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Marine resources have tremendous potential for developing high-value biomaterials. The last decade has seen an
increasing number of biomaterials that originate from marine organisms. This field is rapidly evolving. Marine
biomaterials experience several periods of discovery and development ranging from coralline bone graft to
polysaccharide-based biomaterials. The latter are represented by chitin and chitosan, marine-derived collagen,
and composites of different organisms of marine origin. The diversity of marine natural products, their properties

and applications are discussed thoroughly in the present review. These materials are easily available and possess
excellent biocompatibility, biodegradability and potent bioactive characteristics. Important applications of
marine biomaterials include medical applications, antimicrobial agents, drug delivery agents, anticoagulants,
rehabilitation of diseases such as cardiovascular diseases, bone diseases and diabetes, as well as comestible,
cosmetic and industrial applications.

1. Introduction

Oceans and seas account for more than 70% of the earth’s surface
area [1]. Ocean ecosystem is the largest one on Earth with approxi-
mately 2.2 million different species reside in. Close to 91% of these
species still await identification and exploration [2]. The ocean provides
such an abundant source of materials that humans have been using
marine-derived biomaterials since ancient times. Marine-derived bio-
materials are, in general, devoid of human pathogens [3].

Contemporary research on marine biomaterials is currently under-
going a renaissance. The efficacy in utilizing these renewable natural
resources has been greatly improved because of technological revolution
[4]. Marine organisms possess a plethora of excellent bioactive prop-
erties. Many of these organisms have been utilized in biomedical ap-
plications, either directly, or in modified forms, as biomimetic
templates. The first use of marine biomaterials dates back to the last
century, when a substance known as holothurin was extracted from
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marine organisms in 1967. Holothurin is the earliest biologically-active
substance of marine origin that was used experimentally as an
anti-tumor agent in in vivo cancer models [5]. This discovery spurred
intensive researches on marine-derived biomaterials.

Review of prior literature indicates that marine biomaterials have
undergone four major stages of discovery and development. In the first
stage, studies were focused on coral bone graft substitutes. Dr. Chiroff
first extracted calcium carbonate exoskeleton from coral (coralline hy-
droxyapatite) via the replamineform process. This biomaterial re-
sembles natural bone and possesses considerable osteoconductivity,
excellent biocompatibility and osteogenic potential [6-9]. In vivo
application of this biomaterial paves the way for future investigations on
ocean-derived biomaterials [10].

The focus of marine biomaterials shifted to polysaccharide-based
polymers during the second stage of development. Chitin, the most
abundant polysaccharide of marine origin, was identified as early as
1972 [11]. However, chitin did not receive its deserved attention until
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the early 21th century, when studies revealed its important biological
characteristics as well as those of its derivatives. In 2007, chitin was
discovered as a significant component of skeletal fibers in certain classes
of marine sponges [12,13]. Subsequent identification of chitin-silicon
composite by Professor Hermann Ehrlich further led to intense in-
vestigations of novel biomaterials based on chitin and its deacetylated
form, chitosan [13]. These investigations identified that chitin has
low-toxicity, biocompatible, biodegradable and possesses hemostatic
activity and antimicrobial capability [14,15].

In the third stage, rapid advances in tissue regeneration during the
last decade redirected the focus of marine biomaterials research to
marine-derived collagen. The increasing risks of pathogen exposure
generated by terricolous animal-derived collagen greatly stimulated
exploration of new collagen alternatives. A novel porous jellyfish
collagen scaffold was discovered in 2006. Further research validated the
low immunogenicity, excellent biocompatibility and biodegradability of
marine-derived collagens [16]. Sophisticated approaches have since
been used to generate highly valuable marine collagen-based materials
[17]. These inspiring advances revolutionized tissue regeneration and
other industrial fields [18,19]. For instance, echinoderm-derived
collagen membranes were identified as a promising material for
guided tissue regeneration. These echinoderm-derived collagen mem-
branes are thinner but stiffer compared with commercial collagen
membranes [20]. Likewise, collagen derived from squids in Antarctic
and sub-Antarctic areas were recognized as inspiring hybrid scaffolds for
tissue regeneration [21].

The fourth developmental stage of marine-derived biomaterials in-
volves the combination of marine-derived composites with other ma-
terials via advanced approaches such as nanotechnology and three-
dimensional (3D) printing. Hybrid scaffolds that combine collagen
with other modified materials possess improved mechanical and bio-
logical properties. Lyophilized scaffolds, for example, were fabricated
with eel skin-derived collagen and alginate hydrogel through extrusion-
based 3D printing technology. Compared with pristine alginate hydro-
gels that are devoid of collagen, the hybrid scaffolds exhibited enhanced
metabolic and cell proliferation activities [18]. Likewise, hybrid
sponge-like scaffolds have been prepared using ulvan and gelatin. The
sponge-like scaffold possessed both porous and interconnected struc-
tures, with excellent bioactivity, making it a valuable biomaterial in
bone tissue engineering [22]. Taken together, these studies indicate that
marine-derived materials are capable of enhancing the properties of
these raw materials and hold great promise for future applications.

The last century has witnessed rapid development in the interdisci-
plinary utilization of marine biomaterials such as regenerative medi-
cine, antimicrobial materials and drug delivery systems. Marine
biomaterials are still abundant despite industrial pollution, overfishing
and unanticipated climate change. Hence, the present review aims to
provide a detailed coverage of advanced marine biomaterials. The
structures, characteristics, origin, extraction, processing and applica-
tions of maribe-based biomaterials will be discussed in subsequent sec-
tions. The present review should be of interest to researchers in marine
biology, bioengineering, biochemistry, biomineralization and
biomimetics.

2. Biomaterials from marine organisms

The marine environment encompasses a wide range of habitats with
colossal microbial biodiversity. More than 25,000 biologically-active
compounds have been identified from these habitats [23]. Fungi,
fungi-like protists and bacteria exhibit the highest potential of produc-
ing bioactive materials. Mycosporines and mycosporine-like amino
acids, carotenoids, exopolysaccharides, fatty acids and chitosan derived
from these marine microorganisms represent sustainable, low-cost and
fast-production alternatives to the use of other natural molecules in
photo-protective, anti-aging and skin-whitening products for facial,
body and hair care [24]. Extraction of polyketides, peptides and
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alkaloids from marine bacteria and fungi has been investigated exten-
sively [25]. The excellent properties of these marine biomaterials are
elucidated in this section.

2.1. Polysaccharides and glycans from marine organisms

Marine organisms such as shellfish, macro-algae, fungi, micro-algae
and coral produce polysaccharides with variable structures and diverse
biological activities that terrestrial organisms lack. This is because the
marine environment is featured by high pressure, high salinity, low
temperature and oxygen deficiency. The polysaccharides and glycans
have been investigated extensively because of their anticoagulant [26],
antimicrobial, antioxidant, antithrombotic and antitumor properties
[27].

Recently, researchers have proposed that polysaccharides extracted
from marine organisms are potential antiviral therapeutic agents against
SARS-CoV-2, the coronavirus accounting for the ongoing COVID-19
pandemic [28]. In addition, sulfated polysaccharides such as ulvan,
carrageenan and fucoidan exhibit exceptional properties that include
hydrogel formation, scaffold formation, extracellular matrix-mimicking,
augmentation of alkaline phosphatase activity, reinforcement of stem
cell differentiation and biomineralization ability [29]. Six kinds of
representative polysaccharides or glycans with excellent properties are
listed below.

2.1.1. Chitin and chitosan

Chitin is the second most common polysaccharide on earth, after
cellulose. Chitin originates from the shells of crustaceans like crabs and
shrimps, and is also present in cytoderm of fungi and green algae. Chi-
tosan is a natural amino-polysaccharide composed of (1-4)-linked 2-
acetamido-2-deoxy-p-glucosamine, which is obtained through the
deacetylation of chitin (Fig. 1A). Chitin and chitosan exist in nature as
pure chitin, nanoorganized chitin-proteins, chitin-pigments and chitin-
mineral composite biomaterials, among which pure chitin exhibits the
strongest resistance to alkaline condition [30]. The deacetylation and
molecular weight of chitin and chitosan have great impact on their
physicochemical and biological properties including solubility, hydro-
philicity and cell response [31]. Chitin-based scaffolds are also involved
in calcium biomineralization and biosilica formation. These scaffolds
provide the inspiration for biomimetic synthesis [32].

Intensive research have been conducted on the antibacterial prop-
erties of chitosan and its derivatives. Compared with chitin, chitosan has
more potent antibacterial ability because of its positively-charged
amines. The latter interact electrostatically with the negatively-
charged macromolecules on the surface of bacteria to form a thick
layer around the cell wall, thereby preventing the exchange of pivotal
solutes [33]. There is robust evidence that chitosan is capable of
combating Streptococcus mutans, Actinomyces actinomycetemcomitans,
and Porphyromonas gingivalis [38]. These bacteria are commonly iden-
tified in teeth with caries and periodontal diseases. Glass ionomer
cement modified with chitosan exhibits apparent antibacterial effect
against dental caries and periodontal diseases [39]. Chitin and chitosan
are potential substitutes for antibiotics against drug-resistant pathogens.
Another remarkable property of sponge chitin is that it can be used as a
thermostable template for the preparation of inorganic-organic nano-
structured composites in extreme conditions due to its excellent thermal
stability up to 200 °C [40]. The electrochemical deposition of copper
and copper (I) oxide nanoparticles on chitin-based scaffold provides
novel insight in Extreme Biomimetics [41].

Nevertheless, the applications of chitin and chitosan are restricted by
their poor solubility. The firm inter-molecular and intra-molecular
hydrogen bonds in their sturdy structure is responsible for the low sol-
ubility in common solvents such as water and organic solvent [31].
Extensive efforts have been devoted to enhancing their water solubility
and antimicrobial properties. For example, chitosan was functionalized
via the addition of cationic and anionic groups. The introduction of
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Fig. 1. A) Structural formula of chitin and chitosan; B) Monosaccharides in glycosaminoglycans; C) Chemical structures of different forms of carrageenan; D)
Putative anti-inflammatory mechanisms of fucoidan; E) Collagen extraction process for producing acid-soluble and pepsin-soluble marine collagen. Tissue ho-
mogenization is conducted with the aim of size reduction via physical methods and mild chemical pretreatment. Ethylenediamine tetra-acetic acid or HClI is then
employed to demineralize the raw materials to facilitate extraction. Acidic solutions (e.g. CH3COOH) are subsequently used for dissolving the demineralized collagen
to complete the extraction process. Pepsin is co-cultured with the mixture for eradication of non-collagenous components. Finally, the soluble collagen is processed
via lyophilization by mixing the collagen pellets, CH3COOH and H20. (A is reproduced from Ref. [33] with permission from the publisher; B is reproduced from
Ref. [34] with permission from the publisher; C is reproduced from Ref. [35] with permission from the publisher; D is reproduced from Ref. [36] with permission
from the publisher; E is reproduced from Ref. [37] with permission from publisher).

cationic groups, including quaternary ammonium functionalities [42]
and metal/metal oxide nanoparticles [43], apparently increased the
antibacterial capability of chitosan. Reducing the positive charges of the
protonated amino groups on the surface of chitosan is another method
for improving its water solubility. Chitosan modified by sulfonate
groups produced anionic chitosan with enhanced water solubility and

selective antimicrobial activity [44].

2.1.2. Glycosaminoglycans

Glycosaminoglycans (GAGs) are sulfated polysaccharides. They are
found extensively in the extracellular matrix and cell surface of animals.
The basic structure of GAGs comprises a linear sequence of repetitive
disaccharide units. The latter is composed of an amino sugar and uronic
acid or galactose. Glycosaminoglycans derived from marine animals are
different from those present in terrestrial organisms in both molecular
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weight and sulfation characteristics. The GAGs include chondroitin
sulfate derived from shark cartilage, heparan sulfate dervied from
scallops, dermatan sulfate derived from shark skin and heparin derived
from shrimp heads (Fig. 1B).

Glycosaminoglycans are involved in inflammation, thrombosis,
cancer, coagulation and tissue development. The sulfation patterns of
GAGs, even when they are of the same class, can vary among marine
animals, which are closely related to their physiological functions.
Glycosaminoglycans exert their influence through interaction with other
proteins indirectly (including regulating protein folding through steric
hindrance, elimination) or directly (via electrostatic interaction). These
interactions are greatly affected by their degree of sulfation and negative
charges [45]. Holothurian fucosylated chondroitin sulfate extracted
from sea cucumbers is a typical example of marine GAG [46]. Exotic
disaccharide units such as CS-K are unique to marine organisms. The
GAGs in some marine animals feature a special pattern of saccharide
arrangement, such as a specific sequence of consecutive saccharides
[34]. Marine organisms also produce GAGs mimetics with structures
that are different from those derived from terrestrial sources, such as the
presence of sulfated glycans. These marine organisms include
macro-algae (brown, red and green algae) and invertebrates (ascidians,
mollusks, crustaceans and echinoderms).

