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Abstract 

Proteins, have long been used in coatings for cell culture plates and to supplement cell culture media. Due to 

their unmatched biocompatibility, biodegradability, bioactivity and immune-privilege, the interest in proteins 

rapidly advanced for the design and engineering of more complex substrates for biomedical applications.  

In this chapter, the proteins typically used in the design and fabrication of biomedical devices are presented 

and discussed, with particular focus in human based platforms.    

Still, restrictions in the use of protein-derived materials are associated with their limited processability and 

stability, to overcome that, multiple bioconjugation techniques have been described and are herein presented. 

An overview of current protein-based materials that have found clinical application and are in 

commercialization is also provided. 
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1. Introduction 

Typically, biomedical applications involve the integration of an engineered material with a living organism. 

The success of the biomedical device is highly dependent on the material used, that should be noncytotoxic, 

nonimmunogenic and minimally proinflammatory1,2. Ranging from synthetic to natural polymers, countless 

materials have been reported for biomedical uses3 4.  

The extracellular matrix (ECM) is the natural 3D microenvironment in which cells reside. It is a dynamic and 

complex milieu, composed of multiple proteins, glycosaminoglycans and soluble factors. Accordingly, the 

ECM, its components, and more particularly, proteins are highly interesting for soft materials design and 

fabrication, especially when aiming for implant or close contact with cells. Human proteins are markedly 

appealing under the assumption that, materials made from these biomolecules would be considered as less 

foreign to the body and, therefore, less immunogenic5.  

This chapter gives a brief description of the most widely used and most promising proteins to engineer 

materials for biomedical applications.  

Proteins are perhaps the most common targets for modification or conjugation techniques, this chapter reviews 

advances in chemical modification of proteins to enhance cross-reactivity. In designing and manufacturing 

3D protein based structures, multiple techniques have been explored, here is also presented the state-of-the-

art in the application of micro- and nanotechnologies for the development of soft materials with controlled 

micro and nano-scale features.  

Once idealized and developed a new biomaterial should be affordable and commercially available with 

appropriate regulatory guidelines. Protein derived materials and in particular human derived are now available 

in the market in the form of multiple products, that are also presented and discussed in the final part of this 

chapter. 
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2. Human proteins as soft materials  

2.1 Collagen and gelatin 

Collagen is the most abundant ECM protein in mammalian body, constituting approximately one third 

of the total protein content. As a fundamental component of connective tissues, this structural glycoprotein 

plays a pivotal role in maintaining the biological integrity and mechanical resilience of tissues6. The fibrillar 

structure of collagen that provides great tensile strength to biomaterials combined with its low antigenicity, 

biodegradability and water uptake, are attractive properties for its use biomedical applications6,7. Although 

collagen has been historically extracted from animal sources, cadaveric and discarded human tissues (e.g. 

adipose tissue, placenta), and recombinant human collagen, offer alternate sources that overcome 

immunogenicity issues8–10. Collagen modification with crosslinking agents and ECM components has been 

explored to increase the mechanical performance of scaffolds, allowing the control of crosslinking conditions 

and degradation rate6,11 (section 3). For example, the combination of collagen with other polymers and 

inorganic ECM components is recognized as one of the best strategies for bone, cartilage and tendon 

engineering owing the improved mechanical strength and biofunctionality12–16. Studies on corneal 

regeneration have reported the successful construction of optically transparent and mechanical suitable 

hydrogels, supporting the expression of specific corneal markers and hampering in vivo edema and immune 

rejection17,18. 

Gelatin, an hydrolyzed form of collagen, offers lower antigenicity and less batch-to-batch variation 

due to the denaturation process. Owing to its excellent biocompatibility, availability and low cost, gelatin has 

been extensively used in tissue engineering (TE) and pharmaceutical applications. The rapid biodegradation 

and low stability of gelatin scaffolds motivated researchers to develop new crosslinking mechanisms and 

blended composites to prepare gelatin based 3D structures that can be easily processed19,20. This have 
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expanded the application of gelatin materials for multiple applications, ranging from bone and ocular TE to 

disease modelling21–23. 

 

2.2  Blood plasma proteins 

2.2.1  Serum albumin 

 Albumin, a non-glycosylated protein, is the major constituent of blood plasma in mammals, making 

serum albumin (SA) an attractive and ready available biomaterial. Its physiological stability, low 

immunogenicity, and interaction with exogenous substances (e.g. therapeutic agents) makes SA relevant for 

biomedical science24,25.  

