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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) 

(A)

(C)(B)

Like-charged complex coacervateMADQUATRmfp-1
water
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Expressed ELP Modified adhesive ELP Crosslinkedadhesive
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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 



Chapter 1 

7 
 

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. 
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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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Abstract 

 

 

 

 

The development of biomedical glues is an important, yet challenging task as seemingly 

mutually exclusive properties need to be combined in one material, i.e. strong adhesion and 

adaption to remodeling processes in healing tissue. Here, we report a biocompatible and 

biodegradable protein-based adhesive with high adhesion strengths comparable to that of 

cyanoacrylate superglue. Unlike other glues, high adhesive strengths are achieved without the 

formation of covalent bonds during the adhesion process. Instead, a complex consisting of a 

cationic supercharged polypeptide and an anionic aromatic surfactant provides a set of 

supramolecular interactions enabling strong adhesion. 
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2.1 Introduction 

Strong adhesives in both dry and wet conditions play an important role in many technical[1–3] 

and clinical applications[4–6]. Traditionally, polymer adhesives develop high adhesion strengths 

through coating asperities and retarding the fracture of adhesive joints. This is achieved by in 

situ polymerization or cross-linking of reactive monomers that form permanent, non-adaptive 

covalent bonds or networks[7,8]. Recently, systems based on supramolecular interfacial bond 

formation, such as catechol or host-guest motifs, were introduced[9–11]. However, they failed to 

deliver strong adhesion strengths under ambient conditions and moreover often require hard-

to-prepare or irritating components. 

Especially the latter should be avoided in glues employed in biomedicine. Additionally, 

biodegradability needs to be considered for practical applications. Biodegradability can be 

implemented into glues by the utilization of biomacromolecules as adhesive threads since they 

are degraded by body’s own processes on reasonable timescales. One example for this is wound 

healing where proteases are upregulated in the matrix microenvironment and actively degrade 

both exogenous entities and native components[12]. Several elastin-based adhesives, blood-

derived fibrin sealants, and other naturally derived adhesive matrices have been developed but 

require laborious and time-consuming pre-treatment by thermal or UV light irradiation 

protocols to prime covalent bond formation risking secondary damage to the traumatized 

tissues[13–16]. Moreover, the existing bio-glue solutions, such as protein- or polypeptide-based 

models, adhere only insufficiently to substrates (i.e. soft tissue) and/or modestly promote 

wound closure and natural healing processes[17–26]. Eventually, an ideal adhesive for 

regenerative medicine should combine biocompatibility and -degradability with high adhesive 

strength, yet still being adaptive and flexible to respond to remodeling tissues where motile 

cells dynamically change their positional and structural order[27,28]. 

To accommodate these challenges, we here present the design of a family of supercharged 

polypeptide-based adhesives for in vivo tissue engineering applications. These glues were 

formed by electrostatic complexation of cationic polypeptides and anionic aromatic surfactants 

avoiding covalent bond formation during the gluing process. A well-balanced combination of 

non-covalent bonds gives rise to ultra-high fracture strengths surpassing known protein-based 

adhesives by one order of magnitude. 

2.2 Results and Discussion 

Cationic supercharged polypeptides (SUPs) are inspired by natural elastin and were 

recombinantly expressed in E. coli[29,30]. The high net charge of SUPs is encoded in the 

pentapeptide repeat unit (VPGKG)n in which the fourth-position valine is substituted with a 

lysine residue (K) (Figure. 1A) that is protonated under physiological conditions. A series of 

SUPs with different numbers of repeating units, and thus chain lengths, including K18, K36, 

K72, K108, and K144, were produced. The digit denotes the number of positive charges along 

the polypeptide backbone (Figures. S1-S3 and Tables S1-S2). Additionally, green and red 

fluorescent proteins (GFP and mCherry) were fused to the unfolded cationic SUPs to 

demonstrate their easy functionalization with folded proteins and for facile tracing. 



Ultra-Strong Bio-Glue from Genetically Engineered Polypeptides 

30 
 

Subsequently, the anionic surfactant sodium dodecylbenzenesulfonate (SDBS), which is an 

FDA-approved surfactant for cosmetics[31], was complexed with the cationic SUPs to form the 

adhesive. For this, SUPs and SDBS were mixed in aqueous solution in a 1:1 molar ratio of 

lysine repeating unit to surfactant. As a result, the solution became turbid and after 

centrifugation a protein- and surfactant-rich liquid was obtained at the bottom of the tube (Fig. 

1B). After separation of the supernatant, the SUP-SDBS coacervates were viscous but 

plastically deformable (Figures. 1B-1C). A representative and quantitative component 

determination of the SUP-SDBS complexes was carried out by proton nuclear magnetic 

resonance spectroscopy (1H-NMR). For the K18-SDBS complex, a stoichiometry of 

K18:SDBS of 1:16 was measured, equaling a ca. 90% occupation of the positive lysine residues 

by surfactant molecules (Figure. S4). Thermogravimetric analyses (TGA) showed that the 

SUP-SDBS complexes exhibited a water content of ~42% (w/w) (Figure. S5). Moreover, the 

absence of birefringence in the K72-SDBS sample indicated its disordered molecular packing 

(Figure. S6). Small-angle X-ray scattering (SAXS) was used to investigate the average packing 

distance of the SUP-SDBS complexes (Figure. S6). Based on a rough estimation of volumes 

and comparison between TGA and SAXS experimental data, we estimate that the complex is 

composed of hydrated SUP units of ~2.2 nm thickness separated by SDBS surfactant domains 

of ~1.8 nm thickness. Besides pristine SUP chains, fusions of SUPs with proteins of different 

absorption and emission colors, i.e. GFP and mCherry, were converted into adhesives by 

complexation with SDBS, analogously to the simple peptide chains (Figure. 1C). 

 

Figure 1. Fabrication and investigation of the SUP-SDBS glue system. (A) Schematic illustration of cationic 

supercharged polypeptide (SUP) expression through genetically engineered E. coli. The polypeptide backbones 

are shown in a random coil conformation. Lysine is presented in a space-filling model in cyan and the charged 

amino-group in deep blue. A series of SUPs with different chain lengths (K18, K36, K72, K108, and K144) and 

SUP fusions with GFP and mCherry were produced. (B) The glue was prepared via electrostatic complexation of 

SUP and SDBS surfactant. An elastic, sticky thread can be stretched out just by dipping a pipette tip into the 

freshly prepared protein-rich coacervate. (C) Freshly prepared SUP-SDBS complex can be readily centrifuged for 

sediment collection (i-ii). Fluorescent SUP glues show robust adhesion behavior applied on glass surfaces and are 

deformable (iii-iv). GFP-SUP, mCherry-SUP, and a mixture of both with different emission colors were used to 

prepare adhesives (v-vi). 

After fabrication, the bulk adhesion strengths of the SUP glues were investigated by lap shear 

testing (Figure. 2A and Figure. S8). K72-SDBS and commercial cyanoacrylate glue, as a 

comparison, were applied on various substrates including glass, steel, aluminum, polyethylene 
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(PE) and polyvinyl chloride (PVC). The K72-SDBS glue adhered strongly on high energy 

surfaces (glass or metal) and exhibited fracture strengths in the range of 11.0-14.0 MPa, 

comparable to cyanoacrylate glue (Figure. 2A and Figures. S8-S9). This behavior indicates 

that rough, high-energy surfaces adhere to SUP glue strongly. This can be explained by the 

high potential of both chemical interactions and mechanical interlocking between the glue and 

the surface[32]. On low-energy surfaces (PVC or PE), the adhesion of SUP glue was reduced, 

but still as strong as cyanoacrylate, one of the strongest commercially available adhesives. It 

should be mentioned that the adhesive performance of SUP glue between two glass substrates 

was so robust that the substrate fractured before the glue failed as visualized by intact adherent 

regions. Furthermore, lap shear investigations involving K18-SDBS, K36-SDBS, K72-SDBS, 

K108-SDBS, and K144-SDBS glues indicated that the adhesion strength increased with 

increasing molar mass of the SUP (Figure. 2B and Figure. S10) and by this the adhesion 

strengths could be tuned between 3.0 and 16.5 MPa. 

 

Figure 2. Bulk adhesion behavior of the SUP glues. (A) Illustration of lap shear testing for the K72-SDBS glue 

and fracture strengths in comparison to commercial cyanoacrylate-based glue on glass, steel, aluminum, 

polyethylene (PE), and polyvinyl chloride (PVC). (B) Correlation of bulk adhesion strength measured on steel 

substrate with SUP molar masses starting from K18 and ranging to K144. (C) SUP glue lap shear testing in 

aqueous environment. Two sets of measurements were performed on steel and glass, respectively. (D) Proposed 

molecular mechanism for the strongly adhesive SUP-SDBS complexes. Different molecular interactions govern 

the adhesive and cohesive strength including electrostatic bonds, van der Waals forces, hydrogen bonds and the 

formation of π-stacking and cation-π pairs. (E) Three consecutive snapshots of the molecular simulation of 

disintegrating of SUP-SDBS complex under external force (indicated by black arrows): Here five K18 molecules 

are shown in yellow, SDBS in cyan, and sodium counter-ions as blue dots. (F) The computed data of applied 

forces under which the complex splits versus ratio of lysine to surfactant SDS (dashed line) and SDBS (solid line). 

When the ratio is 1:0.9, the force reaches a peak value in the K18-SDBS complex. 
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It is worth to note that there was no difference of adhesion properties between the pristine K-

SDBS groups and the fluorescent protein fusion variants indicating that the adhesive behavior 

can be maintained even when exogenous functional protein entities are introduced. Most 

notably, the fracture strength of 16.5 MPa of K144-SDBS was higher than any other reported 

protein-based adhesive and surpassed those by at least one order of magnitude[15,16,18,19,25,26]. 

Adhesion does not only involve rough but also wet surfaces. Hence, we investigated 

underwater adhesive strengths of SUP glues on two types of substrates (steel and glass) (Figure. 

2C and Figure. S11). The K72-SDBS glue exhibited strong adhesion with fracture strengths 

of 490 kPa and 330 kPa on steel and glass, respectively. These values are comparable or higher 

than other proteinaceous underwater adhesives reported to date[17–24]. 

Next, the mechanism for the exceptional adhesive properties of the SUP-SBDS glue was 

investigated. Since we showed that ~10% of lysine moieties within the SUP are not complexed 

by surfactant molecules, we hypothesized that these free lysine residues may contribute to the 

adhesion properties of the complexes. Therefore, we prepared SUP-SDBS complexes with 

different stoichiometry. When a lysine:surfactant molar ratio of 1:5 was chosen, for each lysine 

on average 3.3 SDBS molecules were detected by 1H-NMR measurements (Figure. S12). As 

a result, the corresponding fracture strength decreased by about one order of magnitude (Figure. 

S13) suggesting that the non-complexed free lysine contributes significantly to the overall 

adhesion performance. Complexing SUPs with a surfactant lacking the phenyl moiety (by using 

sodium dodecyl sulfate, SDS) does not result in any adhesive properties. These experiments 

emphasize the major contribution of π-stacking and cation-π interactions between the free 

lysine residues and the phenyl ring of SDBS to the adhesive properties of the bio-based glue. 

The latter interaction is known to govern adhesive systems in nature, e.g. in mussel plaque[10] 

and hence might play a pivotal role in the cohesive properties of SUP-SDBS complexes as well 

(Figure. 2D).  

The above results are quantitatively supported by all-atomistic computer simulations. 

Snapshots of equilibrium stoichiometric SUP-SDBS complexes show the formation of 

disordered nanodomains of isolated SUPs bound to each other by surfactant micelles (Figures. 

2E and S14). Splitting of the material under applied external forces (black arrows in Figure. 

2E and Figure. S16) proceeded mainly via disaggregation of hydrophobic domains of the 

SDBS due to weaker van der Waals interactions compared to electrostatic bonds. It was 

demonstrated that a maximum force is needed at ~0.9 molar ratio of SDBS to lysine (Figure. 

2F), which is in very good agreement with the experimental findings. Independent from the 

fraction of surfactants, SUP-SDS complexes disintegrated at much smaller applied forces 

(Figure. 2F) compared to complexes involving the aromatic surfactant. Thus, the presence of 

phenyl rings improves the cohesive strength of the complex via attractive π-π and cation-π 

interactions. However, repulsive interactions between lysine residues do not allow improving 

the mechanical strength of the complex upon further decreasing the SDBS concentration. 

In addition, it is likely that electrostatic interactions, van der Waals forces and hydrogen bonds 

both inside the complex and at the interface of glue and substrates contribute to the high 

adhesive performance of our systems. We reason that the non-complexed lysine of the SUPs 

could bind electrostatically to the negatively charged glass surface. Hydrogen bonds coupled 
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with coordinative interactions between SUP-SDBS and metal substrates could additionally 

increase the adhesive effect. On plastic surfaces, van der Waals forces may be a key contributor 

to the adhesion strength. 

2.3 Conclusion 

Here, we demonstrated for the first time that high adhesive strength, comparable to the one of 

cyanoacrylate superglue, can be achieved in absence of a polymerization or crosslinking 

process involving the formation of covalent bonds. Instead, an intricate set of non-covalent 

interactions establishes strong adhesion and cohesion in the dry and wet state. Adhesive threads 

were realized on various hard substrates. The fracture strength is more than ten times higher 

than for all other bio-inspired protein-based adhesives reported to date. 

2.4 Experimental section 

2.4.1 Materials 

Sodium dodecylbenzenesulfonate (SDBS) and other chemicals were obtained from Sigma-

Aldrich (Netherlands and China). The water used in this research (typically 18.2 MΩ·cm at 

25 °C) was from a Milli-Q ultrapure water system (Merck, Germany). All biochemicals for 

cloning and SUP expression, such as LB medium, salts, antibiotics as well as inducer 

compounds, were used as received (from Sigma-Aldrich) without any further purification. The 

pUC19 cloning vector, restriction enzymes, and GeneJET Plasmid Miniprep kit were 

purchased from Thermo Fisher Scientific (Waltham, MA). Digested DNA fragments were 

purified using QIAquick spin miniprep kits from QIAGEN (Valencia, CA). E. coli XL1-Blue 

competent cells for plasmid amplification were purchased from Stratagene (La Jolla, CA). 

Oligonucleotides for sequencing were ordered from Sigma-Aldrich (St. Louis, MO). Sinapinic 

Acid was used as matrix during MALDI mass spectrometry and was purchased from SIGMA. 

Other solvents used in the work are analytical grade. 

2.4.2 Molecular Cloning and SUP expression 

Cloning/Gene oligomerization 

The building blocks of the SUP genes were ordered from Integrated DNA Technologies (Iowa, 

USA). Gene and respective amino acid sequences of the monomer (K9) are shown in Figure 

S1. The SUP gene was excised from the pCloneJET vector by restriction digestion and run on 

a 1% agarose gel in TAE buffer (per 1 L, 108 g Tris base, 57.1 mL glacial acetic acid, 0.05 M 

EDTA, pH 8.0). The band containing the SUP gene was excised from the gel and purified using 

the QIAGEN spin column purification kit. pUC19 was digested with EcoRI and HinDIII and 

dephosphorylated. The vector was purified by agarose gel extraction after gel electrophoresis. 

The linearized pUC19 vector and the SUP-encoding gene were ligated and transformed into 

chemically competent DH5α cells (Stratagene, Texas, USA) according to the manufacturer’s 

protocol. Cells were plated and colonies were picked and grown overnight in LB medium 

supplemented with 100 µg∙mL-1 Ampicillin, and plasmids were isolated using the GenElute 

Plasmid Miniprep Kit (Sigma-Aldrich, Missouri, USA). Positive clones were verified by 

plasmid digestion with PflMI and BglI and subsequent gel electrophoresis. The sequences of 

inserts were further verified by DNA sequencing (GATC, Konstanz, Germany). Gene 



Ultra-Strong Bio-Glue from Genetically Engineered Polypeptides 

34 
 

oligomerization, known as Recursive Directional Ligation (RDL), was performed as described 

by Chilkoti and co-workers.1 In brief, monomer K9 was digested using PflMI and BglI from 

parent vector as one insert. A second parent vector with K9 was cut with PflMI only, 

dephosphorylated and afterwards applied as a host plasmid. Ligation between the insert 

fragment and the host vector was performed in the presence of T4 ligase at 22 °C for 1 h. 

Positive clones were verified by plasmids miniprep and gel electrophoresis. Consequently, 

doubled SUP fragments (i.e., K18) were obtained. For dimerizing K18 to K36, K36 to K72, 

and K72 to K144, a similar protocol was applied. The same holds true for the fabrication of 

K108. Therefore, K36 and K108 gene fragments were combined. 

 

Figure S1. Genes and corresponding polypeptide sequences of SUP K9 (containing nine lysine residues). 

Restriction sites flanking the insert gene are PflMⅠ and BglⅠ. 

Expression vector construction 

The expression vector pET 25b(+) was modified by cassette mutagenesis, for incorporation of 

a unique SfiI recognition site and an affinity tag consisting of six histidine residues at the C-

terminus (hence in the following sections called pET-SfiI), as described before.2 SUP fragments 

were obtained via restriction enzyme digest using PflMI and BglI from cloning vector and 

ligated into the expression vector pET-SfiI. 

For GFP-K72 and mCherry-K72 fusion proteins, the pET-SfiI was further digested with XbaI 

and NdeI, dephosphorylated and purified using a microcentrifuge spin column kit. The GFP or 

mCherry genes including the ribosomal binding site were excised from the pGFP and 

pmCherry vectors, respectively (both vectors are kind gifts from Prof. D. Hilvert, Federal 

Institute of Technology, Zurich, Switzerland) by digestion with XbaI and SacI, and the excised 

gene fragments were purified by DNA extraction from agarose gel after electrophoresis. A 

linker sequence that connects GFP or mCherry gene and the SfiI restriction site was constructed. 

Thus, pET-SfiI, the insert containing GFP or mCherry and the linker were ligated, yielding 

pET-GFP-SfiI or pET-mCherry-SfiI. To insert K72 gene, pET-gfp-SfiI was linearized with SfiI, 

dephosphorylated and purified using a microcentrifuge spin column kit. The K72 gene was 

excised from the pUC19 vector by digestion with PflMI and BglI. The excised K72 genes and 

the linearized GFP vectors were ligated, transformed into XL1-Blue cells, afterwards screened 

for containing the insert and verified by DNA sequencing. The construction of the vector 

containing the mCherry-K72 fusion was performed in an analogous manner. 

Protein expression and purification 

E. coli BLR (DE3) cells (Novagen) were transformed with the pET-SfiI expression vectors 

containing the respective SUP genes. For protein production, Terrific Broth medium (for 1 L, 
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12 g tryptone and 24 g yeast extract) enriched with phosphate buffer (for 1 L, 2.31 g potassium 

phosphate monobasic and 12.54 g potassium phosphate dibasic) and glycerol (4 mL per 1 L 

TB) and supplemented with 100 µg∙mL-1 ampicillin, was inoculated with an overnight starter 

culture to an initial optical density at 600 nm (OD600) of 0.1 and incubated at 37 °C with 

orbital agitation at 250 rpm until OD600 reached 0.7. Protein production was induced by a 

temperature shift to 30 °C. Cultures were then continued for additional 16 h post-induction. 

Cells were subsequently harvested by centrifugation (7,000 × g, 20 min, 4 °C), resuspended in 

lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl, 20 mM imidazole) to an 

OD600 of 100 and disrupted with a constant cell disrupter (Constant Systems Ltd., Northands, 

UK). Cell debris was removed by centrifugation (40,000 × g, 90 min, 4 °C). Proteins were 

purified from the supernatant under native conditions by Ni-sepharose chromatography. 

Product-containing fractions were pooled and dialyzed against ultrapure water and then 

purified by anion exchange chromatography using a Q HP column. Protein-containing fractions 

were dialyzed extensively against ultrapure water. Purified proteins were frozen in liquid N2, 

lyophilized, and stored at -20 °C until further use. 

2.4.3 Characterization of SUPs 

The concentrations of the purified polypeptides were determined by measuring absorbance at 

280 nm using a spectrophotometer due to the existence of a Trp residue at the C-terminus of 

the SUP backbone (Spectra Max M2, Molecular Devices, Sunnyvale, USA). Product purity 

was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

on a 10% polyacrylamide gel. Afterwards, gels were stained with Coomassie staining solution 

(40% methanol, 10% glacial acetic acid, 1 g∙L-1 Brilliant Blue R250). Photographs of the gels 

after staining were taken with an LAS-3000 Image Reader (Fuji Photo Film GmbH, Düsseldorf, 

Germany). The resulting stained gel is shown in Figure S2. The supercharged polypeptides 

exhibit different electrophoretic mobility according to their charge and molar mass (Table S1). 
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Figure S2. SUP samples used in this study characterized by SDS-PAGE. M, PageRuler plus prestained protein 

ladder. Lane 1-7: K144, K108, mCherry-K72, GFP-K72, K72, K36 and K18. The electrophoretic behavior of the 

SUP polypeptides with a high net charge is different from folded proteins, which usually exhibit balanced charges 

as present in the marker lane M. 

 

Table S1. General information of supercharged proteins used in this work. 

 

 

SUPs Isoelectric point (PI) Sequence Molar mass (Da) 

K18 9.35 GAGP[(GVGVP)(GKGVP)9]2GWPH6 10176 

K36 11.54 GAGP[(GVGVP)(GKGVP)9]4GWPH6 19019 

K72 11.85 GAGP[(GVGVP)(GKGVP)9]8GWPH6 36313 

K108 12.03 GAGP[(GVGVP)(GKGVP)9]12GWPH6 53870 

K144 12.16 GAGP[(GVGVP)(GKGVP)9]16GWPH6 71294 

GFP-K72 10.20 GFP- GAGP[(GVGVP)(GKGVP)9]8GWPH6 63910 

mCherry-K72 10.18 mCherry-GAGP[(GVGVP)(GKGVP)9]8GWPH6 63286 
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Protein characterization employing mass spectrometry 

Mass spectrometric analysis was performed using a 4800 MALDI-TOF Analyzer in linear 

positive mode. The protein samples were mixed 1:1 v/v with Sinapinic Acid matrix (SIGMA) 

(100 mg∙mL-1 in 70% MeCN and 0.1% TFA). Mass spectra were analyzed with the Data 

Explorer software (version 4.9). Values determined by mass spectrometry are in good 

agreement with the masses that are calculated (shown in Figure. S3 and Table S2) based on 

the amino acid sequence. 

 

Figure S3. MALDI-TOF mass spectra of the SUP samples. 

Table S2. Mass determination of supercharged proteins. *average molar mass calculated with ProtParam tool. 

#molar mass determined by MALDI-TOF mass spectrometry. 