2.1.3. Alginate

Alginates are salts of alginic acid, a linear anionic polysaccharide
copolymer consisting of (1-4)-linked p-mannuronic acid and o-gulur-
onic acid monomers. Alginates form the cell walls of brown algae. They
possess gelling, viscosity modification and stabilizing properties, and are
used extensively as thickeners and emulsification stabilizers.

Recently, the anti-obesity capability of alginate has been investi-
gated extensively. Alginate has been shown to inhibit digestive enzymes.
These properties are not influenced by the cooking process (even when
cooking at temperature up to 200 °C) and digestion. This renders algi-
nate a potential drug for obesity management [47]. The anti-obesity
effect of alginate is influenced by the conformational structure of the
polysaccharide; studies have reported that the anti-obesity of
enzyme-digested alginate is stronger than acid-hydrolyzed alginate
[48]. In addition, blood cholesterol levels may be reduced after the
administration of calcium alginate [49].

A significant feature of alginates is gelation. Hence, they may be used
to fabricate highly-biocompatible hydrogels, the physical properties of
which may be customized to guide 3D cell growth and differentiation.
The pore size (5-200 mm) of alginate accelerates the spread of large
molecules. Consequently, alginate is frequently used as bioink in 3D
bioprinting for tissue regeneration. The stiffness of scaffolds synthesized
by alginate as bioink in 3D bioprinting may be controlled by altering the
ratio of alginate to ionic crosslinker. Such a property enables spatial
regulation of mesenchymal stem cells (MSCs) in a printed scaffold [50].
The stability of alginate hydrogels may be enhanced by post-printing
treatment with BaCly [51]. A bioactive peptide may also be covalently
linked to the alginate to endow it with cell interaction properties. For
example, highly efficient coupling of bioactive peptides to alginates has
been achieved using periodate oxidation followed by reductive amina-
tion with non-toxic 2-picoline-borane as the reducing agent [52].

2.1.4. Carrageenan

Carrageenan, a sulfated polysaccharide with mean molecular weight
over 100 kDa, contains 15-40% ester sulfate. It is a reproducible and
sustainable phycocolloid obtained from red seaweeds. The basic unit of
carrageenan is p-galactose and 3,6-anhydrogalactose that are linked by
a-1,3- and f-1,4-glycosidic bonds. Carrageenan is classified into three
categories (), x, and 1) based on the ester sulfate group cotent [53]
(Fig. 1C).

Carrageenan shows great commercialization potential because it is
inexpensive, biocompatible and biodegradable. The hydrophilicity and
high ester sulfate content make carrageenan films useful in edible food
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packaging, pharmacology, biomedicine and electrial applications. The
overall tensile strength of carrageenan films is better than those of other
bio-based films. Films produced from refined k- or x/1-hybrid carra-
geenan possess excellent properties, including high tensile strength and
low water vapor permeability [54].

The biological activities of carrageenan include anti-inflammatory,
antitumor, antimicrobial, antioxidant, anti-hyperlipemic, anticoagu-
lant and immunomodulatory properties. These bioactivities are depen-
dent on the molecular weight, content and site of sulfate groups [55].
Carrageenan may be functionalized via chemical modifications to ach-
ieve improved properties. The antiviral activity of carrageenan against
herpes simplex virus (HSV-1 and HSV-2) is enhanced by partial oxida-
tion [56]. Fully-oxidized or partially-oxidized carrageenan at C-6 of the
f-p-galactopyranose units demonstrates better anticoagulant effect [57].
The anti-proliferative and antitumor activities of carrageenan are novel
and promising fields. k-carrageenan possesses the highest cytotoxic ef-
fects. The 50% inhibitory concentration of k-carrageenan is close to
those antineoplastic with alkylating properties with official approval
[55].

The limitation for the application of carrageenan films is their poor
water vapor permeability and water-resistance. Different approaches
have been used to improve carrageenan film properties, such as
blending, plasticizing, and nanoparticle incorporation. By producing a
concentrated and stable structure in blended matrix, polymerides such
as starch and protein blending with carrageenan greatly improves the
mechanical properties of the film. Plasticizers are alternative agents to
promote the flexibility of carrageenan films. The inclusion of organic
acids and inorganic materials may also improve the antimicrobial ac-
tivity of these films [54,58]. Reinforcement of carrageenan polymers
with homogeneously-dispersed chitin nanofibrils renders the film more
smooth and flexible, along with increased tensile stress and Young’s
modulus [59]. Although carrageenan is considered as safe for human
use, there has been concern regarding the long-term response of carra-
geenan in vivo. The cumulative effects of carrageenan are similar to
chronic low-level inflammation in obesity and other metabolic syn-
dromes. The controversy on the safety of carrageenan should be resolved
prior to its practical applications [60].

2.1.5. Ulvan

Ulvan is a polyanionic sulfated polysaccharide consisting of glucur-
onic acid, iduronic acid, rhamnose-3-sulfate and a small amount of
xylose. Ulvan has been used extensively in chemical, pharmaceutical,
agricultural and comestible fields because of its anti-coagulation, anti-
oxidation, anti-tumor, blood lipid level reduction activities as well as the
capability in eliciting plant defenses. Currently, there are two chemical
ulvan saccharification methods: acid hydrolysis and enzymatic hydro-
lysis. Enzymatic hydrolysis of polysaccharides, which is conducted
under mild reaction condition, higher saccharification rate, low energy
consumption and low content of aggressive chemicals, is deemed su-
perior to the former [61].

Compared with those with high-molecular weight, low-molecule
weight ulvans have better solubility, lower viscosity, easier absorption
and better exposure of reactive groups [62,63]. Degradation of ulvan
generates monosaccharides and oligo saccharides with unexpected
biological properties, including antiviral and anticoagulant capability,
as well as protein localization at the cell surface. Hence, it is promising
to utilize depolymerization of monosaccharides as fertilizer to produce
bioethanol and high-value food additives [61].

Ulvan shows a broad range of bioactivities. It possesses excellent
antibacterial activities against pathogens such as Pasteurella multocida,
Mannheimia haemolytica and Erysipelothrix rhusiopathiae. After adminis-
tration, ulvan stimulates the human immune system by secreting cyto-
kines that are involved in cell-mediated immunity via the PI3K/Akt
signaling pathway [64,65]. As sulfated polysaccharides, ulvan also ex-
hibits potent antiviral activity as well as immunomodulatory activity
[63,66]. Ulvan is capable of activating RAW264.7 macrophages to
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produce pro-inflammatory mediators such as TNF-a, IL-6 and PGE2.
These mediators are responsible for initiating immune responses.
Because of the heterogeneous composition and stuctures of the poly-
saccharides present in ulvan, the relationship between their immuno-
modulating effects and structural features is obscure and requires
further investigation [67]. Ulvan also demonstrates anti-tumor activity
against human breast cancer, hepatocellular carcinoma and cervical
cancer [68]. The antioxidant and anti-hyperlipidemic activities of ulvan
has also been reported [69]. Ulvan also shows affinity to heavy metal
ions. Hydrogels prepared with gelatin and ulvan are potential adsor-
bents of heavy metals and the dye methylene blue. These hydrogels are
also promising alternatives as anti-pollution agents [70].

2.1.6. Fucoidan

Fucoidans are obtained from the cell walls of brown algae, seagrasses
and other marine invertebrates. They are composed of sulfated poly-
saccharides, including repeating a-(1 — 3)-linked r-fucopyranose resi-
dues or alternating a-(1 — 3)- and a-(1 — 4)-linked I-fucopyranoses.
Other monosaccharides such as xylose, galactose and uronic acids may
also combine with the fucosyl main chain to form fucoidan. The specific
structure of fucoidans is complicated and variable, depending on the
source and extraction process [36,71,72].

Fucoidans possess biomedically-significant pharmacological prop-
erties including anti-inflammatory, antimicrobial, immunomodulatory
and antitumor properties. For anti-inflammatory activity, fucoidans are
able to block lymphocyte adhesion and invasion, inhibit multiple en-
zymes, induce apoptosis and regulate excretion of pro-inflammatory
cytokines (Fig. 1D) [36]. Moreover, fucoidan initiates a variety of
immunoregulatory effects. It activates dendritic cells, natural killer cells
and T cells to enhance antiviral and anti-tumor responses [73]. For
example, fucoidan derived from the algae Nizamuddinia zanardinii ex-
hibits well-defined immune-enhancing activity on murine macrophage
cell and human natural Killer cells. In this in vitro model, fucoidan
contributes to the secretion of cytokines, including nitrous oxide, TNF-a,
IL-1B, IL-6, NF-kB and stimulates the MAPK signaling pathways [74].

The immunomodulatory activity of fucoidans is regulated by
different parameters. The content of fucose and sulfate groups in
fucoidans is considered as one of the most significant parameters. For
example, fucoidan extracted from Macrocystis pyrifera has higher uronic
acid content and is the most effective in activating natural killer cells,
dendritic cells and T cells, producing the strongest adjuvant effect [73].
Molecular weight is another essential factor that determines the bio-
logical activity of fucoidans. High molecular-weight fucoidan (130 kDa)
increases the survival rate of cells and secretion of IFN-y and nitrous
oxide, while low-molecular-weight fucoidan (30 kDa) with similar
composition has lower activity [75,76].

Fucoidan are also considered effective agents for combating cancer.
This is achieved via the regulation of cancer cell apoptosis. The ratio of
monosaccharides, the content of sulfate groups and binding of sugar
residues all account for the anti-tumor activity of fucoidans [77].
Fucoidan is a reactive oxygen species (ROS) scavenger. It reduces ROS
accumulation by amyloid-p-reduction [78]. The antioxidant ability of
fucoidans is determined by their concentration, molecular weight, sul-
fate content, extent of polymerization, presence of substitution groups,
the position and type of sugar and glycosylation branching [71,79].
Fucoidan enhances angiogenesis in a dose-dependent manner by
inflencing tube formation and movement of human microvascular
endothelial cells [80]. The angiogenesis potential of fucoidan is attrib-
uted to the activation of p38 and C-Jun N-terminal kinase via affecting
the AKT/MMP-2 signaling axis [81].

2.2. Proteins and peptides from marine organisms
2.2.1. Collagen

Collagen is the most abundant extracellular matrix protein [82]. It is
commonly found in tendons, skin, bones and blood vessel walls. To date,
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researchers have recognized and categorized 29 types of collagen,
among which type I collagen makes up 90% of the collagen present in
the animal body [83]. Collagen possesses complex supramolecular
structure. A collagen molecule is around 2-6 nm thick, 30-50 nm wide
and 60-100 nm long [84]. The collagen molecule consists of three
characteristic a-chains, which form a triple-helical a-domain(s) known
as “tropocollagen” [85]. Repetition of the Gly-X-Y triplet constitutes the
a chain, in which proline and hydroxyproline constitute the X and Y
domains [86]. Self-assemblly of the tropocollagen molecules is respon-
sible for maintaining the structural and biological integrity of a collagen
fibril on a molecular scale. The collagen fibril contains well-defined
protein binding sites for cell interactions [89].

The collagen content in the human body decreases due to aging [871],
infection [88] and exposure to ultraviolet light [89]. The loss of collagen
results in disorders such as skin mismanagement and stiffened joints.
Consequently, afforable and easily extractable collagen sources are
highly sought after especially in the fields of regenerative medicine.

Type [ collagen originates mainly from animals [90]. Animal-derived
collagen, which serves as the gold standard for collagen application, is
obtained from donated human tissues or large mammals such as cattle,
horses, pigs or sheep [91]. However, the availability of land-derived
materials is hampered by the outbreak and pathophoresis of zoonotic
infectious diseases. Extraction of collagen from marine organisms is now
regarded as the safest approach for large-scale collagen acquisition [92].
Marine collagen is usually extracted from sponges [93-95], fishes [96,
971, squids [21] and echinoderms [33]. These collagen sources may be
categorized into those that are derived from invertebrate animals and
those that are extracted from vertebrate sources [37] (Table 1). Marine
vertebrate collagen has always been identified as alternative bio-
materials. However, similar to land-derived collagen, the potential risks
arising from bovine spongiform encephalopathy and the swine influenza
crisis greatly hampered its further application [98].

Marine-derived collagen is a remarkable source of raw biomaterials
for multidisciplinary applications [99]. This is because collagen
extracted from marine sources has an amino acid composition that is
similar to human type I collagen [100]. In addition, owing to their low
molecular weight and small particle size, marine-derived collagen cir-
culates rapidly in the blood stream and is absorbed into human body up
to 1.5 times faster than conventional collagen derived from terricolous
sources [91,101]. Most importantly, marine-derived collagen is avail-
able in high yield and at low cost [102]. The principal procedures
involved in the isolation of marine-derived collagen are illustrated in
Fig. 1E [101]. Vertebrate marine animal-derived collagen, such as fish
collagen, is one of the most important sources of marine-derived
collagen. These extracted pepsin-soluble and acid-soluble collagen
moieties are capable of accelerating wound healing in vivo [103]. The
principal procedures involved in the isolation of fish-derived collagen
include preparation, extraction and recovery [101]. The preparation
process includes cleaning and size reduction via physical methods and
mild chemical pretreatment for the eradication of noncollagenous
components. Ethylenediamine tetra-acetic acid or HCl is then employed
to demineralize the raw materials to facilitate extraction. Acidic solu-
tions are subsequently used for dissolving the demineralized collagen to
complete the extraction process [104]. Collagen extracted from marine
invertebrate, especially those extracted from glass sponges, are excellent
organic templates for in vitro silicification [105]. Marine glass
sponge-derived collagen accounts for the most abundant
naturally-silicified biomaterials on earth. Heavy interfibrillar silicifica-
tion and structural hierarchy were detected when silica precursors were
mixed with these collagen moieties. The silicified collagen possesses
considerable toughness, stiffness as well as resilience. Owing to its su-
perior biocompatible and mechanical properties, silicified
marine-derived collagen has generated intense interest in hard tissue
regeneration research [106].

