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Abstract 

 

 

 

 

Protein-based structural biomaterials are of great interest for various applications because the 

sequence flexibility within the proteins may result in their improved mechanical and structural 

integrity and tunability. As the two representative examples, protein-based adhesives and fibers 

have attracted tremendous attention. The typical protein adhesives, which are secreted by 

mussels, sandcastle worms, barnacles, and caddisfly larvae, exhibit robust underwater adhesion 

performance. In order to mimic the adhesion performance of these marine organisms, two main 

biological adhesives are presented here, including genetically engineered protein-based 

adhesives and biomimetic chemically synthetized adhesives. Moreover, various protein-based 

fibers inspired by spider and silkworm proteins, collagen, elastin, and resilin, have been studied 

extensively. The achievements in synthesis and fabrication of structural biomaterials by DNA 

recombinant technology and chemical regeneration certainly will accelerate the explorations 

and applications of protein-based adhesives and fibers in wound healing, tissue regeneration, 

drug delivery, biosensors, and other high-tech applications. However, the mechanical 

properties of the biological structural materials still do not match those of natural systems. 

More efforts need to be devoted to the study of the interplay of the protein structure, cohesion 

and adhesion effects, fiber processing, and mechanical performance. 
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1.1 Introduction 

Protein-based biomaterials have been widely studied due to their distinguishing structural and 

mechanical properties[1–4]. To date, silks[5], elastins[6], and collagens[7] are some of the common 

structural proteins used for protein-based biomaterials. Those proteins, made from different 

amino acids, provide unique systems that are biocompatible, biodegradable, flexible, and non-

toxic. Accordingly, these properties qualify these materials for the areas of biomedicine[8,9], 

sensors[10], and tissue engineering[11,12]. In general, the primary amino acid sequence 

determines the fundamental properties of proteins. The primary structure of the polypeptide 

chain and non-covalent interactions between the 20 amino acids (hydrogen bonding, 

electrostatic interaction, hydrophobic interaction, aromatic stacking, etc.) induce different 

secondary structures, such as α-helices and β-sheets[13]. The diversity of protein structures 

results in different mechanical properties of the resulting biomaterials.[14] With the technology 

of genetic engineering, many efforts have been made to investigate the relationships between 

the structure and mechanical functions of recombinant proteins.[15] Taking elastin as an 

example, the identification of primary and secondary structures has provided exciting potential 

to control the mechanical properties of elastin-based materials exquisitely. Therefore, 

recombinant elastin-like polypeptides (ELPs) can be engineered to possess different 

mechanical properties that are highly desirable for applications in tissue engineering and drug 

delivery[16–18]. Compared to those protein-based materials, traditional synthetic polymers 

exhibit much less structural control about the functionality of side chains or are non-

biodegradable[19,20]. Consequently, the perfect level of control over structure and mechanical 

behavior renders protein-based biomaterials ideal candidates for different applications. 

To date, many protein-based biomaterials including adhesives and ultra-strong fibers have been 

developed. Due to the combination of high mechanical strength, biocompatibility, 

biodegradability, and flexibility in structure-guided mechanics, they exhibit promising 

application potential in materials science and biomedicine. Regarding the natural protein 

adhesives, typical examples are the proteins secreted by mussels[21], sandcastle worms[22], 

barnacles[23], and caddisfly larvae[24], exhibiting robust underwater adhesion performance. A 

detailed study of those organisms showed that a large amount of post-translationally modified 

amino acids, i.e. 3,4-dihydroxy-L-phenylalanine (DOPA) residues, are found at sites where the 

adhesion to the substrate takes place. The hydrogen and covalent bonds formed by oxidization 

of the DOPA groups play a crucial role during the adhesion process. Inspired by this, different 

types of genetically engineered protein-based adhesives with precise chemical composition, 

structure, and specific adhesion strength have been developed. On the basis of the natural 

mussel foot protein sequence (mfps), recombinant mfps adhesives can reach underwater 

adhesion performance along with good biocompatibility and biodegradability. A novel mfp-5 

analogue hydrogel (i.e., ε-poly-L-lysine-polyethylene glycol-DOPA hydrogel) was developed 

that simultaneously possess robust, water-resistant tissue-affinity and anti-infection 

capability[25]. Besides, the engineered DOPA-incorporated mfps are generated by quantitative 

replacement of tyrosine residues, showing underwater adhesion properties comparable to those 

of natural mfps[26]. In addition, phosphorylated serine residues within (SX)4 repeat motifs 

together with divalent Ca2+ and Mg2+ form coacervate-based adhesives[27]. Thus, through 
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genetic engineering and rational design, biocompatible protein-based adhesives can be 

fabricated. Besides protein adhesives, ultra-strong and lightweight silk fibers inspired from 

spider and silkworms have been investigated extensively[28,29]. Silk fibers are composed of 

multiple highly modular proteins with repetitive sequences rich in glycine and alanine. Notably, 

glycine-rich hydrophilic blocks are responsible for the extendibility of silk fibers, while 

alanine-rich hydrophobic blocks are responsible for the high tensile strength[30]. In particular, 

the development of genetic engineering techniques led to the production of recombinant protein 

fibers with high mechanical toughness and stiffness, as well as good biocompatibility. Until 

now, the recombinant-dragline silk proteins (60-140 kD) were successfully spun into fibers 

with comparable toughness and modulus to those of native dragline silks. Genetically modified 

transgenic silkworms harbouring the fibroin H chain gene can be used to produce colored 

fluorescent silks in mass production. The resulting fluorescent silks exhibit similar strain and 

Young’s modulus to those of ordinary silk. The excellent mechanical properties of protein-

based fibers showed their versatile application potential in the areas of biophysics, biomedical 

engineering, bioelectronics, and materials science. 

In this chapter, we outline recent developments and challenges in the design and application of 

recombinant protein-based adhesives and fibers. First, we will briefly discuss the structure, 

composition, mechanical manipulation, and application of protein-based adhesive originating 

from mussel and sandcastle feet proteins. Next, we will give an overview over protein-based 

fibers produced by chemical synthesis and genetic engineering. Finally, we will give a 

perspective on the development of protein-based biomaterials with an emphasis on mechanical 

properties of these structures. 

1.2. Protein-based adhesives 

Many marine organisms, such as mussels[31,32], barnacles[33], sandcastle worms[34], and 

caddisfly larvae[35], can adhere to wet surfaces firmly even within the turbulent marine 

environment via non-covalent and covalent interactions. Mussels can attach themselves onto 

wet surfaces strongly by secreting mfps. The analysis revealed that mfps contains a large 

amount of catechol amino acids, DOPA, phosphonate, as well as divalent metal ions[36,37]. 

Those components play an important role to determine protein adhesion behavior. Inspired by 

the natural systems, researchers have developed a series of protein-based adhesives by 

biological and chemical synthesis. These adhesives exhibit high cytocompatibility, good 

biodegradability, and strong underwater adhesion strength. This set of properties renders these 

protein-based adhesives promising for applications in tissue engineering and tissue 

regeneration. 

