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From Its Nature to Its Function:
Marine-Collagen-Based-Biomaterials for Hard
Tissue Applications

Gabriela S. Diogo, PhD,1,2 Rogério P. Pirraco, PhD,1,2 Rui L. Reis, PhD,1,2 and Tiago H. Silva, PhD1,2

Rapidly growing demand for collagen-based therapeutic applications requires a great amount of collagen stock.
Commercial collagen is mainly confined to mammalian sources, which have concerns about zoonotic disease
transfer and, additionally, the problem of terrestrial animals’ overexploitation, which, even so, does not meet
the crescent demand for collagen. The extraction of collagen from marine organisms, including the wastes of
vertebrates and invertebrates, has both economic and environmental benefits. Marine collagen (MC) is easy to
extract, has excellent biocompatibility and good absorption properties, is low in zoonotic and immunological
risks for patients, and has fewer religious and regulatory restrictions. This review discusses the research done
using MC on biomaterials for bone, cartilage, and osteochondral tissue regenerative applications and the
underlying technologies that enable their development. The main challenges on processing MC associated with
specific features, such as the low denaturation temperature and weak mechanical properties, are also addressed.
A combination of blends and physical or chemical crosslinking treatments with conventional processing
methodologies is still traditionally used to prepare MC biomaterials. However, the growing role of MC in the
health care-related field, particularly in the treatment of musculoskeletal defects, has been pushing the scientific
community to explore advanced techniques to design and develop safe, yet functional materials to better meet
tissues’ functionality.
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Impact Statement

This review discusses the research done using marine collagens (MCs) on biomaterials for bone, cartilage, and os-
teochondral tissue regenerative applications with the underlying technologies that enable their development, and explains
the methodologies used to characterize MCs highlighting their importance, namely regarding the performance of derived
biomaterials, and the inherent properties of such collagens. In the second part, the applicability of MCs as biomaterials for
hard tissue applications was studied, focusing on the mostly applied fabrication techniques. In conclusion, this review
describes the major challenges to be overcome and the forecast for the upcoming years concerning the use of MCs.
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Introduction

Collagen is a structural and the most abundant protein
present in the extracellular matrix (ECM) of vertebrate

animals.1 In mammals, collagen accounts for one-fourth of
the whole-body protein, three-quarters of dry-weight skin,
90% of human tendon and corneal tissues, and 80% of the
organic content in bones.2,3 In lesser amounts, it can be
found in cartilage, teeth, vessels, and others. Since collagen
is the major component of all tissues, collagen-based ma-
terials have been extensively applied in Tissue Engineering
(TE) field.4 Collagen is biocompatible, provides natural bi-
ological cues for cells, induces their migration and prolif-
eration, and can be remodeled in vivo, being thus recognized
by its good biological performance, proper degradation
properties, and stability.5–7

Primary sources of the whole industrially used collagen
have mammal origin with particular emphasis on bovine and
porcine animals due to the structural and organizational
similarity with humans.8 The risk of diseases transmission to
humans (zoonosis) such as transmissible spongiform en-
cephalopathies and bovine spongiform encephalopathy,
limits its use, particularly on medical context.8,9

Taking this into account, the European Union (EU) de-
fined specific criteria for the sourcing and processing of
collagen and its derivates used in the manufacture of bio-
medical products for human applications (detailed in Sup-
plementary Data S1). The concern to find safe sources of
collagen free of mammalian diseases amenable to be
transmitted to humans is a key factor driving the batch for
alternatives.10 Regulatory agencies periodically enquire
about companies using mammal origin materials on the
absolute need of using them and if alternatives are available.

Moreover, cultural and religious beliefs limit the usage of
bovine and porcine products. In 2025, Muslims are expected
to represent 30% of the world population11 and they, to-
gether with Jews, refrain from the consumption of porcine
products.12

On the other hand, consumption of bovine products is se-
riously hampered in Hinduism, a religion followed by about
1000 million people.13 These disadvantages represents sig-
nificant drawbacks for manufacturing biomaterials containing
collagen of mammalian origin, motivating the investigation of
other potential sources of collagen.9,14 Recombinant collagen
is a possible option to reduce potential immunogenicity and
viruses; however, the translation from laboratory to clinic,
giving high cost, low yield, and sensibility to enzymatic
degradation when compared to animal-derived one, has been
limiting its use.15 Marine ecosystem represents an attractive
alternative, with different species being studied as potential
sources of collagen, offering high-quality product with few
regulatory and quality control problems.4

This review aims to understand the biomedical applica-
tions using marine-origin collagen, especially focusing on
the ones targeting hard tissues, described so far. Marine
collagen (MC) emerges as a promising approach to promote
and enhance hard tissue regeneration due to its potential to
induce human mesenchymal stem cell (hMSC) chondro-
genic and osteogenic differentiation and the fast formation
and orientation of collagen fibrils with impact on the per-
formance of derived biomaterials regarding both mechanic
and cellular perspectives.16 These and other studies will be
discussed in the following sections, considering the pros and
cons in comparison to mammal collagen, and building a
forecast of their use in regenerative medicine in the coming
years.

(Color images are available online)
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Collagen from Marine Organisms: Properties

MC can be isolated from vertebrates like fishes, and in-
vertebrate animals,9,17,18 including cuttlefish, prawns, star-
fish,19 sea anemones, jellyfish,20 sponges, octopus, sea
urchin, and squid.21 The extraction process is divided into
two main steps, pretreatment of raw materials and the ex-
traction itself (Fig. 1). Pretreatment involves alkaline (like
sodium hydroxide) solutions22–25 to remove noncollagenous
proteins, while chelanting agents like ethylenediaminete-
traacetic acid and/or inorganic acids such as hydrochloric
acid22,26,27 to remove inorganic materials.