Among the invertebrate-derived collagen, there is a special sponge-
derived collagen known as spongin. Spogin displays distinct
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Table 1
Collagen derived from marine organisms.
Genre Source Scientific Name Collagen Activity Refs
Type
Invertebrate Jellyfish Catostylus tagi Collagen V/  Healthy food. [113]
organisms XI
Jellyfish Rhopilema Collagen I Enhance cell migration, heal wound, hemostatic properties, modulate chondrogenic [114]
esculentum differentiation of human mesenchymal stem cells and cell culture substrate. [115]
[116]
[117]
Jellyfish Rhizostoma pulmo  Collagen I Trigger similar responses in cell adhesion, proliferation or migration [118]
Jellyfish Catostylus Collagen I Support cell attachment and proliferation [119]
mosaicus
Sea urchin Paracentrotus Collagen I Skin regenerative medicine and collagenous extracellular matrix biomaterials for tissue [120]
lividus engineering [121]
Squid Peru squid Collagen II Degenerative osteoarthritis-relieving effects [122]
Persian Gulf Uroteuthis Collagen I Anti-cytotoxic properties [123]
squid skin duvauceli
Starfish Asterias amurensis Collagen I Production of two-dimensional membranes [124]
Vertebrate Cat Fish Ictalurus Collagen I Food, medical and cosmetic industries, produce high-value-added product [125]
organisms punctatus [126]
Cat Fish Pangasius sp. Collagen I Substitutes for commercial collagen [127]
Sponges Chondrosia Collagen IV ROS scavenging capability; photo-protective activivy as well as wound-healing [128]
reniformis characteristic
Blue Shark Prionace glauca Collagen I Promote osteoblast proliferation rates [129]
Blue Shark Prionace glauca Collagen II Antioxidant activity and increase apoptotic gene expression [130]
Salmon Salmo salar Collagen I Accelerate wound healing by altering cutaneous microbiome colonization [131]
Tilapia nilotica
Yellowfin tuna Thunnus albacares ~ Collagen I Antioxidant activities [132]
Sardine Sardinella Collagen I Mosquito larvae against Aedes aegypti [133]
longiceps
Salmon N/A Collagen I Protect DNA against oxidation-induced damage [134]
Medusa fish Centrolophus niger ~ Collagen I Antibacterial active food and packaging film [135]

morphological traits and chemical constitution. Spongin fibers are large
microstructures which are identified as halogenated scleroproteins or
neurokeratin-like proteins [107]. There are two categories of spongin,
spongin A and spongin B. Spongin A is the fine intercellular collagen
fibrils which can be detected only with electron microscopy. Spongin B
corresponds to the typical macroscopical and rigid fibrils present kera-
tosan demosponges [108]. Spongin had a long scientific research record
dated as far back as 1705 [109]. Spongin chemistry is considerably
complex. Halogens (I, Br) and other unknown biological constituents
account for the water-insoluble characteristic of spongin [110]. In
addition, spongin possesses excellent resistence to harsh chemical sub-
stances and extremely thermal conditions. What is even more inspiring
is that spongin can be fabricated as nanoscale biomaterials which
maintain their excellent properties at extreme conditions [111]. Because
of the aforementioned advantages, spongin is considered an attractive
macroscopical biomaterials in contemporary bioinspired materials sci-
ence and regenerative medicine [112].

There are problems associated with the application of marine-
derived collagen. For example, mackerel collagen is an important pan-
allergen in the Japanese population [136]. Marine-derived collagen
denatures easily, which limits its biomedical applications. Collagen gels
derived from chum salmon (Oncorhynchus keta), for example, denatures
at 19 °C [37]. Religious constraints are another factor that hampers the
marketing of marine collagen-based products.

2.2.2. Gelatin

Gelatin is a heterogeneous mixture of peptides. It is extracted from
fishes and sponges [100,137,138], jellyfish [139], squids [140] and
snails [141] via enzymatic or acidic process [142]. Gelatin is produced
by destruction of the tertiary, secondary and even primary structures of
collagen [143]. Marine gelatins possess high protein values (91.5% for
acid-soluble gelatin and 83.1% for pepsin-soluble gelatin). The hy-
droxyproline content of marine gelatin is similar to that of commercial
mammalian gelatin but with higher melting temperatures [144]. Some
marine gelatin such as those derived from saithe (Pollachius virens) skin
has a considerable mineral content (>20%) compared to the
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commercially available gelatin (<0.2%) [145]. Gelatin has been used
extensively in clinical platforms such as eutherapeutic plasma ex-
panders, nanoparticles for gene delivery and drug loading [146-148].

2.2.3. Marine enzymes

Enzymes obtained from marine sources, including proteases, perox-
idases, oxidoreductases, hydrolases, transferases, isomerases, ligases
and lyases, have found comestic, industrial and medical applications.
These enzymes are capable of controlling immune functions, some of
which directly kill bacteria. They possess considerable immunomodu-
latory activities that enhance the innate immune response; they also
control infection of the host effectively [149] (Table 2).

Some marine-derived enzymes show great potential in anti-cancer
applications. L-asparaginase, an enzyme which catalyzes the hydrolysis
of r-asparagine to r-aspartic acid, is an important enzyme of marine
origin [150] (Fig. 2A). r-asparaginase is a homologous mixture of
different conformations, of which the tetramer is the predominant
conformation [151]. Because of its anti-neoplastic and chemothera-
peutic potential, 1-asparaginase formulations occupy up to one-third of
the global demand on anti-leukemia/anti-lymphoma agents [152].

Cadmium-containing carbonic anhydrase obtained from Thalassio-
sira weissflogii (a marine diatom) has gained recent attention. The cad-
mium present in this enzyme occupies the metal-binding part of the
enzyme carbonic anhydrase and plays a significant role in the acquisi-
tion of inorganic carbon for photosynthesis [179]. A protein extracted
from T. weissflogii with cadmium inside possesses carbonic anhydrase
activity [180]. This metal-loading enzyme participates in the activities
of marine organisms and facilitates trace-metal cycling in the oceans.

The last two decades have witnessed escalating attention in the
identification of enzymatic hydrolysates from marine invertebrates.
Enzymatic hydrolysates, also known as antioxidant peptides, are
extracted and purified from mussels [181], clams [182] and oysters
[183]. Enzymatic hydrolysates scavenge free radicals and chelate metal
ions, suppress lipid peroxidation and protect cells against ROS-induced
toxicity [184,185].

A wide range of marine-derived enzymes possess antimicrobial, anti-
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Table 2
Marine-derived enzymes.

Name of enzymes Sources Enzyme type Activity ref

L-asparaginase Bacterial sources Asparaginase Convert L-asparagine into aspartic acid and [150]
E. coli ammonia [152]
Erwinia carotovora) Anti-carcinogenic activity [157]
Fungal sources Aspergillus oryzae Reduce carcinogenic acrylamide
Microalgae sources Spirulina maxima
Chlamydomonas sp

Carbonic anhydrase containg Marine diatom Thalassiosira weissflogii Metalloenzymes  Catalyze the reversible hydration of CO2 [158]

cadmium Acquire inorganic carbon for photosynthesis [159]

Alkaline protease marine Psychrobacter Protease Peptide hydrolases [160]
Aureobasidium pullulan [161]
Bacillus mojavensis A21
Pseudoalteromonas sp

Extracellular phospholipase C marine streptomycete Lipases Hydrolyze different oils [162]
Pseudoalteromonas sp [163]

Chitinase Vibrio fluvialis, Hydrolase Degrade chitin and chitosan [164-166]

Chitosanase Vibrio parahaemolyticus, Vibrio mimicus

Vibrio alginolyticus Listonella anguillarum Aeromonas
hydrophila
Aspergillus griseoaurantiacus KX010988.

Alginate lyases Algae marine invertebrates Lyases Degrade alginate [167-169]
Vibrio splendidus 12B01

Agarases Cytophaga Hydrolase Hydrolyze agar [170,171]
Bacillus Vibrio
Alteromonas
Pseudoalteromonas Streptomyces
Vibrio sp. F-6

Carrageenases Pseudomonas, Cytophaga, Alteromonas atlantica, Hydrolase Degrade carrageenans [172-175]
Wingyingzhuangia aestuarii OF219
Flavobacterium sp. YS-80-122

Cellulose and hemicellulose Cytophaga, Cellulomonas, Hydrolase Break down cellulose [176-178]

hydrolase Vibrio,

Clostridium, Streptomyces
Fusarium, Chaetomium,

Phoma,

Sporotrichum,

Glaciecola sp. strain 4H-3-7+YE-5

cancer, antioxidant, antihypertensive as well as immunomodulatory
properties. The functions of these enzymes are usually intercrossed. A lot
of work needs to be done before these attractive enzymes can be har-
nessed for clinical use.

2.2.4. Protein-based bioadhesives

The demand for bioadhesives has spurred remarkable advances in
the identification of their characteristics. Many marine organisms have
the ability to adhere to substrates for survival in dynamic environments
with continuous mechanical stresses in the ocean. Medical grade bio-
adhesives are in huge demand because moisture in the human body
serves as an interfacial contaminant, weakening the boundary layer at
the bonding site. Stable and instant adhesion is challenging to be ach-
ieved for wet surfaces within body tissues [186].

Mussels synthesize mussel adhesive proteins (MAPs). These proteins
are secreted by mussel byssuses. Byssus is a bundle of filaments that
enable these bivalve mollusks to anchor their bodies efficiently to solid
surfaces such as rocks and ship hulls [155] (Fig. 2C). The MAPs possess
excellent adhesive capability because they bond to varous surfaces in
aqueous conditions. The distinct amino acid 3,4-dihydroxyphenylala-
nine (DOPA) [162], which can be easily conjugated with other compo-
nents [154], determines the superior adhesive capability of MAPs. To
date, MAPs that have been identifed range from proteins type 1 (fp-1) to
type 6 (fp-6). Each of these MAPs distributes at a specific site and plays a
distinctive role in attachment. The type-3 fast variant (fp-3F) and the
type-5 (fp-5) variant are significant compositions for mussel adhesive
initiation. They possess primer-like activity that facilitates firm adhesion
to wet marine substrata [187].

Another attractive bioadhesive protein, eumelanin, is extracted from
cuttlefish (Sepia officinalis) ink (Fig. 2B). Eumelanins are DOPA-based,
melanin-like heterogeneous polymers that contain aryl-aryl covalent
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bonds between uncycled and cycled DOPA and their analogs [171].
Eumelanins have been investigated as potential sealing and hemostatic
biomaterials [188]. Catechols, derivatives of DOPA in adhesive mussel
foot proteins, have recently been used to synthesize mussel-inspired
adhesives. The relevant adhesive mechanism is illustrated in Fig. 2D.

Other protein-based adhesives that originate from marine in-
vertebrates have also been envisaged as potential candidates for medical
and industrial applications. The tubeworm Phragmatopoma californica
assemble their tubes by gluing siliceous and calcareous particles
together with a polyelectrolytic bio-cement [189]. The bio-cement is
composed of several highly-repetitive and oppositely-charged proteins,
DOPA, sulfated polysaccharides and metal ions such as magnesium and
calcium ions [190]. Adhesive proteins derived from sandcastle worms
serve as in-situ embolic coacervate agents for treating vascular malfor-
mations and defects in a rabbit renal artery model [191].

2.2.5. Oxazole-containing peptides

Oxazole-containing peptides belong to a significant category of 5-
membered N,O-heterocyclic compounds. The five-membered aromatic
ring binds readily to enzymes and receptors via non-covalent in-
teractions [183]. Oxazoles extracted from marine organisms range from
short linear peptides to long complex structures [192]. They can be
produced via ribosomal, non-ribosomal approaches or by synthetic
pathways [193-195]. Oxazole-containing peptides derived from marine
organisms possess antibacterial [196], antiviral [197], anti-malarial
[198] and anti-algal properties [199].

