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Abstract 

 

 

 

 

Light-responsive materials have been extensively studied due to the possibility for 

manipulating their properties with high spatiotemporal control in a non-invasive fashion. 

Examples of new materials with optomechanical behavior are solid-state photonic switches, 

optical interconnects, artificial muscles, and chemical sensors. However, it remains a challenge 

to modulate the stiffness and toughness of bulk materials in a reversible manner. Here, we 

demonstrate one new type of bioengineered protein fiber and their optical manipulation by 

employing electrostatic interactions between supercharged polypeptides (SUPs) and 

azobenzene (Azo) based surfactants. Photoisomerization of the Azo moieties from the E- to Z-

form alters the tensile strength, stiffness, and toughness of the bulk protein fibers reversibly. 

Especially, the increased cation-π interactions of the non-complexed lysine moieties in the SUP 

and the phenyl groups in the Z-form Azo lead to a ca. twofold increase in the fiber’s mechanics, 

including tensile strength, stiffness and toughness. The outstanding mechanical properties open 

a pathway towards the development of SUP-Azo fibers as stimuli-responsive bracing 

biomaterials. 
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5.1 Introduction 

Endowing (macro)molecules and structures prepared from them with the ability to respond to 

stimuli with reversible or irreversible transitions is widely recognized as a promising route 

towards the creation of smart and interactive materials[1]. For this purpose, temperature[2], 

mechanical force[3], light[4], electrical[5], or magnetic fields[6] have been successfully applied. 

Light oftentimes outperforms other stimuli because of its high spatiotemporal and energetic 

resolution in combination with its non-invasive character. Therefore, the use of photoswitches 

in materials is furthering advancements in molecular motors[7], drug delivery[8], (bio)sensors[9], 

actuators[10], and biomedical[11] as well as classical polymer systems[12]. 

Azobenzene and its derivatives arguably constitute the most popular class of photoswitches as 

they exhibit outstanding reversibility, high conversions at the photostationary state, and 

excellent fatigue resistance[13]. Specifically, the large geometrical change upon UV-induced 

isomerization from the E- to the Z-isomer and the facile modification of the azobenzene core 

with terminal moieties render them ideal for applications in optomechanics. By anchoring 

azobenzene or its derivatives within liquid-crystalline networks (LCNs), materials for high-

speed actuation on the micro- and nanoscale were prepared successfully[14]. In addition to 

actuation[15], artificial muscles[16], shape memory[17], and motion in liquids[18], azobenzenes 

were employed in more constrained environments, such as molecular crystals[19], thin films[20], 

and hydrogels[21]. As opposed to photo-induced mechanical motion, the photo-modulation of 

mechanical performance, such as stiffness and toughness, of bulk materials was only rarely 

reported and remains a considerable challenge[22]. Thus, it is of great interest to modulate the 

mechanical performance of materials based on rational molecular design and conformational 

changes of such photoswitches. Creating materials whose mechanical performance can be 

tuned on demand is promising for solid-state photonic switches, optical interconnects, artificial 

muscles, chemical sensors, and drug delivery. 

Research on stimuli-responsive fibers has been flourishing due to their potential applications 

in many fields[23]. Ikeda et al. achieved photomobility of crosslinked liquid-crystalline polymer 

(CLCP) fibers containing azobenzene units[24]. The CLCP fibers are capable of three-

dimensional movements upon UV-light irradiation. Minko et al. reported single-walled carbon 

nanotubes (SWCNTs)-alginate based composite fibers that reversibly deform during the 

swelling and shrinking[25]. This behavior leads to tunable electro-conductive properties of 

composite fibers. Zhao et al. reported photo-thermally responsive graphene oxide (GO) / N-

isopropylacrylamide (NIPAM) composite fibers with an NIR-irradiation-triggered water 

collection ability[26]. However, to the best of our knowledge, stimuli-induced modulation of 

fibers’ mechanical performance has not yet been achieved. Thus, the possibility of photo-

switching mechanical stiffness and toughness of fibers containing azobenzene units is of great 

interest for applications that rely on the geometrical change associated with the E-/Z- 

isomerization. 

To tackle this challenge, we here describe the preparation, structure, and reversible bulk 

photomodulation of the mechanical performance of the bioengineered protein fibers. We 

fabricate these fibers from photoswitchable azobenzene units non-covalently linked to a 
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supercharged polypeptide (SUP). Highly positively charged SUPs were combined with 

negatively charged surfactants containing azobenzene (Azo) moieties by electrostatic 

interaction. We found that the reversible photoinduced E- to Z-isomerization of azobenzene 

changes the local packing of the intermolecular microenvironment and alters cation-π 

interactions, allowing the modulation of the non-covalent assembly and hence the fibers’ 

tensile strength, Young’s modulus, and stiffness. 