1.2.1 Genetically engineered protein-based adhesives 

Novel functional biomaterials have emerged to mimic and even surpass the mechanical 

properties of natural systems. Advances in genetic engineering have led to the development of 

recombinant protein-based adhesives, in which the mechanical behaviors can be well 

controlled via their sequence and molar mass[38]. The primary structure of natural or engineered 

amino acids of recombinant protein-based adhesives endows them with biodegradable 
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properties through natural pathways. Moreover, the significant adhesion performance of 

recombinant protein-based adhesives benefits from many factors, including precise structures, 

dense packing, and supramolecular interactions. To date, diverse biological techniques have 

been used to produce recombinant protein-based adhesives, such as protein fusion, post-

translational modification, and complex coacervation (Figure 1). 

 

Figure 1. Typical strategies for the development of bio-adhesives by genetic engineering techniques. (A) Protein 

fusion. A combinatorial and modular genetic strategy for engineering underwater adhesives Reproduced with 

permission.[39] Copyright 2014, Springer Nature. (B) Design and production of a protein underwater adhesive by 

post-translational modification Reproduced with permission.[40] Copyright 2017 Elsevier B.V. (C) Adhesives 

made by complex coacervation. Schematic of like-charged complex coacervate formation [Rmfp-1 (green) and 

MADQUAT (gray)] Reproduced with permission.[41] Copyright 2016 National Academy of Sciences. 

Adhesives fabricated by recombinant protein fusion 

The mfps have been investigated as a protein model to develop recombinant adhesives due to 

their superb adhesion performance, for instance the recombinant mgfp-5[42] and hybrid mussel 

fp-151 bioadhesives[43]. An adhesive hydrogel system has been designed based on DOPA-

containing recombinant mfp (rfp-1)[44]. In this study, the rfp-1, comprising 12 tandem repeats 

of the Mytilus fp-1, was expressed in E. Coli. The DOPA-incorporated rfp-1 was obtained from 

tyrosine residues containing rfp-1 that was converted into the DOPA variant by mushroom 

tyrosinase. Then the rfp-1 and DOPA-incorporated rfp-1were dissolved in phosphate buffered 

saline for the gelation process. The adhesion value increased dramatically from ~ 110 kPa to ~ 

200 kPa after long curing times with NaIO4 treatment in water. In addition, the Fe3+-mediated 

rfp-1 gel showed an increase in adhesion strength ~ 130 kPa under basic pH (~ 8.2). The 

enhancement in adhesion strength of rfp-1 hydrogels was mainly attributed to the Fe3+-DOPA 

coordination and quinone mediated covalent cross-linking. Waite and coworkers reported an 

mfp-1 functionalized film, which exhibits high adhesion strength, reversibility, and 

extensibility with the help of Fe3+ coordination. The surface forces apparatus (SFA) 
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measurement showed that at low concentrations, Fe3+ ions (10 µM) provide significant and 

reversible cohesive bridges between two coated surfaces. The formation of tris-complexes of 

catechol mediated by Fe3+ ions causes the high adhesion strength, which is consistent with 

reports on mfp-1 function in mussel byssus[45]. More importantly, these unusually strong 

interactions between surfaces are fully reversible depending on the concentration of Fe3+ ions. 

Higher concentration of Fe3+ ions in the system led to lower cohesion between surfaces. These 

results show their potential for biomedical and wet industrial applications. 

On the basis of well-designed synthetic-biology techniques, mfps and CsgA proteins were 

fused together to produce biomimetic underwater adhesives (Figure 1A)[39]. Two CsgA-mfp 

fusions were constructed using isothermal one-step Gibson DNA assembly. The fusion 

constructs can self-assemble into highly ordered structures (such as fibrous bundles or films) 

while maintaining adhesive properties. The fabricated hybrid materials exhibit strong wet 

bonding strength, stability, and intrinsic fluorescence. Particularly, their underwater adhesion 

energy (~ 20.9 mJm-2) is 1.5 times higher than those reported for protein-based underwater 

adhesives due to large contact surface areas and multiple disordered mfp domains. In addition, 

DOPA modified fibers displayed higher adhesion ability when compared with unmodified ones, 

which reveals that DOPA residues contribute significantly to underwater adhesion. 

Furthermore, they investigated the interfacial adhesion between different surfaces including 

silica, gold, and poly(styrene) (PS). The results demonstrated that tyrosinase-modified fibers 

show strong adhesion on silica tips due to hydrogen bonding between DOPA and SiO2. 

Othervise, the adhesion on PS and gold surfaces of fibers may rely on the hydrophobic 

interactions and cation-π interactions. 

Adhesives fabricated by post-translational modification of recombinant proteins 

The biosynthesis of recombinant mfps can complement the limitation that is imposed by the 

low yield of extraction from mussel feet. As an alternative method for underwater applications, 

elastin-like polypeptides (ELPs) have become an area of interest due to their potential practical 

benefits including similar mechanical properties to that of soft tissues and cytocompatibility[17]. 

Heating over a lower critical solution temperature (LCST), ELPs possess a tunable phase 

transition behavior from the entropically favored rearrangement of water to form coacervates. 

Accordingly, Liu and co-workers designed mussel-inspired adhesives by enzymatically 

converting tyrosine-rich residues of ELYs (constructed from ELP) into DOPA (Figure 1B)[40]. 

In their study, ELYs with the repetitive amino acid sequence Val-Pro-Gly-Xaa-Gly was cloned 

using standard techniques. The ELYs and modified ELYs (mELYs) exhibited 

cytocompatibility and considerable dry adhesion on glass substrates with strengths of 2.6 ± 0.6 

MPa and 2.1 ± 0.5 MPa, respectively, which are lower than commercial and synthetic 

biomimetic adhesives. In contrast, the mELYs showed moderate adhesion strengths (240 kPa) 

on glass in a highly humid environment. The underwater bonding strength and its high yield 

offer an opportunity for commercial application. 

To fully reproduce the structure and mechanism of natural mfp, Cha and co-workers realized 

the quantitative replacement of tyrosine residues into DOPA with high yield (> 90%) via an in 

vivo residue-specific incorporation strategy[46]. The SFA measurements showed that both dfp-

3 and dfp-5 exhibited moderate underwater adhesion with adhesion energy of 2.0 mJm-2 and 
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3.7 mJm-2, respectively, which is comparable to those of natural mfps. Further investigations 

suggest that very strong adhesion and water resistance might be related to cation-π interactions 

and π-π interactions of the positively charged amino acids and DOPA in the protein sequences. 

