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Collagen is the major fibrillar protein in most living organisms. Among the different types of collagen, type | collagen
is the most abundant one in the tissues of marine invertebrates. The present overview has focused on a brief
history of collagen, basic structure and synthesis, nomenclature, types, and classifications, sources of collagen

with the emphasis on sea cucumber collagen, and related functional properties.

collagen, sea cucumber, characterization

| 1. Introduction

Considering the collagen as a biomaterial, it has many usages in several fieldsll. Application of collagen is
diversified mainly due to its unique properties such as biocompatibility, low antigenicity, high biodegradability, and
cell growth potentiall?. Apart from the food industry, collagens have been widely used in tissue engineering,

pharmaceutical, and biomedical industries as well as various other fields, including cosmetics3l.

| 2. History of Collagen

As one of the most abundant fibrous proteins, collagen plays a vital role in connective tissues, thus animal skin and
bone provide an extracellular framework for strength and flexibilityl?. Collagen is one of the major structural
proteins in the extracellular matrix and the name is derived from the Greek word “kola,” which means “glue
producing”. Findings of Schweitzer et al.l2l revealed the presence of intact collagen in the soft tissue of the
fossilized bones of 68 million-year-old Tyrannoaurus rex, a genus of coelurosaurian theropod dinosaur. Sequences
of studies have been conducted for decades to propose a structure for the collagen molecule. Among those
studies, triple-helical “Madras Model” by Ramachandran and Kartha® contributed much to the currently accepted
structure of collagen which was discovered by Cowan, North and Randalld. Further findings of Rich and Crick(&

also improved the identified structure of collagenl®. Currently, more than 29 distinct types of collagen have been
identified(1[L1],

The molecular structure of collagen consists of three polypeptide a chains intertwined with each other to form a
triple helix, approximately 300 nm in length with a molecular weight of 105 kDall2l [8]. These molecules can either
be homomeric (contain identical o chains) or heteromeric (genetically distinct o chains)28l. Each strand is initially
shaped into a left-handed symmetry prior to their conformation as a right-handed triple helix.
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Each chain of the right-handed helical structure consists of a repeating sequence of glycine-X-Y, where often, X
and Y are referred to proline or hydroxyproline, respectively (Figure 1), In this motif, all glycine residues are
located inside the core, while other amino acids (X and Y) are located on the surfacel23l. This rigid rod-like structure
is further strengthened by interchain N-H (Gly) O=C(x) hydrogen bonds and electrostatic interactions4. The
presence of triple helix (Figure 2) is the main feature in the collagen structure. However, triple helix can be varied
according to the type of collagen present in the structurel®. Moreover, this sequential uniformity can rarely be
found in other proteins. Due to the uniformity of collagen, numerous studies have been conducted to determine

their potential as a prospective biomaterial for a wide range of applications.
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Figure 1. Amino acid residues present in triple helix.
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Figure 2. Triple helix structure of collagen.

2.1. Basic Structure and Synthesis
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The fundamental subunit of collagen is tropocollagen which is a three-stranded polypeptide unit. Collagen family is
classified into various groups due to their complex structural diversity28l. Different lengths of the helix, presence of
non-helical components, interruptions in the helix, variations in the assembly of the basic polypeptide chains, and
differences in the terminations of the helical domain directly lead to distinct types of collagens. Its general groups
include fibrillar collagens, FACIT (Fibril Associated Collagens with Interrupted Triple Helices), FACIT-like collagen,
beaded filament collagen, basement membrane collagen, short-chain collagen, transmembrane collagen, and
unclassified collagenLL7. The length of the helix and portions of non-helical components are different depending

on the type of collagen.

