region of the dermis; the latter region showed an
abundant inflammatory infiltrate (Figure 2A) while a mild inflammation was observed
in superficial areas (Figure 2B,C). At the same stage, wounds covered by MCDT showed
a copious inflammatory infiltrate deep in the dermis (Figure 2D) and a minor infiltrate
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close to the surface (Figure 2E,F). The deposition of granulation tissue was similar between
the two treatments, with the difference that in MCDT-treated lesions a major presence of
granulation tissue beneath the skin substitute was noted rather than cellular infiltration
in the scaffold as observed in IDRT-treated wounds; indeed, in the latter the granulation
tissue was absent in 50% of wounds while 50% showed a mild presence of it. On the other
hand, 50% of MCDT-treated wounds showed a moderate presence of granulation and the
remaining 50% an abundant one. At 10 days, wounds covered by IDRT and MCDT showed
a similar pattern (Figure 3), although processes of angiogenesis were more extensive in
the MCDT-treated wounds (Figure 3F). The lesions treated with IDRT showed a higher
presence of immature granulation tissue (Figure 3A,B) (50% mild, 25% moderate, and 25%
abundant) compared to MCDT-treated lesions (Figure 3D,E) (25% absent and 75% mild
presence); furthermore, the granulation tissue in these lesions presented with a higher
grade of maturation compared to wounds treated with IDRT.
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Figure 2. Histological microphotographs of skin biopsies at 5 days after wounding: comparison of
IDRT- (A–C) and MCDT-treated (D–F) wounds. (A) Skin wounds treated with Integra (IDRT) showed
an abundant inflammatory infiltrate in different regions of the dermis and a silicon layer on top.
(B) Higher magnification detail of wound border into contact with the dermal template (separated by
the dotted line. (C) Higher magnification detail of cell infiltration in the dermal template. (D) Skin
wounds treated with MCDT showed similar features. (E) Higher magnification details of the wound
border and (F) of cell infiltration in the dermal template. Abbreviations: IDRT = Integra Dermal
Regeneration Template, * = silicone layer of IDRT, MCDT = Marine Collagen Dermal Template. Scale
bar = 200 µm.

2.3. Gene Expression Analysis

In RT-PCR analysis of IL-1β gene expression, the MCDT-treated group at 5 days
showed a relative gene expression almost three times higher than that of the IDRT-treated
group (MCDT 25.48 ± 5.18 vs. IDRT 8.75 ± 3.26). An opposite trend of expression could be
noted at day 10, where IL-1β gene expression was almost 20-fold lower in the MCDT- than
in the IDRT-treated group (MCDT 0.49 ± 0.22 vs. IDRT 10.59 ± 10.16) (Figure 4A).

TNF-α gene expression at day 5 was lower in the MCDT-treated group than in the
IDRT-treated group (MCDT 1.23 ± 0.44 vs. IDRT 2.61 ± 0.22); at 10 days the difference
between treatment groups was statistically significant, with a gene expression 10 times
lower in the MCDT- than in the IDRT-treated group (MCDT 0.34± 0.33 vs. IDRT 3.46 ± 0.18,
p = 0.014) (Figure 4B).
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Figure 3. Histological microphotographs of skin biopsies at 10 days after wounding: comparison
of IDRT- and MCDT-treated wounds. (A) Skin wounds treated with IDRT showed an abundant
cell infiltrate and a neo-epidermis (NE) in the wound border. (B) Higher magnification detail of the
border with the newly formed skin (NS), developed from the granulation tissue, and the wound
border, mature dermis (De). (C) Neovascularization in IDRT-treated wounds in the lower part of
the dermis. (D) Skin wounds treated with MCDT showed cell infiltration in different areas of the
dermis along with a neo-epidermis (NE). (E) Higher magnification detail of the border between the
newly developed dermis (NS) and the mature dermis from the unwounded skin (De). (F) Presence of
vessels in the dermal layer in the central area of the wound. Abbreviations: IDRT = Integra Dermal
Regeneration Template, NE = Neoepidermis, NS = Neoskin, De = mature dermis. Scale bar = 200 µm.
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Figure 4. Gene expression of pro-inflammatory cytokines involved in the wound healing process.
The mRNA levels of (A) interleukin-1 beta (IL-1β), (B) tumor necrosis factor alpha (TNF-α), and
(C) transforming growth factor beta 1 (TGF-β1) were assessed in both experimental groups (IDRT
and MCDT) at 5 and 10 days after wounding and compared with each other. Relative gene expression
levels were normalized using two reference genes (GAPDH and β-actin) and uninjured skin was
used as the calibrator sample. * p < 0.05 by Student’s t-test.
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TGF-β1 gene expression at day 5 was three times lower in the MCDT- than in the
IDRT-treated group (MCDT 2.19 ± 0.14 vs. IDRT 8.21 ± 4.96). At 10 days, a decrease in
TGF-β1 gene expression could be noted in both groups, with the MCDT group relative
expression 7-fold lower than the IDRT-treated group relative expression (MCDT 0.61 ± 0.27
vs. IDRT 4.49 ± 3.29) (Figure 4C).

Taking into consideration COL1A1, RT-PCR revealed an up-regulation of the relative
expression in the MCDT-treated group when compared with the IDRT treatment group.
This was particularly notable and statistically significant at 10 days, where the MCDT group
had a 50-fold higher relative expression of COL1A1 than the IDRT treatment group (MCDT
35.16 ± 2.14 vs. IDRT 0.65 ± 0.02, p = 0.04). The difference in COL1A1 gene expression
between MCDT and IDRT treatment groups at 5 days was less evident and not statistically
significant (MCDT 29.99 ± 7.44 vs. IDRT 20.07 ± 5.67) (Figure 5A).
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Figure 5. Gene expression analysis of collagen type I and III, which are involved in the wound healing
process. The mRNA levels of (A) collagen type IA1 (COL1A1) and (B) collagen type IIIA1 (COL3A1)
were assessed at 5 and 10 days after wounding in IDRT- and MCDT-treated wounds. Relative gene
expression levels were normalized using two reference genes (GAPDH and β-actin) and uninjured
skin was used as the calibrator sample. * p < 0.05 by Student’s t-test.

