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Abstract

:

Collagen has been widely applied as a functional biomaterial in regulating tissue regeneration and drug delivery by participating in cell proliferation, differentiation, migration, intercellular signal transmission, tissue formation, and blood coagulation. However, traditional extraction of collagen from animals potentially induces immunogenicity and requires complicated material treatment and purification steps. Although semi-synthesis strategies such as utilizing recombinant E. coli or yeast expression systems have been explored as alternative methods, the influence of unwanted by-products, foreign substances, and immature synthetic processes have limited its industrial production and clinical applications. Meanwhile, macromolecule collagen products encounter a bottleneck in delivery and absorption by conventional oral and injection vehicles, which promotes the studies of transdermal and topical delivery strategies and implant methods. This review illustrates the physiological and therapeutic effects, synthesis strategies, and delivery technologies of collagen to provide a reference and outlook for the research and development of collagen as a biodrug and biomaterial.
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1. Introduction


Collagen is an essential natural protein of the connective tissue that is widely found in the skin, bone, cartilage, teeth, tendons, ligaments, and blood vessels of animals. At the cellular level, collagen, as a major component of the extracellular machinery, is involved in supporting organs and protecting the body, but also participates in many cellular activities of migration, differentiation, and proliferation. Since the time of ancient Egypt, collagen was extracted from animal skin and used as glue in the therapies of medicine and health, including for burns, trauma, canthus diseases, beauty, orthopedics, hard tissue repair, wound bleeding, and so on [1]. Collagen has a promising prospect in clinical application. Since 1690, due to its excellent therapeutic efficacy in diseases, the Netherlands, UK, France, and Germany have produced collagen as a major industry. At present, recombinant human collagen III from Pichia pastoris has been used for anti-aging, and aortic valves made of pure collagen are already in clinical trials [2]. However, despite the in-depth study and wide use of collagen, the clinical application of collagen is seriously hindered by the limited traditional extraction strategy from mammals with low extraction efficiency, purity, and allergen problems, and more efficient production and drug delivery methods have continued to be significant issues [3]. Currently, novel total synthesis methods are being explored, but they have not achieved large-scale production due to their immature technology [2]. Alternatively, the genetic engineering of recombinant collagen has become a production method in the new era, and has the advantages of simple composition, high safety, and controllable production process, and can also avoid animal-derived pathogens [4]. Although these novel synthesis methods exhibited unique advantages, the clinical safety and low absorption efficiency of collagen products’ delivery as biomacromolecules in oral, transdermal, and injectable administration remain unresolved [5]. In this review, the frontier progress of the physiology and therapeutic functions of the different collagen types are summarized, and the synthesis and delivery strategies are highlighted to provide an outlook for developing collagen into a biodrug and biomaterial for treating various diseases.




2. Structural Features and Classification


Collagen is a stable fibrous protein formed by three polypeptide chains which take the same axis as the center. Owing to the interaction of amino acid residues, three polypeptide chains are closely bound together by parallel and interchain hydrogen bonds through the right-handed helix. Each α molecule of the peptide chains is composed of Gly-X-Y peptide segments (X and Y represent any amino acid residues other than Gly, usually referring to Pro and Hyp, respectively), which form a left-handed helix [3]. At present, more than 20 types of collagen have been discovered and divided into I, II, III, and other types, according to the combination of the three amino acid chains. Due to their different primary structures, they form various morphologies and show some specific biological properties and functions. The most common types of collagen in humans are types I–V [6]. Here, the subunits and their composition, tissue distribution, and other main characteristics of types I–V collagens are summarized in Table 1.



It can be seen that I, II, III, and V are the main collagen types that make up the essential tissues in bone, cartilage, tendon, skin, and muscle. The α1/α2 subunits in collagen are the basis of tissue support functions, and the α3 subunit may be the source of cellular control and site-binding functions. The three-strand peptide chain compositions of these collagens are summarized in Figure 1.



Many researchers validated that collagen I is the most important molecular species of collagen in animals. It consists of two α1(I) chains which are similar in amino acid sequences, and one α2(I) chain. The α3(I) chain plays an important role in transmission and is mostly found in the skin of some teleost fishes [7,8].



Collagen II is synthesized by animal cells. It mainly exists in human and animal skin, bone, cartilage, tendon, and other connective tissues and is also an important component of the extracellular matrix. It consists of three α1(II) chains, which is a typical triple helix structure. Collagen II forms small-diameter fibers in a cartilage matrix. These small fibers form a finely spaced network structure in cartilage tissue, which makes collagen distribute in proteoglycan to the maximum extent. This structure can provide mechanical stability for cartilage loading and is one of the main extracellular matrices in articular cartilage [9,10].



Collagen III is the main collagen in human skin, fascia, and tendons, and the ratio to collagen I is four to one. Collagen III is relatively small and exists between the epidermis and dermis and is the main component of the microcollagen layer. It is the key to propping up the epidermis. Collagen IV is an indispensable component of the cell basement membrane in the human body. Its structure is a heterotrimer spiral chain, which is composed of 3α-peptide chains. Finally, collagen V is distributed around cells and may play a bridge role between the basement membrane and connective tissue [11,12].




3. Physiological and Therapeutic Effects of Collagens


The main physiological function of collagen is to provide support in connective tissue as a structural protein, especially for collagen I, which has the highest content in the human body. Collagen also has many other biological functions such as binding to integrins and other factors to mediate signal transduction, to connect cells and extracellular matrix biological signals. There is a relationship between a lack of all kinds of collagen and bone disease, skin disease, gastrointestinal disease, vascular disease, kidney disease, neurological diseases, and even cancer, so the potential of collagen in clinical treatment may be still not be fully developed (Figure 2, Table 2).



3.1. Collagen for Treating Skin Injuries


Collagen also plays an important role in regulating the regeneration of tissues, promoting cell adhesion, and cell proliferation. Previous studies show that collagen is closely involved in cell proliferation, differentiation and migration, intercellular signal transmission, tissue formation, blood coagulation, and so on, thus it may participate in different stages of tissue repair. During hemostasis, collagen induces platelet activation and aggregation, thereby depositing fiber clots at the injured site. In the inflammatory stage, the activation of immune cells promotes the secretion of inflammatory cytokines, thus affecting the migration of fibroblasts, epithelial cells, and endothelial cells, and fibroblasts contribute to the deposition of collagen. Collagen degradation releases fragments that promote fibroblast proliferation and growth factor synthesis, leading to angiogenesis and reepithelialization. In the mature remodeling phase, the extracellular matrix is remodeled to restore its tensile strength. So, medical materials based on natural collagen are extensively used as an alternative option to traditional materials, which show non-immunogenicity, low sensitization, and better biocompatibility, and have promising clinical applications [13].
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Table 2. Therapeutic application of collagen.
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Diseases

	
Therapeutic Effects

	
Refs.






	
Treating skin injuries

	
Wound healing

	
Wound closure; anti-bacterial activity

	
[14,15,16,17,18,19]




	
Burn healing

	
Accelerated healing and skin appendage generation

	
[20,21,22,23]




	
Chronic wound

	
Faster wound healing

	
[24,25,26]




	
Treating orthopedic diseases

	
Osteoporosis

	
Improved bone mineral density; increased bone hydroxyproline content; enhanced alkaline phosphatase level

	
[27]




	
Bone defect healing

	
New bone tissue forming; guided bone regeneration

	
[28,29,30,31]




	
Treating ophthalmic diseases

	
Corneal defects

	
Filled corneal defects; restored corneal curvature

	
[29,32]




	
Keratoconus

	
Increased corneal rigidity; decreased interfibrillar Bragg spacing

	
[33,34,35,36]




	
Promoting nerve regeneration

	
Central nerve injury

	
Tuning NSCs; improved motor performance; reduced formation of fluid-filled cysts; impeded collapse of musculature and connective tissue

	
[37,38,39,40,41,42,43]




	
Peripheral nerve injury

	
Well-organized fibers; unimpaired myelin sheath

	
[44]




	
Anti-aging

	
Skin anti-aging

	
Reduced trans-epidermal water loss and skin pore number; increased elasticity; enhanced dermal thickness and acoustic density

	
[45,46,47,48]









The wet strength of a collagen sponge allows for suturing of soft tissue and provides a template for the growth of new tissue. Collagen hydrogel was shown to be a potential wet wound dressing that could significantly accelerate the production of new skin appendages [49]. Collagen dressings are usually formulated from bovine, avian, or porcine collagen and are easy to apply and remove [21]. In addition, collagen dressings can be derived from marine sources. Nile tilapia is one of the most commonly cultured fish in China, and the collagen hydrogel from tilapia skin can be used as a wound dressing for the treatment of deep second-degree burns [50]. Oral administration of collagen can also be an effective treatment for wound healing. Studies related to oral jellyfish collagen peptide and salmon skin collagen peptide have shown positive effects on wound healing [20].




3.2. Collagen for Treating Orthopedic Diseases


Collagen also constitutes tendons connecting bone with muscle along with other tissue such as the knee and joints, which makes muscles and bones soft and elastic during exercise. Human bones are mainly made up of calcium and collagen, of which calcium salts account for 2/3 and collagen for 1/3 [49]. Osteoporosis is caused by the loss of calcium, and collagen is essential in binding calcium to bone cells and improving osteoporosis; analysis results show that collagen forms a reticular structure in bone, which increases bone stiffness and toughness. Collagen I and collagen II are the main components of hyaline articular cartilage, fibrocartilage, and fibrous tissue [51,52]. So, collagen II cannot be used only to determine whether the cartilage is hyaline, as it can also be found in fibrocartilage [53], and loss of collagen is the cause of heterogeneous genetic disease involving bone fragility deformities, blue sclera, structural shortness, hypodentinogenesis, and hearing loss [54,55]. In a study, 13-month-old mice were used to evaluate the effects of collagen materials from silver carp skin on osteoporosis, and the results indicated that collagen materials from fish could be applied to alleviate osteoporosis or treat bone loss [27]. In application, a thermal-response hydrogel composite composed of triblock PEG-PCL-PEG copolymer, collagen, and nano-hydroxyapatite was developed by ShaoZhi Fu et al. [28] and it has shown great potential in bone tissue engineering.