Numerous studies on collagen have revealed that collagen type | is the most ubiquitous form of collagen which
belongs to the fibrillar group@Z2! [29 30]. Fibril forming collagen or fibrillar collagen is synthesized in the form of
soluble precursor molecules (procollagen) by the process of fibrillogenesis. Each polypeptide chain is involved in
the synthesis process and consists of N- and C- propeptides at each terminal position of the triple helix!2&. The
fibrils produced have a visible banding, a direct result of the aggregating pattern of collagen. The stability of the

fibrillar collagen depends on non-reducible covalent cross-links in the triple helix22,

The name FACIT collagen implies that the association of fibrils is interrupted by non-helical domains. They are
linked with the surface of collagen fibrils and the collagenous structure is disturbed by non-helical domains. Wang
et al. 181 further described that the C-NC domain in FACITs is short compared to fibril forming collagens. Collagen
types IX, XllI, XIV, XVI, XIX, XX, XXI, and XXII belong to the FACIT group[@. Wu, Woods, and Eyre@] explained
this scenario by depicting the structure of type IX collagen that lies anti-parallel to type Il fibrils. Moreover, primary

sequences of some FACIT collagens share similarities with fibrillar collagens1],

The beaded filament collagen molecules assembled without undergoing the cleaving of terminal regions and the
formation of the bead region in collagen filaments are facilitated by these uncleaved regions213l20 The most
characteristic feature of this subgroup is having large N- and C- terminals. For example, type VI is having large N-
and C- terminals even in their short triple- helical domainsl2U28l21l Fyrthermore, only type VI collagen belongs to

the subgroup of beaded filament collagentd,

The basement membrane and associated collagen are categorized under non-fibrillar collagen. They can be found
mostly in tissue boundaries, which facilitate molecular filtration by forming a connected network, especially in
basement membranes[28l18l Apart from tissue boundaries, non-fibrillar collagen can be found in cavities of the
epithelial lining, endothelium in the interior blood vessels, fat, muscle, and nerve cells. Based on the electron
microscopic images, collagen IV belongs to the non-fibrillar collagen subgroup that appear as thin sheets and its
molecules are relatively long compared to the fibrillar collagen23. Anchoring fibrils collagen VII are considered as
essential for functional integrity28l. Short-chain collagens are described as mesh forming collagen and are located
in underlying endothelial cells. Some of the short-chain collagens are also present in mineralizing cartilage?. The
short-chain collagen possesses a shorter triple-helical region (half of the length of fibrillar collagen). Type VIl and X
are categorized under the subgroup of short-chain collagen. Among them, type VIII collagen involves the

proliferation of cells as a growth enhancerll,
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The transmembrane collagens function as cell surface receptors as well as matrix components involved in
adhesion23122] Moreover, they possess a relatively long but interrupted triple-helical domain with a short N
terminal domain23. Type XIlI, XVII, XXIll, XXV, and other collagen-like proteins are categorized under
transmembrane collagens!22)(23],

2.2. Nomenclature, Types, and Classifications

After discovering type I, I, and Ill collagen, further research studies were evoked on the identification of possible
molecular types of collagen. However, expanded studies indicated that type Il collagen molecules also contained
type | collagen and both types together could form mixed fibrils. This observation affected the terminology that
existed then and became more complicated after the identification of type IV collagen[24. Due to the variations of
their histology, it was agreed to give a type number so, they are numbered with Roman numerals (I-XXIX) while
polypeptide chains are named using a chains with Arabic numerals (al, a2, a3, etc.). For instance, type | collagen
with identical al(l) chains and one chain a2(l) and the nomenclature for type | collagen is [a1(1)], a2(1)[2224], Table

1 represents the some of the common types of collagen with their nomenclature and distribution.

Table 1. Common types of collagen.

Collagen . . L
Chains  Sub Family Distribution
Type
al(l)
o Skin, tendon, bone, dermis, intestine,
| a2(1) Fibrillar collagen
uterus
ol(ll ) . .
o Hyaline cartilage, vitreous, nucleus
Il Fibrillar collagen
pulposus
al(ln) o .
o Dermis, intestine, large vessels, heart
1l Fibrillar collagen
valve
v al(lv) Basement membrane and associated Basement membranes
collagen
a2(IVv)
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Vi

Vil

Vil

a3(1V)

a4(1V)

a5(1V)

a6(1V)

al(V)

a2(V)

a3(V)

al(VI)

a2(VI)

a3(VI)

al(VIl)

al(Vii)

a2(VIi

al(1X)

a2(1X)

a3(1X)

