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Abstract: The increase in use of collagen products in almost every sector of utility has stipulated the rising demand for 
collagen. It is an essential fibrous glycoprotein, which is abundantly present in the extracellular matrix and connective 
tissues in many living organisms. Owing to its unique characteristics such as biocompatibility, bioavailability and weak 
antigenicity it has gained major interest in the food, pharmaceutical, cosmetic, biomedical and leather industries. The 
collagen-based composites possess an enhanced capacity to dissipate mechanical energy, strength and stiffness making it 
the most promising biomolecule for its multifaceted applications.  Recently, synthetic biology platforms are getting wide 
attention for the production of non-native collagen alternatives to meet the rising demand for collagen worldwide. In 
the initial part, this review aims to explain different sources, structures, biosynthesis of collagen and its types followed 
by the emerging applications of collagen as a next-generation biomaterial in the later part. The article emphasises the 
synthesis of non-native collagen using novel expression systems like plant and algae in addition to bacteria and yeast 
with industrial consideration. In the conclusion section, challenges and opportunities of using synthetic biology tools are 
described. 
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Research highlights: 
•	 The article reviews the structure, sources and types of native collagen with emphasis on opportunities and 

challenges in collagen application.
•	 The article attempts to introduce synthetic biology platforms and novel expression systems in combination with 

currently available techniques to encounter the current and projected escalated demand for collagen worldwide. 

1. Introduction
Collagen is the most abundant structural protein in the animal kingdom constituting about 30% of the total protein 

content, especially in mammals. It is highly conserved across all the species. In invertebrates, it is present in the body 
wall and cuticles. It is absent in plants and unicellular organisms where polysaccharides and cellulose replace its 
function [1]. In mammals, it is involved in the formation of fibrillar and microfibrillar structures in the extracellular 
matrix (ECM) [2], which is a major component of connective tissues like bone [3], cartilage, tendons, etc. It is also 
present in blood vessels, the cornea [4], the dentin of teeth [5] and skin [6]. 
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The structural and signaling role of collagen makes it an ideal biomaterial for applications in the field of biomedical 
[7], cosmetics [8], nutraceuticals [9] and pharmaceuticals. In addition, natural properties like hemostatic activity [10], 
biodegradability [11] and cross-linking ability of collagen find a wide application in the drug delivery systems [12-14]. 
Gelatin, a biopolymer obtained by partial hydrolysis of collagen fibres has major applications in confectionery, food, 
pharmaceutical, medical, cosmetic products [15]. Gelatin derivatives such as Gelatin methacryloyl (GelMA) hydrogels 
are widely used for the construction of 3D scaffolds, injectable gels, bioprinted scaffolds, wound healing and biosensing 
[16]. In addition, the partial thermal hydrolysis of collagen polypeptides results in the formation of small peptides with 
a low molecular weight called hydrolyzed collagen (HC). These bioactive collagen peptides (BCP) have chemotactic 
properties in the bloodstream and help in the skin, hair restoration process [17]. The oral administration of these 
peptides has shown overall skin health improvement [18]. 

The majority of currently available collagen and collagen-based products are derived from marine and animal 
sources mainly from fish, bovine, porcine, etc.; however, considering the shortcomings like origin and acceptance of 
animal-derived collagen, foreignness, pathogenic contamination, etc. various alternatives like recombinant collagen is 
currently being explored [19]. For example, Fujifilm, Japan has developed a human type I collagen-based biomaterial 
under the commercial name Cellnest TM with enhanced cell adhesion capacity to be used in regenerative medicines like 
bone regeneration [20]. 

Different corporate sectors have explored the production of collagen from non-animal sources to meet the industrial 
demands using synthetic biology techniques. In the current review, we attempt to summarize the current advances 
in collagen production from different sources using novel expression systems like plants and algae with industrial 
consideration. Plant-derived collagen has been reported to be a safe alternative to allografts, animal collagen or 
recombinant collagen derived from yeast [21] with the advantage of the limitless supply. However, there is a scarcity of 
literature about the novel expression system for recombinant collagen production using such platforms. The information 
summarized in this review will help clinicians, researchers, and manufacturing companies not only to access the basic 
knowledge about sources, types, applications of collagen but also to portray the latest trends in collagen composites and 
synthetic collagen production.

2. Structure of collagen
Ramachandran and Karta originally described the structure of collagen in the Madras model [22]. According to 

this model, the collagen forms a right-handed triple helix of three alpha (α) polypeptide chains (Figure 1). Each chain 
exists in a left-handed polyproline type II helix forming a triple helical structure also called tropocollagen. All these 
three chains can be identical (α1 chains called homotrimer) or unidentical (α1 and α6 chains, called heterotrimer); the 
combination of α chains and the peptide sequence determines the type of collagen formed (Table 1) [23]. About 25 
different α chain have been discovered which are involved in the formation of about 28 different types of collagen. 

Each collagen triple helix is around 300 nm long and displays an unusual abundance of three amino acids: glycine, 
proline, and hydroxyproline [23]. These amino acids configure the characteristic repeating motif, Gly-X-Y, where X and 
Y are proline and hydroxyproline with glycine occupying the central axis. The side chain of glycine contains an H atom, 
which minimizes the steric hindrance within the alpha helices, which are held together by hydrogen bonds linking the 
-NH of a glycine residue with a carbonyl (C═O) group of glycine in an adjacent polypeptide. 

The abundance of collagen in the animal kingdom is attributed to its unique characteristic of thermal and chemical 
stability which is contributed by both inter and intramolecular forces [24]. The stability to each left-handed α chain is 
imparted by interstrand hydrogen bonding while intrastrand n→π* interactions stabilize the triple helix. The propyl-4-
hydroxylase and lysyl hydroxylase perform the hydroxylation of proline and lysine residues on the procollagen during 
posttranslational modification in the endoplasmic reticulum (ER) which further contributes to the stability and prevents 
the enzymatic degradation [25]. 