2.3. Marine secondary metabolites

The ocean is a promising source of structurally-novel and
pharmaceutically-active ~marine secondary metabolites. These
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Fig. 2. Marine enzymes and protein-based bioadhesives. A) Schematic of the reaction mechanism of 1-asparaginase. B) Monomeric units of natural-derived
eumelanin and polydopamine melanin (PDAM). i) dopamine (DA); and ii) DOPA, DHJ; iii) DHICA; and iv) the porphyrin-like tetramer. C) Schematic of MAPs
and their functional location in a byssal plaque. D) Schematic of the adhesive mechanism of catechols. As a DOPA analog, catechols are considered significant groups
for wet adhesion because they possess strong bidentate binding ability toward mineral oxide surfaces. (A is reproduced from Ref. [153] with permission from the
publisher; B is reproduced from Ref. [154] with permission from publisher; C is reproduced from Ref. [155] with permission from the publisher; D is reproduced from

Ref. [156] with permission from the publisher).

metabolites include alkaloids, polyketides, terpenes, lignans, steroids
and cyclic peptides [200]. The bioactivity of secondary metabolites
derived from marine fungi has long been recognized. However, these
secondary metabolites have not yet been commercialized for pharma-
ceutical applications [201].

2.3.1. Mycosporines and mycosporine-like amino acids (MMAs)
Mycosporines and MMAs are water-soluble molecules that absorb
ultraviolet-A and ultraviolet-B light (Fig. 3A and B). Their absorption
maxima range from 268 to 362 nm, which is determined by their mo-
lecular structure [202]. Many MMAs have been identified from red
algae, sea stars, corals, dinoflagellates and cyanobacteria after the initial
discovery of the mycosporines porphyra-334 and shinorine.
Porphya-334 and shinorine are potent monoamine oxidase inhibitors.
They are present in high concentrations in Aphanizomenon flos-aquae (a
species of cyanobacteria) and Klamath blue-green microalgae [203].
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Mycosporine-like amino acids are synthesized through the conjuga-
tion of amino acids to an intermedium via a common metabolic
pathway. They are regarded as natural sunscreen molecules [204].
Hence, MAAs are promising natural alternatives for both direct (ultra-
violet light absorption) and indirect (antioxidant) protection because
they show strong photo-stability with absence of cytotoxicity [205].
Mycosporine-like amino acids have been incorporated into a sunscreen
reagent, Helioguard®365, which contains porphyra-334 and shinorine
[206].

2.3.2. Bromophenols

Bromophenols are secondary metabolites present in marine organ-
isms. They contain at least one benzene ring with several hydroxyl and
bromine groups (Fig. 5C). Bromophenols are biosynthesized via bro-
moperoxidases, bromase, laccase, hydrogen peroxide and bromide. The
majority of bromophenols originate from marine red algae, green algae
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Fig. 3. Chemical structures of marine secondary metabolites. (A) The core of mycosporine-like amino acids (MAAs) is composed of a cyclohexenone, or a cyclo-
hexenimine ring conjugated to an amino acid residue or its imino alcohol; (B) MAA precursor 4-deoxygadusol and common MAAs. The latter include mycosporine-
glycine, mycosporine-2-glycine, shinorine, palythine and porphyra-334. The maximum absorbance values of these molecules are included. (A, B are reproduced from

Ref. [222] with permission from the publisher).

and brown algae [207,208]. Bromophenols extracted from the marine
algae Leathesia nana and Rhodomela confervoides efficiently suppress the
growth of human cancer cell lines ex vivo and inhibit tumor angiogenesis
[209]. It has been shown that bromophenols initiate cell cycle arrest at
the GO/G1 phase of adenocarcinomic human alveolar basal epithelial
(A549) cells and trigger ROS-mediated apoptosis in those cells [210].

Bromophenols may be used to control diabetes and obesity via the
inhibition of a-glucosidase, protein tyrosine phosphatase 1B [211],
a-amylase [212] and aldose reductase [213]. Bromophenols extracted
from a marine red alga Symphyocladia latiuscula showed antifungal ac-
tivities against Candida albicans [214].

Bromotyrosines refer to a series of bioactive secondary metabolites
that originate from marine demosponges, especially from Verongida
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[215]. These demosponges possess two important structures: a rigid
three dimensional skeleton and a broad range of secondary metabolites.
These two armomentaria enable demosponges to successfully survive
natural selection. Demosponges obtain nutrients by filtering water via
their flexible chitinous skeletons. However, different pathogens enter
the sponge body along with the nutrients simultaneously. These path-
ogens must be neutralized or eradicated to prevent invasive infection
[216]. Secondary metabolites, mainly bromotyrosines, play significant
roles in combating these pathogens. Bromotyrosines possess simple
brominated tyrosine and tyramine units [217,218]. They are obtained
from extraction from sponges or analog synthesis. Bromotyrosines are
released when the sponges are mechanically damaged or when there are
changes in the marine environment [216]. According to the latest
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research, the yield of bromotyrosines extracted from cultivated sponges
is as high as 90% [219]. More recently, synthesis of bromotyrosines
analogs has become an alternative for the extraction of
naturally-occurring bromotyrosines [220]. However, many organic
solvents may be involved in this multistep procedure, which will be
more expensive, laborious and complex [221]. Related applications of
bromotyrosines will be discussed in subsequent sections.

2.4. Hierarchical structure of marine skeletons from a macroscopical
perspective

Marine skeletons are characterized by tailored architectures with
distinct traits such as interconnected pores that resemble natural bone
architecture. Compared with synthetic materials, marine skeletons have
excellent biological and structural properties. There is an ongoing trend
in tissue engineering to utilize marine skeletons with distinct structure
and chemical composition as scaffolds [231] (Fig. 4).

2.4.1. Sponges

It has been estimated that half of the marine-derived biomaterials are
obtained from different species of marine sponges [223]. Sponge skel-
etons are soft-bodied organic and inorganic compounds with an inter-
connected porous architecture. The porous architecture facilitates the
flow of fluids. Consequently, marine sponges are reliable sources of bone
substitutes for bone tissue engineering. For example, the stony sponge
Petrosia ficidormis has a highly porous (pore size 364 pm in average),
interconnected 3D architecture, which is beneficial for the integration
between grafting material and bone [224].

Sponge spicules are composed of amorphous silica produced under
natural physiological conditions. Polyphosphate is an important
component of spicules. The combination of biosilica and polyphosphate
stimulates differentiation of human MSCs and increase their minerali-
zation potential. In addition, these sponge spicules account for the
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intrinsic stiffness and toughness of the sponge skeleton [225]. Nano-
scopical silica spheres are aligned in microscopic concentric rings and
surrounded by an organic matrix to produce laminated spicules. These
spicules are arranged into bundles, forming a macroscopical cylindrical
lattice-like structure. The hierarchical arrangement of these spicules
contributes to the mechanical strength of the sponge skeleton [223].

2.4.2. Corals

Coral skeletons are composed of a hierarchical arrangement of a
calcium carbonate mineral phase known as aragonite with inter-
connected pores. The pores are tubular and slit-like, with a diverse range
of pore size distribution that resembles the porosity and pore sizes of
natural bone. The pores and channel framework are suitable for cell
colonization and invasion of blood vessels. Some coral genera possess
similar structure and physical properties to bone, such as Lobophylia,
Acropora and Porites. Clinical applications of coral are restricted to those
below 100 pm diameter pores and >20% pore volume [226]. Although
coral skeletons have elegant microstructure, their mechanical properties
are unfit for application as clinical bone repair scaffolds (Fig. 5A and B).

2.4.3. Sea urchins

Sea urchin skeletons have hierarchical porous structures. They have
superior mechanical properties compared with corals and marine
sponges. In particular, the hierarchical open-cell structure of Hetero-
centrotus mammillatus resembes human trabecular bone and is applicable
for machinery processing because of its excellent mechanical property
(compressive strength ~43 MPa) [228]. Another advantage in using sea
urchin skeletons for bone tissue engineering is their interconnective
porous structure, which facilitates cell penetration and vascular
ingrowth [224] (Fig. 5C and D).

2.4.4. Molluscan shells
Molluscan shells are characterized by specific mineral-organic

Fig. 4. Marine skeleton with hierarchical and porous architecture applied for tissue engineering and drug delivery system, including sea urchin, cuttlebone, coral
with interconnected porous structures and seashells with dense lamellar structure (reproduced from Ref. [223] with permission from the publisher).
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Fig. 5. (A) Images of the scleractinian coral Acropora digitifera. (B) SEM images of ultrastructural features of the coral Balanophyllia europaea. (C) Sectional view of
calcium carbonate spines derived from the sea urchin Heterocentrotus mammillatus. (D) SEM images of the inner structures of sea urchin spines (A,B are reproduced
from Ref. [227] with permission from the publisher; C,D are reproduced [226] from with permission from the publisher).

structures. Accordingly, they have been extensively used as a classic
system model to study biomineralization mechanisms [229]. For
example, organic scaffolds named conchixes were isolated from
molluscan shells. The shells were demineralized gently by a EDTA-based
method to acquire mineral-free biomaterials. Intriguingly, conchixes
completely repeat the size and shapes of the shells. In the future,
molluscan shells may have broad applications in biomineralization
[230].

2.4.5. Siliceous skeletal structures

Silicon exists in nature as silicic acid. When concentrations are above
1-2 mM and pH is neutral, siloxane (Si-O-Si) bonds are formed between
orthosilicic acid ([Si(OH)4]) through a series of polycondensation re-
actions, resulting in the formation of silicon. Biosilica consists of glassy
amorphous silica [231]. Ehrlich et al. reviewed the diversity and po-
tential applications of biosilicon in detail. Biosilification is an ancient
and fundamental process that involves incorporation of inorganic silicon
into an organic matrix. Many unicellular and multicellular marine or-
ganisms produce minerals through this biological process. A variety of
biosilicon structures are formed in sponges, diatoms, mollusks, crusta-
ceans, algae, bacteria and viruses. The siliceous skeletons produced by
marine organisms, especially sponges, have attracted the attention of
scientists involved in the study of biomimtics and biomedicine [232].
Biosilica skeletons and natural bone structures are both formed through
biomineralization and they are quite resemblant to each other. Thus,
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regeneration. Diataom biosilica is a composite material. Apart from
silica, the diatom skeleton contains other elements such as zwitterionic
proteins and long-chain polyamines. The cell walls of diatoms (diatom
frustules) possess optical and highly stable properties [233]. The spic-
ules of demosponges are silica-based with triaxonic and hexactinic
symmetry. Because of these repetitive organized structures, hierar-
chically arranged biosilica skeletons up to 2 m have been identified in
selected hexactinellid sponge species [3].

Other hierarchical structures of marine organisms have also been
reported. For example, cuttlebone, the endoskeleton of the mollusk Sepia
officinalis, has an interconnected porous structure with 80% porosity and
pore size between 200 and 500 pm [234]. A simple enzymatic and
hydrogen peroxide-based treatment has been proposed to produce
nanostructurally-organized sea dollar spines [235]. Because of their
porosity, microstructure and biocompatibility, marine skeletons have
great potential in bone tissue engineering.

2.5. Structural coloration

Marine organisms exhibit diverse colors because of the presence of
colored molecules that absorb light (i.e. chlorophyll), luminescent
compound (i.e. luciferin), as well as nano-structural and brightly-
reflective cells. Marine organisms possess optical properties that are
responsible for their colors. The bio-photonic structure in marine
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organisms consists of highly-ordered organic materials such as collagen
and chitin [236]. For example, the blue iridescent stripes on the shell of
the limpet Patella pellucida is produced by a microscopic mineralized
multilayer with regular lamella thickness and gap spacings, which ac-
count for the light interference (Fig. 6A-E). Frustules of diatoms can also
reflect ultraviolet light via their nanostructured silica [237].

Apart from their integral macrostructure, photosynthetic cells also
account for the brilliant colors of many marine organisms. Iridocytes,
cells with optical behavior that are found in the epithelia of giant clams,
contribute to the brilliant iridescent blue, green and gold colors of these
molluscs. This phenomenon is attributed to the presence of Bragg
lamellae (intracellular reflective structures) inside the iridocytes. The
Bragg lamellae consist of repetitive layers with high and low refractive
indices. Their unique light scattering phenomenon opens new vistas in
the design of solar-transductive, optical and other photo-transductive
devices [238] (Fig. 6F and G). The color in the alga Cystoseira tamar-
iscifolia is produced by opal-like photonic crystals that are present within
its photosynthetic cells [239].

Multilayers of guanine crystals are the basis of highly effiective re-
flectors for silvery fish. They are isolated from the fish scales and exhibit
anisotropic light scattering properties, which could be controlled by
magnetic field [240].

3. Medical applications
3.1. Anti-cancer activity
Cancer is a global medical concern. Malignant tumors threaten 8.8

million lives every year and are responsible for 1 out of 6 deaths glob-
ally. Clinical scientists have long been looking for less toxic and more
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efficacious approaches to combat cancer. Natural compounds, especially
marine-derived materials, have immense potential in treating cancers
because of their low cost and availability. It has been almost 50 years
since the approval of cytarabine (aka. cytosine arabinoside), a marine-
derived chemotherapeutic medication used to treat different forms of
leukemia and non-Hodgkin’s lymphoma. There are currently four
approved marine-derived anti-cancer drugs. In addition, eighteen com-
pounds are in various phases of clinical trials, six of which are already in
the final stage of development [241].