Fibrillar collagen

Beaded filament forming collagen

Basement membrane and associated

collagen

Short chain collagen

Fibril associated and related collagen

Cornea, placental membranes, bone,

large vessels

Descement’s membrane, skin, heart

muscles

Skin, placenta, lung, cartilage, cornea

Produced by endothelial cells,

descemet’'s membrane

Cartilage
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al(X)
X Short chain collagen
al(XI)
XI a2(XI) Fibrillar collagen
a3(XI)
al(XIN)
Xl Fibril associated and related collagen
Trans membrane collagens and
Xl al(XII)

collagen like proteins

Source: Adapted from[221[26],

| 3. Sources of Collagen

Hypertrophic and mineralizing cartilage

Cartilage, intervertebral disc, vitreous

humor

Chicken embryo tendon, bovine

periodontal ligament

Cetal skin, bone, intestinal mucosa

As the major structural proteins are in the skin and bones of most animals, collagen accounts for 30% of the total

body protein24. The most common raw materials for collagen production are obtained from the slaughterhouse by-

products, including hides, bones, tendons, and cartilages, or recombinant collagen. At the industrial-scale

production, animals such as bovine and pigs are used as primary sources of collagen®. Figure 3 represents the

most common sources of collagen. However, the outbreak of prion diseases such as bovine spongiform

encephalopathy (BSE) resulted in some barriers for using bovine collagen whereas swine flu has limited the use of

porcine collagen(28],
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<:| Sources of |:>
Collagen
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Figure 3. Popular sources of collagen.

In addition, due to various religious constraints, porcine or mammalian collagen for the development of kosher and
halal products is limited28I28I27 Apart from the widely used species, several studies (Table 2) have extracted
collagen from chicken[22, kangaroo tail®¥, rat tail tendonf2l, duck feetl22, equine tendonld, alligators bonel22!,
birds’ feet243336]  sheep tendonBZEBEIRAMANML  and frog skin#2, while some studies have focused on using
recombinant human collagenll. The high pathological risk for transmitted diseases and complicated extraction
process have limited the applicability of using land animal collagen and created a growing concern towards finding
alternative sources for collagen. The two primary sources of industrial collagen, including land animal by-products

and marine organisms, are described in the following subsections.

Table 2. Alternative land animal sources for bovine and porcine collagen.

Source Extraction method Purpose of Extraction Reference
Chicken Acid extraction Optimization of extraction condition [29]
feet
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Rat tail

tendon

Alligator
bone

Silky fowl
feet

Ovine

tendon

Enzyme extraction

Acid extraction

Enzyme extraction
(using papain and

pepsin)

Acid extraction

Alkali, acid, and

enzyme extraction

Enzyme extraction

Acid extraction

Acid and enzyme

assisted extraction

Combination of acid

and enzyme extraction

Acid extraction

Determination of pepsin digestion effect on the

properties of extracted collagen

Preparation of edible films

Isolation and characterization of chicken feet originated

collagen

Use of chicken feet for protein films

Identification of best method of collagen extraction

method and characterization of chicken feet collagen

Optimization of extraction process and synthesis of

chicken feet collagen based biopolymeric fibers

Preparation of type | collagen for tissue engineering

applications

Determination of biochemical properties of alligator bone

collagen

Identification of best combination for high quality

collagen extraction method

Determination of the biocompatibility of ovine tendon

originated collagen with human dermal fibroblast

[44]

[45]

[46]

[33]
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Determination of the biocompatibility of ovine tendon

originated collagen with human dermal fibroblast
Acid extraction

Improve the mechanically strong ovine tendon

originated collagen for tissue engineering purposes

. ) Characterization and fabrication of thin films from ovine .
Acid extraction _ o o [29]
tendon collagen for tissue engineering applications

Investigation of attachment, proliferation, and
Acid extraction morphological properties of human dermal fibroblasts on %

ovine tendon collagen

Investigation of physicochemical properties of collagen
Acid extraction ) 9 P prop ¢ 321
derived from duck feet

Duck feet
Determination of feasibility of using duck feet collagen in
Acid extraction . _ . . / g' o ¢ [47]
improving physicochemical properties of surimi
Kangaroo Identification of alternative collagen sources for pre-
) Acid extraction o ) 201
tail clinical models for cell biology
Sheep ] ) Determination of effect of different collagen extraction [41]
Acid extraction
bone protocols
Equine ) ] Evaluation of the effects of different extraction methods T
Acid extraction ] 7]
tendon on the collagen structure of equine tendons
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3.1. Land Animal By-Products

In recent decades, inedible animal by-products are utilized to produce fertilizers, minerals, fatty acids, vitamins,
protein hydrolysates, and collagen[#8l. Bovine collagen is the primary source for the industrial collagen used in
medicine, cosmetics, and other non-biomedical applications9. Sterilized purified collagen from cow skin is used
as injectable bovine collagen®. Apart from BSE risk, around 3% of the population is allergic to bovine collagen,

which hinders its usagel8.