The non-collagenous domains further impart structural stability, and are usually found as the flanking regions on 
procollagen (-C and -N terminals). The cleavage of these termini forms the mature elongated collagen fibrils of about 
1 nm to 1 µm in diameter [25].
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Figure 1. Molecular structure of collagen showing (a) organization of amino acids in α chain, (b) hydroxylated and glycosylated α chains, (c). triple 
helix of procollagen with amino and carboxyl termini, (d) a mature collagen molecule, (e) crosslinking of collagen molecules forming collagen fibrils 

and (f) supramolecular assembly of fibrillar collagen 

Table 1. Types of collagen (I-XIV) and its composition of α chain

Type of collagen Composition of α chains

Type I two α1(I) chains and one α2(I) chain

Type II three identical α1 (II)

Type III three identical α1(III)

Type IV two α1(IV) chains and one α2(IV)

Type V two α1(V) chains and one α2(V) OR α1(V), α2(V), and α3(V) OR three of α1(V)

Type VI α1(VI), α2(VI), and α3(VI)

Type VII three α1(VII)

Type VIII two α1(VIII) chains and one α2(VIII)

Type IX α1(IX), α2(IX), and α3 (IX)

Type X homotrimeric compound of α1(X)

Type XI α1(XI), α2(XI), and α3(XI)

Type XII three α1(XII)

Type XIII -

Type XIV three α1(XIV)

Collagens molecules thus formed are deposited in the extracellular matrix (ECM) where most of them form 
supramolecular assemblies. They impart structural roles, contribute to the mechanical properties of the tissue 
organizations and maintains the shape of the tissue.
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3. Biosynthesis of collagen
3.1 Transcription and translation

The formation of the triple helix of collagen is a complex process that preludes with the transcription of collagen 
genes in the nucleus. It is modified in the ER, post translation and finally processed in the secretory vesicles of the Golgi 
apparatus, destined for excretion into the ECM. Almost all 28 collagen types follow the similar basic mechanism of 
triple helix formation and further processing. 

Most collagen genes have complex intron-exon patterns, including 3-17 introns and mRNA of fibrillary collagen 
encoded by around 50 exons [26]. It gives rise to a different population of mRNA species due to alternate splicing, 
multiple initiation sites or a combination of both. For example, a longer form of collagen (COL2A) is expressed in 
chondro-progenitor cells, its shorter form (COL2B) is expressed in mature articular chondrocytes in which exon2 is 
excluded [27]. To discuss this in detail is however beyond the scope of this review.

Figure 2. Step by step process for biosynthesis of collagen polypeptides in ribosomes and post-translational modifications of procollagen in cytosol 
for making collagen fibrils 

3.2 Post translational modifications 

Figure 2 depicts the flow of collagen biosynthesis in vivo. The precursor of collagen, preprocollagen is 
cotranslationally transported in the lumen of rough ER. The procollagen formed after removal of the signal peptide 
undergoes hydroxylation of specific proline and lysine residues by membrane-bound hydroxylases thereby yielding 
hydroxyproline (Hyp) and hydroxylysine (Hyl). The degree of hydroxylation of procollagen depends on the tissue and 
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collagen type (Collagen I to XXVIII). The hydroxylated lysine residues further undergo a series of modifications like 
glycosylation, i.e., addition of galactose and glucose moieties and addition of oligosaccharides to asparagine residues at 
C- terminus [25]. 

3.3 Secretion of collagen molecule and extracellular processing

The polypeptide formation is initiated at C- terminus while regulation of fibril diameter is ensured by N- terminus. 
After the assembly of the procollagen molecule, the triple-helical structures are packed in the vesicles of the Golgi 
apparatus and released into ECM [26]. Further processing of procollagen includes the cleavage of -C and -N termini 
and spontaneous arrangement into ordered fibrillary structures called tropocollagen. These monomers are stabilized by 
hydrophobic and electrostatic interactions, which may further aggregate into five stranded fibrils (1 nm and 1 μm in 
diameters) and subsequently into larger collagen fibres (1 μm to more than 10 μm in diameter). The additional stability 
is imparted by the formation of covalent crosslinks contributing to the mechanical strength, and the stable network of 
the collagen fibres.

4. Types of collagen
Almost 28 different types of collagen (type I to XXVIII) have been reported [23] that vary in their size, length, 

amino acid composition (particularly proline and hydroxyproline), glycosylation of hydroxylated proline, etc. Glycine, 
proline and hydroxyproline are the most important amino acids of collagen and account for almost 50% of total protein 
content. Collagen forms can be subdivided into subfamilies (Figure 3) based on their supramolecular assembly as 
fibril forming collagen (e.g., I, II, III, V), basement membrane collagen (e.g., type IV, VII, etc.), microfibrillar collagen  
(e.g., VI), network forming collagen (X), fibril associated collagen (FACIT) (e.g., IX, XII), transmembrane collagen 
(e.g., XIII, XVII). Amongst the 28 different types of collagen, the most abundant types include type I, II and III that are 
fibril-forming collagens and are involved mainly in tissue strength, elasticity, mechanical integrity and water retention 
capacity. Each type of collagen has a distinct role in different tissues with varying expression levels. The distribution 
pattern of collagen type I, II and III which are most abundant and prominent in the human body are detailed below. 

4.1 Type I collagen 

It is the prototype molecule of the collagen family. It is one of the most abundant and most studied collagens in 
the body. It is the key structural component of several tissues including bone, skin, tendon, teeth, cornea, ligaments, etc.  
The structure and location however determine its function in the specific tissue [28]. In most of the tissues, it provides 
tensile stiffness. The dominant form of collagen type I consists of two COL1α1 chains and one COL1α2 chain translated 
from alpha 1 and alpha 2 gene (COLIA1 and COLIA2, respectively) mRNA. Homotrimer form of COL1α1 has been 
reported in tumours and foetal tissue, which is more resistant to cleavage, by collagenases. Amongst the various types of 
collagen, I to XIV are listed in Table 1. 