Depending on the extraction method, the extracted col-
lagen can be classified as neutral salt-solubilized collagen,
acid-solubilized collagen (ASC), and pepsin-solubilized
collagen (PSC). To achieve better yields, neutral salt solu-
tions are often replaced by dilute acid solvents like citrate
buffer, 0.5 M acetic acid, or hydrochloric acid (pH 2–3)8,28

or enzymes such as trypsin, pepsin, and collagenase.
Pepsin is the most commonly used enzyme due to different

reasons: (1) Improves collagen purity–noncollagenous pro-
teins can be hydrolyzed and removed by salt precipitation; (2)
enhances collagen extraction efficiency–solubilization in
acidic conditions can be facilitated by collagen telopeptide
hydrolysis; and (3) reduces antigenicity–by elimination of
telopeptides commonly associated with immunogenic re-
actions.8,28 Ultrasonic treatments have been also used to
improve the yield of collagen extraction that is directly
proportional to the amplitudes and duration of the treat-
ment. The yield of collagen extraction from sea bass skin
was higher when ultrasonic treatment was applied, com-
pared to the traditional method without affecting its struc-
tural integrity.29

All extraction methods overlap the steps of dialysis, pre-
cipitation, and centrifugation to purify the extracted material.
Different species, tissues, animal ages, and extraction pa-
rameters result in different yields.28,30–32 Generally, higher
acid concentrations, extraction temperature, and time result
in a higher yield of collagen extraction. Low temperatures,
acid concentrations, and extraction time have been applied

when it is intended to obtain collagen with preserved triple-
helix structure for applications in biomedicine.

The following sections will describe the MC properties,
highlighting its advantages and disadvantages (Fig. 2).

Protein chains and amino acid composition

Sodium dodecyl sulfate polyacrylamide is commonly
used to characterize collagen through separation of proteins
according to their molecular weight (MW), charge, size, and
shape.33 Most fish collagens have been found to consist of
two a-chains, designated as a-1 and a-2 with the former
being present in the double amount of the latter, like type
one in mammals.9 In addition, the presence of b and g
components can be related to the higher MW of collagen
that increases with animal age due to its higher crosslinked
form.34 Collagen-specific helical structure and its stability
are highly influenced by the amino acid composition
(Fig. 3). Glycine, is one of the most important and abundant
(30%) amino acids in mammal collagen, as well as Pro and
OHPro.2

Such amino acids have a key role in the stability of the
polyproline II conformation of the individual chains, in-
creasing the stability of the collagen triple helix. Through
intramolecular hydrogen bonds between glycines in adjacent
chains, the triple helix stability increases.2 In MC, glycine is
also the most common amino acid, but its ratio varies ac-
cording to the species, tissue source, and extraction meth-
od.9 In a total of 1000 residues per gram of protein, ASC and
PSC from the skin of brown banded bamboo shark have in
its composition 318 (ASC) and 323 (PSC) residues of gly-
cine,24 silver carp skin 329 (ASC), carp skin 332 (ASC), cod
skin 342 (ASC),25 blue shark collagen 392 (ASC) and 387
(PSC), and Nile tilapia 333 (ASC) and 338 (PSC).35 Such
amounts are in the range of the ones obtained for mammal
collagen (Table 1).

However, marine sponges present a lower content of
glycine. The amount of glycine in Chondrosia reniformis
was 189/1000, quite similar to those obtained for Spongia
graminea 163/1000.36,37 Recently, a content of glycine

FIG. 1. Representative image of collagen extraction processes from marine vertebrate and invertebrate organisms en-
visaging biomedical applications. Color images are available online.
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around 257/1000 and 295/1000 was found for Axinella
cannabina and Suberites carnosus, respectively.38 Other
marine invertebrate organisms like squid present similar
glycine content when compared with marine vertebrates
or terrestrial mammals. Collagen from skin and muscle of
Kondakovia longimana was found to have 303/1000
(ASC), 323/1000 (PSC) and 315/1000 (ASC), 278/1000
(PSC), respectively. Skin collagen of Illex argentines was
found to have 315/1000 (ASC) and 327/1000 (PSC) gly-
cine content.21

Collagen triplex helix is also stabilized by intramolecular
hydrogen bonds between the hydroxyl groups of OHPro
residues.2,39 In general, MC has low Pro and OHPro content
(Table 1), which is dependent on the organism and sur-
rounding environmental temperature. ASC of salmon and
codfish revealed a lower content of Pro and OhPro when
compared with blue shark (Prionace glauca) (Table 1)40

that prefers higher water temperatures. Collagen isolated
from 12 fish species, 6 from warmer habitats and 6 from
colder habitats, was compared and the results showed

FIG. 3. Schematic representation of the
more representative collagen amino acids
and their repeating sequence (Gly-X-Y), in
which generally proline and hydroxyproline
occupy the X and Y position three poly-
peptide alfa-chains wrap around each other
to form the characteristic triple helix. Color
images are available online.

