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Chapter 3 


 


Engineering supramolecular networks by non-


covalent crosslinking of supramolecular tubes 


 


Natural supramolecular networks, such as the cytoskeleton and the 


extracellular matrix, can be crosslinked by biomolecular non-covalent 


interactions. Likewise, non-covalent and biomolecular interactions have been 


widely exploited in supramolecular materials. Here, we developed a synthetic 


multivalent supramolecular polymer system that forms a hierarchical 


supramolecular network by using the streptavidin-biotin linkage. 3D 


supramolecular networks with different structural features can be obtained by 


tuning the ratio of the biotinylated building blocks within the supramolecular 


architectures and the concentration of the crosslinking streptavidin. Moreover, 


the formed supramolecular structures have photoresponsive properties based on 


the presence of the azobenzene moiety within the building blocks. All in all, we 


developed tunable self-assembled tubular and bundled architectures built solely 


from non-covalent interactions, resembling cellular cytoskeletal filaments.  
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3.1 Introduction 


From commodity plastics to living organisms, the function and behavior of materials 


constituted from covalent and supramolecular polymer networks critically depend not 


only on the molecular structure and organization of the monomer and the length of the 


individual fibers but also on the way these fibers interact with each other and with their 


surroundings 1, 2. For instance, the fine mechanical properties of the actin filament system 


are determined by the crosslinking density and their dynamics 3. Furthermore, the actin 


network can crosslink with stiff microtubules through microtubule-associated proteins 4, 


yielding a complex network that resists shear stress 5.  


Controlled crosslinking of covalent polymeric fibers has been widely exploited to 


prepare designed polymer materials and hydrogels 6, 7. Recently reported chemically 


crosslinked supramolecular fibers that yield  strain-stiffening, self-healing hydrogels, 


demonstrate their potential as dynamic materials 8. The ability to respond to changes or 


to self-heal arises from the intrinsically reversible exchange process between the 


monomer and (supramolecular) polymer states 9. Pioneering work by Stupp and co-


workers on peptide-DNA conjugates that crosslinking into supramolecular fibers 


provides a tantalizing hint of the potential of controlled crosslinking for the generation of 


reversible highly organized synthetic superstructures 10. The main reason that hampers 


the progress in the field of interfacing supramolecular polymers is the dynamic nature of 


the architecture itself. Reversible non-covalent interactions that hold supramolecular 


structures together, also enable recruitment of binding groups or removal of the active 


binder from the structure 11.  


Here, we describe an entirely non-covalent multivalent network system formed by 


synthetic supramolecular polymers using the streptavidin-biotin linkage. Co-assembly of 


structurally related biotinylated building blocks with chiral aromatic units generates a 


multicomponent supramolecular tubular structure, which can form complex crosslinked 


networks upon the addition of streptavidin. Based on this methodology, the crosslinking 


network is tunable by the ratios of both the biotinylated building blocks and streptavidin 


(SAv). Additionally, the formed supramolecular system is photoresponsive owing to the 


presence of an azobenzene moiety incorporated in the structure of the monomers. Finally, 


the complex responsive artificial system is constructed based solely on supramolecular 


interactions, resembling natural systems in which supramolecular interactions play a 
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crucial role to achieve particular functions. This artificial system can be considered a 


simplified model of natural cellular architectures formed from individual monomers.  


3.2 Results and discussion 


3.2.1 Strategy of engineering supramolecular networks              


 


Figure 3.1 Streptavidin-mediated crosslinking of supramolecular polymers formed by co-assembly 
of building blocks 1 and 2. 


Our strategy for the construction of stable supramolecular networks is based on the 


modular nature of supramolecular polymers (Fig. 3.1). We designed the amphiphilic 


building blocks 1 and 2 that feature the same hydrophobic, V-shaped, azobenzene-based 


aromatic part and a hydrophilic oligo (ethylene glycol) section. Previously we have 


demonstrated that compound 1 in water assembles into stiff tubes with slow exchange 


rates between monomer and self-assembled tube 12. Compound 2 bears a linker unit, i.e., 


the biotin moiety, connected to the azobenzene moiety through a sufficiently long oligo 