4.2 Type II collagen

 It is an important component of the cartilage in mammals that is required for synthesis and reconstruction of the 
connective tissues. It is dominant in cartilage and vitreous humor [29] and expressed in non-cartilaginous tissues like 
the notochord, eye, heart, brain during embryonic development [30]. Type II collagen is a heterotrimer consisting of 
three α1 (II) chains encoded by the COL2A1 gene. The alternate splicing of the COL2A1 gene results in two isoforms 
of type II collagen [26]; IIA is found during embryonic development and IIB is the dominant form in mature cartilage. 
Compared to collagen type I, it shows a higher degree of glycosylation of hydroxylysine residues. 

4.3 Type III collagen

Type III collagen is the second most abundant type present in soft tissues. It is a homotrimer of three α1 (III) chains 
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synthesis of which is controlled by the COL3A1 gene [30]. With exception of bones, it is widely distributed in collagen 
type I containing tissues including skin and vascular tissues, bowel, uterus [30]. It forms the mixed fibril with type I 
collagen, and it is the important constituent of elastic tissues. Progressive collagen loss has been associated with ageing 
as these proteins impart structural strength to the skin.

Almost all types of collagens are readily absorbed upon topical administration and hence largely used in the 
cosmetics and pharmaceutical industries. The gelatin (formed by irreversible denaturation of collagen) and BCP (HC) 
(Figure 3) are widely used in nutraceuticals-food and food ingredients. A number of natural and synthetic biopolymers 
like heparin, alginate and nylon-6 can be blended with gelatin using electrospinning technique for biomedical 
applications [31]. Marine collagen peptides (particularly type III) improve healthy hair and nail growth, skin elasticity 
and hydration [17]. In East Asian countries like Japan, the hydrolyzed collagen obtained from porcine is widely used as 
a dietary supplement due to its easy availability and health benefits (especially the anti-ageing effect) [32].  

 

 

Figure 3. (a) Supramolecular assemblies of collagen fibrils formed by various arrangement of different types of collagen, and (b) the collagen product 
types, i.e., irreversible denaturation of collagen forming gelatin and hydrolyzed collagen

5. Distribution of collagen
The major function of collagen includes mechanical reinforcement of connective tissues of vertebrates. It surrounds 

the organs and holds specialized cells together in discrete units. Thus, it prevents the organs and tissues from losing or 
tearing their shape when exposed to rough movements [26]. In addition, collagen plays a regulating role in developing 
tissues, influencing the proliferation and differentiation of unspecialized cells [23].  

5.1 Musculoskeletal tissues (bone, cartilage, muscles, joints, etc.)

These tissues are highly ordered nanostructured materials consisting of nanofibers embedded in the matrix. 
The composition and structure of the matrix and its interaction with fibres determine the biological properties of 
musculoskeletal tissues. 

Bone is a highly structured composite material that is made up of organic and inorganic phases. The organic phase 
(proteins) consists mainly of type I collagen while the inorganic phase consists of hydroxyapatite nanocrystals (HAp) 
(Figure 4) [33]. The HAp embedded in the organic matrix containing proteins impart stiffness and strength to the bones. 
The HAp nanocrystals grow on the collagen fibrils in the process called nucleation, which is regulated by other non-
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collagenous proteins [34]. 
Cartilage is specialized shock absorbing connective tissue, which is composed of specialized cells called 

chondroblasts. These cells produce large quantities of ECM, which include collagen fibres that are a crucial component 
of the matrix of articular cartilage. It accounts for almost 40% of the organic composition of cartilage. It also forms an 
extensive network of collagen fibrils, providing cartilage with mechanical integrity. 

5.2 Skin

Skin is one of the non-linear and visco-elastic tissues, which is composed of three well-defined layers: epidermis 
(outer), dermis (middle) and hypodermis (inner) (Figure 4) [35]. Dermal fibroblasts are involved in the production of 
collagen along with other ECM proteins. Collagen is one of the major protein components of the dermis that defines 
skin physiology and maintains its structure along with the elastin fibre network. In human skin, type I collagen make up 
80-90% of collagen [6] followed by type III collagen (8-10%) and type V collagen (<5%) [36]. 

The young skin has well organized, tightly packed and intact collagen fibrils, which are fragmented or degraded 
as skin ages. Various internal and external factors (sunlight, pollution, smoking, etc.) also influence the physiological 
processes of skin ageing [6, 17]. 

Collagen also maintains the hydration of the skin, which is important to maintain its health and beauty. Most of the 
water in young skin is bound to collagen giving it structural and mechanical properties, however, as skin ages the water 
is found in tetrahedron or a free form with diminished solubility of mature collagen in water due to extensive crosslinks 
with skin ageing [37]. Ageing affects the dermal structure as aged fibroblasts synthesize less collagen.

 

Figure 4. Distribution of collagen in skin, bone, eye, teeth of human 
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5.3 Cornea

The cornea in the eye plays an important role in directing the light rays onto the retina to provide accurate vision [38]. 
The stable spherical shape of the cornea is maintained due to the complex network of collagen fibrils embedded in the 
homogenous matrix of proteoglycan and elastin, which imparts mechanical strength and stiffness to the stroma (Figure 4) 
[38].

In addition, the corneal transparency is dependent on the arrangement of these collagen fibres in the stroma.  The 
stroma majorly contains type I collagen fibres while the basement membrane of the corneal epithelium contains type IV 
collagen [39]. In response to trauma to the corneal stroma, secretion of collagen fibrils occurs by keratinocytes, which 
align differently than the original stromal organization [40]. 

5.4 Teeth

A part of the tooth, also called a tooth crown consists of enamel, dentin, cementum and pulp tissue [41]. The dentin 
is composed of various fractions of ceramic (calcium HAp), protein (majorly type I collagen and small amounts of type 
III and V) and water. The combination of these three building blocks forms the mineralized collagen fibril, which is 
well organized around the long hollow cylinders called tubules [42]. The complex structure of dentin allows the teeth 
to be strong, tough and maintains structural integrity. The pulp of teeth contains type I and type III collagen in the 
extracellular matrix [43]. The cementum of teeth contains about 40-45% of HAp and majorly type I collagen along with 
type III, V, VI, XII, XIV that are found in small proportions. 