FIG. 2. Marine collagen features
highlighting its advantages and
disadvantages. Color images are
available online.
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collagen with different properties. In general, higher Pro and
OHPro contents were found for fishes from warm seas.41

Thermal stability

Circular dichroism spectroscopy (DSC) is traditionally
used to study thermal stability through the assessment of
collagen denaturation temperature (DT), together with dif-
ferential scanning calorimetry (micro-DSC). Generally, the
body temperature of fishes is lower compared with mam-
mals, being its DT also lower.47 At human physiological
temperatures, MCs melts faster when compared with
mammalian collagen, which compromises its use in terms of
clinical applications.48

For instance, the higher OHPro content of P. glauca
significantly influences its higher DT (28�C–30�C) when

compared with chum salmon (Oncorhynchus keta), which
has a lower DT (19�C). MC thermal stability is also affected
by the pH of the solution, wherein the collagen is dispersed.
Collagen melting temperature from jellyfish varied from
29�C to 33�C when pH was changed from 3.0 to 7.5.49

Surprisingly, it was recently found that tilapia collagen has
higher DT when compared with sea bass and even porcine
collagen. The authors suggested that this result might be
attributed to the high content of OHPro and cysteine in
tilapia collagen.50 It was suggested that the triple-helix
stability did increase due to the disulfide bonds formed be-
tween cysteine intermolecular crosslinking.2

Collagen extraction from marine mammals is not com-
mon. So far, there is just one scientific publication51 re-
porting the extraction of collagen from marine mammals,
which was from Minke Whale (Balaenoptera acutorostrata),

Table 1. Summarized Table of Glycine, Proline, and Hydroxyproline of Acid Soluble and Pepsin Soluble

Collagen Obtained from Different Tissues of Diverse Marine Origin Organisms

By-product Collagen characterization

RefMarine organism Species Tissue Extraction method Gly Pro OHPro

Vertebrates
Silver Carp Hypophthalmichthys Skin ASC 329 114 78 25

Carp Cyprinus carpio Skin ASC 332 114 76 25

Grass Carp Ctenopharyngodon idellus Skin ASC 380 71 77
PSC 398 79 76

Bone ASC 373 80 80 32

PSC 390 70 77
Scale ASC 429 46 52

PSC 380 79 76
Bighead carps Hypophthalmichthys nobilis Fin PSC 339 107 60

Scale PSC 350 100 56
Skin PSC 341 92 73 26

Bone PSC 332 100 74
Bladders PSC 331 95 81

Nile Tilapia Oreochromis niloticus ASC 338 110 79 35

PSC 333 119 86
Brownbanded bamboo

shark
Chiloscyllium punctatum Skin ASC 318 111 93 24

PSC 323 113 94
Blue shark Prionace glauca Skin ASC 332 121 64 42

Blue shark Skin ASC 392 132 80 43

PSC 387 124 98
Cod fish Gadus morhua Skin ASC 342 103 51 25

Cod fish Skin ASC 332 91 55 40

Salmon Salmo salar Skin ASC 365 73 48 40

Invertebrates
Star fish Asterias amurensis All tissue PSC 338 97 61 19

Squid Kondakovia longimana Skin ASC 303 56 63
PSC 323 55 50

Muscle ASC 315 74 63 21

PSC 278 54 37
Illex argentinus Skin ASC 315 59 60

PSC 327 60 62
Jellyfish Catostylus tagi Umbrella PSC 269 78 65 44

Sponge Chondrosia Reniformis All tissue PSC 189 54 24
Axinella cannabina All tissue PSC 257 58 38 36

Suberites carnosus All tissue PSC 295 56 47
Hyalonema All tissue PSC 245 65 69

Calf Skin PSC 330 121 94 25

Porcine Skin PSC 341 123 97 45

Human Tendon ASC 337 121 92 46

ASC, acid-solubilized collagen; PSC, pepsin-solubilized collagen.
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identified as type I collagen. Its DT was found to be *31.5�C,
6�C–7�C lower than porcine collagen, but significantly higher
than most fish species.51 It could be a potential collagen
source for biomedical applications in terms of collagen
properties, but not suitable in terms of source sustainability.
This and similar species are covered by generic regulations
for the protection of cetaceans or marine mammals in several
range states.

Biocompatibility and biodegradability

The RGD [arginine (Arg)-glycine (Gly)-aspartic acid
(Asp)] complex, present in collagen, has cell adhesion
properties, making it an excellent building block for bio-
material development.

Collagen processing methodology, from its native form to
the final product, must be fully validated to ensure repro-
ducibility and safety for humans use.52 Several studies have
been conducted to assess the biocompatibility of MC and the
devices derived from it, in agreement with ISO 10993
guidelines.35,53 In Europe, for collagen commercialization, a
set of conditions should comply with the essential require-
ments defined in the Annex I of the Council Directive 93/42/
EEC (replaced by the Medical Device Regulation (MDR)
2017/745).

Cytocompatibility evaluation of MC-based materials has
been assessed in different studies. In vivo cytokine responses
and in vivo inflammatory potential of crosslinked electro-
spun tilapia collagen membranes (CETC) were evaluated
and compared with the commercial membrane Bio-Gide�

(collagen from porcine origin) for oral tissue regeneration.
CETC membrane exhibited a lower tissue response from the
host when compared to that of Bio-Gide.54 Also, Tilapia
type I collagen did show high in vitro and in vivo biocom-
patibility.54 C. reniformis has also been shown to be a sus-
tainable source for safe collagen, due to its reduced toxic
compounds.55 The ability of marine-derived organisms to
provide collagen that is both safe and enriched with biolo-
gical signals supports its potential as an alternative to
mammalian collagen for the production of medical products.

Generally, collagen from marine organisms presents a
faster biodegradability due to its lower DT, but it occurs in
the same way as collagen from mammalian origin. The
cleavage by collagenase digestion of blue shark collagen
occurred similar to pig collagen, although in a much faster
rate.42 This can be overcome by applying crosslinking
agents that results in more stable forms, as discussed above.