3.1.1. Anti-cancer mechanism of marine-derived materials

Apoptosis downregulation of cancer cells is the principal obstacle
encountered in cancer suppression. Accordingly, activation of apoptosis
is an important target in anti-cancer therapy. There are two pathways to
initiate apoptosis: the mitochondrial (intrinsic) pathway [242] and the
receptor-mediated (extrinsic) pathway [243]. The intrinsic pathway of
apoptotic cell death originates from an array of intracellular damages or
stress signals including oxidative stress, DNA damage, cytokine with-
drawal and endoplasmic reticulum stress [244,245]. The extrinsic
pathway is activated via specific receptors such as tumor necrosis
factor-family receptors or Fas (CD95/TNFRSF6/Apo-1) [246]. To date,
more than 60 marine sponges have demonstrated anti-cancer potential
through the induction of apoptosis. However, the chemistry and
anti-cancer mechanisms of pro-apoptotic marine-derived compounds
have not been completely elucidated.

Marine seaweeds have been used to synthesize a wide range of
bioactive substances in accordance with their maturity and ability to
interact with environmental changes. Among the abundant pool of
compounds derived from seaweed, terpenes, polysaccharides and
polyphenols are of clinical relevance in terms of their anti-cancer

C

Irregular lamellar layer

Photonic multilayer
Colloidal particles

Cross-lamellar layer

Prismatic layef >
Complex cross-lamellar layer

20 pm

Fig. 6. (A) Optical image of a Patella pellucida shell that reflects light. (B) Optical image of reflection from a single stripe. (C,D,E) Types of microstructures observed
in the shell of blue-rayed limpet. (F,G) Macroscopical and microscopical views of Tridacna maxima and T. derasa. (F) Top view of two T. maxima approximately 4-5
cm in length. (G) Transmission electron micrograph of a T. derasa iridocyte in cross section. (A,B,C,D,E are reproduced from Ref. [236] with permission from the
publisher; F,G are reproduced from Ref. [238] with permission from the publisher).
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activities [247]. Fucoidans refer to an array of sulfated polysaccharides
that originate from the cell wall of brown seaweeds. These sulfated
polysaccharides are the principal components of the sticky molecules
present in brown seaweeds [248]. Compared with high
molecular-weight fucoidans, the low molecular-weight versions are
more biologically active [249]. The Akt signaling pathway, a significant
signal transduction pathway, enhances extracellular signals on growth
and survival. Studies have shown that fucoidans inhibit phosphorylation
of proteins related to Akt and phosphoinositide 3-kinase (PI3K) in in
vitro and in vivo models. This, in turn, inhibits tumor cell proliferation
[250].

3.1.2. Approved drugs

Cytarabine is the first commercially available anti-cancer drug of
marine origin [251]. It is a pyrimidine nucleoside analog that functions
as a cytotoxic drug that acts selectively on the cell cycle. It functions
principally in the S phase of cell division when the cells are undergoing
DNA synthesis [252]. Cytarabine was approved by the US Food and Drug
Administration (FDA) and commercialized under the trade name Cyto-
sar-U®. Cytosar-U® has been recognized as a mainstay drug in the
management of acute myeloid leukemia, acute lymphoblastic leukemia
and chronic myelogenous leukemia [253]. Other marine-derived anti--
cancer formulations have since been available. For example, CPX-351
(Vyxeos®), a liposomal formulation, consists of cytarabine and dauno-
rubicin in a 5:1 ratio. Delivery of CPX-351 to the leukemia cells of pa-
tients diagnosed with secondary acute myeloid leukemia resulted in
significant improvement in the overall survival status, compared with
conventional standard of care [254].

Trabectedin (Yondelis®), an extract from the Caribbean tunicate
Ecteinascidia turbinate, has also been approved by the European Medi-
cines Agency and by the US FDA for the treatment of advanced soft
tissue sarcomas. Trabectedin is a tetra-hydro isoquinoline alkaloid that
can be produced synthetically [255]. This molecule acts against crucial
processes in tumor cells as well as the tumor microenvironment via
tissue-resident histiocytes and tumor-associated macrophages [256].
This agent demonstrated remarkable efficacy in different settings,
including treatment-naive and pre-treated patients with local advanced
disease and tumor metastasis [257]. A phase III multicenter randomized
clinical trial on the safety and efficacy of Trabectedin has been con-
ducted (NCT01343277; ClinicalTrials.gov) [258]. In this clinical trial,
patients with metastatic leiomyosarcoma or liposarcoma after failure of
conventional chemotherapy were included. Recall after ten years of
treatment demonstrated acceptable treatment outcomes without detri-
mental side effects.

Eribulin (Halaven®) is the third market-authorized formulation for
combating cancer. Eribulin mesylate (eribulin) is the analog of hal-
ichondrin B, a natural product from marine-sponge [259]. Eribulin is
now used as a third-line (United States) or second-line (Europe)
formulation to address pretreated metastatic breast cancer [260].
Approved for use in more than 50 countries in the last decade, eribulin is
the only anti-cancer drug showing improved overall survival and
acceptable toxicity profile, especially for serious pre-treated patients
with metastatic breast cancer [261]. A phase II non-randomized clinical
trial demonstrated the tolerability and effectiveness of eribulin for
partients with advanced or metastatic soft-tissue sarcoma
(NCT03810976; ClinicalTrials.gov) [262]. Apart from its remarkable
efficacy in treating breast cancer and sarcoma, eribulin also showed
anti-cancer activity against other tumor types, such as non-small cell
lung cancer [263], tumor metastases [264] and gastric cancer [265].

The CD30-targeting antibody-drug conjugate (ADC) brentuximab
vedotin (Adcetris®) is derived from a sea hare known as Dolabella
auricularia. It is the first commercially available medication to treat the
principal cells in Hodgkin’s lymphoma (HL) such as malignant Hodgkin
and Reed/Sternberg cells via affecting the tumor microenvironment.
Brentuximab vedotin was rapidly approved by the US FDA in 2011 to
treat systemic anaplastic large cell lymphoma (sALCL) and relapsed
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classical HL. The CD30 membrane receptor, one of the tumor necrosis
factor receptors, is expressed extensively on specific tumor cells, espe-
cially in classical HL and sALCL. For normal cells, CD30 shows limited
expression. Taking all these advantages into account, the CD30 mem-
brane receptor is currently used as a potential target for ADC-related
therapy [266,267]. Brentuximab vedotin, an ADC, binds to the CD30
antibody and conjugates to the monomethyl auristatin E, a dolastatin 10
synthetic analog, via a protease cleavable linker [268]. Brentuximab
vedotin provides patients with sustained, progression-free survival
(PFS), instead of best supportive care alone following autologous he-
matopoietic stem cell transplant. In addition, peripheral neuropathy, the
most common and unsatisfactory side effect of chemotherapy, was
alleviated in 90% of the patients [269].

3.1.3. Agents in clinical trials

Eighteen candidates based on marine-derived metabolites are
currently enrolled in the oncological pipeline (Table 3). These trials
reflect preliminary interests in the marine-derived anti-cancer market.

3.2. Antimicrobial agents

Multidrug resistance is a major healthcare threat caused by the abuse
of antibiotics. Finding a substitute for antibiotics has attracted much
attention. Marine organism-derived potential antimicrobial agents
include peptides, terpenes, alkaloids and proteins. In this section, typical
antimicrobial agents derived from marine organisms will be thoroughly
discussed.

Antimicrobial peptides (AMPs) originate from marine organisms are
structurally diverse. These AMPs exhibit a broad range of antibacterial
activities. The AMPs are classified into four groups depending on their
stuctures: amphipathic a-helical, p-sheet, p-hairpin or loops, as well as
extended AMPs [297] (Fig. 7A). These AMPs target specifically to
pathogens and overcome antimicrobial resistance efficiently.
Marine-derived AMPs discovered in the last 5 years are discussed in this
section.

Tilapia piscidin 4 obtained from Nile tilapia is capable of killing
Helicobacter pylori and halting the progression of gastric ulcer [302].
Venerupis philippinarum defensin (VpDef) is isolated from the clam
V. philippinarum. Recombinant VpDef shows broad-spectrum antimi-
crobial activity. The minimum inhibitory concentration is as low as 50
pg/mL against Escherichia coli 0157. Recombinant VpDef is resistant to
proteinase digestion and stable under temperature and pH fluctuation.
Hence, VpDef is suitable for large-scale production [303]. Cathelicidins
derived from sea snakes are also regarded as potent candidates for
peptide-based antimicrobial agents [304]. A study reporetd that cath-
elicidins kill bacteria within 1 h in zebrafish [305]. A peptidic com-
pound obtained from Aneurinibacillus sp. YR247, has excellent
antifungal ability [306]. Theonellamides are dodecapeptides originated
from the marine sponge Theonella sp. These dodecapeptides show
attractive antifungal and cytotoxic bicyclic activities. Theonellamides
bind to 3p-hydroxysterols on the yeast membrane surface and cause
membrane damage [307]. Aeroplysinin-1 from Aplysina aerophoba
demosponge acts as an antibacterial agent against clinically-relevant
mircoorganisms [308]. In addition, chitin-based skeletal scaffolds
from marine sponges covered with silver nanoparticles and
silver-bromide exhibited excellent antibacterial ability. These scaffolds
may be used in water filtration systems [309]. Apart from antimicrobial
ability, hepcidins derived from the spotted scat Scatophagus argus also
possess antiviral activities. Hepcidins effectively eliminate Siniperca
chuatsi (Chinese perch) rhabdovirus and largemouth bass Micropterus
salmoides reovirus [310].

Recent reports suggest that chitin-bromotyrosine hybrid scaffolds
possess superior antimicrobial activities against clinical strains of
Staphylococcus aureus, Enterococcus faecalis and Propionibacterium acnes.
Marine-derived chitinous skeletons have long been identified as excel-
lent  three-dimensional  biomaterials-based  matrices [311].
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Table 3

Marine-derived chemotherapeutics in clinic trials.
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Stage Compound Name Source Molecular Target Interventions Cancer Types Status NCT number Refs
Phase Plitidepsin Aplidium Racl and JNK Plitidepsin; Relapsed/refractory Completed; NCT01102426 [270]
111 (Aplidin®) albicans activation Dexamethasone myeloma Has Results [271]
Phase Plinabulin Aspergillus Inhibit tubulin Plinabulin; Nivolumab Recurrent or metastatic Terminated; NCT02846792 [272]
111 ustus polymerization non-small cell lung cancer Has Results [273]
in Stage IIIB-1V,
Phase Depatuxizumab N/A Noncleavable ABT-414; Glioblastoma multiforme Completed NCT01800695 [274]
111 mafodotin ABT- maleimidocaproyl Temozolomide; [275]
414 linker, epidermal Whole Brain Radiation
growth factor receptor
and microtubule
cytotoxin
Phase Salinosporamide A Salinospora Suppressing the MAPK Marizomib; Newly diagnosed Active, not NCT03345095 N/A
111 tropica pathway Temozolomide; glioblastoma recruiting
Radiotherapy
Phase Lurbinectedin Trabectedin Phosphorylated RNA Lurbinectedin; Small cell lung carcinoma Recruiting NCT04358237  [276]
11 (Zepsyre®) polymerase II Pembrolizumab
Phase Polatuzumab Dolabella CD79b and Obinutuzumab; Relapsed or refractory B- Completed NCT01691898  [277]
I vedotin auricularia microtubules Pinatuzumab Vedotin; Cell non-Hodgkin’s Has Results
DCDS-4501A Polatuzumab Vedotin; lymphoma
Rituximab
Phase Glembatumumab Dolabella Inhibit microtubule Capecitabine;CDX-011 Recurrent osteosarcoma Completed NCT02487979 [278]
I vedotin auricularia and monomethyl Has Results
CDX-011 auristatin E
Phase Glembatumumab Dolabella Inhibit microtubule Glembatumumab Advanced melanoma Terminated NCT02302339 [279]
I vedotin auricularia and monomethyl vedotin; CDX-301 Has Results
CDX-011 auristatin E
Phase Glembatumumab Dolabella Inhibit microtubule Glembatumumab Metastatic or locally- Completed NCT02363283  [280]
I vedotin auricularia and monomethyl Vedotin recurrent uveal melanoma Has Results
CDX-011 auristatin E
Phase Tisotumab vedotin ~ Dolastatin 10 Inhibit microtubules Tisotumab Vedotin Bladder cancer, ovary Completed NCT02001623  [281]
11 (HuMax®-TF- (HuMax-TF-ADC) cancer, prostate cancer,
ADC) cervix cancer,
endometrium cancer, lung
cancer, esophagus cancer
and squamous cell
carcinoma of the head and
neck
Phase Telisotuzumab Dolastatin 10 c-Met ABBV-399 Recurrent squamous cell Active, not NCT03574753 [282]
I vedotin lung carcinoma and stage recruiting
ABBV-399 IV squamous cell lung
carcinoma AJCC V7
Phase Telisotuzumab Dolastatin 10 c-Met Telisotuzumab vedotin ~ Non-small cell lung cancer Recruiting NCT03539536  N/A
I vedotin
ABBV-399
Phase AGS-16C3F Dolastatin 10 ENPP3 and Inhibit AGS-16C3F Metastatic renal cell Active, not NCT02639182 N/A
I Microtubules carcinoma recruiting
Has Results
Phase GSK2857916 Dolastatin 10 B-cell maturation GSK2857916 and Multiple myeloma Recruiting NCT03848845  [283]
I antigen Pembrolizumab
Phase PM060184 Lithoplocamia Microtubules PM060184 Advanced colorectal Unknown NCT03427268 [284]
I Plocabulin lithistoides cancer
Phase Ladiratuzumab Dolastatin 10 LIV-1 and microtubules ladiratuzumab vedotin Small cell lung cancer, Recruiting NCT04032704 [285]
I vedotin esophageal squamous cell
SGN-LIVIA carcinoma,
gastroesophageal junction
adenocarcinoma,
squamous, non-small cell
lung cancer, non-squamous
head and neck squamous
cell carcinoma, gastric
adenocarcinoma, prostate
cancer and melanoma
Phase Enfortumab Dolastatin 10 Nectin-4 and Enfortumab vedotin, Urothelial cancer Recruiting NCT03288545 [286]
I vedotin microtubules pembrolizumab,
ASG-22ME cisplatin, carboplatin,
gemcitabine
Phase Enfortumab Dolastatin 10 Nectin-4 and Pembrolizumab, Urinary bladder cancer, Recruiting NCT03924895 N/A
I vedotin microtubules Surgery (radical muscle-invasive
ASG-22ME cystectomy (RC) plus
Pelvic Lymph Node
Dissection,
Enfortumab Vedotin
Phase Dolastatin 10 Nectin-4 and Enfortumab vedotin Metastatic urothelial Completed NCT03070990 [287]

