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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. 
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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 
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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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