Adhesives fabricated by complex coacervation of recombinant proteins 

Conventional coacervates are formed by oppositely charged polyelectrolytes due to 

electrostatic interactions[47]. Electrostatic complex coacervation-based adhesives have been 

reported by several groups. Cha’s group has investigated complex coacervation between the 

positively charged recombinant mfps and negatively charged hyaluronic acid (HA). Two 

recombinant mfps (fp-151 and fp-131) and 17-59 kDa HA were used to prepare coacervates at 

a pH range between 3.0 and 4.6 in sodium acetate buffer[43]. In this study, the bulk shear 

strengths of modified mfps were ~ 2 MPa in a dry environment. The highly condensed 

coacervates significantly increased the bulk adhesion strength approximately two-fold to ~ 3-

4 MPa. This behavior might be attributed to the low interfacial tension and increased adhesive 

concentration. In addition, a unique water-immiscible mussel protein-based bioadhesive 

(WIMBA) was developed by complexation of rmfp and HA[48]. Commercial adhesives show 

adhesion strengths of 0.03 ± 0.01 MPa for cyanoacrylate, 0.02 ± 0.02 MPa for fibrin glue, while 

WIMBA exhibits strong underwater adhesion strength on biological surfaces up to 0.12 ± 0.03 

MPa on porcine skin and 0.14 ± 0.03 MPa on rat bladder tissue. Therefore, the strong 

underwater adhesion of coacervate WIMBA provides good durability and high compliance 

when sealing ex vivo urinary fistulas. The adhesion to biological surfaces was attributed to the 

noncovalent and covalent interactions between DOPA and tissue surface. In addition, the 

rmfp/HA coacervate enhanced the mechanical and hemostatic properties of the bone graft 

agglomerate[49]. Tirrell and co-workers prepared coacervates by mixing recombinant fusion 

protein fp-151-RGD and HA[50]. This coacervate has been exploited to coat the implant 

material titanium (Ti). The results showed that coacervate effectively promotes specific cell 

binding to Ti surfaces and enhanced osteoblast proliferation. As opposed to the electrostatic 

interaction, Hwang and co-workers reported the first example of complex coacervation from 

two positively charged polyelectrolytes (Figure 1C)[41]. The coacervate was fabricated from 

rmfp-1 (M(AKPSYPPTYK)12) and poly(2-(trimethylamino)ethyl methacrylate) (MADQUAT). 

The SFA measurements showed a strong adhesion (Wad ~ 4.8 mJm-2) during the separation 

of the rmfp-1 and MADQUAT surfaces. Further investigations suggest that this property was 

due to the strong short-range cation-π interactions between trimethyl ammonium in 

MADQUAT and phenol rings in rmfp-1. 

Other recombinant protein-based adhesives 

Protein-based adhesives allow potential applications in the biomedical field due to their strong 

mechanical performance, biocompatibility, and degradability. Mrksich and co-workers 

reported the synthesis, characterization, and performance of a protein-based adhesive that 

significantly improves the healing rate of diabetic wounds[51]. In their research, a cysteine-

terminated laminin-derived peptide A5G81 was conjugated to maleimide-terminated 

poly(polyethylene glycol citrate-co-N-isopropylacrylamide) (PPCN) scaffold, resulting in the 

formation of the thermoresponsive and antioxidant macromolecular network (A5G81-PPCN). 

The A5G81-PPCN hydrogel facilitates the spreading, migration, and proliferation of skin cells, 
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which thus accelerates the wound healing process. Additionally, Hubbell and co-workers 

reported the design of two-component hybrid hydrogel networks that consist of recombinant 

protein polymers (RGD) and functionalized poly(ethylene glycol) (PEG)[52,53]. Both in vitro 

cell culture experiments and biochemical assays demonstrated that protein-PEG hydrogels 

facilitate specific cellular adhesion and can be degraded by the target enzymes. Furthermore, 

Lewis and co-workers investigated aqueous-based recombinant spider silk protein (rSSps) 

adhesives and their potential applications[54]. The rMaSp1 and rMaSp2 proteins were expressed 

in the milk of transgenic goats. Once the best ratio of rMaSp1/rMaSp2 (1:1), concentrations 

(12%) and gelation times (12 h) were identified, the rSSps adhesives exhibited strong adhesion 

on wood substrate (~ 12.1 MPa). Due to the increased surface area, this substrate showed better 

performance than nonporous samples (~ 0.75 MPa, on stainless steel). These rSSps adhesives 

are strong enough to outperform some conventional glues and display favorable tissue 

implantation properties. 

1.2.2 Biomimetic adhesives 

Mussel, sandcastle worm, and other organisms can secrete unique proteins that form 

hierarchical structures and exhibit a high DOPA content. The above properties facilitate them 

to anchor on various surfaces. The high amount of DOPA endows marine organisms with the 

ability to achieve strong adhesion induced by the combination of covalent and non-covalent 

interactions. Extracting adhesive proteins directly from those organisms is impractical due to 

the limited amount of produced proteins. Therefore, scientists turn their attention to synthetic 

mimics. On the basis of protein structures, the biomimetic adhesives reported so far can be 

divided into the following categories: catechol modified natural polymers, DOPA post-

modified mfp mimetic peptides, DOPA modified synthetic polymers, and sandcastle worm 

inspired complex coacervates (Figure 2). 

 

Figure 2 Representative strategies for the synthesis of biomimetic synthetic adhesives. (A) DOPA modified 

natural polymers. Silk fibroin conjugates exhibiting catechol groups and PEG chains. Reproduced with 

permission.[55] Copyright 2016 American Chemical Society. (B) DOPA post-modified mfp mimetic peptides. 

Dopamine was conjugated to ε-poly-L-lysine-PEG for Mfp-5-mimetic polymer fabrication. Reproduced with 

permission.[25] Copyright 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (C) DOPA modified 

synthetic polymers. Example: poly(3,4-dihydroxystyrene-co-styrene), a simplified polymer mimicking the 

(A)

(B)

(C)

(D)
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adhesive proteins of marine mussels. Reproduced with permission.[56] Copyright 2012 American Chemical Society. 

(D) Sandcastle worm inspired complex coacervates. The adhesive comprises dopamide containing poly-phosphate, 

poly-aminated gelatin, and divalent cations. Reproduced with permission.[34] Copyright 2010 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

DOPA modified natural polymers 

Silk fibroin (SF) is a protein-based biopolymer with charged hydrophilic terminal regions that 

can be used to implement chemical modifications. Kaplan and co-workers reported a catechol-

functionalized SF adhesive that can adhere to wet surfaces (Figure 2A)[55]. In this study, the 

catechol moiety was conjugated to SF by a condensation reaction between dopamine and a 

carboxyl group. The intra- and intermolecular hydrogen bond and van der Waals interactions 

induced by β-sheet formation between silk chains result in strengthening the adhesive material. 

The broad peaks at 1650 and 1540 cm-1 for amide I and amide II from the ATR-FT-IR spectrum 

confirmed the β-sheet secondary structure in DOPA-SF. In addition, the secondary crosslinking 

between catechol residues can strengthen the adhesion performance concurrently hindering 

swelling of the polymer network in the aqueous environment. It turned out that the lap shear 

strength of silk fibroin conjugates (~ 130 kPa) is higher than adhesives without catechol groups 

on aluminum on a wet surface. In general, an appropriate density of DOPA residues in the 

materials shows excellent adhesion performance on various surfaces. Thus, the direct oxidative 

modification of tyrosine residues in SF from B. mori were successfully converted to DOPA 

moieties, resulting in the formation of DOPA-SF adhesive[57]. DOPA-SF exhibited a higher 

adhesion performance than SF alone on various surfaces, including mica, paper, and wood. 

This suggests that the adhesion strength of SF was improved by DOPA modification. All results 

showed potential applications of these ecofriendly DOPA-silk fibroin adhesives in tissue 

sealant and cell delivery. 

DOPA post-modified mfp mimetic peptides 

Hydrogels with their ability to cure tissue defects and their non-invasive character have 

received considerable attention in tissue engineering. However, the wet physiological 

environment severely hampers hydrogels binding to the target tissue. A novel biomimetic 

mussel-inspired ε-poly-L-lysine-PEG hydrogel (PPD hydrogel) was successfully developed 

that possesses robust water-resistant tissue-affinity and anti-infection capability (Figure 2B)[25]. 