5.2 Results and Discussions 

According to our design principle, the fabrication of photoswitchable bioengineered protein-

surfactant fibers requires two crucial components: a cationic supercharged polypeptide (SUP) 

forming the structural basis of the fiber material and an anionic sulfonated surfactant containing 

an azobenzene moiety (Azo) (Figure 1A). The SUPs are derived from natural elastin and were 

expressed recombinantly in E. coli[27,28]. The high net charge of SUPs is encoded in the 

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

lysine residue (K). Regarding the SUP used for the fiber fabrication, we here chose K108cys 

that contains two cysteines at the N- and C-terminus, respectively. The digit of K108cys 

denotes the number of positive charges along the polypeptide backbone (Figure. S1-S3 and 

Table S1). Regarding the surfactant, we synthesized a non-symmetrically substituted 

azobenzene (Azo) bearing a sodium sulfonate moiety on one terminus and a diethylene glycol 

monomethyl ether residue on the other terminus, in the p-position of its respective phenyl ring 

(Scheme S1). The Azo surfactant was characterized by nuclear magnetic resonance 

spectroscopy (NMR) (Figure S4) and high-resolution mass spectroscopy (HR-MS). Both the 

K108cys and the Azo were mixed in aqueous solution in a 1:1 molar ratio of lysine to surfactant. 

As a result, the solution became turbid and after centrifugation, a protein-surfactant coacervate 

was obtained at the bottom of the tube (experimental details can be found in the supplementary 

information). Due to the sticky property of the SUP-Azo complex, the fibers were produced 

simply by the application of a needle to draw coacervate fibers. Finally, the fabricated fibers 

were kept at ambient conditions for 2 h before further characterization. 

 

Figure 1. Preparation and characterization of the mechanically responsive SUP-Azo fibers. (A) SUP-Azo fibers 

formed by electrostatic interaction between genetically engineered cationic K108cys (SUP) and anionic 
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azobenzene surfactant (Azo). (B) POM analysis of SUP-Azo fiber. Scale bar is 50 μm. The birefringent properties 

suggested an ordered structure. (C) SAXS analysis of SUP-Azo fiber. The average distance of the formed nematic 

phase of SUP-Azo complex is around 2.7 nm. The insert schematic graph represents the nematic model of SUP-

Azo complex. (D-E) SEM images of SUP-Azo fiber before UV-light irradiation. (D) Analysis of the surface 

morphology of SUP-Azo fiber (scale bar is 8 mm). (E) Analysis at a cross-section to examine the SUP-Azo fiber 

internal core (scale bar is 8 mm). 

Initially, a quantitative component determination of the SUP-Azo complexes was carried out 

by 1H-NMR. Therefore, a lower molecular weight SUP variant was employed. For the K18-

Azo complex, a stoichiometry of K18:Azo of 1:16 was measured, which indicates that ca. 90% 

of the positive lysine residues are complexed with anionic surfactant molecules (Figure S11). 

This might indicate that cation-π interactions of the non-complexed lysine moieties in the SUP 

and the phenyl groups in the Azo exist within the fiber system. To gain more insight into the 

SUP-Azo fibers, we performed polarized optical microscopy (POM) revealing significant 

birefringence under cross-polarized light, indicating the presence of structurally ordered 

molecules in the solid state (Figure 1B). Further characterization of SUP-Azo fiber was 

conducted by small angle X-ray scattering (SAXS). A weak broad diffraction peak at q = 2.32 

nm−1 corresponds to the d spacing of 2.7 nm (d = 2π∙q-1) (Figure 1C). Combined with POM 

analysis, this confirms the nematic ordering of the SUP-Azo complex with an average diameter 

of 2.7 nm. The SEM image of SUP-Azo fibers in Figure 1D revealed a uniform, cylindrical, 

and smooth surface morphology. In addition, the cross-section analysis showed the solid 

internal core of the SUP-Azo fiber (Figure 1E). 

