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Collagen, a widely recognized extracellular matrix protein, has found extensive use in medical, pharmaceutical, and
cosmetic applications. This is due to its crucial role in tissue and organ formation, and its involvement in various cellular
functions. Additionally, collagen serves as an effective surface-active agent and displays its capacity to permeate lipid-free
interfaces. In comparison to other natural polymers like albumin and gelatin, collagen showcases exceptional
biodegradability, minimal antigenicity, and remarkable biocompatibility.
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| 1. Introduction

Collagen plays a crucial role in the structural integrity of various tissues in living organisms. It is widely distributed
throughout the body, spanning from the skin to the cornea of the eye. Collagen serves as a predominant component in
several tissues, including skin, bone, tendon, cartilage, blood vessels, and teeth. The diverse functions of collagen in
these tissues necessitate the presence of different collagen types, each exhibiting unique interactions with other collagen
molecules and the surrounding tissue components. While over 29 types of collagen have been identified, collagen types |
to V are the most abundant and extensively studied for their biomedical applications . Type | collagen, also the most
abundant type of collagen in the human body, is primarily derived from bovine or porcine sources, specifically from skin,
tendons, and bones. Type Il collagen, on the other hand, is predominantly located in cartilage, particularly within joint
tissues. Type lll collagen is commonly found in the skin, blood vessels, and internal organs. As for Type IV collagen, it
serves as a key constituent of basement membranes and can be obtained from the human placenta. Finally, Type V
collagen, which is mainly utilized in the context of corneal treatment, is found in structures such as hair, cell surfaces, and
the placenta [,

Collagen types exhibit significant variations in their amino acid compositions, leading to distinct chemical and physical
properties. These variations impact parameters that govern their biomedical utilization, like thermal stability, solution
viscosity, and cross-linking density B4, within collagen, specific amino acid sequences play a crucial role as substrates
for integrins, a class of transmembrane receptors facilitating cell—-extracellular matrix (ECM) adhesion. Integrin receptors
consist of a and B subunits that form transmembrane heterodimers. The binding specificity demonstrated by various
receptors implies that structural differences in collagens derived from different sources will result in functional changes in
their interactions . In the past, animal collagen was the primary choice for various biological applications. However, as
the field has advanced, other sources like marine-derived and synthetically produced recombinant collagen have gained
significant attention (Figure 1).
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Figure 1. Sources of collagen.

| 2. Animal Source

Animal collagen is a conventional and predominant source of collagen for biomedical applications. It is derived from
various tissues and organs of vertebrate animals, with a primary emphasis on mammals. This source offers several
advantages due to its abundance, similarity to human collagen, and suitability for a diverse range of in vivo applications.
The livestock industry has been thriving for many decades, and when animals are processed for meat, not all parts are fit
for human consumption. Hides and other non-edible parts, including bones, tendons, ligaments, and connective tissues,
contain significant amounts of collagen. These collagen-rich byproducts can be processed to extract a significant amount
of collagen (8,

Approximately one-third of the protein mass of bovine (beef) species consists of collagen, with tendons containing up to
60-85% collagen . Bovine collagen primarily falls into the category of type | collagen and is characterized by its
elongated fibrillar structure, which imparts tensile strength and structural integrity to a variety of tissues. It is composed of
two al chains and one o2 chain, forming a triple helix conformation. Apart from tendons, type | collagen is abundant in
ligaments, bones, and other connective tissues 8. Type IIl collagen, on the other hand, is exclusively found in the skin.
The yield of collagen during the isolation process varies depending on the age of the bovine tissue, with younger tissues
generally yielding higher amounts of collagen. Additionally, the distribution of proteoglycans and post-translational
modifications also varies with age, potentially influencing the thermal stability and fibrous self-assembly . Bovine
collagen exhibits favorable characteristics of biocompatibility and low immunogenicity. It is generally well-tolerated in vivo
and does not induce an immune response in the majority of individuals, except in cases of significant collagen allergies
(291, porcine (pork) collagen, derived from pigskin, bones, and intestines, can be extracted with a high yield (mainly type I).
It exhibits exceptional tensile strength, cell adhesion, and proliferation-promoting properties, rendering it highly suitable as
a biomaterial for implantation or reconstructive surgeries L1,

Bovine and porcine collagen are extensively researched and widely used sources of collagen. However, their applicability
may be limited in certain regions or among specific populations due to religious beliefs and dietary practices. Other
animal-derived collagen sources include ovine (lamb), hircine (goat), equine (horse), and galline (chicken) 12, While
these animal sources can be obtained on an industrial scale and are suitable for commercial applications, among
researchers in academia, rat-tail tendon collagen is the most commonly utilized source of type | collagen. The preference
for rat-tail tendon collagen in academic research can be attributed to the widespread use of rats as animal models in
scientific investigations. The tails of rats are easily accessible and can be isolated after the termination of studies. Rat-tail
tendons are particularly advantageous because they contain a high concentration of type | collagen, ranging from 90 to