MC for Hard Tissues: Fabrication Methods
of Biomaterials

MC in the native, denatured (gelatin), or peptide form,
instead of processed systems based on this biopolymer,
leads the global market of MCs.56 MC activity has been
studied as a supplementary diet to assist skeletal develop-
ment during growth57,58 and through coatings for cell cul-
ture.58 MC and its derivates have been shown to promote the
absorption of calcium and other minerals, contributing to
bone homeostasis and growth. The development of MC
medical devices is more challenging and still poorly ex-
plored, with only a few approaches reporting its processa-
bility into biomaterials.59

MC processing demands a strict control of surrounding
conditions, including pH and temperature to maintain its
intrinsic structural, chemical, and biological properties. The
crosslinking routes to increase MC stability are the same as
the mammal ones since they have similar amino acid con-
tent and the same functional groups. Aldehydes (glutaral-
dehyde),60 isocyanates (HMDI),61 and carbodiimides
(1-ethyl-3-(3-dimethylaminopropryl) (EDC)62 have been by
far the most widely used chemical crosslinking agents. To
avoid the adverse effects associated with the chemical
crosslinkers, physical or biological methods, like dehy-
drothermal (DHT), ultraviolet irradiation (UV), and trans-
glutaminase, have been assessed. Physical and biological
methods are often weak, and in the case of the physical
methods, there is a great association with collagen dena-
turation.2 For instance, salmon collagen scaffolds cross-
linked with DHT demonstrated poor stability when
compared with salmon collagen scaffolds crosslinked with
EDC.63

Therefore, its processing, including solvent conditions to
disperse collagen and the production techniques, is still very
limited to the most conventional techniques of structure
fabrication, like solvent casting, electrospinning, hydro-
gelation, and freeze-drying, mainly resulting in simple ma-
terials such as membranes, gels, sponges, or similar others.64

Freeze-dry holds the lion’s share in preparation of marine-
based biomaterials for biomedical applications—as it seems
to occur with mammal collagens—particularly for hard
tissue applications. This technique is straightforward, al-
though time-consuming, using solvents that are rapidly
cooled and gradually removed through vacuum sublimation,
resulting in porous structures with great interest for cell
attachment and spread. However, in many cases, these
structures are deprived of desired network vasculatures due
to inadequate porous and microarchitecture distribution,
which often result in inadequate nutrient and oxygen dif-
fusion to cells, leading to necrotic events and structure
failure.

Due to their poor stability and mechanical properties,
even after employing crosslinking agents, MCs as bioma-
terials in TE are often only possible after the combination
with other polymers or robust materials, like ceramics,
specifically when applied to the regeneration of bone tissue
that must sustain higher compression forces.65 Methodolo-
gies for collagen mineralization have been also applied to
prepare polymer-ceramic materials. Biomimetically miner-
alized salmon collagen and fibrillated jellyfish collagen
render in biphasic structures that simultaneously allowed the
differentiation of hMSCs into osteogenic and chondrogenic
lineage, resulting in promising osteochondral constructs.66

Considering the advantages of MCs over mammalian
collagens, there has been interest in exploring advanced
techniques of collagen processing to generate more sophis-
ticated and complex structures. Although there has been an
increase in the number of attempts to employ the use of
collagen for bioprinting, the use of marine-origin collagens
is still poorly explored, and the arising studies have been
focusing on the development of skin models.67,68 MC has
poor mechanical properties for printing. Low concentrations
of collagen do not allow enough viscosity, while increasing
concentrations can result in high stiff (bio)inks, which can
compromise cell viability. In addition, the long time needed
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for collagen gelation compromises the printing accuracy due
to the rapid collapse of deposited layers.

The use of support materials, like natural biopolymers, is
often required to improve ink performance.15,69,70 Alginate
is one of the most used biopolymers, as support material,
due to its shear-thinning behavior and fast polymerization
with divalent cations.71 Other polymers like chitosan are
preferred due to its biological and anti-inflammatory prop-
erties and accessibility to be modified. For instance, the
printing of eel collagen was only possible after its combi-
nation with methacrylated hydroxybutyl chitosan. The
bioink was proposed for in situ bioprinting.72 In another
study, bioprinting of blue grenadier collagen was compared
with porcine collagen and, it could be concluded that MC
bioink presented lower viscosities, which allowed the
printing without compromising cell viability.69

To date, there is no standardized approach to prepare ef-
fective and biocompatible inks of collagen (both marine and
mammalian) for 3D bioprinting. The use of marine origin
collagens for bioprinting of orthoregeneration models is yet
to be explored. In a first attempt, the in situ mineralization
process was employed with blue shark collagen using a co-
precipitation method, with the goal of 3D bioprinting models
that incorporate living cells, aiming to enhance the regenera-
tion of bone tissues.73 The authors suggest the employment of
advanced techniques of processing to avoid the use of cross-
linking agents that, in most cases, cannot be directly used in
cell-laden strategies due to its cytotoxic effects for cell.

Table 2 represents an exhaustive list of all the main works
published so far with marine-origin collagen for bone, car-
tilage, and osteochondral applications. Collagen obtained
from fish by-products shares a major part of all marine ex-
ploitation. This is likely due to the large availability of fish
discards from the fish processing industry, which ultimately
results in a higher sustainability of the source, both in
quantity and supply costs.56 Type I collagen extracted from
tilapia, salmon, and sharks has been the most widely ex-
plored and applied in the biomedical field within the marine
ones and will be particularly discussed.

Tilapia collagen for hard tissue-related applications

Tilapia is a globally cultured fish, with an important po-
sition in China, being therefore widely available.35,105

Collagen obtained from its skin has been tested for different
biomedical applications, namely the fabrication of scaffolds
for bone and16,81 cartilage applications.97 Compared to other
marine-origin collagens, tilapia collagen has a high DT
(nearly 37�C), which makes its use suitable for cell culture
conditions. Tilapia scale collagen and porcine collagen fixed
at 3 mg.mL-1 were used to cover culture dishes, being then
placed in contact with hMSCs.16 Collagen fibril formation
was faster for tilapia collagen and upregulation of osteo-
genic markers was observed when hMSCs were cultured on
a tilapia collagen surface, especially in the early osteoblastic
differentiation stage.