3.3. Collagen for Treating Ophthalmic Diseases


The corneal stroma is composed mainly of collagen I fibrils organized into ~300 orthogonally arranged lamellas [56]. In addition to the stroma, the corneal endothelium consists of a single layer of interconnected hexagonal cells located on Descemet’s membrane. This layer is critical for maintaining relative stroma shedding/dehydration, which is essential for corneal transparency [56]. The Descemet’s basement membrane is mainly composed of collagen IV as well as laminin, perlecan (a heparan sulfate proteoglycan), nidogen, and, to a lesser extent, collagen VIII [57,58]. Collagen is also an important component of the lens, and the lens capsule is structurally similar to Descemet’s membrane in the cornea, as it consists of a network of collagen IV and laminin bound together by nidogen and perlecan [59]. The lens capsule serves as a supporting matrix for the epithelial cells of the anterior lens and the fibrocytes of the posterior lens. Since this structure encapsulates all lens cells, it also protects them from infection. In the retina, collagen IV is an abundant component of all basement membranes [60], and collagen IV is present in a sandwich form on both sides of Bruch’s membrane, with the middle layer containing elastic fiber transactions that can also be detected in the extracellular matrix surrounding human RPE cells [61].



Continuous supplementation of collagen peptide may improve the phenomenon of blurred vision and effectively prevent cataracts, iritis, and other ophthalmic diseases [5]. Wollensak et al. [34] validated that the crosslinked corneal collagen obtained by riboflavin and UVA irradiation increased the hardness and strength of corneal stroma and prevented the further development of keratoconus. Alternatively, some contact lenses made of collagen have been developed, which can improve the water-holding capacity of the eyes.




3.4. Collagen for Promoting Nerve Regeneration


Some results of molecular and cellular experiments show that collagen IV in the peripheral extracellular matrix is the key signaling molecule to activate the axon clusters. Collagen VI fulfills a neuroprotective function in the extracellular milieu of the brain that counteracts Aβ-induced neurotoxicity. This function is dependent on the assembly state of collagen VI and may involve interactions with Aβ as well as molecules on the neuronal surface. Collagen VI-related mechanisms may represent novel targets for protective strategies against AD and are supported by NIA and NINDS [60]. Collagen IV can interact with the FNIII domain of neural cell adhesion molecule 1 to improve the stability of the latter in the axial membrane and inhibit the lysosomal degradation pathway of neural cell adhesion molecule 1, to promote axonal assembly. The in vivo rat model of sciatic nerve defects showed that increasing the content of collagen IV in the regeneration microenvironment could promote the regeneration of parallel and orderly nerve bundles. At the same time, the projection accuracy and functional recovery of the regenerated nerve were improved [62]. In vitro studies by Peiwen Chen et al. [63] identified collagen VI as a novel regulator for peripheral nerve regeneration by modulating macrophage function. In practice, a study by Dan Lv et al. [64] confirmed that polycaprolactone/collagen VI conduits with sustained release of collagen VI in the local microenvironment may, through triggering macrophage M2 polarization, enhance nerve regeneration. Furthermore, according to Papon Muangsanit et al. [65], rat tail collagen I gels were used as a matrix to load human umbilical vein endothelial cells, and the tissue-engineered constructs containing aligned endothelial cells within the collagen matrix could be good candidates to treat peripheral nerve injury.




3.5. Collagen for Anti-Aging


Collagen in the dermis makes up 70% of the skin composition, it achieves the adhesion of myofibrin in myosin, and can also reach the basal layer of skin through blood circulation to strengthen the skin protection function, elasticity, and firmness; its proper elasticity and hardness facilitate movement of the body [66]. Moreover, the basement membrane of the epidermis is tightly combined with the collagen in the dermis, wrapping the sebaceous glands and hair root cells in dermis, thereby propping up the epidermis and dermis and reducing skin wrinkles.



Due to high biocompatibility with the human body, collagen I is the most used collagen in cosmetic production. In recent years, oral collagen supplements have become very popular. According to clinical trials in recent years, oral supplementation of collagen has improved skin hydration, roughness, elasticity, and density, and significantly reduced fragmentation of the collagen network [67,68]. A study by Chen et al. [69] showed that after continuous intake of collagen peptide for 12 weeks, the treatment group had significantly reduced periorbital wrinkles, increased facial skin moisture, and enhanced skin elasticity.





4. Strategies for Synthetic Collagen Production


Currently, the extraction methods include enzymatic, acid, alkali, salt extraction, and the hot water extraction method. Among them, in alkali and salt extraction methods, the collagen fibers of raw materials are dissolved in an acidic, alkaline, or neutral salt solution to destroy the intermolecular bonding force, however, these solutions are non-ideal in dissolving the tightly crosslinked collagen, thus leading to a low extraction rate [2,3]. Alternatively, enzymatic extraction is a common method of degrading collagen under certain external environmental conditions by different proteases, cutting off terminal peptides, and finally extracting collagen. The commonly used enzymes include alkaline protease, neutral protease, pepsin, papain, and so on. The method has the advantages of the fast hydrolysis reaction, no environmental pollution, high purity, and stable physical and chemical properties. It should be noted that components other than collagen such as antigenic components and lipid foreign proteins must be removed to avoid allergic reactions in the application, however, none of the strategies above can avoid the problem. Although, to avoid human or zoonotic pathogens, extracting collagen from marine organisms has been gradually adopted, unfortunately, due to the lack of hydroxyproline, collagen from marine organisms has low thermal stability, which limits its scale of production and applications [70]. Strategies of extracting collagen from natural materials urgently need to be optimized or replaced.



4.1. Total Synthesis Strategy


Although the semi-synthetic strategy is relatively simple, due to the limitation of material sources and strict production conditions, a more suitable method for large-scale production is urgently needed. Trimeric structures of synthetic Gly-X-Y repeats, referred to as collagen-mimicking sequences, collagen-like peptides, or collagen-related peptides, are at the forefront of scientific research to address issues associated with animal-extracted collagens, cell-produced collagen, and recombinantly synthesized collagens. The design of collagen mimetic peptides is based on the sequence of natural collagens, where the X position is predominantly occupied by proline and the Y position is most commonly 4R-hydroxyproline, a post-translationally modified amino acid with a hydroxyl group on the g-carbon of the proline side chain (single letter code O and the three letter code Hyp) [6,71]. On account of 4R-hydroxyproline not being encoded in the standard genome and the systems available for protein biosynthesis lacking prolyl hydroxylase, the enzyme responsible for the transformation, collagen mimetic peptides have been mostly produced by chemical synthesis. Currently, collagen mimetic peptides are usually synthesized using standard N-(9-fluorenyl) methoxycarbonyl-(Fmoc)-based SPPS, including the use of benzotriazole coupling reagents and piperidine for Fmoc deprotection. To maximize the yield of difficult couplings, particularly the sequential coupling of amino acids, some modifications are required. This can be addressed by coupling triplets instead of amino acids, increasing the amino acid coupling time, or utilizing a mixture of diaza(1,3)-bicyclo undecane and piperidine during the Fmoc deprotection steps. However, synthetic collagen mimetic peptides in dry environments are mostly amorphous aggregates, and the ideal fibers fail to be replicated by using hydrated techniques [6]. There are few reports on heterotrimeric systems that assemble beyond the triple helix, which requires furthering of our understanding of the structure and stability of heterotrimeric collagens, thus providing a blueprint for a new generation of biomimetic biomaterials.




4.2. Strategies for Recombinant Collagen Production


Compared with animal-derived collagen, the genetic engineering of recombinant collagen has become a production method in the new era, and has the advantages of simple composition, high safety, and controllable production process (Table 3, Figure 3). The recombinant collagen is mainly obtained by transferring the constructed DNA sequence to different hosts. For the construction of the system, the target gene is connected to the vector and then transferred to different host cells, and then recombinant collagen is induced by fermentation [72]. Numerous primary and immortalized cells have been used as host cells over the years for the production of various collagen types (primarily collagen I from fibroblasts and collagen II from chondrocytes) from various species. Based on literature research, these recombinant collagens have been produced in mammalian cells, insect cell cultures, yeast, and mostly in plant cell culture, and some plant-derived recombinant collagens have been reported using tobacco, transgenic maize seed, and barley. In addition, many recombinant expression systems, such as E. coli, yeast, animal cells, and plant cells, have been applied in producing essential L-ascorbic acid for the synthesis of collagen, which cannot be synthesized in humans, guinea pigs, primates, and other species.



4.2.1. Protein Engineering in Animals


Recombinant collagen can also be expressed in animals, as John D C et al. [73] and Toman et al. [74] reported that mice were transformed with collagen gene fragments and αS1 casein-specific promoter gene fragments, and human collagen I was produced from the mammary glands of transgenic mice. However, amino acid analysis found only 50% of the normal level of hydroxyproline and the method also has the drawbacks of animal-derived collagen mentioned above. Tomia et al. [75] constructed a vector and adopted the method of gene implantation to secrete and express human collagen III fragments through the silk glands of a transgenic silkworm. Later, Adachi et al. [76] improved it and solved the problem of inadequate hydroxylation of proline, but the fragment still could not form a triple helix structure. It should be noted that the animal system is expensive and difficult to commercialize, while the microbial fermentation system has low cost, short cycle, easier cultivation, and easier commercial production. Therefore, research on synthesizing recombinant collagen is mainly focused on microbial systems.




4.2.2. Protein Engineering in Escherichia coli


At present, the Escherichia coli (E. coli) expression system contains many host bacteria and carriers, which can adapt to different expression processes. It can be cultivated at a large scale and has strong anti-pollution ability. The main process of the method is introducing designed collagen target genes and vectors into E. coli to induce expression of the target protein. The common vectors include pGEX and pET series. Rutschmann et al. [77] expressed hydroxylated recombinant human collagen III in E. coli. The recombinant protein has good biocompatibility and can promote the growth of umbilical endothelial cells. Zhang et al. [78] expressed recombinant bacterial collagen, which was highly expressed in the E. coli system (0.1–0.12 g/L) and had no immunogenicity and no cytotoxic effect, which could effectively promote bone defects. Compared with natural collagen, the recombinant human collagen obtained by E. coli fermentation has the characteristics of a single component, controllable process, short production cycle, controllable product, and no potential virus. Therefore, E. coli expression accounts for 40% of more than 400 recombinant protein expression systems in clinical use. It has been applied to medical fields such as artificial blood vessels, hemostatic materials, and skin wound repair.
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Table 3. Production strategies and yields of different expression systems for collagen.
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	Expression System
	Host for Transfection
	Synthetic Conditions
	Productivity
	Limitations
	Ref.





	Transgenic plants
	Tobacco, corn, barley, etc.
	Transforming collagen gene into plants such as transgenic tobacco and corn for expression
	20 g/L
	Its expression quantity and purification steps need to be improved
	[79,80,81,82,83]



	Escherichia coli
	E. coli
	Designed collagen target genes and vectors in E. coli to induce expression of the target protein
	0.1–0.2 g/L
	Affected by pH, temperature, dissolved oxygen, acetic acid concentration, carbon source, nitrogen source, etc.
	[77,84]



	Yeast
	Pichia pastoris
	Eukaryotic expression system can ensure the post-translational modification of collagen, including glycosylation, etc.
	0.7–1.5 g/L
	Affected by pH, temperature, and methanol content
	[85,86,87]



	Transgenic animals
	Glands of mice and silkworms
	Construction of the vector and animals are transformed with collagen gene fragments
	8–20 g/L
	Low level of hydroxyproline and incomplete triple helix structure
	[73,74,75,76]








However, due to the prokaryotic expression of E. coli, the target protein often forms insoluble inclusion bodies in the cell during the expression of eukaryotic protein, which has no biological activity. In addition, the post-translational processing modification system is not perfect, the pyrogen produced makes it difficult for collagen to be used in the clinic, and the biological activity of the expressed product is not ideal. There is no verification for specific activity in the literature about the synthesis of recombinant collagen by E. coli, thus requiring further experimental exploration.




