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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 
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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. 
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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 
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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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