These results suggest that the degree of fibril formation of
tilapia collagen positively influenced the osteoblastic dif-
ferentiation of hMSCs. Afterward, they studied the potential
of using tilapia scales for the engineering of cartilaginous
tissue.97 According to the obtained results, tilapia collagen
formed thicker fibrils in comparison with porcine collagen.

According to the quantitative RT-PCR findings, the ex-
pression of chondrogenic markers such as SOX9 and
AGGRECAN in hMSCs cultured on tilapia collagen ex-
hibited a notably higher level in the early stage compared to
those cultured on porcine collagen-coated dishes and control
dishes. In addition, collagen II expression was significantly
higher on the tilapia collagen, 6 days after cell culture,
compared with that of porcine and the control treatment.
They hypothesized that the special fluctuations of tilapia
scale collagen might make the binding of integrin and col-
lagen easier to trigger not only osteoblastic differentiation
but also chondrogenic differentiation of hMSCs.

Salmon collagen for hard tissue-related applications

Salmon by-products are highly available, and collagen is
easily isolated from its skin, being one of the most studied
marine organisms. Nagai et al. studied its potential for different
biomedical applications, including periodontal ligaments.58,63

In a groundbreaking study involving porous scaffolds made
from crosslinked Oncorhynchus keta salmon collagen using
EDC, the researchers showcased its capacity to stimulate the
proliferation and alkaline phosphatase (ALP) activity in human
periodontal ligament cells. Hoyer et al. demonstrated the fea-
sibility of using porous scaffolds made of mineralized salmon
collagen by freeze-dry technique. The resulting scaffolds ex-
hibited interconnective porosities with stable mechanical
properties. hMSCs adhered abundantly to these scaffolds and
the osteogenic differentiation was demonstrated by the alkaline
phosphatase activity.75 In vivo, the potential of using salmon-
derived atelocollagen sponges was tested in osteochondral
defects of the femoral trochlea. Twelve weeks postimplanta-
tion, the regeneration of the critical-sized bone defect was
evident when salmon collagen crosslinked sponges were used,
compared with the empty control group.103

Shark collagen for hard tissue-related applications

Collagen production from sharks has been getting in-
creasing attention, especially from blue shark. The world-
wide annual capture of blue sharks is estimated to be
approximately 20 million individuals, making their by-
products readily abundant. P. glauca is one of the widest
ranging shark specie.106 Nomura et al. published, for the
first time, a comparative study between the biochemical
features of P. glauca collagen in comparison with porcine
collagen.42 The results demonstrated a similar amino acid
composition, although shark collagen has revealed a lower
content of Pro.42 Type-II collagen from blue shark cartilage
comparatively with collagen from bovine origin was also
studied after collagen processing into composite scaffolds
by combination with chitosan or hydroxyapatite.79

Marine-based composites showed higher stiffness, lower
biodegradation rate, and better biocompatibility when
compared with those of bovine collagen. In addition, they
exhibited a higher ALP activity, suggesting its osteogenic
potential. Elango et al. did investigate the potential of using
P. glauca collagen (PSC and ASC) before its processing.
Due to the higher OHPro content, PSC had higher thermal
stability than that obtained for ASC, with DTs being 29.8�C
and 28.3�C, respectively. Proliferation of differentiated
mouse bone marrow-mesenchymal stem and of differenti-
ated osteoblastic (dMC3T3E1) cells was enhanced in
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collagen-treated groups rather than in the controls, with
upregulation of Runx2 gene expression.

P. glauca collagen was also studied by combining it with
calcium phosphates82 to produce scaffolds by freeze drying.
EDC/NHS or HMDI was used to increase scaffold stability.
In general, EDC/NHS-crosslinked scaffolds revealed a
smaller pore size, suggesting a higher efficiency of cross-
linking. In vitro, EDC/NHS-crosslinked scaffolds revealed a
less cytotoxic effect over Saos-2 cell line. Functionalization
of P. glauca collagen carboxylic groups with calcium ions
resulted in collagen mineralized with nano-hydroxyapatite.
Composites resulted in stable bioinks that supported hASC
survival and differentiation into osteogenic lineage.73,90

Marine invertebrates’ collagen for hard
tissue-related applications

Collagen from invertebrates is mainly obtained from
jellyfish and squid. Jellyfish from Rhopilema esculentum
species has been used for the production of collagen, mainly
type II collagen, being thus preferred for cartilage applica-
tions. In 2012, a new rat model for nasal cartilage replace-
ment to evaluate the in vivo biocompatibility of jellyfish
collagen was, for the first time, created. Due to the speci-
ficity of the immunological environment, subcutaneous an-
imal models do not meet the requirements to study nasal
cartilage reconstruction.