4.2.3. Protein Engineering in Yeast Expression System


Compared with the E. coli expression system, the eukaryotic yeast expression system achieved many breakthrough results and ensures sufficient post-translational modification of collagen by engineered bacteria, including glycosylation, hydroxylation, etc. [85], and results in better properties. Prolyl 4-hydroxylase (P4H) is believed to play a central role in the biosynthesis of all collagen, as 4-hydroxyproline residues are essential for the folding of the newly synthesized polypeptide chains into a triple helical molecule [88]. A large number of studies have shown that the co-expression of collagen and the key enzyme prolyl 4-hydroxylase (P4H) in host cells is a better strategy. The co-expression strategy not only promotes the correct and high-level assembly of P4H subunits expressed by the host into an active tetramer but also allows collagen to be fully hydroxylated by P4H [86]. Studies have shown that co-expression with collagen can also significantly increase the half-life of P4H. For example, co-expression with collagen III can significantly increase its half-life by 15 times; the collagen obtained by co-expression of P4H in yeast can fold into the correct spatial structure and can be fully hydroxylated. Although the expression amount reached 0.2–0.6 g/L, it can only accumulate in the endoplasmic reticulum cavity of the cells [87]. In recent years, with the completion of fermentation methods and the emergence of methanol-regulated promoters, Pichia pastoris has been widely used with its unique advantages and potential. Pichia pastoris is a type of methanol-trophic yeast that can use methanol as the sole source of carbon and energy. In general, although the yeast preparation system can obtain high productivity, high quality, and low cost in the synthesis of collagen, it also has some limitations. Studies found that recombinant Pichia pastoris could not secrete and express human-like collagen in part of the medium, and complex components such as peptone and yeast powder should be added, which requires a specific culture medium. The secreted human-like collagen is easily hydrolyzed in the fermentation broth. It is greatly affected by the methanol concentration and the environment should be strictly controlled. For these problems of various parameters, a recent trial used tolerogenic epitopes to facilitate the production of type II collagen in Pichia pastoris [85], where pro-collagen monomers accumulated inside P. pastoris cells, whereas tolerogenic epitopes were assembled into homotrimers with stable conformation and secreted into the supernatants. In the culture and induction of P. pastoris strains, expression was induced in a buffered minimal methanol medium containing 1% casamino acids, and methanol was added every 12 h to a final concentration of 0.5%. Fortunately, we can set conditions according to the methods described in the Manual Version of the Pichia Expression Kit. Moreover, regarding optimal conditions of synthesis strategies in Pichia pastoris, to prove that recombinant pC- and pN-collagen as well as CTE could assembly into a stable triple helix, the thermal stability of the pepsin-resistant recombinant CCII was studied by digestion with a mixture of trypsin and chymotrypsin at various temperatures and an optimal temperature of 38~40 °C was obtained. However, the fundamental question underlying synthesis of collagen consists of which genes are essential or non-essential for subunit expression as well as for cellular assembly, and studies could revisit the issue of whether pro-peptide and telopeptide domains play crucial roles in the molecular assembly of triple helices in hydroxylated rCCII.




4.2.4. Protein Engineering in Plants


Plants are already being used to produce antibodies, vaccines, growth factors, and many other proteins of pharmaceutical importance. Collagens that are expressed from plant cells such as transgenic tobacco and corn can avoid animal pathogens and easily bind foreign genes [89]. Wang et al. [79] constructed an expression system in corn using CGB (a recombinant full-length human collagen I, rCIa1) and CGD (carrying rCIa1 gene and a and b recombinant human P4H, rP4Ha, and rP4Hb), and expressed hydroxylated recombinant human collagen Iα1 chains. Then, callus and T1 seeds were screened by enzyme-linked immunosorbent assay for initial transgene expression detection. The results showed that the embryo-specific expression of rCIa1 using the maize globulin-1 gene promoter resulted in an average yield of 12 mg/kg of full-length rCIa1 in seeds without co-expression of rP4H and a yield of rP4H in seeds co-expressed with rP4H of 4 mg/kg rCIa1 (rCIa1-OH).



According to Zhang et al. [80], a synthetic vector was introduced into corn immature embryos through the Agrobacterium transformation method, then regenerated to obtain transgenic plants, and expressed recombinant human collagen I α1chains. The starting material is grain, where the expression of collagen I is directed by an embryo-specific promoter. Purification involves extraction at low pH, followed by the membrane and chromatographic steps to separate collagen I for characterization. The amino acid composition and immunoreactivity of collagen I are similar to those of natural human collagen I and collagen I produced by the yeast Pichia pastoris.



Eskelin et al. [82] expressed collagen with a designed composition and structure through recombinant DNA technology. Barley seeds were selected as the production host for recombinant full-length collagen Iα1 and related 45 kDa collagen I fragments. The expression of the 45 kDa collagen I fragment targeting the endoplasmic reticulum was controlled by three different promoters (constitutive maize ubiquitin, seed endosperm-specific rice gluten, and germination-specific barley alpha-amylase fusion) to compare their effects on collagen I cumulative influence. Results showed that the highest accumulation of 45 kDa collagen I was obtained with the gluten promoter (140 mg/kg seed), while the lowest accumulation was obtained with the α-amylase promoter. To induce homozygosity for stable production of 45 kDa collagen I in transgenic lines, double haploid progeny were produced by microspore culture. The 45 kDa collagen I expression level obtained from the best DH strain was 13 mg/kg dry seed under the ubiquitin promoter and 45 mg/kg dry seed under the gluten promoter. Mass spectrometry and amino acid composition analysis of the purified 45 kDa collagen I fragment showed that a small part of the proline was hydroxylated with no additional detectable post-translational modification. Among them, the yield of the 45 kDa fragment reached 150 g/(hm)2. This work demonstrated for the first time that barley seeds can be used as a collagen-related structural protein production system by using collagen I as a model and it already has commercial application prospects.



Merle et al. [83] successfully expressed hydroxylated homotrimeric recombinant collagen by co-transforming the human collagen I gene and chimeric P4H corresponding gene into tobacco plants. It was the first time that transient expression technology had been used to co-express modified enzymes derived from animal cells in tobacco, thereby improving the quality of recombinant proteins in plants. Stein et al. [81] successfully co-expressed two human genes encoding recombinant heterotrimer collagen I with human P4H and lysyl hydroxylase in tobacco plant enzyme 3 (LH3), which are responsible for key post-translational modifications of collagen. It is worth noting that plant-derived collagen I forms a heat-stable triple helix structure and exhibits similar biological functions to human-derived collagen, supporting the binding and proliferation of endothelial progenitor-like cells derived from adult peripheral blood.



The safe method of producing and purifying collagen from plants provides a broadened potential application of human recombinant collagen in regenerative medicine. Although its expression quantity and purification steps may be inferior to the yeast system and need to be improved, molecular farming and bioreactors for plants have great potential, offering practical, biochemical, economic, and safety advantages compared with conventional production systems [90].



Several kinds of recombinant collagen with both native and collagen-derived structures have been successfully developed and designed for production. However, to date, only a few recombinant collagen products have been used in clinical practice. The main reasons may include the difficulty of manufacturing technology and the complexity of collagen macromolecular structure, which make it difficult for enterprises to produce recombinant collagen on a large scale. At present, the collagen that can be prepared on a large scale by recombinant technology is mainly single-stranded collagen. Single-stranded collagen has a more flexible self-assembly form but is easy to degrade, while triple-stranded helix collagen fiber has better biological properties, but its synthesis has more requirements. The application of collagen in tissue engineering is limited by its low level of post-translational modification, glycosylation, and hydroxylation. It is believed that with the rapid development of synthetic biology and protein engineering technology, the exploration of efficient collagen synthesis pathways, specific modification key enzymes, and fermentation and purification process optimization are expected to promote the research and development of various types of recombinant collagen with low cost and high modification level.






5. Application and Delivery Strategies of Collagen for Diseases


Since collagen has low immunogenicity, good biocompatibility, and biodegradability, it is widely used as biological material in wound assembly, biological patches, bone repair materials, sutures, tissue engineering scaffolds, etc. [91]. To explore the advantages in drug delivery, collagen can also be made into novel preparations, which are combined with other auxiliary materials and drugs to find effective targets and play a therapeutic role (Figure 4).



5.1. Collagen Peptide and Solution


As a hydrophilic protein macromolecule, collagen can be directly administered in solution by oral or topical application. The peptide produced by collagen hydrolysis can be used as a dietary supplement for anti-aging. It should be noted that collagen is stable enough to persist or act in the body for a prolonged period of time, and it has already been confirmed that the triple helix of collagen is resistant to pepsin, thus ensuring that enough collagen reaches the intestinal tract. Subsequently, collagen can be absorbed by the intestinal tract mainly through metabolism of intestinal microbiota at a suitable weak alkaline pH. Of course, the immunogenicity of collagen products should be optimized in advance. In addition, many promising preparations have been used for the protection and oral application of collagen, such as nanoparticles acting as crosslinking agents for collagen stabilization as well as functionalized carriers for crosslinking to collagen scaffolds for novel applications [92].



Although the use of collagen peptides and the efficacy of oral collagen have been questioned, in recent years there has been some evidence supporting the ability of collagen peptides to increase skin collagen density, moisture content, and hydration within 10 days [93], while long-term oral administration of low-molecular-weight collagen peptides increased skin elasticity and reduced the average roughness of wrinkles in cheeks and the canthus [68,94]. Although there are many different types of objective measures, it is not clear how each measure translates to clinical appearance or why each is affected by collagen supplements. There is also no reliable evidence that orally digested collagen is preferentially localized to the dermis rather than to other parts of the body.



Collagen peptides have also been used in wound healing. In a rat wound model [20,95] and rabbit scald wound model [96], collagen peptide accelerated the wound closure and improved tissue regeneration at the wound site, improved angiogenesis, and increased organized collagen fiber deposition.



In addition, it has also been reported that collagen peptides can promote cartilage tissue regeneration to a certain extent, for example, in horse adipose-derived stromal cells, increased glycosaminoglycan expression and induced chondrogenic differentiation were found [97] and chondroprotective effects were found in rabbit osteoarthritis model [98].