 Albumin-based hydrogel formation have commonly been induced by non-physiological pH and/or 

temperature conditions, which promotes albumin self-assembling through hydrophobic interactions, resulting 

in mechanically stable and biocompatible hydrogels26,27. An important consideration on the use of these 

methods is the denaturation and aggregation of albumin, which have implications in its interaction with cells. 

The chemical modification and conjugation with other materials improved the biophysical and have prompted 

the use of albumin-based hydrogels for biomedical purposes. Apart of that, tissue regeneration is a promising 

field for albumin materials application. The ability to support osteoblast mineralization, chondrocyte 

proliferation and angiogenesis makes albumin hydrogels good candidates for bone28 and cartilage29 

regeneration and chronic wound healing30. Moreover, the hydrogel elasticity combined with the assembly of 

aligned albumin fibres can improve the functionality of cardiac engineered scaffolds27,31. 

 

2.2.2 Fibrin 

 Fibrin is one of the oldest blood plasma-derived proteins used in the biomedical field. Synthesized 

from the cleavage of fibrinogen monomers by activated thrombin, fibrin is involved in the coagulation cascade 
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where an insoluble fibrin network is formed32. The biological importance of fibrin matrix to support cell 

adhesion, migration, and molecular signaling, and its successful application as a sealant after surgeries over a 

century, has incited its use in biomedical applications33,34. 

The properties and orientation of single fibrin fibres in fibrin-based hydrogels are strongly correlated 

with material elastic modulus, tensile and adhesive strength and fibrinolytic stability35,36. However, 

fibrinogen/thrombin produces mechanically poor hydrogels with high degradability, accordingly, biochemical 

and mechanical improvements have been proposed by the incorporation of other macromolecules or inorganic 

components37,38. Inspired by its safe and benefic clinical use, fibrin hydrogels have been largely explored for 

wound healing39, cartilage and bone regeneration37,38, and to improve tissue vascularization40. The fibrin-

mediated controlled release of growth factors (GF) is also a promising approach to enhance cell-based tissue 

repair41,42. Bone17,43, cartilage37,44, skeletal muscle45, skin42 and cardiovascular46 engineering are some 

applications of fibrin-based platforms. However, the most notable application concerns the development of 

vascular grafts9,47,48. 

  

2.2.3. Platelet-Rich Plasma 

 Blood is rich in a high variety of proteins, GF, cytokines, chemokines and multiple bioactive molecules 

that are stored into circulating non-cellular reservoirs, the platelets49. Upon activation, platelets initiate the 

coagulation cascade, promoting tissue repair and revascularization32,49. The natural ability of activated 

platelets to release a pool of bioactive molecules and recruit host stem cells has been exploited for therapeutic 

applications as a platelet concentrate, named platelet-rich plasma (PRP)50. Recognized as an  autologous 

source of GF, PRP is clinically applied to enhance the regenerative process after surgical procedures and treat 

chronic nonhealing wounds, musculoskeletal conditions, and peripheral neuropathies. 
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 Owing its allogenic origin and biological activity, PRP has been widely explored for TE purposes50. 

For example, PRP activation has been used to develop PRP-based hydrogels to study their angiogenic effects51 

or potential to enhance cartilage regeneration52. The poor mechanical properties of the obtained hydrogels 

limit their application. Although PRP polymerization with other materials has already been reported52, the 

incorporation or coating of hydrogels or fibres with activated PRP has been the main approach to stimulate 

tissue vascularization53 and bone tissue formation54 .  

 

2.2.4. Platelet lysates 

 Platelet lysates (PL), the soluble content of PRP are a pool of proteins, GF and other bioactive 

molecules50. This cost-effective protein cocktail is a great source of signaling molecules involved in cell 

recruitment, morphogenesis and angiogenesis. Noteworthy, human polled PL have been successfully explored 

as an alternative to animal-derived serum for in vitro cell culture55,56. 

 In the field of 3D cell culture, several studies have evidenced the benefits of using PL57,58. PL-derived 

hydrogels have been an interesting approach exploring the self-assemble ability of proteins in the presence of 

a coagulation factor59. However, their poor mechanical properties and limited stability in vitro and in vivo 

have stimulated PL combination with other biomaterials or protein chemical modification to develop more 

robust scaffolds60. Besides PL-based hydrogels support cell proliferation60,61, several studies have reported 

their application in vascularization62, wound healing63, cartilage regeneration64, periodontal ligament repair65 

and tumor modeling66. 