The freeze-dried jellyfish collagen scaffolds did provide
good microenvironmental conditions to produce cartilagi-
nous ECM.76 Also, Pustlauk et al. studied the potential of
combing R. esculentum type II collagen with alginate to
make collagen scaffolds for chondrogenic differentiation of
hMSCs. R. esculentum collagen did show a similar com-
position when compared with mammalian type II collagen,
supporting the chondrocytic phenotype.96 Hoyer et al.
studied the potential of type II collagen from R. esculentum
for cartilage repair, after its processing into 3D structures.20

The freeze-dry technique resulted in cytocompatible scaf-
folds with upregulation for chondrogenic markers (SRY-box
transcription factor, aggrecan, and Collagen II). Ribbon
jellyfish (Chrysaora sp. morphotype) was also used to ex-
tract type II collagen with a maximum yield of 19%.107

Type II collagen extracted from squids was also studied
for cartilage repair in degenerative osteoarthritis
cases,108,109 being also demonstrated as a useful material for
biofilm preparation in composites with chitosan110 and hi-
erarchical scaffold production with improved mechanical
properties and cell seeding efficiency.21

Still, within the invertebrate organisms, only a few works
reported the extraction of sea urchin, star fish, cuttlefish,
prawn, and octopus collagen and their potential for bio-
medical applications.19,111,112

Conclusions and Future Remarks

The performance of MCs to be used as biomaterials is
highly dependent on several parameters, including (1)
preservation of marine biomass: to avoid collagen decom-
position and contamination. Raw materials should be stored
in specific conditions, such as freezing and/or a CO2 at-
mosphere, and extracted at the earliest convenience. (2)
Source: sources such as fish scales, skin, and bones are
primarily abundant in type I collagen, whereas fish cartilage,

such as shark cartilage, predominantly contains type II
collagen. Type IV collagen is mainly obtained from marine
sponges and some jellyfish. The structural properties of MCs
can affect their functionality and suitability for TE appli-
cations.

Type I collagen is the preferred choice for bone appli-
cations, while type II collagen is commonly needed for
cartilage applications. (3) Extraction methods: collagen
extraction from marine sources can be challenging due to
the presence of other proteins and impurities. The yield and
purity of collagen are affected by the selected methodology
of extraction. ASC and pepsin render collagens with better
properties. (4) Biocompatibility: MCs are recognized for
their excellent biocompatibility, but further research is
needed to fully understand their interactions with cells and
tissues.

Improving the biocompatibility of MC can enhance its
effectiveness in TE and regenerative medicine applications.
(5) Processability: considering biomaterials for the engi-
neering of hard tissues, MCs are mostly processed by con-
ventional techniques, like freeze-dry and solvent casting,
which are limited to the creation of simple structures such as
membranes, gels, powders, and sponges, unlike the need
described by physicians of more complex structures to better
mimic the human native tissue. Although a huge variety of
marine-origin collagen-based scaffolds have been explored
in in vitro studies for bone and cartilage regeneration, there
is still a scarcity of in vivo animal experiments. To our
knowledge, there is still no MC-derived product applied to
hard tissues in the market.

The future trends in the use of MC for the regeneration of
hard tissues are as follows:

(1) Prioritization of collagens with higher thermal sta-
bility and enhanced mechanical properties. When
selecting the marine source, consider its sustainability
and the potential properties of the collagen that can
be obtained.

(2) Improvement of collagen performance through the
employment of nontoxic crosslinking agents to in-
crease collagen thermal stability; functionalization of
collagen to allow faster and more efficient cross-
linking and improve its mechanical properties and
degradation rate; functionalization with growth fac-
tors to stimulate cells; and blends with polymers or
ceramic materials to enhance mechanical properties
and degradation rates.

(3) Provide an adequate synergy between material
chemistry and 3D microarchitecture to enhance the
regenerative capabilities. Advanced processing tech-
niques (3D (bio)printing, gene therapy, and biomi-
metic technologies) should be investigated to render
biomaterials to meet the hierarchical structure and
function of targeted tissues. Modifying collagen
structure can result in more sustained degradation.

(4) Further in vivo experiments to deeply investigate the
impact of collagen-derived biomaterials to better
elucidate the safety, efficacy, and immunological re-
sponse in the host, to reach the clinical trial phase,
and to finally develop market solutions.

As summary, MCs are highly available making them
sustainable and scalable with industrial relevance. Its usage
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minimizes the risk of zoonotic disease transmission to hu-
mans, reduces most religious restrictions, and has fewer
regulatory and quality control constraints. Biologically, it is
biocompatible and easily absorbed. The multitude of sources
from which collagen can be obtained and the diversity of
collagen types that can be attained transform the aquatic
environment into an inspire reservoir with huge potential for
future medical advancements.
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et al. Collagens of poriferan origin. Marine Drugs
2018;16(3):79.

15. Zhu J, Li Z, Zou Y, et al. Advanced application of
collagen-based biomaterials in tissue repair and restora-
tion. J Leather Sci Eng 2022;4(1):30.

16. Matsumoto R, Uemura T, Xu Z, et al. Rapid oriented fibril
formation of fish scale collagen facilitates early osteo-
blastic differentiation of human mesenchymal stem cells.
J Biomed Mater Res A 2015;103(8):2531–2539.

17. Nawaz A, Li E, Irshad S, et al. Valorization of fisheries
by-products: Challenges and technical concerns to food
industry. Trends Food Sci Technol 2020;99:34–43.

18. Kratky L, Zamazal P. Economic feasibility and sensitivity
analysis of fish waste processing biorefinery. J Cleaner Prod
2020;243:118677; doi: 10.1016/j.jclepro.2019.118677

19. Lee K-j, Park HY, Kim YK, et al. Biochemical charac-
terization of collagen from the starfish Asterias amurensis.
J Korean Soc Appl Biol Chem 2009;52(3):221–226.

20. Hoyer B, Bernhardt A, Lode A, et al. Jellyfish collagen
scaffolds for cartilage tissue engineering. Acta Biomater
2014;10(2):883–892.

21. Coelho RC, Marques AL, Oliveira SM, et al. Extraction and
characterization of collagen from Antarctic and Sub-Antarctic
squid and its potential application in hybrid scaffolds for tissue
engineering. Mater Sci Eng C 2017;78:787–795.

22. Benjakul S, Nalinanon S, Shahidi F. Fish Collagen. In:
Food Biochemistry and Food Processing. John Wiley &
Sons, Inc.: Hoboken, New Jersey, USA; 2012. pp. 365–387.