Additionally, injectable collagen solution is a typical collagen product. It is obtained by treating collagen with various physical and chemical methods. Utilizing the high hydrophilicity of injectable collagen solution, water-soluble drugs such as hormones and insulin are gradually accommodated in the gap of collagen fibers after contact with them, so that collagen becomes a “drug reserver” and can have a sustained release effect [99,100]. Antigenicity in injected collagen calls for special attention. It has been proved at the molecular level that the main antigenic sites of injectable collagen are located in the carbon terminal and nitrogen terminal regions of the molecule, which should be selectively hydrolyzed or removed in the process of collagen hydrolysis for preparing injectable collagen solution.




5.2. Collagen-Based Drug Delivery Systems


The natural healing process can be complicated due to a large area, damage of vasculature and bacterial infections in the full thickness skin defects of diabetic ulcers, third-degree burns, physical trauma, or surgical procedures (including tumor resections) [101]. Although skin grafting can be used to protect wounds and promote healing, the materials are in short supply [102]. As such, many collagen hydrogels have been developed to address the requirement for tissue regeneration owing to their natural sources in the body as well as their bioactive properties. Recently, researchers created advanced collagen-based composite materials that can be easily handled and avoid significant contraction to improve the poor mechanical properties of collagen-only hydrogels and maintain coverage of the injury site throughout the healing process.



Collagen scaffolds such as collagen sponges are suitable for short-term delivery of antibiotics in the wound bed. Sponges soaked with solutions of gentamicin, cefotaxim, fusidic acid, clindamycin, or vancomycin release 99.9% of these antibiotic agents after 2 days in vitro [103]. Local infection was contained by a gentamicin-containing collagen matrix placed on a septic focus in rat abdomens, which reduced local infection for at least 3 days [103]. These sponges do not exhibit any unwanted side effects and are absorbed into tissue after a few days [104]. On the basis of a simple collagen scaffold, drug–polymer–collagen blends are promising in the improvement of characteristics. Hall Barrientos IJ et al. developed electrospun collagen-based nanofibers and examined the effects of collagen type I in them for tissue engineering applications [105]. The results showed that the addition of collagen caused a decrease in average fiber diameter by nearly half and produced nanofibers. In addition, the amorphous regions within the samples, sustained release performance, and hydrophobicity were all increased, and the antibacterial studies showed a high efficacy of resistance against the growth of both E. coli and S. aureus [105].



The scope for using injectable collagen formulations for the delivery of growth factors and consequent cellular regeneration and tissue repair is vast. In a porcine model, intestinal wound repair was expedited by treatment with collagen suspensions carrying fibroblast growth factor or transforming growth factor-β (TGF-β), and wounds treated with collagen and TGF-β had increased mean (s.e.m.) breaking loads (ileal 285 (32) g·cm−1 versus 180 (11) g·cm−1, colonic 365 (59) g·cm−1 versus 260 (40) g·cm−1) in comparison with controls and the steroid-induced impairment of breaking load in intestinal wound models was partially reversed [106]. Investigations of cellular function, migration, proliferation, and differentiation in collagen gels have led to a further understanding of the mechanism and kinetics of transport, as well as the influence of growth factors, laminin, and fibronectin [107].



Collagen hydrogels present a large, uniform surface area and can serve as a drug delivery system. A common practice has been to combine natural and synthetic polymers with synergistic properties, thereby imparting higher mechanical strength to the natural polymers and biocompatibility to their synthetic counterparts. Synthetic polymers such as poly(vinyl alcohol) and poly(acrylic acid) are blended with natural polymers such as collagen and hyaluronic acid and formulated into hydrogels, films, and sponges that are then loaded with growth hormone [108]. These formulations provide a controlled release of growth hormone from the collagen hydrogel. Gels have also been formulated with atelocollagen, produced by the removal of telopeptide ends using pepsin, and used for the delivery of chondrocytes to repair cartilage defects [109].



Collagen films have been used in wound healing and tissue engineering, primarily as a barrier. Films of ~0.1–0.5 mm thickness can be cast from collagen solutions and air-dried, including ophthalmological shields. As an added advantage, films made from biodegradable materials such as telopeptide-free reconstituted collagen demonstrate a slow release of encapsulated drugs, for example, final collagen films with a size of 150 cm2, with loaded pilocarpine, had a release time twice as long as that of normal gel [110]. The loaded films afford easy sterilization and become pliable after hydration, without compromising their mechanical strength.




5.3. Collagen-Based Tissue Engineering Systems


Collagen sponges have been used to provide a scaffold for the growth of new bone to treat bone defects. The collagen sponge delivery vehicle has been used in several orthopedic applications including the filling of craniofacial bone defects and spinal fusions to treat degenerative discs [111].



Collagen scaffolds can also be applied in soft tissue healing. Recently, Xiaofeng Jin et al. [112] used an injectable collagen scaffold to deliver autologous fat cells for repairing severe vocal fold injury, and the collagen scaffold maintained the stability of implants after injection and reconstructed the vocal fold structure. More GFP-positive cells were found at day 3 and day 7 in rats with fat cells injected with collagen scaffold than the non-collagen group. Panaiy AC et al. [113] evaluated the efficacy of a novel modification of a collagen–glycosaminoglycan scaffold with autologous micrografts (CGS + MG) using a murine diabetic ulcer model, which achieved a faster healing rate, greater cellular proliferation, collagen deposition, and keratinocyte migration with higher density and greater maturity of microvessels. The wounds appeared healthy with no signs of necrosis on the wound border, exudate, or biofilm formation, and the thickness of the wound bed in CGS + MG (624.4 ± 284.3 µm) was significantly greater than in the blank mice (63.2 ± 27.3 µm), and in terms of collagen deposition, the CGS + MG group (34.5 ± 5.2%) showed significantly lower collagen deposition than the blank group (18.7 ± 2.9%). At the same time, anti-Ki-67 staining highlighted differences in the cellular proliferation. The overall number of Ki-67-positive nuclei was higher in the CGS + MG group (54.7 ± 30.0 Ki-67+/HPF) than the blank group (39.2 ± 18.9 Ki-67+/HPF).



Collagen membranes have been used for wound dressings, dural closures, reinforcement of compromised tissues, and guided tissue regeneration. Wound healing in diabetic db/db mice has been modulated by a sustained release of human growth hormone encapsulated in collagen films [114].



Collagen-based wound dressings have long been used to cover burn wounds and treat ulcers [115,116]. They have a distinctive practical and economic advantage compared to growth factor and cell-based treatment of full thickness wounds and have been formulated in several different ways (Table 1). An unconventional form consisting of powdered avian collagen is effective at expediting chronic wound healing [117]. The powder promotes cellular recruitment, activation of the inflammation phase of wound healing, and support for new tissue growth—similar in function to collagen sponges.



Cultured skin substitutes from cryo-preserved skin cells have been used to cure chronic diabetic wounds [118]. In lieu of pathological skin, the contracted collagen lattice serves as a support for epithelial cell growth and differentiation. Collagen implants have also been used in corneal healing, and corneal cells have a normal appearance when cultured individually on a synthetic collagen matrix.



Researchers have developed and used plastically compressed collagen to construct bioengineered corneal grafts [119]. The application of collagen IV as a biomaterial helps to create a natural environment and substrate for corneal endothelial cells as well as epithelial cells of the lens and retina [120].



As collagen is non-antigenic, biodegradable, hemostatic, and easily functionally modified, it is mainly used as a biomaterial. Collagen has been widely prepared into gel, sponges, tubing, spheres, membranes, rigid forms, and other biological materials for drug delivery or tissue engineering, such as wound dressing, corneal shields, bone repair materials, and skin replacement. The efficacy of oral collagen supplements for anti-aging is controversial, and a studies have tried to use it for the treatment of corneal diseases, oral ulcers, and wounds. The effect of collagen as a biological drug may be related to the drug form, molecular weight, and molecular modification, which need to be studied.





6. Discussion and Outlook


As a fundamental structural element of most connective tissues, collagen plays an important role in maintaining the biological and structural integrity of tissues. Its different forms and functions in different tissues have inspired biomaterial researchers to develop new biomaterials similar in structure and biological activity to collagen, especially collagen I. At present, the traditional synthetic process for collagen production is a mature industrial production method, but its cost is still high, and there are problems of immunogenicity, and the effective extraction rate of collagen cannot reach 100%. The total synthesis method can directionally synthesize the desired protein sequence by chemically synthesizing a specific trimer structure and may solve those problems above. With the continuous development of total synthesis technology, scientists have explored some simple synthesis routes, but have demonstrated difficulty in obtaining the correct folded protein structure. To solve the existing problems of the strategy, improving the hydration technology in a dry environment to synthesize the ideal fiber and conducting further basic research on the structure and stability of heterotrimeric collagens may be a potential direction.



The use of modern biotechnology to produce collagen through recombinant fermentation is easier to control and operate and avoids most exogenous substances. Among them, E. coli expression systems have the issue of inclusion bodies, which should be addressed [77]. The fermentation fluid of the yeast system may hydrolyze the product, thus strategies to inhibit protein degradation are therefore required, and it is necessary to precisely adjust the methanol content, temperature, pH, and dissolved oxygen parameters to their optimal values [85]. Therefore, solving the by-product problem and controlling exogenous substances in the synthesis process are urgently needed to optimize the process and utilize recombinant collagen. Alternatively, the plant expression system has unique potential, offering practical, biochemical, economic, and safety advantages compared with conventional production systems, but yield and expression efficiency, as well as purification technology, are crucial problems.



At the same time, collagen has proven to have a significant advantage as a biodrug or a biomaterial. As biodrugs, different drug forms such as collagen peptides, collagen molecules, and collagen-like substances are administered. Some researchers have developed specific types of nanoparticles/nanospheres/microspheres to deliver collagen. Whether oral collagen peptide has an anti-aging effect is still controversial, and more clinical evidence and mechanism research are needed. At present, transdermal or injectable strategies are mainly used to maximize the performance of collagen in drug delivery. It has been reported that collagen peptides can promote cartilage tissue regeneration, wound healing, and improvement in corneal disease.



As a biomaterial, collagen is widely used in drug delivery and tissue engineering. Collagen has been used as a carrier and developed into many novel specific types, such as collagen films, collagen shields, collagen sponges, and collagen hydrogels/gels. Transdermal transport efficiency and the appropriate administration route for collagen as a macromolecule also urgently need to be optimized. To solve the existing problems, novel preparations to convert collagen products into specific molecules that can be transported are promising. To achieve this goal, developing more methods to study the transdermal properties in depth and modifying the structure of collagen might be the priority. In addition, a combination of collagen delivery and novel physical methods may be possible, such as microneedle patches and infrared heating, etc.



