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Introduction

Collagen is the most abundant structural

Abstract:

Collagen, the most abundant protein in the extracellular matrix, is essential for the
strength and function of connective tissues. Of its 28 types, Type I collagen is the most
prevalent and widely studied, with applications spanning biomedicine, nutrition, and
industry. This review highlights its molecular structure, hierarchical organization, and
processed forms: native collagen, atelocollagen, and hydrolyzed collagen peptides. Each
form offers distinct properties—native collagen provides mechanical strength,
atelocollagen reduces immunogenicity while retaining biocompatibility, and hydrolyzed
peptides enhance bioavailability for nutritional and cosmetic use. Special attention is
given to fish-derived collagen, a sustainable alternative to mammalian sources, offering
lower immunogenicity, reduced zoonotic risk, and compatibility with halal and kosher
standards. Extraction protocols, including acid treatment, enzymatic digestion, and
hydrolysis, are outlined with emphasis on yield optimization and molecular control.
Ultimately, the choice of collagen form depends on structural integrity, immunogenicity,
bioavailability, and application-specific requirements, guiding rational use across
biomedical and industrial domains.
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tissues, accounting for approximately 30% of
total protein content in the human body(1).

protein in the extracellular matrix of animal
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It plays a fundamental role in maintaining the
structural integrity, mechanical strength, and
biological function of connective tissues such
as skin, bones, tendons, ligaments, cartilage,
and blood vessels. Collagen molecules
contribute to tissue architecture by forming

fibrous networks that support cellular
adhesion, migration, and differentiation,
making them indispensable in  both

physiological and pathological processes (2—
4). Among the 28 distinct types of collagens
identified to date, Type I collagen is the most
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prevalent and extensively studied. It is
primarily found in dermis, bone, cornea, and
tendons, where it provides tensile strength and
resistance to  mechanical stress  (1).
Structurally, Type I collagen consists of two
al(I) chains and one o2(I) chain, which
assemble into a right-handed triple helix
stabilized by hydrogen bonds and hydrophobic
interactions. These helices further aggregate
into fibrils and fibers, forming the backbone of

connective tissue matrices (2,5).
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Figure 1. Structure of a collagen fibril. Tropocollagen molecules are cross-linked by bonds at their telopeptide
sequences, forming collagen fibrils. Collagen fibrils provide structural support in the ECM. The cross-linkages
between telopeptide sequences of a-chains increase the strength of collagen fibers(6).

The biomedical relevance of Type I collagen
extends beyond its native biological function.
Due to its biocompatibility, biodegradability,
and ability to support cell growth, it has become
a cornerstone material in tissue engineering,
wound healing, drug delivery systems, and
regenerative medicine(7,8). In addition, its
processed forms such as atelocollagen (with
reduced immunogenicity) and hydrolyzed
collagen (with enhanced bioavailability) have
opened new avenues in clinical, cosmetic, and
nutritional applications (9). Recent advances in

extraction technologies, particularly from
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marine sources such as fish skin and scales,
have further expanded the accessibility and
sustainability of collagen production. Marine-
derived collagen offers advantages in terms of
risk of transmission,
compatibility with halal and kosher markets,

lower zoonotic
and reduced environmental impact (3,9,10).
These developments have positioned collagen
not only as a biological scaffold but also as a
functional ingredient in health-promoting

formulations.

This review aims to provide a comprehensive
overview of Type I collagen, including its



molecular  structure, processed  forms,
specialized applications, and extraction
protocols from various forms. Emphasis is
placed on the translational potential of fish-
derived collagen and its alignment with

industrial and biomedical standards.
Chemical Structure of Collagen

Collagen is a fibrous protein characterized by a
unique triple-helical structure that distinguishes
it from globular proteins. The primary building
block of collagen is the tropocollagen molecule,
which consists of three polypeptide chains (a-
chains) wound around each other in a right-
handed triple helix. In Type I collagen, the most
abundant form in vertebrates, this helix is
composed of two al(I) chains and one a2(I)
chain, encoded by the COLIAI and COLIA2
genes, respectively (11).