To assess the photoswitching capabilities, we initially performed irradiation experiments in 

combination with UV-vis spectroscopy on Azo alone in aqueous solution. Firstly, the pristine 

Azo (in E-state) was tested regarding its photostability. No changes of the absorption spectrum 

were detected indicating that the stability of Azo in aqueous solution without irradiation 

(Figure S5). The E-isomer shows the typical π-π* and n-π* transitions at ca. 350 nm and 430 

nm respectively. As shown in Figure S6, upon irradiation with UV-light (λexc = 365 nm), the 

characteristic decrease of the π-π* absorption band with a concomitant hypsochromic shift to 

ca. 300 nm accompanied by an increase in absorption of the n-π* transition was observed. This 

E- to Z-isomerization is fully reversible either thermally or by irradiation with visible light (λexc 

= 450 nm). Azo was found to exhibit a thermal half-life (t1/2) of 177 h at 25 °C in H2O, 

indicating that the Z isomer shows excellent thermal stability (Figure S7 and S8). 

Photoswitching between both isomers resulted in very good yields in the photostationary state. 

95% of the Z-isomer were obtained for the E- to Z-transition while 78% E-isomer were obtained 

for the Z- to E-isomerization, as determined by 1H-NMR spectroscopy (Figure S9, Table S2). 

The mechanical properties of SUP-Azo fibers were studied by uniaxial tensile testing on a 

universal testing machine. In the absence of light, i.e. with all azobenzenes in the E-state, 

Young’s moduli of ~3.5 GPa were recorded in the elastic region of 0-3% applied strain (Figure 

2A). Most notably, after irradiating the fiber with UV-light and hence isomerizing the 

azobenzenes to the Z-state, these moduli increased significantly to ~6.8 GPa. The original 

moduli could be recovered after keeping an irradiated, non-extended sample for 2 h in the dark, 

which can be attributed to the thermal back-isomerization of the azobenzene to the E-state 

(Figure S10, Table S3). 
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We observed a similar trend for the tensile strengths of the fibers. In their native and non-

irradiated state (Azo in E-form), an average breaking strengths of 104 MPa was recorded. This 

value increased significantly to ~215 MPa when the fiber was illuminated with UV-light, in 

which the complexed Azo surfactant was isomerized to the Z-state (Figure 2B). Leaving the 

UV-illuminated, non-extended samples in the dark for 2 h revealed even lower breaking 

strengths of ~50 MPa suggesting that the consecutive E- to Z- to E-switching introduces 

structural defects into the fiber by the photoinduced molecular rearrangements of the 

azobenzene moiety (Figures 2B and S10, Table S3). Analogous observations were made 

regarding the fiber toughness revealing photomodulation from an average of 6.4 MJ∙cm-3 

before irradiation over 9.2 MJ∙cm-3 after UV-irradiation to 3.4 MJ∙cm-3 for the thermally back-

isomerized non-extended samples (Figure 2C). 

Interestingly, we could not observe this modulation for the breaking strain that remained 

unaffected within the margin of experimental error before and after irradiation (Figure 2D). In 

general, the distance between the two p-position carbon atoms of the aromatic rings of 

azobenzene will decrease from the E-state (9.0 Å) to the Z-state (5.5 Å) during the 

isomerization process[29]. This subtle difference between the E- and Z-isomer can be used to 

explain the macroscopically negligible elongation rate under experimental conditions. 

 

Figure 2. Characterization of the mechanical properties of SUP-Azo fibers by uniaxial tensile testing before UV-

irradiation, after UV-irradiation (λexc = 365 nm, 2 h), and after UV-irradiation and 2 h in the dark. (A) Young’s 

moduli, (B) breaking strength, (C) toughness, and (D) breaking strain. (E and F) SEM images of SUP-Azo fiber 

after breaking under UV-irradiation (λexc = 365 nm). (E) Analysis of the surface morphology of SUP-Azo fiber 

(scale bar is 9 mm). (F) Analysis at a cross-section to examine the SUP-Azo fiber’s internal core (scale bar is 8 

mm). 

To investigate the mechanisms contributing to this behavior in more detail, we performed 

fractography employing scanning electron microscopy (SEM) on the intact and fractured 

samples after UV irradiation (Figures 2E, 2F, and S13). On all fibers, pristine, UV-irradiated, 
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or thermally back-isomerized, we identified a comparable uniform cylindrical diameter as well 

as surface morphology giving no further insight on changes of the material. 

Thus, we decided to employ solid state UV-vis spectroscopy and to examine the SUP-Azo 

complex in the bulk after spin-coating films on glass substrates (Figure S14). The analysis of 

solid UV-vis spectra of SUP-Azo complexes revealed that a significant decrease of the π-π* 

absorption (~360 nm) and an increase of n-π* absorption (~450 nm) after exposure to UV-

irradiation (λexc = 365 nm, 2 h) occured. Similarly, the characteristic π-π* absorption band was 

mostly restored after being left in the dark overnight. These results demonstrate that the 

structural properties of SUP-Azo fibers can be modulated at the macroscopic scale by light 

irradiation. 