The PPD hydrogels were fabricated by incorporating dopamine into ε-poly-L-lysine-PEG 

(EPL), followed by in situ cross-linking. The high catechol content and the cooperative effect 

of the catechol-lysine pairs are close to natural mfp-5, which endows the PPD hydrogels with 

superior wet tissue adhesion properties of up to 147 kPa on wet porcine skin. The possible 

tissue adhesion mechanism is that the cationic lysine residues can replace hydrated cations 

from the tissue surface, allowing the formation of covalent bonds between catechol and various 

nucleophiles on the tissue surface. In addition, the interfacial interactions including hydrogen 

bonding, π-π interaction also makes a contribution to this high adhesion strength. This robust 

adhesion performance indicated that PPD hydrogels have very good capacity of sealing 

bleeding wounds and facilitate tissue regeneration. 

Instead of simple DOPA-functionalization, Waite and co-workers diverted their attention to 

the sequence environment around DOPA[58]. Recently, they reported mfp-3s mimetic 
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copolyampholytes with fixed catechol content while varying other structural features. The wet 

adhesion properties of copolymers were improved by altering the ratio of 

hydrophobic/hydrophilic, cationic/anionic units, and pH value. Particularly, the robust bonding 

strength of ~ 32.9 mJm-2 is 9 times higher than native mfp-3s cohesion. The isoelectric point 

of the copolymer is near neutral pH which decreases Columbic repulsion and results in strong 

cohesion between the polymer films. As a result, the balance between electrostatic interactions 

and hydrophobic interactions is of practical relevance to induce strong wet adhesion. 

Furthermore, they quantitatively determined the cohesion-interaction strength present in the 

aromatic-rich peptide films and gave insights into the importance of the interfacial cation-π 

interaction[59]. In this study, four different peptides are composed of 36 amino acids sequence 

with different aromatic residue, i.e. phenylalanine (Phe), tyrosine (Tyr), and DOPA were 

applied. The Lys-rich/Phe-functionalized films displayed high adhesion properties with 

reversible interactions, suggesting the cation-π interactions play a key role in mediating robust 

underwater adhesion. 

DOPA modified synthetic polymers 

To create an effective underwater adhesive, Wilker and co-workers carried out several studies 

with a simplified mimic of mfps, poly[(3,4-dihydroxystyrene)-co-styrene] (Figure 2C)[60–63]. 

To this end, various factors were investigated relating to the adhesion properties of the 

copolymer, including cross-linking agents, concentrations, cure temperatures, cure times, 

molar mass, and composition. The bonding strength of copolymer could reach up to ~ 11 MPa 

on Aluminum (Al) which is comparable to that of commercial cyanoacrylates in dry condition. 

Subsequently, they reported the highest strength underwater adhesive using the same 

copolymer with a different composition: ~ 22% 3,4-dihydroxystyrene and ~ 78% styrene[64]. 

The ultra-strong adhesion of poly(catechol-co-styrene) (~ 3 MPa) may be attributed to 

hydrogen bonding, metal chelation, and covalent cross-linking. 

The Messersmith group designed a reversible wet/dry adhesive by incorporating mussel-

mimetic polymers into a gecko-foot-mimetic nano-adhesive[65]. The poly(dopamine 

methacrylamide-co-methoxyethyl acrylate) (p(DMA-co-MEA)) was applied to the PDMS 

pillar array by dip coating. This novel adhesive exhibited strong yet reversible wet adhesion, 

86.3 ± 5 nN per pillar, which is nearly 15-fold higher when compared with native gecko 

adhesives (5.9 ± 0.2 nN per pillar). The strong yet reversible wet/dry adhesion on both organic 

and inorganic surfaces may be ascribe to the metal coordination bonds and covalent bonds. 

Recently, a polydopamine-clay-polyacrylamide (PDA-clay-PAM) hydrogel was developed by 

intercalating dopamine into clay nanosheets and then following in situ polymerization[66]. The 

resulting PDA-clay-PAM hydrogel exhibited moderate adhesion on hydrophobic/hydrophilic 

surfaces including glass (120 kPa), Ti (80.8 kPa), PE (80.7 kPa), and porcine skin (28.5 kPa). 

This hydrogel showed repeatable and durable adhesiveness due to the sufficient number of free 

catechol groups. The covalent and noncovalent crosslinking polymer networks induced by 

catechol moieties reinforced the mechanical properties of PDA-clay-PAM hydrogels. 

Sandcastle worm inspired complex coacervates 

Apart from the mussel adhesives, the sandcastle worm has also served as a model for 

biomimicking underwater adhesives. For reproducing the sandcastle worm’s mechanism of 
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underwater adhesion, Stewart and co-workers reported complex coacervates between modified 

gelatin and a negatively charged copolymer at basic pH. The copolymer was prepared by 

copolymerization of dopamine methacrylate and ethyl phosphate methacrylate (Figure 2D)[34]. 

Small environmental changes including metal ions, pH value, and temperature, affected the 

adhesion performance of fluid coacervate. The bonding strength varied from different metal 

ions. For instance, the lap shear tests with Mg2+ exhibited a more dramatic increase (~ 660 kPa) 

than that of Ca2+ (~ 260 kPa). Besides, the incorporation of an additional phase of the PEG 

diacrylate, PEG-dA into the coacervate phase increased the underwater bonding strength (~ 1.2 

MPa)[67]. In addition, the bonding strength increased with the increase of metal ion to phosphate 

ratio. 

Based on the above discussion, a compilation of protein-based and biomimetic adhesives is 

presented in Table 1. Genetic engineering and the biomimetic approach are the common 

strategies for the development of protein-based adhesives. To date, the adhesion strength of 

biomimetic polymer adhesives reported is as strong as commercial cyanoacrylate glue in dry 

conditions. Specifically, most biomimetic adhesives exhibit higher bonding strength than 

genetically engineered protein-based adhesives. For example, the lap shear strength of 

poly[(3,4-dihydroxystyrene)-co-styrene] is ~ 11 MPa on aluminum in dry conditions. While 

the strongest adhesion strength for genetically engineered protein-based adhesives in dry 

conditions is the complex coacervate (mfp-151/HA) with the value of ~ 3-4 MPa on aluminum. 

Similarly, the biomimetic adhesives also exhibit higher bonding strength in wet/underwater 

conditions than genetically engineered protein-based adhesives. Those differences might be 

due to the natural properties of proteins. However, the biocompatibility and biodegradability 

of genetically engineered protein-based adhesives render them more suitable candidates for 

biomedical applications. In general, strong adhesion strengths may be ascribed to various 

covalent and noncovalent interactions. The strong individual covalent bonds can link monomer 

units to a polymer chain and further crosslink polymer chains into a network, which leads to 

adhesion. Interestingly, the aggregation of noncovalent bonds can strongly increase the 

interaction among polymer chains, resulting in the formation of non-covalent polymer 

networks. The resulting adhesion is still considerable even without the formation of covalent 

bonds[68]. In most cases, catechol groups play a critical role in tuning the adhesion performance 

of protein-based adhesives. This unique property is due to internal or interfacial interactions, 

including hydrogen bonding, cation-π interactions, metal-ligand coordination bonds, and 

covalent cross-linking by forming quinones or Michael addition products. The progress on 

protein-based adhesives has a very promising perspective and continues to grow at a fast rate. 