microtubules
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Table 3 (continued)

Bioactive Materials 6 (2021) 4255-4285

Stage Compound Name Source Molecular Target Interventions Cancer Types Status NCT number Refs
Enfortumab
vedotin
ASG-22ME
Phase Enfortumab Dolastatin 10 Nectin-4 and ASG-22CE, AGS- Neoplasms Completed NCT01409135 N/A
I vedotin microtubules 22M6E
ASG-22ME
Phase ABBV-085 Dolastatin 10 Direct against LRRC15 PF-06647020 Advanced solid tumors, Completed NCT02565758 [288]
I from Symploca on CAFs squamous cell carcinoma [289]
sp. Cytotoxic drug through of the head and neck
antimitotic activity carcinoma of the breast,
undifferentiated
pleomorphic sarcoma
Phase PF-06647020 Marine PTK7-targeted; ASG-15ME Breast cancer Recruiting NCT03243331 [290]
I polyphenols Cytotoxic anti-cancer [291]
from seaweeds agent [292]
Phase ASG-15ME Dolastatin 10 Target SLITRK6 AGS-67E Metastatic urothelial Completed NCT01963052 [293]
I from Symploca Microtubule-disrupting cancer [294]
sp. agent. [295]
Phase AGS-67E Dolastatin 10 Target CD37 AGS67E Relapsed lymphoid Completed NCT02175433  [296]
I from Symploca Anti-tubulin activities malignancy
sp. Refractory lymphoid
malignancy

Bromotyrosines possess multitarget activities including antimicrobial,
anti-cancer, antiviral as well as cytotoxic traits [312]. In the
chitin-bromotyrosine hybrid scaffolds, chitin is used as drug delivery
vehicles because of its mesh-like structure and capillary network [313].
A recent study reported that simultaneous extraction of both chitin and
bromotyrosine is feasible [219]. Typical chitin-bromotyrosine hybrid
scaffolds such as aeroplysinin-1 demonstrated effective antibacterial
activity in vitro [219]. Inhibition of microbial chitinases via these
halogenated compounds are highly relevant [314]. From an economical
perspective, demosponge-derived chitin-bromotyrosine hybrid scaffolds
are easily available. For example, A. aerophoba, a kind of demosponge
with abundant bromotyrosine, grows 10 cm annually and are located at
2-5 m beneath the sea level. This easily reachable ocean depth ensues a
easily obtainable and sufficient supply of bromotyrosine. It is estimated
that 99 g of bromotyrosine can be harvested from every 10 m? of
A. aerophoba colony. Such an amount of extracted bromotyrosine value
up to US$14,850,000 [219]. Although these naturally-occurring bio-
materials possess immense potential, the gap between the ocean and
clinical application remains abysmal. There is an urgent need for
in-depth research in this exciting field.

Regrettably, the majority of AMPs have not undergone clinical trials.
Several challenges have to be taken into consideration prior to untaking
clinical trials. These challenges include how to achieve potent antimi-
crobial activities under physiological conditions such as pH, serum
conditions, salinity, rapid degradation of AMPs by proteases as well as
the high cost of production [298].

3.3. Tissue engineering and regenerative medicine

Tissue engineering refers to the promotion of tissue regeneration or
replacement within the confines of engineering and life sciences. Tissue
engineering utilizes 3D scaffolds for temporary support to provide a
suitable environment and structure for tissue regeneration. Three
dimensional scaffolds with suitable pore sizes are critical for cell
migration, proliferation and diffusion of oxygen and nutrients. Qualified
3D scaffolds should possess appropriate biodegrading rate and excellent
mechanical properties. In addition, low immunogenicity and low
toxicity are highly-esteemed traits [225,315,316]. Many natural mate-
rials (e.g. gelatin, chitosan) and synthetic materials (e.g. bioactive ce-
ramics and synthetic polymers) have been used for construction of
scaffolds. Natural marine materials with unique and attractive archi-
tectures are promising candidates for the preparation of tissue engi-
neering scaffolds.
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3.3.1. Biomaterials extracted from marine organisms

Natural polymers are important components of the extracellular
matrix. They exhibit superior biocompatibility and low immunogenic
potential. Collagen obtained from marine organisms may be used for
preparation of 3D composites with excellent osteogenesis potential.
Scaffolds prepared by combining marine bioapatite particles with ma-
rine collagen demonstrate superior mechanical properties, bioactivity
and ability to promote osteogenic differentiation (Fig. 7B) [299]. Gelatin
has been extensively investigated as 3D scaffolds for bone tissue repair
and regeneration (Fig. 7D). Several collagen/gelatin-based products are
commercially available for bone tissue engineering. These products
include DBX® and RegenOss® [317] (Table 4).

Chitosan has been extensively investigated for bone regeneration
applications. It is positively-charged with excellent biodegradability,
biocompatibility, muco-adhesive and hemostasis properties (Fig. 7C). A
chitosan-polycaprolactone copolymer improves the ability of pre-
osteoblastic cells to form bone tissue [318]. Combining chitosan with
other polymers or biomaterials helps to control its porosity and water
retention capability, reduce its biodegradation rate, increase its me-
chanical properties and enhance its bioactivity [319]. The use of a chi-
tosan scaffold with stromal vascular fraction aliquots demonstrated
excellent bone regeneration ability [320]. In vitro experiments showed
that chitin-based scaffold supported chondrocyte attachment and
extracellular matrix synthesis [321]. In vivo experiment showed that
whitlockite/chitosan scaffold significantly improves bone repair in skull
defect [322]. The chemotaxis and regenerative potential of human
dental pulp cells could also be enhanced by porous chitosan-calcium
aluminate scaffolds [323]. Incorporation of silver-doped bioactive
glass in chitosan enhances the odontogenic differentiation potential of
dental pulp stem cells [324]. The mechanical properties, bioactivity and
osteogenic potential of chitosan-based scaffolds are improved when
chitosan is combined with other polymers and biomaterials such as
hydroxyapatite, bioglass ceramic and silicon dioxide [300]. The pro-
duction of 3D chitinous scaffolds using microwave-assisted extraction is
efficient and environmentally friendly. Such a fabrication method fa-
cilitates the application of 3D chitinous scaffolds in the biomedical and
technological arena [325].

Three-dimensional bioprinting is rapidly developing in tissue engi-
neering and regeneration. Bioprinting is accomplished through layer-by-
layer deposition of cell-containing biomaterials in a predetermined
structural architecture. High-resolution printed cell-containing scaffolds
are biocompatible, biodegradable, bioactive and possess optimal me-
chanical properties (Fig. 8A). Compared with synthetic materials, 3D
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Fig. 7. (A) Antimicrobial peptides (AMPs) kill bacteria by inducing membrane damage and/or internalization. An alternative antibacterial mechanism of AMPs is
intracellular targeting. Some AMPs act on intracellular targets by inhibiting cell wall synthesis, nucleic acid binding and synthesis, protein production and enzyme
activity. (B) Schematic of crosslinking reactions between 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) and hexamethylene diisocyanate
(HMDI) crosslinking agents. (C) Various forms in which chitin and chitosan constructs can be fabricated. (D) Gelatin used for bone tissue repair. (A is reproduced
from Ref. [298] with permission from publisher; B is reproduced from Ref. [299] with permission from publisher; C is reproduced from Ref. [300] with permission

from publisher; D is reproduced from Ref. [301] with permission from publisher).

bioprinting using marine-derived biopolymers have additional advan-
tages such as resemblance to extracellular matrix composition or
structure and self-assembling capability [326] (Table 5)

Researchers have combined agarose with collagen to produce a
hydrogel blend for long-term cell encapsulation [347]. Tailored hydro-
gel blends formed by agarose-based bio-ink incorporating collagen or
fibrinogen via 3D bioprinting support endothelial and fibroblast cell
growth. These hydrogel blends enable the formation of a vascularized
network to ensure adequate nutrition supply [348]. Gelatin is an
attractive candidate for 3D bioprinting. To improve its mechanical
modulus and degradation rate, gelatin is modified by methacrylation.
The methacrylated gelatin supports cell adhesion and proliferation
[349]. Interpenetrating hydrogels composed of alginate and gelatin
exhibit excellent mechanical strength, swelling ratio, degradation and
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cell behavior, which meets the requirements for tissue engineering
[350].

3.3.2. Marine skeletons used in tissue engineering

Marine skeletons have tailored structures. For example, seashells
have dense lamellar structure. Cuttlebone and coral have an inter-
connected porous structure that resemble native bone structure. The
porosity, microstructure, and crystallography of these structural marine
skeletons is highly desirable for tissue engineering [223]. The archi-
tectures of marine skeletons have been described in Section 2.5
(Table 6).

Calcium phosphate hydrothermally-converted from coral resembles
chemical composition of natural bone tissue. Skeletons of coral such as
Pocillopora verrucosa and Acropora formosa meet the requirement of 3D
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Table 4
Biomaterials from marine organisms applied in tissue engineering.
Biomaterials Marine Sources Tested cell types Cell viability or improved ~ Application Advantages(A) and disadvantage (DA) Refs
properties
Gelatin Cold water fish NIH3T3 cells 90% Tissue engineering A: High degradation rate, appropriate [332]
methacryloyl and drug delivery melting and gelling points (~37 °C)
DA: low compressive moduli
Collagen Salmon skin Mesenchymal stem Improved proliferative Bone tissue A: Excellent mechanical properties, [333]
cells and differential ability of  engineering increased degradation rate and the
mesenchymal stem cells compressive strength
Shark skin (Prionace Osteoblast-like cell Majority of the cells are Bone tissue A: Bioactive stable composite structures, [299]
glauca) viable engineering feasibility, low cost
Fish T-Lymphocyte Decreased (T-cells), Bone tissue A: Biocompatibility, high stiffness, low [334]
leukemia cell lines Improved osteogenic engineering biodegradation rate, and osteogenesis
and osteoblast ability (osteoblast) ability
Sea urchin Fibroblast Increased proliferation Tissue regenerative A: Biocompatiblity, mechanically stable [334]
rate medicine in wet conditions, resemblance the
dermal layer in structure and function.
Alginate Brown sea algae Mesenchymal stem Increased cell number Bone tissue A: Excellent mechanical properties, [335]
cells engineering suitability for cell attachment and spread
Human osteoblasts Improved osteoblasts Bone tissue A: Suitable physical performance, [336]
proliferation engineering, drug bioactivity
delivery
Chitin Demosponge Ianthella Mesenchymal High percentage of Tissue engineering A: Ability to improve adipogenic [337]
basta stromal cells viability, improved and regeneration, such  differentiation of cells, simplicity of the
differential ability as artificial skin isolation, interconnected porosity and
excellent biocompatibility
Demosponge Aplysina Human Increased metabolic Tissue engineering A: Excellent cytocompatibility [338]
aerophoba mesenchymal activity, cell numbers,
stromal cells and differential ability
Collagen- Jellyfish (collagen), 1929 cells 70% Tissue engineering A: Mechanical stability, adequate [339]
chitosan- brown algae(fucoidan), porosity for cell proliferation
fucoidan giant squid(chitosan)
cryogels

scaffolds for bone tissue engineering [329]. Two reef-building coral
skeletons derived from Goniopora coral and Porites coral have been used
commercially as bone graft materials [351]. Five effects of coral skele-
tons applied in this field include: (i) increase bioactivity via altering
composition and crystal structure; ii) carry osteoinductive factors; (iii)
enhance resorption properties; (iv) strengthen against compression
forces in bone via converting to hydroxyapatite and fusing with hy-
droxyapatite nano-coatings; (v) increase bioactivity via interactions
with surfaces [329] (Fig. 9A).