 

2.3  Elastin  

Elastin is an insoluble protein that constitutes the highly crosslinked elastic fibers of the ECM by a 

process called elastogenesis. Owing its exceptional physical properties, resilience and structural stability, 
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elastin provides flexibility to connective tissues such as blood vessels, skin and lung and regulate cell signaling 

pathways via biomechanical transduction67. The suppression of elastin expression in adults and its insolubility 

limits the isolation process68. Therefore, its soluble monomeric precursor tropoelastin and other recombinant 

elastin-like peptides (ELPs) have contributed with remarkable advances in the engineering of several elastic 

tissues69.  

The biocompatibility of elastin is recognized, offering adhesion motifs and mechanically robust 

surfaces that support the adhesion and proliferation of diverse cell types70,71. The presence of hydrophobic 

domains in elastin-derived peptides, which confers them self-assemble ability, has been explored for the 

production of nanoparticles for drug and/or GF deliver72,73. The combination of elastin with other biomaterials, 

supports the proliferation of human dermal fibroblasts in vitro and, in vivo, promotes the deposition of de novo 

collagen and neoangiogenesis72,74,75. Other applications such as vascular graft76 and peripheral nerve 

regeneration77 have also been reported. 

 

2.4 Keratin 

Keratins are insoluble fibrous proteins rich in cysteine groups and important components of epithelial 

tissues and epidermal structures such as mammalian hair, feathers, nails and hooves78. In the biomedical field 

this protein has been investigated for a variety of applications: wound healing, peripheral nerve regeneration, 

hemostatic agents, drug delivery vehicles and cell culture systems79,80. In fact, the intrinsic mechanical strength 

of keratins, combined with the protein’s biological cues, are key aspects in biomaterials development.  

 Keratin-derived hydrogels have gained special attention as cell, GF and drug delivery systems81,82. 

Other interesting strategy is the exploitation of keratin negative charge at physiologic pH to selectively deliver 

GF in a pH-mediated fashion83. For decades, keratin hydrogels have been used for wound healing purposes84. 

Moreover, keratin self-assembled hydrogels have demonstrated to be an effective hemostat for liver injury85. 
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Peripheral nerve regeneration mediated by nerve conduit filler is another highly explored keratin application 

owing the neuroinductive and regenerative potential of the hydrogels, improving in vitro Schwann cell 

migration and in vivo restauration of electrophysiological conduction and myelin thickness86,87. 

 

2.5 Decellularized ECM tissues and organs 

For decades, allogenic tissue grafts have been considered the “gold standard” bioscaffolds for 

regenerative/reconstructive purposes. However, the shortage of tissue grafts or donated organs alongside the 

immunogenic response remain a concern. Decellularization of native tissues and organs is recognized as the 

most promising approach to obtain scaffolds that fully replicate the architecture and physicochemical features 

of the target tissues88. These scaffolds, collected from surgery or cadavers, can be efficiently decellularized to 

remove the immunogenic cellular material and maintain the ECM components, preserving its structure, 

mechanical integrity and biological activity5.  

Devoid of immunogenic agents, decellularized tissues/organs can be repopulated by culturing tissue-

specific cells through seeding89,90. Bone91, skin92, cornea93, tendon94, cartilage95, adipose tissue95,96, heart95,97, 

lung98, pancreas99, kidney100 and perinatal tissues2,101 are some of the tissues explored for these purposes (see 

Figure X.2). The microenvironmental signals in the decellularized ECMs enhanced cell adhesion, 

proliferation, migration and differentiation toward a native-like integrated and functional tissue. Relevant 

preclinical and clinical success over this century has contributed to accelerate the translation of decellularized 

matrices from bench-to-bedside, emerging several commercially available ECM products (Section 5). 

Although organ repair, regeneration and augmentation are the main focus of decellularized matrices, recent 

studies exploring the whole-organ decellularization/recellularization of heart102, lung90 and liver89 have 

offering new possibilities for regenerative medicine.  
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3. The chemical modification of proteins  

In nature, protein modification represents a powerful post-translational tactic endorsing a powerful 

chemo diversity103. In an attempt to mimic those modifications, synthetic chemists have been exploring a set 

of reactions that can endow specific features to proteins. As a tool to shape the composition and precisely 

control their assembly, chemical modifications can afford sophisticated protein-based matrices giving access 

to advanced materials and platforms for multiple biomedical and biotech applications104–106. 

 

3.1 Direct and indirect chemical modification 

The rich chemical repertoire present in proteins, conferred by the reactive side chains from amino acids, 

N- and C-terminus, or even non-protein constituents such as carbohydrates, allow their manipulation in a site-

specific and chemically defined manner105,107. 