(ethylene glycol) chain. In water, molecules 1 and 2 co-assemble owing to their identical 


hydrophobic cores, and driven by hydrophobic effects, π–π interactions and shape 


recognition 13 to form a supramolecular copolymer. The resulting supramolecular tube 


has the ability to form a complex crosslinking network upon addition of streptavidin (SAv) 


(Fig. 3.1). Interaction between the biotin moieties and the tetravalent SAv provides highly 


specific and strong biomolecular bonds 14, and the biotin-SAv ratio can be used as a tuning 


parameter in the assembly process.  


supramolecular network 


biotinylated 
supramolecular tube 


co-assembly 


streptavidin 
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3.2.2 Co-assembly of 1 and 2 into a bi-component supramolecular 
polymer 


Compound 2 was successfully synthesized using the same strategy as for the synthesis 


of 1 (Scheme 3.1, see Materials and Methods below). Transmission electron microscopy 


(TEM) micrographs of the dried solution of pure 2 revealed the formation of disordered 


ribbons (Fig. S3.1), in contrast to the elongated tubular architectures observed in TEM 


micrographs of 1 (Fig. S3.1). This structural difference may be the result of reduced 


hydrophilic volume in the structure of 2 with only one oligo (ethylene chain), as observed 


previously for other bend-shaped amphiphiles with varying hydrophobic-hydrophilic 


volume ratios 26. The solution of 1 in water above the critical aggregation concentration 


(CAC) shows a pronounced circular dichroism (CD) signal due to the formation of chiral 


tubes with preferential helicity 20. In contrast, the chirality of the stereogenic centers in 


the biotin moiety of 2 is not transmitted to the supramolecular structure as no significant 


CD signal was observed for the solution of 2 in MeCN, as well as in water (Fig. S3.1). 


We anticipated that incorporation of a small amount of 2 into the solution of 1 would 


have negligible effects on the tubular architecture of 1 given the identical hydrophobic 


aromatic core. TEM micrographs confirmed that the morphology of the tubes formed 


from the mixture of 1 and 2 (1-2 in 50:1 molar ratio; Fig. 3.2A) was identical to the tubes 


formed exclusively from 1, with the same 6 nm diameter of the tubes. Rod-like structures 


were observed upon drying a solution of Nile red-dyed tubes on a glass substrate (Fig. 


3.2B) using confocal laser-scanning microscopy (CLSM). A similar morphology was 


observed previously for water-soluble benzene-1,3,5-tricarboxamide (BTA)-based 


supramolecular polymers 15. The elongated structures are likely aggregated bundles of 


tubes formed during the evaporation of the solvent in an open chamber. There is no 


difference between the morphology of the tubes formed by 1 and the mixture of 1 and 2, 


and these samples differ from a sample of only dried Nile red, which forms needle-like 


crystal structures (Fig. S3.2), indicating that the Nile red is incorporated in the tubes 


allowing their visualization by CLSM. 
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Figure 3.2 Morphology and co-assembly of 1-2 into tubes. (A) TEM micrograph and (B) CLSM 
image of the supramolecular tubes of 1-2 (50:1) incorporating Nile red. Scale bar: (A) 50 nm, (B) 
10 μm. (C) CD spectra of the mixture of preassembled solutions of 1 (10 µM) and 2 (10 µM) in 5% 
MeCN/water in a 1:1 volume ratio with the final concentration of each component of 5 μM (sample 
III) observed during 16 h, (D) Plot of CD intensities at λ = 400 nm vs time of sample I (5 µM 
solution of 1), sample II (solution of 1 and 2 mixed prior to the formation of the self-assembled 
structures with 5 µM concentration of each molecular component) and sample III (mixing of 
preformed solution (10 μM) of 1 and 2; the final concentration of each monomer is 5 μM). (E) CD 
spectra of 100 µM tube solution of 1-2 (1/2=50) upon irradiation at λ = 365 nm. 