It should be noted that collagen also has potential limitations in application, such as the prominent problem of the pollution of the collagen. Some cases have indicated that following the principle of proper amount and appropriateness is necessary and that excess collagen will also increase the burden on the kidneys. Moreover, the handing of collagen is difficult and needs to be improved, given that the natural crosslinking pathways of collagen do not occur in vitro. Chemical, physical, and enzymatic crosslinking methods have been used to control mechanical stability, degradation rate, and immunogenicity of the biopolymer scaffolds upon their implantation. However, to date, there is no gold standard protocol for crosslinking collagen-based materials [92]. In addition, risks in clinical applications cannot be ignored. For example, implanted type I collagen showed greater cavitations at the interface with the intact tissues as well as very dense inclusions containing large cavities which interfered with axonal growth in spinal cord-injured animals [121]. All collagen products need to undergo rigorous testing before being applied to the human body.



In general, collagen-based products have great potential for the treatment of various diseases, drug delivery, and tissue engineering. For scale application, optimizing the production process and the routes of drug delivery will be necessary. It is believed that optimizing the semi-synthesis, total synthesis, and recombinant collagen expression will provide a more efficient pathway for collagen production. The evolution of engineering and nanotechnology enable collagen materials for localized and sustained delivery of bioactive/therapeutic molecules and living cell populations, thereby expanding the clinical applications to facilitate the reuse of collagen.







Funding


The study was supported by the National Key Research and Development Pro-gram of China (2022YFC3501904, 2021YFC1712805), Zhejiang province commonweal projects (LG F22H280001), the Key Project at Central Government Level (2060302), and the Macau Science and Technology Development Fund, Macau Special Administrative Region, China.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of Laboratory Animal Center, Zhejiang University, Hangzhou, China (ZJU20170733).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ricard-Blum, S.; Ruggiero, F.; van der Rest, M. The collagen superfarmily. In Collagen: Primer in Structure, Processing and Assembly; Brinckmann, J., Notbohm, H., Muller, P.K., Eds.; Springer: Berlin/Heidelberg, Germany, 2005; Volume 247, pp. 35–84. [Google Scholar]

	



El Blidi, O.; El Omari, N.; Balahbib, A.; Ghchime, R.; El Menyiy, N.; Ibrahimi, A.; Ben Kaddour, K.; Bouyahya, A.; Chokairi, O.; Barkiyou, M. Extraction Methods, Characterization and Biomedical Applications of Collagen: A Review. Biointerface Res. Appl. Chem. 2021, 11, 13587–13613. [Google Scholar] [CrossRef]

	



Fu, R.; Fan, D.; Yang, W.; Chen, L.; Qu, C.; Yang, S.; Xu, L. Industrial development and biomedical application prospect of recombinant collagen. Sheng Wu Gong Cheng Xue Bao Chin. J. Biotechnol. 2022, 38, 3228–3242. [Google Scholar] [CrossRef]

	



Yang, C.L.; Hillas, P.J.; Baez, J.A.; Nokelainen, M.; Balan, J.; Tang, J.; Spiro, R.; Polarek, J.W. The application of recombinant human collagen in tissue engineering. Biodrugs 2004, 18, 103–119. [Google Scholar] [CrossRef] [PubMed]

	



Hsiuying, W. A review of the effects of collagen treatment in clinical studies. Polymers 2021, 13, 3868. [Google Scholar] [CrossRef]

	



Rodriguez, M.I.A.; Barroso, L.G.R.; Sanchez, M.L. Collagen: A review on its sources and potential cosmetic applications. J. Cosmet. Dermatol. 2018, 17, 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Terzi, A.; Gallo, N.; Bettini, S.; Sibillano, T.; Altamura, D.; Madaghiele, M.; De Caro, L.; Valli, L.; Salvatore, L.; Sannino, A.; et al. Sub- and Supramolecular X-Ray Characterization of Engineered Tissues from Equine Tendon, Bovine Dermis, and Fish Skin Type-I Collagen. Macromol. Biosci. 2020, 20, e2000017. [Google Scholar] [CrossRef]

	



Israelowitz, M.; Rizvi, S.W.H.; Kramer, J.; von Schroeder, H.P. Computational modeling of type I collagen fibers to determine the extracellular matrix structure of connective tissues. Protein Eng. Des. Sel. 2005, 18, 329–335. [Google Scholar] [CrossRef] [PubMed]

	



Darvish, D.M. Collagen fibril formation in vitro: From origin to opportunities. Mater. Today Bio 2022, 15, 100322. [Google Scholar] [CrossRef]

	



Nishimoto, M.; Sakamoto, R.; Mizuta, S.; Yoshinaka, R. Identification and characterization of molecular species of collagen in ordinary muscle and skin of the Japanese flounder Paralichthys olivaceus. Food Chem. 2005, 90, 151–156. [Google Scholar] [CrossRef]

	



Minor, R.R. Collagen-metabolism—Comparison of diseases of collagen and diseases affecting collagen. Am. J. Pathol. 1980, 98, 225–280. [Google Scholar] [PubMed]

	



Asamura, K.; Abe, S.; Imamura, Y.; Aszodi, A.; Suzuki, N.; Hashimoto, S.; Takumi, Y.; Hayashi, T.; Fassler, R.; Nakamura, Y.; et al. Type IX collagen is crucial for normal hearing. Neuroscience 2005, 132, 493–500. [Google Scholar] [CrossRef] [PubMed]

	



Goldbloom-Helzner, L.; Hao, D.; Wang, A. Developing Regenerative Treatments for Developmental Defects, Injuries, and Diseases Using Extracellular Matrix Collagen-Targeting Peptides. Int. J. Mol. Sci. 2019, 20, 4072. [Google Scholar] [CrossRef]

	



Liu, T.; Dan, W.H.; Dan, N.H.; Liu, X.H.; Liu, X.X.; Peng, X. A novel grapheme oxide-modified collagen-chitosan bio-film for controlled growth factor release in wound healing applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 77, 202–211. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.Y.; Xu, B.; Wang, Y.H.; Li, Y.; Si, H.; Zheng, X.Y.; Chen, Z.Y.; Chen, F.L.; Fan, D.D. Dramatic promotion of wound healing using a recombinant human-like collagen and bFGF cross-linked hydrogel by transglutaminase. J. Biomater. Sci. Polym. Ed. 2019, 30, 1591–1603. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.L.; Zhou, C.C.; Luo, C.; Qian, B.; Liu, S.K.; Zeng, Y.Y.; Hou, J.F.; Deng, B.; Sun, Y.; Yang, J.; et al. N-acetyl cysteine-loaded graphene oxide-collagen hybrid membrane for scarless wound healing. Theranostics 2019, 9, 5839–5853. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.M.; Han, M.; Sun, Y.S.; Hua, Y.Y.; Chen, G.F.; Zhang, L.F. Oligoarginine mediated collagen/chitosan gel composite for cutaneous wound healing. Int. J. Biol. Macromol. 2019, 122, 1120–1127. [Google Scholar] [CrossRef]

	



Masci, V.L.; Taddei, A.R.; Courant, T.; Tezgel, O.; Navarro, F.; Giorgi, F.; Mariolle, D.; Fausto, A.M.; Texier, I. Characterization of Collagen/Lipid Nanoparticle-Curcumin Cryostructurates for Wound Healing Applications. Macromol. Biosci. 2019, 19, e1800446. [Google Scholar] [CrossRef]

	



Ghorbani, M.; Nezhad-Mokhtari, P.; Ramazani, S. Aloe vera-loaded nanofibrous scaffold based on Zein/Polycaprolactone/Collagen for wound healing. Int. J. Biol. Macromol. 2020, 153, 921–930. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Xu, M.; Liang, R.; Zhao, M.; Zhang, Z.; Li, Y. Oral administration of marine collagen peptides prepared from chum salmon (Oncorhynchus keta) improves wound healing following cesarean section in rats. Food Nutr. Res. 2015, 59, 26411. [Google Scholar] [CrossRef]

	



Ge, B.S.; Wang, H.N.; Li, J.; Liu, H.H.; Yin, Y.H.; Zhang, N.L.; Qin, S. Comprehensive Assessment of Nile Tilapia Skin (Oreochromis niloticus) Collagen Hydrogels for Wound Dressings. Mar. Drugs 2020, 18, 178. [Google Scholar] [CrossRef] [PubMed]

	



Lei, H.; Zhu, C.H.; Fan, D.D. Optimization of human-like collagen composite polysaccharide hydrogel dressing preparation using response surface for burn repair. Carbohydr. Polym. 2020, 239, 116249. [Google Scholar] [CrossRef] [PubMed]

	



Rana, M.M.; Rahman, M.S.; Ullah, M.A.; Siddika, A.; Hossain, M.L.; Akhter, M.S.; Hasan, M.Z.; Asaduzzaman, S.M. Amnion and collagen-based blended hydrogel improves burn healing efficacy on a rat skin wound model in the presence of wound dressing biomembrane. Bio-Med. Mater. Eng. 2020, 31, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Lai, H.J.; Kuan, C.H.; Wu, H.C.; Tsai, J.C.; Chen, T.M.; Hsieh, D.J.; Wang, T.W. Tailored design of electrospun composite nanofibers with staged release of multiple angiogenic growth factors for chronic wound healing. Acta Biomater. 2014, 10, 4156–4166. [Google Scholar] [CrossRef]

	



Ying, H.Y.; Zhou, J.; Wang, M.Y.; Su, D.D.; Ma, Q.Q.; Lv, G.Z.; Chen, J.H. In situ formed collagen-hyaluronic acid hydrogel as biomimetic dressing for promoting spontaneous wound healing. Mater. Sci. Eng. C-Mater. Biol. Appl. 2019, 101, 487–498. [Google Scholar] [CrossRef] [PubMed]

	



Nilforoushzadeh, M.A.; Sisakht, M.M.; Amirkhani, M.A.; Seifalian, A.M.; Banafshe, H.R.; Verdi, J.; Nouradini, M. Engineered skin graft with stromal vascular fraction cells encapsulated in fibrin-collagen hydrogel: A clinical study for diabetic wound healing. J. Tissue Eng. Regen. Med. 2020, 14, 424–440. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Zhang, S.; Song, H.; Li, B. Effect of Collagen Hydrolysates from Silver Carp Skin (Hypophthalmichthys molitrix) on Osteoporosis in Chronologically Aged Mice: Increasing Bone Remodeling. Nutrients 2018, 10, 1434. [Google Scholar] [CrossRef] [PubMed]

	



Fu, S.; Ni, P.; Wang, B.; Chu, B.; Zheng, L.; Luo, F.; Luo, J.; Qian, Z. Injectable and thermo-sensitive PEG-PCL-PEG copolymer/collagen/n-HA hydrogel composite for guided bone regeneration. Biomaterials 2012, 33, 4801–4809. [Google Scholar] [CrossRef]