Skins and bones of pigs are used to extract porcine collagenil. Pig rind is famous for processing food products
such as sausage casings and edible films. Moreover, porcine collagen is used as a dermal substitute in the medical
field as they are used widely as implants for reconstructive surgery®t. Pig hides are used to extract porcine type |
collagen and share similar properties to human collagen, hence it has a wide range of application in both medical
and food industries1I32153],

Collagen extraction from poultry by-products such as skin, bones, and cartilage from chicken has also been
reported. However, the usage was limited due to the occurrence of avian influenza®4. The mammalian collagen is
preferred in the industrial level applications over avian collagen. The limited applications of avian collagen correlate

with the expensive and complicated extraction process.

3.2. Marine Organisms

The marine-derived collagen is a promising alternative due to the occurrence of foot-and-mouth disease (FMD),
BSE, and avian influenza like diseases, as well as religious and social constraints2®8l Several comprehensive
reviews on marine-derived collagen and their application in various fields have appearedBl2I57 Recently, collagen
from various marine organisms such as poriferans, coelenterates, annelids, mollusks, echinoderms, and

crustaceans has been extensively investigated (Figure 4).

Poriferans

Echinaderms

Marine
Sources of
C} Collagen

vy

Processing
by-products
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Figure 4. Marine sources of collagen.

The unique characteristics of marine collagen as a biomaterial with significant biocompatibility and biodegradability
has been favored in many industrial applications over other alternate sources®258l, Mainly, marine by-products
have been exploited to recover collagen and other collagen-derived biomaterials through a combination of different
bioprocessing methodsd. These include Japanese sea bass skinl®, clown feather back skinl®l, bladder of yellow
fin tunal®, fin, scales, skins, bones, and swim bladders of big head carpl€, skin and bone from Japanese
seerfish, cartilage from sturgeon and sponges, sea urchin®, octopus® squid88, cuttlefish8Z, sea anemonel88],
and sea cucumbers for extraction of marine collagen(®. Particularly, collagen type | was extracted from the skin of
silver carp”™¥, Japanese sea-bassl8d, mackerel™, bullhead sharkZ2, and sole fishZ2] as well as from the bones of

skipjack tuna”4, and scales of Nile tilapia”2.

Significant differences in the amino acid composition of collagen from various fish species are responsible for their
unique characteristics®2. Most of the fish collagen contains a lower proportion of hydroxyproline compared to
mammalian and avian collagen. Consequently, their lower compatibility to crosslinking and stability compared to
other types of collagen has been reportedZ8I55Il77] However, the content of hydroxyproline also depends on the
habitat of fish species’8l. Moreover, the thermal stability of the collagen extracted from warm water species is

found to be higher than cold water species!Z&l,

The marine sources of collagen have received increasing attention due to their availability, easy processing
techniques, safety (free of zoonosis), environmentally friendly extraction procedures, low molecular weight, less
religious and ethical barriers, minor regulatory and quality control problems, a negligible amount of biological
contaminants and toxins, low inflammatory response and excellent metabolic compatibility!®]. However, most
studies have been conducted to identify the potential uses of collagen derived from marine vertebrates but reports
on marine invertebrates are scarcell22, Thus, current research interest is directed towards the use of marine
invertebrates as potential sources of collagen, particularly for biomedical applications. Recent investigations have
been concentrated on jellyfishY sponges®ll, musselsl’282] and sea cucumberZ8B3I69][84][85][86][87][88][89][90][91][92]

[931[94] 55 potential candidates for producing marine-derived collagen.