Relying on the natural chemical groups accessible on the side chains residues or N- and C-terminus, direct 

chemical modification embraces straightforward reactions with a wide-range of active intermediates, and 

potential for high yielding crosslinking105,108. Targeting sulfhydryl groups such as thiols, might not often be 

the first choice to modify proteins, owing to the inner location on the protein core. Nonetheless, thiols can 

easily undergo acylation with Michael acceptors, such as maleimides or alkenes, forming thioethers or 

alkylation forming thioesters (see Fig X.1a-i)103.  

Being faced outward in relation to the surface of proteins, due to its positive character at physiological 

conditions, amines are probably the most popular targets for this matter, offering well-established protocols 

and feasible conditions of reaction. Present as primary amines in the side chain of lysine, arginine and 

histidine, or in the N-terminus, they can be reacted by alkylation or acylation with electrophilic groups such 

as aldehydes or activated carboxylates (see Fig X.1a-ii)108,109.  
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Like primary amines, carboxylate groups are usually on the surface of the protein architecture, as part of 

glutaric or aspartic acid side chain residues or C-terminus. Carboxylate groups are not typically used in protein 

modification reactions. The prerequisite to primary activate the carboxylic groups with intermediates like 

active-ester (like NHS) or reactive carbonyls, to produce an acylating agent, might hinder their exploitation 

as reactive side chain. Nevertheless, amine-bearing crosslinkers are the top choice to target these groups by 

using the highly standardized methodology carbodiimide/NHS coupling chemistry.  

Just as importantly, tyrosine residues can also expand site-specific modification of proteins (see Fig x.1a-

iii)105. One of the approaches uses diazodicarboxyamide-bearing crosslinkers. In the presence of these, the 

phenolic ring can undergo an ene-type click reaction, allowing the modification of phenyl side chain groups110. 

Being a valued toolbox for the design of protein bioconjugates, indirect chemical modification or  

bioorthogonal chemistry allows the insertion of prosthetic functional groups such as carbonyls, alkenes or 

alkynes, further used for judicious chemoselective couplings111,112. Routinely used as oxidative agent, sodium 

periodate (NaIO4) assists on the creation of carbonyl groups from side-chain structures in serine or threonine, 

or carbohydrates present in the form of glycoproteins113. In the form of aldehydes or ketones, carbonyl groups 

promptly react with amine-bearing compounds forming imine bonds. The reaction between hydrazide or 

alkoxyamine compounds are also quite efficient with carbonyls, generating hydrazone or oxime bonds owning 

greater stability than imine bonds (see Fig X. 1a-iv)114.  

One of the most important advances in bioorthogonal chemistry, for protein bioconjugation, is the 

ability to use the well-known and highly chemoselective click chemistry. By fashioning the Cu(I)-catalyzed 

cycloaddition between azides and alkynes it is possible to generate the very stable triazole ring (see Fig X.1a-

v)115. In an attempt to overcome the limitation of copper ions associated toxicity, the strain-promoted azide-

alkyne cycloaddition (SPAAC) with cyclooctyne-bearing crosslinkers, have emerged as important 

bioorthogonal reactions for protein bioconjugation (see Fig X.1a-v)115. Termed as Staudinger ligation, 
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triphenylphosphine derivatives that contains an electrophilic group next to the phosphorus core, can also be 

selected to chemically modify proteins bearing azide groups, yielding stable amide bonds116. More recently, 

inverse electron demand Diels-Alder (IEDA) cycloaddition proved to be a promising route to add in the vast 

portfolio of chemo selective ligation chemistries112. With unmatchable kinetics, IEDA is based on the coupling 

between tetrazine and dienophiles (see Fig X.1a-vi). 

 

3.1.2 The chemistry behind protein-based soft materials 

Diverse methods have been explored for the chemical modification of proteins, part of them have 

found utility in the creation of functional materials. For example, proteins have been frequently conjugated 

with acrylate groups, a straightforward methodology proved to be valuable on the fabrication of materials 

with well controlled mechanical properties. The double bonded carbons in acrylates are highly reactive and 

promote a free radical polymerization when they are exposed to light (see Fig X. 1b-i)60. Acrylate groups 

can also participate in Michael-type addition reactions with thiols (thiol-ene coupling). For example, using a 

4-arm thiol-bearing polyethylene glycol (PEG) linker, and triethanolamine as catalyst, the covalent linkage 

empowered the formation of robust collagen hydrogels (see Fig X. 1b-ii)117. By targeting amines-bearing 

chains, hydrogels made of ELP can be easily fabricated by the straightforward crosslinking with a NHS-

bearing 4-arm PEG (see Fig X. 1b-iii)118. Keratin, widely recognised by their natural formation of disulfide 

bonds between cysteine residues, was also explored to fabricate photo-crosslinkable hydrogels in 

combination with norborene-PEG linkers and a photoinitiator119.  