Amino Acid Composition and Primary

Structure

The amino acid sequence of collagen is highly
repetitive, dominated by the tripeptide motif
Gly—X-Y, where glycine is present at every
third residue, and X and Y are frequently
proline and hydroxyproline. Glycine, the
smallest amino acid, allows tight packing of the
three chains, while hydroxyproline contributes
to thermal stability through hydrogen
bonding(12). This unique sequence enables the
formation of a rigid, rod-like triple helix
approximately 300 nm in length and 1.5 nm in
diameter. (2).

Post-Translational Modifications

Collagen biosynthesis involves extensive post-
translational modifications: Hydroxylation of
proline and lysine residues by prolyl and lysyl
hydroxylases, requiring vitamin C as a cofactor.
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Glycosylation of hydroxylysine residues with
galactose or glucose-galactose units. Formation
of disulfide bonds the C-terminal
propeptides, which guide proper
alignment and helix formation.

in
chain
These
modifications are essential for triple helix
Defects
hydroxylation, as seen in scurvy, lead to

stability and fibril assembly. in

impaired collagen and tissue

fragility(11).

synthesis

Triple Helix and Quaternary Structure

Once synthesized, the three a-chains align and
fold into a triple helix in the endoplasmic
reticulum. The helix is stabilized by interchain
hydrogen bonds, particularly
hydroxyproline residues. The C-terminal region
initiates folding, while the N-terminal region
it. After the
extracellular space, propeptides are cleaved,
and tropocollagen molecules spontaneously
assemble into fibrils through staggered
alignment and lateral interactions(12).

involving

completes secretion  into

These fibrils are further stabilized by covalent
crosslinks formed by lysyl oxidase-mediated
deamination of lysine and hydroxylysine
residues. The resulting mature collagen fibers
exhibit remarkable tensile strength and
durability, essential for load-bearing tissues
such as bone and tendon(13).

Hierarchical Organization
Collagen exhibits a hierarchical structure

Molecular level: Triple helix of tropocollagen.
Supramolecular level: Fibrils formed by
staggered tropocollagen units and Macroscopic
level: Fibers and bundles integrated into
connective tissues This multiscale organization
allows collagen to function as both a structural



scaffold and a dynamic signaling matrix,
influencing cell behavior, and

differentiation(14,15).

migration,

Different Forms of Type I Collagen:
Structure, Processing, and Applications

Type I collagen can be processed into distinct
forms depending on its intended biomedical,
cosmetic, or nutritional application (Table 1)
(Fig2). The three most widely used forms are:

Native Type I Collagen

Structure: Native collagen retains its full triple-
helical structure along with intact terminal
regions known as telopeptides. These
telopeptides are essential for natural fibril
formation and crosslinking, mimicking the
physiological architecture of connective tissues
(11).
solutions (e.g., acetic acid) without enzymatic
treatment. The preservation of telopeptides

Processing: Extracted using acidic

results in higher immunogenic potential but
also superior mechanical strength.

Applications: biomedical scaffolds for tissue
engineering, wound dressings and skin
regeneration matrices and bone grafts and
orthopedic implants

Advantages: High tensile strength, natural fibril
formation Limitations: Low solubility, potential
immunogenicity

Atelocollagen

Structure: Atelocollagen is derived from native
collagen by enzymatic removal of telopeptides,
typically using pepsin. This modification
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reduces antigenicity while preserving the triple-
helical core(2).

Processing: Pepsin digestion under acidic
conditions selectively cleaves telopeptides,
yielding a more biocompatible form. It remains
soluble in acidic environments and can be
reconstituted into gels or membranes.

Applications: Injectable biomaterials for soft
tissue augmentation, drug delivery systems and
cell culture substrates for 3D scaffolding.

Advantages: Reduced immunogenicity, improved
biocompatibility

Limitations: Requires precise purification, higher
cost

Hydrolyzed Collagen (Collagen Peptides)

Structure: Hydrolyzed collagen consists of
short-chain peptides (<5 kDa) resulting from
enzymatic or chemical breakdown of the triple
helix. It lacks the native structure and does not
form fibrils (7).