The expression of COL3A1 was instead higher in the IDRT than in the MCDT treat-
ment group at both time points, with a lower and statistically significant difference at
day 10 compared to IDRT (day 5: MCDT 4.04 ± 1.38 vs. IDRT 4.78 ± 2.00; day 10: MCDT
2.27 ± 1.25 vs. IDRT 6.36 ± 0.73, p = 0.048) (Figure 5B).

At day 5, PDGFb gene expression was lower in the MCDT than in the IDRT treatment
group (MCDT 59.57 ± 4.88 vs. IDRT 87.32 ± 7.37), while VEGF gene expression was
comparable (MCDT 2.30 ± 0.44 vs. IDRT 2.47 ± 1.83) (Figure 6).
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Figure 6. Gene expression analysis of growth factors promoting angiogenesis during wound healing.
The mRNA levels of (A) vascular endothelial growth factor (VEGF) and (B) platelet-derived growth
factor B (PDGFb) were assessed at 5 and 10 days after wounding in IDRT- and MCDT-treated wounds.
Relative gene expression levels were normalized using two reference genes (GAPDH and β-actin)
and uninjured skin was used as the calibrator sample. * p < 0.05 by Student’s t-test.
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At 10 days the expression was higher in the MCDT treatment group for both PDGFb
(MCDT 23.18 ± 1.47 vs. IDRT 11.89 ± 1.09, p = 0.025) and VEGF (MCDT 3.62 ± 1.75 vs.
IDRT 2.48 ± 1.16) gene expression (Figure 6).

3. Discussion

The mutable collagenous tissue (MCT) of echinoderms shows biological peculiarities
that facilitate extraction of native collagen and its subsequent use for regenerative medicine
purposes, including skin wound treatment [19,27]. The relative ease of obtaining collagen
fibrils in their native conformation (as they are in the ECM) enables the production of highly
biomimetic biomaterials of marine origin, which are structurally and biochemically similar to
the dermis [22,27], and therefore can potentially promote skin regeneration processes [19].

Skin wound healing is a crucial process, and its dysregulation may result in conditions
such as pathological scarring or non-healing wounds, which might greatly affect the
quality of life [1,3,29]. For this reason, attempts to find novel therapies or solutions to
facilitate skin regeneration are crucial from a socio-economic point of view. In recent
years, in order to accelerate and improve wound healing, different skin substitutes have
been designed [28,30,31] that are mainly based on the most abundant components of the
ECM [32–34], such as collagen [7–9]. This latter is mainly of mammalian origin, a feature
that may present medical and ethical concerns; therefore, an economically sustainable
and disease-transmission safe collagen source is still needed and marine collagens are a
promising alternative [35]. In line with this challenge, the collagen used in the present
work was obtained from seafood industry by-products and particularly from a specific
mutable collagenous structure (the peristomial membrane) derived from discarded waste
of the purple sea urchin (Paracentrotus lividus). The cytocompatibility of this structure has
previously been tested in in vitro [21,22,28] and partially in in vivo [19] studies, where a
marine collagen biomaterial promoted wound healing in sheep skin experimental wounds.

The aim of this preliminary study was to compare this innovative biomaterial, herein
referred to as Marine Collagen Dermal Template (MCDT), with Integra Dermal Regen-
erative Template (IDRT) and evaluate its regenerative efficacy and biocompatibility on
experimental skin wounds induced in an in vivo rat model.

After skin injury, the damaged cells and the exposed tissues activate platelet aggre-
gation with subsequent clot formation and release of chemotactic factors leading to the
inflammatory phase of wound healing [36–38]. Under normal circumstances, inflammation
is a self-limiting process that allows the progression of healing by removing necrotic tissue,
debris, and pathogens. In some pathological conditions though, inflammation persists,
slowing down the healing process and leading to wound chronicity [39,40].

In the current study, inflammation was evaluated macroscopically and histologically
as well by gene expression analysis of pro-inflammatory factors. While no clinical signs
of inflammation were noted (redness, swelling, and movement impairment), histological
analyses showed that at 5 days after treatment wounds treated with MCDT displayed a
higher inflammatory infiltrate compared with wounds treated with IDRT. At 10 days, the
inflammatory infiltrate was similar between the two treatments. The higher inflammatory
reaction noted in the early phase in the MCDT-treated group is probably correlated with
the mRNA levels of IL-1β and TNF-α, both well-studied pro-inflammatory cytokines [41].
Indeed, IL-1β relative gene expression at day 5 was almost three times higher in the MCDT
than in the IDRT treatment group, whereas an opposite trend of expression could be noted
at day 10, where IL-1β gene expression was almost 20-fold lower in the MCDT than in the
IDRT treatment group. Moreover, TNF-α gene expression in the MCDT treatment group
decreased between day 5 and day 10, reaching at day 10 a relative gene expression 10-fold
lower than the one observed in IDRT treatment group.

Histological results are consistent with previous observations on the sheep animal
model [19] where the inflammatory infiltrate was higher during the first week but dimin-
ished throughout the experimental period and may therefore confirm that our biomaterial
anticipates the activation of the inflammatory phase by an earlier activation of platelets.
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In fact, collagen in its native fibrillar conformation, like the MCT-derived collagen used
in the MCDT, can activate platelets inducing their degranulation [42,43] and therefore
the release of several soluble factors, including chemotactic molecules for inflammatory
cells [37,44–46]. It is possible that the earlier activation of platelets might accelerate the
first phases of wound healing and subsequently shortening of the inflammatory phase,
anticipating the transition to the subsequent stage of healing.

During the final stages of inflammation, the proliferation phase begins. This includes
the accumulation of immature extracellular matrix and the formation of the granulation
tissue that is particularly important in wounds that heal by secondary intention, as in our
experimental model, since it serves as scaffold for other cells along with blood vessels and
sustains wound contraction [36,37].