5.5 Hair

Collagen fibrils in hair follicles impart strength and elasticity to the growing hair. Its reduction increases the ageing 
phenotype, the breakage of hair and excess shading. As the human body ages, damaged DNA accumulates in the hair 
follicles causing proteolysis of collagen (usually type XVII) [44], which eventually leads to thinning and balding. 

5.6 Heart

The cardiac fibroblasts produce a variety of proteins including collagen type I and III [45], which provides the 
scaffold that is necessary for the formation of the fibrous meshwork of the heart. The collagen fibrils along with other 
extracellular non-collagenous matrix proteins impart functional integrity to the heart [45]. 

6. Sources of collagen
6.1 Bovine

Bovine collagen is one of the major industrial sources of collagen due to its low immunogenicity and 
biocompatibility in most of the population [46]. Bovine type I collagen is isolated mainly from the Achilles tendon 
[1] and it is the major source of commercially available collagen. The isolation methods and tissue type may cause 
inconsistency in the composition of collagen, which also depends on the age, genetic inheritance of the donor population 
[46]. The transmission of diseases during extraction like bovine spongiform encephalopathy and viral vectors is a major 
concern in the usage of bovine collagen [47]. Around 3% of the population is allergic to bovine collagen, which has 
encouraged the search for safer alternatives.

6.2 Porcine

Porcine collagen is widely used in industrial applications due to its low antigenicity and similarity with human 
collagen. It is obtained from the adult porcine dermis, small intestinal mucosa that is shown to be efficient in plastic and 
reconstructive surgery, skin and wound healing, etc. However, similar to bovine collagen, it poses the risk of zoonosis 
[1]. The use of porcine collagen is restricted in Middle East countries due to religious regions [2]. In East Asian 
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countries like Japan, China the use of porcine collagen in various forms is a regular part of the diet (Bone broth, Ramen, 
confectionery products, etc.) due to the health and beauty benefits of porcine collagen peptides. 

6.3 Marine sources

Marine collagen is of great interest due to its distinct biological, chemical and mechanical properties compared 
to animal-derived collagen [46]. It poses no risk of disease transmission like an animal and is considered as GRAS 
(Generally Recognized As Safe) by The United States Food and Drug Administration (FDA) [19]. The advantages 
of marine collagen include a high content of collagen fibres, greater absorption due to low molecular weight, low 
immunogenicity, the least ethical and religious issues, comparatively fewer regulatory and quality control problems, 
etc. Various sources of marine collagen include marine invertebrates and vertebrates like fishes, jellyfish, sponges, sea 
urchin, octopus, sea urchin, prawns, etc. The bones, skin, fins of fishes are reported to be an excellent source of collagen, 
which also reduce environmental pollution (they are the waste product of fish processing) [1]. 

6.4 Rodent sources

The rat-tail tendon (RTT) is a commonly used source of type I collagen in researchers compared to industrial use. 
It contains about 90-95% of type I collagen, which ensures higher yields upon extraction [46]. The research on type 
I-RTT collagen indicates that as the rat ages, there are significant changes in the chemical and mechanical properties of 
collagen. It becomes less elastic and more resistant to force.

6.5 Other animal sources

Few other animal sources include chicken, kangaroo tail, duck feet, equine tendon, alligator bone and skin, 
sheepskin and even humans. The recombinant human collagen is used due to its low immunogenicity compared to other 
sources. 

6.6 Chemically synthesized collagen

Due to concerns like batch-to-batch variation, immunogenicity, etc. the synthetic sources like KOD (commercially 
name derived from the sequence of peptide (P-K-G) (P-O-G) (D-O-G)) have been researched in recent times [19]. This 
synthetic protein is made up of 36 amino acids that self-assemble to form nanofibers and hydrogels, which mimic the 
natural collagen. 

6.7 Synthetic collagen 

Various synthetic (non-native) sources of collagen have been developed using synthetic biology tools to produce 
contaminant-free animal-derived collagen [20, 21]. These recombinant sources are devoid of heterogeneity across 
species, pathogen transfer and immunogenicity. For example, efforts have been made to produce recombinant human 
collagen (e.g., CLPs-collagen lie polymers, rhCOL-human collagen type III) in various expression systems like 
prokaryotic (Escherichia coli), eukaryotic (yeast, plants, insects, human cell lines) expression systems. The expression 
systems including E. coli and yeast are limited by their capability of post-translational modifications, i.e., hydroxylation 
that needs additional transduction of viral hydroxylases in these expression systems [48]. However, due to the faster 
growth rate and ease of genetic manipulations of yeast expression systems, multiple companies have adopted it as a host 
for industrial-scale production (Table 2). The other expression systems include plants [21], insects, (isolated) cultured 
insect cells [46], mammals, and cultured human cells [49]. The transduction of collagen encoding genes in the human 
cell line is more promising compared to that of non-mammalian cells due to its post-translational modification capacity. 
Studies have reported the identical properties of rhCOL produced in cultured human cells to that produced in vivo. 
However, the low product yields in these expression systems are insufficient to meet the industrial demand for collagen.    
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7. Applications of collagen 
Exceptional biocompatibility accompanied by weak antigenicity and biodegradability of collagen and collagen-

based products makes it a central player in a wide range of applications.   
 

7.1 Collagen-based drug delivery systems

In recent years, the interest in the use of collagen as a protein-based biomaterial has increased enormously. The 
well-known safety profile of collagen makes it a commonly used biomaterial as a carrier for various drugs and growth 
factors for treatments like cancer, periodontosis, corneal restructuring, etc. The morphological properties of collagen-
like hydrophilicity, mechanical strength and biodegradability that can be controlled by polymer concentration, working 
voltage and degree of cross-linking for use in drug delivery systems [50].

7.1.1 Nanosphere/microspheres 

These structures can be formed by the combination of electrostatic and electronic forces. The charge-charge 
interaction in between such systems is enhanced by sodium sulphate [51]. The nanoparticles enhance the uptake of 
compounds like anti-HIV drugs especially in macrophages thus offering an additional advantage of collagen-based drug 
delivery systems [50]. 