23. Nagai T, Araki Y, Suzuki N. Collagen of the skin of
ocellate puffer fish (Takifugu rubripes). Food Chem
2002;78(2):173–177.

24. Kittiphattanabawon P, Benjakul S, Visessanguan W, et al.
Isolation and characterisation of collagen from the skin of
brownbanded bamboo shark (Chiloscyllium punctatum).
Food Chem 2010;119(4):1519–1526.

MARINE-COLLAGEN-BASED-BIOMATERIALS FOR HARD TISSUES 311

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

do
 M

in
ho

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
6/

25
/2

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



25. Zhang J, Duan R, Tian Y, et al. Characterisation of
acid-soluble collagen from skin of silver carp (Hy-
pophthalmichthys molitrix). Food Chem 2009;116(1):
318–322.

26. Liu D, Liang L, Regenstein JM, et al. Extraction and
characterisation of pepsin-solubilised collagen from fins,
scales, skins, bones and swim bladders of bighead carp
(Hypophthalmichthys nobilis). Food Chem 2012;133(4):
1441–1448.

27. Regenstein J, Zhou P. Collagen and Gelatin from Marine
by-Products. In: Maximising the Value of Marine by-
Products. Elsevier: Sawston, Cambridge, UK; 2007;
pp. 279–303.

28. Pal GK, Nidheesh T, Suresh P. Comparative study on char-
acteristics and in vitro fibril formation ability of hacid and
pepsin soluble collagen from the skin of catla (Catla catla)
and rohu (Labeo rohita). Food Res Int 2015;76:804–812.

29. Kim HK, Kim YH, Kim YJ, et al. Effects of ultrasonic
treatment on collagen extraction from skins of the sea bass
Lateolabrax japonicus. Fisher Sci 2012;78(2):485–490.

30. Sinthusamran S, Benjakul S, Kishimura H. Comparative
study on molecular characteristics of acid soluble colla-
gens from skin and swim bladder of seabass (Lates cal-
carifer). Food Chem 2013;138(4):2435–2441.

31. Mahboob S. Isolation and characterization of collagen
from fish waste material- skin, scales and fins of Catla
catla and Cirrhinus mrigala. J Food Sci Technol
2015;52(7):4296–305; doi: 10.1007/s13197-014-1520-6

32. Wang H, Liang Y, Wang H, et al. Physical-chemical
properties of collagens from skin, scale, and bone of grass
carp (Ctenopharyngodon idellus). J Aquatic Food Product
Technol 2014;23(3):264–277.

33. Bürck J, Aras O, Bertinetti L, et al. Observation of triple
helix motif on electrospun collagen nanofibers and its
effect on the physical and structural properties. J Mol
Struct 2018;1151:73–80; doi: 10.1016/j.molstruc.2017.
09.030

34. Veeruraj A, Arumugam M, Balasubramanian T. Isolation
and characterization of thermostable collagen from the
marine eel-fish (Evenchelys macrura). Process Biochem
2013;48(10):1592–1602; doi: 10.1016/j.procbio.2013.
07.011

35. Sun L, Hou H, Li B, et al. Characterization of acid-and
pepsin-soluble collagen extracted from the skin of Nile
tilapia (Oreochromis niloticus). Int J Biol Macromol
2017;99:8–14.

36. Swatschek D, Schatton W, Kellermann J, et al. Marine
sponge collagen: Isolation, characterization and effects on
the skin parameters surface-pH, moisture and sebum. Eur
J Pharm Biopharm 2002;53(1):107–113.

37. Gross J, Sokal Z, Rougvie M. Structural and chemical
studies on the connective tissue of marine sponges.
J Histochem Cytochem 1956;4(3):227–246; doi: 10.1177/
4.3.227

38. Tziveleka LA, Ioannou E, Tsiourvas D, et al. Collagen
from the Marine Sponges Axinella cannabina and Sub-
erites carnosus: Isolation and morphological, biochemi-
cal, and biophysical characterization. Mar Drugs
2017;15(6):152; doi: 10.3390/md15060152

39. Zeugolis DI, Paul RG, Attenburrow G. Factors influencing
the properties of reconstituted collagen fibers prior to self-
assembly: Animal species and collagen extraction method.
J Biomed Mater Res A 2008;86(4):892–904; doi: 10.1002/
jbm.a.31694

40. Alves A, Marques A, Martins E, et al. Cosmetic potential
of marine fish skin collagen. Cosmetics 2017;4(4):39.

41. Akita M, Nishikawa Y, Shigenobu Y, et al. Correlation of
proline, hydroxyproline and serine content, denaturation
temperature and circular dichroism analysis of type I
collagen with the physiological temperature of marine
teleosts. Food Chem 2020;329:126775.

42. Nomura Y, Yamano M, Hayakawa C, et al. Structural
property and in vitro self-assembly of shark type I colla-
gen. Biosci Biotechnol Biochem 1997;61(11):1919–1923.

43. Elango J, Lee JW, Wang S, et al. Evaluation of differ-
entiated bone cells proliferation by blue shark skin col-
lagen via biochemical for bone tissue engineering. Mar
Drugs 2018;16(10):350; doi: 10.3390/md16100350

44. Calejo M, Morais Z, Fernandes A. Isolation and bio-
chemical characterisation of a novel collagen from Ca-
tostylus tagi. J Biomater Sci Polym Edn 2009;20(14):
2073–2087.