The biocompatibility and ability to support cellular infiltration and proliferation of
our biomaterial was previously demonstrated in vitro and in a large size animal model
(sheep) in vivo; indeed, the 3D sponge-like structure of MCDT supported cellular migration,
proliferation in vitro [27], and the deposition of granulation tissue in skin wound lesions in
the sheep model [19]. At the histological level, wounds presented with a different amount of
granulation tissue. Lesions treated with MCDT showed an accelerated and more abundant
deposition of granulation tissue at day 5 compared to wounds treated with IDRT. On the
contrary, at day 10 an opposite trend was observed with a higher presence of immature
granulation tissue in IDRT-treated wounds; however, the lower presence of granulation
tissue in MCDT-treated wounds might be ascribed to the fact that the granulation tissue is
currently developing to a mature dermis, hence the lesser amount observed.

In order to reach a proper stage of maturation, granulation tissue needs an adequate
blood supply provided by endothelial cells; the latter cells need to grow quicky in the
newly formed tissue to restore the flow of oxygen and nutrients to the site [47,48]. Several
angiogenic factors, such as vascular endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF), are involved in triggering the activation of the local endothelial
cells [37,48,49]. In the present research, the relative gene expression of these two growth
factors was evaluated. At 5 days post-injury, the relative expression of both pro-angiogenic
factors was comparable between treatment groups; in contrast, at 10 days post-injury both
VEGF and PDGFb relative expression was higher in MCDT-treated wounds. The high
levels of expression observed for these two growth factors at 10 days might have increased
the angiogenic process in MCDT-treated wounds, promoting the maturation of granulation
tissue, thus supporting wound healing [49–51]. Similarly, from a histological perspective,
angiogenesis appeared to be more diffuse in MCDT-treated wounds at 10 days post-injury
compared to IDRT-treated wounds evaluated at 10 days post-injury.

In physiological conditions, as the wound heals, the borders of the lesion are typically
pulled towards the center of the wound, reducing the size of the open wound area [52].
This process, called wound contraction, is particularly important in rodent skin wound
healing, as these animals possess a thick Panniculus carnosus under the dermis layer [53–55].

Regarding the contraction rate in the present study, wounds treated with MCDT
showed a statistically significant greater degree of wound closure compared with wounds
treated with IDRT: the wound contraction percentage at 5 days post-injury was four-fold
higher in MCDT- than in IDRT-treated wounds. On the other hand, at 10 days none
of the experimental groups reached a complete wound closure, and wound contraction
percentage was comparable between treatments. These results might be due to earlier
activation of the inflammatory phase and higher vascular infiltration of the granulation
tissue that have anticipated the wound contraction in MCDT-treated wounds [50].

The last phase of wound healing is remodeling, which consists of regression of the
newly formed vessels and replacement of immature ECM components [34], a process that
can be assessed by analyzing the type of collagen expressed during wound healing. As a
matter of fact, granulation tissue is largely composed of collagen type III, which is gradually
replaced by collagen type I as the maturation of the wounded tissue progresses [56,57].
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In MCDT-treated wounds, the gene expression of collagen type III was lower than
in IDRT-treated wounds both at 5 and 10 days post treatment; gene expression of mature
collagen (collagen I) was instead higher at both time points, reaching higher values than in
the IDRT treatment group, at day 10. The increased presence of mature collagen observed
in MCDT-treated wounds might suggest that the marine collagen biomaterial has promoted
the physiological maturation of the skin lesion.

Furthermore, the difference in cell infiltration between the two templates suggests that
MCDT is not completely integrated into the healing tissue, in contrast to IDRT. Ongoing
studies are evaluating if this could be the reason for the positive aspects shown in the
present research; a larger number of animals is, however, needed to confirm the observed
promising results.

The main drawback of this study is the low robustness of the obtained data due
to the reduced number of animals involved in the experimentation; for this reason, this
study has to be considered as a preliminary study. Despite this limitation, these promising
exploratory results might be the basis for future studies involving the application of marine
collagen-based biomaterials for the treatment of skin wounds.

4. Materials and Methods
4.1. Animal Model and Ethical Statement

Sixteen adult male rats (more than eight weeks old; Charles River Laboratories Italia
S.R.L., Lecco, Italy) with an average weight of 360 g, were included in this experimental
study and were divided into 8 animals per treatment group (IDRT or MCDT). Each treat-
ment group (n = 8) was further divided into two even groups (n = 4) according to the time
that passed after treatment (5 and 10 days). Rats were allocated to separate cages in an
animal facility (DNS Department, University of Padova, Padova, Italy) with ad libitum
access to food and water, and daily monitoring for signs of discomfort. Animals were
housed at least two weeks prior to the start of the experimental study for acclimation.

At the end of the experiment, rats were humanely euthanized by CO2 overdose. The
experiment was approved by the Italian Ministry of Health (n◦57/2022-PR), in accordance
with the Body for the Protection of Animals (OPBA).

4.2. Sea Urchin Collagen Extraction, Production of 3D Scaffolds

Native and GAG-decorated fibrillar collagen was extracted from the purple sea urchin
(Paracentrotus lividus), specifically from the peristomial membranes obtained from restau-
rant waste, as previously described [21,22]. Briefly, the peristomial membranes (i.e., the
soft membrane surrounding the mouth) were isolated from the waste, rinsed in artificial
sea water, weighed, and left overnight at 23 ◦C in a hypotonic buffer (10 mM Tris-HCl,
0.1% EDTA, pH 8.0). After several washes in phosphate buffer saline (PBS), samples were
left overnight at 23 ◦C in decellularizing solution (10 mM Tris-HCl, 0.1% Sodium Dodecyl
Sulphate, pH 8.0). Numerous washes in PBS were performed to remove the Sodium Do-
decyl Sulphate and a disaggregating solution (0.5 M NaCl, 0.1 M Tris-HCl pH 8.0, 0.1 M
β-mercaptoethanol, 0.05 M EDTA) was added and left at RT for at least 5 days. All these
steps were performed in stirring conditions. The resulting collagen suspension was filtered
on steel mesh filter and dialyzed at RT against 0.5 M EDTA for 4 h and against distilled
water overnight to completely remove the β-mercaptoethanol.