7.1.2 Collage- based mini pellets 

Collagen mini pellets are tiny rods (~1 mm in diameter and ~15 mm in length) that are extensively used in Japan [51]. 
These cylindrical structures can carry large molecules like interferons, interleukins, and lysozymes to be administered 
subcutaneously for local delivery. Studies have shown that, when an atelocollagen (type I collagen) pellet is used as a 
carrier, bone morphogenetic proteins (BMPs) induce direct bone formation without cartilage being formed. Mini pellets 
have also been used for the local delivery of lysozymes and minocycline for periodontitis treatment [52].   

7.1.3 Collagen films 

Collagen films/disc/sheets (0.01-0.5 mm) are formed by air-drying the casted collagen preparations as a barrier 
membrane [50]. The drugs like steroids, hormones, antibiotics can be loaded onto the films by hydrogen bonding, 
covalent bonding or simply by entrapment [50]. Such films can be used for the treatment of corneal tissue infections 
[53], liver cancer etc. In one of the studies, the collagen films loaded with BMPs have shown direct osteoinduction 
without the formation of cartilage when placed in close contact with osteogenic cells [54]. ColoGide® by ColoGenesis 
is a commercially available sterile collagen sheet is guided tissue regeneration (GTR) membrane that can be used on the 
patients directly.  

7.1.4 Collagen shields/ corneal shields  

Collagen shields are bandage contact lenses, which gradually dissolve in the cornea when applied to the ocular 
surface [52]. The shield dissolves and the entrapped drug from the collagen matrix are released by the flushing action 
of the eyes. The reported research by Bausch & Lomb shows the production of collagen shields in various shapes and 
thicknesses to be used as contact lenses [51]. 

7.1.5 Collagen sponges

Collagen sponges form an excellent system for the treatment of severe burns, wound dressing, leg ulcers, etc., they 
are also used for the delivery of antibiotics, steroids, growth factors for wound healing and bone implants. The delivery 
of drugs in such formulations is controlled by polymer hydration and swelling to form a gel, diffusion of drug through 
the gel by erosion. Upon contact with the wound, collagen sponges can absorb a large quantity of tissue exudate [51]. 
These systems smoothly adhere to the wet wounds; provide a moist microclimate and acts as a shield against mechanical 
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injury and secondary bacterial infection. Application of a collagen sponge with growth factor are known to facilitate 
dermal and epidermal wound recovery process [55] by infiltration of neutrophils. 

The sponges are produced from bovine skin by acidification at pH 3 followed by its stabilization. The 
sponge layer thus formed can be combined with materials like fibronectin, elastin or glycosaminoglycans. The 
efficiency of these systems can be enhanced by co-polymerization of crosslinked collagen with polymers like 
polyhydroxyethylmethacrylate (PHEMA) for improved   tensile strength and hydrophilic properties.  

SpongeCol® by Sigma-Aldrich is a commercially available collagen sponge used as a scaffold for 3D cell culture. 
It is composed of highly purified Type I collagen which supports the attachment, proliferation, and function of cells.

7.1.6 Collagen gels/ hydrogels

Hydrogels are three-dimensional structures with the ability to absorb the large amount of body fluid and water 
[56]. Hydrogel systems like Polyacrylamide-grafted-pectin have been studied extensively to develop transdermal drug 
delivery systems [57, 58]. Collagen hydrogels are widely used biocompatible injectable systems in the form of (a) 
suspension of collagen fibres; (b) non-fibrillar viscous solutions in aqueous media [52]. These systems are composed of 
collagen cross-linked with various chemicals like aldehydes, polyphenols, carbodiimides, poly epoxy compounds, etc. 
Collagen hydrogels have the unique property of maintaining structural integrity even after soaking the fluids. A collagen 
composite made with PHEMA has been reported as a drug delivery system for anticancer drugs.  Atelocollagen are gels 
produced by elimination of the telopeptide residues using pepsin, which are used as a carrier to repair cartilage defects 
in chondrocytes [59]. 

7.2 Musculoskeletal tissue engineering

A severe bone loss or damage needs the replacement and restoration of bone function. The process of development 
and regeneration of bone requires coordinated cell proliferation, differentiation, migration followed by remodelling of 
ECM [14]. Further, the scaffolds used for bone regeneration must promote the differentiation of immature progenitor 
cells into osteoblasts (osteoinduction); induce the ingrowth of surrounding bone (osteoconduction) followed by 
integration into the surrounding tissue (osseointegration). Such stimulation of osteoblasts has been observed in ZnO 
incorporated polycaprolactone (PCL) scaffolds [60]. Unlike conventional bone grafts, recent advances in regenerative 
medicine have increased the possibility of repairing the bone damage with the combination of biomaterials [58] 
and growth factors (like transforming growth factor-β [TGF-β], basic fibroblast growth factor [bFGF], BMPs, etc.) 
[61]. Similar to chitosan, hyaluronic acid (HA), alginate, heparin; collagen has been widely used for the synthesis of 
Injectable hydrogels for cartilage and bone tissue engineering. The common therapeutic target for bone regeneration 
includes osteoconductive scaffolds, which plays a major role in maintaining cell function and guiding tissue growth and 
has the highest bone renovation potential [62]. Osteoblast conditioning has been reported as a viable strategy for the 
development of such scaffolds [63]. Type I collagen is a widely used scaffold material due to its weak antigenicity and 
biodegradability for bone engineering and it serves as the template for mineralization [62]. To improve the performance 
of collagen-based scaffolds, a variety of materials have been explored like bioceramic scaffolds (biocomposites based 
on calcium phosphate, calcium silicate, etc.), carbon-based components (carbon nanotubes, graphene oxide, etc.), 
natural polymer components (glycosaminoglycans, silk fibroin, etc.), artificial polymer components (polycaprolactone, 
polyglycolic acid, polyvinylalcohol) [34, 62]. These scaffolds can also provide a structure for cell attachment to produce 
a new cartilage matrix in case of cartilage repair. The mechanical properties of biopolymers is largely depend on the 
morphology, crystallinity, crosslinking, molecular orientation, concentration, etc. which can be further enhanced by 
blending with other bio-based reinforcement material [31]. In recent years, multilayer collagen membranes are explored 
for tendon tissue engineering [64] which involves modification or fabrication of collagen scaffolds for improved 
properties like porous 3D structure, bioresorbable, similar mechanical properties to native tissues, etc. [64].  