3.3. Sea Cucumber as A Source of Collagen

Among the various bioactive compounds derived from sea cucumber, collagen plays a vital role. Primary intensive
research on sea cucumber collagen has been initiated in the early 1970s by Eyre and Glimcher®3 and Matsumura,
Shinmei, and Nagail28l. Eyre et al.2Z studied the comparative biochemistry of the collagen crosslinks using sea
cucumber Thyone briarius, a sponge Haliclona oculata, and sea urchin Strongylocentrotus droebachensis and
reported the evidence for glycosylated crosslinks in collagen derived from the body wall of sea cucumber Thyone
briarius. Matsumura et al.l28l then focused on the purification of collagen from sea cucumber Stichopus japonicus
by disaggregating the connective tissue of body wall followed by the morphological study of the isolated collagen
fibrils. Furthermore, the most extensive research studies were focused on the molecular structure and functional

morphology of Cucumaria frondosa which led to a series of discoveries on the covalent composition and growth of
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collagen fibrils in the same species28I8100] The dermal glycoprotein stiparin was identified as the main factor

responsible for the aggregation of collagen fibrils from the dermis of sea cucumber Cucumaria frondosa/2?Ll and

Trotter et al.192 characterized a sulphated glycoprotein, which inhibited fibril-aggregating activity.

Thurmond and Trotter298 further investigated the morphology and biomechanics of the microfibrillar network of

collagen derived from sea cucumber Cucumaria frondosa dermis and

reported similar

morphological

characteristics with fibrillin microfibrils of vertebrates. Most of the early investigations of the sea cucumber collagen

fibrils contributed to recent developments of the research related to collagen and other bioactivities from sea

cucumber. Table 3 provides a cursory account of recent studies related to sea cucumber collagen.

Table 3. Recent studies on sea cucumber collagen.

Sea cucumber

. Focus of Study Major Findings Reference
Species
Stichopus . .
P S - ; Collagen was comprised of 2 distinct
aponicus emical composition an _ o _
jap ] subunits (ol and a2 and rich in glutamic (6]
subunit structure of collagen ] o
acid compared to other fibrillar collagen
Pepsin solubilized collagen resembled
Characterization and subunit  type | collagen and its amino acid [83]
composition of collagen composition was different from vertebrate
collagen.
] Crude collagen fibers were more
Changes of collagen during ) o
] susceptible to heat treatment compared
cooking ) -
to pepsin-solubilized collagen
- Extracted collagen maintained intact
Identification of ) ] ) )
) ) ) triple-stranded helices and high moisture
physicochemical properties ) ) -
] ) retention and absorption capacities as 84
and radical scavenging o ) (84]
N ) well as exhibiting better radical
capacities of pepsin- _ - o
- scavenging ability compared to vitamins
solubilized collagen
CandE.
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Wound-healing effects on
human keratinocyte (HaCaT)
cell line of pepsin-solubilized

collagen

Effect of autolysis of intact
collagen fibers related to the

distributions of cathepsin L

Structural characteristics of

sea cucumber collagen fibers

in the presence of
endogenous cysteine

proteinases

Structural and biochemical
changes of collagen related

to autolysis

Structural and thermal
properties of sea cucumber

collagen

Enzymatic hydrolysis of
collagen to determine the
structural changes of

collagen fibrils

Investigate the effect of

collagenase type | on the

Pepsin-solubilized collagen has the
potential to use as an alternative
mammalian collagen in the nutraceutical

and pharmaceutical industries

Lysosomal cathepsin L degrades the
collagen fibers and speed and degree of
autolysis is negatively correlated with the

density of collagen.

Collagen fibrils disaggregated into
collagen fibrils by cysteine proteinases
and the structural disorder of the native
collagen fibers increased due to cysteine

protease.