The resulting suspension of fibrillar collagen in autoclaved filtered distilled water
(dH2O) was stored at −80 ◦C until use. After thawing at room temperature (RT), it was
used to produce both 2D thin membranes and 3D sponge-like scaffolds following two
different combined procedures, as previously described [22,27]. Briefly, 2D membranes
were produced by adding 0.6 mL of collagen suspension (2 mg/mL in 0.01% TritonX-100 in
autoclaved filtered dH2O) to rubber silicone molds (diameter 10 mm, height 10 mm) and
left to dry at 37 ◦C overnight. The 3D scaffolds were produced by adding 1 mL of collagen
suspension (6 mg/mL) in 6% ethanol in autoclaved filtered dH2O to the 2D membranes
rubber silicone molds. Both 2D membranes and 3D scaffolds were placed under vacuum
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for 2 h to remove air bubbles, frozen overnight at −80 ◦C, and lyophilized (Edwards Pirani
1001) overnight. Finally, the resulting Marine Collagen Dermal Templates (MCDTs) were
sterilized under a 15 W UV lamp at RT overnight and stored at −20 ◦C until use.

Immediately before the surgical operation, they were sterilized for 1 h under an UV
lamp.

4.3. Surgical Procedure and Clinical Follow-Up

General anesthesia was induced delivering 4.5% isoflurane/oxygen-medical air in an
induction chamber, and then maintained with a facial mask at 1–1.5% isoflurane/oxygen-
medical air. After anesthesia induction, the animals were placed in sternal recumbency,
and the trichotomy of the back was performed. The surgical field was scrubbed with 10%
iodine-povidone and the wound areas were marked using a sterilized guide to ensure the
correct diameter and distance of each lesion. The skin was then incised with a surgical
blade and removed using dissection scissors creating two full thickness round skin lesions
with a diameter of 1 cm symmetrically lateral of the dorsal column with a distance between
them of 1.5 cm, ensuring that the healing process of one lesion would not affect the other.

On each rat, one lesion was treated with either IDRT or MCDT while the second
one was left untreated and considered a control lesion. IDRT or MCDT was applied and
securely fixed to the lesion site with surgical stitches. TegadermTM+Pad plaster was applied
on top of the lesion site and secured with surgical stitches.

The animals received analgesic and antibiotic therapy for four days after surgery
(Carprofen 10 mg/kg SC, Enrofloxacin 5 mg/kg SC) and were daily monitored for signs of
discomfort; no clinical signs of infection or excessive inflammatory reaction were noted.

At 5 and 10 days post-surgery, four rats per treatment group were euthanized by
a CO2 overdose and skin samples were collected from each wound site of each animal.
The skin samples were then divided into halves and processed for histological and gene
expression analysis.

4.4. Histological Analysis

A total of 32 biopsies, 16 for each time point (8 for the treated and 8 for the untreated
lesions), was processed for histological analysis. Skin samples were fixed in 10% neutral-
buffered formalin for 24 h. Then, samples were washed and dehydrated by using a gradual
dilution of ethanol; afterwards, samples were embedded in paraffin following standard
procedures. After embedding, samples were cut with a microtome (Leica—RM2035, Leica
Microsystems, Wetzlar, Germany) into 5 µm thick slices. For histopathological evaluation,
sections were stained with hematoxylin and eosin (H&E) following the standard protocol.
All sections were observed under a light microscope (Olympus Vanox AHBT3, Olympus,
Tokyo, Japan). All slides were evaluated for the presence and development of granulation
tissue by using a semi-quantitative score from 0 to 3 (0 absence, 1 mild, 2 moderate, and
3 abundant presence). The observations were made by one blinded operator. All data were
calculated for each subject and presented as relative frequencies (%).

4.5. Gene Expression Analysis

A total of 32 biopsies, 16 for each time point (8 for the treated and 8 for the untreated
lesions), was used for gene expression analysis by real time PCR.

Total RNA was isolated from skin samples by using TRIzol reagent (Life Technologies,
Carlsbad, CA, USA). Then, the RNA extracted was assessed for its quality (260/280 nm
wavelengths ratio) and quantified using a Nanodrop spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA). A total amount of 1 µg of RNA was retrotranscribed with
SuperscriptTM II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) to obtain comple-
mentary DNA (cDNA). The cDNA was used as template for the Real Time PCR (RT-PCR)
gene expression analysis using the ABI 7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA).
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In this study, the relative expression of genes involved in the wound healing process
was evaluated using a specific pair of primers, which were designed using the Primer
Express 3.0 software (Applied Biosystems, Foster City, CA, USA) based on the rat annotated
genome sequence on the GenBank database (rat genome assembly: GCA_015227675.2)
(Table 1). The efficiency of the designed primers was assessed by using the standard curve
method. All pairs of primers presented an acceptable slope (between −3.8 and −3.3) with
a corresponding efficiency of 90–100%. To calculate the efficiency, the ABI 7500 System SDS
Software v1.5.1. (Applied Biosystems, Foster City, CA, USA) was used.

Table 1. Primer sequences used for the Real Time PCR.

GAPDH FW: 5′-CCATTCTTCCACCTTTGATGCT-3′

RW: 5′-TGTTGCTGTAGCCATATTCATTGT-3′

β-ACT FW: 5′-CCGTAAAGACCTCTATGCCA-3′

RW: 5′-AAGAAAGGGTGTAAAACGCA-3′

IL-1β FW: 5′-GACAAGCAACGACAAAATCCC-3′

RW: 5′-TGGGTATTGTTTGGGATCCAC-3′

TGF-β1 FW: 5′-CCCCTGGAAAGGGCTCAACAC-3′

RW: 5′-TCCAACCCAGGTCCTTCCTAAAGTC-3′

TNF-α FW: 5′-AGCCTCTTCTCATTCCTGCTC-3′

RW: 5′-GTTTGCTACGACGTGGGCTAC-3′

COL1A1 FW: 5′-ATCAGCCCAAACCCCAAGGAGA-3′

RW: 5′-CGCAGGAAGGTCAGCTGGATAG-3′

COL3A1 FW: 5′-TGATGGGATCCAATGAGGGAGA-3′

RW: 5′-GAGTCTCATGGCCTTGCGTGTTT-3′

PDGFb FW: 5′-TGGAGTCGAGTCGGAAAGCT-3′

RW: 5′-GAAGTTGGCATTGGTGCGAT-3′

VEGF FW: 5′-ATCATGCGGATCAAACCTCACC-3′

RW: 5′-GGTCTGCATTCACATCTGCTATGC-3′

In particular, the relative expression of the following genes was evaluated: collagen
1α1 (Collagen type I, Col1α1), collagen 3α1 (Collagen type III, Col3α1), vascular endothe-
lial growth factor A (VEGF-A), platelet-derived growth factor subunit B (PDGF-B), tumor
necrosis factor α (TNF-α), transforming growth factor beta 1 (TGF-β1), interleukin-1 beta
(IL-1β), interleukin-10 (IL-10), interleukin-8 (IL-8). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and beta-actin (β-ACT) were used as reference genes to normalize the
obtained data.