7.3 Skin and wound healing

Wound healing is a complex process in which collagen contributes to hemostasis by recruiting platelets to the 
wound site in the process of chemotaxis [65]. The clot formed by this interaction provides the matrix for inflammatory 
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cell influx. The success of this process depends on the coordination of cytokines, chemokines and growth factors 
facilitating the wound closure by binding to ECM proteins like collagen. During the early stages of wound healing, 
fibroblasts produce more amount of type III collagen than under normal conditions. In the healing wound, type III 
collagen is progressively replaced by type I collagen [66]. 

Collagen being one of the important components of dermal ECM, it is frequently used in protein-based scaffolds 
for skin wound healing in various forms such as powder, amorphous gels/pastes, gel-impregnated dressing, sheets and 
pad. Collagen scaffolds provide mechanical support, reduces fluid loss from the wound area and facilitates fibroblasts 
migration in the wound. They also absorb reactive oxygen and nitrogen species and act as a competitive substrate for 
collagenases, which reduces the enzymatic degradation of tissue. The mechanical properties of collagen for tissue 
engineering applications can be enhanced by blending it with PCL [67]. The poly (ε-caprolactone) nanofibers have 
been shown to have improved hydrophilicity with collagen coating, and enhanced mechanical strength with TiO2 
entrapment to be used in wound healing [68]. Few of the currently available collagen-based wound dressings include (a) 
WounDress® by Colloplast, which are collagen hydrogel-based dressing for wounds. It promotes autolytic debridement 
by re-hydrating and softening dry wounds and necrotic tissue; (b) Puracol® plus collagen dressing by Medline; (c) 
Apligraf® by Organogenesis, which restores the fibroblast function at wound base and normalize the ECM production. 

Compared to collagen, the HC can be easily absorbed, transported to the systemic circulation and elicit biological 
activities. They send a false signal to fibroblast cells to synthesize new collagen fibres. The chemotactic properties 
of these peptides promote cell migration and proliferation, which is an important process in wound healing [69]. 
Stimulen™ by Southwest technologies is concentrated dispersion of modified collagen (HC) in gel form used for wound 
healing. Hycol™ by Sanara Medtech is available in powdered as well as gel form as wound dressings.

7.4 Corneal tissue engineering

Most tissue engineering approaches include combining cells with a biomaterial-based scaffold, which can replicate 
the real tissue. The major parameters in determining an engineered tissue are the type of material used and how 
the scaffold is synthesized. The ideal scaffold for corneal tissue engineering should possess good optical properties 
and significant mechanical strength [70]. A wide variety of tissues has been used for corneal tissue engineering like 
acellular corneal stroma, silk fibroin, collagen, etc. Collagen being the major component of corneal stroma it is the most 
promising material in corneal scaffolds. Its mechanical properties can be improved by crosslinking and composting. 
To maintain corneal transparency, micropatterned collagen scaffolds have been reported which can regulate cellular 
behaviour [53]. The source and age of collagen play a significant role in the final physical properties of scaffolds like 
the structure, optical properties, biocompatibility, etc. Various types of collagen scaffolds for corneal tissue engineering 
include hydrogels, films, and sponges. One of the scaffolds under investigation is vitrigel, which has been successfully 
used in animal models to grow and transplant corneal epithelium [71].  

7.5 Teeth engineering

Tooth damage or loss is a common and frequently occurring problem. Therapies such as dental implants, 
artificial dentition and tooth transplantation are widely employed. However, the reinstallation of teeth function is 
still questionable with these treatments. Amongst the various approaches like novel cell pellet, engineering, gene-
manipulated tooth-engineering, chimeric tooth-engineering, etc. the usage of synthetic scaffolds is the most accepted 
technique. Injecting a soft scaffold matrix loaded with cells and growth factors is most favorable in areas difficult to 
access like the pulp cavity [72]. It is possible to promote tooth organogenesis by cultivating postnatal dental stem cells 
(DPSCs) on a well-structured bioengineered 3D scaffold. The collagen scaffolds have been shown the growth of DPSCs 
into the scaffold material. The hybrid of DPSCs, collagen scaffolds and dentin matrix protein-1 (DMP-1) has shown to 
induce the formation of an organized matrix similar to pulpal tissue [72].  

7.6 Foods and nutraceuticals

The beauty and health benefits make collagen an exceptional ingredient of diet especially in countries like Japan, 
Korea, etc. Apart from citrus fruits, leafy vegetables, nuts, mushrooms, etc. collagen-rich sources like pig trotters, jelly 
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drinks, confectionery products, suppon, turtle blood, bone broth are widely included in the Japanese diet. Collagen is 
widely used as an edible coating material for sausages and foods [2]. It acts as a barrier membrane providing structural 
integrity as well as vapour permeability to food products. It is also used as a food additive to improve the rheological 
properties of sausages, meat, etc. It is widely reported that collagen supplementation with dietary ingredients modulates 
the skin ageing process. Such supplements can be obtained by extracting the collagen from various sources like animals, 
marine sources, etc., and it is available in various forms like powder, capsules as well as food and drinks additives. 
Collagen is used in juices and soups to improve its functional and nutritional value along with its protein content. In 
the United States, bone broth is considered a healthy alternative for coffee. The addition of collagen peptides in the 
probiotic drinks containing prebiotic fibre along with vitamin C has been shown to stimulate the growth of beneficial 
gut flora by Malaysia Dairy Industries (MDI). Few commercially available food products include, rose collagen gummy 
by Natural Oceania, collagen detox beverage, collagen infusion by Qwell and Vital collagen water by Vital Proteins. 