 

 

 Mcalculated* (Da) MMS
# (Da) 

K18 10176 10162 +/- 50 

K36 19019 18975 +/- 50 

K72 36313 36348 +/- 50 

K108 53870 53858 +/- 50 

GFP-K72 63910 63963 +/- 100 

mCherry-K72 63286 63281 +/- 100 

K144 71294 71321 +/- 100 
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2.4.4 Preparation of the SUP glue 

An aqueous solution of the SUP with a concentration of ~220 μM (K18, K36, K72, K108, K144, 

GFP-K72, and mCherry-K72) was obtained by dissolving the lyophilized SUP in milliQ water. 

In a second solution made from ultrapure water, the concentration of SDBS lipid was adjusted 

to 10-20 mM at room temperature. Both solutions were combined in a 1:1 molar ratio so that 

~1 mol of surfactant equals 1 mol of lysine residues within the SUP. As a result of mixing, the 

transparent solution became cloudy because the SUP-SDBS complex segregated from the 

aqueous phase. After centrifugation, the SUP-SDBS complex sediments at the bottom of the 

vial and was separated from the aqueous supernatant. The supernatant was removed by a pipette 

and the SUP-SDBS glue material was collected. Typically, to achieve strong adhesion 

properties, a freeze-drying step of the SUP glue for 3-5 min is recommended. 

2.4.5 Characterization of the SUP glues 

The following characterizations of the SUP glue samples were done systematically. In every 

characterization, one representative sample is shown here. 

Nuclear magnetic resonance spectroscopy 

Proton nuclear magnetic resonance (1H-NMR) spectroscopy was employed to determine the 

optimal molar ratio of the two components in the SUP-SDBS system. The experiment was 

carried out by taking the short K18-SDBS complex as an example. The specific primary 

structure of the SUP, i.e. its repeating amino acid sequence (VPGKG)n, renders quantitative 

evaluation of the 1H-NMR spectra via the integration of valine’s CH3 groups possible. In the 

K18-SDBS sample, both the solutions of SUP and SDBS were mixed in an aqueous solution 

with a molar ratio of lysine to surfactant of 1:1. 

 

Figure S4. 1H-NMR measurements of K18-SDBS adhesives with a molar ratio of 1:1. 

Analysis of the stoichiometry of the K18-SDBS complex by 1H-NMR (400 MHz) in 

D2O/CD3OD. The signal of methylene protons (marked by b) in SDBS and dimethyl group of 
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Valine (marked by c) in the SUP were utilized to quantify the molar ratio of SUP and SDBS. 

If one SUP molecule can be combined with n SDBS molecules (SUP : n∙SDBS), then after 

complexation, the total number of protons (marked b + c) in K18-SDBS can be expressed as 

SUP (having 22 valine units à 2 CH3) × 6 + SDBS (having 3 CH2) × n. According to the 

integration of the protons of SDBS surfactant and SUP-SDBS in their 1H-NMR as shown above, 

we have: 

22 ∗ 6 + 5.78𝑛 = 13.66𝑛, 

where n can be determined to be 16.7. 

Therefore, SUP(K18): SDBS = 1:0.9 and the stoichiometric ratio of SDBS and lysine moiety 

is roughly 0.9:1, indicating ~10% of lysine moieties are not complexed with a surfactant 

molecule. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out using a TA Instruments Q1000 system in 

an N2 atmosphere and with a heating/cooling rate of 10 °C∙min-1. The TGA test is used to 

evaluate water content of the freshly prepared SUP-SDBS glue (here taking K72-SDBS as an 

example), collected from an Eppendorf vial (Figure. S5). 

 

Figure S5. TGA characterization of the K72-SDBS complex. After removing the supernatant, the complex was 

transferred to a specific chamber for TGA analysis. It is evident that ca. 42% water content is remaining in the 

complex. 

Structure Determination of the SUP glue 

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot. Small-angle X-ray 

scattering (SAXS) was performed by employing a conventional X-ray source with radiation 

wavelength of λ=1.54 Å and a Bruker Nano/microstar machine was used to obtain small angle 

scattering profiles, where the sample-to-detector distance was 24 cm. The sample holder is a 

metal plate with a small hole (diameter ~0.25 cm, thickness ~0.15 cm), where the X-ray beam 

passes through. The SUP-SDBS liquid sample was loaded into the hole by a pipette and was 

then sealed by kapton. The scattering vector q is defined as q = 4π∙sinθ∙λ-1 with 2θ being the 

scattering angle. 
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Figure S6. Characterization of the SUP-SDBS coacervate (here taking K144-SDBS as an example). (A) Optical 

image of the liquid and (B) the corresponding POM. No birefringence was observed in case of the K144-SDBS 

sample, indicating its disordered molecular packing. (C, D) SAXS analysis of the K144-SDBS liquid. The broad 

diffraction peak at q ≈ 4 nm-1 is due to the Kapton, which was used for sealing of the SUP-SDBS fluid sample. 

SAXS profile showed one broad diffraction peak corresponding to a d spacing of 40.0 Å. Based on a rough 

estimation of volumes and comparison between TGA and SAXS experimental data, the complex is composed of 

hydrated SUP units of ~2.2 nm thickness separated by regions containing disordered SDBS surfactant molecules 

of ~1.8 nm thickness. Scale bar: 100 µm. 

2.4.6 Mechanical characterization of the SUP glue 

Evaluation of SUP glue with TGA 

The freshly prepared SUP-SDBS complex was briefly freeze dried for 3-5 min prior to 

adhesion investigations. The water content of SUP glue before lap shear testing was 

characterized with TGA (Figure. S7). 

 

Figure S7. TGA investigation of the K72-SDBS glue before lap shear testing. The measurements show that ca. 

14% water are remaining in the SUP glue system. Inset represents the sticky behavior of SUP glue applied on two 

glass surfaces. 
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Evaluation of SUP glue with lap shear measurements 

All lap shear measurements were carried out on different substrates including steel, glass, 

aluminum, polyethylene (PE), and polyvinyl chloride (PVC). Steel/aluminum substrates (10 

cm × 0.5 cm × 0.2 cm) were sanded with 120 grit sandpaper, washed with soapy water, and 

rinsed with ethanol prior to testing. Glass, PE, and PVC substrates (10 cm × 0.5 cm × 0.2 cm) 

were cleaned with soap water, rinsed with deionized water, and dried overnight in air. After 

adding the glue onto one substrate, a second piece of substrate was then placed atop the first 

one to create a lap shear joint with an overlap area of 5 mm × 5 mm. The substrates were then 

allowed to cure 12 h at room temperature. Office clamps were used to hold the substrates 

together during the curing period. 

Lap shear measurements were carried out with an INSTRON universal material testing system 

(model 5565) equipped with a 1000 N load cell, at a rate of 10 mm∙min-1 or 40 mm∙min-1. The 

bonding strength for each trial was obtained by dividing the maximum load (kN) observed at 

bond failure by the area of the adhesive overlap (m2), giving the bonding strength in Mega 

Pascals (MPa = kN∙m-2). Each sample was tested a minimum of three times and gave the 

average value. 

 

Figure S8. Adhesion properties of SUP glue (here, K72-SDBS was taken as an example) quantified on different 

substrates, including steel, aluminum (Al), glass, polyethylene (PE) and polyvinyl chloride (PVC). Three 

individual tests were performed for each group. 
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Testing of commercial adhesives (cyanoacrylate) 

Lap shear measurements for commercial glue of cyanoacrylate as control experiments were 

also conducted using the same method. For bulk dry lap shear measurements, all samples were 

cured for 12 h. 

 

Figure S9. Typical bulk characterization of cyanoacrylate glue on different substrates as control tests, indicating 

the comparable capacities of our SUP glue with the superglue cyanoacrylate products. 
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Figure S10. Study of the influence of the molar mass of the SUP component of the glue on the adhesion behavior 

including K18, K36, K72, K108 and K144 variants. The tests were performed on steel substrates with 3-4 

individual trials for each subtype. 

Underwater lap shear measurements 

To test underwater adhesion, steel substrates were polished before performing the lap shear 

measurements. Glass substrates were cleaned with soap water, rinsed with deionized water, 

and dried overnight in air. The SUP-SDBS complex was added atop of the two different 

substrates. After adding the complex onto one substrate, a second piece of respective substrate 

was placed atop the first one to create a lap shear joint with an overlap area of 5 mm × 5 mm. 

In addition, clamps were used to hold the substrates together during the curing period. Then 

the substrates were immersed into water for 60 min. Finally, the bonding strength was 

measured as described above. 
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Figure S11. Underwater adhesion tests of SUP glues (here GFPK72-SDBS was taken as an example). The 

quantification of adhesion strength revealed values in the range of hundreds of kilopascals. This range is 

comparable to other underwater bio-adhesives reported to date. Two types of substrates (glass and steel) and three 

individual measurements for each sample were carried out. 

Proton nuclear magnetic resonance with SUP-SDBS complex in a molar ratio of 1:5 

To investigate the underlying adhesion mechanism of the SUP-SDBS glue, 1H-NMR 

experiments were performed. For this, the SUP-SDBS complex was prepared from a starting 

ratio of lysine to surfactant of 1:5. The NMR measurements revealed a stoichiometry of 3.3 

SDBS surfactant molecules per lysine within the resulting SUP-SDBS product. 

 

Figure S12. 1H-NMR measurements for SUP glue (K18-SDBS glue) prepared with a molar ratio of lysine within 

K18-SBDS as 1:5. 

The signal of methylene protons (marked by b) in SDBS and dimethyl group of valine (marked 

by c) in SUP were utilized to quantify the product molar ratio of SUP and SDBS. It was 

assumed that one SUP molecule can combine with n SDBS molecules (SUP : n∙SDBS). After 
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complexation, the total number of protons (marked b + c) in K18-SDBS can be expressed as 

SUP (having 22 valine units à 2 CH3) × 6 + SDBS (having 3 CH2) × n. According to the 

integration of the protons of SDBS surfactant and SUP-SBDS in the 1H-NMR spectra, as shown 

above, we obtain:  

22 ∗ 6 + 6.3𝑛 = 8.5𝑛 

where n equals 60. 

Thus, the stoichiometric ratio of SDBS and lysine moieties within K18 is roughly 3.3:1, 

indicating an excess of surfactant molecules being present within the complex. 

Characterization of the adhesion of the SUP glue prepared with molar ratio of lysine to 

surfactant molecule of 1:5 

To investigate the underlying mechanism of the SUP-SDBS glue, one control experiment 

involving K72-SDBS complex was carried out. For this particular experiment the K72-SDBS 

complex was prepared with a starting ratio of lysine to surfactant of 1:5. Lap shear 

measurements on steel substrates were conducted using the same method as described above. 

For bulk dry lap shear measurements, all samples were cured for 12 h. 

 

Figure S13. Adhesion characterization of K72-SDBS glue on a steel surface with glue prepared in a molar ratio 

of lysine to surfactant of 1:5. Compared to the K72-SDBS system prepared with 1:1 molar ratio, the present 

sample exhibits significantly reduced adhesion performance. The adhesion strength declined from around 14 MPa 

down to 1.8 MPa. 

2.4.7 Computer simulations of SUP-SDBS and SUP-SDS complexes 

All-atomistic simulations were conducted in NVT ensemble using GROMACS 2018 

package[33]. We used force field Optimized Parameters for Liquid Simulation – All Atom for 

simulations of peptides, surfactants, ions and TIP3P for water[34]. The integration of equations 

of motion was performed by using Verlet algorithm with time step 1 fs. The shot-range 

electrostatic and Lennard-Jones interactions were calculated with a cutoff radius of 1.2 nm. 

The particle mesh Ewald technique was used for the long-range electrostatic interactions. All 

bonds involving hydrogen are constrained using a LINCS algorithm. The velocity rescale 

temperature coupling scheme was employed for NVT ensemble at 310 K and time constant 
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0.01 ps. The cubic box size was varied from 8 nm to 25 nm depending on the number of SUPs 

in the simulations. The periodic boundary conditions were imposed in all dimensions. We used 

the pentapeptide (VPGKG)n as a repeating unit, where V is a valine, P proline, G glycine and 

K lysine, respectively. The primary amine of the lysine was protonated in all repeating units. 

The overall electric neutrality of the system is provided by OH- counterions. The terminal group 

for the peptides was hydrogen. Computer simulations were performed for K18, K36, and K72 

molecules. Fully elongated SUP molecules in explicit water and OH- counterions were 

equilibrated during 50 ns of simulation. The equilibration was accompanied by shrinkage of 

the SUPs. Then sodium dodecylbenzenesulfonate (DSBS) or sodium dodecyl sulfonate (SDS) 

molecules with different molar ratio to lysine 1:1, 0.89:1, 0.78:1, and 0.67:1 were added. They 

were homogeneously distributed throughout the simulation box. Further annealing (simulation) 

proceeded during 80 ns, which was accompanied by electrostatics-driven complexation of 

surfactant with the SUPs. Snapshots of the complexes are shown in Fig. S14. Each peptide in 

the complex looks rather single than aggregated with each other. Integrity of the complex is 

provided by surfactant nanodomain, which bind different peptides. The x,y,z-components of 

the average gyration radius of the single peptide in the complex as a function of the number of 

repeating units N = 18-72 are shown in Fig. S15. The difference in the x,y,z-components means 

anisotropy of the peptides in the complexes, especially for high values of N. For N = 72, the 

peptides are characterized by a radius of ~1 nm (thickness ~2 nm), which correlates with the 

above SAXS data (~2.2 nm). 

 
Figure S14. Computer simulations and snapshots of equilibrium stoichiometric SUP-surfactant complexes. (i) 

Complex assembled of five K18 polypeptides and 90 molecules of SDBS. (ii) Complex assembled by five 

molecules of K18 and 90 molecules of SDS. (iii) Complexes composed of five molecules of K36; SDBS molecules 

and ions are not shown. (iv) Complexes formed by five molecules of K36 and 90 molecules of SDBS. The SUP 

molecules and surfactants are shown in yellow and cyan, respectively. Sodium ions are shown as blue dots. 
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Figure S15. The x-(red), y-(blue) and z -(cyan) components of the average gyration radius of the single peptides 

in the complex as a function of the number of repeating units N. The total gyration radius is shown by black dots. 

To study the cohesion strength of the complexes, we used five molecules of K18 combined 

with different surfactants of SDBS and SDS and their different molar ration to lysine in the 

complex. Classical MD simulations were used for SUP-surfactant complexes in aqueous 

solution. Moreover, we applied the TIP3P water model. The protein and surfactant force field 

parameters were taken from OPLS-AA. The box size was 20×10×10 nm3. The complexes were 

first annealed during 100 ns of simulations. The whole system contains five K18-proteins and 

different number of surfactant molecules (90, 80, 70, 60 and 50). Forces were applied to the 

center of mass of 2nd and 4th protein in the aggregate and had a constant value (Figure. S16). 

If the value of the applied forces was not high enough for separation, the simulation was 

repeated with higher values until the splitting of the complex occurred. As a result, a row of 

isolated SUP molecules was formed, as shown in Fig. 2E. 

 

Figure S16. Simulated splitting of K18-SDBS complexes by external forces. Here, five molecules of K18 are 

complexed with stoichiometric amount of SDBS molecules. The opposite directions of forces are indicated.  
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Abstract 

 

 

 

 

Nowadays, medical adhesives are promising materials in fields like surgery, orthopedics, 

cardiology, and ophthalmology. Despite that, currently employed cyanoacrylate glues exhibit 

strong adhesion in dry conditions but shows chemical toxicity, which limits their usages. 

Fibrin-based adhesives are biocompatible and depend on the natural blood clotting process. 

However, their applications are also limited due to poor adhesion strength. In the current work, 

a biocompatible and biodegradable protein-based adhesive (SUP glue) was developed with 

high adhesion strengths comparable to that of cyanoacrylate superglue. We demonstrate the 

glue’s performance ex vivo and in vivo for cosmetic applications and accelerated wound healing 

by comparison to a commercial glue and surgical wound closure. All those promising results 

render SUP glue an ideal candidate for applications in biomedicine and further translation into 

the clinic. 
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3.1 Introduction 

Currently, suture materials including sutures, staples, and wires are the most commonly used 

materials for wound adhesion and closure[1,2]. However, those traditional methods often lead 

to wound infection and additional trauma requiring new approaches circumventing these 

issues[3]. Therefore, it is of interest to develop biomaterials that can supplement or replace the 

traditional suture materials in surgical procedures. As potential alternative for wound healing, 

sealing, and hemostasis, medical adhesives have received tremendous attention[4–6]. These 

medical adhesives can be categorized into two groups: biological glues (e.g. fibrin[7,8], 

gelatin[9,10], or mussel adhesion proteins[11–14]) and synthetic adhesives (e.g. cyanoacrylate[15], 

polyurethane[16], or polyethylene glycol[17]). Significant efforts have been made to develop 

medical adhesives, but none of them is widely used so far due to several limitations. Biological 

glues are biocompatible and are exploited as wound dressing but they exhibit relatively poor 

adhesion strength.[18] Synthetic adhesives, on the other hand, suffer from weak adhesion on wet 

surfaces, potential toxicity, and low biocompatibility. Therefore, it is necessary to develop new 

biomaterials that can meet the increasing demand for more effective and biocompatible medical 

adhesives. 

To date, it’s a challenge for medical adhesives to maintain their adhesion strength in wet or 

underwater conditions as the environment of the human body is humid and consists of ~60% 

water. In addition, many other aspects should be considered for developing medical adhesives 

including toxicity, immune response, stability under physiological conditions, rapid curing 

without excessive heat generation, and biodegradability. Protein-based adhesives are 

increasingly favored by researchers due to their good biocompatibility and low 

immunogenicity, while synthetic adhesives cause inflammatory responses and are potentially 

toxic[19,20]. To this end, protein-based adhesives are promising potential candidates for these 

biomedical applications. 

Herein, we investigated the bioengineered protein-based adhesive derived from SUPs and 

described in the previous chapter for its suitability as glue ex vivo and in vivo. The structural 

and biological properties of proteins afforded SUP glue with high biocompatibility and 

biodegradability. Importantly, SUP glue exhibited low cytotoxicity under different 

concentrations. As a result, external skin wounds and internal organ defects were sealed quickly 

and at the same time wound healing was accelerated. Those attractive features of the SUP glue 

render it a promising material for surgical applications. 

3.2 Results and Discussion 

The non-covalent nature of the adhesive system endows the SUP-SDBS complex with 

additional attractive features. Firstly, the glues are biodegradable, washable, and recyclable. 

We showed that after enzymatic treatment with proteinase K, the SUP component of the glue 

was digested as confirmed by gel electrophoresis (Fig. S1 and S2). Moreover, SUP glue applied 

on substrates could be completely removed when treated with water. Afterwards, the 

polypeptide material was recovered and adhesive properties were regained demonstrating the 

recyclability of the glue. It was found that the regenerated SUP-SDBS complex exhibited the 

same adhesion strength as the original, non-recycled batch (Fig. S3 and S4). 
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Furthermore, the biocompatibility of the SUP glues was investigated. We cultured HeLa cells 

in the presence of different concentrations of K72-SDBS. Without significant deviation from 

the control group, the cell viability remained higher than 90% after 24 h in all experiments (Fig. 

S5 and S6). Moreover, mice mesenchymal stem cells (D1 cells) were encapsulated into the 

SUP glue matrix for 3D culturing. Most D1 cells remained alive in the SUP gels after culturing 

for 7 d as imaged via fluorescent live/dead cell staining employing confocal laser scanning 

microscopy (Fig. S7). 

Motivated by the extraordinary performance and non-toxic nature, we investigated the SUP 

glue’s suitability for biomedical applications ex vivo and in vivo. The quantitative evaluation 

of adhesion on skin or organs is intrinsically challenging due to wet conditions in combination 

with complex as well as irregular geometries and surfaces. We used SUP-SDBS complexes to 

glue two pieces of porcine skin together (Fig. 3.1A). With these samples, uniaxial extension 

testing was performed by recording the corresponding force-extension curves. A peak force of 

110 mN with F∙w-1 = 22 N∙m-1 was measured – a value comparable to covalently cross-linked 

adhesives on soft tissues reported in the literature[21]. Additionally, proof-of-concept adhesive 

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

shown in Fig. 3.1B, a plastic paraffin film coated with SUP glue was firmly applied to skin on 

the arm. The SUP glue combines strong adhesion and deformability, rendering it particularly 

suitable for transdermal drug delivery, wearable device assembly, or wound dressings. 

Furthermore, the SUP glue was applied to the skin of the eyelid to achieve a reversible creased 

upper eyelid effect. This cosmetic transformation is very popular in Asian culture why even 

surgical interventions are undertaken to transform single-eyelid to double-eyelid 

appearance[22,23]. In this context, SUP glue might be useful to reduce ptosis and sagging skin, 

to recover peripheral vision, and to circumvent blepharoplasty[24–26]. Importantly, the adhering 

effect of SUP glues on skins endures more than two days, meanwhile being readily cleaned 

with water owing to the non-covalent and reversible chemical adhesion mode. 

Subsequently, the hemostatic properties of SUP glues were investigated in vivo (Fig. 3.1C). 

Firstly, an incision of l×h×w = 2×1×0.5 cm was performed on the back of a rat. Hereafter, K72-

SDBS and GFP-K72-SDBS glues were applied on those hemorrhaging skin defects as sealants. 

The wounds were sealed 10 s after the glues were applied, confirming the hemostatic properties 

of the SUP glues (Fig. 3.1C). Beyond functioning in the context of external skin defects, SUP 

glues exhibited tissue adhering and hemostatic properties internally on a bleeding rat liver (Fig. 

3.1C). 
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Figure 3.1. Applications of SUP glue dealing with skin adhesion and wound hemostasis. (A) Pre-clinical ex vivo 

adhesion model with SUP-glue on porcine skin. Fluorescent GFP-K72-SDBS glue was employed for tracing of 

the glue. (B) SUP glue on parafilm pasted on skin of the arm exhibiting strong adhesion and good conformability 

(upper left); SUP glue applied on a single eyelid (upper right) to achieve a double eyelid effect (lower right), and 

reversal of the effect after stretching (lower left). (C) Bleeding wounds on rat skin (left) and liver (right) treated 

with SUP glue. The skin wound was sealed inducing hemostasis. The second skin wound was treated with 

fluorescent GFP-SUP glue for tracing at the 9th day. SUP glue induced blood ceasing on rat liver (right). Yellow 

box indicates pasting position on the liver. Scale bars: 10 mm (black) and 50 mm (white). 