Hereafter, we investigated the mechanical properties of SUP-Azo fibers at the nano-scale using 

atomic force microscopy (AFM) based nano-indentation experiments[30] (Figures 3 and S16). 

Initially, we determined the elastic limit by indenting with a high force above 1 µN (Figures 

S17A-C). The observed fiber deformed elastically up to ~400 nN and plastically above this 

limit. Following this, we indented at lower force in the nN range and within the elastic regime 

(Figures S17D-F). The indentation experiments were performed on the same fiber but in 

pristine, UV-irradiated, and thermally back-isomerized states. Analogously to the SEM-based 

fractography, AFM also did not reveal changes of the fiber surface topography in the different 

switching states of the azobenzene (Figures 3A, D, and G). However, the alteration of the 

recorded stiffness from ~92 N∙m-1 in the pristine state over ~224 N∙m-1 after UV-irradiation to 

~83 N∙m-1 after staying in the dark qualitatively aligns with the results from macroscopic tensile 

testing (Figures 3C, F, and I). 

 

Figure 3. AFM-based nano-indentation on the SUP-Azo fiber. (A) Surface morphology of the fiber before UV 

irradiation. (B) Superposition of force-distance curves recorded on the image area. (C) Histogram of calculated 
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spring constant of the fiber obtained from force curves from (B) (n = 20). (D-F) Identical fiber portion as in (A) 

but after 2 h of UV-irradiation (λexc = 365 nm). (G-I) Identical fiber portion as in (A) but after 2 h of UV-irradiation 

(λexc = 365 nm) and subsequent 24 h in the dark. 

We hypothesize that this observation between no apparent macroscopic topological changes 

and the evident alteration of mechanical properties after UV-induced isomerization stems from 

minuscule but potent molecular rearrangements. As we discussed above, the cation-π 

interaction might play an important role in the formation of the SUP-Azo fibers. We speculate 

that the alteration of cation-π interactions upon photoisomerization of the azobenzene 

surfactant is a major mechanism for the observed effects as non-covalent interactions between 

electron-rich species and adjacent cations have been reported (Figure 4)[31]. This hypothesis is 

based on the geometrical rearrangement of the azobenzene units during the E- to Z-

isomerization, effectively altering the distance between the external azobenzene phenyl ring 

and unoccupied cationic lysine residues of neighboring SUP-Azo complexes. The 

isomerization process from E- to Z-state decreases the distance between the unoccupied lysine 

residues and the two azobenzene phenyl rings, thereby increase the cation-π interactions. 

Consequently, this change might improve the fiber’s breaking strength. Meanwhile, the 

negligible variation of strain would contribute to the increase of fiber’s Young’s modulus and 

toughness. In turn, after recovering to the E-form, the mechanical properties of SUP-Azo fiber 

can be restored due to the decrease of the relevant cation-π interactions. This interpretation is 

strongly supported by the preparation of a SUP-Azo complex in a 1:5 lysine/surfactant 

stoichiometry leaving no free cationic lysine residues on the SUP, as demonstrated by 1H-NMR 

spectroscopy (Figure S10). With this coacervate, no fiber manufacturing was possible at all, 

highlighting the importance of free cationic lysine moieties for the mechanical integrity of the 

material. Thus, altering the distance between cations on the SUP backbone and π-systems of 

Azo might lead to an overall alteration of the mechanical properties of the macroscopic material. 
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Figure 4. Schematic representation of the plausible mechanism for SUP-Azo fibers with photo-switchable 

mechanical properties. The geometrical rearrangement of the azobenzene units during photo-isomerization 

effectively alters the interactions between the azobenzene phenyl ring and unoccupied cationic lysine residues of 

neighboring SUP-Azo complexes. Therefore, the mechanical properties of SUP-Azo fibers might be tuned by 

light. (Blue dotted lines represent the cation-π interactions) 

5.3 Conclusion 

In conclusion, the present study demonstrates the design and manufacturing of protein fibers 

formed from supercharged polypeptides and an azobenzene surfactant. For the first time, 

modulation of the fiber’s mechanical performance by light, i.e. Young’s modulus, breaking 

strength, and toughness, was achieved. Furthermore, the SUP-Azo fibers possess several 

valuable features involving excellent and tunable mechanical properties. The mechanical 

properties of the SUP-Azo fibers were increased after the photoisomerization of azobenzene 

from the E- to Z-state in the solid state. This behaviour was possibly induced by increasing 

cation-π interactions in the Z-state of Azo due to the phot-induced geometrical rearrangement 

of the azobenzene units. More importantly, the fiber mechanical properties can be restored to 

their initial value after photoisomerization from the Z- to E-state. These promising properties 

of the materials might be translated into technological applications in which the in situ 

mechanical manipulation is required. In addition, this work is a considerable milestone on the 

way to bio-based and biocompatible smart and interactive mechanical materials. 