Processing: Hydrolysis is performed using
proteolytic enzymes such as alcalase, papain, or
trypsin. The resulting peptides are water-
soluble and highly bioavailable.

Applications: Oral supplements for joint, skin,
and bone health, functional foods and
beverages, cosmetic formulations for anti-aging
and hydration.

Advantages: High absorption, low allergenicity
Limitations: No structural integrity, unsuitable
for scaffolding(10)



Table 1: Comparative Forms of Type I Collagen

Processin
Form Structure 8 Key Applications | Advantages Limitations ||Ref.
Method
. Triple helix + . . .
Native . pbre e Acid Scaffolds, wound High strength, |[Immunogenicity,
intact . . . o (11)
Collagen . extraction ||fhealing, bone grafts |natural fibrils ||low solubility
telopeptides
Triple helix — . Injectable gels, drug ||Biocompatible
pre s Pepsin e £eis, drug P > ||Costly, needs
Atelocollagen |[telopeptides L delivery, cell reduced . . 2)
digestion S purification
removed scaffolds antigenicity
hort pepti lement High
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(<5 kDa), no . ||cosmetics, functional |[bioavailability, . @)
Collagen . hydrolysis no mechanical use
helix foods soluble
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Denaturation: Heating > 42°C
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Denatured Collagen (single a-chains)

Figure 2. Pepsin digestion will cleave the telopeptide sections of the tropocollagen molecules,
resulting in atelocollagen. When atelocollagen is exposed to temperatures above 42°C, it loses its

triple-helix structure, resulting in three individual a-chains(6).
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Different forms of Collagen type 1
Extraction Protocols from fish skin

Fish-derived collagen is gaining popularity
due to its sustainability, low immunogenic risk,
and compatibility with halal markets (8,9).
Bovine and porcine sources are widely used
but raise concerns about zoonotic diseases and
religious restrictions.

Native Collagen type 1 Extraction Protocols
from fish skin

Native collagen refers to the unmodified,
naturally occurring form of collagen that
its characteristic  triple-helical
conformation and complete polypeptide
chains. This structural integrity is essential for

preserves

maintaining the biological and mechanical
properties of collagen, such as tensile strength,
thermal stability, and its ability to support cell
adhesion and tissue scaffolding. Native
collagen is typically found in connective
tissues like skin, tendon, cartilage, nerve and
bone, where it plays a critical role in
maintaining structural integrity and facilitating
cellular interactions(16). Its intact molecular
architecture makes it particularly valuable for
biomedical applications that require high
biocompatibility and functional mimicry of the
extracellular matrix. One notable application is
in corneal tissue engineering, where native
collagen scaffolds are used to support
epithelial cell growth and restore vision in
patients with corneal damage.

The collagen extraction process has already
been completed by our team and is
summarized (8) and by Ampitiya, A.G.D.M
and their colleagues(17) as below (Fig 2):
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Pre-treatment: Washing, defatting,
demineralization, Extraction: Acidic (e.g.,
acetic acid) for native collagen, Purification:
Dialysis, filtration, freeze-drying or spray-
drying. Optimization of pH, temperature is
critical for yield and molecular weight control

(3).
Atelocollagen extraction

Atelocollagen is a purified form of collagen in
which the non-helical terminal regions, known
as telopeptides, have been enzymatically
removed. These telopeptides are primarily
responsible for intermolecular cross-linking
and are known to contribute to immunogenic
responses when collagen is introduced into
biological systems. By eliminating these
regions, typically through pepsin digestion,
atelocollagen exhibits significantly reduced
antigenicity while retaining the structural
integrity of the triple helix. This enhances its
biocompatibility and makes it particularly
suitable for biomedical applications such as
tissue engineering, wound healing, and
injectable formulations. In addition to medical
use, atelocollagen is increasingly applied in
cosmetic products for skin regeneration and
anti-aging treatments due to its excellent
dermal absorption and bioactivity (Fig3).