In addition, a systematic in vivo evaluation of wound healing was performed employing a rat 

model with customized linear incisions and round openings (Fig. 3.2A and S8). Four different 

animal groups for wound treatment were applied including (i) a blank without treatment, (ii) 

suture closure, (iii) commercial medical adhesive COMPONT®, and (iv) SUP glue. In the 

group (iv) treated with SUP glue, the wound was tightly sealed after the SUP glue was adjusted 

to the dynamic environment of the incision. The healing progress was evaluated quantitatively 

over 8 d (Fig. 3.2B). After 5 d, a significant increase of repaired wound area was detected for 

the SUP glue compared to the other groups, demonstrating the capacity of the SUP glue for 

regenerating skin. On day 8, the scar was almost invisible for the rats treated with SUP glue 

(4% wound area left), outperforming the commercial medical adhesive. A similar trend was 

observed in a study involving injury dressing of round wounds (Fig. S8). From these 

experiments one can conclude that the SUP glue is actively facilitating hemostasis and sealing 

wounds of different geometries. In stark contrast to suture closure and commercial chemical 

adhesives, the SUP glue with its biodegradable nature and supramolecular bonding might 

accustom well to dynamics of matrix and tissue, which might explain accelerated healing and 

regeneration of skin defects[27,28]. 
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Figure 3.2. SUP glue facilitates wound sealing and tissue regeneration in vivo characterized by histological 

investigation of rat skin tissue in an 8 d post-wounding process. (A) Different treatments for wound healing. (i) 

blank-no treatment, (ii) suture closure, (iii) commercial medical adhesive COMPONT®, and (iv) SUP glue. Scale 

bar: 10 mm. (B) Quantitative analysis of SUP glue treatment over time monitoring the wound closure area. Three 

trials were performed for each treatment. Statistics (P value) were evaluated by t-test (p-value: 0.0003). (C) 

Histological investigation: H&E staining to investigate tissue regeneration. (D) Masson’s trichrome staining to 

show collagen recovery in the wound area. (E) Red immunofluorescent staining as indicator of the level of IL-6. 

(F) Green immunofluorescent staining revealing the level of TNF-α. Scale bar: 100 µm. 

Histological analyses applying Hematoxylin and Eosin (H&E) as well as Masson’s trichrome 

staining were utilized to analyze the regeneration of healed skin tissue. H&E staining showed 

formation of new blood vessels and abundant follicle and sebaceous glands in the group treated 

with SUP glue while the recovery of control group tissues was inferior (Fig. 3.2C and S9). 

Masson’s trichrome staining revealed that there was more collagen deposition when treated 

with SUP glue (Fig. 3.2D and S10) than for the other treatment groups. On top of blood leakage, 

inflammation is another fatal consequence of severe wounds. Therefore, the efficacy of SUP 

glue to prevent injury-associated inflammation was assessed via immunofluorescence analysis. 

In this regard, pro-inflammatory cytokines including interleukin-6 (IL-6) and tumor necrosis 

factor-α (TNF-α) were measured. Obvious pink fluorescence related to IL-6 was detected in 

control groups (i), (ii), and (iii), indicating a severe inflammatory response in the wound areas 

(Fig. 3.2E and S11). Moreover, for the same control groups, green fluorescence was recorded 

suggesting high levels of secreted TNF-α (Fig. 3.2F and S12). In stark contrast, the wounds 

treated with SUP glue did not show these signs of inflammation. Interestingly, when GFP-SUP 

glue was used for the experiments, no GFP signal was detected in wound areas at the seventh 

day, which is a strong indication for the in vivo biodegradability of the glue (Fig. S12). 

Therefore, the degradation of the SUP backbone into body’s own amino acid building blocks 

might be important for the comparatively low immunogenicity and remodeling of matrix and 
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tissues. This is an attractive feature of the SUP glue for accelerating wound healing and 

especially promising for future surgical applications. 

3.3 Conclusion 

In this study, we reported SUP glues with high adhesive strength, which is comparable to 

cyanoacrylate superglue. The supramolecular buildup of cationic supercharged polypeptides 

complexed electrostatically to aromatic surfactants endows the SUP glue with washable, 

recyclable, and biodegradable properties. This unique set of features renders the material 

perfectly suited for cosmetic skincare applications and as an in vivo bio-glue enabling tissue 

regeneration after surgical interventions. The outstanding in vivo performance was highlighted 

by wound-healing studies characterized by fast hemostasis, avoidance of an inflammatory 

response, and accelerated healing. 

3.4 Experimental section 

3.4.1 Materials 

Sodium dodecylbenzenesulfonate (SDBS) and other chemicals were obtained from Sigma-

Aldrich (Netherlands and China). The water used in this research (typically 18.2 MΩ·cm at 

25 °C) was from a Milli-Q ultrapure water system (Merck, Germany). All biochemicals for 

cloning and SUP expression, such as LB medium, salts, antibiotics, and inducer compounds, 

were used as received (Sigma-Aldrich) without any further purification. The pUC19 cloning 

vector, restriction enzymes, and GeneJET Plasmid Miniprep kit were purchased from Thermo 

Fisher Scientific (Waltham, MA). Digested DNA fragments were purified using QIAquick spin 

miniprep kits from QIAGEN (Valencia, CA). E. coli XL1-Blue competent cells for plasmid 

amplification were purchased from Stratagene (La Jolla, CA). Oligonucleotides for sequencing 

were ordered from Sigma-Aldrich (St. Louis, MO). Alpha-cyano-4-hydroxycinnamic acid was 

used as matrix during MALDI mass spectrometry and was purchased from Thermo Scientific 

(Waltham, MA). All SUPs were expressed according to previous work[29,30]. Animal 

experiments and human skin adhesion experiments agreed with the guidelines of the Regional 

Ethics Committee for Animal and Clinical Experiments of Jilin University Institutional Animal 

Care and Use and the Second Hospital of Jilin University, respectively. Other solvents used in 

the work are analytical grade. 
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3.4.2 Biodegradability and recyclability of the SUP glue 

Biodegradation behavior of the SUP glue 

 

Figure S1. Degradation experiment of the SUP glue (here K144-SDBS was taken as an example). Images on the 

left side show that the SUP glue, prior to enzymatic treatment, formed a gel with opaque appearance within the 

Eppendorf vial. After the proteinase K digest, the SUP glue dispersion became transparent and formed a liquid as 

can be recognized when inverting the vial. 

 

Figure S2. Degradability test of the SUP glue (K144 glue). Lane 1 and Lane 3 represent recombinant K144 

expressed by E. coli. Amount of K144 in Lane 3 is one half of that in Lane 1. Lane 2 shows the digestion products 

of the K144-SDBS complex treated with 0.1 mg∙ml-1 of Proteinase K at 37 °C for 6 h. M, Fermentas prestained 

protein ladder. 

Water cleanability of the SUP glue 

 

Figure S3. The SUP glue (here GFP-K72-SDBS was taken as an example) can be easily cleaned. The photo on 

the left represents a PE substrate pasted with GFP-K72-SDBS glue. After cleaning with water, the substrate shows 

a glue-free surface (right photo).  
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Recyclability of the SUP glue 

 

Figure S4. The recyclability experiments of SUP glues. (A) The photos show the SUP glue (GFP-K72-SDBS) on 

polyethylene (PE) is recovered with H2O. Pure water is firstly applied on the surface of a fractured glue substrate. 

It can be subsequently collected, as the middle picture indicates. Thereafter, the recovered glue is re-applied on 

the surface of substrates for a second test (lap shear characterization). (B) Comparison between the original and 

recovered K72-SDBS glues on PE surface. The lap shear measurements indicate that the recovered glue sample 

is as strong as the original one. Statistical analysis further confirms that there is no significant difference of 

adhesion strength in the original and recovered groups. n.s.: no significant difference. 

3.4.3 Cytotoxicity Evaluation of the SUP Glue 

Both cytotoxicity of SUPs and SUP-SDBS complexes were evaluated. XTT cell viability assay 

was used for biocompatibility test of K72-SDBS (Fig. S21). Briefly, 5×103 HeLa cells per well 

were seeded in a 96 well plate and grown overnight. Various concentrations of K72-SDBS 

complex immersed in 100 µL culture medium (DMEM with 10% FBS) were incubated with 

the cells for 72 h at 37 °C, 5% CO2 (in triplicate). 50 µL of XTT solution mixed with PMS was 

added to each well, afterwards the plate was incubated for 2 h. Absorbance at 450 nm and 630 

nm was recorded. 

CellTiter-Glo cell viability assay was used for cytotoxicity test of SUPs. HeLa cells were 

seeded as above. K144, K108, K72, K36 and K18 at various concentrations dissolved in 100 

µL culture medium (DMEM with 10% FBS) were incubated with cells for 72 h at 37 °C, 5% 

CO2 (in triplicate). 100 µL CellTiter-Glo Reagent was added to each well with 2 min mixing 

and 10 min signal stabilization time at room temperature. Then luminescence was recorded 

(Fig. S22). Statistical analysis was performed using t test with GraphPad Prism 7.0 program. 
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Figure S5. Cell viability measurements carried out with different concentrations of K72-SDBS complex ranging 

from 1 to 200 μm using HeLa cells. The control group comprises cells that were treated with culture medium. 

 

Figure S6. Evaluation of cytotoxicity of the SUPs with HeLa cells. The measurements indicate that the cell 

viability is not affected by the addition of SUPs at a concentration as high as 100 µg∙mL-1 (blue columns), which 

is also consistent with our previous investigation[31]. Data is shown as mean with standard deviation. Three 

individual tests were carried out for each subgroup. 

3.4.4 Stem cell encapsulation in the SUP glue 

D1 cells were ordered from ATCC (American Type Culture Collection). General culture 

methods follow the provider’s protocol[32]. In brief, DMEM medium containing 10% FBS and 

1% penicillin/streptomycin was applied for the cell culture at 37 °C with 5% CO2. Renewal of 

fresh media was performed at an interval of 3 d. 100 nmol of K72 solution (in 100 μL ultra-

pure H2O) and 7200 nmol SDBS lipids (100 μL in ultra-pure H2O) were mixed thoroughly in 

a 1.5 mL sterile Eppendorf tube, thereafter 10,000 cells were seeded and re-suspended quickly 

into the SUP-SDBS glue. The tube, containing SUP glue and cells, was centrifuged with 800 

rpm for 5 min, and the supernatant liquid was removed after centrifugation. The soft sediment 

was transferred into a 96-well plate for 7 d culture. Prior to imaging, the matrix was pre-stained 

and co-cultured with chemical dyes (2 μM) of carboxyfluorescein diacetate succinimidyl ester 
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and ethidium homodimer-1 at 37 °C for 30 min. Afterwards, living cells in the matrix were 

imaged by confocal laser scanning microscopy (CLSM, Fig. S7). The carboxyfluorescein 

diacetate succinimidyl ester is non-fluorescent. When its acetate groups are cleaved by 

intracellular esterases of the living cells, the dye becomes fluorescent with excitation at 490 

nm and emission at 520 nm. The ethidium homodimer-1 (EthD-1) is an indicator with high-

affinity of nucleic acid. It is weakly fluorescent until bound to DNA and emits red fluorescence 

(excitation/emission ~528/617 nm). The imaging set-ups and protocols were prepared as 

recommended by the manufacturer and literature[33]. 

 

Figure S7. 3D encapsulation of mice D1 stem cells within the SUP glue matrix characterized by CLSM at day 7. 

The fluorescence stems from live/dead cell staining (green/red, respectively). Scale bar: 50 μm. 

3.4.5 Ex vivo adhesion model tests on porcine skin and human eyelids 

Fresh and clean porcine skin was cut into pieces with dimensions of 10×0.5×0.2 cm. SUP glue 

(GFP tagged for easy tracking) was applied on the surface of the skin. After adding the glue 

onto one piece of the sample, a second one was placed atop the first one to form a lap shear 

joint with an overlap area of 5×5 mm. The substrates were then allowed to cure for 10 min at 

room temperature. Office clamps were used to hold the skin substrates together during the 

curing period. The lap-shear mechanical characterization was performed similarly as in the 

protocol detailed in Chapter 2. The study protocol for producing double eyelids was approved 

by the Ethic Committee of the Second Hospital of Jilin University. A male volunteer with 

single eyelid was used for this study. 5-10 mg of SUP glue were applied on one of the upper 

eyelids. A crescent-shaped double eyelid of 1.5 cm length was formed in less than 60 s curing. 

Stretching the adhered region clearly showed that the skin of the eyelid firmly stuck together 

(Fig. 3.1B), indicating robust and efficient adhesion of SUP glue on human skin. The artificial 

double eyelid was maintained in its shape for up to 48 h. Besides, a pilot test on the cleaning 

of SUP glue in the eyelid region was performed. The glue can be removed readily with 

excessive amount of water (5 mL applied on cellulose tissue), which is consistent with in vitro 

data in Fig. S3 and Fig. S4. 

3.4.6 In vivo linear wound hemostasis and healing 
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In vivo skin wound sealing and healing: linear wounds were produced by a scalpel with 

dimension of l×h×w = 2×1×0.5 cm3 to evaluate the effect of SUP glue on wound sealing and 

healing of rat skin. Animal experiments were approved by Jilin University Institutional Animal 

Care and Use unit. Healthy female wistar rats (180-200 g) were purchased from Beijing HFK 

Biotechnology Ltd. First, the rats were randomly divided into 5 groups (n = 3) and anesthetized 

with chloral hydrate (10 wt.%). After 10 min, the rats were completely anesthetized. The back 

areas of rats were depilated with VEET hair removal cream and disinfected with 75% 

disinfecting EtOH. The wounds formed by a scalpel, except the untreated control group, were 

treated with SUP glue, saline, suture, and medical adhesive COMPONT®, respectively. 

Thereafter, each group of the rats was individually housed. The photographs of the wounds 

were taken with a digital camera every day. Then, the rats were euthanized, and fresh portions 

of the wound site from each rat were harvested rapidly at the 9th day. Then, they were fixed in 

neutral buffered formalin (10%). After that, the samples were dehydrated using grades of EtOH 

(70%, 80%, 90%, 95%, and 100%). Lastly, the samples were impregnated with molten paraffin 

wax, embedded, and blocked out. The tissue sections were cut into 2-4 μm thickness and 

mounted on the glass slides. The hematoxylin and eosin (H&E) staining, Masson’s trichrome 

staining, and immunofluorescent staining with Interleukin-6 (IL-6) and tumor necrosis factor-

 (TNF-α) were performed with protocols as described in literature[34,35]. The photographs of 

stained sections were taken by using an optical microscope (Nikon, Japan). 

In vivo liver wound hemostasis: healthy rats with the weight of 180 g (three rats for one trial) 

was randomly chosen and was anesthetized with chloral hydrate (10 wt.%). After 10 min, the 

rats were completely anesthetized. The abdomen and chest of the rats were disinfected with 75% 

disinfecting EtOH. Then, the chest of rats was opened, and surface of the heart and the liver 

were exposed. The liver of the rats was punctured to bleed with a needle (1.2 mm diameter). 

SUP adhesive was rapidly applied to the sites of the punctures. The video of the process of 

ceasing bleeding was recorded with camera. 

3.4.7 In vivo round-shape wound dressing test 

We induced wounds of round shape and a diameter of 10 mm on the back of rats with a specific 

puncher. After 6 d, excellent wound repair and skin regeneration was detected for the SUP-

glue group compared with saline, cyanoacrylate, and no treatment groups in Fig. S8. These 

results were supported by histopathologic analysis which were performed in the 7th day (Fig. 

S9). There were many new blood vessels formed and abundant granulation was detected in 

tissue treated with the SUP glue. Moreover, we performed Masson’s trichrome staining. There 

was more mature and compact collagen content in the group of SUP glue compared to other 

control groups shown in Fig. S10. Interleukin-6 (IL-6) and tumor necrosis factor- (TNF-α) 

were used to characterize the level of infection. The data not only indicate the anti-

inflammatory effect of SUP glue, but also prove its good biodegradability because almost no 

GFP signal was detected in the experiments performed with GFP-K72-SDBS (Fig. S11-S12). 
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Figure S8. Overview of in vivo wound dressing effects with different treatments. (A) Representative results of 

wound dressing on rats using different glue materials, including no treatment group, cyanoacrylate group, saline 

group as well as SUP glue (K144-SDBS) group. In the time course of six days, SUP glue actively accelerates the 

healing of round-shaped wounds. The experiments were performed in triplicate (n = 3) within each group. Scale 

bar: 10 mm. (B) The quantification of wounded areas in the course of curing. The SUP glue group has a significant 

difference compared with the control groups. The statistical analysis was performed with t-test and the p-value is 

0.0173 between saline group and SUP glue group. 
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Figure S9. Histological analysis (hematoxylin and eosin stain, H&E stain) of round-shaped wounds sealed with 

different dressing agents. There are some new blood vessels and abundant granulation of tissue in the SUP glue 

group, indicating good wound repair and skin regeneration. Scale bar: 100 µm. 

 

Figure S10. Histological analysis (Masson’s Trichrome stain) of round-shaped wounds sealed with dressing agent 

K72-SDBS glue. There was abundant, mature and compact collagen content (blue regions) in the group of SUP 

adhesive. F, follicle; S, sebaceous gland. Scale bar: 100 µm. 
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Figure S11. Red immunofluorescence as indicator of the level of the pro-inflammatory cytokine IL-6. There was 

much less IL-6 expressed in the group treated with the SUP glue compared to the other samples. This is indicative 

for few signs of inflammation as compared with the other control groups. Scale bar: 100 µm. 

 

Figure S12. Characterization of the level of pro-inflammatory factor TNF-α (in green). The results not only 

indicate the anti-inflammatory effect of SUP glue (here GFP-K72-SDBS and K144-SDBS were taken as 

examples), but also suggest its good biodegradability due to almost non GFP signal detected in the SUP glue test 

groups. Scale bar: 100 µm.  
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Abstract 

 

 

 

 

Synthetic adhesives are applied in biomedicine and in an industrial context. Despite the 

tremendous achievements made so far, the formation of covalent bonds initiated by exothermic 

polymerization or ultraviolet irradiation in commercial glues results in a series of disadvantages 

for wound sealing and healing, including decreased bonding strength in hemostasis, toxicity, 

inflammatory response, and tissue necrosis. Therefore, it remains a challenge to design and 

synthesize new types of biocompatible and biodegradable adhesives in which covalent bonding 

can be avoided in the process of adhesion and the bonding strength can be improved based on 

the synergistic effect of cohesion and adhesion. Here, we report a facile approach to develop 

bioengineered protein adhesives that exhibit robust adhesion both in dry and wet conditions. 

The adhesives are fabricated by relying on electrostatic interactions between supercharged 

polypeptides (SUPs) with opposite charged surfactants containing DOPA or azobenzene 

moieties. By varying diverse supramolecular interactions, the cohesion and adhesion behaviors 

of the SUP-surfactant adhesives were modulated and the bonding strength reached up to 13.51 

MPa, which is higher than that measured for commercial cyanoacrylate super glue. 

Furthermore, in vitro and in vivo experiments demonstrate that the SUP glues are biosafe and 

suitable for wound sealing and healing. These results render this new type of biological 

adhesive a promising candidate for surgical applications. 
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4.1 Introduction 

The development of strong adhesives has found wide applications in many high-tech fields[1–6] 

and significant efforts have been devoted to develop high-performance synthetic adhesives 

including cyanoacrylates[7–9], polysaccharides[10–12], epoxies[13], polyurethanes[14], polyvinyl 

acetates (PVAc)[15], and phenol-formaldehydes (PF)[16]. Despite the considerable achievements 

made with these glues, those adhesives do not fully meet the requirements for medical 

adhesives and exhibit many limitations when applied in biomedicine. For instance, 

cyanoacrylate exhibits weak adhesion on tissue and suffers from non-degradability and 

potential toxicity[9]. In addition, commercial glues may cause an acute inflammatory response 

or tissue necrosis due to heat generation during curing. Thus, it is necessary to develop 

biocompatible and biodegradable adhesives with strong adhesion both under dry and wet 

conditions. Biomacromolecular adhesives have attracted tremendous attention as promising 

materials for tissue engineering and wound healing[17]. However, UV irradiation or chemical 

reactions are required to induce crosslinking for those adhesives, which may lead to secondary 

damage to already traumatized tissues. Furthermore, these adhesives degrade very slowly 

during wound healing processes, which prevents the migration of dynamically motile cells and 

inhibits the remodeling of extracellular matrix microenvironment, thus slowing down wound 

healing. On the other hand, fibrin-based adhesives are biocompatible but their applications are 

still restricted by their relatively low bonding strength[18]. Therefore, to overcome these 

deficiencies and surpass the conventional routines to produce adhesives, it is necessary to 

develop a novel strategy to generate strong biological adhesives in which covalent bond 

formation or crosslinking are avoided in the adhesion process. 

The continuous need for novel adhesives has turned our attention to nature. Currently, 

supramolecular interactions present in biomacromolecules including electrostatic-, π-π-, 

hydrogen- and van der Waals bonds could offer a more biocompatible alternative to generate 

a dynamic polymeric network for adhesion. A representative example is the exploration of 

underwater adhesion generated by many marine creatures, such as mussels and sandcastle 

worms. Mussels and sandcastle worms can attach strongly on both organic and inorganic wet 

surfaces due to the diverse interaction modes of the 3,4-dihydroxylphenylalanine (DOPA) 

binding motif[19–25]. Although strategies have been developed to design mussel-inspired 

adhesives, their applications in tissue engineering are still limited due to their relatively weak 

adhesion strength or insolubility in water[26–32]. Thus, it is a challenge to develop alternative 

protein-based adhesives with high bonding strength induced by multiple supramolecular 

interactions. For this purpose, cohesion (intermolecular attraction between adhesive molecules) 

and adhesion (interaction between adhesives and substrate) of a glue play an important role to 

achieve strong adhesion. Regarding adhesion and cohesion, some of the reported mussel-

mimicking polymers have been examined in order to fabricate glues with substantial bulk 

strength[33]. However, a systematic study of adhesion and cohesion properties on the adhesive 

bonding strength was rarely reported. Thus, it is important to tailor the effects of cohesion and 

adhesion based on molecular design for creating ultrastrong biological adhesives. 

Herein, we report a new type of bioengineered protein adhesive with robust adhesion, 

biocompatibility, and biodegradability. The adhesives are fabricated by relying on electrostatic 
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interactions between supercharged polypeptides (SUPs) with biomimetic synthetic surfactants. 

The synergistic cooperation of catechol chemistry together with electrostatic interactions 

improve the cohesion and adhesion properties, resulting in a superior adhesion performance of 

the SUP-surfactant glues compared to commercial cyanoacrylate superglue. Furthermore, in 

vivo experiments suggest that the SUP glue is suitable for wound sealing and skin regeneration 

without any signs of presence of inflammatory cytokines. All those properties render the SUP-

surfactant adhesives promising biomimetic materials for surgical applications. 

4.2 Results and discussions 

Regarding the protein-surfactant adhesives, the supercharged polypeptides (SUPs) were 

derived from elastin-like polypeptides. SUPs consist dominantly of repetitive pentapeptide 

sequences with the primary structure (VPGXG)n, in which the fourth position X is occupied by 

lysine (K) or glutamic acid (E). The materials were produced by recombinant DNA technology 

and unfolded polypeptides were expressed in E. Coli[34,35]. A series of SUPs were produced 

with different chain lengths and nature of charge, including K18, K72, K108, E36, E72, and 

E144. The letter code denotes positive (K) or negative (E) variants while the digit indicates the 

number of charged amino acid residues (Figures S1-S2, Table S1). 

For the complexation with SUPs, a series of surfactants containing DOPA or azobenzene (Azo) 

moieties were synthesized (Figure 1A). The synthetic routes are shown in Scheme S1-S4. 