Despite extensive research, many aspects remain unknown, for example, the adhesion 

mechanisms. In the near future, many efforts still need to be devoted to the exploitation of 

nature’s principles to develop high-performance materials with different functionalities as well 

as to fully understand and utilize the protein-based adhesives. 
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Table 1. Protein-based adhesives with their curing conditions and adhesion strength 

 

1.3. Protein-based fibers 

Biological protein-based fibers such as spider silks have attracted increasing attention due to 

their lightweight and extraordinary mechanical properties by combining high tensile strength 

with outstanding extensibility (Table 2)[69,70]. This combination renders spider silks tougher 

than most high-performance chemical synthetic fibers. In addition to the extraordinary 

mechanical properties, those fibers are identified as ideal candidates for biomedical 

applications due to their good biocompatibility and biodegradability[28,71,72]. To understand the 

mechanical properties of those protein fibers, the relationship between amino acid sequence, 

hierarchical structures, and their mechanical properties have been investigated[73]. In general, 

the hydrophobic/hydrophilic domains are arranged repetitively in the protein sequence, which 

determines the mechanical properties of the fibers. The polyalanine in the hydrophobic region 

is responsible for the high tensile strength[74,75]. The hydrophilic glycine/proline-rich regions 

facilitate hydrogen bonding between crystalline β-sheets to control the elasticity of the fiber[76]. 

The superior mechanical properties of silk fibers offer great opportunities to develop various 

useful biomaterials for wound stitching, tissue engineering, optics, biosensors, and drug 

delivery. 
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Mfp-CsgA SFA mica wet 20.9 mJ/m2 

mfp-1 functionalized film SFA mica Fe3+/underwater ~ 5.7 mJ/m2 

rmfp-1/MADQUAT SFA mica wet ~ 4.8 mJ/m2 

dfp-5 SFA mica underwater ~ 3.7 mJ/m2 

Mfp-151, HA lap shear aluminum dry ~ 3-4 MPa 

WIMBA (mrfp/ HA) lap shear bladder tissue underwater 0.14 ± 0.03 MPa 

Rmfp-1 lap shear aluminum Fe3+, wet ~ 200 kPa 

rMaSp1/rMaSp2 lap shear wood dry ~ 12.1 MPa 

mELYs lap shear glass dry 2.1 ± 0.5 MPa 

mELYs lap shear glass wet ~ 240 kPa 
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PAAcat- QCS-Tf2N SFA glass underwater ~ 2 J/m2 

mfp-3s mimetic copolyampholytes SFA mica wet ~ 32.9 mJ/m2 

Catechol-functionalized zwitterionic 

coacervate 
SFA mica wet 50 mJ/m2 

PEG-DOPA functionalized silk fibroin lap shear aluminum NaIO4 ~ 130 kPa 

PEG-DOPA-polylysine lap shear porcine skin 
horseradish 

peroxidase/wet 
~ 147 kPa 

poly[(3,4-dihydroxystyrene)-co-

styrene] 
lap shear aluminum dry ~ 11 MPa 

poly[(3,4-dihydroxystyrene)-co-

styrene] 
lap shear aluminum underwater ~ 3 MPa 

(poly(MOEP-co-DMA), 

poly(acrylamide-co-aminopropyl 

methacrylamide) and Ca2+ 

lap shear aluminum underwater ~ 1.2 MPa 

Sandcastle worm mimetic 

coacervate/Mg2+ 
lap shear aluminum underwater ~ 660 kPa 

P(DMA-co-MEA)/PDMS AFM - wet 86.3 ± 5 nN / pillar 
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Table 2 Mechanical properties of typical natural protein fibers compared with high-performance synthetic 

fibers[77,78] 

 

1.3.1 Strategies for the fabrication of protein-based fibers 

Natural protein-based fibers exhibit extraordinary properties but their applications are limited 

by various drawbacks, such as low amounts being available, poor modifiability, or difficulties 

in manipulating them. To overcome those limitations, many protein-based fibers have been 

produced by different approaches that can mainly be divided into two categories: regenerated 

silk fiber (RSF) and recombinant protein-based fibers (Figure 3). To prepare regenerated 

protein fibers, proteins are dissolved in different solvents and spun into fibers using various 

spinning techniques (Figure 3A)[79]. Regarding the recombinant protein-based fibers, the 

proteins are produced by genetic engineering and post-treatment. The main steps include 

plasmid construction, transformation, expression, purification, and spinning (Figure 3B)[80]. 

 

Materials Density (g/cm3) Young’s modulus (GPa) Strength (MPa) Extensibility (%) Toughness (MJ/m3) 

Wool 1.3 0.5 200 5 60 

B. mori Silk 1.34 7 600 18 70 

Diadematus dragline fiber 1.3 10 1100 27 180 

Hagfish thread 1.4 0.006-0.3 200 250 - 

Elastin 1.3 0.001 2 15 2 

Nylon 6.6 1.4 5 950 18 80 

Kevlar 49 1.1 130 3600 2.7 50 

Steel 7.8 200 1500 0.8 6 

Carbon fiber (IM-8) 1.79 304 5580 1.84 25 
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Figure 3. The main two methods to produce protein-based fibers: regenerated fibers and fibers generated by 

genetic engineering protein fibers. (A) Schematic of the procedure for the production of regenerated protein fibers. 

Reproduced with permission.[79] Copyright 2007 Elsevier Ltd. (B) Bioengineered protein-based fibers using 

recombinant DNA technology through several steps, including gene cloning, transformation, expression, and 

spinning. Reproduced with permission.[80] Copyright 2016 Elsevier B.V. 

1.3.2 Regenerated protein fibers 

Although natural protein fibers such as spider silks have extraordinary properties, the mass 

production of spider silk is impractical and challenging. Therefore, regenerated protein fibers 

have been developed, in which the hierarchical structures of natural silks can be replicated. The 

preparation processes strongly affect the overall quality and mechanical properties of the 

regenerated protein fibers. The nature of the solvent and the post-spinning treatments play an 

important role to determine the stability and mechanical strength of the regenerated protein 

fibers. Generally, the processing of regenerated protein fibers requires toxic chemicals, which 

restricts their applications in biomedical fields. Currently, many efforts have been made to 

produce regenerated protein fibers using various approaches, such as solvent extrusion, 

microfluidics, and electrospinning. However, these methods are limited by several 

disadvantages, such as complicated procedures, limited scale, and the necessity of relatively 

large solvent quantities. 

Moreover, many regenerated protein fibers are brittle and have poor mechanical properties due 

to the degradation of hierarchical protein structures. Recently, Kaplan and co-workers reported 

a bioinspired approach to produce regenerated silk fibers with extraordinary mechanical 

properties while retaining the hierarchical structure of natural silks[81]. In this study, a nematic 

silk microfibril solution was produced by dissolving B. mori silkworm cocoon silk fibers with 

hexafluoroisopropanol (HFIP) (weight ratio of silk fiber: HFIP = 1:20). The regenerated fibers 

have highly viscous properties and hierarchical structures, exhibiting ultimate tensile strength, 

extensibility, and modulus equal to or even higher than 100 MPa, 20%, and 11 GPa, 

respectively. Instead of using organic solvents and harsh chemicals, they further reported 

regenerated silk fibers via a biomimetic, all-aqueous process[82]. The silk fibroin solution was 

prepared by dissolving B. mori cocoons in the LiBr solution. The regenerated silk materials 

yielded remarkable mechanical properties, with a strength of 123.6 ± 8.6 MPa and Young’s 

modulus of 4.2 ± 0.4 GPa, which approached that of cortical bone (100-230 MPa and 7-30 GPa, 

respectively). In addition, the fiber's mechanics can be improved by adding inorganic fillers, 

such as 20% nano-hydroxyapatite (HAP), resulting in a strength and modulus increase to 160.0 

± 5.9 MPa and 6.4 ± 0.7 GPa, respectively. Those strategies offer promising opportunities for 

the application in functionalized orthopedic devices. 