5.4 Experimental section 

5.4.1 General 

All UV-vis spectra were measured on a JASCO V-630 spectrophotometer at 25 ℃ using 1 mL 

cuvettes. Data analysis was carried out using Origin 9.0. E-Z- and Z-E-photoisomerization of 

the azobenzene surfactant (Azo) and SUP-Azo complex were induced by UV-lamp irradiation 

(0.5 mW∙cm-2) at λexc = 365 nm and in the dark, respectively. The surface morphology and 

cross-section were measured on a JSM 6320F scanning electron microscope (SEM). 1H NMR 

and 13C NMR were conducted on a Varian 400 MHz spectrometer. Tensile strengths were 

measured on INSTRON 5565 at a speed of 10 mm·min-1. Small-angle X-ray scattering (SAXS) 

was performed by employing a conventional X-ray source with radiation wavelength of λ = 

1.54 Å and a Bruker Nano/microstar machine was used to obtain small angle scattering profiles, 

where the sample-to-detector distance was 24 cm. The sample holder is a metal plate with a 

small hole (diameter ~0.25 cm, thickness ~0.15 cm), where the X-ray beam passes through. 

The SUP-Azo fiber was fixed into the hole by tape. The scattering vector q is defined as q = 

4π∙sinθ∙-1 with 2θ being the scattering angle. 

5.4.2 Materials 

4-Hydroxyazobenzene-4'-sulfonic acid sodium salt hydrate, 1-(2-bromoethoxy)-2-(2-

methoxyethoxy)ethane (97%), and K2CO3 were obtained from Sigma-Aldrich (Netherlands). 

All the starting compounds for the synthesis of Azo surfactant were used without further 

purification. For all experiments, ultrapure water (18.2 MΩ) purified by a MilliQ-Millipore 
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system (Millipore, Germany) was used. All biochemicals for cloning and SUP expression, such 

as LB medium, salts, antibiotics as well as inducer compounds, were used as received (from 

Sigma-Aldrich) without any further purification. The pUC19 cloning vector, restriction 

enzymes, and GeneJET Plasmid Miniprep kit were purchased from Thermo Fisher Scientific 

(Waltham, MA). Digested DNA fragments were purified using QIAquick spin miniprep kits 

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

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

from Sigma-Aldrich (St. Louis, MO). Sinapinic acid was used as matrix during MALDI-TOF 

mass spectrometry and was purchased from SIGMA. All solvents (CHCl3, MeOH, DMF, EtOH) 

were analytical grade and used without further purification. 

5.4.3 Molecular Cloning and SUP expression 

Cloning/Gene oligomerization 

The SUP proteins cloning and expression were conducted according to previous literature 

procedures[27,28].The building blocks of the SUP genes were ordered from Integrated DNA 

Technologies (Iowa, USA). The SUP gene was excised from the pCloneJET vector by 

restriction digestion and run on a 1% agarose gel in TAE buffer (per 1L, 108 g Tris base, 57.1 

mL glacial acetic acid, 0.05 M EDTA, pH 8.0). The band containing the SUP gene was excised 

from the gel and purified using the QIAGEN spin column purification kit. pUC19 was digested 

with EcoRI and HinDIII and dephosphorylated. The vector was purified by agarose gel 

extraction after gel electrophoresis. The linearized pUC19 vector and the SUP-encoding gene 

were ligated and transformed into chemically competent DH5α cells (Stratagene, Texas, USA) 

according to the manufacturer’s protocol. Cells were plated and colonies were picked and 

grown overnight in LB medium supplemented with 100 µg∙mL-1 Ampicillin, and plasmids were 

isolated using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich, Missouri, USA). Positive 

clones were verified by plasmid digestion with PflMI and BglI and subsequent gel 

electrophoresis. The sequences of inserts were further verified by DNA sequencing (GATC, 

Konstanz, Germany). Gene oligomerization, known as Recursive Directional Ligation (RDL), 

was performed as described by Chilkoti and co-workers[32]. In brief, monomer K9 was digested 

using PflMI and BglI from parent vector as one insert. A second parent vector with K9 was cut 

with PflMI only, dephosphorylated and afterwards applied as a host plasmid. Ligation between 

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

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

doubled SUP fragments (i.e. K18) were obtained. Similarly, the cloning of K108cys was 

conducted. 
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Figure S1. Genes and corresponding polypeptide sequences of monomeric SUP (containing nine lysines). The 

gene information, amino acid sequences as well as restriction sites are presented. The nucleotides sequence used 

for recursive directional ligation is shown in red. A cysteine (in bold) is introduced at the 3’ terminus of this gene 

fragment. All sequences were verified via DNA sequencing. 