Starting from L-DOPA or 3-(3,4-dihydroxyphenyl) propanoic acid, the corresponding 

negatively charged DOPA-surfactant (NDP) and positively charged DOPA-surfactants with 

different tail lengths including decyl (PDD), octyl (PDO) and hexyl (PDH) chains were readily 

synthesized through stepwise protection, amination, and deprotection. Additionally, the 

negatively charged Azo-based surfactant with triethylene glycol unit (NAT) was synthesized 

in a one-step procedure from 4-hydroxyazobenzene-4'-sulfonic acid sodium salt hydrate and 1-

(2-bromoethoxy)-2-(2-methoxyethoxy)ethane. All surfactants were characterized by nuclear 

magnetic resonance spectroscopy (NMR) and mass spectrometry (MS). 

The biologically inspired adhesives based on SUP-surfactant complexes were prepared by 

electrostatic interaction between SUPs (K72, K108, E36, E72, and E144) and surfactants, 

including NDP, NAT, PDD, PDO, and PDH. Typically, SUPs and surfactants were mixed in 

an aqueous solution with the molar ratio of lysine or glutamic acid to surfactant at 1:1. As a 

result, the solution became turbid and after centrifugation a viscous SUP-surfactant coacervate 

was obtained. Thermogravimetric analysis (TGA) showed that the SUP-NDP complexes 

exhibited a water content of ~45% (w/w) (Figure S4). After lyophilizing for 30 min, 12% of 

water in the coacervate remained (Figure S5), resulting in the formation of a protein-based 

adhesive (Figure 1B). In order to determine the composition of these SUP-surfactant 

complexes quantitatively, K18-NDP complex, as a representative example, was characterized 

by NMR spectroscopy (Figure. S3). The analysis revealed the stoichiometry of K18 to NDP 

surfactant to be 1:17 (i.e., ca. 0.9 NDP surfactant molecules per lysine of the SUP), indicating 

that ~5% of lysine moieties were not complexed with the surfactant molecules. Since we 

showed that ~5% of lysine moieties within the SUP are not complexed by surfactant molecules, 

we hypothesized that cation-π interactions between these free lysine residues and the DOPA 
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phenyl groups may be found in the system[36]. Furthermore, as demonstrated in Figure 1D, the 

SUP-surfactant material is adhesive and two merged glass bottles were firmly adhered together, 

bearing a heavy load of 600 g. 

 

 

Figure 1. Preparation and characterization of the SUP-surfactant glues. (A) Representative schematic for 

supercharged polypeptides (SUPs) and chemical structures of different DOPA-based surfactants (NDP, BnNDP, 

NAT, PDD, PDO, and PDH) and azo-based surfactant (NAT). A series of SUPs with different chain lengths and 

charges (K72, K108, and E36, E72, E144) were used. (B) The SUP glue was prepared via electrostatic 

complexation of the SUP and the respective surfactant. Photograph of SUP-NDP adhesive. An elastic, sticky 

thread can be stretched out between two fingers with freshly prepared protein-based coacervates. Here, K108-

NDP was used as a representative example. (C) Schematic for the formation of strong SUP-surfactant adhesives. 

Besides electrostatic interaction, van der Waals forces, hydrophobic interactions, and hydrogen bonds both inside 

the complex and on the interface of samples and substrates, cation-π and metal coordination bonding between 

catechol units of surfactant and metal ions are important to enhance the cohesive effect of SUP-surfactant 

complexes. The blue cylinder represents the catechol unit in surfactant. The deep blue sphere represents metal 

ions, including Fe3+ and Tb3+. (D) Photograph showing two smooth glass bottles adhered together by SUP glue 

and bearing a load of 600 g. The inset is a zoom-in of the contact area of K108-NAT glue between the two smooth 

glass bottles. 

Subsequently, the performance of SUP glues was evaluated using a lap shear strength tests. A 

typical adhesion test setup is shown in Figure 2A. All the lap shear strength tests were 

performed under ambient conditions with different substrates, including steel, aluminum (Al), 
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polyethylene (PE), and polyvinyl chloride (PVC). It should be noted that SUP glue and 

commercial cyanoacrylate-based glue (super glue) were tested in parallel. The molar ratio 

between SUP and NDP surfactant (Figure S10) (charge ratios 1:0.5, 1:1, 1:2 and 1:5) was 

investigated firstly in order to determine the optimum molecular composition for a strong 

adhesion performance of the SUP glues. K72-NDP glue was tested on steel as a representative 

example. As shown in Figure S6, the bonding strength was enhanced when increasing the 

molar ratio from 1:0.5 to 1:1 and reached a maximum value of 5.80 MPa. However, the bonding 

strength decreased when further increasing the molar ratio from 1:1 to 1:5. Since we showed 

that ~5% of lysine moieties within the SUP remain unoccupied by surfactant molecules, we 

hypothesized that cation-π interactions between these free lysine residues and the DOPA 

phenyl groups may contribute to the adhesion performance of the complexes[37]. This was 

confirmed with the SUP-NDP complex fabricated with a molar ratio of lysine:NDP surfactant 

of 1:5, in which a stoichiometry of 4.9 NDP surfactant molecules per lysine of the SUP became 

apparent (Figure S8). The corresponding fracture strength decreased by about one order of 

magnitude (Figures S6-S7) suggesting that the cation-π interactions play a vital role in the 

adhesion process. Therefore, this supramolecular interaction, resulting from the recombinant 

positively charged protein and DOPA-based surfactant, contribute significantly to the overall 

adhesion performance. 

The adhesion performances of the SUP-NDP glue were evaluated on different substrates (steel, 

PE, and PVC) under dry conditions. The SUP-NDP glues exhibited stronger adhesion 

performance on a metal substrate (steel) than non-metal substrates (PE and PVC). For example, 

K108-NDP exhibited fracture strength of 5.8 MPa on steel. In contrast, the fracture strength of 

K108-NDP is 2.1 MPa on PE and 1.2 MPa on PVC, respectively (Figures 2B, S9). This 

behavior might be caused by the strong interactions between amines from the SUPs and 

catechol moieties of the surfactants and the metal surface. Both functionalities exhibit lower 

binding strengths with the non-metal substrates (PE and PVC). Moreover, the adhesion 

performance of SUP-NDP glues became significantly stronger as the molar mass of the SUP 

increased. 

Next, the metal ligand coordination effect on the adhesion property of SUP-NDP glues was 

investigated (Figure 2C). To mimic the ratio between Fe3+ ions and DOPA from mussel 

adhesive[38], a molar ratio of metal ions to NDP of 1:3 was chosen. Upon adding Fe3+ ions as 

aqueous solution to the SUP-NDP complex, the color of the complex turned black immediately 

without any precipitation, indicating the formation of catecholate complexes. The absorbance 

peak at around 545 nm in the UV-vis spectrum (Figure S11) indicated the formation of bis Fe-

catecholate corresponding to the results reported in previous literature[25,38,39]. As a result of 

incorporating the metal ion, the bonding strength of SUP glue increased by a factor of 2.5 in a 

dry environment. It should be metioned that the adhesive performance of K108-NDP-Fe glue 

(13.51 ± 1.69 MPa) even surpassed super glue (12.06 ± 1.03 MPa) on steel[40]. This behavior 

indicates that the Fe3+-catechol coordination bonds are of great importance to the overall 

performance of SUP-NDP-Fe glues. In addition, Tb3+ ions were used to modulate the adhesion 

behavior of SUP-glues (Figure 2C). The adhesion performances of K72-NDP and K108-NDP 

were increased to 6.10 ± 1.44 MPa and 10.06 ± 2.11 MPa after treatment with Tb3+ ions, 

respectively. To our knowledge, the bonding strengths of K108-NDP mediated by metal ions 
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were higher than any other reported protein-based adhesive and DOPA-mimiking 

adhesive[41,42]. 

To further identify the importance of metal ions in SUP-glues, benzyl protection groups were 

used to fabricate catechol units in NDP surfactant (BnNDP). The bulk adhesion strength of 

SUP-BnNDP glue was measured under the same conditions as SUP-NDP. It turned out that the 

bonding strength of K72-BnNDP glue was 5.65 ± 1.42 MPa, which is comparable to that of 

K72-BnNDP-Fe glue (5.29 ± 0.58 MPa) (Figure S13). These results indicated that the catechol 

moieties and the metal ions (Fe3+ ions and Tb3+ ions) together are crucial for the good adhesion 

performance of SUP-NDP glue. In addition, the bonding strength of K72-BnNDP was higher 

than that of K72-NDP adhesive, suggesting additional contributions from the alkyl chains of 

BnNDP to the adhesion performance of the SUP glue. 

 

Figure 2. Lap shear measurements of SUP glues, including SUP-NDP, SUP-NAT, and SUP-PDD adhesives. (A) 

Schematic for lap shear strength measurement set up. The freshly prepared SUP-surfactant coacervate was added 

to one substrate by pipette, the second piece of the substrate was then placed atop the first to create a lap shear 

joint with the overlap area of 5 × 5 mm. The substrates were then allowed to cure 12 h at room temperature. 

Clamps were used to hold the substrates together during the curing period. (B) Lap shear strength for SUP-NDP 

adhesives on three different substrates (steel, PE, and PVC). K72-NDP and K108-NDP were representative 

examples and cyanoacrylate were used as a control. Data are presented as mean with standard deviation as error 

bars (at least three independent experiments). (C) The effect of different metal ions (Fe3+, Tb3+) on the bonding 

strength of SUP-NDP adhesives on steel (K72-NDP and K108-NDP). Cyanoacrylate was used as a control. (D) 

Lap shear strength for SUP-NAT glues on four different substrates (steel, Al, PE, and PVC). K72-NAT and K108-

NAT were representative examples and cyanoacrylate were used as a control. (E) Lap shear strength for SUP-

PDD glues on three different substrates (steel, PE, and PVC). E36-DC10, E72-DC10 and E144-DC10 were 

representative examples and cyanoacrylate was used as a control. (F) The underwater test for SUP glue on steel. 

Two sets of measurements were performed for K108-NDP-wet and K72-NDP-wet, respectively. The results are 

presented as mean ± standard deviation (n = 3).Significant differences (*p < 0.05). 
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To assess the effect of the surfactant on the adhesion performance of the SUP-glue, negatively 

charged azo-based surfactant (NAT) was investigated under similar conditions as adhesives 

involving the catechol moieties (Figure 2D). To our surprise, SUP-NAT glues exhibited robust 

adhesion performance on all different substrates. Most notably, the bonding strength of 19 MPa 

of K108-NAT was higher than any other reported protein-based adhesive and surpassed 

cyanoacrylate super glue on steel and PVC substrates[40–42]. We speculate that the robust 

adhesion performance of SUP-NAT glues was caused by strong π-π stacking and cation-π 

interactions. Furthermore, a family of positively charged DOPA surfactants including PDD, 

PDO, and PDH were implemented to fabricate SUP glue. As shown in Figure 2E, the SUP-

PDD glues exhibited adhesion behavior on different substrates which improved with increasing 

SUP chain length (Figures S17-S19). 

Aside from dry surfaces, wet adhesion for SUP glues was investigated on steel (Figure 2F). 

The K72-NDP and K108-NDP glue exhibited a high adhesion strengths of 122.2 ± 12.2 kPa 

and 190.8 ± 51.1 kPa, respectively. These results are comparable to other underwater bio-

adhesives reported to date[28,31]. Furthermore, the structure of the adhesive system endows them 

with additional attractive features. Firstly, SUP glues are cleanable, and recyclable. Due to the 

high solubility of all components in water, surfaces covered by SUP glues can be cleaned when 

treated with water (Figure S14). Moreover, the recyclability of SUP glue was evaluated. It was 

found that the regenerated SUP-NDP complex exhibited a comparable adhesion strength as the 

original, non-recycled batch (Figure S15, Table S6) 

To explore the biocompatibility of SUP glues, we co-cultured SUP-surfactant complexes with 

A549 cancer cells in a concentration regime from 5 - 100 μg∙mL-1. After 24 h of culturing in 

the presence of GFPK72 complexed with NDP in DMEM medium, the results showed 

decreasing cell viability with increasing concentrations of the SUP glue. However, even at a 

concentration of 100 µg/ml the cell viability did not drop below 80% confirming the non-toxic 

nature of the SUP glue at this concentration (Figure 3A and Figure S20). 
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Figure 3. (A) The investigation of cell viability measurement for SUP glues using A549 cancer cells with a 

concentration gradient from 5 - 100 μg∙mL-1 of SUP-surfactant. The control group comprises exclusively of cells 

treated with culture medium. As representative example for the cell viability test, SUP-NDP bio-adhesive was 

employed. (B) Photograph and force-displacement showing the shear lap tests on porcine skin involving SUP-

NDP complexes. (C) Evaluation of SUP glues application in vivo for healing of linear wounds. Schematic 

representation of SUP-NDP glue formation on the wound. (D) Photographs of the wounds after 0, 3, and 5 d on 

rat skin tissue. Different treatments were used for in vivo wound healing experiments. From left to right: blank-

no treatment, suture closure, commercial medical adhesive COMPONT®, K72-DNP glue, and K72-NAT glue. 

SUP glue facilitates wound healing and tissue regeneration in a 5-day wound healing experiment. Scale bar is 10 

mm. 

Motivated by the extraordinary performance and non-toxic nature, the ex vivo and in vivo 

applications of SUP glues including wound healing and adhesion on porcine skin were 

investigated. Due to the high adhesion performance of SUP-NDP glues, two pieces of porcine 

skin were glued together (Figure 3B). The corresponding force-displacement curves showed 

that the peak force is 174 mN and F/w equals 34.8 N∙m-1, which is comparable to covalently 

crosslinked adhesives on soft tissues reported to date[1]. To further explore the potential of SUP 

glues in in vivo applications, wound healing experiments were conducted on rat skin with linear 

openings of 1 cm in length (Figures 3C-3D). The K72-NDP, K72-NAT, suture closure, and 

commercial medical glue COMPONT® were selected as the experimental group, and an 

untreated blank defect was used as a control group. The healing progress was evaluated 

quantitatively over 5 d (Figure 3D). After 5 d of healing, the scar was almost invisible for the 

rats treated with SUP glues, outperforming the other groups. This behavior indicates the 

suitability of SUP glues for skin regeneration and application for topical wound healing. 

The histological analyses, including H&E staining and Masson’s trichrome staining further 

verified those results. The H&E staining results demonstrated that wound treated with K72-

NDP glue and K72-NAT glue formed healthy epithelial tissue and new blood vessels, 

outperforming the recovery of the control groups (Figure 4A). In addition, Masson’s trichrome 

staining showed more collagen content with an intense blue color in K72-NDP and K72-NAT 

treated wounds compared to others (Figure 4B). Wound infection is one of the significant 

causes of death among injured patients[3]. Therefore, immunofluorescence analysis was used 

to assess the efficiency of the SUP glues in preventing wound infection. Two typical 

proinflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) in the 

wound site were chosen as an evaluation criterion in this study. As shown in Figure 4C, a high 

level of IL-6 (red fluorescence) was detected in groups of suture closure, commercial medical 

glue, and the control, indicating a severe inflammatory response in the wound area. Moreover, 

intensive green fluorescence was detected in those control groups, indicating high levels of 

secreted TNF-α (Figure 4D). Encouragingly, only minor green fluorescence could be detected 

for K72-NDP and K72-NAT treated groups, which suggested low inflammation or infection 

compared with the other samples. These results indicated that SUP glues exhibit outstanding 

anti-inflammation capacity and are biocompatible. Therefore, SUP glue is a potential candidate 

as a wound repair material, providing ideal wound healing ability while avoiding inflammation. 
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Figure 4. Histological analysis and the anti-inflammation properties of SUP glues were investigated. SUP glue 

facilitates wound healing and tissue regeneration in vivo. Overview of the defects treated with blank, suture, 

commercial medical glue COMPONT®, K72-NDP, and K72-NAT. (A) H&E staining to investigate tissue 

regeneration. (B) Masson’s trichrome staining of the collagen deposited in the defects. (C-D) Immunofluorescent 

staining of IL-6 and TNF-α. Red immunofluorescent staining and green immunofluorescent staining as an 

indicator of the level of IL-6 and TNF-α, respectively. Scale bar is 100 μm. 

4.3 Conclusion 

Based on the findings presented in this study, we propose that the generation of ultrastrong 

biological adhesives is feasible through controlling the effects of cohesion and adhesion of the 

adhesive. Here, a systematic study of adhesion and cohesion properties on the adhesive bonding 

strength through genetically engineered proteins and different surfactants was reported 

including a bioinspired one with a catechol moiety. SUPs and various surfactants were used to 

fabricate bioadhesives by employing electrostatic interactions. The noncovalent interactions 

including metal ligand coordiantion bonds, cation-π interactions, π-π interactions, and van der 

Waals interactions improved the cohesion properties of SUP glues efficiently. In addition, the 

adhesion properties of SUP glues were improved due to the interfacial interactions between 

catechol ligands and substrates. Consequently, SUP glues exhibited high bonding strengths on 

different substrates and soft tissues, which is higher than that of all other bio-inspired protein-

based adhesives and DOPA-mimic adhesives reported to date. On selected substrates SUP-

based glues even surpassed commercial cyanoacrylate named superglue. Moreover, SUP glues 

were shown not to be cytotoxic up to a concentration of 100 µg/ml. Therefore, SUP glues 
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represent a remarkable biomimetic material that provides promising applications in the field of 

surgery and soft tissue regeneration. 

4.4 Experimental section 

4.4.1 General 

1H NMR and 13C NMR spectra were recorded on a Varian (1H, 400 MHz) Instrument. Chemical 

shifts (δ) are reported in ppm. All UV-vis spectra were measured on a JASCO V-630 

spectrophotometer at 25 °C using 1 mL cuvettes. Samples were dissolved in an appropriate 

solvent and measured in the same solvent. Data analysis was carried out using Origin 9.0. 

Thermogravimetric analysis (TGA) was carried out using a TA Instruments Q1000 system in 

a nitrogen atmosphere and with a heating/cooling rate of 20 °C∙min-1. Lap shear strength 

measurements were performed on INSTRON 5565 at a speed of 10 mm·min-1 or 50 mm·min-

1. Animal experiments were approved by and performed at the Animal Experiments 

Establishment of Jilin University Institutional Animal Care and Use. 

4.4.2 Materials 

3,4-dihydroxylphenyl propionic acid, L-3,4-dihydroxyphenylalanine (L-DOPA), di-tertbutyl-

dicarbonate ((Boc)2O), K2CO3, benzyl bromide, N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4-

dimethylaminopyridine (DMAP), 4-hydroxyazobenzene-4'-sulfonic acid sodium salt hydrate, 

1-(2-bromoethoxy)-2-(2-methoxyethoxy)ethane (97%), 1-bromobutane, and K2CO3 were 

obtained from Sigma-Aldrich (Netherlands). 6-Amino-1-hexanol, octane-1,8-diamine, 

SO3NMe3, ion-exchanged resin (Na form) and 10% Pd on activated carbon were acquired 

from Acros or Sigma-Aldrich and used without further purification. All biochemicals for 

cloning and SUP expression, such as LB medium, salts, antibiotics as well as inducer 

compounds, were used as received (from Sigma-Aldrich) without any further purification. The 

pUC19 cloning vector, restriction enzymes, and GeneJET Plasmid Miniprep kit were 

purchased from Thermo Fisher Scientific (Waltham, MA). Digested DNA fragments were 

purified using QIAquick spin miniprep kits from QIAGEN (Valencia, CA). E. coli XL1-Blue 

competent cells for plasmid amplification were purchased from Stratagene (La Jolla, CA). 

Oligonucleotides for sequencing were ordered from Sigma-Aldrich (St. Louis, MO). Sinapinic 

Acid matrix was used as matrix during mass spectrometry and was purchased from SIGMA. 

For all experiments, ultrapure water (18.2 MΩ) purified by a MilliQ-Millipore system 

(Millipore, Germany) was used. All the solvents were analytical grade and used without further 

purification. 

4.4.3 SUPs expression 

Protein expression and purification 

Protein cloning and protein expression were accomplished according to previously published 

literatures.[35,43] E. coli BLR (DE3) cells (Novagen) were transformed with the pET-SUP 

expression vectors containing the respective SUP genes (E36, E72, E144, K72 and K108, Fig. 

S1). For protein production, Terrific Broth medium (for 1 L, 12 g tryptone and 24 g yeast 
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extract) enriched with phosphate buffer (for 1 L, 2.31 g potassium phosphate monobasic and 

12.54 g potassium phosphate dibasic) and glycerol (4 mL per 1 L TB) and supplemented with 

100 µg∙mL-1 ampicillin, was inoculated with an overnight starter culture to an initial optical 

density at 600 nm (OD600) of 0.1 and incubated at 37 °C with orbital agitation at 250 rpm until 

OD600 reached 0.7. Protein production was induced by a temperature shift to 30 °C. Cultures 

were then continued for additional 16 h post-induction. Cells were subsequently harvested by 

centrifugation (7,000 × g, 20 min, 4 °C), resuspended in lysis buffer (50 mM sodium phosphate 

buffer, pH 8.0, 300 mM NaCl, 20 mM imidazole) to an OD600 of 100 and disrupted with a 

constant cell disrupter (Constant Systems Ltd., Northands, UK). Cell debris was removed by 

centrifugation (40,000 × g, 90 min, 4 °C). Proteins were purified from the supernatant under 

native conditions by Ni-sepharose chromatography. Product-containing fractions were pooled 

and dialyzed against ultrapure water and then purified by anion exchange chromatography 

using a Q HP column. Protein-containing fractions were dialyzed extensively against ultrapure 

water. Purified proteins were frozen in liquid nitrogen, lyophilized and stored at -20 °C until 

further use. 

Protein characterization 

The concentrations of the purified polypeptides were determined by measuring absorbance at 

280 nm using a spectrophotometer (Spectra Max M2, Molecular Devices, Sunnyvale, USA). 

Product purity was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) on a 10% polyacrylamide gel. Afterwards, gels were stained with Coomassie 

staining solution (40% methanol, 10% glacial acetic acid, 1 g∙L-1 Brilliant Blue R250). 

Photographs of the gels after staining were taken with a LAS-3000 Image Reader (Fuji Photo 

Film GmbH, Dusseldorf, Germany). The resulting stained gels are shown in Figure S1. The 

supercharged polypeptides exhibit different electrophoretic mobility according to their charge 

and molecular weight (Table S1). 

 

Figure S1. SUP samples in this study were characterized by SDS-PAGE. M, PageRuler plus prestained protein 



Chapter 4 

81 
 

ladder. Lane 1-5: E36, E72, E144, K72 and K108. The electrophoretic behavior of the SUP polypeptides with a 

high net charge is different from those protein samples, which usually exhibit balanced net charges as present in 

the marker lane M. 