Moreover, whey protein isolate (WPI) was explored as a model to produce regenerated protein 

fibers. Lendel’s group used WPI as a starting point to bottom-up assemble this material into 

microfibers via a flow-assisted technique[83]. In their study, amyloid-like protein nanofibrils 

(PNFs) were produced via a double-focusing millimeter-scaled device. The curved fibrils were 

able to produce PNF microfibers at a concentration of 0.45-1.8% (w/v) and a pH ~ 5.2. 

Interestingly, the lower degree of fibril alignment associated with the curved PNFs resulted in 

a stronger microfiber with a modulus of ~ 288 MPa and an extensibility of ~ 1.5%. In addition, 
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hagfish slime threads were another platform to produce regenerated protein fibers[84]. The slime 

contains a large number of threads composed of proteins from the “intermediate filament” 

family of proteins (IFs). The lyophilized IF threads were dissolved in 98% formic acid at a 10% 

(w/v) concentration, followed by casting it into thin, free-standing films. The regenerated 

hagfish slime thread protein fibers were subsequently slowly picking up those films off the 

surface with forceps. The mechanical properties of the resulting fibers were dependent on the 

protein concentration of dope and the drawing process. The strongest fiber was achieved using 

a 10% protein dope after double drawn, exhibiting Young’s modulus of 4.2 ± 0.4 GPa, a tensile 

strength of 153.6 ± 12.2 MPa, and toughness of 19.12 ± 3.4 MJm-3, respectively. 

Although many efforts have been made to produce regenerated protein fibers, there are some 

drawbacks that limited their applications. To date, silk fibroins can be dissolved in an aqueous 

solution or organic solvent. As we know, natural silk fibers were spun from a high 

concentration of silk protein. However, when dissolving proteins in aqueous solution, for 

example in aqueous LiBr, it always needs dialysis and that process results in a dilute protein 

solution, which is an adverse effect for wet spinning due to viscosity decreasing. To avoid this 

issue, various organic solvents such as HFIP, trimethylamine (TFA), and hexafluoroacetone 

(HFA) were used to dissolve those silk proteins. Under this circumstance, the increased protein 

concentration meets the requirements for wet-spinning. However, the preparation of such 

protein solutions has some other weaknesses, such as that dissolution is a complicated process, 

high toxicity, and high manufacturing costs. Moreover, these harsh conditions denatured the 

protein structures, resulting in a decrease in fibers mechanics including tensile strength, 

Young’s modulus, toughness and extensibility. Thus, in order to develop regenerated protein 

fibers, it is important to understand the mechanism of silk fiber formation, as well as the 

relationship between structure and mechanics. 

1.3.3 Recombinant protein fibers 

In addition to regenerated protein fibers, the field of recombinant protein fibers also has 

developed rapidly in the last few decades[85,86]. To fabricate recombinant protein fibers, 

proteins produced by the genetic engineering strategy have become a promising alternative to 

natural silk proteins. Nowadays, heterologous protein expression has been achieved via several 

host systems, including bacteria[87], mammalian cells[88], and transgenic silkworms[89]. 

However, those recombinant proteins typically do not have the exact primary sequence of 

authentic fibroins. Thus, the obtained protein fibers exhibit inferior mechanical properties 

compared to native silks, which can be ascribed to the decreased molar mass and the incomplete 

domain structures. For example, most recombinant protein fibers only contained the core 

modular domains. The absence of some protein domains might lead to improper assembly or 

loss of materials properties, which severely affects the quality of the resulting fibers. Therefore, 

to fully recapitulate natural silk properties, it is essential to combine various factors, including 

protein size, amino acid sequences, protein structures, feedstock of the dope, and spinning 

process. 

1.3.3.1 Fibers spun from recombinant spider silk or silkworm protein 

Fibers spun from the proteins expressed in E coli. 



Introduction 

16 
 

To optimize and understand the relationship between protein sequence, structures, and fiber 

mechanics, scalable computational modeling tools were used to guide the rational design of 

recombinant protein fibers. Very recently, Kaplan and co-workers developed recombinant silk 

proteins based on mesoscopic dissipative particle dynamics (DPD) simulation and revealed the 

design parameters to form silk fibers[90]. They designed synthetic silk protein sequences with 

three major building blocks including ‘A’ (GAGAAAAAGGAGTS), ‘B’ 

(QGGYGGLGSQGSGRGGLGGQTS) and ‘H’ (hexahistidine fusion tag, introduced for facile 

purification, hydrophilic domain similar to ‘B’). DPD simulation suggested that the ‘A’-‘B’ 

domain ratio and protein molecular weight play a critical role in controlling fiber mechanics, 

which is also confirmed by experimental results. The recombinant silk proteins were dissolved 

in 95% hexafluoroisopropanol (HFIP) with 5% formic acid, or 9 M LiBr aqueous solution at a 

concentration of 15% (w/v). Then, the silk protein solutions were extruded to form silk fibers 

via a stainless-steel needle. The resultant fibers were outstanding silk fibers with Young’s 

moduli of around 1 - 8 GPa and tensile strengths of ~ 23 MPa. Similarly, a series of large-scale 

molecular dynamics simulations were reported by Buehler and co-workers[91]. The sequence 

from Bombyx mori silk consisting of (Gly-Ala)N or (Ala)N repeats with 6-10 residues was used 

as a model to explore the size effects of β-sheet nanocrystals in controlling fiber mechanics. 

The computational simulations showed that the size of the spider silk nanocrystals had a great 

influence on its mechanical properties, revealing a Young’s modulus of 22.6 GPa, which agrees 

with reported experimental values of 16-28 GPa[92]. 

Likewise, the protein size is a critical factor to determine the mechanical properties of protein 

fibers. Generally, the native spider silk proteins have a molar mass between 250-320 kDa. 

However, most recombinant proteins reported so far exhibit molar masses fewer than 120 kDa. 

To address this problem, Lee’s group successfully expressed native-size recombinant proteins 

(284.9 kDa) of the spider Nephila clavipes in E. coli[93]. In this study, various degrees of 

polymerization were produced, including repetitive protein units of a 16 mer, 32 mer, 64 mer, 

and 96 mer. The recombinant proteins were dissolved in HFIP and spun into fibers at a 

concentration of 20% (w/v). The results showed an improvement in the mechanical properties 

of recombinant protein fibers by increasing protein molar mass. The highest strength and 

extensibility of 96-mer fiber was achieved with up to 508 ± 108 MPa and 15 ± 5%, respectively, 

which are comparable with those of the native Nephila clavipes silk. Notably, the Young’s 

modulus of the 96-mer fiber (21 ± 4 GPa) is twofold higher than that of the native dragline silk. 