	



Guo, J.L.; Zhang, Q.; Li, J.; Llu, Y.S.; Hou, Z.Y.; Chen, W.; Jin, L.; Tian, Y.; Ju, L.L.; Liu, B.; et al. Local application of an ibandronate/collagen sponge improves femoral fracture healing in ovariectomized rats. PLoS ONE 2017, 12, e0187683. [Google Scholar] [CrossRef] [PubMed]

	



Toosi, S.; Naderi-Meshkin, H.; Kalalinia, F.; HosseinKhani, H.; Heirani-Tabasi, A.; Havakhah, S.; Nekooei, S.; Jafarian, A.H.; Rezaie, F.; Peivandi, M.T.; et al. Bone defect healing is induced by collagen sponge/polyglycolic acid. J. Mater. Sci. Mater. Med. 2019, 30, 33. [Google Scholar] [CrossRef] [PubMed]

	



Nabavi, M.H.; Salehi, M.; Ehterami, A.; Bastami, F.; Semyari, H.; Tehranchi, M.; Nabavi, M.A.; Semyari, H. A collagen-based hydrogel containing tacrolimus for bone tissue engineering. Drug Deliv. Transl. Res. 2020, 10, 108–121. [Google Scholar] [CrossRef]

	



Calderon-Colon, X.; Xia, Z.Y.; Breidenich, J.L.; Mulreany, D.G.; Guo, Q.Y.; Uy, O.M.; Tiffany, J.E.; Freund, D.E.; McCally, R.L.; Schein, O.D.; et al. Structure and properties of collagen vitrigel membranes for ocular repair and regeneration applications. Biomaterials 2012, 33, 8286–8295. [Google Scholar] [CrossRef]

	



Connon, C.J.; Meek, K.M.; Newton, R.H.; Kenney, M.C.; Alba, S.A.; Karageozian, H. Hyaluronidase treatment, collagen fibril packing, and normal transparency in rabbit corneas. J. Refract. Surg. 2000, 16, 448–455. [Google Scholar] [CrossRef] [PubMed]

	



Wollensak, G. Crosslinking treatment of progressive keratoconus: New hope. Curr. Opin. Ophthalmol. 2006, 17, 356–360. [Google Scholar] [CrossRef]

	



Dias, J.; Diakonis, V.F.; Kankariya, V.P.; Yoo, S.H.; Ziebarth, N.M. Anterior and posterior corneal stroma elasticity after corneal collagen crosslinking treatment. Exp. Eye Res. 2013, 116, 58–62. [Google Scholar] [CrossRef]

	



Li, N.; Peng, X.J.; Fan, Z.J.; Xia, Y.; Wu, T.F. New techniques to improve classical corneal collagen cross-linking treatment. Chin. Med. J. 2014, 127, 1558–1565. [Google Scholar]

	



Han, Q.; Sun, W.; Lin, H.; Zhao, W.; Gao, Y.; Zhao, Y.; Chen, B.; Xiao, Z.; Hu, W.; Li, Y.; et al. Linear Ordered Collagen Scaffolds Loaded with Collagen-Binding Brain-Derived Neurotrophic Factor Improve the Recovery of Spinal Cord Injury in Rats. Tissue Eng. Part A 2009, 15, 2927–2935. [Google Scholar] [CrossRef] [PubMed]

	



Fan, J.; Xiao, Z.; Zhang, H.; Chen, B.; Tang, G.; Hou, X.; Ding, W.; Wang, B.; Zhang, P.; Dai, J.; et al. Linear Ordered Collagen Scaffolds Loaded with Collagen-Binding Neurotrophin-3 Promote Axonal Regeneration and Partial Functional Recovery after Complete Spinal Cord Transection. J. Neurotrauma 2010, 27, 1671–1683. [Google Scholar] [CrossRef] [PubMed]

	



Cholas, R.H.; Hsu, H.-P.; Spector, M. The reparative response to cross-linked collagen-based scaffolds in a rat spinal cord gap model. Biomaterials 2012, 33, 2050–2059. [Google Scholar] [CrossRef] [PubMed]

	



Joo, N.-Y.; Knowles, J.C.; Lee, G.-S.; Kim, J.-W.; Kim, H.-W.; Son, Y.-J.; Hyun, J.K. Effects of phosphate glass fiber-collagen scaffolds on functional recovery of completely transected rat spinal cords. Acta Biomater. 2012, 8, 1802–1812. [Google Scholar] [CrossRef]

	



Altinova, H.; Moellers, S.; Fuehrmann, T.; Deumens, R.; Bozkurt, A.; Heschel, I.; Damink, L.H.H.O.; Schuegner, F.; Weis, J.; Brook, G.A. Functional improvement following implantation of a microstructured, type-I collagen scaffold into experimental injuries of the adult rat spinal cord. Brain Res. 2014, 1585, 37–50. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Dai, J. Bridging the gap with functional collagen scaffolds: Tuning endogenous neural stem cells for severe spinal cord injury repair. Biomater. Sci. 2018, 6, 265–271. [Google Scholar] [CrossRef] [PubMed]

	



Kourgiantaki, A.; Tzeranis, D.S.; Karali, K.; Georgelou, K.; Bampoula, E.; Psilodimitrakopoulos, S.; Yannas, I.V.; Stratakis, E.; Sidiropoulou, K.; Charalampopoulos, I.; et al. Neural stem cell delivery via porous collagen scaffolds promotes neuronal differentiation and locomotion recovery in spinal cord injury. NPJ Regen. Med. 2020, 5, 12. [Google Scholar] [CrossRef]

	



Samadian, H.; Vaez, A.; Ehterami, A.; Salehi, M.; Farzamfar, S.; Sahrapeyma, H.; Norouzi, P. Sciatic nerve regeneration by using collagen type I hydrogel containing naringin. J. Mater. Sci. Mater. Med. 2019, 30, 107. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, C.; Mikhal’chik, E.V.; Suprun, M.V.; Papacharalambous, M.; Truhanov, A.I.; Korkina, L.G. Skin Antiageing and Systemic Redox Effects of Supplementation with Marine Collagen Peptides and Plant-Derived Antioxidants: A Single-Blind Case-Control Clinical Study. Oxidative Med. Cell. Longev. 2016, 2016, 4389410. [Google Scholar] [CrossRef] [PubMed]

	



Ito, N.; Seki, S.; Ueda, F. Effects of Composite Supplement Containing Collagen Peptide and Ornithine on Skin Conditions and Plasma IGF-1 LevelsA Randomized, Double-Blind, Placebo-Controlled Trial. Mar. Drugs 2018, 16, 482. [Google Scholar] [CrossRef]

	



Evans, M.; Lewis, E.D.; Zakaria, N.; Pelipyagina, T.; Guthrie, N. A randomized, triple-blind, placebo-controlled, parallel study to evaluate the efficacy of a freshwater marine collagen on skin wrinkles and elasticity. J. Cosmet. Dermatol. 2021, 20, 825–834. [Google Scholar] [CrossRef]

	



Geahchan, S.; Baharlouei, P.; Rahman, A. Marine Collagen: A Promising Biomaterial for Wound Healing, Skin Anti-Aging, and Bone Regeneration. Mar. Drugs 2022, 20, 61. [Google Scholar] [CrossRef]

	



Fleck, C.A.; Simman, R. Modern collagen wound dressings: Function and purpose. J. Am. Coll. Certif. Wound Spec. 2010, 2, 50–54. [Google Scholar] [CrossRef]

	



Felician, F.F.; Yu, R.H.; Li, M.Z.; Li, C.J.; Chen, H.Q.; Jiang, Y.; Tang, T.; Qi, W.Y.; Xu, H.M. The wound healing potential of collagen peptides derived from the jellyfish Rhopilema esculentum. Chin. J. Traumatol. Zhonghua Chuang Shang Za Zhi 2019, 22, 12–20. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Liang, C.; Luo, P.; Huang, J.; He, J.; Wang, Z.; Cao, X.; Peng, C.; Wu, S. Pericellular collagen I coating for enhanced homing and chondrogenic differentiation of mesenchymal stem cells in direct intra-articular injection. Stem Cell Res. Ther. 2018, 9, 174. [Google Scholar] [CrossRef]

	



Bielajew, B.J.; Hu, J.C.; Athanasiou, K.A. Collagen: Quantification, biomechanics, and role of minor subtypes in cartilage. Nat. Rev. Mater. 2020, 5, 730–747. [Google Scholar] [CrossRef]

	



Hoemann, C.; Kandel, R.; Roberts, S.; Saris, D.B.; Creemers, L.; Mainil-Varlet, P.; Méthot, S.; Hollander, A.P.; Buschmann, M.D. International Cartilage Repair Society (ICRS) Recommended Guidelines for Histological Endpoints for Cartilage Repair Studies in Animal Models and Clinical Trials. Cartilage 2011, 2, 153–172. [Google Scholar] [CrossRef] [PubMed]

	



Lindert, U.; Gnoli, M.; Maioli, M.; Bedeschi, M.F.; Sangiorgi, L.; Rohrbach, M.; Giunta, C. Insight into the Pathology of a COL1A1 Signal Peptide Heterozygous Mutation Leading to Severe Osteogenesis Imperfecta. Calcif. Tissue Int. 2018, 102, 373–379. [Google Scholar] [CrossRef]

	



Tabeta, K.; Du, X.; Arimatsu, K.; Yokoji, M.; Takahashi, N.; Amizuka, N.; Hasegawa, T.; Crozat, K.; Maekawa, T.; Miyauchi, S.; et al. An ENU-induced splice site mutation of mouse Col1a1 causing recessive osteogenesis imperfecta and revealing a novel splicing rescue. Sci. Rep. 2017, 7, 11717. [Google Scholar] [CrossRef] [PubMed]

	



Díaz-Valle, D. Cornea, Fundamentals, Diagnosis and Management. Arch. De La Soc. Española De Oftalmol. 2005, 80, 373–374. [Google Scholar]

	



Kabosova, A.; Azar, D.T.; Bannikov, G.A.; Campbell, K.P.; Durbeej, M.; Ghohestani, R.F.; Jones, J.C.; Kenney, M.C.; Koch, M.; Ninomiya, Y.; et al. Compositional differences between infant and adult human corneal basement membranes. Investig. Ophthalmol. Vis. Sci. 2007, 48, 4989–4999. [Google Scholar] [CrossRef] [PubMed]

	



Eghrari, A.O.; Riazuddin, S.A.; Gottsch, J.D. Overview of the Cornea: Structure, Function, and Development. Prog. Mol. Biol. Transl. Sci. 2015, 134, 7–23. [Google Scholar] [CrossRef]

	