Mass spectrometric analysis was performed using a 4800 MALDI-TOF Analyzer in linear 

positive mode. The protein samples were mixed 1:1 v/v with Sinapinic Acid matrix (SIGMA) 

(100 mg∙mL-1 in 70% MeCN and 0.1% TFA). Mass spectra were analyzed with the Data 

Explorer software (version 4.6). Values determined by mass spectrometry are in good 

agreement with the masses that are calculated (shown in Figure S2 and Table S1) based on 

the amino acid sequence. 

 

Figure S2. MALDI-TOF mass spectra of the SUP samples. 

Table S1. General information of supercharged proteins used in this work. *average molar mass calculated with 

ProtParam tool. #molar mass determined by MALDI-TOF mass spectrometry. 

 

 

 Sequence M calculated*(Da) M ms#(Da) 

E36 MGAGP[(GVGVP)(GEGVP)9]4GWPH6 18922 18929+/-50 

E72 MGAGP[(GVGVP)(GEGVP)9]8GWPH6 36512 36488+/-50 

E144 MGAGP[(GVGVP)(GEGVP)9]16GWPH6 71430 71503+/-100 

K72 MGAGP[(GVGVP)(GKGVP)9]8GWPH6 36444 36426+/-50 

K108 
MGAGP[(GVGVP)(GKGVP)9]12GWPH6 53870 53798+/-100 
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4.4.4 General Synthesis of surfactants 

 

Scheme S1. Synthetic routes for negatively charged DOPA-based surfactants (NDP). 

Compound 1: To a solution of 3,4-dihydroxyphenyl propionic acid (3 g, 16.5 mmol) in DMF 

was added K2CO3 (7.28 g, 52.7 mmol) and stirred for one hour. Benzyl bromide (8.5 g, 49.5 

mmol) was added. The solution was heated to 60 °C for 24 h and then cooled, filtered and DMF 

was removed. The sediment was dissolved in ethyl acetate (100 mL) and washed with 1 M HCl 

(100 mL), brine (100 mL), dried over Na2SO4, filtered and concentrated. After removing the 

solvent, the residue was dissolved with H2O (100 mL) and extracted with diethyl ether (3 × 

100 mL). The aqueous phase was acidified to pH ~ 1 by addition of 1 M HCl, extracted with 

ethyl acetate (3 × 100 mL), dried over Na2SO4, filtered, concentrated and washed with diethyl 

ether to afford product 3-(3,4-bis(benzyloxy)phenyl) propanoic acid, a white solid, yield 73%. 
1H NMR (400 MHz, CDCl3) δ 7.45 - 7.27 (m, 10H), 6.85 (d, J = 8.1 Hz, 1H), 6.77 (d, J = 2.0 

Hz, 1H), 6.68 (dd, J = 8.1, 2.0 Hz, 1H), 5.11 (d, J = 4.1 Hz, 4H), 4.92 (s, 1H), 4.45 (s, 1H), 

3.10 - 2.91 (m, 2H). 

Compound 2: To a solution of 3-(3, 4-bis (benzyloxy) phenyl) propanoic acid (3 g, 6.5 mmol) 

in DCM (100 mL) were added EDC (1.2 g, 6.5 mmol), DMAP (20 mg, 1.6 mmol) and stirred 

for 15 min. 6-Amino-1-hexanol (508 mg, 4.5 mmol) was added and stirred for 24 h. After 

removal of the solvent, purification by flash column chromatography afforded product 3-(3, 4-

bis (benzyloxy) phenyl)-N-(6-hydroxyhexyl)propanamide, a white solid, yield 74%. 1H NMR 

(400 MHz, CDCl3) δ 7.47 - 7.28 (m, 10H), 6.85 (d, J = 8.1 Hz, 1H), 6.80 (d, J = 2.1 Hz, 1H), 

6.70 (dd, J = 8.1, 2.0 Hz, 1H), 5.13 (d, J = 6.9 Hz, 4H), 3.59 (t, J = 6.4 Hz, 2H), 3.16 (q, J = 

6.7 Hz, 2H), 2.85 (t, J = 7.5 Hz, 2H), 2.37 (t, J = 7.5 Hz, 2H), 1.52 (s, 2H), 1.36 (ddt, J = 22.9, 

14.7, 7.0 Hz, 4H), 1.24 (dt, J = 13.1, 6.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 172.19, 

149.07, 147.57, 137.54, 134.52, 128.61, 127.94, 127.57, 127.46, 121.35, 115.62, 71.69, 71.42, 

62.82, 39.40, 38.89, 32.66, 31.48, 29.70, 26.57, 25.40. 

Compound 3: 3-(3,4-Bis(benzyloxy)phenyl)-N-(6-hydroxyhexyl)propanamide (677 mg, 1.2 

mmol) was dissolved in dry DMF (20 mL). SO3-NMe3 (480 mg, 6 mmol) was added to the 

solution and the reaction mixture was stirred at 40 °C for 72 h. The reaction was terminated by 
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addition of MeOH (20 mL). DMF was removed by evaporation and the crude product was 

purified by flash column chromatography on silica gel with an eluent of (CHCl3:MeOH = 10:1). 

The eluate was evaporated and ion-exchanged to Na salt with an ion-exchange resin. The 

solution was freeze dried to afford sodium 6-(3-(3,4-bis(benzyloxy)phenyl)propanamido) 

hexyl sulfate as a white solid, yield 76%. 1H NMR (400 MHz, D2O) δ 7.40 (m, 10H), 6.94 (d, 

J = 26.5 Hz, 2H), 6.74 (d, J = 8.0 Hz, 1H), 5.17 – 5.05 (m, 4H), 3.97 (t, J = 6.5 Hz, 2H), 2.93 

(t, J = 6.6 Hz, 2H), 2.78 (m, 2H), 2.43 (m, 2H), 1.53 (t, J = 7.4 Hz, 2H), 1.15 (dq, J = 15.1, 7.3, 

6.8 Hz, 4H), 0.90 (t, J = 7.8 Hz, 2H); 13C NMR (101 MHz, D2O) δ 174.96, 146.13, 136.62 , 

133.90 , 128.64, 128.59, 128.23, 127.90, 121.75, 115.38, 115.24, 71.01, 69.28, 38.85, 37.39, 

30.79, 28.18, 27.96, 25.15, 24.43. 

Compound 4 (NDP): To a solution of sodium 6-(3-(3,4-bis (benzyloxy)phenyl)propanamido) 

hexyl sulfate in EtOAc / MeOH (v:v = 1:1) were added 10% Pd/C. The reaction was stirred at 

room temperature under 1 atm H2 atmosphere. After removal of the solvent, flash column 

chromatography (H2O:CH3CN= 95:5 to 5:95) afforded product sodium 6-(3-(3,4-

dihydroxyphenyl)propanamido)hexyl sulfate, a white solid, yield 68%. 1H NMR (400 MHz, 

D2O) δ 6.85 (d, J = 8.1 Hz, 1H), 6.75 (s, 1H), 6.68 (d, J = 8.1 Hz, 1H), 4.05 (t, J = 6.5 Hz, 2H), 

3.05 (t, J = 6.4 Hz, 2H), 2.81 (t, J = 7.0 Hz, 2H), 2.49 (t, J = 6.9 Hz, 2H), 1.60 (p, J = 6.9 Hz, 

2H), 1.25 (p, J = 7.1 Hz, 4H), 0.98 (p, J = 7.9 Hz, 2H); 13C NMR (101 MHz, D2O) δ 175.32, 

143.68, 142.20, 132.81, 120.71, 116.16, 116.02, 69.50, 38.89, 37.56, 30.69, 28.18, 28.03, 25.17, 

24.42; HR-MS for C15H22NNaO7S (383.0907 calcd.): 406.0910 (M+Na). 

 

Scheme S2. Synthetic route of negatively charged azobenzene sulfonate (NAT) surfactant. 

Compound 5 (NAT): To a solution of sodium 4-hydroxyazobenzene-4'-sulfonate hydrate (1.5 

g, 5 mmol) in DMF (50 mL) were added K2CO3 (1.38 g, 10 mmol) and stirred for 30 min 

followed by adding R-Br (6 mmol). The reaction was stirred at 100 °C for 48 h. After the 

reaction was completed, filtered and evaporation of the solvent the crude product was obtained. 

The residue was purified by flash column chromatography (CHCl3:MeOH = 10:1) and dried to 

afford the title compound as an orange solid. 

NAT, yield 55%: 1H NMR (400 MHz, CD3OD -d4) δ 8.00 - 7.8 (m, 6H), 7.14 - 7.09 (m, 2H), 

4.27 - 4.23 (m, 2H), 3.91 - 3.87 (m, 2H), 3.74 - 3.71 (m, 2H), 3.68 - 3.62 (m, 4H), 3.55 - 3.52 

(m, 2H), 3.35 (s, 3H). 13C NMR (101 MHz, CD3OD-d4) δ 163.39, 154.85, 148.34, 147.86, 

128.04, 126.02, 123.31, 116.05, 72.95, 71.78, 71.57, 71.39, 70.72, 69.04, 59.08. HR-MS for 

C19H23N2NaO7S (446.1196 calcd.): 447.1198 (M+H+). 
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Scheme S3. Synthetic routes for positively charged DOPA-based surfactants (PDD). 

Compound 6: 100 mL methanol was cooled to 0 °C, and thionyl chloride (3.56 mL, 48.8 mmol) 

was added dropwise. The solution was allowed to warm to room temperature, and L- DOPA 

(8.000 g, 40.4 mmol) was added dropwise. The solution was stirred overnight at room 

temperature and was subsequently concentrated. The resulting mixture was dissolved in a 

mixture of THF and sat. aq. NaHCO3 (200 mL, v:v = 1:1), the solution was cooled to 0 °C and 

di-tertbutyl-dicarbonate (9.69 g, 44.4 mmol) was added dropwise. The solution was allowed to 

warm to room temperature and was stirred overnight. The organic solvent was moved and the 

aqueous layer was extracted with ethyl acetate (3 × 100 mL). The combined organic phase was 

washed subsequently with water (2 × 60 mL), 1 M HCl (60 mL), H2O (60 mL), and brine (60 

mL). The resulting solution was dried over MgSO4, filtered and concentrated. The crude 

product was washed with Et2O (200 mL), filtered and dried in vacuo to give white solid, yield 

90%. 1H NMR (400 MHz, CDCl3) δ 6.75 (d, J = 8.1 Hz, 1H), 6.65 (s, 1H), 6.53 (d, J = 8.0 

Hz, 1H), 5.01 (s, 1H), 4.52 (d, J = 7.5 Hz, 1H), 3.72 (s, 3H), 2.95 (qd, J = 13.9, 5.9 Hz, 2H), 

1.42 (s, 9H). 

Compound 7: Compound 6 (7.4 g, 23.7 mmol) was dissolved in 100 mL acetone and 

subsequently anhydrous K2CO3 (9.1 g, 65.8 mmol) and NaI (469 mg, 3.1 mmol) were added. 

After 30 min, benzyl bromide (10.8 g, 63.3 mmol) was added, and the solution was refluxed 

overnight. The solvent was removed and the residue was dissolved in 100 mL DCM. 

Subsequently the solution was washed with H2O (3 × 100 mL), 1 M HCl (100 mL), H2O (100 

mL) and brine (100 mL), dried with Na2SO4, filtered and concentrated. The crude product was 

washed with Et2O (200 mL), filtered and dried under vacuum to give compound 6 as white 

solid, yield 88%. 1H NMR (400 MHz, CDCl3) δ 7.47 - 7.26 (m, 10H), 6.87 (d, J = 8.1 Hz, 

1H), 6.79 (s, 1H), 6.70 (dd, J = 8.1, 2.0 Hz, 1H), 5.14 (s, 4H), 3.31 (d, J = 7.1 Hz, 2H), 2.69 (t, 

J = 6.8 Hz, 2H), 1.43 (s, 9H). 

Compound 8: Compound 7 (2.3 g, 4.6 mmol) was dissolved in 50 mL THF/MeOH (v:v = 1:1) 

and 7 mL 3 M NaOH was added. The solution was stirred overnight at room temperature. The 

pH of the solution was adjusted to 3 using 1 M HCl and extracted with DCM (3 × 100 mL). 

The combined organic layers were washed with H2O (100 mL) and brine (100 mL), dried with 

Na2SO4, filtered and concentrated. The crude product was washed with Et2O (200 mL), filtered 

and dried in vacuo to give a white solid (DOPA-COOH), yield 90%. 1H NMR (400 MHz, 

CDCl3) δ 7.44 - 7.28 (m, 10H), 6.86 (d, J = 8.1 Hz, 1H), 6.77 (d, J = 2.0 Hz, 1H), 6.68 (dd, J 

= 8.2, 2.0 Hz, 1H), 5.12 (s 4H), 4.90 (s, 1H), 4.51 (s, 1H), 3.11 - 2.93 (m, 2H), 1.42 (s, 9H). 
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The EDC (229 mg, 1.2 mmol) and DMAP (31 mg, 0.25 mmol) was added to the DOPA-COOH 

(573 mg, 1.2 mmol) in 20 mL DCM with stirring. After 15 min, amine (1 mmol) was added 

and continued for 12 h at room temperature. The solvent was removed and the pure product 8 

was obtained by flash column chromatography (hexane:ethyl acetate = 2:1). 

8a, white solid, yield 82%. 1H NMR (400 MHz, CDCl3) δ 7.50 - 7.25 (m, 10H), 6.87 - 6.81 

(m, 2H), 6.69 (dd, J = 8.2, 2.0 Hz, 1H), 5.12 (s, 4H), 5.07 (d, J = 4.0 Hz, 1H), 4.16 (d, J = 7.5 

Hz, 1H), 3.10 - 2.99 (m, 2H), 2.89 - 2.84 (m, 1H), 1.42 (s, 9H), 1.34 - 1.13 (m, 17H), 0.87 (t, J 

= 6.8 Hz, 3H). 

8b, white solid, yield 68%. 1H NMR (400 MHz, CDCl3) δ 7.48 - 7.28 (m, 10H), 6.89 - 6.79 

(m, 2H), 6.69 (d, J = 8.0 Hz, 1H), 6.29 (s, 1H), 5.13 (s, 4H), 4.91 (s, 1H), 4.27 (s, 1H), 3.87 (d, 

J = 54.7 Hz, 2H), 2.98 (t, J = 7.2 Hz, 2H); 19F NMR (376 MHz, CDCl3) δ -80.75 (3F), -118.08 

(2F), -121.86 (6F), -122.70 (2F), -123.32 (2F), -126.12 (2F). 

Compound 9: To the solution of compound 8 in EtOAc / MeOH (v:v= 1:1) 10% Pd/C was 

added and the reaction was conducted under 1 atm H2 atmosphere for 12 h. After passing over 

a short column of Celite, the solvent was evaporated and the residue was redissolved in DCM. 

Subsequently, 2 M HCl ether solution was added. The reaction was stirred at room temperature 

overnight and filtered. Flash column chromatography (H2O:CH3CN = 95:5 to 5:95) was used 

to purify the products. After evaporating MeCN, the pure products were obtained by 

lyophilization. 

9a (PDD), white solid, yield 68%. 1H NMR (400 MHz, D2O) δ 6.87 (s, 1H), 6.81 (d, J = 8.0 

Hz, 1H), 6.63 (d, J = 8.1 Hz, 1H), 4.26 (t, J = 6.0 Hz, 1H), 3.34 (dt, J = 13.9, 7.1 Hz, 1H), 3.07 

- 3.02 (m, 1H), 2.98 - 2.90 (dt, J = 14.4, 8.3 Hz, 2H), 1.39 - 1.34 (m, 2H), 1.22 - 1.07 (m, 14H), 

0.80 (t, J = 6.6 Hz, 3H). 13C NMR (101 MHz, D2O) δ 168.64, 144.26, 143.76, 125.88, 121.65, 

116.77, 116.20, 54.51, 39.55, 36.83, 31.83, 29.62, 29.57, 29.31, 28.72, 26.79, 22.50, 13.73. 

HR-MS for C19H33ClN2O (337.2486 calcd.): 337.2491. 

9b (PDF), white solid, yield 57%. 1H NMR (400 MHz, CD3OD) δ 6.72 - 6.64 (m, 2H), 6.53 

(d, J = 8.1 Hz, 1H), 4.00 (t, J = 16.2 Hz, 2H), 3.55 (t, J = 6.8 Hz, 1H), 2.89 (dd, J = 13.5, 5.8 

Hz, 1H), 2.64 (dd, J = 13.6, 7.8 Hz, 1H). 19F NMR (376 MHz, CD3OD) δ -82.37, -118.96, -

122.85, -123.73, -124.49, -127.26. 
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Scheme S4. Synthetic routes for DOPA-based surfactants PDO and PDH. 

Compound 10: To the solution of 3-(3,4-dihydroxyphenyl)propanoic acid (910 mg, 5 mmol) 

in DMF (40 mL) potassium carbonate (2.2 g, 16 mmol) was added, followed by addition of 

benzyl bromide (2.6 g, 15 mmol) and stirring at 60 ℃ for 24 h. Afterwards the reaction mixture 

was filtered and DMF was evaporated. The crude mixture was redissolved in ethyl acetate, 

washed with 1 M HCl, brine, and dried with Na2SO4. After solvent evaporation, the solid was 

dissolved in a mixture of THF/MeOH (v:v = 1:1), 3 M NaOH was added and refluxed overnight. 

The solvent was removed, the residue dissolved in H2O, and the resulting mixture was extracted 

with diethyl ester. The aqueous phase was acidified to pH = 1 by 1 M HCl, and extracted with 

ethyl acetate. After solvent evaporation the mixture was washed with diethyl ester to obtain the 

product 3-(3,4-bis(benzyloxy)phenyl)propanoic acid (10) as pure white solid, yield 71%. 1H 

NMR (400 MHz, CDCl3) δ 4.52 (s, 1H), 3.09 (q, J = 6.7 Hz, 2H), 2.66 (t, J = 7.0 Hz, 2H), 

1.43 (s, 12H), 1.28 (s, 9H). 

Compound 11: To a solution of octane-1,8-diamine (2.5 g, 17.3 mmol) in DCM di-tert-butyl 

dicarbonate (630 mg, 2.88 mmol) was added slowly at 0 ℃. After the reaction was completed 

(monitoring with TLC), the solvent was evaporated and the residue was purified with column 

chromatography by (DCM / MeOH = 15:1) to obtain pure tert-butyl (8-aminooctyl)carbamate. 

Afterwards, 3-(3,4-bis(benzyloxy)phenyl)propanoic acid (1 mmol) was dissolved in DCM and 

EDC (1.2 mmol), NHS (1.2 mmol) were added. The reaction mixture was stirred overnight at 

room temperature. Tert-butyl (8-aminooctyl)carbamate or tert-butyl (6-aminooctyl)carbamate 

(1.2 mmol) was added to the mixture and reacted for another 24 h. Purification by column 

vacuum chromatography (hexane / EtOAc = 2:1) yielded a white solid. 

Compound 11a, yield 73%. 1H NMR (400 MHz, CDCl3) δ 7.46 - 7.27 (m, 9H), 6.89 - 6.78 

(m, 2H), 6.70 (dd, J = 8.2, 2.0 Hz, 1H), 5.42 (s, 1H), 5.13 (d, J = 5.4 Hz, 4H), 4.53 (s, 1H), 

3.15 (q, J = 6.6 Hz, 2H), 3.06 (t, J = 6.5 Hz, 2H), 2.85 (t, J = 7.6 Hz, 2H), 2.38 (t, J = 7.6 Hz, 

2H), 1.57 - 1.10 (m, 17H). 

Compound 11b, yield 76%. 1H NMR (400 MHz, CDCl3) δ 7.47 - 7.27 (m, 10H), 6.86 - 6.79 

(m, 2H), 6.70 (dd, J = 8.2, 2.0 Hz, 1H), 5.24 (s, 1H), 5.13 (d, J = 6.4 Hz, 4H), 4.49 (s, 1H), 

3.14 (q, J = 6.8 Hz, 2H), 3.07 (d, J = 6.2 Hz, 2H), 2.85 (t, J = 7.6 Hz, 2H), 2.37 (t, J = 7.5 Hz, 

2H), 1.44 (s, 9H), 1.37 (p, J = 7.2 Hz, 3H), 1.25 (s, 9H). 

Compound 12: To the solution of compound 11 in EtOAc/MeOH (v:v= 1:1) 10% Pd/C was 

added and the reaction was stirred under 1 atm H2 atmosphere for 12 h. After passing over a 

short column of Celite, the solvent was evaporated and redissolved in DCM, 2 M HCl ether 

solution was added. The reaction was stirred at room temperature overnight and filtered, 

purified by reversed column and dried to obtain the surfactants. 

Compound 12a (PDH), white solid, yield 70%. 1H NMR (400 MHz, D2O) δ 6.81 (d, J = 8.2 

Hz, 1H), 6.71 (s, 1H), 6.65 (d, J = 8.2 Hz, 1H), 2.96 (dt, J = 35.3, 7.0 Hz, 4H), 2.77 (t, J = 6.9 

Hz, 2H), 2.46 (t, J = 6.9 Hz, 2H), 1.52 (t, J = 7.7 Hz, 2H), 1.19 (dt, J = 16.5, 8.1 Hz, 4H), 0.92 

(q, J = 7.9 Hz, 2H); 13C NMR (101 MHz, D2O) δ 178.01, 146.34, 144.76, ION-TRAP-MS 

for C15H25N2O3
+ (281.1103 calcd.): 281.2500. 



Chapter 4 

87 
 

Compound 12b (PDO), white solid, yield 66%. 1H NMR (400 MHz, D2O) δ 6.78 (d, J = 8.1 

Hz, 1H), 6.70 (d, J = 2.0 Hz, 1H), 6.62 (dd, J = 8.1, 2.1 Hz, 1H), 2.96 (dt, J = 20.3, 7.1 Hz, 

4H), 2.75 (t, J = 6.8 Hz, 2H), 2.44 (t, J = 6.9 Hz, 2H), 1.61 (q, J = 7.5 Hz, 2H), 1.33 – 1.06 (m, 

8H), 0.90 (q, J = 7.7 Hz, 2H); 13C NMR (101 MHz, D2O) δ 175.25, 143.64, 142.14, 132.73, 

120.61, 116.08, 115.96, 39.39, 38.91, 37.39, 30.58, 28.05, 27.96, 27.86, 26.53, 25.45, 25.36. 

ION-TRAP-MS for C17H29N2O3
+ (309.1083 calcd.): 309.1501. 

4.4.5 SUP glues preparation 

An aqueous solution of the SUP with a concentration of ~ 220 μM (K18, K72, K108, E36, E72, 

and E144) was obtained by dissolving the lyophilized SUP in milliQ water. In a second solution 

made from ultrapure water, the concentration of surfactant was adjusted to 10-20 mM at room 

temperature. Both solutions were combined in a 1:1 molar ratio so that ~1 mol of surfactant 

equals 1 mol of lysine residues within the SUP. Due to different properties of SUP-surfactant 

complexes, there are two ways to further prepare the final SUP glues. 