Bioorthogonal chemistry is also being explored in the engineering of ELP hydrogels. By introducing 

azides, BCN or triphenylphosphine at lysine residues, protein hydrogels are fabricated via SPAAC or 

Staudinger ligations (see Fig X. 1b-iv and -v)116.  
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Taking advantage from the natural amino acid tyrosine, present in the recombinant mussel foot protein-

3 (Mfp-3), it was possible to promote crosslinking via oxidation mediated by tyrosinase (see Fig X. 1b-vi)120. 

Due to its oxidized form and giving the higher amounts of amines in the same protein, hydrogels has been 

successfully prepared by the formation of amide bonds. In a similar strategy, keratin was subjected to redox 

reactions to prepare hydrogels with tunable properties121,122. 

Protein conjugation will continue to move towards site-selective and reactions that preserve protein 

bioactivity. While multiple chemistries and crosslinking agents are available, the target side chain and type of 

modification must be firstly envisioned and tailored to design hydrogels with a specific biological 

function4. 

 

4. Techniques for engineering protein-based 3D soft materials 

A major concern in TE and regenerative medicine areas is the development of novel functional approaches 

to better mimic the natural hierarchical structure of tissues123.  In vivo tissues are very well organized structures 

that consist of cells and a surrounding ECM that gives support for cells growth and proliferation. In this 

context, multiple manufacturing techniques that allow for the precisely combination and 3D patterning of cells 

and biomaterials have been proposed to engineer tissues organized like native tissues124. 

 

4.1 Electrospinning 

Electrospinning is a popular and cost-effective technology to produce nanofiber scaffolds for multiple 

biomedical applications125. This technique allows control over the fiber diameter and orientation of the fibers 

in a mesh, providing adequate tools to mimic ECM components, thus holding great potential for the fabrication 

of fibrous scaffolds for biomedical applications126,127. 
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Electrospun fibers composed only of ECM are normally fragile, needing another polymer to enhance the 

mechanical properties. Poly-L-lactic acid (PLLA) or Polycaprolactone (PCL) have been used in combination 

with ECM proteins to produce hybrid nanofibers, reinforcing their structure128,129, resulting in suitable 

structures for TE applications. 

Particularly attractive for biomedical applications, the use of electrospinning with solely proteins is also a 

reality. Many researchers have been developing new techniques to optimize the process and prepare robust 

fibrillar scaffolds made of proteins such as albumin26,127, collagen130, fibrinogen131,132, elastin75, gelatin19 and 

silk fibroin133,134. Dror et al. reported for the first time albumin electrospinning nanofibers with tunable 

mechanical properties. This protein has limited capacity to be electrospunned, nevertheless by using denatured 

protein solutions, the authors have afforded nanofibers made entirely of albumin26. In an effort to mimic the 

ECM of native tissues, Dems et al. have proposed an electrospunned membrane of native collagen as a support 

for cell culture130. They were pioneers in the preparation of pure collagen nanofibers by using an innovative 

aqueous acidic/alcoholic solvent mixture. Bowlin et al. have been used electrospinning to prepare highly 

porous fibrinogen scaffolds with fiber diameters as small as 80 nm for tissue engineering applications and 

wound dressing131,132. 

Collagen-based scaffolds currently dominate the dermal TE, but are restricted by their low elasticity and 

scaffold contraction during tissue repair, the blending of collagen and elastin allows for an extra control over 

the physical and mechanical properties of collagen based fibrillar soft materials, and have been explored for 

dermal applications75. 

 

4.2 Microfluidics 
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Microfluidics manipulates small amounts of liquids in channeled chips135. One of the advantages of 

microfluidic systems in the production of particles/fibers is the effective control over the shape, size and 

composition of the resulting structures61,97.  

Proteins like collagen8,136,137, gelatin20,138, albumin135, decellularized ECM97 and fibrin139 have been 

explored to produce soft materials by microfluidics.  

Matsunaga et al. developed a microfluidic system to build millimeter scale tissues via molding cell-laden 

collagen droplets137. The platform was used for the rapid preparation of a large number of cell beads that 

assembly to form millimeter‐thick macroscopic tissues. GelMA, synthesized from the methacryloyl 

modification of gelatin, has widely been used as a soft material for biomedical applications. Sheikhi et al., 

designed physically crosslinked microgels from GelMA that were subsequently annealed through photo‐

crosslinking to fabricate bead-based 3D scaffolds with high mechanical resilience20.  