Collagen fibers and microfibrils gradually
degraded with the autolysis and structural
damage was less in monomeric collagen

compared to other structural elements

Distance between adjacent molecular
chains in collagen molecules was
decreased and CO,, NH3, H,O, CH4, NO,
and HCN gases released during the heat

treatment

Collagen fibers were partially degraded
into collagen fibrils by enzymatic (trypsin)

treatments

Collagenase was responsible for partial

depolymerization of collagen fibers into

105

[92]

106

107

108
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Parastichopus
californicus

Bohadschia spp

Stichopus vastus

structural features of collagen

fibers

Purification and
characterization of pepsin-
solubilized collagen from skin

and connective tissue

Analysis of isolated pepsin-

solubilized collagen

Isolation and characterization

of pepsin-solubilized collagen

Molecular mass distribution,
amino acid composition and
radical-scavenging activity of
collagen hydrolysates
prepared from isolated
collagen

Physicochemical and
biochemical properties of

pepsin solubilized collagen

Identification of Angiotensin |
converting enzyme (ACE)
inhibitory and radical
scavenging activities from

collagen hydrolysates

fibrils, uncoiled the fibrils, degrade

monomeric collagen

Collagen extracted from skin and
connective tissue contains type | collagen
with three al chain. Amino acid
composition is different from the

mammalian type | collagen

Type | collagen was identified with three

al chain

Purified collagen belongs to type |
collagen contains three al chain with

triple helical structure

3 and al chains of the collagen were
hydrolyzed by trypsin and molecular mass
distribution ranged from 5 to 25 kDa.
Hydrolysates contains high glycine,
alanine, glutamate, proline and
hydroxyproline residues and showed

significant radical scavenging activity

Glycine was the predominant amino acid
present in purified collagen that
possessed high moisture absorption and

retention capacity

Novel bioactive peptides generated by
optimized trypsin hydrolysis have the
potential to use as ACE inhibitors and

radical scavenging agents.

109

110

111

111

[89]
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Holothuria parva

Stichopus
monotuberculatus

Holothuria scabra

Australostichopus
mollis

Holothuria

leucospilota

Acaudina

leucoprocta

Acaudina

molpadioides

Purification and
characterization of pepsin-

solubilized collagen

Isolation and characterization

of pepsin-solubilized collagen

Determination of nano-
collagen quality and
extraction of acid solubilized

collagen

Biochemical composition of

isolated collagen

In vitro activity of anti-
tyrosinase and anti-elastase

activity of isolated collagen

Extraction methods to
remove heavy metals from

the isolated collagen

Preparation and
characterization of
antioxidative peptides from

collagen hydrolysates

Isolated collagen constituted three al
chain and was rich in glycine, proline,

alanine and hydroxyproline

Isolated collagen was classified as type |

collagen consisted of three al chain

Extracted acid solubilized collagen had
significant effect on physicochemical

characteristics of nano-collagen particles

Type | collagen was present with al and
02 chains, a chain dimers, B chains, and g
components. Most abundant amino acids
were glycine, alanine, threonine, serine,

and proline.

Isolated collagen exhibited weak anti-
tyrosine activity and moderate anti-

elastase activity

Pepsi- solubilized collagen showed two
isoforms and amount of heavy metals
present in the collagen were below the

contaminant limit

Collagen peptides which showed highest
antioxidant activity were rich in

hydrophobic acid residues.

[90]

112

113

114

115

116
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Stichopus vastus

) Comparison of partial o ) _ ) )
and Holothuria o No significant difference in amino acid
characteristics of two - ) )
atra ] composition, yield, or whiteness
different sea cucumbers

117

) Heterogenicity of the sea cucumber
Apostichopus Type of constituent collagen o ]
. . ) ) collagen fibrils was revealed for the first 93
Japonicus using proteomics and _ _ S 23]
o ) ) time that provides novel insight into the
bioinformatic strategies -
composition of sea cucumber collagen

Analysis of the effect of

epigallocatechin gallate EGCG protects the structure of crude
(EGCG) on preserving collagen fibers in a dosage dependent
molecular structure of manner and effects hydrogen bonds on [24]

collagen fibers during heating  the collagen which promotes protein
aggregation

Collagen showed better moisture

Potential application of retention and moisture absorption
Holothuria collagen in moisturizing capacity. Abundant hydrophilic groups in [69]
cinerascens cosmetics collagen increases their ability for

cosmetic formulations

Sea cucumber research interests have been mainly focused on cultivation and bioactive molecules. Most of the
research conducted on bioactive ingredients from sea cucumber has centered around proteoglycan and
collagen®d. The main edible portion of sea cucumber is the body wall composed of mutable connective tissue
(MCT) with scattered cells19l. The structural components of MCT consist of collagen, proteoglycan, and
glycoprotein®d, These assembled components form collagen fibrils, collagen fibers, and microfibrils. Among them,
the majority of total body wall protein are comprised of insoluble collagen fibrils. Collagen fibers are surrounded
and separated from the microfibrillar network in MCT and this network maintains the organization while providing a