All experiments were run in duplicate to study the relative gene expression of each
gene of interest. A melting curve analysis (dissociation curve) was performed as well to
detect the non-specific amplification. The relative expression was calculated by using the
2−∆∆Ct method to normalize the cDNA level of expression of the gene of interest to the
reference genes. The uninjured skin was used as the calibrator sample.

4.6. Statistical Analysis

All data were analyzed using GraphPad Prism v9.0 software (San Diego, CA, USA).
Before performing the statistical analysis, data were assessed for their Gaussian distribution
by applying the Shapiro-Wilk normality test. Differences between the two groups were
assessed by Student’s t-test with Welch’s correction. Differences presenting a p-value lower
or equal to 0.05 were considered significant. Data were expressed as mean ± standard error
of the mean (SEM).
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5. Conclusions

Overall, our preliminary findings suggest that the MCDT might be a valuable tool in
promoting and supporting wound healing: it is biocompatible as no adverse reactions were
observed (neither macroscopically nor histologically), it stimulates angiogenesis and the
deposition of mature collagen, and leads to an outcome comparable to the commercially
available product (IDRT) chosen for this study.

Author Contributions: Conceptualization L.M., T.M. and M.P.; methodology, A.C., G.Z., E.E.A., T.M.,
A.V., I.I., G.M., M.R., S.M., D.I., S.B., M.C., V.V., A.P. and F.P.; formal analysis, A.C., L.M., R.S. and A.V.;
investigation, A.C., G.Z., R.S. and A.V.; data curation, L.M.; writing—original draft preparation, A.C.
and L.M.; writing—review and editing, A.C., L.M., M.S. and M.P.; supervision, R.S., M.S., A.V. and
M.P.; funding acquisition, M.S. and M.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Italian MIUR, grant number 2017FNZPNN (PRIN 2017) and
by Cariplo Foundation, grant number 2019-2169.

Institutional Review Board Statement: The experiment was approved by the Italian Ministry of
Health (n◦57/2022-PR), in accordance with the Body for the Protection of Animals (OPBA).

Data Availability Statement: The data presented in this study are available in the article and from
the authors on request.

Acknowledgments: This paper is in memory of Michael “Mike” Thorndyke (Royal Holloway, Uni-
versity of London, United Kingdom; University of Gothenburg, Sweden). Cicero once wrote: “The life
of the dead is placed in the memory of the living”. Thank you, Mike, for all the great memories we had
spent together, as a supervisor in love with science, and as a friend.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Borena, B.M.; Martens, A.; Broeckx, S.Y.; Meyer, E.; Chiers, K.; Duchateau, L.; Spaas, J.H. Regenerative Skin Wound Healing in

Mammals: State-of-the-Art on Growth Factor and Stem Cell Based Treatments. Cell. Physiol. Biochem. 2015, 36, 1–23. [CrossRef]
[PubMed]

2. Sorg, H.; Tilkorn, D.J.; Hager, S.; Hauser, J.; Mirastschijski, U. Skin Wound Healing: An Update on the Current Knowledge and
Concepts. Eur. Surg. Res. 2017, 58, 81–94. [CrossRef] [PubMed]

3. Theoret, C. Tissue Engineering in Wound Repair: The Three “r”s—Repair, Replace, Regenerate. Vet. Surg. 2009, 38, 905–913.
[CrossRef] [PubMed]

4. Riggs, J.; Jennings, J.L.F.; Friend, E.J.; Halfacree, Z.; Nelissen, P.; Holmes, M.A.; Demetriou, J.L. Outcome of Full-Thickness Skin
Grafts Used to Close Skin Defects Involving the Distal Aspects of the Limbs in Cats and Dogs: 52 Cases (2005–2012). J. Am. Vet.
Med. Assoc. 2015, 247, 1042–1047. [CrossRef]

5. Badis, D.; Omar, B. The Effectiveness of Platelet-Rich Plasma on the Skin Wound Healing Process: A Comparative Experimental
Study in Sheep. Vet. World 2018, 11, 800–808. [CrossRef]

6. Ferreira, M.C.; Paggiaro, A.O.; Isaac, C.; Teixeira Neto, N.; Santos, G.B. dos Substitutos Cutâneos: Conceitos Atuais e Proposta de
Classificação. Rev. Bras. Cir. Plast. 2011, 26, 696–702. [CrossRef]

7. Cuono, C.B.; Langdon, R.; Birchall, N.; Barttelbort, S.; McGuire, J. Composite Autologous-Allogeneic Skin Replacement:
Development and Clinical Application. Plast. Reconstr. Surg. 1987, 80, 626–637. [CrossRef]

8. Balasubramani, M.; Kumar, T.R.; Babu, M. Skin Substitutes: A Review. Burns 2001, 27, 534–544. [CrossRef]
9. Hansbrough, J.F.; Morgan, J.; Greenleaf, G.; Underwood, J. Development of a Temporary Living Skin Replacement Composed of

Human Neonatal Fibroblasts Cultured in Biobrane, a Synthetic Dressing Material. Surgery 1994, 115, 633–644.
10. Jones, I.; Currie, L.; Martin, R. A Guide to Biological Skin Substitutes. Br. J. Plast. Surg. 2002, 55, 185–193. [CrossRef]
11. Jansen, L.A.; De Caigny, P.; Guay, N.A.; Lineaweaver, W.C.; Shokrollahi, K. The Evidence Base for the Acellular Dermal Matrix