BCP or HC are collagen peptides, which are shown to have a greater effect on health benefit due to bioavailability, 
rapid absorption in digestive tract and blood, faster accumulation in skin, etc. [2]. As hydrolyzed collagen is dispersible 
in water and is well absorbed in the body, it is more suitable for digestion. Bioavailability of these peptides is increased 
as it has the capacity to bind the Ca+ ions making it more compatible inside our body. Hydrolyzed form of collagen is 
preferred for cold storage food items as it minimizes any damage to cells/tissues during low-temperature storage without 
affecting the product’s sensorial properties [73]. 

Gelatin is one of the hydrolyzed products of collagen, which is commonly used as a binder in various products like 
candies, jellies, marshmallows, gelatin desserts, etc. It is a part of the majority of confectionery products. For example, 
gelatin dessert by JELL-O.  

7.7 Cosmetics

The abundance and significance of collagen in the human body make it an ideal protein for cosmetics applications. 
The ageing of the skin usually results in the structural modifications of dermis which is induced by the loss of internal 
cohesion and due to rupture or decrease of collagen fibres. The intake of collagen peptides enhance the growth of 
fibroblasts and restores the functional organization of skin [69]. The HC has been widely used as bioactive components 
in collagen facial masks, hair masks, lip masks, etc. It is reported that collagen hair mask reduce hair breakage, split 
ends, make the hair strong and shiny by supporting hair follicles regeneration. Collagen has been reported to increase 
the volume of hair by strengthening the hair follicles and keeping them moist. Although greying of hair is common 
with ageing effect, collagen may act as an antioxidant that negates the hair greying effect. Collagen in combination with 
hyaluronic acid and sunflower oil has been reported to plump the fine lines on lips and soften them. Collagen masks on 
the other hand are popular beauty products for quick collagen lip treatment. The lip masks are more famous for making 
lips fuller and plumper. Few of the commercially available personal care products containing collagen include: oral 
collagen supplements by Oziva (anti-ageing and young looking skin), natural collagen sheet mask by Rael, hair mask by 
Kerseel (deep hair repair), lip mask for lip plumping by Dot & Key, hair shampoo for fuller and healthier by OgX and 
moisturizer by L’Oreal (smoothening wrinkles).   

7.8 Novel biomaterials

Conventional biomaterials are easy to design and their characteristics are well explored in chitosan [74], sodium 
alginate [75, 76], etc. The research in recent years has focused on designing the next generation biomaterial using 
combinations as the composition of scaffold and properties of biomaterials used for tissue engineering have a major 
impact on the regeneration of tissues. Recently the novel designs using two or three biomaterials like chitosan, 
hyaluronic acid, alginate, heparin, and collagen are being explored, as the single material cannot meet all the 
requirements ideal for biological applications. For example, biodegradable scaffolds of collagen and sodium alginate [77] 
and recombinant human collagen/chitosan hydrogels [78] are reported for soft tissue engineering applications, collagen-
silk composites have been used to regenerate the cartilage [79]. To overcome the traditional tissue or bone grafting 
method the chitosan-collagen composites are used for the development of synthetic graft to enhance the mechanical 
strength of the graft, as well as healing rate and bone adhesion rate [80]. 

Further, the increasing usage of personal care products hast offered a significant advancement in the cosmetic 
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industry. For example, the combination of silk and collagen face masks have shown to be effective in overall skin health 
improvement. 

 

8. Market potential of collagen as a biomaterial   
The collagen market is segmented on the basis of source such as bovine, poultry, porcine, marine; product type like 

gelatin, hydrolyzed collagen, native collagen; collagen types, i.e., type I, type II, type III, etc; a form of collagen such as 
the powder or liquid; its function stabilizer, emulsifier, etc.; application in food products, beverages, nutraceuticals and 
dietary supplements, cosmetics and personal care, etc.; and by region, i.e., North America, Europe, Asia Pacific, South 
America and Middle East Asia. 

Easy availability of collagen sources has been reported by Grand View Research [81] to increase the production 
of collagen products in the forecast period of 2020-2027 at the estimated CAGR of 5.9%. The increasing demand for 
collagen in food and beverages, cosmetics, medical applications are anticipated to drive the collagen demand. The major 
of the share of collagen market is dominated by Europe and North America with an increasing application of collagen in 
food, nutraceuticals and cosmetics. 

The North American region is dominated by countries like the United States and Canada due to the increasing 
demand for collagen supplements amongst health-conscious populations. Gummy food products are major confectionery 
products to drive the ascending demand for collagen in Mexico and Canada. Based on the product type the market 
segment in this region was dominated by hydrolyzed collagen products and gelatin. Figure 5 shows the global 
hydrolyzed collagen distribution by region. 

   

Figure 5. Global hydrolyzed collagen market distribution by region 2020-2027

According to Data Bridge Market Research, Asia pacific is currently reported to lead the global market for marine 
and vegan collagen [82]. The increase in the trend of cosmetic surgeries and advanced skin treatments has been the 
major factor in the rising demand for collagen applications. In addition, the rise in disposable income and increase in 
the vegan population in this region has contributed to it. The Asia Pacific region is dominated by countries like China, 
India due to the huge population and demand for cosmetics amongst consumers. Based on the types, the type I segment 
is dominating in this region due to its anti-ageing effect and usage in cosmetics. Excessive use of marine collagen in the 
beauty industry is expected to boost the market in this region. 
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Table 2. The global market value of various forms of collagen 