With the principle of ejecting microfibers through capillaries using microfluidics, Takeuchi et al. 

developed an weaving device with double-coaxial laminar flow to build cell fiber constructs8. They were able 

to produce highly organized 3D macroscopic cellular constructs embedded in the ECM derived proteins 

collagen and fibrin. Lee et al. reported a strategy for the production of tissue-specific microbeads based on a 

microfluidic system, they were able to produce microbeads from several decellularized ECM providing tissue-

specific environments with optimal biomechanical cues for specific tissue types 97.  

 

4.3 Photolithography 

Photolithography has been widely used to create micropatterned protein based soft materials. In this 

technique the material is exposed to light by using a photomask that enables the production of a precise 

patterning140,141. Besides the disadvantage of the high costs associated with designing and fabricating the 
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photomasks, photolithography has several advantages as for example the fast production of 

micro/nanostructures as well as the ease of applying the technique to photocrosslinkable materials60,141. 

Several polymers have been explored in photolithography, both synthetic and natural. In particular, 

proteins like gelatin142,21, platelet lysates60, keratin143 and silk fibroin144 have been explored given the ease of 

combining proteins with photoresponsive moieties as well as their great biological properties. Santos et al.60 

reported for the first time, the formation of 3D microstructures with different shapes and sizes based on human 

methacrylated platelet lysates60. Following the same idea, Ha et al.142 produced GelMA micropatterned 

structures. They demonstrated that hydrogel micropatternings guided the self-alignment of stem cells as well 

as promoted their odontogenic differentiation.  

 

4.4 Bioprinting 

3D bioprinting is one of the most recent and promising techniques used to produce 3D scaffolds with high 

precision and resolution100,145. In 3D bioprinting, the bioink is one of the key components of the process and 

it should have some intrinsic characteristics like printability, structural integrity and biocompatibility. Natural-

based materials have been largely explored due to the intrinsic cues that promote cell attachment and 

growth50,146–148. Protein based bioinks made of gelatin22,149,23,150, fibrin46,151, collagen152, silk fibroin145,153, 

platelet rich plasma (PRP)51 and decellularized ECM100,154 have been proposed. however their printability is 

harder when compared to synthetic materials due to the lack in mechanical and stability properties. Therefore, 

alternatives have been proposed such as the combination with other polymers46, by using sacrificial 

hydrogels145 or by using supporting bioinks based on synthetic polymers150 to improve the printing process.   

With increasing importance of personalized medicine, specific biological factors from an autologous 

source or patient derived are becoming important components of bioinks. Faramarzi et al., reported the 
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incorporation of human PRP into an alginate bioink to promote a gradual release of proteins and GF that 

positively affect the function of stem and endothelial cells51.  

Taking advantage of the great features of decellularized ECMs, Ali et al.100 developed a photocrosslinkable 

kidney ECM-derived bioink that could better mimic the kidney microenvironment.  

As stated here, several techniques have been explored in order to find new approaches for tissue 

engineering platforms development. Besides all the advantages and disadvantages, the decision about what 

technique has to be used for a desired end is the most important step when the aim is to produce a platform 

that can help to understand and recreate what happens in vivo.  

 

5. The market of protein-based soft materials 

The global market of biomaterials has expanded rapidly in recent years155. Although over the last 

decades biomedical companies have produced and marketed mainly ceramic and metallic devices intended 

for the replacement of hard tissues like bone and teeth, this industry is now more focused on the development 

of soft materials that stimulate the self-healing ability of patient’s tissues156. Natural biopolymers have 

attracted considerable attention as they are inherently biocompatible, biodegradable, and bioactivity3. This is 

especially true in the case of scaffolds produced from animal or human proteins, two classes of materials that 

have gained clinical importance and consequently market space in the last years.  

One popular approach of companies using proteins as raw materials is the development of 3D substrates 

to support the culture of cells in vitro (see Table 1). Currently, the time and investment required to develop 

new drugs are a major concern and one of the main causes is the lack of physiological relevant platforms to 

perform the pre-clinical tests. It is therefore paramount that innovative solutions reach the market as soon as 

possible. One of these solutions may be the use of tissue-engineered products which aim to replicate most of 

the functions of real tissues. Matrigel, for example, is a hydrogel produced from basement membrane extracted 
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from murine Engelbreth-Holm-Swarm (EHS) tumors that has been used to grow a large variety of cells with 

some degree of predictability157. Although this is a quite more realistic environment when compared to other 

commonly used substrates, such as the single protein-based solutions made of collagen or laminin, it continues 

to lack critical features of the human physiology. In alternative, two main approaches have been commercially 

explored in order to increase the accuracy of in vitro models: the first one is the coupling of protein-based 

scaffolds with sophisticated technologies such as 3D printing152 or microfluidic chips158, and the second one 

the use of tissue-specific extracellular matrices98.  