95% by weight. This characteristic makes rat-tail tendon collagen a convenient, cost-effective, and high-yield source for
researchers [13],

| 3. Marine Source

The use of mammal-derived collagen is constrained by potential risks associated with immune reactions and the
transmission of dangerous zoonotic diseases like bovine spongiform encephalopathies. In recent years, there has been a
growing interest in marine organisms as alternative and safe sources of collagen 24l Biomass derivatives from fish-
processing industries and fisheries, including fish and sea urchin waste, undersized fish, and by-catch organisms like
jellyfish, starfish, and sponges, hold potential as valuable but currently underutilized sources of collagen 2. The global
per capita consumption of fish has significantly increased (from 9.0 kg in 1961 to 20.5 kg in 2019), resulting in a
substantial amount of marine waste, comprising discarded fish parts such as skin, scales, and skeletons (including heads,
tails, and fins), as well as low-quality whole fish and non-edible marine species like echinoderms. With approximately 70—
85% of the total catch weight being generated as waste or low-value byproducts, there is a compelling incentive to extract
valuable bioactive compounds, including collagen, from marine debris to enhance the environmental and social
sustainability of the fishing industry 18], The utilization of fish byproducts as collagen sources not only promotes eco-
friendliness but also offers attractive prospects in terms of profitability and cost-effectiveness.

Skin and scales obtained from bighead carp, catla carp (Indian carp), globefish, paddlefish, and Japanese sea bass are
preferred sources for marine collagen extraction due to their naturally high collagen content 27118 By employing suitable
isolation techniques, the yield of collagen extracted from marine sources can reach up to 50% of the dry mass 2. Marine
collagen exhibits comparable biocompatibility and functionality to mammalian collagen, as the genetic sequence of
collagen is generally conserved and similar across species. Moreover, marine collagen poses a lower immunological risk
to individuals allergic to mammalian products, as marine tissues lack mammalian antigens such as alpha-gal.

Numerous studies have demonstrated that fish collagen, as well as the collagen of most jellyfish species, is characterized
by the typical repetitive sequence (Glycine-X-Y),,, where X and Y are imino acid residues. Fish collagen exhibits high
concentrations of glycine (approximately 30%) and hydroxyproline (8-10%), while levels of histidine, a precursor to
histamines associated with allergic responses, are relatively low 29. The presence of imino acids plays a crucial role in
maintaining the structural integrity of collagen. The pyrrolidine rings in imino acids restrict the flexibility of the polypeptide
chain, reinforcing the triple helix structure and influencing the thermal stability of the collagen molecule. As a result, the
denaturation temperature of collagen increases with the imino acid content 2. Cold-water fish species typically possess
lower imino acid content, resulting in collagen with a lower denaturation/melting temperature (approximately 15-20 °C)
compared to warm-water species (approximately 30-35 °C). To enhance the thermal stability of marine collagen, suitable
cross-linking treatments can be employed, such as those based on carbodiimide or glutaraldehyde. These treatments
help to improve the collagen’s resistance to thermal denaturation 22,

| 4. Recombinant Collagen

Recombinant collagen is produced through genetic engineering techniques using recombinant DNA technology. Unlike
animal-derived or marine-derived collagen, recombinant collagen is synthesized in a laboratory setting, offering several
advantages and opportunities for customization in biomedical applications. Its production involves the introduction of
specific collagen genes or gene fragments into host cells 23, These host cells are modified to express and produce the
desired collagen protein. The introduced genes are often derived from human or animal collagen sequences to ensure the
production of collagen that closely resembles native collagen found in living organisms. Uninterrupted large-scale
production and precise control over the product’s composition/properties are key advantages 241,

Through genetic engineering techniques, specific modifications can be made to the collagen sequence, allowing for the
incorporation of desirable functionalities or targeting specific applications. For example, the introduction of specific amino
acid sequences or motifs can promote cell adhesion, enhance tissue regeneration, or improve the stability of the collagen
scaffold 23],

The assembly of recombinant collagen into higher-order structures is an essential aspect of its structural properties.
Native collagen forms fibrils and networks that contribute to the strength and stability of tissues. Recombinant collagen
can also self-assemble into fibrils, mimicking the natural behavior of collagen 28, The structural properties of recombinant
collagen can be further modulated by various post-translational modifications, such as glycosylation or hydroxylation.
These modifications, which occur naturally in collagen biosynthesis, can be introduced during the recombinant production
process to enhance the stability, functionality, and bioactivity of the collagen protein 2,



The characterization and quality control of recombinant collagen are crucial in its production. Techniques such as SDS-
PAGE, mass spectrometry, and circular dichroism spectroscopy are employed to assess the molecular weight, purity, and
secondary structure of the recombinant collagen [28. These analyses ensure that the synthesized collagen meets the
desired specifications for its intended application. While recombinant collagen offers numerous advantages, there are also
challenges associated with its production. Achieving the correct folding and assembly of the recombinant collagen protein
to form the native triple helical structure can be complex. Various strategies, such as the co-expression of molecular
chaperones or the use of specialized expression systems, are employed to enhance the proper folding and assembly of
recombinant collagen 22,
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