Danysh, B.P.; Duncan, M.K. The lens capsule. Exp. Eye Res. 2009, 88, 151–164. [Google Scholar] [CrossRef] [PubMed]

	



Mao, M.; Alavi, M.V.; Labelle-Dumais, C.; Gould, D.B. Type IV Collagens and Basement Membrane Diseases: Cell Biology and Pathogenic Mechanisms. Curr. Top. Membr. 2015, 76, 61–116. [Google Scholar] [CrossRef] [PubMed]

	



Campochiaro, P.A.; Jerdon, J.A.; Glaser, B.M. The extracellular matrix of human retinal pigment epithelial cells in vivo and its synthesis in vitro. Investig. Ophthalmol. Vis. Sci. 1986, 27, 1615–1621. [Google Scholar]

	



Sun, J.H.; Huang, M.; Fang, Z.; Li, T.X.; Wu, T.T.; Chen, Y.; Quan, D.P.; Xu, Y.Y.; Wang, Y.M.; Yang, Y.; et al. Nerve bundle formation during the promotion of peripheral nerve regeneration: Collagen VI-neural cell adhesion molecule 1 interaction. Neural Regen. Res. 2022, 17, 1023–1033. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Cescon, M.; Zuccolotto, G.; Nobbio, L.; Colombelli, C.; Filaferro, M.; Vitale, G.; Feltri, M.L.; Bonaldo, P. Collagen VI regulates peripheral nerve regeneration by modulating macrophage recruitment and polarization. Acta Neuropathol. 2015, 129, 97–113. [Google Scholar] [CrossRef] [PubMed]

	



Lv, D.; Zhou, L.; Zheng, X.; Hu, Y. Sustained release of collagen VI potentiates sciatic nerve regeneration by modulating macrophage phenotype. Eur. J. Neurosci. 2017, 45, 1258–1267. [Google Scholar] [CrossRef] [PubMed]

	



Muangsanit, P.; Roberton, V.; Costa, E.; Phillips, J.B. Engineered aligned endothelial cell structures in tethered collagen hydrogels promote peripheral nerve regeneration. Acta Biomater. 2021, 126, 224–237. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Li, Y.; Song, H.; He, J.; Li, G.; Zheng, Y.; Li, B. Collagen peptides promote photoaging skin cell repair by activating the TGF-β/Smad pathway and depressing collagen degradation. Food Funct. 2019, 10, 6121–6134. [Google Scholar] [CrossRef]

	



Bolke, L.; Schlippe, G.; Gerß, J.; Voss, W. A Collagen Supplement Improves Skin Hydration, Elasticity, Roughness, and Density: Results of a Randomized, Placebo-Controlled, Blind Study. Nutrients 2019, 11, 2494. [Google Scholar] [CrossRef]

	



Kim, D.U.; Chung, H.C.; Choi, J.; Sakai, Y.; Lee, B.Y. Oral Intake of Low-Molecular-Weight Collagen Peptide Improves Hydration, Elasticity, and Wrinkling in Human Skin: A Randomized, Double-Blind, Placebo-Controlled Study. Nutrients 2018, 10, 826. [Google Scholar] [CrossRef]

	



Chen, Q.; Hou, H.; Wang, S.; Zhao, X.; Li, B. Effects of early enteral nutrition supplemented with collagen peptides on post-burn inflammatory responses in a mouse model. Food Funct. 2017, 8, 1933–1941. [Google Scholar] [CrossRef]

	



Kim, B.S.; Choi, J.S.; Kim, J.D.; Yoon, H.I.; Choi, Y.C.; Cho, Y.W. Human collagen isolated from adipose tissue. Biotechnol. Prog. 2012, 28, 973–980. [Google Scholar] [CrossRef]

	



Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen, A.M.; Bayon, Y.; Pandit, A.; Raghunath, M.; et al. The Collagen Suprafamily: From Biosynthesis to Advanced Biomaterial Development. Adv. Mater. 2019, 31, e1801651. [Google Scholar] [CrossRef]

	



Olsen, D.; Yang, C.; Bodo, M.; Chang, R.; Leigh, S.; Baez, J.; Carmichael, D.; Perälä, M.; Hämäläinen, E.R.; Jarvinen, M.; et al. Recombinant collagen and gelatin for drug delivery. Adv. Drug Deliv. Rev. 2003, 55, 1547–1567. [Google Scholar] [CrossRef] [PubMed]

	



John, D.C.; Watson, R.; Kind, A.J.; Scott, A.R.; Kadler, K.E.; Bulleid, N.J. Expression of an engineered form of recombinant procollagen in mouse milk. Nat. Biotechnol. 1999, 17, 385–389. [Google Scholar] [CrossRef] [PubMed]

	



Toman, P.D.; Pieper, F.; Sakai, N.; Karatzas, C.; Platenburg, E.; de Wit, I.; Samuel, C.; Dekker, A.; Daniels, G.A.; Berg, R.A.; et al. Production of recombinant human type I procollagen homotrimer in the mammary gland of transgenic mice. Transgenic Res. 1999, 8, 415–427. [Google Scholar] [CrossRef]

	



Tomita, M.; Munetsuna, H.; Sato, T.; Adachi, T.; Hino, R.; Hayashi, M.; Shimizu, K.; Nakamura, N.; Tamura, T.; Yoshizato, K. Transgenic silkworms produce recombinant human type III procollagen in cocoons. Nat. Biotechnol. 2003, 21, 52–56. [Google Scholar] [CrossRef]

	



Adachi, T.; Tomita, M.; Shimizu, K.; Ogawa, S.; Yoshizato, K. Generation of hybrid transgenic silkworms that express Bombyx mori prolyl-hydroxylase alpha-subunits and human collagens in posterior silk glands: Production of cocoons that contained collagens with hydroxylated proline residues. J. Biotechnol. 2006, 126, 205–219. [Google Scholar] [CrossRef] [PubMed]

	



Rutschmann, C.; Baumann, S.; Cabalzar, J.; Luther, K.B.; Hennet, T. Recombinant expression of hydroxylated human collagen in Escherichia coli. Appl. Microbiol. Biotechnol. 2014, 98, 4445–4455. [Google Scholar] [CrossRef]

	



Báez, J.; Olsen, D.; Polarek, J.W. Recombinant microbial systems for the production of human collagen and gelatin. Appl. Microbiol. Biotechnol. 2005, 69, 245–252. [Google Scholar] [CrossRef]

	



Liao, H.M.; Fang, J.S.; Chen, Y.J.; Wu, K.L.; Lee, K.F.; Chen, C.H. Clinical and molecular characterization of a transmitted reciprocal translocation t(1;12)(p32.1;q21.3) in a family co-segregating with mental retardation, language delay, and microcephaly. BMC Med. Genet. 2011, 12, 70. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Baez, J.; Pappu, K.M.; Glatz, C.E. Purification and characterization of a transgenic corn grain-derived recombinant collagen type I alpha 1. Biotechnol. Prog. 2009, 25, 1660–1668. [Google Scholar] [CrossRef]

	



Stein, H.; Wilensky, M.; Tsafrir, Y.; Rosenthal, M.; Amir, R.; Avraham, T.; Ofir, K.; Dgany, O.; Yayon, A.; Shoseyov, O. Production of bioactive, post-translationally modified, heterotrimeric, human recombinant type-I collagen in transgenic tobacco. Biomacromolecules 2009, 10, 2640–2645. [Google Scholar] [CrossRef] [PubMed]

	



Eskelin, K.; Ritala, A.; Suntio, T.; Blumer, S.; Holkeri, H.; Wahlström, E.H.; Baez, J.; Mäkinen, K.; Maria, N.A. Production of a recombinant full-length collagen type I alpha-1 and of a 45-kDa collagen type I alpha-1 fragment in barley seeds. Plant Biotechnol. J. 2009, 7, 657–672. [Google Scholar] [CrossRef] [PubMed]

	



Merle, C.; Perret, S.; Lacour, T.; Jonval, V.; Hudaverdian, S.; Garrone, R.; Ruggiero, F.; Theisen, M. Hydroxylated human homotrimeric collagen I in Agrobacterium tumefaciens-mediated transient expression and in transgenic tobacco plant. FEBS Lett. 2002, 515, 114–118. [Google Scholar] [CrossRef] [PubMed]

	



Wieczorek, A.; Rezaei, N.; Chan, C.K.; Xu, C.; Panwar, P.; Brömme, D.; Merschrod, S.E.F. Development and characterization of a eukaryotic expression system for human type II procollagen. BMC Biotechnol. 2015, 15, 1–17. [Google Scholar] [CrossRef]

	



Xi, C.; Liu, N.; Liang, F.; Zhao, X.; Long, J.; Yuan, F.; Yun, S.; Sun, Y.; Xi, Y. Molecular assembly of recombinant chicken type II collagen in the yeast Pichia pastoris. Sci. China Life Sci. 2018, 61, 815–825. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Levin, R.; Landau, S.; Kaduri, M.; Adir, O.; Ianovici, I.; Krinsky, N.; Doppelt-Flikshtain, O.; Shklover, J.; Shainsky-Roitman, J.; et al. Implanted synthetic cells trigger tissue angiogenesis through de novo production of recombinant growth factors. Proc. Natl. Acad. Sci. USA 2022, 119, e2207525119. [Google Scholar] [CrossRef]

	



Jianjun, Y.; Hua, Z. Progress of Domestic Recombinant Human-Like Collagen Research and Application. J. China Deterg. Cosmet. 2022, 7, 58–62. [Google Scholar]

	



Prockop, D.J.; Kivirikko, K.I. COLLAGENS: Molecular biology, diseases, and potentials for therapy. In Annual Review of Biochemistry; Richardson, C.C., Ed.; Annual Reviews: San Mateo, CA, USA, 1995; Volume 64, pp. 403–434. [Google Scholar]

	



Twyman, R.M.; Stoger, E.; Schillberg, S.; Christou, P.; Fischer, R. Molecular farming in plants: Host systems and expression technology. Trends Biotechnol. 2003, 21, 570–578. [Google Scholar] [CrossRef] [PubMed]

	



Peng, L.H.; Gu, T.W.; Xu, Y.; Dad, H.A.; Liu, J.X.; Lian, J.Z.; Huang, L.Q. Gene delivery strategies for therapeutic proteins production in plants: Emerging opportunities and challenges. Biotechnol. Adv. 2022, 54, 107845. [Google Scholar] [CrossRef]

	



Choi, F.D.; Sung, C.T.; Juhasz, M.L.; Mesinkovsk, N.A. Oral Collagen Supplementation: A Systematic Review of Dermatological Applications. J. Drugs Dermatol. JDD 2019, 18, 9–16. [Google Scholar]

	



Gu, L.S.; Shan, T.T.; Ma, Y.X.; Tay, F.R.; Niu, L.N. Novel Biomedical Applications of Crosslinked Collagen. Trends Biotechnol. 2019, 37, 464–491. [Google Scholar] [CrossRef]