Expression vector construction 

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

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

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

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

ligated into the expression vector pET-SfiI. 

Protein expression and purification 

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

containing the respective SUP genes. For protein production, Terrific Broth medium (for 1 L, 

12 g tryptone and 24 g yeast extract) enriched with phosphate buffer (for 1 L, 2.31 g potassium 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Characterization of SUP 

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

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

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

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

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

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

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

Germany). The resulting stained gel is shown in Figure S2. 
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Figure S2. SUP samples used in this study characterized by SDS-PAGE. SDS-PAGE of prestained protein ladder 

(M), 1 (K18) and 2 (K108cys). A dimer of K108cys is formed due to the presence of a cysteine residue at the C 

terminus. The electrophoretic behavior of the SUP polypeptides with a high net charge is different from those 

protein samples, which usually exhibit balanced net charges as present in the marker lane M. 

Protein characterization employing mass spectrometry  

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

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

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

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

agreement with the masses that are calculated (shown in Figure. S3 and Table S1) based on the 

amino acid sequence. 

 

Figure S3. MALDI-TOF mass spectra of the SUP samples. 
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Table S1. Mass determination of supercharged proteins. *average molar mass calculated with ProtParam tool. 

#molar mass determined by MALDI-TOF mass spectrometry. 

 Sequence Mw calculated* (Da) Mw ms# (Da) 

K18 GAGP[(GVGVP)(GKGVP)9]2GWPH6 10176 10162 ± 50 

K108cys CGAGP[(GVGVP)(GKGVP)9]16GWPH6C 54167 54105 ± 100 

 

5.4.4 General synthesis of surfactants 

 

Scheme S1. Synthetic route of azobenzene sulfonate surfactant (Azo). 

To a solution of sodium 4-hydroxyazobenzene-4'-sulfonate hydrate (0.3 g, 1 mmol) in DMF 

(50 mL) K2CO3 (0.28 g, 2 mmol) was added and the solution was stirred for 30 min followed 

by adding 1-(2-bromoethoxy)-2-(2-methoxyethoxy)ethane (1.2 mmol). Then the reaction was 

stirred at 100 ℃ for 48 h. After the reaction was completed, it was filtered and the solvent was 

evaporated to afford the crude product. The residue was purified by flash column 

chromatography twice (CHCl3:MeOH = 10:1) and dried to afford the title compound as an 

orange solid. 

Azo, yield 55%: 1H NMR (400 MHz, Methanol-d4) δ 8.00 - 7.87 (m, 6H), 7.14 - 7.09 (m, 2H), 

4.27 - 4.23 (m, 2H), 3.91 - 3.87 (m, 2H), 3.74 - 3.71 (m, 2H), 3.68 - 3.62 (m, 4H), 3.55 - 3.52 

(m, 2H), 3.35 (s, 3H). 13C NMR (101 MHz, Methanol-d4) δ 163.39, 154.85, 148.34, 147.86, 

128.04, 126.02, 123.31, 116.05, 72.95, 71.78, 71.57, 71.39, 70.72, 69.04, 59.08. HR-MS for 

C19H23N2NaO7S (446.1196 calcd.): 447.1198 (M+H+) 
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5.4.5 NMR spectra 

 

 

Figure S4. NMR characterization for the Azo surfactant. 1H NMR (400 MHz, Methanol-d4) (upper) and 13C NMR 

(101 MHz, Methanol-d4) spectra (bottom) are shown. 
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5.4.6 Characterization for pristine Azo-surfactant 

UV/Vis spectrum 

(1) Stability 

 

Figure S5. Stability test of pristine Azo-surfactant (Azo) in aqueous solution (~ 3.36 mM) was measured by 

UV/vis spectroscopy in dark over time. The results showed that Azo-surfactant is stable in aqueous solution for 

29 h. 

(2) Photo-isomerization 

 

Figure S6. Photoisomerization of pristine azobenzene surfactant Azo followed by UV-vis spectroscopy. Spectra 

of Azo in aqueous solution (~ 4.6 mM) were recorded over the course of UV-irradiation (λexc = 365 nm, 0.5 

mW·cm-2) and visible light irradiation (λexc = 450 nm, 30 µW·cm-2). After exposure for 15 min to UV, 
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isomerization from the E- to the Z-form was observed with about 95% conversion. After exposure to visible light, 

the Z-form switches back to E gradually and after12 h about 78% E-content was obtained. 