45. Ikoma T, Kobayashi H, Tanaka J, et al. Physical properties of
type I collagen extracted from fish scales of Pagrus major
and Oreochromis niloticas. Int J Biol Macromol 2003;
32(3–5):199–204; doi: 10.1016/s0141-8130(03)00054-0

46. Steven F, Jackson D. Purification and amino acid com-
position of monomeric and polymeric collagens. Biochem
J 1967;104(2):534–536.

47. Raghunath M, Bruckner P, Steinmann B. Delayed triple
helix formation of mutant collagen from patients with
osteogenesis imperfecta. J Mol Biol 1994;236(3):940–
949.

48. Subhan F, Ikram M, Shehzad A, et al. Marine collagen:
An emerging player in biomedical applications. J Food Sci
Technol 2015;52(8):4703–4707; doi: 10.1007/s13197-
014-1652-8

49. Miki A, Inaba S, Baba T, et al. Structural and physical
properties of collagen extracted from moon jellyfish under
neutral pH conditions. Biosci Biotechnol Biochem
2015;79(10):1603–1607; doi: 10.1080/09168451.2015
.1046367

50. Bao Z, Sun Y, Rai K, et al. The promising indicators of
the thermal and mechanical properties of collagen from
bass and tilapia: Synergistic effects of hydroxyproline and
cysteine. Biomater Sci 2018;6(11):3042–3052; doi: 10
.1039/c8bm00675j

51. Nagai T, Suzuki N, Nagashima T. Collagen from common
minke whale (Balaenoptera acutorostrata) unesu. Food
Chem 2008;111(2):296–301; doi: 10.1016/j.foodchem
.2008.03.087

52. Silva TH, Moreira-Silva J, Marques AL, et al. Marine or-
igin collagens and its potential applications. Marine Drugs
2014;12(12):5881–5901; doi: 10.3390/md12125881

53. Tang J, Saito T. Biocompatibility of novel type I collagen
purified from tilapia fish scale: An in vitro comparative
study. Biomed Res Int 2015;2015:139476; doi: 10.1155/
2015/139476

54. Hassanbhai AM, Lau CS, Wen F, et al. In vivo immune
responses of cross-linked electrospun tilapia collagen
membrane. Tissue Eng Part A 2017;23(19–20):1110–
1119; doi: 10.1089/ten.tea.2016.0504

55. Palmer I, Nelson J, Schatton W, et al. Biocompatibility of
calcium phosphate bone cement with optimized mechan-
ical properties. J Biomed Mater Res B Appl Biomater
2016;104(2):308–315; doi: 10.1002/jbm.b.33370

56. Luca S, Nunzia G, Lucia NM, et al. Marine collagen and its
derivatives: Versatile and sustainable bio-resources for

312 DIOGO ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

do
 M

in
ho

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
6/

25
/2

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



healthcare. Mater Sci Eng C Mater Biol Appl 2020;110963,
doi: 10.1016/j.msec.2020.110963

57. Xu Y, Han X, Li Y. Effect of marine collagen peptides on
long bone development in growing rats. J Sci Food Agric
2010;90(9):1485–1491; doi: 10.1002/jsfa.3972

58. Nagai N, Mori K, Satoh Y, et al. In vitro growth and
differentiated activities of human periodontal ligament
fibroblasts cultured on salmon collagen gel. J Biomed
Mater Res A 2007;82(2):395–402; doi: 10.1002/jbm.a
.31110

59. Claverie M, McReynolds C, Petitpas A, et al. Marine-
derived polymeric materials and biomimetics: An over-
view. Polymers 2020;12(5):1002; doi: 10.3390/
polym12051002

60. McDade JK, Brennan-Pierce EP, Ariganello MB, et al.
Interactions of U937 macrophage-like cells with decel-
lularized pericardial matrix materials: Influence of cross-
linking treatment. Acta Biomater 2013;9(7):7191–7199;
doi: 10.1016/j.actbio.2013.02.021

61. Bryan N, Ashwin H, Smart N, et al. The innate oxygen
dependant immune pathway as a sensitive parameter to
predict the performance of biological graft materials.
Biomaterials 2012;33(27):6380–6392; doi: 10.1016/j
.biomaterials.2012.05.058

62. Olde Damink LH, Dijkstra PJ, van Luyn MJ, et al. Cross-
linking of dermal sheep collagen using a water-soluble
carbodiimide. Biomaterials 1996;17(8):765–773.

63. Nagai N, Yunoki S, Suzuki T, et al. Application of cross-
linked salmon atelocollagen to the scaffold of human
periodontal ligament cells. J Biosci Bioeng 2004;97(6):
389–394; doi: 10.1016/s1389-1723(04)70224-8

64. Liu S, Lau C-S, Liang K, et al. Marine collagen scaffolds
in tissue engineering. Curr Opin Biotechnol 2022;74:92–
103; doi: 10.1016/j.copbio.2021.10.011

65. Lin Z, Tao Y, Huang Y, et al. Applications of marine
collagens in bone tissue engineering. Biomed Mater
2021;16(4):042007; doi: 10.1088/1748-605X/abf0b6

66. Bernhardt A, Paul B, Gelinsky M. Biphasic scaffolds from
marine collagens for regeneration of osteochondral de-
fects. Marine Drugs 2018;16(3):91.

67. Cavallo A, Al Kayal T, Mero A, et al. Marine collagen-
based bioink for 3D bioprinting of a bilayered skin model.
Pharmaceutics 2023;15(5):1331.

68. Lee H, Chun W, Kim G. Three-dimensional artificial skin
construct bioprinted with a marine-based biocomposite.
Biomacromolecules 2023;24(6):2864–2878.

69. Maher M, Glattauer V, Onofrillo C, et al. Suitability of
marine-and porcine-derived collagen type I hydrogels for
bioprinting and tissue engineering scaffolds. Marine
Drugs 2022;20(6):366.
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