3D printing leveraged the market of bioinks that gained great popularity and potential for further 

growth147.  CELLINK is a key company acting in the field of 3D bioprinting, and the first to offer a universal 

bioink designed to optimize bioprinting of human tissues made of non-animal proteins. Today, it offers a wide 

variety of bioinks including collagen and gelatin-based materials, and also methacrylated versions of these 

products. Although this was a pioneering company, competition has increased rapidly with the emergence of 

companies such as Allevi and ROKIT Healthcare. Simultaneously, a novel market has been arising from the 

commercialization of ready-to-use bioprinted skin models. For example, BioDan and Poietis developed human 

skin models by printing different skin layers composed of distinct cell types and protein matrices (collagen, 

fibrin)159,160.  

Whereas 3D bioprinting has been mainly used to produce stratified skin models, microchip technologies 

have been idealized mostly for disease modelling and drug toxicity assays of specific target tissues. For 

instance, Mimetas developed and sells a microfluidic 3D tissue culture plate (OrganoPlate®) composed of 

different compartments that allow to create biomimetic environments and produce models of specific tissues 

(liver, gut, blood vessel) and conditions (angiogenesis, pancreatic and breast cancer)158,161. In 2014, TARA 

Biosystems, Inc. was founded offering "heart-on-a-chip" tissue models derived from the patients’ own cells 

for drug discovery and risk assessment applications162. 
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Regarding the use of tissue-specific ECMs and decellularized matrices, companies such as Tissuelabs 

and Xylyx bio have been on the leading edge of the technology 163,164. Of note, Xylyx bio has recently 

announced a strategic partnership with Allevi to create liver-specific bioinks for 3D printing of more reliable 

cell culture substrates towards a better understanding of disease and development of more effective drugs and 

treatments. Furthermore, it is also believed that this kind of models can be used in future to decrease the 

number of animals used during in vivo testing.  

 

Table 1 List of commercially available protein-based cell culture substrates. 

Product Description Company 

GrowDex Cellulose (birch) UPM Biomedicals 

JellaGel Collagen (jellyfish) Jellagen 

Silk Fibroin Silk fibroin (bombyx mori silkworm) Advanced BioMatrix 

Collagen Collagen Corning 

ECM Gels EHS mouse sarcoma BME Sigma-Aldrich 

Matrigel EHS mouse sarcoma BME Corning 

Cultrex BME EHS mouse sarcoma BME Travigen 

Geltrex EHS mouse sarcoma BME ThermoFisher Gibco 

RAFT Type I Collagen  Lonza 

PhotoCol Methacrylated collagen 

Advanced BioMatrix PhotoGel Methacrylated gelatin 

PhotoHA Methacrylated HA 

LunaGel Photocrosslinkable gelatin Gelomics Pty 

AlphaBioGel Cell-derived ECM Alphabioregen 
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MaxGel Cell-derived BME Sigma-Aldrich 

MatriXpec Tissue-specific ECM 

TissueLabs 

MatriXpec Photocrosslinkable ECM 

TissueSpec Human Tissue-derived ECM Xylyx Bio 

Engitix platform Human Tissue-derived ECM Engitix 

MucilAir Airway Epithelia model  

Epithelix 

SmallAir Small Airway Epithelia model  

 

Creating solid organs at the laboratory that fulfil all the requirements for clinical use is a quite 

challenging and complex process, breakthrough solutions have been released onto the market. In fact, since 

Organogenesis and Integra LifeSciences launched the first FDA approved bio-engineered skin grafts, several 

companies committed to this type of products165. For example, MedSkin Solutions and Symatese are two 

companies commercializing collagen-based scaffolds for dermal TE. Another successful example is that of 

the spin-off company CUTISS, which develops personalized, permanent skin grafts to treat skin defects, such 

as burn injuries, using its own proprietary technology166,167. Although skin regeneration has been the focus of 

most of the companies working on the field, other tissues have also benefit from these technologies. CelGro™, 

for example, is a collagen-based scaffold marketed by ORTHOCELL LTD which has been used to repair a 

variety of tissues including nerve, tendon and bone168.  