(i) For the SUP-NDP system, the transparent solution became cloudy first because of the 

segregation of SUP-NDP complex, and then clarified again due to the highly 

hydrophilic nature of the NDP molecule. Thus, to achieve strong adhesion properties, 

SUP-NDP complex was lyophilized for 40-50 mins first, followed by adding a tiny 

amount of water and freeze-drying for another 5-10 mins. 

(ii) For SUP-BnNDP, SUP-NAT, SUP-PDD, SUP-PDO, and SUP-PDH systems, the 

transparent solution became cloudy first because of the segregation of SUP-surfactant 

complex in the aqueous phase. After centrifugation, the SUP-surfactant complex at the 

bottom of the vial was separated from the aqueous supernatant. The supernatant was 

removed by a pipette, and the SUP-surfactant glue material was collected for further 

characterization. To achieve strong adhesion properties, a freeze-drying step of the SUP 

glue for 10-15 mins (SUP-BnNDP, SUP-PDD, SUP-PDO, and SUP-PDH glues), or 30-

35 mins (SUP-NAT) is recommended. 

4.4.6 Characterization of SUP-glue with NMR and TGA 

Nuclear magnetic resonance spectroscopy 

Proton nuclear magnetic resonance (1H-NMR) measurements were used to determine the molar 

ratio of the two components in the SUP-surfactant system. The experiment was carried out by 

taking the short K18-NDP complex as an example. The specific primary structure of the SUP, 

i.e., its repeating amino acid sequence (VPGKG)n, renders the quantitative evaluation of the 
1H-NMR spectra via the integration of valine’s CH3 groups possible. In the K18-NDP sample, 

both the solutions of SUP and NDP were mixed with a molar ratio of lysine to surfactant of 

1:1. 
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Figure S3. Analysis of the stoichiometry of the K18-NDP complex by 1H-NMR (400 MHz) in D2O. 

The signal of methylene (marked by b) in NDP and dimethyl group of Valine (marked by c) in 

SUP were utilized to quantify the molar ratio of SUP and NDP. The proton (marked by a) was 

used as an internal standard. Assuming that one SUP molecule could combine with n NDP 

molecules (SUP: n NDP), then after complexation, the total number of protons (marked c) in 

K18-NDP can be shown as SUP(V22) × 6 + NDP (-CH2-) × n. According to the integration of 

the protons of NDP surfactant and SUP-NDP in their 1H-NMR as shown above, we have: 

2.14

10.57
=

2n

2n + 22 ∗ 6
 

where n can be determined to be 16.7. 

As a result, the stoichiometric ratio of NDP and SUP is roughly 17:1. Therefore, SUP (K18): 

NDP = 1:0.9. Thus, the stoichiometric ratio of NDP and lysine moiety is roughly 0.9:1, 

indicating ~5% of lysine moieties are not complexed with the surfactant molecules. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out using a TA Instruments Q1000 system in 

a nitrogen atmosphere and with a heating/cooling rate of 10 °C/min. The TGA test is used to 

evaluate the water content of the freshly prepared SUP-NDP glue (here taking K108-NDP as 

an example), collected from the Eppendorf vial (Figure. S9). 
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Figure S4. Thermo-gravimetric analysis (TGA) measurement of K108-NDP complex to determine the water 

content. It indicates a water content of 44% in the complex. 

4.4.7 Lap shear strength measurements for the SUP glues 

Evaluation of SUP glue with TGA 

The freshly prepared SUP-NDP complex was treated by freeze-drying for 40-50 mins before 

adhesion investigation. The water content of SUP glue before lap shear testing was 

characterized by TGA. 

 

Figure S5. TGA data of the K108-NDP glue before lap shear testing. A water content of 12% was detected in the 

SUP glue system. 

Evaluation of SUP-glue with lap shear measurements 

All lap shear measurements were carried out on different substrates including steel, glass, 

aluminum, polyethylene (PE) and polyvinyl chloride (PVC). Steel/aluminum substrates (10 cm 

× 0.5 cm × 0.2 cm) were sanded with 120 grit sandpaper, washed with soapy water, and rinsed 

with ethanol before testing. Glass, PE and PVC substrates (10 cm × 0.5 cm × 0.2 cm) were 

cleaned with soap water, rinsed with deionized water, and dried overnight in air. As a universal 
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procedure, mixing of an aqueous solution of SUPs with suitable surfactants resulted in 

precipitation of the SUP-surfactant complex, followed by centrifugation and lyophilization. 

After adding the glue onto one substrate, the second substrate was placed atop the first one to 

create a lap shear joint with an overlap area of 5 mm × 5 mm. The substrates were then allowed 

to cure for 12 h at room temperature. Clamps were added to hold the substrates in place during 

the curing period. 

Lap shear measurements were carried out with an INSTRON universal material testing system 

(model 5565) equipped with a 1 kN load cell, at a rate of 10 mm/min or 40 mm/min. The 

bonding strength for each trial was obtained by dividing the maximum load (kN) observed at 

the bond failure by the area of the adhesive overlap (m2), giving the bonding strength in Mega 

Pascal (MPa = kN/m2). Each sample was tested a minimum of three times and the average 

value was calculated. 

(1) Molar ratio study for adhesion performance of SUP glues on steel 

The molar ratio of lysine in SUPs to NDP surfactant of 1:0.5, 1:1, 1:2, and 1:5 were 

investigated in order to determine the optimum conditions for adhesion performance of SUP 

glues. 

 

Figure S6. Different molar ratios of K108-NDP were studies in regard to adhesion performance on steel. SUP 

and NDP were combined in an aqueous solution in different molar ratios of lysine to surfactant of 1:0.5, 1:1, 1:2, 

and 1:5. An optimum ratio of K108/NDP of 1:1 was determined. For this ratio 1H NMR studies were performed 

to determine the molar ratio of lysine to NDP. The results indicated that ~10% of lysine moieties are not 

complexed with the surfactant molecules and this stoichiometry resulted in the strongest adhesion performance of 

the SUP glue. 
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Figure S7. Lap shear strength measurements for different molar ratios of lysine within the SUP to NDP surfactant 

of K108-NDP adhesion on steel. (A) lysine:NDP = 1:0.5, (B) lysine : NDP = 1:1, (C) lysine : NDP = 1:2, (D) 

lysine : NDP = 1:5. All experiments were measured three times independently. 

Table S2. Lap shear strength for K108-NDP under different conditions 

 

(2) NMR characterization for SUP-glue (1:5) 

To investigate the underlying mechanism of the SUP-NDP glue, one control experiment 

involving SUP-NDP complex in a molar ratio of lysine to surfactant of 1:5 was conducted. A 

stoichiometry of 4.9 NDP surfactant molecules per lysine of the SUP was verified by the 1H-

NMR spectroscopy. 

K108-NDP Lap shear strength (MPa)

1:0.5 3.25 4.11 3.37

1:1 5.77 6.61 5.02

1:2 2.42 3.19 2.30

1:5 0.73 1.26 0.46
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Figure S8. Analysis of the stoichiometry of the K18-NDP complex by 1H-NMR (400 MHz) spectroscopy in D2O. 

The signal of methylene (marked by b) in NDP and dimethyl group of Valine (marked by c) in 

SUP were utilized to quantify the molar ratio of SUP and NDP. The proton (marked by a) was 

used as an internal standard. Assuming that one SUP molecule can be combined with n NDP 

molecules (SUP: n NDP), then after complexation, the total number of protons (marked c) in 

K18-NDP can be shown as SUP(V22) × 6 + NDP (-CH2-) × n. According to the integration of 

the protons of NDP surfactant and SUP-NDP in their 1H-NMR as shown above, we have: 

2.62

4.58
=

2n

2n + 22 ∗ 6
 

where n can be determined to be 88.2. 

As a result, the stoichiometric ratio of NDP and SUP is roughly 88:1. Therefore, SUP (K18): 

NDP = 1:4.9. Thus, the stoichiometric ratio of NDP and lysine moiety is roughly 4.9:1, 

indicating an excess of surfactant molecules are attached within the complex. 
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(3) Testing of SUP-NDP glues 

 

Figure S9. Lap shear strength measurements for SUP-NDP glue on different substrates including steel, PE, and 

PVC. Here K72-NDP and K108-NDP were tested as representative examples. All measurements were performed 

three times for each sample. The results indicate that the SUP glues adhere strongly on metal surfaces (steel) and 

exhibit fracture strengths in the range of 4.7 - 5.8 MPa. On low-energy surfaces (PE or PVC), the bonding strength 

of SUP glues become smaller. 

Table S3. Data of lap shear strength for SUP-NDP under different conditions 

 

(4) Testing of Commercial Adhesive (Cyanoacrylate) 

 

Lap shear measurements for commercial cyanoacrylate glue were performed as control 

experiments using the same experimental procedure as described above. For bulk dry lap shear 

measurements, all samples were cured for 12 h before testing. 

Lap shear strength (MPa)

K108-NDP-steel 5.77 6.61 5.09

K108-NDP-PE 2.52 2.16 1.69

K108-NDP-PVC 1.62 1.05 1.02

K72-NDP-steel 4.78 4.23 3.26

K72-NDP-PE 0.60 0.35 0.58

K72-NDP-PVC 0.72 0.99 0.47
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Figure S10. Typical bulk lap shear measurements of commercial cyanoacrylate superglue on different substrates 

as control experiments and comparison to SUP-based glue. 

(5) UV-vis spectroscopy following Fe-catecholate formation 

 

Figure S11. UV-vis spectroscopy study of the formation of Fe-catecholate species under different conditions. (A) 

Pristine K72-NDP solution (3.4 mM). (B) K72-NDP-Fe3+ solution after Fe3+ treatment. An absorption band 

300 400 500 600 700
0.0

0.3

0.6

0.9

1.2

A
b

s

Wavelength (nm)

 K72-NDP-Fe
3+

545 nm

300 400 500 600 700
0.0

0.4

0.8

1.2

1.6

A
b

s

Wavelength (nm)

 K72-NDP

300 400 500 600 700
0.0

0.5

1.0

1.5

2.0

A
b

s

Wavelength (nm)

 K72-NDP-Fe-NaOH

494 nm

B CA



Chapter 4 

95 
 

around 545 nm indicates the formation of bis Fe-catecholate according to the results reported in the literature.[39] 

(C) The formation tris Fe-catecholate by adding 10 uL 1 M NaOH. The tris Fe-catecholate was formed under basic 

conditions (titration with 1 M NaOH) with an absorbance around 494 nm. During the titration with 1 M NaOH 

solution, the K72-NDP solution became dark red and turbid. After centrufugation, the K72-NDP-Fe3+-NaOH 

system lost its original adhesion ability. 

(6) Metal ions effect on the adhesion performance of SUP-NDP glues 

 

Figure S12. The tunable adhesion behavior of SUP glues mediated by addition of different metal ions, i.e. Fe3+- 

and Tb3+ ions. K72-NDP and K108-NDP were chosen as two representative examples. Three tests were 

performed on steel substrates for each type. The results indicate that the adhesion performance of SUP glues can 

be significantly modulated by incorporation of Fe3+- and Tb3+ ions. Particularly, the bonding strength of K108-

NDP-Fe (13.51 ± 1.69 MPa) reached higher values than commercial cyanoacrylate superglue (12.06 ± 1.03 MPa). 

This behavior indicates that metal-catechol coordination bonds are important for the strong adhesion of SUP-

NDP glues. 

Table S4. Data of lap shear strength for SUP-NDP with different metail ions treatment 
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(7) Control test on steel 

 

Figure S13. Investigation of the effect of catechol on the adhesion of SUP-BnNDP. In this control experiments, 

benzyl groups were introduced to protect the dihydroxyl group in the catechol units in order to block the possibility 

of chelating with metal ions. (A) The bonding strength of K72-BnNDP, K72-BnNDP-Fe and cyanoacrylate. (B) 

Photographic images of K72-BnNDP (white color) and K72-BnNDP-Fe (black color). (C) Lap shear strength 

measurements of K72-BnNDP. (D) Lap shear strength measurements of K72-BnNDP-Fe. The results showed 

that the bonding strength of K72-BnNDP glue was 5.65 ± 1.42 MPa, which is similar to the results obtained for 

K72-BnNDP-Fe glue with a value of 5.29 ± 0.58 MPa. This behavior indicates that the catechol moieties and the 

presence of metal ions (Fe3+- and Tb3+ ions) together are of importance for the outstanding adhesion performance 

of SUP-NDP glue. In addition, the bonding strength of K72-BnNDP is higher than that of K72-NDP, indicating 

that more aromatic rings lead to better adhesion performance due to additional π-π interactions. Three tests were 

performed on steel substrates for each sample. 

Table S5. Data of lap shear strength for SUP-BnNDP before and after Fe3+ ions treatment 

  

Lap shear strength (MPa)

K72-BnNDP 6.32 4.01 6.60

K72-BnNDP-Fe 4.93 4.98 5.97
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(8) Removal of SUP-glue from the substrate 

 

 

Figure S14. Cleaning test for K72-NDP adhesive on steel. The photographs indicate that SUP-NDP glue could 

be easily removed tracelessly by washing with water. 

(9) Recyclability test on steel 

 

Figure S15. Study of recyclability of the SUP-NDP adhesive on steel. In order to minimize variation of the 

measurements (induced e.g. by oxidization), Fe3+ ions were used to bind to the catechol unit. (A) Lap shear 

strength of K72-NDP-Fe. (B) Lap shear strength measurement for recycled K72-NDP-Fe, (C) The bonding 

strength measurement for K72-NDP-Fe and recovered K72-NDP-Fe-re. The results indicate that there is no 

significant difference of bonding strength in the original and recovered groups. Three tests were performed on 

steel substrates for each sample. 

Table S6. Data of lap shear strength for K72-NDP-Fe under different conditions 
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(10) Testing of SUP-NAT glues 
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Figure S16. Lap shear measurements for SUP-NAT glue on different substrates including steel, Al, PE, and PVC. 

K72-NAT and K108-NAT were tested as representative examples. All measurements were performed three times 

for each sample. The results showed that SUP-NAT glue exhibits strong adhesion strength on different substrates 

compared to SUP-NDP glue, even stronger than cyanoacrylate superglue. In addition, it was found that the 

adhesion performance of SUP-NAT glue increases with increasing the molecular weight of SUPs. 

 

Table S7. Data of lap shear strength for SUP-NAT under different substrates 

 

(11) Effect of molecular weight on SUP-PDD glue 

 

Figure S17. Study of the effect of molecular weight on the adhesion of SUP-PDD involving E36, E72 and E144. 

In experiments, steel was chosen as a substrate for the adhesion measurements. Three experiments were preformed 

for each sample. The results clearly indicated that the bonding strength of SUP-PDD glue correlates with the 

molecular weight of the SUP components. 

 

Lap shear strength (MPa)

K108-NAT-steel 23.14 15.90 18.06

K108-NAT-Al 10.80 8.12 7.45

K108-NAT-PE 3.30 3.25 2.50

K108-NAT-PVC 4.64 3.28 4.46

K72-NAT-steel 21.64 15.81 13.06

K72-NAT-Al 5.01 9.36 8.12

K72-NAT-PE 2.91 2.12 1.26

K72-NAT-PVC 6.36 6.12 6.16
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Table S8. Data of lap shear strength for SUP-PDD on steel with different molecular weight 

 

(12) Testing of SUP-PDD glues 

 

Figure S18. Lap shear measurements for SUP-PDD glue on different substrates including steel, PE and PVC. All 

measurements were performed three times for each sample. (A-C) E36-PDD glue tests on steel, PVC, and PE. 

(D-F) E72-PDD glue tests on steel, PVC, and PE; (G-I) E144-PDD glue tests on steel, PVC, and PE. The results 

indicated that SUP-PDD glues have considerable adhesion performance and work better on a metal surface than 

non-metal substrates. 

 

 

 

Lap shear strength (MPa)

E36-PDD-Steel 3.36 3.61 3.52

E72-PDD-Steel 5.32 4.73 5.54

E144-PDD-Steel 6.31 7.44 7.63
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Table S9. Data of lap shear strength for SUP-PDD on different substrates 

 

(13) Evaluation of SUP-PDO and SUP-PDH glues 

We further synthesized positively charged DOPA-based surfactants (PDO and PDH) to mimic 

mussel glue and investigated the effect of the length of the alkyl chains on the adhesion 

performance. The bonding strength of SUP glues decreases with shortening the alkyl chains 

from C8 (PDO) to C6 (PDH). It should noted that SUP-PDH did not precipitate from aqueous 

solution due to the short alkyl chain. Thus, by introducing more hydrophobic interactions by 

increasing alkyl chain lengths lap shear strength is increased. The shorter alkyl chains of SUP 

glue under wet conditions result disassembly of the substrates and therefore do not allow to 

perform lap shear measurements. Furthermore, different crosslinking reagents including FeCl3, 

H2O2, and NaIO4 were investigated on the adhesion performance of SUP-PDD glue. However, 

SUP-PDD complexes became dark immediately and lost their adhesion ability after 

introducing crosslinking reagents. 

 

Figure S19. Lap shear measurements for SUP-PDO glue on PE substrates. The result revealed that the average 

bonding strength is about 0.65 ± 0.16 MPa. All measurements were measured three times individual trials for each 

subtype. 

(14) Evaluation of the cytotoxicity of the SUP glue 

To test cell viability, A549 cancer cells were seeded in a 96-well plate with 6000 cells/well in 

100 µL DMEM with 10% FBS and 1% antibiotics and incubation with 5% CO2 at 37 ℃ for 16 

h to ensure that cells adhere to the bottom of the wells. After that, the culture medium was 

removed and100 µL DMEM containing 1% antibiotics and 10 µL SUP-surfactant complex 

(from 5 ugmL-1 to 100 µgmL-1) in PBS solution was added to the wells. After incubation for 
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24h, 100 µL of DMEM medium containing 20 µL MTT in PBS solution (5 mgmL-1) was 

added to each well and cells were cultured for 4 h. After removing MTT and DMEM, each well 

was supplemented with 150 µL DMSO to dissolve formazan crystals. At last, the plates were 

shaken for 20 min and the absorbance of formazan was measured in a microplate reader at 490 

nm. 

 

Figure S20. Evaluation of the cytotoxicity of different SUP adhesives employing A549 cancer cells. The results 

indicate that the cell viability is decreasing with increasing the SUP glue concentration. However, below a SUP 

adhesive concentration below 50 µgmL-1 the viability remains above 75% indicating good compatibility below 

this concentration. Datas are shown with the mean plus standard deviation. More than three individual tests were 

carried out for each samle.  
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Abstract 

 

 

 

 

Light-responsive materials have been extensively studied due to the possibility for 

manipulating their properties with high spatiotemporal control in a non-invasive fashion. 

Examples of new materials with optomechanical behavior are solid-state photonic switches, 

optical interconnects, artificial muscles, and chemical sensors. However, it remains a challenge 

to modulate the stiffness and toughness of bulk materials in a reversible manner. Here, we 

demonstrate one new type of bioengineered protein fiber and their optical manipulation by 

employing electrostatic interactions between supercharged polypeptides (SUPs) and 

azobenzene (Azo) based surfactants. Photoisomerization of the Azo moieties from the E- to Z-

form alters the tensile strength, stiffness, and toughness of the bulk protein fibers reversibly. 

Especially, the increased cation-π interactions of the non-complexed lysine moieties in the SUP 

and the phenyl groups in the Z-form Azo lead to a ca. twofold increase in the fiber’s mechanics, 

including tensile strength, stiffness and toughness. The outstanding mechanical properties open 

a pathway towards the development of SUP-Azo fibers as stimuli-responsive bracing 

biomaterials. 
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5.1 Introduction 

Endowing (macro)molecules and structures prepared from them with the ability to respond to 

stimuli with reversible or irreversible transitions is widely recognized as a promising route 

towards the creation of smart and interactive materials[1]. For this purpose, temperature[2], 

mechanical force[3], light[4], electrical[5], or magnetic fields[6] have been successfully applied. 

Light oftentimes outperforms other stimuli because of its high spatiotemporal and energetic 

resolution in combination with its non-invasive character. Therefore, the use of photoswitches 

in materials is furthering advancements in molecular motors[7], drug delivery[8], (bio)sensors[9], 

actuators[10], and biomedical[11] as well as classical polymer systems[12]. 

Azobenzene and its derivatives arguably constitute the most popular class of photoswitches as 

they exhibit outstanding reversibility, high conversions at the photostationary state, and 

excellent fatigue resistance[13]. Specifically, the large geometrical change upon UV-induced 

isomerization from the E- to the Z-isomer and the facile modification of the azobenzene core 

with terminal moieties render them ideal for applications in optomechanics. By anchoring 

azobenzene or its derivatives within liquid-crystalline networks (LCNs), materials for high-

speed actuation on the micro- and nanoscale were prepared successfully[14]. In addition to 

actuation[15], artificial muscles[16], shape memory[17], and motion in liquids[18], azobenzenes 

were employed in more constrained environments, such as molecular crystals[19], thin films[20], 

and hydrogels[21]. As opposed to photo-induced mechanical motion, the photo-modulation of 

mechanical performance, such as stiffness and toughness, of bulk materials was only rarely 

reported and remains a considerable challenge[22]. Thus, it is of great interest to modulate the 

mechanical performance of materials based on rational molecular design and conformational 

changes of such photoswitches. Creating materials whose mechanical performance can be 

tuned on demand is promising for solid-state photonic switches, optical interconnects, artificial 

muscles, chemical sensors, and drug delivery. 

Research on stimuli-responsive fibers has been flourishing due to their potential applications 

in many fields[23]. Ikeda et al. achieved photomobility of crosslinked liquid-crystalline polymer 

(CLCP) fibers containing azobenzene units[24]. The CLCP fibers are capable of three-

dimensional movements upon UV-light irradiation. Minko et al. reported single-walled carbon 

nanotubes (SWCNTs)-alginate based composite fibers that reversibly deform during the 

swelling and shrinking[25]. This behavior leads to tunable electro-conductive properties of 

composite fibers. Zhao et al. reported photo-thermally responsive graphene oxide (GO) / N-

isopropylacrylamide (NIPAM) composite fibers with an NIR-irradiation-triggered water 

collection ability[26]. However, to the best of our knowledge, stimuli-induced modulation of 

fibers’ mechanical performance has not yet been achieved. Thus, the possibility of photo-

switching mechanical stiffness and toughness of fibers containing azobenzene units is of great 

interest for applications that rely on the geometrical change associated with the E-/Z- 

isomerization. 

To tackle this challenge, we here describe the preparation, structure, and reversible bulk 

photomodulation of the mechanical performance of the bioengineered protein fibers. We 

fabricate these fibers from photoswitchable azobenzene units non-covalently linked to a 
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supercharged polypeptide (SUP). Highly positively charged SUPs were combined with 

negatively charged surfactants containing azobenzene (Azo) moieties by electrostatic 

interaction. We found that the reversible photoinduced E- to Z-isomerization of azobenzene 

changes the local packing of the intermolecular microenvironment and alters cation-π 

interactions, allowing the modulation of the non-covalent assembly and hence the fibers’ 

tensile strength, Young’s modulus, and stiffness. 