AlloDerm: A Systematic Review. Ann. Plast. Surg. 2013, 70, 587–594. [CrossRef] [PubMed]
12. Wester, J.L.; Pittman, A.L.; Lindau, R.H.; Wax, M.K. AlloDerm with Split-Thickness Skin Graft for Coverage of the Forearm Free

Flap Donor Site. Otolaryngol. Head. Neck Surg. 2014, 150, 47–52. [CrossRef] [PubMed]
13. Fourman, M.S.; Phillips, B.T.; Fritz, J.R.; Conkling, N.; McClain, S.A.; Simon, M.; Dagum, A.B. Laser-Assisted Indocyanine Green

Dye Angiography Accurately Predicts the Split-Thickness Graft Timing of Integra Artificial Dermis. Ann. Plast. Surg. 2014, 73,
150–155. [CrossRef] [PubMed]

https://doi.org/10.1159/000374049
https://www.ncbi.nlm.nih.gov/pubmed/25924569
https://doi.org/10.1159/000454919
https://www.ncbi.nlm.nih.gov/pubmed/27974711
https://doi.org/10.1111/j.1532-950X.2009.00585.x
https://www.ncbi.nlm.nih.gov/pubmed/20017846
https://doi.org/10.2460/javma.247.9.1042
https://doi.org/10.14202/vetworld.2018.800-808
https://doi.org/10.1590/S1983-51752011000400028
https://doi.org/10.1097/00006534-198710000-00029
https://doi.org/10.1016/S0305-4179(01)00018-3
https://doi.org/10.1054/bjps.2002.3800
https://doi.org/10.1097/SAP.0b013e31827a2d23
https://www.ncbi.nlm.nih.gov/pubmed/23542841
https://doi.org/10.1177/0194599813513713
https://www.ncbi.nlm.nih.gov/pubmed/24270163
https://doi.org/10.1097/SAP.0000000000000206
https://www.ncbi.nlm.nih.gov/pubmed/25010482


Mar. Drugs 2023, 21, 506 13 of 14

14. Notodihardjo, S.C.; Morimoto, N.; Munisso, M.C.; Le, T.M.; Mitsui, T.; Kakudo, N.; Kusumoto, K. A Comparison of the Wound
Healing Process after the Application of Three Dermal Substitutes with or without Basic Fibroblast Growth Factor Impregnation
in Diabetic Mice. JPRAS 2020, 73, 1547–1555. [CrossRef]

15. Cervelli, V.; Brinci, L.; Spallone, D.; Tati, E.; Palla, L.; Lucarini, L.; De Angelis, B. The Use of MatriDerm® and Skin Grafting in
Post-Traumatic Wounds. Int. Wound J. 2011, 8, 400–405. [CrossRef]

16. Min, J.H.; Yun, I.S.; Lew, D.H.; Roh, T.S.; Lee, W.J. The Use of Matriderm and Autologous Skin Graft in the Treatment of Full
Thickness Skin Defects. Arch. Plast. Surg. 2014, 41, 330–336. [CrossRef]

17. Silva, T.H.; Moreira-Silva, J.; Marques, A.L.P.; Domingues, A.; Bayon, Y.; Reis, R.L. Marine Origin Collagens and Its Potential
Applications. Mar. Drugs 2014, 12, 5881–5901. [CrossRef]

18. Azizur Rahman, M. Collagen of Extracellular Matrix from Marine Invertebrates and Its Medical Applications. Mar. Drugs 2019,
17, 118. [CrossRef]

19. Melotti, L.; Martinello, T.; Perazzi, A.; Iacopetti, I.; Ferrario, C.; Sugni, M.; Sacchetto, R.; Patruno, M. A Prototype Skin Substitute,
Made of Recycled Marine Collagen, Improves the Skin Regeneration of Sheep. Animals 2021, 11, 1219. [CrossRef]

20. Ellis, D.L.; Yannas, I.V. Recent Advances in Tissue Synthesis in Vivo by Use of Collagen-Glycosaminoglycan Copolymers.
Biomaterials 1996, 17, 291–299. [CrossRef]

21. Di Benedetto, C.; Barbaglio, A.; Martinello, T.; Alongi, V.; Fassini, D.; Cullorà, E.; Patruno, M.; Bonasoro, F.; Barbosa, M.A.;
Carnevali, M.D.C.; et al. Production, Characterization and Biocompatibility of Marine Collagen Matrices from an Alternative and
Sustainable Source: The Sea Urchin Paracentrotus Lividus. Mar. Drugs 2014, 12, 4912–4933. [CrossRef] [PubMed]

22. Ferrario, C.; Leggio, L.; Leone, R.; Di Benedetto, C.; Guidetti, L.; Coccè, V.; Ascagni, M.; Bonasoro, F.; La Porta, C.A.M.; Candia
Carnevali, M.D.; et al. Marine-Derived Collagen Biomaterials from Echinoderm Connective Tissues. Mar. Environ. Res. 2017, 128,
46–57. [CrossRef] [PubMed]

23. Tricarico, S.; Barbaglio, A.; Burlini, N.; Del Giacco, L.; Ghilardi, A.; Sugni, M.; Di Benedetto, C.; Bonasoro, F.; Wilkie, I.C.;
Daniela Candia Carnevali, M. New Insights into the Mutable Collagenous Tissue of Paracentrotus Lividus: Preliminary Results.
Zoosymposia 2010, 7, 279–285. [CrossRef]

24. Wilkie, I.C.; Sugni, M.; Gupta, H.S.; Carnevali, M.D.C.; Elphick, M.R. The Mutable Collagenous Tissue of Echinoderms: From
Biology to Biomedical Applications. In Soft Matter for Biomedical Applications; The Royal Society of Chemistry: London, UK, 2021;
pp. 1–33. [CrossRef]

25. Wilkie, I.C. Mutable Collagenous Tissue: Overview and Biotechnological Perspective. Prog. Mol. Subcell. Biol. 2005, 39, 221–250.
26. Bonasoro, F.; Carnevali, M.D.C.; Wilkie, I.C. The Peristomial Membrane of Regular Sea-Urchins: Functional Morphology of the

Epidermis and Coelomic Lining in Paracentrotus Lividus (Lamarck). Bolletino Zool. 1995, 62, 121–135. [CrossRef]
27. Ferrario, C.; Rusconi, F.; Pulaj, A.; Macchi, R.; Landini, P.; Paroni, M.; Colombo, G.; Martinello, T.; Melotti, L.; Gomiero, C.; et al.