Type Market value Predicted CAGR Reference

Collagen USD 3,603.2 million 
in 2021 8.3% forecast period 2021 to 2027 https://www.gminsights.com/industry-analysis/collagen-

market

Gelatin* USD 1,577.1 million 
in 2020 8% CAGR through 2027 https://www.gminsights.com/industry-analysis/collagen-

market

Hydrolyzed collagen** USD 825 million 
in 2018 ~8% forecast period 2019 to 2029 https://www.transparencymarketresearch.com/

hydrolyzed-collagen-market.html

Fish collagen USD 250 million 
in 2018 ~8% forecast period 2019 to 2027. https://www.transparencymarketresearch.com/fish-

collagen-peptides-market.html

Collagen peptides USD 599 million 
in 2020 5.8% through 2025 https://www.marketsandmarkets.com/Market-Reports/

collagen-peptide-market-248590980.html

Marine collagen USD 778 million 
in 2021 7.9% forecast period 2021 to 2026 https://www.researchandmarkets.com/reports/5310947/

marine-collagen-market-by-type-type-i-type

*Majorly used in food industry
**Majorly used in food supplements, beverages, food and nutraceutical industry

In the Middle East and Africa, bovine collagen applications are increasing due to its easy availability. In addition, 
the demand for non-GMO is increasing in these regions due to 100% natural antibiotics demand among individuals. The 
veganism trend across the world however has influenced the collagen obtained from non-vegan sources like animals, 
marine, etc. Europe is dominated by bovine, porcine collagen source usage. The global vegan collagen market is 
expected to account for USD 0.9 billion by 2018. 

The European collagen market is dominated by countries like Germany, the United Kingdom due to the increasing 
demand for nutraceutical supplements amongst athletes. Due to the daily consumption of gelatin, this segment is 
dominating amongst product types.  

9. Sustainable production of collagen using synthetic biology platform
Animals account for the majority of collagen sources available in the market; however, the transmission of 

diseases, allergy and immunogenicity caused by bovine and porcine-derived collagen pose an additional risk. These 
problems can be addressed by using human-derived collagen; however, the use of human placenta or skin-derived 
collagen is limited by ethnicity, the genotype of tissue, age, etc. which has encouraged the search for alternative sources 
of collagen. 

In recent years, the synthesis of recombinant collagen is widely experimented in various expression systems 
including bacteria [83], yeast [84], insects [85], plants [21] and animal cell cultures. The coexpression of type III human 
collagen in bacteria with prolyl and lysyl hydroxylases have has shown to yield up to 90 mg of collagen per litre [83]. 
The recombinant collagen produced in E. coli has been reported to support the human umbilical endothelial cells. 
Similar strategies are reported for the expression of human collagen type III in the insects and yeast cells [86]. The 
recombinant human collagen type I (RHCI) derived from tobacco plants have has been used to fabricate the hydrogels 
for grafting corneal implants [21]. 

The recombinant collagen although preferable, their production at commercial scale is difficult. However, new 
methods for sustainable collagen production using synthetic biology approaches may make non-animal collagen, a 
techno-economically viable biomaterial. The recent advancements with novel expression systems like recombinant 
yeast have been shown to exhibit commercial acceptability (Table 3). The plant-based expression system for collagen 
production has the advantage of obtaining high yields. One of the less explored expression systems for such biomaterial 
expression is green algae like Chlamydomonas reinhardtii [87], which is reported to be the robust platform for the 
expression of human therapeutic proteins [88]. The advantage of green algae platform is the less environmental impact 
due to their sunlight and carbon utilization ability, they are easy to cultivate with minimum nutrient requirements [88]. 
Considering the non-animal origin of recombinant collagen using novel expression systems, wide acceptance and 
sustainable production can be expected.
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Table 3. Various studies done for commercial application of recombinant collagen to serve various applications using synthetic biology platform 

No. Company Strain Reference

1 Modern meadow Recombinant Pichia pastoris producing bovine 
type III collagen US Patent Application 20190092838

2 Cohesion Technologies, Inc., Palo Alto; 
Genotypes, Inc., Pacifica, both of CA (US)

Recombinant yeast producing bovine collagen 
type I α chains and gelatin WO 2001/034647

3 Fuji film manufacturing Europe B.V., 
Tilburg, NL

Recombinant yeast producing collagen silver 
halide emulsion for photographic use DE69823790D1

4 Cohesion Tech Inc. (US)
Pharming holding NV (NL) Fertilized oocytes of non-human mammals US-5895833-A

10. Conclusion
This review article attempts to explain the synthesis and types of collagen, their sources and distribution in the 

human body and their applications. Collagen is the most abundant protein in the human body with around 28 different 
types discovered to date owing to its characteristic triple-helical structure and amino acid composition. Each type of 
collagen exhibit a distinct role at a specific location in the body making it a versatile molecule for various applications 
including tissue engineering, cosmetics, food and nutraceuticals. The chimeric structures of collagen is a potential area, 
which includes structure different from bacterial collagen that can be synthesized using genes from different species. 
It can also include other proteins like silk, elastic, etc. that makes collagen a next-generation biomaterial for expanded 
applications. The distinct properties of collagen such as mechanical strength, thermal stability can be enhanced by the 
incorporation of macro or nanosized scaffolds of other biopolymers including chitosan, silk, sodium alginate, heparin 
which are extensively used in tissue engineering applications, drug delivery, etc.

The current collagen market is largely dependent on the collagen obtained from animals and birds, however, the 
outbreak of diseases originating from these sources need the exploration of alternative sources. Marine sources of 
collagen are widely used in various applications like food, nutraceuticals with economic consideration.  In the food 
industry, it is widely used as edible films, coating material and additives to improve product quality. The other forms 
of collagen, i.e., HC and BCP are extensively used in the food industry due to their higher water holding capacity and 
health benefits. The usage of animal collagen especially porcine is restricted in Middle East countries due to religious 
reasons while pig trotters are widely used in East Asian countries for broth preparation considering their nutritional 
value. The limitations of animal sources of collagen have offered new opportunities to researchers and scientists 
for exploring alternative sources like plants and algae. The rapid development in synthetic biology tools to produce 
synthetic collagen can overcome the major issues of contamination, disease transmission, and religious limitations. It is 
expected to meet the rising demand for collagen in near future considering the high yield of this molecule in plant, algae 
expression systems. 

The vegan platform can make the synthetic collagen cost-effective, biocompatible, eco-friendly and sustainable. 
Exploring such platforms would benefit a broader population including customers as well as researchers and 
industrialists in future.  
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