5.2 Results and Discussions 

According to our design principle, the fabrication of photoswitchable bioengineered protein-

surfactant fibers requires two crucial components: a cationic supercharged polypeptide (SUP) 

forming the structural basis of the fiber material and an anionic sulfonated surfactant containing 

an azobenzene moiety (Azo) (Figure 1A). The SUPs are derived from natural elastin and were 

expressed recombinantly in E. coli[27,28]. The high net charge of SUPs is encoded in the 

pentapeptide repeat unit (VPGKG)n in which the fourth position valine is substituted with a 

lysine residue (K). Regarding the SUP used for the fiber fabrication, we here chose K108cys 

that contains two cysteines at the N- and C-terminus, respectively. The digit of K108cys 

denotes the number of positive charges along the polypeptide backbone (Figure. S1-S3 and 

Table S1). Regarding the surfactant, we synthesized a non-symmetrically substituted 

azobenzene (Azo) bearing a sodium sulfonate moiety on one terminus and a diethylene glycol 

monomethyl ether residue on the other terminus, in the p-position of its respective phenyl ring 

(Scheme S1). The Azo surfactant was characterized by nuclear magnetic resonance 

spectroscopy (NMR) (Figure S4) and high-resolution mass spectroscopy (HR-MS). Both the 

K108cys and the Azo were mixed in aqueous solution in a 1:1 molar ratio of lysine to surfactant. 

As a result, the solution became turbid and after centrifugation, a protein-surfactant coacervate 

was obtained at the bottom of the tube (experimental details can be found in the supplementary 

information). Due to the sticky property of the SUP-Azo complex, the fibers were produced 

simply by the application of a needle to draw coacervate fibers. Finally, the fabricated fibers 

were kept at ambient conditions for 2 h before further characterization. 

 

Figure 1. Preparation and characterization of the mechanically responsive SUP-Azo fibers. (A) SUP-Azo fibers 

formed by electrostatic interaction between genetically engineered cationic K108cys (SUP) and anionic 
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azobenzene surfactant (Azo). (B) POM analysis of SUP-Azo fiber. Scale bar is 50 μm. The birefringent properties 

suggested an ordered structure. (C) SAXS analysis of SUP-Azo fiber. The average distance of the formed nematic 

phase of SUP-Azo complex is around 2.7 nm. The insert schematic graph represents the nematic model of SUP-

Azo complex. (D-E) SEM images of SUP-Azo fiber before UV-light irradiation. (D) Analysis of the surface 

morphology of SUP-Azo fiber (scale bar is 8 mm). (E) Analysis at a cross-section to examine the SUP-Azo fiber 

internal core (scale bar is 8 mm). 

Initially, a quantitative component determination of the SUP-Azo complexes was carried out 

by 1H-NMR. Therefore, a lower molecular weight SUP variant was employed. For the K18-

Azo complex, a stoichiometry of K18:Azo of 1:16 was measured, which indicates that ca. 90% 

of the positive lysine residues are complexed with anionic surfactant molecules (Figure S11). 

This might indicate that cation-π interactions of the non-complexed lysine moieties in the SUP 

and the phenyl groups in the Azo exist within the fiber system. To gain more insight into the 

SUP-Azo fibers, we performed polarized optical microscopy (POM) revealing significant 

birefringence under cross-polarized light, indicating the presence of structurally ordered 

molecules in the solid state (Figure 1B). Further characterization of SUP-Azo fiber was 

conducted by small angle X-ray scattering (SAXS). A weak broad diffraction peak at q = 2.32 

nm−1 corresponds to the d spacing of 2.7 nm (d = 2π∙q-1) (Figure 1C). Combined with POM 

analysis, this confirms the nematic ordering of the SUP-Azo complex with an average diameter 

of 2.7 nm. The SEM image of SUP-Azo fibers in Figure 1D revealed a uniform, cylindrical, 

and smooth surface morphology. In addition, the cross-section analysis showed the solid 

internal core of the SUP-Azo fiber (Figure 1E). 

To assess the photoswitching capabilities, we initially performed irradiation experiments in 

combination with UV-vis spectroscopy on Azo alone in aqueous solution. Firstly, the pristine 

Azo (in E-state) was tested regarding its photostability. No changes of the absorption spectrum 

were detected indicating that the stability of Azo in aqueous solution without irradiation 

(Figure S5). The E-isomer shows the typical π-π* and n-π* transitions at ca. 350 nm and 430 

nm respectively. As shown in Figure S6, upon irradiation with UV-light (λexc = 365 nm), the 

characteristic decrease of the π-π* absorption band with a concomitant hypsochromic shift to 

ca. 300 nm accompanied by an increase in absorption of the n-π* transition was observed. This 

E- to Z-isomerization is fully reversible either thermally or by irradiation with visible light (λexc 

= 450 nm). Azo was found to exhibit a thermal half-life (t1/2) of 177 h at 25 °C in H2O, 

indicating that the Z isomer shows excellent thermal stability (Figure S7 and S8). 

Photoswitching between both isomers resulted in very good yields in the photostationary state. 

95% of the Z-isomer were obtained for the E- to Z-transition while 78% E-isomer were obtained 

for the Z- to E-isomerization, as determined by 1H-NMR spectroscopy (Figure S9, Table S2). 

The mechanical properties of SUP-Azo fibers were studied by uniaxial tensile testing on a 

universal testing machine. In the absence of light, i.e. with all azobenzenes in the E-state, 

Young’s moduli of ~3.5 GPa were recorded in the elastic region of 0-3% applied strain (Figure 

2A). Most notably, after irradiating the fiber with UV-light and hence isomerizing the 

azobenzenes to the Z-state, these moduli increased significantly to ~6.8 GPa. The original 

moduli could be recovered after keeping an irradiated, non-extended sample for 2 h in the dark, 

which can be attributed to the thermal back-isomerization of the azobenzene to the E-state 

(Figure S10, Table S3). 
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We observed a similar trend for the tensile strengths of the fibers. In their native and non-

irradiated state (Azo in E-form), an average breaking strengths of 104 MPa was recorded. This 

value increased significantly to ~215 MPa when the fiber was illuminated with UV-light, in 

which the complexed Azo surfactant was isomerized to the Z-state (Figure 2B). Leaving the 

UV-illuminated, non-extended samples in the dark for 2 h revealed even lower breaking 

strengths of ~50 MPa suggesting that the consecutive E- to Z- to E-switching introduces 

structural defects into the fiber by the photoinduced molecular rearrangements of the 

azobenzene moiety (Figures 2B and S10, Table S3). Analogous observations were made 

regarding the fiber toughness revealing photomodulation from an average of 6.4 MJ∙cm-3 

before irradiation over 9.2 MJ∙cm-3 after UV-irradiation to 3.4 MJ∙cm-3 for the thermally back-

isomerized non-extended samples (Figure 2C). 

Interestingly, we could not observe this modulation for the breaking strain that remained 

unaffected within the margin of experimental error before and after irradiation (Figure 2D). In 

general, the distance between the two p-position carbon atoms of the aromatic rings of 

azobenzene will decrease from the E-state (9.0 Å) to the Z-state (5.5 Å) during the 

isomerization process[29]. This subtle difference between the E- and Z-isomer can be used to 

explain the macroscopically negligible elongation rate under experimental conditions. 

 

Figure 2. Characterization of the mechanical properties of SUP-Azo fibers by uniaxial tensile testing before UV-

irradiation, after UV-irradiation (λexc = 365 nm, 2 h), and after UV-irradiation and 2 h in the dark. (A) Young’s 

moduli, (B) breaking strength, (C) toughness, and (D) breaking strain. (E and F) SEM images of SUP-Azo fiber 

after breaking under UV-irradiation (λexc = 365 nm). (E) Analysis of the surface morphology of SUP-Azo fiber 

(scale bar is 9 mm). (F) Analysis at a cross-section to examine the SUP-Azo fiber’s internal core (scale bar is 8 

mm). 

To investigate the mechanisms contributing to this behavior in more detail, we performed 

fractography employing scanning electron microscopy (SEM) on the intact and fractured 

samples after UV irradiation (Figures 2E, 2F, and S13). On all fibers, pristine, UV-irradiated, 
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or thermally back-isomerized, we identified a comparable uniform cylindrical diameter as well 

as surface morphology giving no further insight on changes of the material. 

Thus, we decided to employ solid state UV-vis spectroscopy and to examine the SUP-Azo 

complex in the bulk after spin-coating films on glass substrates (Figure S14). The analysis of 

solid UV-vis spectra of SUP-Azo complexes revealed that a significant decrease of the π-π* 

absorption (~360 nm) and an increase of n-π* absorption (~450 nm) after exposure to UV-

irradiation (λexc = 365 nm, 2 h) occured. Similarly, the characteristic π-π* absorption band was 

mostly restored after being left in the dark overnight. These results demonstrate that the 

structural properties of SUP-Azo fibers can be modulated at the macroscopic scale by light 

irradiation. 

Hereafter, we investigated the mechanical properties of SUP-Azo fibers at the nano-scale using 

atomic force microscopy (AFM) based nano-indentation experiments[30] (Figures 3 and S16). 

Initially, we determined the elastic limit by indenting with a high force above 1 µN (Figures 

S17A-C). The observed fiber deformed elastically up to ~400 nN and plastically above this 

limit. Following this, we indented at lower force in the nN range and within the elastic regime 

(Figures S17D-F). The indentation experiments were performed on the same fiber but in 

pristine, UV-irradiated, and thermally back-isomerized states. Analogously to the SEM-based 

fractography, AFM also did not reveal changes of the fiber surface topography in the different 

switching states of the azobenzene (Figures 3A, D, and G). However, the alteration of the 

recorded stiffness from ~92 N∙m-1 in the pristine state over ~224 N∙m-1 after UV-irradiation to 

~83 N∙m-1 after staying in the dark qualitatively aligns with the results from macroscopic tensile 

testing (Figures 3C, F, and I). 

 

Figure 3. AFM-based nano-indentation on the SUP-Azo fiber. (A) Surface morphology of the fiber before UV 

irradiation. (B) Superposition of force-distance curves recorded on the image area. (C) Histogram of calculated 
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spring constant of the fiber obtained from force curves from (B) (n = 20). (D-F) Identical fiber portion as in (A) 

but after 2 h of UV-irradiation (λexc = 365 nm). (G-I) Identical fiber portion as in (A) but after 2 h of UV-irradiation 

(λexc = 365 nm) and subsequent 24 h in the dark. 

We hypothesize that this observation between no apparent macroscopic topological changes 

and the evident alteration of mechanical properties after UV-induced isomerization stems from 

minuscule but potent molecular rearrangements. As we discussed above, the cation-π 

interaction might play an important role in the formation of the SUP-Azo fibers. We speculate 

that the alteration of cation-π interactions upon photoisomerization of the azobenzene 

surfactant is a major mechanism for the observed effects as non-covalent interactions between 

electron-rich species and adjacent cations have been reported (Figure 4)[31]. This hypothesis is 

based on the geometrical rearrangement of the azobenzene units during the E- to Z-

isomerization, effectively altering the distance between the external azobenzene phenyl ring 

and unoccupied cationic lysine residues of neighboring SUP-Azo complexes. The 

isomerization process from E- to Z-state decreases the distance between the unoccupied lysine 

residues and the two azobenzene phenyl rings, thereby increase the cation-π interactions. 

Consequently, this change might improve the fiber’s breaking strength. Meanwhile, the 

negligible variation of strain would contribute to the increase of fiber’s Young’s modulus and 

toughness. In turn, after recovering to the E-form, the mechanical properties of SUP-Azo fiber 

can be restored due to the decrease of the relevant cation-π interactions. This interpretation is 

strongly supported by the preparation of a SUP-Azo complex in a 1:5 lysine/surfactant 

stoichiometry leaving no free cationic lysine residues on the SUP, as demonstrated by 1H-NMR 

spectroscopy (Figure S10). With this coacervate, no fiber manufacturing was possible at all, 

highlighting the importance of free cationic lysine moieties for the mechanical integrity of the 

material. Thus, altering the distance between cations on the SUP backbone and π-systems of 

Azo might lead to an overall alteration of the mechanical properties of the macroscopic material. 
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Figure 4. Schematic representation of the plausible mechanism for SUP-Azo fibers with photo-switchable 

mechanical properties. The geometrical rearrangement of the azobenzene units during photo-isomerization 

effectively alters the interactions between the azobenzene phenyl ring and unoccupied cationic lysine residues of 

neighboring SUP-Azo complexes. Therefore, the mechanical properties of SUP-Azo fibers might be tuned by 

light. (Blue dotted lines represent the cation-π interactions) 

5.3 Conclusion 

In conclusion, the present study demonstrates the design and manufacturing of protein fibers 

formed from supercharged polypeptides and an azobenzene surfactant. For the first time, 

modulation of the fiber’s mechanical performance by light, i.e. Young’s modulus, breaking 

strength, and toughness, was achieved. Furthermore, the SUP-Azo fibers possess several 

valuable features involving excellent and tunable mechanical properties. The mechanical 

properties of the SUP-Azo fibers were increased after the photoisomerization of azobenzene 

from the E- to Z-state in the solid state. This behaviour was possibly induced by increasing 

cation-π interactions in the Z-state of Azo due to the phot-induced geometrical rearrangement 

of the azobenzene units. More importantly, the fiber mechanical properties can be restored to 

their initial value after photoisomerization from the Z- to E-state. These promising properties 

of the materials might be translated into technological applications in which the in situ 

mechanical manipulation is required. In addition, this work is a considerable milestone on the 

way to bio-based and biocompatible smart and interactive mechanical materials. 

5.4 Experimental section 

5.4.1 General 

All UV-vis spectra were measured on a JASCO V-630 spectrophotometer at 25 ℃ using 1 mL 

cuvettes. Data analysis was carried out using Origin 9.0. E-Z- and Z-E-photoisomerization of 

the azobenzene surfactant (Azo) and SUP-Azo complex were induced by UV-lamp irradiation 

(0.5 mW∙cm-2) at λexc = 365 nm and in the dark, respectively. The surface morphology and 

cross-section were measured on a JSM 6320F scanning electron microscope (SEM). 1H NMR 

and 13C NMR were conducted on a Varian 400 MHz spectrometer. Tensile strengths were 

measured on INSTRON 5565 at a speed of 10 mm·min-1. Small-angle X-ray scattering (SAXS) 

was performed by employing a conventional X-ray source with radiation wavelength of λ = 

1.54 Å and a Bruker Nano/microstar machine was used to obtain small angle scattering profiles, 

where the sample-to-detector distance was 24 cm. The sample holder is a metal plate with a 

small hole (diameter ~0.25 cm, thickness ~0.15 cm), where the X-ray beam passes through. 

The SUP-Azo fiber was fixed into the hole by tape. The scattering vector q is defined as q = 

4π∙sinθ∙-1 with 2θ being the scattering angle. 

5.4.2 Materials 

4-Hydroxyazobenzene-4'-sulfonic acid sodium salt hydrate, 1-(2-bromoethoxy)-2-(2-

methoxyethoxy)ethane (97%), and K2CO3 were obtained from Sigma-Aldrich (Netherlands). 

All the starting compounds for the synthesis of Azo surfactant were used without further 

purification. For all experiments, ultrapure water (18.2 MΩ) purified by a MilliQ-Millipore 
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system (Millipore, Germany) was used. All biochemicals for cloning and SUP expression, such 

as LB medium, salts, antibiotics as well as inducer compounds, were used as received (from 

Sigma-Aldrich) without any further purification. The pUC19 cloning vector, restriction 

enzymes, and GeneJET Plasmid Miniprep kit were purchased from Thermo Fisher Scientific 

(Waltham, MA). Digested DNA fragments were purified using QIAquick spin miniprep kits 

from QIAGEN (Valencia, CA). E. coli XL1-Blue competent cells for plasmid amplification 

were purchased from Stratagene (La Jolla, CA). Oligonucleotides for sequencing were ordered 

from Sigma-Aldrich (St. Louis, MO). Sinapinic acid was used as matrix during MALDI-TOF 

mass spectrometry and was purchased from SIGMA. All solvents (CHCl3, MeOH, DMF, EtOH) 

were analytical grade and used without further purification. 

5.4.3 Molecular Cloning and SUP expression 

Cloning/Gene oligomerization 

The SUP proteins cloning and expression were conducted according to previous literature 

procedures[27,28].The building blocks of the SUP genes were ordered from Integrated DNA 

Technologies (Iowa, USA). The SUP gene was excised from the pCloneJET vector by 

restriction digestion and run on a 1% agarose gel in TAE buffer (per 1L, 108 g Tris base, 57.1 

mL glacial acetic acid, 0.05 M EDTA, pH 8.0). The band containing the SUP gene was excised 

from the gel and purified using the QIAGEN spin column purification kit. pUC19 was digested 

with EcoRI and HinDIII and dephosphorylated. The vector was purified by agarose gel 

extraction after gel electrophoresis. The linearized pUC19 vector and the SUP-encoding gene 

were ligated and transformed into chemically competent DH5α cells (Stratagene, Texas, USA) 

according to the manufacturer’s protocol. Cells were plated and colonies were picked and 

grown overnight in LB medium supplemented with 100 µg∙mL-1 Ampicillin, and plasmids were 

isolated using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich, Missouri, USA). Positive 

clones were verified by plasmid digestion with PflMI and BglI and subsequent gel 

electrophoresis. The sequences of inserts were further verified by DNA sequencing (GATC, 

Konstanz, Germany). Gene oligomerization, known as Recursive Directional Ligation (RDL), 

was performed as described by Chilkoti and co-workers[32]. In brief, monomer K9 was digested 

using PflMI and BglI from parent vector as one insert. A second parent vector with K9 was cut 

with PflMI only, dephosphorylated and afterwards applied as a host plasmid. Ligation between 

the insert fragment and the host vector was performed in the presence of T4 ligase at 22 °C for 

1 h. Positive clones were verified by plasmids miniprep and gel electrophoresis. Consequently, 

doubled SUP fragments (i.e. K18) were obtained. Similarly, the cloning of K108cys was 

conducted. 
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Figure S1. Genes and corresponding polypeptide sequences of monomeric SUP (containing nine lysines). The 

gene information, amino acid sequences as well as restriction sites are presented. The nucleotides sequence used 

for recursive directional ligation is shown in red. A cysteine (in bold) is introduced at the 3’ terminus of this gene 

fragment. All sequences were verified via DNA sequencing. 

Expression vector construction 

The expression vector pET 25b(+) was modified by cassette mutagenesis, for incorporation of 

a unique SfiI recognition site and an affinity tag consisting of six histidine residues at the C-

terminus (hence in the following sections called pET-SfiI), as described before. SUP fragments 

were obtained via restriction enzyme digest using PflMI and BglI from cloning vector and 

ligated into the expression vector pET-SfiI. 

Protein expression and purification 

E. coli BLR (DE3) cells (Novagen) were transformed with the pET-SfiI expression vectors 

containing the respective SUP genes. For protein production, Terrific Broth medium (for 1 L, 

12 g tryptone and 24 g yeast extract) enriched with phosphate buffer (for 1 L, 2.31 g potassium 

phosphate monobasic and 12.54 g potassium phosphate dibasic) and glycerol (4 mL per 1 L 

TB) and supplemented with 100 µg∙mL-1 ampicillin, was inoculated with an overnight starter 

culture to an initial optical density at 600 nm (OD600) of 0.1 and incubated at 37 °C with 

orbital agitation at 250 rpm until OD600 reached 0.7. Protein production was induced by a 

temperature shift to 30 °C. Cultures were then continued for additional 16 h post-induction. 

Cells were subsequently harvested by centrifugation (7,000 × g, 20 min, 4 °C), resuspended in 

lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl, 20 mM imidazole) to an 

OD600 of 100 and disrupted with a constant cell disrupter (Constant Systems Ltd., Northands, 

UK). Cell debris was removed by centrifugation (40,000 × g, 90 min, 4 °C). Proteins were 

purified from the supernatant under native conditions by Ni-sepharose chromatography. 

Product-containing fractions were pooled and dialyzed against ultrapure water and then 

purified by anion exchange chromatography using a Q HP column. Protein-containing fractions 

were dialyzed extensively against ultrapure water. Purified proteins were frozen in liquid N2, 

lyophilized, and stored at -20 °C until further use. 

Characterization of SUP 

The concentrations of the purified polypeptides were determined by measuring absorbance at 

280 nm using a spectrophotometer due to the presence of a Trp residue at the C-terminus of 

the SUP backbone (Spectra Max M2, Molecular Devices, Sunnyvale, USA). Product purity 

was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

on a 10% polyacrylamide gel. Afterwards, gels were stained with Coomassie staining solution 

(40% MeOH, 10% glacial acetic acid, 1 g∙L-1 Brilliant Blue R250). Photographs of the gels 

after staining were taken with an LAS-3000 Image Reader (Fuji Photo Film GmbH, Düsseldorf, 

Germany). The resulting stained gel is shown in Figure S2. 
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Figure S2. SUP samples used in this study characterized by SDS-PAGE. SDS-PAGE of prestained protein ladder 

(M), 1 (K18) and 2 (K108cys). A dimer of K108cys is formed due to the presence of a cysteine residue at the C 

terminus. The electrophoretic behavior of the SUP polypeptides with a high net charge is different from those 

protein samples, which usually exhibit balanced net charges as present in the marker lane M. 

Protein characterization employing mass spectrometry  

Mass spectrometric analysis was performed using a 4800 MALDI-TOF Analyzer in linear 

positive mode. The protein samples were mixed 1:1 v/v with sinapinic acid matrix (SIGMA) 

(100 mg∙mL-1 in 70% MeCN and 0.1% TFA). Mass spectra were analyzed with the Data 

Explorer software (version 4.9). Values determined by mass spectrometry are in good 

agreement with the masses that are calculated (shown in Figure. S3 and Table S1) based on the 

amino acid sequence. 

 

Figure S3. MALDI-TOF mass spectra of the SUP samples. 

m/z

K108cys+H

In
te

n
s

it
y
 (

a
.u

.)



Chapter 5 

117 
 

Table S1. Mass determination of supercharged proteins. *average molar mass calculated with ProtParam tool. 

#molar mass determined by MALDI-TOF mass spectrometry. 

 Sequence Mw calculated* (Da) Mw ms# (Da) 

K18 GAGP[(GVGVP)(GKGVP)9]2GWPH6 10176 10162 ± 50 

K108cys CGAGP[(GVGVP)(GKGVP)9]16GWPH6C 54167 54105 ± 100 

 

5.4.4 General synthesis of surfactants 

 

Scheme S1. Synthetic route of azobenzene sulfonate surfactant (Azo). 