Atelocollagen extraction

Atelocollagen is a purified form of collagen in
which the non-helical terminal regions, known
as telopeptides, have been enzymatically
removed.



Collagen Extraction Process from Fish Skin

Obtain Fish Skin Offcuts

Remove any extraneous matter
from the skin

é Pre-treat with NaCl

Remove non-collagenous
proteins from the skin

& Extract Collagen with Acetic Acid

Separate collagen from the
solution

Remove impurities from the
collagen

g— Lyophilize Collagen

Collect skin by-products from
fish processing plants

Wash with Distillod Water IEO

Remove impurities and
pigments from the skin

Pre-treat with NaOH ;

Dissolve collagen from the skin

Centrifuge Solution V

Precipitate collagen from the
solution

Dialyze Collagen

Freeze-dry the collagen for
storage

Figure 3: Collagen extraction processes from fish skin

These telopeptides are primarily responsible
for intermolecular cross-linking and are known
to contribute to immunogenic responses when
collagen is introduced into biological systems.
By eliminating these regions, typically through

pepsin  digestion, exhibits
significantly reduced antigenicity while
retaining the structural integrity of the triple
helix. This enhances its biocompatibility and

makes it particularly suitable for biomedical

atelocollagen
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applications such as tissue engineering, wound

healing, and injectable formulations. In
addition to medical use, atelocollagen is
increasingly applied in cosmetic products for
skin regeneration and anti-aging treatments
due to its excellent dermal absorption and

bioactivity.

The following protocol is adapted from recent
advancements in marine collagen extraction,

with a focus on fish skin as a sustainable and
collagen-rich source. Fish skin offers several
advantages over terrestrial sources, including
lower risk of zoonotic disease transmission,
high collagen content, and favorable amino
acid profiles. The method integrates alkali
pretreatment, acid extraction, enzymatic
digestion, and purification steps to yield high-
quality atelocollagen suitable for downstream

characterization and application(18)( Fig4).

AteloCollagen Extraction Protocol from Fish Skin

Freeze-Drying

81

Freeze-try dialyzed sclution 1o
obtain purified Type | etelocollzgen

Dialysis

collagen agoinst 00 M
t~en distilled weter 1o
remove ealte and sepein

Add NeCl e D.9 M Tris-HCI
buffer [pH 7.4] end certrifuge 1o
cellect collzgen

Pepsin Extraction

Deproteinization

Treat with 0.1 M NaOH for 24 houre
a1 4°C 1e remeve non collagenous
proeing

Defatting

o

Socak fien g<in In 10% sutd alechel
for 24 heurs a1 4°C

/

:
\

@ Day7 0:00
/. Day 6, 0:00
Day 3, 0:00
Day 2, 0:00
Day 1, 0:00

Figure 4: AteloCollagen extraction processes from fish skin



Hydrolyzed (peptide) collagen extraction

Collagen peptides from marine organisms
have drawn great attention in food, cosmetics
and medicine owing to their multiple
functions including antioxidant, anticancer,
cardioprotection, skin protection, and wound
healing effects(19).

Comparative Market Perspective

In the global collagen market, bovine and
porcine sources have traditionally dominated
due to high yield and established supply
chains. However, fish-derived collagen is
gaining traction as a sustainable and ethically
favorable alternative. Fish collagen offers
superior bioavailability and lower
immunogenicity, making it attractive for
biomedical and cosmetic applications(20).
Importantly, fish collagen is widely accepted
in halal and kosher markets, whereas bovine
and porcine sources face religious and cultural
restrictions(21).  Although fish collagen
extraction yields are generally lower and
production costs higher, its compatibility with
diverse dietary standards and reduced zoonotic
risk justify its growing(20).The collagen
peptide supplement market is expanding
rapidly, driven by consumer interest in skin
health, joint support, and anti-aging benefits.
As of 2025, collagen peptides represent a
multi-billion-dollar ~ segment, with fish
collagen increasingly featured in functional

foods, nutricosmetics, and dermal
formulations. This shift reflects a broader
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