long-range restoring forcel199,

The most abundant type of collagen found in sea cucumber is type | collagen and collagen fibrils of echinoderms

are symmetrically spindle-shaped and short in lengthl222l2091 Moreover, at the molecular level, they are considered
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as bipolar collagen fibrils with surface associated proteoglycans292. Covalent crosslinks providing stabilization to
collagen are internally present and similar to the mammalian collagen. Besides, absence of permanent crosslinks
in the structure improves the isolation of collagen fibrils in their intact formZ92], |t also helps to slide pass one
another during lengthening and shortening of the tissuel2®3. The solubilized collagen from the body wall of sea
cucumber (Stichopus japonicus) has distinct subunit structure of (al), a2 and are rich in glutamic acid. Thermal
denaturation of this type of collagen may impart unique textural propertiestZ8. A recent study on the molecular
composition of collagen fibrils isolated from sea cucumber Aposticopus japonicus revealed that collagen fibrils are
heterotypic containing two clade A, one clade B fibrillar collagens, and two FACIT collagens!®3. Fibrillar collagen o
chains may be classified in to three clades according to their evolutionary steps. Clade A consists of al(l), a2(l),
ol(ll), al(ll), and a2(V) chains; clade B contains al(V), a3(V), al(Xl), and a2(Xl) chains while clade C includes
al(XXIV) and al(XXVII) chains®18],

Tian et al.23] also reported the heterogenicity exhibited in the pepsin-solubilized collagen isolated from Aposticopus
Japonicus for the first time. Their novel findings on subunit compositions and constituents of sea cucumber collagen

were, however, contradictory to the previous studiesZ8E3IB7I[E8I0I91I[98][1041[109] Njost of the previous studies

focused on pepsin-solubilized collagen (PSC), and structure analysis was conducted using sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). However, Tian et al.23! used proteomic techniques and
bioinformatic methods to analyze the constituents present in sea cucumber collagen. According to the phylogenetic
analysis of identified collagen sequences revealed that reported sea cucumber collagen sequences did not belong
to the branches of typical collagens. The authors concluded that the heterogenic and complex nature of the sea
cucumber collagen is complicated and needs extensive investigations. Thus, previously reported studies on SDS-

PAGE analysis are not considered adequate to conclude the fundamental molecular structure of collagen23,

| 4. Functional Properties of Collagen

Interest in functional properties of collagen extracted from different sources, including animal, marine organism,
and industrial by-products, has been increasing during the past few decades. According to Gomez-Guillen et al. 4],
functional properties of collagen and gelatin can be divided into two main categories as properties associated with
gelling behavior, and surface behavior. Properties associated with gelling behavior include (a) gel formation, (b)
texturing, (c) thickening, and (d) water-binding capacity while properties related to their surface behavior include (a)

emulsification, (b) foaming and stabilization, (c) adhesion and cohesion, (d) colloid function, and (e) film formation4
[119][120]

4.1. Gelling and Hydrophilic Properties

The process of collagen gelation is the aggregation of collagen molecules that can be achieved by heating either in
acid or alkalilt2 and induced by alterations of processing parameters such as ionic strength, pH, and temperature.
During thermal solubilization of collagen, a considerable amount of intra- and intermolecular cross-links are
cleaved. The aqueous solution of gelatin and collagen possesses the ability to swell by covalently linking with

matrices!4l. Liu et al.l2%% and Abedin et al.88 evaluated and compared the gel-forming ability of sea cucumbers

https://encyclopedia.pub/entry/2457 17/31



Collagen | Encyclopedia.pub

Parastichopus californicus and Stichopus vastus derived collagen with calfskin collagen. The findings of these
studies revealed that ionic strength and pH were the predominant factors determining the gel-forming ability of
collagen isolated from sea cucumbers. Moreover, calfskin collagen exhibited higher gel-forming ability compared to
sea cucumber-derived collagen. The difference might be due to the low hydroxyproline content in sea cucumber

collagen which has a direct influence on creating the three-dimensional branched network during gel-formation[22
121