These results demonstrated that high molecular weight proteins contain more repeat units to 

increase the inter-chain and intra-chain interactions. Eventually, this improves the mechanical 

properties of recombinant protein fibers. 

Many other factors including core repeats, spinning dope condition, and draw processing have 

been investigated[28]. For instance, the optimal spinning dope conditions to produce 

recombinant spider silk were explored by Scheibel and co-workers[94]. They expressed 

recombinant garden spider (A. diadematus) MA spidroins (MaSp2 proteins) in E. coli. Long 

and homogenous fibers were spun from self-assembled and phase-separated biomimetic 

spinning dopes (BSD) at a concentration of 10-15% (w/v). Furthermore, the post-stretching 

process has an impact on the structural alignment of recombinant protein fibers, and in turn, 

improves the fiber's mechanics significantly, including extensibility and toughness. Strikingly, 
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the highest toughness (189 MJm-3) of N1L(AQ)12NR3 fibers spun from BSD was even slightly 

exceeded the toughness of natural spider silk fibers. 

Fibers spun from proteins expressed in mammalian cell 

Expressing silk proteins with high molar mass is often limited by the truncated synthesis in E. 

coli. To overcome this limitation, a mammalian cell system was used to express two spider 

dragline silk genes of A. diadematus (ADF-3/MaSpII and MaSpI), resulting in soluble 

recombinant dragline silk proteins (60-140 kDa)[95]. The high content of hydrophilic COOH-

termini increased the solubility of recombinant protein in aqueous solution. Thus, instead of 

dissolving in strong denaturing solvents, such as HFIP, ADF fibers were spun from a 

concentrated phosphate buffer saline solution of recombinant silk protein at a concentration of 

10-28% (w/v). The protein fibers exhibited a toughness of 0.850 gpd and a modulus of 110.6 

gpd, comparable with the native dragline silks. In addition, the post-spinning draw process 

affects the mechanical properties of the recombinant protein fibers. The mechanical properties 

of double-drawn fibers were superior to those of single-drawn fibers due to the increased 

molecular orientation. 

Fibers spun from proteins expressed in transgenic silkworms 

Furthermore, Tamura and co-workers reported the mass production of fluorescent recombinant 

silks using transgenic silkworms[96]. The fluorescent proteins fused with N-/C-terminal 

domains of the silkworm fibroin H chain were expressed in transgenic silkworm. The tensile 

tests showed that the maximum strength and Young’s modulus of colored fluorescent silks are 

~ 360 MPa and ~ 13 GPa, which are similar to those of silkworm silk. In addition, large 

amounts of fluorescent silks can be used to make fabrics without losing color. Those behaviors 

indicated that fluorescent recombinant silks are applicable as functional silk fibers for fabrics 

and medical applications. 

So far, various heterologous hosts including bacteria, mammalian cells, and transgenic animals 

were used to produce recombinant silk proteins. Although these efforts were successful in 

producing silk proteins, none of them could be spun into fibers in a natural way. For this 

purpose, Jarvis and co-workers chose silkworms as a host to produce silk fibers[97]. Two 

transgenic silkworms encoding A2S814 with elastic [GPGGA]8 and strength inducing (linker-

alanine8) motifs were produced with piggyBac vectors. The recombinant protein was targeted 

to the silk gland with tissue-specific promoters, and the silk gland is naturally equipped to 

assemble chimeric silkworm/spider silk proteins into fibers. The composite fibers exhibited 

higher tensile strength (~ 330 MPa) than the parental B. mori silks (~ 195 MPa) and toughness 

(~ 77 MJm-3) similar to that of natural dragline spider silks (~ 80 MJm-3) under the same 

conditions. The repetitive elastic [GPGGA]8 unit of A2S814, as well as ampullate spidroin-2 

(linker-alanine8) crystalline motifs, can make a contribution to improve mechanical properties 

of composite silk fibers using the transgenic silkworm platform. 

1.3.3.2 Fibers spun from other recombinant proteins 

Aside from the most widely studied artificial spider silk and silkworms, alternatives, such as 

native hagfish slime thread, are also being explored as a promising model to produce stiff and 

tough protein fibers. Among these threads, the coiled-coil structures can be transformed into 
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extended β-sheet-containing chains upon draw-processing, resulting in protein fibers with 

impressive mechanical properties. Miserez and co-workers expressed artificial hagfish 

(Eptatretus stoutii) thread proteins, (rec)EsTKα and (rec)EsTKγ in E. coli[98]. These proteins 

were re-dissolved in formic acid and further transformed into fibers with a macroscopic β-

sheet-rich structure by a “picking-up” method. The stiffness of the draw-processed fibers was 

further enhanced by covalent cross-linking to the Lys residues, which exhibit a high elastic 

modulus of ∼ 20 GPa. 

Recently, Shoseyov and co-workers reported recombinant collagen fibers with improved 

mechanical properties, which are comparable to those reported for human patellar and Achilles 

tendons[99]. The recombinant human type I collagen encoding COL alfaI and COL alfaII, along 

with human prolyl-4-hydroxylase (P4H alfa and P4H beta), lysyl hydroxylase 3 (LH3) was 

expressed in transgenic tobacco plants. The wet spun fibers have a tensile strength of ~ 150 

MPa, a Young’s modulus of ~ 0.9 GPa, and an extendibility of ~ 20% after being hydrated. 

Additionally, the mechanical behavior of recombinant elastin fibers was also investigated. The 

recombinant protein was designed with repetitive VPGVG(VPNVG)4VPG and expressed in E. 

coli[100]. The recombinant elastin was spun into fibers using an electrospinning technique. The 

resulting fibers displayed a Young’s modulus of ~ 16.65 MPa, a tensile strength of ~ 3.00 MPa, 

and an extendibility of ~ 128%. The combination of different proteins, such as collagen, elastin, 

and resilin, was also investigated to produce protein fibers. Pepe et al. reported protein fibers, 

which were spun from the recombinant resilin-elastin-collagen-like chimeric polypeptide 

(REC) expressed in E. coli[101]. These fibers exhibited Young’s moduli of 0.1-3 MPa, which is 

comparable to those of elastin-like and resilin-like materials. 

It is difficult to implement conventional genes by manipulation and amplification of silks using 

PCR due to the repetitive nature of silk genes. Recent advances in genetic engineering 

strategies are now allowing to produce recombinant proteins, which can be spun into fibers. 

Through genetic engineering, the protein sequences and sizes can be strictly controlled to 

facilitate the design of diverse fibers with desired properties. Although many attempts to 

produce recombinant proteins in various hosts have been reported, the mechanical properties 

of the resulting fibers often do not match those of natural silks. It remains a challenge to clone 

the entirety of silk genes due to the highly repetitive nature of the protein sequences and the 

high content of specific amino acids, especially glycine and alanine. Furthermore, the yields of 

recombinant proteins are usually very low due to the precipitation and non-specific interactions 

during the purification process. Thus, the fibers spun from those recombinant proteins cannot 

fully match the natural silk fibers’ mechanics. Therefore, further efforts should be made to 

understand the relationship between fiber mechanics and hierarchical protein structures, as well 

as to improve the production yield to achieve practical applicability. 