Thermal isomerisation kinetics 

Changes in the UV-vis spectra upon thermal reversion were determined by irradiating (λexc = 

365 nm) a sample of Azo surfactant (5∙10-5 M in H2O, at 25 ℃) to the PSS. Subsequently the 

sample was heated at various temperatures and absorption was monitored at 350 nm. 

 

Figure S7: Thermal isomerization of Azo surfactant at different temperatures in H2O. 

 

 

Figure S8: Eyring plot of Azo surfactant in H2O with ΔH, ΔS, ΔG and t1/2 values extracted from the intercept and 

slope values. 
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Photo-isomerization studied by NMR 

 

Figure S9. Photoisomerization of Azo as followed by 1H-NMR spectroscopy. Azo (~ 13.4 mM) in CD3OD was 

recorded before and after UV-irradiation (λexc = 365 nm, 0.5 mW·cm-2) and visible light irradiation (λexc = 450 nm, 

30 µW·cm-2). Only the aromatic region is presented for the sake of clarity. The photo-switching behavior was 

determined by the relative integration of the signals. 

Table S2. 1H-NMR assignments for the E- and Z-form of Azo surfactant, and the composition at the 

photostationary state obtained by integration of the relevant peaks. 

 

5.4.7 Preparation of the SUP-Azo fiber 

An aqueous solution of the SUP (~220 μM) and the Azo (10-20 mM) were dissolved in milliQ 

water in a 1:1 molar ratio of lysine to surfactant. As a result of mixing, the transparent solution 

became turbid and after centrifugation, a sticky protein-surfactant coacervate was obtained at 

the bottom of the tube. Typically, a freeze-drying step of the SUP-Azo complex for 40-50 mins 

is recommended before spinning into fibers. After lypholization, 15 % water in the coacverste 

was left. Due to the sticky property of the SUP-Azo complex, the fibers were produced simply 

by the usage of a needle to extrude the coacervate. Finally, all the prepared samples were kept 

at ambient conditions for 2 h before further characterization. 

Conditions E signal Z signal 
Integration 

E (%) Z (%) 
E Z 

Before UV a, b+c+d - 6.00+2.00 - 100 0 

After UV  a’, b’+c’+d’ 0.26+0.10 2.00+6.34 4.1 95.9 

After Vis   6.00+2.00 2.41+0.79 71.4 28.6 
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5.4.8 Characterization of the SUP-Azo fiber 

Tensile test at macroscopic level by INTRON 

 

Figure S10. Typical stress-strain curves of SUP-Azo fibers under different conditions: (A) before UV irradiation, 

(B) after UV irradiation (λexc = 365 nm) and (C) dark adaptation for 2 h. 

Table S3. Mechanical properties of SUP-Azo fibers at different conditions. Each value represents the mean of 

three analyses and its standard deviation 
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NMR study with SUP-Azo complex in a molar ratio of 1:1 

To quantify the stoichiometry of SUP-Azo complex, 1H-NMR experiments were performed. 

Therefore, the SUP-Azo complex (K18-Azo complex) was prepared from a starting ratio of 

lysine to Azo surfactant of 1:1. The NMR measurements revealed a stoichiometry of 0.9 Azo 

surfactant molecules per lysine within the resulting SUP-Azo complex. 

 

 

Figure S11. Analysis of the stoichiometry of the SUP-Azo complex by 1H-NMR (400 MHz) in CD3OD. 

Assuming that one SUP molecule can complex with n Azo molecules (SUP: n Azo), then after 

complexation, according to the integration of the protons of Azo surfactant and SUP-Azo in 

their 1H-NMR as shown above, we have: 

2.00

9.51
=  

2n

22 ∗ 6
 

where n is determined to be 16.5. 

As a result, the stoichiometric ratio of Azo and lysine moiety is roughly 0.9:1, indicating ~10% 

of lysine moieties are not complexed with a surfactant molecule. 
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NMR study with SUP-Azo complex in a molar ratio of 1:5 

To investigate the underlying properties of the SUP-Azo fiber, 1H-NMR experiments were 

performed. Therefore, the SUP-Azo complex (K18-Azo complex) was prepared from a starting 

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

Azo surfactant molecules per lysine within the resulting SUP-Azo complex. 

 

Figure S12. Analysis of the stoichiometry of the SUP-Azo complex by 1H-NMR (400 MHz) in CD3OD. 