Incorporation of bioactive molecules into coralline graft enhances its
tissue regeneration properties. For example, the combination of coral-
line graft with vascular endothelial growth factor results in improved
neovascularization and mineralization [361].

The contribution of marine sponges in bone tissue engineering is
promising due to their excellent properties. For example, the inter-
connecting porous architecture of sponges promote the circulation of
fluids. They also possess osteogenic properties, improve cell growth,
facilitate bone formation and mineralization [225]. Chitinous scaffolds
extracted from marine sponge Ianthella labyrinthus are suitable for car-
diomyocyte attachment and growth [362]. Marine sponges combined
with growth factors are effective for bone regeneration [363]. Bone
regeneration results of surface-modified hydroxyapatite sponge scaf-
folds are comparable with the use of demineralized freeze-dried bone
allografts [364]. In addition, 3D chitinous scaffolds from Aplysin aarcheri
demosponges induce calcium carbonate precipitation. When used for
bone tissue engineering, these scaffolds are biocompatible, biodegrad-
able and osteoinductive [365].

Cuttlefish bone is also used as a bone graft material. Compared with
commercial synthetic hydroxyapatite, bioactive hydroxyapatite-based
bioceramics prepared from cuttlefish bone powder exhibit improved
apatite deposition, cell proliferation and alkaline phosphatase activity
[366]. The combination of inorganic components with biopolymers is a
feasible method to improve the functional properties of bone graft ma-
terials. Silicon-substituted cuttlefish bone-derived hydroxyapatite has
been reported to enhance osteoblast differentiation [367].
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Teeth from shark are employed in experimental bone tissue engi-
neering. Shark teeth contain not only apatite, but also comprise addi-
tional elements that are beneficial for bone regeneration, such as
magnesium. Bioapatite obtained from thermal processing of shark
enameloid and dentin is biocompatible and possesses osteogenic activity
[352]. It is presumed that shark teeth may be used as a novel source of
bioapatite for bone repair in the future [368].

Molecules obtained from marine organisms also play an important
role in cartilage regeneration. Chondroitin sulfate present in natural
cartilage is crucial for chondrogenesis. The mechanical performance of a
chondroitin sulfate-containing double network gel is comparable with
native cartilage tissue. In addition, this synthetic gel also induces
chondrocytes differentiation [369]. Likewise, an elastic microporous
gelatin/chondoitin-6-sulfate/hyaluronan-chitosan  cryo-gel scaffold
designed for cartilage tissue engineering demonstrated improved me-
chanical properties and chondrocyte differentiation response [370].

3.4. Drug delivery

The development of personalized, less invasive, sustained release
therapeutic agents of drug delivery systems is an ideal target for pa-
tients. In the present section, approaches to construct advanced drug
delivery systems via marine organisms as raw materials will be
discussed.

3.4.1. Collagen-mediated drug delivery

Collagen molecules possess the amazing capability to self-assemble
into higher-order fibrillar structures. Hence, collagen serve sas the
pivotal component in drug delivery applications. Sophisticated ap-
proaches have developed as collagen-based drug delivery systems, such
as capsules prepared from gelatin (denatured collagen), injectable
hydrogels loaded with growth factor, corneal shields, collagen sponges
used in chronic wounds as well as antibiotic dressings [371,372].
Moreover, collagen also serves as an attractive drug targeting site in
several disease, such as lung and liver fibrosis, psoriasis and scleroderma
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Fig. 8. A) Properties of bioink in 3D bioprinting. B) The structure of polyunsaturated fatty acids and originated oils. C) Interrelations between polysaccharides of
marine origin and drug delivery systems for advanced therapeutic applications. (A is reproduced from Ref. [326] with permission from the publisher; B is reproduced
from Ref. [327] with permission from the publisher; C is reproduced from Ref. [328] with permission from the publisher).

Table 5
Biomaterials from marine organisms applied in 3D bioprinting.
Biomaterials Marine Tested cell types Cell density Advantages(A) and disadvantages Application 3D Refs
Sources and viability (DA) bioprinting
method
Alginate Brown Mesenchymal stem cells 85.0 + 5.9% A: Spatially varying mechanical Bone tissue Extrusion [340]
algae microenvironment extrusion engineering printing
printing
Alginate Brown Human mesenchymal stem cells 84% + 0.7% A: Excellent scaffold fidelity and Bone tissue Extrusion [332]
algae mechanical properties (higher engineering printing

alginate concentration);
Excellent cell viability and cell
spreading morphology (lower
alginate concentration)

Silk-like protein Sea Mouse pre-osteoblasts, rat 99% A: Accurate printability, structural Cartilage or Extrusion [341]
(aneroin) anemone myoblasts, mouse fibroblasts, integrity, and biocompatibility skeletal tissue printing
and rat-derived mesenchymal regeneration
stem cells
Gelatin Cold water ~ NIH3T3 cells Over 80% A: Inexpensive, high emulsion Drug delivery Extrusion [342,
fish stability printing 343]
DA: low viscosity and rapid
polymerization
K-carrageenan- Carrageen C2C12 cells Over 90% A: Excellent structural stability and Biological binder Extrusion [344]
gelatin hydrogel cell viability. for tissue scaffolds  printing
Chitosan Crab shell Mouse pre-osteoblast cells Over 90% A: Good viscoelastic properties, Bone tissue Extrusion [345]
stable under physiological engineering printing
conditions, proper viscosity values.
Carrageenan Red algae Mesenchymal stem cells Dead cells A: Excellent structural strength, Tissue engineering  Extrusion [346]
were cyto-compatible and non-toxic. and regeneration printing
negligible
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Table 6
Marine skeletons and other hard tissue applied in tissue engineering.
Marine skeletons Effective constituents Porosity and pore Properties Application Refs
size
Shark teeth Apatitic (hydroxyapatite and apatite-(CaF)), Pore size: ~50 pm Enrichments of specific trace elements (Mg, F); Bone tissue [352]
non-apatitic (whitlockite), and an apatitic and ~0.5-1 pm) Improved proliferation and osteogenic activity regeneration
phase (fluorapatite), of cells
Mussels and oysters Calcium carbonate Particle size: 1.5 pm Enhanced ECM mineralization and osteoblastic Bone tissue [353]
differentiation of MSC regeneration
Coral Hydroxyapatite Porosity: 70-75% Excellent osseous tissue formation, carrier for Tissue regeneration ~ [354]
growth factors
Acropora coral Pores size: 412 + Interconnected large pores Tissue regeneration [355]
212 pm, porosity: 12
+ 4%
Cuttlebone Porosity: 90.4 £ Interconnective porous structure; Bone tissue [356]
3.5% High protein adsorption rate; promotes regeneration
osteogenic differentiation of MSC
Cuttlebone Biphasic Calcium Phosphate N/A Excellent degradability and bioactivity Bone tissue [357]
engineering
Marine sponge Chitinous scaffolds N/A 3D chitinous scaffold for calcium carbonate Developed [358]
Aplysin aarcheri deposition mineralized
scaffolds
Coral Calcium carbonate Porosity: 99.05% Enhanced compressive properties; promotes Bone regeneration. [359]
microparticles more robust osteogenic differentiation of

Deep-sea bamboo Calcareous structures alternated with smaller N/A
coral proteinaceous nodes of gorgonin

mesenchymal stromal cells,
Excellent potential for colonization with human
osteoblasts and osteoclasts

Tissue regeneration [360]

[373]. In the models of these diseases, the use of collagen-binding pro-
teins realizes the targeting and recognition via the signal molecule
collagen. However, collagen has poor mechanical properties and inad-
equate thermal stability compared with synthetic polymers. Thus, the
physicochemical properties of marine-derived collagens require modi-
fication by incorporation of other biomaterials to make them suitable for
drug delivery.

Collagen molecules possess conservative sequences that permit spe-
cific collagen-protein interactions. Such interactions can either interfere
with collagen-related diseases or supply collagen at the sites where
normal collagen function is impaired [374]. A type IV collagen triple
helical peptide has been investigated to bind tightly to target of some
tumor cells such as CD44, a chondroitin sulfate proteoglycan receptor
that is overexpressed in several tumor cells [375]. Liposomes loaded
with doxorubicin and a triple-helical peptide-amphiphile were capable
of targeting the over-expressed CD44 receptors in tumor sites, reducing
tumor size to 60% compared with the control group [376].

3.4.2. Polysaccharide-mediated drug delivery

Marine polysaccharides have currently been applied in food, cos-
metics and pharmaceutical industries (Fig. 8C). Algae are rich in marine
polysaccharides. Commercial alginates originate principally from
alginic acid in brown marine algae (Phaeophyceae). Alginate may also be
obtained from marine bacterial sources such as Laminaria digitata,
Laminaria hyperborea, Ascophyllum nodosum, Laminaria japonica and
Macrocystis pyrifera via aqueous alkali solutions (NaOH) treatment [377,
378].

Alginate hydrogels have been employed as drug delivery systems for
a long time because of their biocompatibility, non-toxic nature and bio-
availability. It is used as a stabilizer agent in pharmaceutical formula-
tions to control drug release. For example, sodium alginate has long
been processed as a tablet binding material. Alginic acid, nevertheless,
has been currently used as a tablet disintegrating material with the aim
of immediate drug release [377]. Alginate may also be used for
pH-sensitive drug release in the colon region for treating patients with
inflammatory bowel diseases [379].

Carrageenans are typical sulfated polysaccharides originated from
the cell walls of red seaweeds. Carrageenans may be categorized
accroding to their level of sulfation into kappa (x), iota (1), and lambda
(A) carrageenans, which contain one, two or three sulfate groups,
respectively [380]. Because of their organized, ordered and stable
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networks as well as wide water-pockets, carrageenans are used as ve-
hicles to deliver drug cargoes [381]. Carrageenan-based formulations
used as drug delivery systems include hydrogels, hydrogel beads, mi-
crospheres and microparticles [382-384]. Carrageenan is an ideal
excipient for controlled release in drug delivery systems. The dissolution
rate and mechanical properties of carrageenan are greatly affected by its
sulfation extent. As a result, the drug loading capacity and the release
efficiency of the loaded cargo are also altered [385]. kx-carrageenans
resemble native glycosaminoglycans and form fragile hydrogels by ionic
crosslinking. They can protect cells from strong shear forces and are
excellent devices for cell encapsulation. Human mesenchymal stem cells
remain predominatly viable and maintain their circular morphology
after encapsulation with «-carrageenan. Shear-thinning carra-
geenan-based hydrogels may be used as cell-delivering vehicles in
cartilage tissue regeneration and 3D bioprinting [386].

Fucoidans are sulfated polysaccharides extracted from brown algae.
Chitosan/fucoidan nanoparticles have been used experimentally for
pulmonary delivery of gentamicin, a commonly used aminoglycoside
antibiotic. These nanoparticles demonstrated a zero-order release of
gentamicin for the first 10 h. This was followed by stable release of up to
72 h [387]. Moreover, chitosan/fucoidan nanoparticles were capable of
sustained antibiotic release in simulated gastric fluid and effectively
suppressed the growth of clinically-relevant pathogens such as S. aureus
and E. coli [388].

3.5. Anticoagulant

Fucoidan participates in the blood coagulation cascade by interact-
ing with the natural thrombin inhibitors including antithrombin, hep-
arin cofactor II, activated factor II (thrombin) and activated factor X
[389,390]. Fucoidan-modified surfaces possessed potent anti-
coagulation activity. The thrombin time threshold was prolonged when
contacting with the fucoidan-modified surfaces. It is presumed that
these fucoidan-modified surfaces may serve as the alternatives as
anti-clotting devices such as blood storage bags [391].
Chitosan-fucoidan nanoparticles possess better in vitro anticoagulant
activity than pristine fucoidan. Solid evidences showed that this hybrid
nanoparticles could reduce thrombus formation even in a deep vein
thrombosis model [392]. The positive surface charge present in
chitosan-fucoidan nanoparticles contributes to the increase in activated
partial thromboplastin time and is concentration dependent. It is
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from the publisher).

inspiring that fucoidans also exhibit antithrombotic activity when
administered orally. Low molecular weight fucoidans are better absor-
bed orally and have superior potent anti-thrombotic activity compared
to medium molecular weight fucoidans [393].