To a solution of sodium 4-hydroxyazobenzene-4'-sulfonate hydrate (0.3 g, 1 mmol) in DMF 

(50 mL) K2CO3 (0.28 g, 2 mmol) was added and the solution was stirred for 30 min followed 

by adding 1-(2-bromoethoxy)-2-(2-methoxyethoxy)ethane (1.2 mmol). Then the reaction was 

stirred at 100 ℃ for 48 h. After the reaction was completed, it was filtered and the solvent was 

evaporated to afford the crude product. The residue was purified by flash column 

chromatography twice (CHCl3:MeOH = 10:1) and dried to afford the title compound as an 

orange solid. 

Azo, yield 55%: 1H NMR (400 MHz, Methanol-d4) δ 8.00 - 7.87 (m, 6H), 7.14 - 7.09 (m, 2H), 

4.27 - 4.23 (m, 2H), 3.91 - 3.87 (m, 2H), 3.74 - 3.71 (m, 2H), 3.68 - 3.62 (m, 4H), 3.55 - 3.52 

(m, 2H), 3.35 (s, 3H). 13C NMR (101 MHz, Methanol-d4) δ 163.39, 154.85, 148.34, 147.86, 

128.04, 126.02, 123.31, 116.05, 72.95, 71.78, 71.57, 71.39, 70.72, 69.04, 59.08. HR-MS for 

C19H23N2NaO7S (446.1196 calcd.): 447.1198 (M+H+) 
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5.4.5 NMR spectra 

 

 

Figure S4. NMR characterization for the Azo surfactant. 1H NMR (400 MHz, Methanol-d4) (upper) and 13C NMR 

(101 MHz, Methanol-d4) spectra (bottom) are shown. 
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5.4.6 Characterization for pristine Azo-surfactant 

UV/Vis spectrum 

(1) Stability 

 

Figure S5. Stability test of pristine Azo-surfactant (Azo) in aqueous solution (~ 3.36 mM) was measured by 

UV/vis spectroscopy in dark over time. The results showed that Azo-surfactant is stable in aqueous solution for 

29 h. 

(2) Photo-isomerization 

 

Figure S6. Photoisomerization of pristine azobenzene surfactant Azo followed by UV-vis spectroscopy. Spectra 

of Azo in aqueous solution (~ 4.6 mM) were recorded over the course of UV-irradiation (λexc = 365 nm, 0.5 

mW·cm-2) and visible light irradiation (λexc = 450 nm, 30 µW·cm-2). After exposure for 15 min to UV, 
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isomerization from the E- to the Z-form was observed with about 95% conversion. After exposure to visible light, 

the Z-form switches back to E gradually and after12 h about 78% E-content was obtained. 

Thermal isomerisation kinetics 

Changes in the UV-vis spectra upon thermal reversion were determined by irradiating (λexc = 

365 nm) a sample of Azo surfactant (5∙10-5 M in H2O, at 25 ℃) to the PSS. Subsequently the 

sample was heated at various temperatures and absorption was monitored at 350 nm. 

 

Figure S7: Thermal isomerization of Azo surfactant at different temperatures in H2O. 

 

 

Figure S8: Eyring plot of Azo surfactant in H2O with ΔH, ΔS, ΔG and t1/2 values extracted from the intercept and 

slope values. 
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Photo-isomerization studied by NMR 

 

Figure S9. Photoisomerization of Azo as followed by 1H-NMR spectroscopy. Azo (~ 13.4 mM) in CD3OD was 

recorded before and after UV-irradiation (λexc = 365 nm, 0.5 mW·cm-2) and visible light irradiation (λexc = 450 nm, 

30 µW·cm-2). Only the aromatic region is presented for the sake of clarity. The photo-switching behavior was 

determined by the relative integration of the signals. 

Table S2. 1H-NMR assignments for the E- and Z-form of Azo surfactant, and the composition at the 

photostationary state obtained by integration of the relevant peaks. 

 

5.4.7 Preparation of the SUP-Azo fiber 

An aqueous solution of the SUP (~220 μM) and the Azo (10-20 mM) were dissolved in milliQ 

water in a 1:1 molar ratio of lysine to surfactant. As a result of mixing, the transparent solution 

became turbid and after centrifugation, a sticky protein-surfactant coacervate was obtained at 

the bottom of the tube. Typically, a freeze-drying step of the SUP-Azo complex for 40-50 mins 

is recommended before spinning into fibers. After lypholization, 15 % water in the coacverste 

was left. Due to the sticky property of the SUP-Azo complex, the fibers were produced simply 

by the usage of a needle to extrude the coacervate. Finally, all the prepared samples were kept 

at ambient conditions for 2 h before further characterization. 

Conditions E signal Z signal 
Integration 

E (%) Z (%) 
E Z 

Before UV a, b+c+d - 6.00+2.00 - 100 0 

After UV  a’, b’+c’+d’ 0.26+0.10 2.00+6.34 4.1 95.9 

After Vis   6.00+2.00 2.41+0.79 71.4 28.6 
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5.4.8 Characterization of the SUP-Azo fiber 

Tensile test at macroscopic level by INTRON 

 

Figure S10. Typical stress-strain curves of SUP-Azo fibers under different conditions: (A) before UV irradiation, 

(B) after UV irradiation (λexc = 365 nm) and (C) dark adaptation for 2 h. 

Table S3. Mechanical properties of SUP-Azo fibers at different conditions. Each value represents the mean of 

three analyses and its standard deviation 
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NMR study with SUP-Azo complex in a molar ratio of 1:1 

To quantify the stoichiometry of SUP-Azo complex, 1H-NMR experiments were performed. 

Therefore, the SUP-Azo complex (K18-Azo complex) was prepared from a starting ratio of 

lysine to Azo surfactant of 1:1. The NMR measurements revealed a stoichiometry of 0.9 Azo 

surfactant molecules per lysine within the resulting SUP-Azo complex. 

 

 

Figure S11. Analysis of the stoichiometry of the SUP-Azo complex by 1H-NMR (400 MHz) in CD3OD. 

Assuming that one SUP molecule can complex with n Azo molecules (SUP: n Azo), then after 

complexation, according to the integration of the protons of Azo surfactant and SUP-Azo in 

their 1H-NMR as shown above, we have: 

2.00

9.51
=  

2n

22 ∗ 6
 

where n is determined to be 16.5. 

As a result, the stoichiometric ratio of Azo and lysine moiety is roughly 0.9:1, indicating ~10% 

of lysine moieties are not complexed with a surfactant molecule. 
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NMR study with SUP-Azo complex in a molar ratio of 1:5 

To investigate the underlying properties of the SUP-Azo fiber, 1H-NMR experiments were 

performed. Therefore, the SUP-Azo complex (K18-Azo complex) was prepared from a starting 

ratio of lysine to surfactant of 1:5. The NMR measurements revealed a stoichiometry of 3.3 

Azo surfactant molecules per lysine within the resulting SUP-Azo complex. 

 

Figure S12. Analysis of the stoichiometry of the SUP-Azo complex by 1H-NMR (400 MHz) in CD3OD. 

Assuming that one SUP molecule could combine with n Azo molecules (SUP: n Azo), then 

after complexation, according to the integration of the protons of Azo surfactant and SUP-Azo 

in their 1H-NMR as shown above, we have: 

2.00

2.20
=  

2n

22 ∗ 6
 

where n is determined to be n = 60 

As a result, the stoichiometric ratio of Azo and lysine moiety is roughly 3.3:1.  
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Solid state UV-vis spectra of SUP-Azo film 

 

Figure S13. Photo-isomerization study of SUP-Azo complex by solid UV-vis spectroscopy. (A) UV-vis 

absorption spectra of SUP-Azo film before irradiation (black), after UV irradiation (λexc = 365 nm, 0.5 mW/cm2, 

120 min) (red) and after thermal cis-to-trans isomerization of SUP-Azo film at room temperature in the dark (pink) 

were recorded. (B) The same UV-vis absorption spectra of SUP-Azo film between 400 and 560 nm. The 

absorption spectra of SUP-Azo film before and after irradiation were different because the orientation and stacking 

of azobenzene groups in the system before and after irradiation were different. 

 

 

 

Morphology and cross-section of SUP-Azo fiber 

 

Figure S14. Scanning electron micrograph depicting surface morphology and cross-section of SUP-Azo fibers 

under different conditions: before, UV (λexc = 365 nm) irradiation and dark adaptation. 
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SAXS measurement for SUP-Azo fibers 

 

Figure S15. SAXS measurement for SUP-Azo fiber. (A) The broad diffraction ring indicated an average distance 

of 2.32 nm-1. (B) SAXS pattern shown for K108cys-Azo fiber. 

AFM Experiments 

AFM based imaging and nanoindentation experiments were performed in air using a Bruker 

Multimode AFM system (Leiderdorp, Netherlands). Imaging was performed in peak-force 

tapping mode. Bruker TESPA-V2 cantilevers were used with a nominal spring constant of 42 

N/m and a nominal length of 127 µm, which makes them appropriate to measure hard surfaces 

with higher elevations. For AFM measurements the fibers were stretched and absorbed onto a 

clean Si surface. The experimental scheme is represented in Figure S16, where the first force 

curves were taken on the Si surface without interacting with the fiber (Figure S16 A). Then, 

after localization of the fiber with the AFM tip (Figure S16 B-D), the fiber was indented using 

initially higher forces (≥1 µN) to determine the elastic limit of the fiber (Figure S17 A-C). 

Later, this information was used to indent elastically the fiber (Figure S17 D-F). The 

calculation of spring constant was carried out using the F-D curve obtained on the Si surface 

(ksurface) and the measured effective spring constant (keffective) by indentating the fiber. 

Considering two springs (kcantilever and kfiber) in series. The fiber spring constant can then be 

determined from: 

1/ keffective = 1/ kcantilever + 1/kfiber 
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Figure S16. Locating the appropriate fiber position for nanoindentation experiments. (A) Light microscopy image 

of a fiber (white arrow), freshly prepared and attached onto a clean Si surface, and the AFM cantilever (grey 

arrow). In the first step, the cantilever was situated next to the fiber on the silicon surface (to assure there will be 

no interaction between the fiber and the cantilever holder). In this position, several F-D curves are recorded for 

calibration purposes. (B) In the next step, the cantilever was moved up at least 500 µm and carefully directed to 

the top of the fiber. (C) Images of 5 × 5 µm were taken in different positions on the fiber, until the cross-section 

(as in D) looks roughly symmetrical on both sides of the maximum height. At this stage, the tip can considered to 

be located on the middle of the fiber (along the width of the fiber), and nanoindentation measurements can start. 

Detection of the elastic limit of the fiber 

 

Figure S17. Detection of the elastic limit of the fiber. (A) AFM image of a fiber surface before indentation. The 

red circles represent the selected points for indentation. (B) Same as A, but after nano-indentation at the selected 
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points in A, using high indentation force of 1.2 µN. A permanent deformation at this higher indentation force was 

observed. (C) Example of F-D curves on the silicon (Si) support (red line) and on the fiber (blue line). The black 

dotted line is a fit of the initial linear portion of the fiber indentation curve. The dotted green line indicates the 

elastic limit of the fiber. (D) AFM image of same fiber in A, but at a different position. The red circles represent 

the selected indentation points. (E) Same as D but after indentation with a force of 400 nN. There is no permanent 

deformation by the tip of the fiber surface, as expected from panel C. (F) Examples of F-D curves showing the 

elastic deformation of the fiber (in blue). 
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Bioinspired mechanical materials have been designed and fabricated for a wide range of 

applications. In Chapter 1, protein-based mechanical biomaterials including adhesives and 

fibers are reviewed. In the first part, biological adhesives inspired by mussel and sandcastle 

worm are described. Genetic engineering and chemical synthesis are the two methods for the 

fabrication of protein-based adhesives. By molecular cloning and recombinant protein 

expression, the mechanical behavior of protein adhesives can be exquisitely controlled over the 

sequence and molecular weight. Moreover, their polypeptide nature renders them 

biodegradable and non-toxic. In the second part, mechanically strong protein fibers have been 

reviewed. Bioinspired fibers from spiders and silkworms have attracted increasing attention 

due to their lightweight and extraordinary mechanical properties, i.e., high tensile strength and 

outstanding extensibility. So far, artificial protein-based fibers have been produced mainly by 

two approaches: chemical regeneration and genetic engineering. The extraordinary mechanical 

properties, biocompatibility, and biodegradability offer the opportunity to apply such protein 

fibers in fabrics, tissue engineering, and drug delivery. 

In Chapter 2, we developed a strong biological adhesive with biocompatible and 

biodegradable properties. The supercharged unfolded protein (SUP) glues were fabricated by 

employing electrostatic interaction between highly charges cationic polypeptides (cationic 

SUPs) and the negatively charged surfactant SDBS, followed by one-step precipitation and 

final lyophilization. The SUP adhesives showed significant bulk adhesion strength on various 

substrates, which is comparable to commercial cyanoacrylates named superglue. In addition, 

strong underwater adhesion was realized by this system. As an outstanding feature of this novel 

class of glue, during the adhesion process, covalent bond formation was avoided. It was shown 

through NMR spectroscopy and computational simulations that π-stacking and cation-π 

interactions play a critical role for strong adhesion. Moreover, the electrostatic interactions 

between SUPs and SDBS surfactants, van der Waals forces, and hydrogen bonds contribute to 

the high adhesion strength of SUP glues. 

After demonstrating the adhesion ability of SUP glues, the biomedical application of this novel 

class of materials was investigated in Chapter 3. Firstly, the non-toxicity of the SUP glues was 

confirmed by high cell viability of HeLa cells in the SUP-SDBS complex. The high survival 

rate of mice mesenchymal stem cells (D1 cells) in 3D culturing conditions with SUP glue also 

indicated the safety of the adhesive system. Next, the tests on skin and eyelid adhesion of SUP 

glue revealed it’s promising properties for biomedical applications. Subsequently, the 

hemostatic and wound healing properties of SUP glues were investigated in vivo. The bleeding 

wound on rat skin and liver was sealed after treated with SUP glues, demonstrating fast 

hemostatic properties. Moreover, in stark contrast to suture closure and commercial chemical 

adhesives, fast wound healing was detected for the SUP glue, indicating the capacity of SUP 

glues for regenerating skin. Histological experiments were utilized to analyze the regeneration 

of healed skin tissue. When compared with other treatment groups, the group treated with SUP 

glue showed a significant formation of new blood vessels, abundant follicle formation, 

sebaceous glands, and more collagen deposition. Additionally, immunofluorescence analysis 

of the wounds treated with SUP glue did not show any signs of inflammation, which revealed 

the efficacy of SUP glue to prevent injury associated inflammation. 
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To broaden the scope of SUP glues, Chapter 4 focuses on the preparation of SUP glues with 

different surfactants using the same manufacturing protocol as described in Chapter 2. Firstly, 

the SUP glues were fabricated by employing electrostatic interaction between SUPs and 

relevant opposite charged DOPA or azobenzene-based surfactants. The SUP glues rendered 

robust adhesion both in dry and humid conditions. Particularly, in the case of the SUP-DOPA 

glue, bonding strength can reached up to 13.51 MPa on steel because of the formation of 

coordination bonds between Fe3+ ions and catechol units. In this case, the adhesion is even 

higher than that of superglue (cyanoacrylate, 12.06 MPa). Furthermore, wound healing 

experiments and cytotoxicity tests proved that SUP glues exhibit good biocompatibility, low 

toxicity, and anti-inflammation ability. All results indicate that SUP glue can be used as a 

promising biomaterial for wound healing and tissue engineering. 

Aside from the SUP adhesives, in Chapter 5, we report the first example for the mechanical 

modulation of SUP fibers reversibly in bulk state by light. We first prepared one new type of 

bioengineered protein fiber by employing electrostatic interactions between SUP and 

azobenzene (Azo) based surfactants. The macroscopic tensile tests, as well as nano-scale AFM 

measurements, demonstrated that the photo-isomerization of Azo moieties from the E- to the 

Z-form alters the tensile strength, stiffness, and toughness of the fibers reversibly. Especially, 

the increased cation-π interactions of the uncomplexed lysine moieties in the SUPs and the 

phenyl groups in Z-form of Azo leads to a ~ 2-fold increase in the fiber’s mechanics. The 

outstanding mechanical properties open a pathway towards the development of SUP-Azo fibers 

as stimuli-responsive bracing biomaterials. 
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Bio-geïnspireerde mechanische materialen zijn ontworpen en gefabriceerd voor breed scala 

aan toepassingen. In Hoofdstuk 1 worden op eiwit gebaseerde mechanische biomaterialen 

zoals kleefstoffen en vezels besproken. In het eerste deel worden biologische lijmen beschreven 

welke geïnspireerd zijn op mosselen en zandkasteelwormen. Genetische manipulatie en 

chemische synthese zijn de twee methoden voor de vervaardiging van op eiwitten gebaseerde 

kleefstoffen. Met behulp van moleculaire klonering en recombinante eiwitexpressie kan het 

mechanische gedrag van eiwitkleefstoffen uitstekend worden geregeld door de aminozuur 

sequentie en het molecuulgewicht. Bovendien maakt hun polypeptideaard ze biologisch 

afbreekbaar en ongiftig. In het tweede deel zijn mechanisch sterke eiwitvezels beoordeeld. Bio-

geïnspireerde vezels van spinnen en zijderupsen hebben toenemende aandacht getrokken 

vanwege hun lichte gewicht en buitengewone mechanische eigenschappen, d.w.z. een hoge 

treksterkte en uitstekende rekbaarheid. Tot dusver zijn kunstmatige vezels op basis van eiwitten 

hoofdzakelijk geproduceerd via twee benaderingen: chemische regeneratie en genetische 

manipulatie. De buitengewone mechanische eigenschappen, biocompatibiliteit en biologische 

afbreekbaarheid, bieden de mogelijkheid om dergelijke eiwitvezels toe te passen in textiel 

materiaal, weefselmanipulatie en medicijnafgifte. 

In Hoofdstuk 2 ontwikkelden we een sterke biologische lijm met biocompatibele en biologisch 

afbreekbare eigenschappen. De supergeladen ongevouwen proteïne (SUP) lijmen werden 

vervaardigd door gebruik te maken van de elektrostatische interactie tussen sterk geladen 

kationische polypeptiden (kationische SUPs) en de negatief geladen surfactant SDBS, gevolgd 

door een eenstaps precipitatie en uiteindelijke lyofilisatie. De SUP-lijmen vertoonden 

aanzienlijke bulkhechtstrekte op verschillende substraten, welke vergelijkbaar is met 

commerciële cyanoacrylaten zoals secondelijm. Bovendien werd door dit systeem een sterke 

hechting onder water gerealiseerd. Als opvallend kenmerk van deze nieuwe lijmklasse, werd 

tijdens het hechtingsproces de vorming van covalente bindingen vermeden. Via NMR-

spectroscopie en computationele simulatie werd aangetoond dat π-stapeling en kation-π-

interacties een cruciale rol spelen. Verder dragen de elektrostatische interacties tussen SUPs en 

SDBS surfactanten, van der Waals-krachten en waterstofbruggen, bij aan de hoge 

adhesiesterkte van SUP-lijmen. 

Na het aantonen van het adhesievermogen van SUP-lijmen werd in Hoofdstuk 3 de 

biomedische toepassing onderzocht. Als eerste werd de ongiftigheid van de SUP-lijmen 

bevestigd door de hoge levensvatbaarheid van de HeLa cellijn in het SUP-SDBS-complex. Het 

hoge overlevingspercentage van D1 mesenchymale stamcellen uit muizen in 3D-

kweekomstandigheiden met SUP-lijm wees ook op de veiligheid van het lijmsysteem. 

Vervolgens toonden de testen op de adhesie van huid en oogleden met SUP-lijm veelbelovende 

biomedische toepassingen aan. Daarna werden de hemostatische en 

wondgenezingseigenschappen van SUP-lijmen onderzocht in vivo. Bloedende wonden op de 

huid en lever van ratten werd verzegeld na behandeling met SUP-lijmen, wat hun snelle 

hemostatische eigenschappen aantoont. Bovendien werd, in sterk contrast met 

hechtingssluiting en commerciële chemische lijmen, snelle wondgenezing gedetecteerd voor 

de SUP-lijm, wat het vermogen van SUP-lijmen voor het regenereren van de huid aangeeft. 

Histologische experimenten werden gebruikt om de regeneratie van genezend huidweefsel te 

analyseren. In vergelijking met andere behandelingsgroepen, vertoonde de groep behandeld 
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met SUP-lijm een significante vorming van nieuwe bloedvaten, overvloedige follikelvorming, 

talgklieren en meer collageenafzetting. Bovendien vertoonden immunofluorescentieanalyses 

van de met SUP-lijm behandelde wonden geen tekenen van ontsteking, hetgeen de 

werkzaamheid van SUP-lijm onthulde om onsteking geassocieerd met letsel te voorkomen. 

Om de reikwijdte van SUP-lijmen te verbreden, richt Hoofdstuk 4 zich op de bereiding van 

SUP-lijmen met verschillende oppervlakteactieve stoffen volgens hetzelfde productieprotocol 

zoals beschreven in Hoofdstuk 2. Als eerste werden de SUP-lijmen vervaardigd door gebruik 

te maken van elektrostatische interacties tussen SUPs en relevante tegenovergestelde geladen 

op DOPA of azobenzeen gebaseerde surfactanten. De SUP-lijmen zorgten voor een uitstekende 

hechting, zowel in droge als in vochtige omstandigheden. In het bijzonder, in het geval van de 

SUP-DOPA-lijm, kan een bindingssterkte worden bereikt tot 13.51 MPa op staal vanwege de 

coördinatieverbindingen tussen Fe3+-ionen en catecholeenheden. In dit geval is de hechting 

zelfs hoger dan die van secondelijm (cyanoacrylaat, 12.06 MPa). Bovendien hebben 

wondgenezingsexperimenten en cytotoxiciteitstesten bewezen dat SUP-lijmen een goede 

biocompatibiliteit, lage toxiciteit en anti-infectievermogen vertonen. Alle resultaten geven aan 

dat SUP-lijmen gebruikt kunnen worden als een veelbelovend biomateriaal voor wondgenezing 

en weefselmanipulatie. 

Afgezien van de SUP-lijmen, rapporteren we in Hoofdstuk 5 het eerste voorbeeld voor de 

omkeerbare mechanische modulatie van SUP-vezels in bulktoestand met behulp van licht. We 

hebben eerst een nieuw type bio-gemanipuleerde eiwitvezels bereid door gebruik te maken van 

elektrostatische interacties tussen SUPs en azobenzeen (Azo) gebaseerde surfactanten. De 

macroscopische trekproeven, evenals AFM-metingen op nanoschaal, toonden aan dat de foto-

isomerisatie van Azogroepen van de E- naar de Z-vorm de treksterkte, stijfheid en taaiheid van 

de vezels omkeerbaar verandert. Vooral de verhoogde kation-π-interacties van de 

ongecomplexeerde lysine groepen in de SUPs en de fenylgroepen in Z-vorm van Azo leiden 

tot een ~ tweevoudige toename in de mechanica van de vezel. De uitstekende mechanische 

eigenschappen openen een pad naar de ontwikkeling van SUP-Azo-vezels als stimuli-

responsieve ondersteunende biomaterialen. 
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