	



Jhawar, N.; Wang, J.V.; Saedi, N. Oral collagen supplementation for skin aging: A fad or the future? J Cosmet Derm. 2020, 19, 910–912. [Google Scholar] [CrossRef] [PubMed]

	



Genovese, L.; Corbo, A.; Sibilla, S. An Insight into the Changes in Skin Texture and Properties following Dietary Intervention with a Nutricosmeceutical Containing a Blend of Collagen Bioactive Peptides and Antioxidants. Ski. Pharmacol. Physiol. 2017, 30, 146–158. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Wang, J.; Ding, Y.; Dai, X.; Li, Y. Oral administration of marine collagen peptides from Chum Salmon skin enhances cutaneous wound healing and angiogenesis in rats. J. Sci. Food Agric. 2011, 91, 2173–2179. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; Yang, P.; Zhou, C.; Li, S.; Hong, P. Marine Collagen Peptides from the Skin of Nile Tilapia (Oreochromis niloticus): Characterization and Wound Healing Evaluation. Mar. Drugs 2017, 15, 102. [Google Scholar] [CrossRef] [PubMed]

	



Raabe, O.; Reich, C.; Wenisch, S.; Hild, A.; Burg-Roderfeld, M.; Siebert, H.C.; Arnhold, S. Hydrolyzed fish collagen induced chondrogenic differentiation of equine adipose tissue-derived stromal cells. Histochem. Cell Biol. 2010, 134, 545–554. [Google Scholar] [CrossRef]

	



Ohnishi, A.; Osaki, T.; Matahira, Y.; Tsuka, T.; Imagawa, T.; Okamoto, Y.; Minami, S. Evaluation of the chondroprotective effects of glucosamine and fish collagen peptide on a rabbit ACLT model using serum biomarkers. J. Vet. Med. Sci. 2013, 75, 421–429. [Google Scholar] [CrossRef]

	



Li, D.X.; Fan, H.S.; Zhu, X.D.; Tan, Y.F.; Xiao, W.Q.; Lu, J.; Xiao, Y.M.; Chen, J.Y.; Zhang, X.D. Controllable release of salmon-calcitonin in injectable calcium phosphate cement modified by chitosan oligosaccharide and collagen polypeptide. J. Mater. Sci. Mater. Med. 2007, 18, 2225–2231. [Google Scholar] [CrossRef]

	



Vardar, E.; Larsson, H.M.; Allazetta, S.; Engelhardt, E.M.; Pinnagoda, K.; Vythilingam, G.; Hubbell, J.A.; Lutolf, M.P.; Frey, P. Microfluidic production of bioactive fibrin micro-beads embedded in crosslinked collagen used as an injectable bulking agent for urinary incontinence treatment. Acta Biomater. 2018, 67, 156–166. [Google Scholar] [CrossRef]

	



Eming, S.A.; Martin, P.; Tomic-Canic, M. Wound repair and regeneration: Mechanisms, signaling, and translation. Sci. Transl. Med. 2014, 6, 265–266. [Google Scholar] [CrossRef]

	



Ahn, S.; Yoon, H.; Kim, G.; Kim, Y.; Lee, S.; Chun, W. Designed three-dimensional collagen scaffolds for skin tissue regeneration. Tissue Eng. Part C Methods 2010, 16, 813–820. [Google Scholar] [CrossRef]

	



Vaneerdeweg, W.; Bresseleers, T.; Du Jardin, P.; Lauwers, P.; Pauli, S.; Thyssens, K.; Van Marck, E.; Elseviers, M.; Eyskens, E. Comparison between plain and gentamicin containing collagen sponges in infected peritoneal cavity in rats. Eur. J. Surg. = Acta Chir. 1998, 164, 617–621. [Google Scholar] [CrossRef] [PubMed]

	



Stemberger, A.; Grimm, H.; Bader, F.; Rahn, H.D.; Ascherl, R. Local treatment of bone and soft tissue infections with the collagen-gentamicin sponge. Eur. J. Surg. Suppl. Acta Chir. Suppl. 1997, 578, 17–26. [Google Scholar]

	



Barrientos, I.J.H.; Paladino, E.; Szabo, P.; Brozio, S.; Hall, P.J.; Oseghale, C.I.; Passarelli, M.K.; Moug, S.J.; Black, R.A.; Wilson, C.G.; et al. Electrospun collagen-based nanofibres: A sustainable material for improved antibiotic utilisation in tissue engineering applications. Int. J. Pharm. 2017, 531, 67–79. [Google Scholar] [CrossRef] [PubMed]

	



Slavin, J.; Nash, J.R.; Kingsnorth, A.N. Effect of transforming growth factor beta and basic fibroblast growth factor on steroid-impaired healing intestinal wounds. Br. J. Surg. 1992, 79, 69–72. [Google Scholar] [CrossRef]

	



Saltzman, W.M.; Parkhurst, M.R.; Parsons-Wingerter, P.; Zhu, W.H. Three-dimensional cell cultures mimic tissues. Ann. N. Y. Acad. Sci. 1992, 665, 259–273. [Google Scholar] [CrossRef]

	



Cascone, M.G.; Sim, B.; Downes, S. Blends of synthetic and natural polymers as drug delivery systems for growth hormone. Biomaterials 1995, 16, 569–574. [Google Scholar] [CrossRef]

	



Uchio, Y.; Ochi, M.; Matsusaki, M.; Kurioka, H.; Katsube, K. Human chondrocyte proliferation and matrix synthesis cultured in Atelocollagen gel. J. Biomed. Mater. Res. 2000, 50, 138–143. [Google Scholar] [CrossRef]

	



Rubin, A.L.; Stenzel, K.H.; Miyata, T.; White, M.J.; Dunn, M. Collagen as a vehicle for drug delivery. Preliminary report. J. Clin. Pharmacol. 1973, 13, 309–312. [Google Scholar] [CrossRef]

	



Xu, Q.; Torres, J.E.; Hakim, M.; Babiak, P.M.; Pal, P.; Battistoni, C.M.; Nguyen, M.; Panitch, A.; Solorio, L.; Liu, J.C. Collagen- and hyaluronic acid-based hydrogels and their biomedical applications. Mater. Sci. Eng. R Rep. A Rev. J. 2021, 146, 100641. [Google Scholar] [CrossRef]

	



Jin, X.; Liu, W.; Wang, J.; Xiao, Z.; Niu, Y.; Chen, B.; Zhao, Y.; Dai, J. Clinical study of injectable collagen scaffold with autologous fat cells for repair of severe vocal fold injury. Biomed. Mater. 2022, 17, 035004. [Google Scholar] [CrossRef]

	



Panayi, A.C.; Haug, V.; Liu, Q.; Wu, M.; Karvar, M.; Aoki, S.; Ma, C.; Hamaguchi, R.; Endo, Y.; Orgill, D.P. Novel application of autologous micrografts in a collagen-glycosaminoglycan scaffold for diabetic wound healing. Biomed. Mater. 2021, 16, 035032. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, M.; Kadota, K.; Kajihara, M.; Sano, A.; Fujioka, K. Sustained release of human growth hormone (hGH) from collagen film and evaluation of effect on wound healing in db/db mice. J. Control. Release Off. J. Control. Release Soc. 2001, 77, 261–272. [Google Scholar] [CrossRef] [PubMed]

	



Yannas, I.V.; Burke, J.F.; Orgill, D.P.; Skrabut, E.M. Wound tissue can utilize a polymeric template to synthesize a functional extension of skin. Science 1982, 215, 174–176. [Google Scholar] [CrossRef] [PubMed]

	



Peters, W.J. Biological dressings in burns--a review. Ann. Plast. Surg. 1980, 4, 133–137. [Google Scholar] [CrossRef]

	



Gogia, P.P.; Marquez, R.R. Effects of helium-neon laser on wound healing. Ostomy/Wound Manag. 1992, 38, 33, 36, 38–41. [Google Scholar]

	



Boyce, S.T. Skin substitutes from cultured cells and collagen-GAG polymers. Med. Biol. Eng. Comput. 1998, 36, 791–800. [Google Scholar] [CrossRef]

	



Mi, S.; Connon, C.J. The formation of a tissue-engineered cornea using plastically compressed collagen scaffolds and limbal stem cells. In Corneal Regenerative Medicine; Humana Press: Totowa, NJ, USA, 2013; Volume 1014, pp. 143–155. [Google Scholar] [CrossRef]

	



Takezawa, T.; Ozaki, K.; Nitani, A.; Takabayashi, C.; Shimo-Oka, T. Collagen vitrigel: A novel scaffold that can facilitate a three-dimensional culture for reconstructing organoids. Cell Transplant. 2004, 13, 463–473. [Google Scholar] [CrossRef]

	



King, V.R.; Alovskaya, A.; Wei, D.Y.T.; Brown, R.A.; Priestley, J.V. The use of injectable forms of fibrin and fibronectin to support axonal ingrowth after spinal cord injury. Biomaterials 2010, 31, 4447–4456. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 01443 g001 550] 





Figure 1. Collagen structure. 
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Figure 2. Biological functions of collagen from a variety of sources and their translation into therapeutic application. (A) The therapeutic effect of collagen on different sites, including promoting tissue repair, smoothing wrinkles, promoting bone regeneration, etc. (B) The application of collagen in the treatment of different diseases. 
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Figure 3. Methods of producing collagen. (A) Recombinant protein expression system. (B) Direct extraction. (C) Total synthesis strategy, the trimeric structure of Gly-X-Y sequence. 
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Figure 4. Collagen-based drug delivery strategies. 
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Table 1. Structures and characteristics of collagens I–V.
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	Types
	Subunits and Composition
	Composition of Molecular Aggregates
	Tissue Distribution
	Functions





	Ⅰ
	α1(I) × 2, α2(I)
	Large-diameter cross strip fiber
	Bone, cornea, skin, tendon, ligament, tumor
	Support fiber



	II
	α1(II) × 3
	Small-diameter cross strip fiber
	Hyaline cartilage, vitreous body, intervertebral disc
	Support fiber



	III
	α1(III) × 3
	Small-diameter cross strip fiber
	Skin, blood vessels, muscles, internal organs
	Support fiber



	IV
	α1(IV) × 3; α2(IV) × 3;

α1(IV) × 2, α2(IV)
	Non-fibrous reticular structure
	Basement membrane
	Reticular scaffold, control of multifunctional cells, site binding



	V
	α1(V) × 2, α2(V);

α1(V), α2(V), α3(V)
	Small-diameter cross fibers, or forming molecules with type VI chains
	Smooth muscle, cultured cells, embryonic tissue, peritoneum, placenta, skin, bone
	Small fibers around the supporting cells
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