From Food Waste to Innovative Biomaterial: Sea Urchin-Derived Collagen for Applications in Skin Regenerative Medicine. Mar.
Drugs 2020, 18, 414. [CrossRef]

28. Chocarro-Wrona, C.; López-Ruiz, E.; Perán, M.; Gálvez-Martín, P.; Marchal, J.A. Therapeutic Strategies for Skin Regeneration
Based on Biomedical Substitutes. JEADV 2019, 33, 484–496. [CrossRef]

29. Brem, H.; Tomic-Canic, M. Cellular and Molecular Basis of Wound Healing in Diabetes. J. Clin. Investig. 2007, 117, 1219–1222.
[CrossRef]

30. Ramió-Lluch, L.; Cerrato, S.; Brazis, P.; Rabanal, R.M.; Fondevila, D.; Puigdemont, A. Proof of Concept of a New Autologous Skin
Substitute for the Treatment of Deep Wounds in Dogs. Vet. J. 2017, 230, 36–40. [CrossRef]

31. Kaasi, A.; Lima-Neto, J.F.; Matiello-Filho, J.A.; Calejo, M.H.S.; Jardini, A.L.; Kharmandayan, P. Regenerative Collagen Biomem-
brane: Interim Results of a Phase i Veterinary Clinical Trial for Skin Repair [Version 1; Referees: 2 Approved, 1 Approved with
Reservations]. F1000Res 2018, 7, 729. [CrossRef]

32. Bunyaratavej, P.; Wang, H.-L. Collagen Membranes: A Review. J. Periodontol. 2001, 72, 215–229. [CrossRef] [PubMed]
33. Daneault, A.; Prawitt, J.; Fabien Soulé, V.; Coxam, V.; Wittrant, Y. Biological Effect of Hydrolyzed Collagen on Bone Metabolism.

Crit. Rev. Food Sci. Nutr. 2017, 57, 1922–1937. [CrossRef] [PubMed]
34. Juher, T.F.; Pérez, E.B. An Overview of the Beneficial Effects of Hydrolysed Collagen Intake on Joint and Bone Health and on Skin

Ageing. Nutr. Hosp. 2015, 32, 62–66.
35. Fassini, D.; Wilkie, I.C.; Pozzolini, M.; Ferrario, C.; Sugni, M.; Rocha, M.S.; Giovine, M.; Bonasoro, F.; Silva, T.H.; Reis, R.L. Diverse

and Productive Source of Biopolymer Inspiration: Marine Collagens. Biomacromolecules 2021, 22, 1815–1834. [CrossRef] [PubMed]
36. Monavarian, M.; Kader, S.; Moeinzadeh, S.; Jabbari, E. Regenerative Scar-Free Skin Wound Healing. Tissue Eng. Part. B. Rev. 2019,

25, 294–311. [CrossRef] [PubMed]
37. Rodrigues, M.; Kosaric, N.; Bonham, C.A.; Gurtner, G.C. Wound Healing: A Cellular Perspective. Physiol. Rev. 2019, 99, 665–706.

[CrossRef]
38. Wang, P.H.; Huang, B.S.; Horng, H.C.; Yeh, C.C.; Chen, Y.J. Wound Healing. J. Chin. Med. Assoc. 2018, 81, 94–101. [CrossRef]
39. Rosique, R.G.; Rosique, M.J.; Farina Junior, J.A. Curbing Inflammation in Skin Wound Healing: A Review. Int. J. Inflam. 2015,

2015, 316235. [CrossRef]
40. Menke, N.B.; Ward, K.R.; Witten, T.M.; Bonchev, D.G.; Diegelmann, R.F. Impaired Wound Healing. Clin. Dermatol. 2007, 25, 19–25.

[CrossRef]
41. Borish, L.C.; Steinke, J.W. 2. Cytokines and Chemokines. J. Allergy Clin. Immunol. 2003, 111, S460–S475. [CrossRef]

https://doi.org/10.1016/j.bjps.2020.01.031
https://doi.org/10.1111/j.1742-481X.2011.00806.x
https://doi.org/10.5999/aps.2014.41.4.330
https://doi.org/10.3390/md12125881
https://doi.org/10.3390/md17020118
https://doi.org/10.3390/ani11051219
https://doi.org/10.1016/0142-9612(96)85567-0
https://doi.org/10.3390/md12094912
https://www.ncbi.nlm.nih.gov/pubmed/25255130
https://doi.org/10.1016/j.marenvres.2016.03.007
https://www.ncbi.nlm.nih.gov/pubmed/27063846
https://doi.org/10.11646/zoosymposia.7.1.26
https://doi.org/10.1039/9781839161124-00001
https://doi.org/10.1080/11250009509356060
https://doi.org/10.3390/md18080414
https://doi.org/10.1111/jdv.15391
https://doi.org/10.1172/JCI32169
https://doi.org/10.1016/j.tvjl.2017.11.003
https://doi.org/10.12688/f1000research.15138.1
https://doi.org/10.1902/jop.2001.72.2.215
https://www.ncbi.nlm.nih.gov/pubmed/11288796
https://doi.org/10.1080/10408398.2015.1038377
https://www.ncbi.nlm.nih.gov/pubmed/25976422
https://doi.org/10.1021/acs.biomac.1c00013
https://www.ncbi.nlm.nih.gov/pubmed/33835787
https://doi.org/10.1089/ten.teb.2018.0350
https://www.ncbi.nlm.nih.gov/pubmed/30938269
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1016/j.jcma.2017.11.002
https://doi.org/10.1155/2015/316235
https://doi.org/10.1016/j.clindermatol.2006.12.005
https://doi.org/10.1067/mai.2003.108