Assuming that one SUP molecule could combine with n Azo molecules (SUP: n Azo), then 

after complexation, according to the integration of the protons of Azo surfactant and SUP-Azo 

in their 1H-NMR as shown above, we have: 

2.00

2.20
=  

2n

22 ∗ 6
 

where n is determined to be n = 60 

As a result, the stoichiometric ratio of Azo and lysine moiety is roughly 3.3:1.  
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Solid state UV-vis spectra of SUP-Azo film 

 

Figure S13. Photo-isomerization study of SUP-Azo complex by solid UV-vis spectroscopy. (A) UV-vis 

absorption spectra of SUP-Azo film before irradiation (black), after UV irradiation (λexc = 365 nm, 0.5 mW/cm2, 

120 min) (red) and after thermal cis-to-trans isomerization of SUP-Azo film at room temperature in the dark (pink) 

were recorded. (B) The same UV-vis absorption spectra of SUP-Azo film between 400 and 560 nm. The 

absorption spectra of SUP-Azo film before and after irradiation were different because the orientation and stacking 

of azobenzene groups in the system before and after irradiation were different. 

 

 

 

Morphology and cross-section of SUP-Azo fiber 

 

Figure S14. Scanning electron micrograph depicting surface morphology and cross-section of SUP-Azo fibers 

under different conditions: before, UV (λexc = 365 nm) irradiation and dark adaptation. 
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SAXS measurement for SUP-Azo fibers 

 

Figure S15. SAXS measurement for SUP-Azo fiber. (A) The broad diffraction ring indicated an average distance 

of 2.32 nm-1. (B) SAXS pattern shown for K108cys-Azo fiber. 

AFM Experiments 

AFM based imaging and nanoindentation experiments were performed in air using a Bruker 

Multimode AFM system (Leiderdorp, Netherlands). Imaging was performed in peak-force 

tapping mode. Bruker TESPA-V2 cantilevers were used with a nominal spring constant of 42 

N/m and a nominal length of 127 µm, which makes them appropriate to measure hard surfaces 

with higher elevations. For AFM measurements the fibers were stretched and absorbed onto a 

clean Si surface. The experimental scheme is represented in Figure S16, where the first force 

curves were taken on the Si surface without interacting with the fiber (Figure S16 A). Then, 

after localization of the fiber with the AFM tip (Figure S16 B-D), the fiber was indented using 

initially higher forces (≥1 µN) to determine the elastic limit of the fiber (Figure S17 A-C). 

Later, this information was used to indent elastically the fiber (Figure S17 D-F). The 

calculation of spring constant was carried out using the F-D curve obtained on the Si surface 

(ksurface) and the measured effective spring constant (keffective) by indentating the fiber. 

Considering two springs (kcantilever and kfiber) in series. The fiber spring constant can then be 

determined from: 

1/ keffective = 1/ kcantilever + 1/kfiber 
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Figure S16. Locating the appropriate fiber position for nanoindentation experiments. (A) Light microscopy image 

of a fiber (white arrow), freshly prepared and attached onto a clean Si surface, and the AFM cantilever (grey 

arrow). In the first step, the cantilever was situated next to the fiber on the silicon surface (to assure there will be 

no interaction between the fiber and the cantilever holder). In this position, several F-D curves are recorded for 

calibration purposes. (B) In the next step, the cantilever was moved up at least 500 µm and carefully directed to 

the top of the fiber. (C) Images of 5 × 5 µm were taken in different positions on the fiber, until the cross-section 

(as in D) looks roughly symmetrical on both sides of the maximum height. At this stage, the tip can considered to 

be located on the middle of the fiber (along the width of the fiber), and nanoindentation measurements can start. 

Detection of the elastic limit of the fiber 

 

Figure S17. Detection of the elastic limit of the fiber. (A) AFM image of a fiber surface before indentation. The 

red circles represent the selected points for indentation. (B) Same as A, but after nano-indentation at the selected 
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points in A, using high indentation force of 1.2 µN. A permanent deformation at this higher indentation force was 

observed. (C) Example of F-D curves on the silicon (Si) support (red line) and on the fiber (blue line). The black 

dotted line is a fit of the initial linear portion of the fiber indentation curve. The dotted green line indicates the 

elastic limit of the fiber. (D) AFM image of same fiber in A, but at a different position. The red circles represent 

the selected indentation points. (E) Same as D but after indentation with a force of 400 nN. There is no permanent 

deformation by the tip of the fiber surface, as expected from panel C. (F) Examples of F-D curves showing the 

elastic deformation of the fiber (in blue). 
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