1.4 Conclusions 

The new generation of biomaterials accommodating environmentally friendly properties and 

presenting robust mechanics is an emerging and rapidly expanding class of materials and has 

been widely applied in the field of biomedical engineering. Among the fascinating body of 

biopolymers, proteins with their unique structural and biological features are exploited 
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extensively for the design and fabrication of innovative biomaterials. Two kinds of such highly 

promising systems are man-made proteinaceous adhesives and fibers. 

Protein-based adhesives have been attracting more and more interests in biomedicine due to 

their good adhesion performance, biocompatibility, and biodegradability. However, the 

researches on fibrin glues are limited due to rather weak adhesion strength in wet conditions. 

Concurrently, cyanoacrylates and gelatin-resorcinol-formaldehyde-based adhesives 

demonstrated relatively stronger adhesion strengths compared with fibrin glues, yet exothermic 

polymerization always appears along with curing processes, involving toxic byproducts such 

as free radicals releasing. The outstanding adhesive behavior of mussels and sandcastle worms 

at aqueous environment can act as a blueprint and inspire the design of biomimetic and protein-

based adhesives. Biomimetic chemically synthesized adhesives, including catechol modified 

natural polymers, DOPA-modified synthetic polymers, mfp-mimetic polypeptides dictated by 

DOPA chemistry and sandcastle worm inspired complex coacervates, present good adhesion 

performance. In the same vein, the bonding strength of protein-based adhesives in the context 

of both cohesion and adhesion can be largely enhanced via introducing DOPA 

functionalization as well as supramolecular interactions, i.e. cation-π or π-π interactions. In 

brief, more efforts to explore the adhesion mechanisms, develop high-performance materials 

with different functionalities, and fully understand and utilize protein-based adhesives are 

highly required in the near future. 

Besides the development of protein adhesives, artificial biological fibers derived from proteins 

are important in developing lightweight and strong mechanical materials with biodegradability, 

sustainability, and other functions. These proteinaceous fibers hold grand promise in tissue 

engineering, controlled-release drug delivery system, and high-tech applications. Recently, 

recombinant and chemically regenerated proteins have been exemplified to fabricate novel 

high-performance fibers. Significant advances come from exploring the gene organization of 

spider silk and silkworms, which highlights the relationships between hierarchical structures 

and fiber mechanics. In general, the more control over structure is reached the more functions 

or mechanics can be achieved. Specifically, this might be achieved by incorporation of 

mutations at single positions within the polypeptide sequence or by fusing supercharged 

elements with other secondary structure-forming motifs including helices and β-sheets. 

However, there are still many deficiencies in the research of the interplay between protein 

structure, fiber processing, and fiber properties. One of possible solutions is to fabricate 

polypeptide materials with molecular weight as large as possible to reduce defects among the 

backbones of fiber molecules. In addition, the mass production of silk and biomimetic protein 

fibers remains a challenge. It still needs more efforts to express full-length silk genes in order 

to fully embrace the complex sequence structure. These drawbacks limit the full recapitulation 

of the significant mechanical properties of protein fibers, which stringently restrict the 

commercial applications of recombinant protein fibers due to the high financing cost and 

imprecise molar mass. Additionally, the design of new type of spinning technology to maintain 

protein structures and control molecule orientation plays an important role to improve fibers’ 

stability and mechanical performance. 

Nowadays, protein-based biomaterials are appealing materials due to their outstanding 

properties, showing promising applications including wound closure, tissue engineering, and 
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drug delivery. Many progresses have been made to produce recombinant proteins in high yield 

or modify proteins with additional functionalities, which will open the door and give new 

directions to construct protein-based biomaterials. To fully exploit the processes and 

applications of protein-based biomaterials, the relationships between the hierarchical structure 

of proteins and their material properties need to be investigated to design diverse biomaterials 

with tailored mechanics and desirable functions. 

1.5 Motivation and thesis outline 

The overall goal of the work described in this thesis was to produce protein-based mechanical 

biomaterials using bioengineered proteins as a platform. In this thesis, various biomaterials 

have been produced by relying on electrostatic interactions between supercharged polypeptides 

(SUPs) and surfactants, including SUP glues and SUP fibers. SUPs are inspired by natural 

elastin and were expressed recombinantly in E. Coli. SUPs mainly consist of repetitive 

pentapeptide sequences (VPGXG)n, in which the fourth position X represents either lysine (K) 

or glutamic acid (E). By the choice of these two amino acids positive and negative charges are 

introduced into the polypeptide backbone, respectively. A series of SUPs were produced with 

different chain lengths, including K18, K72, K108, E36, E72, and E144. The abbreviations 

denote cationic and anionic variants. The number indicates the number of charged amino acids 

within the polypeptide. Compared to recombinant proteins from the literature, those non-folded 

SUPs exhibit an extraordinary high net charge. Chapter 1 presents a brief introduction to 

protein-based biomaterials with extraordinary mechanical properties, ranging from protein-

based glues to protein-based fibers. Chapters 2, 3, and 4 focus on the fabrication and 

application of SUP glues. Chapter 5 aims to develop SUP fibers with mechanical behaviors 

that can be modulated reversibly by light. Finally, some conclusive remarks for SUP-based 

biomaterials are provided in Chapter 6. 

Chapter 2 describes a general, simple and effective strategy to fabricate SUP glue by 

employing electrostatic interactions between positively charged SUPs and anionic surfactant 

(SDBS). The adhesion performance of the resulting SUP-SDBS glue was investigated by lap 

shear strength measurements. 

In Chapter 3, the biomedical applications ex vivo and in vivo of SUP glues described in 

Chapter 2 were investigated. The non-covalent nature of the adhesive system endows them 

with additional attractive features, including biodegradability, washability, and recyclability. 

HeLa cells and mice mesenchymal stem cells (D1 cells) were cultured with SUP-SDBS 

complexes, respectively, to investigate the biocompatibility of the SUP glues. Furthermore, the 

applications for cosmetics and skin healthcare were carried out on human skin and eyelids. 

These measurements involve hemostasis, wound healing, histological analysis, and 

immunofluorescence analysis. 

In Chapter 4, we expand the scope of SUP glues with various surfactants. To mimic mussel 

foot protein adhesives, a series of DOPA-based surfactants was successfully synthesized. In 

this chapter the optimal conditions for achieving high adhesion strength, including cross-

linking agents, water content, molar mass of SUPs, etc., were investigated. Moreover, the 
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adhesion strength can be further enhanced by using azobenzene-based surfactant. Meanwhile, 

the biomedical applications of SUP glues were also investigated. Wound healing, cytotoxicity 

experiments, histological analysis, and immunofluorescence analysis were utilized to support 

the SUP glues biomedical applications. 

In addition to the investigation of SUP glues, we describe a simple strategy to fabricate SUP 

fibers in Chapter 5. This strategy allows highly positively charged SUPs to interact with 

anionic azobenzene surfactant (Azo) via electrostatic interactions. The mechanical properties 

of the resulting SUP-Azo fibers were explored by macroscopic tensile tests as well as nano-

scale AFM measurement. More importantly, the modulation of SUP-Azo fibers mechanics in 

solid bulk state by light was investigated. 

Chapter 6 summarizes the main achievements of this PhD thesis on the topic of bioengineered 

protein based materials involving SUPs. Moreover, a brief perspective of this promising class 

of biomaterials is given. 
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