In addition, hydrolysis may occur in some amide bonds in the primary chain of collagen molecules during the
gelation processi2. The gelation process of collagen, as well as gelatin, are referred as thermo reversible
processesl4l. Gel strength and gel melting point are significant physical properties of gelatin gels 22, The melt-in-
the-mouth property of gelatin is considered as one of the significant characteristics of gelatin, which is extensively

utilized by both food and pharmaceutical industries(12l,

Hydrophilic nature and swelling ability of solubilized collagen are used to minimize the dripping loss of frozen fish
and meat productsl22. Moreover, for enhancing the sensory characteristics, collagenous materials are used widely
in the food industry due to their gelling properties23. Apart from that, collagen and gelatin are utilized as wetting

agents in food, pharmaceutical, and medical applications!4112,

Dong et al.[1% studied the changes of collagen in sea cucumber Stichopus japonicas during cooking and reported
that thermal treatments on the sea cucumber affect the appearance and the sensory properties of the final product.
This is due to the alteration of water absorption ability of collagen. Zhu et al.B4l investigated the moisture
absorption and retention capacities of PSC from sea cucumber and suggested that PSC might be an excellent
functional ingredient for cosmetics as they exhibited a behavior comparable to that of glycerol. Li et al.l6d
investigated the collagen from sea cucumber Holothuria cinerascens and evaluated its potential application in
moisturizing cosmetic products. They reported that the polar groups, including carboxyl (-COOH) and hydroxyl (-

OH) groups on the surface of the collagen molecule, promote the moisture retention of products.

4.2. Emulsifying Properties

Charged groups of collagens contain hydrophilic or hydrophobic amino acids that are responsible for its surface
properties. In an aqueous system, hydrophobic and hydrophilic groups are involved in reducing surface tension by
moving to the surface area of the emulsion24l125] Hydrophobic areas on the peptide chain have a major impact

on the emulsifying and foaming properties of gelatini24],

In addition, surface-active property and gel firmness are other crucial factors affecting emulsion properties. The
emulsion capacity is increased with protein concentration. In addition, molecular weight also influences the
stabilization of the emulsion, as high-molecular-weight gelatin forms a more stable emulsion compared to low-
molecular-weight onel4l228] Moreover, factors like temperature, pH, concentration, and homogenization of the
collagen may also affect the emulsifying and foaming properties of collagen2Z. Higher content of hydrophobic

amino acid favors increased foam capacity of gelatinlt281127]
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Furthermore, the stability of foams depends on various parameters including the rate of attaining equilibrium
surface tension, bulk and surface viscosities, steric stabilization, and electrical repulsion between the two sides of
the foam lamellal128],

4.3. Film Forming Properties

Biodegradable flms made from edible protein-based biopolymers are gaining popularity in the food industry due to
consumers’ awareness and their low impact on the environment2281129  However, the hygroscopic nature of
gelatin limits its use as a protective barrier and usually following the extraction process, collagen molecules tend
to lose their mechanical properties compared to the native form222, Several investigations have been carried out
to improve the mechanical and water resistance properties of these films with the addition of other biopolymers

such as chitosan, hydrophobic and hydrophilic plasticizers, lipids, and protein isolates, among others4J[123],

Avena—Bustillos et al.13% studied the water vapor permeability of mammalian and fish gelatin films and found lower
water permeability in fish gelatin films compared to those from mammalian sources. Moreover, water vapor
permeability of cold-water and warm-water fish gelatin are also different as warm-water fish always exhibits a
higher water permeability compared to that of cold-water fish gelatin. However, excellent film-forming property of
fish gelatin expands its usage in encapsulated drugs and frozen foods. The hydrophobicity of the protein is also an
essential factor for its film formation. Notably, low hydrophobicity of marine collagen may be due to a lesser

availability of proline and hydroxyproline for hydrogen bonding with water!!.

Furthermore, the film-forming ability of collagen and collagen-based derivatives like gelatin depends on their
molecular weight distribution and amino acid composition that can directly affect the mechanical and barrier
properties of films31, Recent research has been focusing on enriching these films with the addition of antioxidants

and antimicrobial substances to enhance their application as a renewable biomateriall232 .
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