3.6. Applications in other diseases

3.6.1. Cardiovascular diseases

Cardiovascular diseases (CVD) result in 17.3 million deaths per year
and are the major cause of global deaths [394]. Long-chain omega-3
polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic acid and
docosahexaenoic acid, are produced by fish and other marine organisms.
These PUFAs have already been used extensively to combat CVD
(Fig. 8B). The mechanisms responsible for the use of PUFAs against CVD
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may be summarized as follows: i) modulation on the function of cardiac
ion channels, such as Na and L-type Ca channels; ii) prevention of the
transformation from arachidonic acid into pro-inflammatory eicosanoid;
iii) anti-inflammatory mediators including enzymatically-oxygenated
metabolites (Fig. 9B) [395]. The anti-inflammation properties of these
fatty acids are prominent. The PUFAs are involved in the inhibition of
leukocyte chemotaxis, interactions between leukocyte and endothelial
cells, and secretion of inflammatory cytokines [396]. In murine models,
long-chain monounsaturated fatty acids obtained from fish oil exhibited
anti-atherogenic effects [397]. Clinical trials demonstrated that patients
with acute myocardial infarction who took omega-3 fatty acids exhibi-
ted less adverse left ventricular remodeling and non-infarct myocardial
fibrosis [398].
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3.6.2. Bone diseases

Natural products derived from marine cyanobacteria, di-
noflagellates, algae, sponges, soft corals, mollusks, fishes and mangroves
significantly affect bone metabolism by inhibiting osteoclastogenesis
and up-regulating osteoblastogenesis through regulation of the RANK/
RANKL/osteoprotegerin pathway [331] (Fig. 9C).

Osteoporosis, the main cause of bone fracture among the elderly, is a
systemic skeletal disorder characterized by low bone mass, micro
architectural deterioration of bone tissue. Bisphosphonates refer to one
of the most commonly used drugs for prevention and treatment of
osteoporosis currently. Bisphosphonates induce apoptosis of osteoclasts,
slowing bone loss and inhibiting the digestion of bone. However, pre-
scription of even mild versions of bisphosphonates such as alendronic
acid (Forsamax) may result in a medical reaction known as medication-
related osteonecrosis of the jaw, a condition manifested by progressive
bone destruction in the maxillofacial region of patients. Scientists have
resorted to the marine ecosystem to search alternatives for combating
osteoporosis-related bone resorption by modulating immune mediators
such as transcription factors, immune receptors and key factors like
RANKL/osteoprotegerin.

Marine-derived organisms also show considerable effects in remi-
neralization of bone defects in disease models. The gastrointestinal di-
gests obtained from the abalone Haliotis discus hannai have been used
with fish collagen and the polymer poly(e-caprolactone) to create
experimental scaffolds via 3D printing for bone tissue engineering.
Marine mesenchymal stem cells were seeded onto the fabricated scaf-
folds and the resultant constructs were implanted into rabbit tibia. The
seeded scaffolds that contained osteogenic abalone intestine gastroin-
testinal digests demonstrated strong osteoinduction capability in the
rabbit tibia model, with augmented mineralization levels and alkaline
phosphatase activity [399].

Osteoarthritis causes chronic pain of joint involving the entire joint.
In the presence of the nacre extract, which was able to induce the early
calcium precipitation in cells (after 7 days), the expression levels of
osteogenic markers, including osteocalcin, osteopontin and Runt-related
transcription factor, were higher than in normal with a dose-dependent
manner. Nacre extract is likely to stimulate MC3T3-E1 and osteoarthritic
osteoblasts in vitro through containing ethanol-soluble diffusible factors.
Thus, nacre extract was able to restore a physiological phenomenon and
induce mineralization of osteoarthritis osteoblasts [400]. However, no
in vivo experiments have been conducted owing possibly to the immu-
nogenic properties of nacre.

Biselyngbyasides are macrolides derived from Lyngbya sp, a marine
cyanobacterium. They display potent cytotoxicity against a great variety
of human cancer cells. A study showed that biselyngbyasides were
potent inhibitors of the sarco/endoplasmic reticulum calcium-ATPases,
the Ca?"-pumps responsible for establishing calcium ion concentration
gradient across the sacrco/endoplasmic reticulum membrane. By bind-
ing specifically to cancer cells and inhibition of the aforementioned
calcium pumps, biselyngbyasides activates the endoplasmic reticulum
stress response in the cancer cells and results in apoptotic cell death
[401]. Furthermore, biselyngbyasides can inhibit RANKL-induced
osteoclastogenesis and induce apoptosis of mature osteoclasts in mu-
rine RAW 264.7 cells at a low concentration [402].

Histone deacetylases (HDACs) play significant roles in regulating
gene expression in cells epigenetically. They are emerging as therapeutic
targets for treating an array of solid tumors and hematological malig-
nancies. Largazole, extracted from the marine cyanobacterium Symploca
sp, is a potent inhibitor of HDACs. It has already been approved by the
FDA for cancer treatment [403]. Histone deacetylase inhibitors have
also been used to treat non-malignant diseases involving pathological
bone loss. Inhibition of HDACs by largazole results in increased Runx2
activation. This, in turn, suppresses bone resorption and increases bone
formation, repair and regeneration [404]. Soft corals such as Sinularia
maxima and Lobophytum crassum show potent antioxidant activity
(peroxyl radical-scavenging and reducing activity) on pre-osteoblastic
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MC3T3-E1 cells and anti-osteoporosis capacity on pre-osteoclastic
RAW 264.7 cells [405].

3.6.3. Diabetes

Polyphenol obtained from marine algae has the ability to control
diabetes mellitus. Experiments in vitro and in vivo have testified that
polyphenol extracted from the brown macroalga Lessonia trabeculate
significantly attenuated hyperglycemia and hyperlipidemia in high-fat
diet and streptozotocin-induced diabetic rats. Purified polyphenol ex-
tracts exhibited superior activities such as antioxidant, a-glucosidase
and lipase inhibition. Compared with control diabetic rats, fasting blood
glucose levels and insulin levels are lower in diabetic rats treated with
polyphenol extracts [406]. A dieckol-rich extract derived from the
brown alga Ecklonia cava was used for pre-diabetic human subjects in a
randomized, double-blind clinical trial. The results demonstrated that
the levels of postprandial hyperglycemia, insulin and C-peptide were
significantly reduced after 12 weeks [407].

Bioactive marine peptides are efficient in management of type 2
diabetes mellitus. The proposed mechanisms include protection of
pancreatic f-cells, enhancing secretion of insulin stimulated by glucose,
influence on the insulin sensitivity and its signaling pathways, and
inhibiting bioactive peptides to dipeptidyl peptidase IV, a-amylase and
a-glucosidase activities [408].

4. Other applications
4.1. Cosmeceutical applications

Marine-derived biomaterials also have great cosmeceutical potential.
Recently, the combination of cosmeceuticals with bioactive ingredients
obtained from marine organisms has become the hallmark of cosmetic
industries [409].

Biologically-active proteins and peptides from marine sources
possess a broad range of biological activities, including antioxidant,
anti-aging, anti-photoaging and antimicrobial activities. Thus, they have
attracted great attention in the pharmaceutical and cosmeceutical in-
dustries. Collagen is the major component of skin and it may decrease
with age. This is the main reason why collagen is utilized extensive in
cosmeceuticals like skin and hair care. Collagen obtained from fish,
jellyfish and cuttlefish has been investigated for its moisturizing,
regenerating and film-forming properties. Collagen fillers are also used
as hydrogels to produce cosmetic face masks [410,411]. Collagen is
administered via subcutaneous injection for repairing dermatological
defects, such as the reduction of wrinkles and healing of acne scars
[412]. Bioactive peptides are obtained from organisms and seafood
waste products through enzymatic hydrolysis. These bioactive peptides
are employed for anti-aging, light protection, whitening, anti-wrinkle
and skin soothing [409].

Chitosan is another promising cosmeceutical agent because of its
biocompatibility, high charge density and muco-adhesive property.
Blending chitosan with hyaluronic acid and collagen promotes hair
health such as increase in thickness and mechanical properties [413].
Chitosan oligosaccharide inhibits undesirable changes in hairless mouse
skin caused by 10 weeks of ultraviolet light radiation [414]. Chitosan
also exhibits excellent properties to vehiculate active ingredients for
cosmeceuticals [415]. Sponge chitin-based membranes exhibit excellent
mechanical stability and electrochemical properties due to the specific
structure of the chitinous skeleton derived from demosponges [416].
Other polysaccharides used as cosmetics include fucoidans, alginate and
laminarin, carrageenan and ulvan [417]. For example, pre-processed
laminarin protects skin from ultraviolet radiation. The proposed mech-
anisms for this protection include decreased oxidative stress and
increased antioxidant enzyme production [418].

Hyaluronic acid is still the most important ingredient in cosmetics
because of its ability to replenish skin moisture and make skin softer,
smoother and more radiant [410]. Hyaluronic acid may be cross-linked
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with different materials, such as 1,4-butanediol diglycidyl ether, to
render it more resistant to enzymatic degradation [419]. Hyaluronic
acid-based formulations have been used for skin rejuvenation. These
formulations, which include gels, creams, intra-dermal filler injections,
dermal fillers, facial fillers, autologous fat gels, lotion, serum and im-
plants, exhibit remarkable anti-wrinkle, anti-nasolabial fold formation,
anti-aging and space-filling properties [410]. Fabrication of hyaluronic
acid into different types of porous and 3D structures widens its appli-
cation in cosmeceuticals [420].

4.2. Food applications

Marine-derived products have been utilized extensively in the food
industry as ingredients, additives, preservatives and packaging mate-
rials. The last decade has witnessed an upsurge of interest by consumers
toward health promotion food products. The health promotion effects of
marine-derived ingredients are supported by growing evidence from
recent studies. Collagen undergoes degradation with age. Hence, a lot of
interest has been devoted to the use of marine-derived collagen for anti-
aging applications. Marine-derived collagen is added to health-
promoting diets as functional and nutritional ingredients. In addition,
collagen derived from marine sources are used as food additives. To
reduce food deterioration and spoilage, marine collagen can also func-
tion as antioxidants in films or coatings [421].

Marine-derived chitosan is used increasingly as food preservatives
and fruit coatings because of its antimicrobial properties [420]. Chitosan
has also been employed in food packaging to replace plastic packaging
materials because of its biocompatibility, edibility, bioadhesivity and
biodegradability [422].

Marine-derived polysaccharides have also been used in food in-
dustry. For example, alginate has potential to be employed as an eco-
friendly food packaging material by reducing the dependence on fossil
resources as well as cutting down carbon output [423]. Alginate has also
been used as coatings for fruits and vegetables and as a gelling, thick-
ening, stabilizing or emulsifying agent in food industry [424].

A novel polyvinyl alcohol biocomposite film containing cellulose
nanocrystals extracted from seaweed has been used as food packaging
because of its antimicrobial and antioxidant properties [425]. Seafood
wastes contain important bioactive polysaccharides that are good can-
didates for food additives. For example, cellulose nanofibers isolated
from the waste of brown algae have been used as milk thickeners
because of their high viscosity and shear-thinning rheological property
[426].

5. Perspectives and future directions

Environment pollution and energy shortage are the driving forces in
human’s quest for renewable and envionmental-friendly resources. The
ocean appears to be a perfect choice. More than 70% of the earth’s
surface is covered by marine environment, the majority of which remain
unexplored. Continuous research in this exciting field has unveiled a
wide spectrum of biomaterials with superior properties including
biocompatibility, biodegradability and bioactivity. Marine-derived ma-
terials have generated considerable inspirations as raw materials for
bioengineering or building blocks for biomimetics [219,312]. The use of
marine-derived materials has undergone a long journey from ancient
times. Today, utilization of marine biomaterials has progressed to the
industrial level. This is attributed to the advances in research and
technology on processing of these biomaterials.

The safety of marine-derived biomaterials has become the principal
concerns among users. Marine-derived materials are obtained from
heterogeneous sources and most of them contain active biological
macromolecules that have unknown immunogenicity. Residual proteins
from marine-based biomaterials may lead to hypersensitivity reaction
once a certain threshold is exceeded in human body. In addition, the
microstructure and physiochemical properties of marine biomaterials
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are difficult to be standardized owing to the high batch-to-batch varia-
tions. Therefore, it is not easy for these biomaterials to be used in the
biomedical arena because of stringent quality control requirements.
Because the evaluation criteria for these biomaterials has not been well
established, there still exists safety concerns associated with the use of
marine-derived biomaterials in medicine. Thus, further study and
refinement are necessary.

Despite the immense potential of marine-derive biomaterials, the
conversion of raw ingredients into ready-to-use market products require
further research. A multidisciplinary and multi-scale approach that
covers the structures of biomaterials and the mechanisms of thier con-
version into useable products is required. Further research and design of
new products are impossible if the mechanisms of their formation and
their structural characteristics are unknown [109]. Recent research
principally follows the property-application pattern, which explores a
bioactive material and identifies its market potential. This pattern nar-
rows the gap between marine-derived biomaterials and their potential
markets. Nevetheless, by following this pattern, researchers merely
answer the question ‘how’ but do not explain ‘why’. Deeper research
that digs into fundamental understand of these biomaterials is required
to exploit their full market potential. This will involve financial support
from the government as well as collaboration among scientists from
interdisciplinary fields.
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