Mar. Drugs 2023, 21, 506 14 of 14

42. Kehrel, B. Platelet Receptors for Collagens. Platelets 1995, 6, 11–16. [CrossRef] [PubMed]
43. Farndale, R.W. Collagen-Induced Platelet Activation. Blood Cells Mol. Dis. 2006, 36, 162–165. [CrossRef] [PubMed]
44. Sonmez, O.; Sonmez, M. Role of Platelets in Immune System and Inflammation. Porto Biomed. J. 2017, 2, 311–314. [CrossRef]

[PubMed]
45. Ollivier, V.; Syvannarath, V.; Gros, A.; Butt, A.; Loyau, S.; Jandrot-Perrus, M.; Ho-Tin-Noé, B. Collagen Can Selectively Trigger a

Platelet Secretory Phenotype via Glycoprotein VI. PLoS ONE 2014, 9, e104712. [CrossRef] [PubMed]
46. Harrison, S.; Vavken, P.; Kevy, S.; Jacobson, M.; Zurakowski, D.; Murray, M.M. Platelet Activation by Collagen Provides Sustained

Release of Anabolic Cytokines. Am. J. Sports Med. 2011, 39, 729–734. [CrossRef]
47. Carmeliet, P.; Jain, R.K. Molecular Mechanisms and Clinical Applications of Angiogenesis. Nature 2011, 473, 298–307. [CrossRef]
48. Landén, N.X.; Li, D.; Ståhle, M. Transition from Inflammation to Proliferation: A Critical Step during Wound Healing. CMLS

2016, 73, 3861–3885. [CrossRef]
49. Cruz, M.A.; Araujo, T.A.; Avanzi, I.R.; Parisi, J.R.; de Andrade, A.L.M.; Rennó, A.C.M. Collagen from Marine Sources and Skin

Wound Healing in Animal Experimental Studies: A Systematic Review. Mar. Biotechnol. 2021, 23, 1–11. [CrossRef]
50. Elbialy, Z.I.; Atiba, A.; Abdelnaby, A.; Al-Hawary, I.I.; Elsheshtawy, A.; El-Serehy, H.A.; Abdel-Daim, M.M.; Fadl, S.E.; Assar,

D.H. Collagen Extract Obtained from Nile Tilapia (Oreochromis Niloticus L.) Skin Accelerates Wound Healing in Rat Model via up
Regulating VEGF, BFGF, and α-SMA Genes Expression. BMC Vet. Res. 2020, 16, 352. [CrossRef]

51. Tan, Q.; Chen, B.; Yan, X.; Lin, Y.; Xiao, Z.; Hou, X.; Dai, J. Promotion of Diabetic Wound Healing by Collagen Scaffold with
Collagen-Binding Vascular Endothelial Growth Factor in a Diabetic Rat Model. J. Tissue Eng. Regen. Med. 2014, 8, 195–201.
[CrossRef]

52. Li, S.; Van Den Diepstraten, C.; D’Souza, S.J.; Chan, B.M.C.; Pickering, J.G. Vascular Smooth Muscle Cells Orchestrate the
Assembly of Type I Collagen via Alpha2beta1 Integrin, RhoA, and Fibronectin Polymerization. Am. J. Pathol. 2003, 163, 1045–1056.
[CrossRef] [PubMed]

53. Galiano, R.D.; Michaels, V.J.; Dobryansky, M.; Levine, J.P.; Gurtner, G.C. Quantitative and Reproducible Murine Model of
Excisional Wound Healing. Wound Repair. Regen. 2004, 12, 485–492. [CrossRef] [PubMed]

54. Davidson, J.M. Animal Models for Wound Repair. Arch. Dermatol. Res. 1998, 290 (Suppl. 1), S1–S11. [CrossRef] [PubMed]
55. Zhou, S.; Wang, W.; Zhou, S.; Zhang, G.; He, J.; Li, Q. A Novel Model for Cutaneous Wound Healing and Scarring in the Rat.

Plast. Reconstr. Surg. 2019, 143, 468–477. [CrossRef]
56. Häkkinen, L.; Larjava, H.; Koivisto, L. Granulation Tissue Formation and Remodeling. Endod. Top. 2011, 24, 94–129. [CrossRef]
57. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound Repair and Regeneration. Nature 2008, 453, 314–321. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3109/09537109509013256
https://www.ncbi.nlm.nih.gov/pubmed/21043583
https://doi.org/10.1016/j.bcmd.2005.12.016
https://www.ncbi.nlm.nih.gov/pubmed/16464621
https://doi.org/10.1016/j.pbj.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/32258788
https://doi.org/10.1371/journal.pone.0104712
https://www.ncbi.nlm.nih.gov/pubmed/25116206
https://doi.org/10.1177/0363546511401576
https://doi.org/10.1038/nature10144
https://doi.org/10.1007/s00018-016-2268-0
https://doi.org/10.1007/s10126-020-10011-6
https://doi.org/10.1186/s12917-020-02566-2
https://doi.org/10.1002/term.1513
https://doi.org/10.1016/S0002-9440(10)63464-5
https://www.ncbi.nlm.nih.gov/pubmed/12937145
https://doi.org/10.1111/j.1067-1927.2004.12404.x
https://www.ncbi.nlm.nih.gov/pubmed/15260814
https://doi.org/10.1007/PL00007448
https://www.ncbi.nlm.nih.gov/pubmed/9710378
https://doi.org/10.1097/PRS.0000000000005274
https://doi.org/10.1111/etp.12008
https://doi.org/10.1038/nature07039

	Introduction 
	Results 
	Clinical Follow-Up 
	Histological Analysis 
	Gene Expression Analysis 

	Discussion 
	Materials and Methods 
	Animal Model and Ethical Statement 
	Sea Urchin Collagen Extraction, Production of 3D Scaffolds 
	Surgical Procedure and Clinical Follow-Up 
	Histological Analysis 
	Gene Expression Analysis 
	Statistical Analysis 

	Conclusions 
	References