Collagen-based biomaterials have definitely been a big bet on the TE market. This approach is aligned 

with the basic premise that complex bioengineered tissues can be produced by combining different elements 

of the natural ECM. However, the reality is that, to date, no product has been designed using this methodology 

that incorporates all the mechanical and biochemical cues required by the biomedical industry. The difficulties 

in creating tissue constructs from scratch hence redirected research towards top-down approaches as a way to 
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harness the native properties of tissues. As a result, decellularized matrices became a popular source of 

protein-based scaffolds88.The two main sources of decellularized matrices continue to be the small intestinal 

submucosa (SIS) and the urinary bladder matrix (UBM) from porcine tissues. For instance, whereas Cook 

Biotech commercializes SIS sheets (Biodesign®) as a plastic surgery matrix for soft tissue reinforcement169, 

Aziyo biologics engineers’ vascular grafts (VasCure™) for the repair or reconstruction of the peripheral 

vasculature170. ACell, inc commercializes products based on UBM for wound management and surgical soft 

tissue repair171.  

Although most of the currently available solutions are derived from animal sources, human tissues and 

proteins have also been used as starting materials in the production of scaffolds foreseen to have superior 

biological performance and clinical value5,172. However, it has not always been easy for researchers to find 

the adequate tissue sources and processing techniques. Fortunately, recent progress in biomaterials science 

and ECM biology have accelerated the development of human-based scaffolds bringing exciting technologies 

to the field. 

Up-to-date a major focus of companies working on the development of human protein-based soft 

materials has been the design of functional scaffolds for repair of the skin, ocular surface and musculoskeletal 

tissue. Placental tissues have been considered “gold-standards” owing their natural regenerative potential and 

immune privilege character, but also due to their availability, cost-effectiveness and ethical acceptance2. 

Several companies are therefore dedicated to the research and marketing of these products, including MiMedx, 

Bio-Tissue and Surgenex. Even though placental tissues are definitely the most actively explored, tissues like 

dermis (Alloderm®173, Graftjacket™174) are also under use.  

In alternative to decellularized tissues, ECM derived from the patient’s own cells have also been found to be 

a commercially viable and potent source of humanized and personalized scaffolds175. For instance, 

Organogenesis Inc. developed and sells a clinical approved fibroblast-sourced 3D human dermal substitute 
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for the treatment of diabetic ulcers176. Other companies, such as Lineage Cell Therapeutics, Inc. and Cellf 

BIO, are exploring the implementation of this technique in the production of bioengineered retinas177 and 

sphincters178, respectively.  

Many companies have focused their interest on protein based materials taking into account the 

promising pre-clinical and clinical results. However, moving basic findings out of the lab and into the clinic 

has not been an easy task. While numerous articles are published and patents filed every year, few commercial 

products are effectively launched to the marketplace, mostly due to the, commercial and regulation hurdles. 

Nevertheless, in the coming years, it is very likely that the number of people treated with these materials will 

increase significantly, also boosting the development of more sophisticated, efficient and accessible products. 

 

6. Conclusions 

Among natural polymers, proteins are probably the most promising candidates in multiple biomedical 

applications due to their excellent biodegradability, biocompatibility and immunocompatibility. As evidenced, 

herein, protein-based soft materials have the potential to regenerate a wide range of tissues by promoting cell 

proliferation and tissue regrowth, to be applied in drug delivery systems or in the engineering of disease 

models. Noteworthy, the biochemical composition of proteins provides them with versatile physical, chemical, 

and biological properties and recent advances in the chemical modification of biomolecules offer tools to 

produce materials with unique mechanical and biological properties, overcoming the limited processability 

and crosslinking mechanisms of native proteins. The scientific community is particularly interested in 

exploring human proteins derived from blood and ECM and multiple technologies have been applied for the 

production of customized or patient-specific materials. Exciting advancements are therefore expected for the 

biomedical and pharmaceutical industries where humanized and personalized technologies can significantly 

impact the time to the market of novel therapies. 
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Figure X.1 a) Direct and indirect chemical modification of proteins. The most widespread reactions focused 
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on the modification of the side chains naturally present on proteins like i) cysteine, ii) lysine, and iii) 

tyrosine, or focused on prosthetic groups like iv) aldehydes, v) alkynes and vi) alkenes. b) Outline of 

chemical ligations with contribute to the fabrication of protein-based soft materials. i) radical, ii) Michael-

type addition, iii) NHS coupling, iv) Staudinger, v) SPAAC and vi) enzymatic reactions. 

 

 

Figure X.2. Decellularization of the native tissues and their biochemical analysis. Optical and 

microscopic images of native and decellularized (A) cartilage tissue (scale bar, 50 mm), (B) heart tissue 

(scale bar, 100 mm), and (C) adipose tissue (scale bar, 100 mm). Sol to gel transition of the pre-gels 

prepared from (D) cartilage, (E) heart and (F) adipose decellularized matrices.  (Adapted from 95, 

Copyright © 2014, Springer Nature). 

F

CBA

D E