 


To unequivocally confirm incorporation of 2 within the tubular architecture formed 


by 1, a spectroscopic investigation was conducted. First, dynamic exchange between 2 


and 1 in their monomeric and self-assembled states was studied in solutions using CD 


spectroscopy. In order to obtain observable changes in the CD signal, measurements were 


performed in an equimolar ratio of 1 and 2 with the assumption that this ratio still allows 


the formation of the tubular architecture. Due to the slow dynamic exchange of molecules 


in such self-assembled tubular structures in pure water, the incorporation of 2 into the 


preformed tubes composed of 1 was studied in a 5% MeCN/water mixture, where the 


dynamic exchange is likely to take place more rapidly 12. The solution of compound 1 
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shows a clear CD signal (Fig. 3.2D), while no signal was observed for compound 2. The 


incorporation of 2 into the tubes is expected to be accompanied by a modification of the 


degree of helicity due to the dilution of compound 1 within the tubular structure, resulting 


in a decrease of the CD signal. This effect was monitored in time for three different 


samples with the same 5 µM concentration of 1 - a control experiment, i.e. the solution 


of pure 1 (sample I), solution of 2 and 1 mixed in 1:1 ratio prior to the formation of the 


self-assembled structures (sample II), and the sample prepared by mixing of preassembled 


10 µM solutions of 1 and 2 in 1:1 volume ratio (sample III). The evolution of the CD 


signal of these samples was followed in time (Fig. 3.2C, D). 


The shape of the CD spectra was preserved throughout the experiments, which 


indicates that the tubular architecture does not change significantly (Fig 3.2C). The CD 


intensities of the control sample I and mixed solution sample II (Fig. 3.2D) remain 


constant during the measurement indicating equilibrium, with the intensity value of 


sample II being half that of the control sample I despite the same concentration of 1. This 


suggests that molecules 2 co-assemble with 1, thus reducing the overall expression of 


helicity in these chiral tubes. Moreover, the steady intensity of the CD signal of sample 


II indicates that the exchange of 2 and 1 between the monomeric state and the assembled 


state is similar, i.e. there is no propensity for the individual building blocks to form 


separate structures. In sample III, the initial CD intensity was close to that of sample I, 


which relates to the equal concentration of 1 in both samples. The initial CD intensity 


originates from pure 1 assembled into homogeneous, chiral tubes since the aggregates of 


2 display no CD signal (Fig. S3.1). The gradual decrease of the CD intensity in sample 


III (about 25 % within 16 h) suggests that the expression of chirality diminishes over time 


due to the exchange of 1 and 2 within the self-assembled structures. This is consistent 


with the CD intensity of sample II displaying a lower CD intensity than that of sample I. 


Following the trend of the intensity decrease of the CD signal, sample III is expected to 


reach the same intensity as sample II after sufficient time to reach equilibrium. This 


analysis confirms that 2 is incorporated into the chiral tubes of 1 in 5% MeCN/water, 


leading to co-assembled tubes with a smaller expression of chirality than tubes of 1 alone. 


Compound 2 in the monomeric state exhibits a photo-switching behavior analogous 


to compound 1, as observed by UV-Vis absorption spectroscopy in acetonitrile (Fig. S3.4). 


Reversible trans-to-cis isomerization of the incorporated azobenzenes occurs upon 


irradiation with UV light (λ = 365 nm), followed by slow relaxation back to the trans 


form in the dark or accelerated with visible light, without any significant photo-
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degradation within the timescale of the experiment. In water, supramolecular tubes 


composed of pure 1 break up into shorter segments upon irradiation 12. The identical 


behavior was observed for the tubes formed by the mixture of 1-2 with 2 % of 2 (Fig. 


3.2E). Upon irradiation of a solution of tubes of 1-2 (1/2=50, [1]=100 µM) for 45 min, 


the CD signal decreased by 50 % and leveled off indicating that the population of the 


azobenzenes had reached the photostationary state (PSS) (Fig. 3.2E). 


Microscale thermophoresis (MST) was used to detect, in an indirect manner, the 


incorporation of 2 into the tubular architecture of 1 at low molar ratios in water. This 


method utilizes the thermophoretic behavior of a fluorescently labeled binding partner in 


the analysis of a non-covalent interaction 16 given that the magnitude of thermophoresis, 


i.e., the fluorescence change induced by thermophoretic mobility, is sensitive to changes 


in size, charge and hydration shell of the (bio)molecule under investigation 17, 18.  


The thermophoretic behavior of Atto-488-labeled SAv (SAv-488) at a constant 


concentration of 100 nM was analyzed in solutions of pure 1 and of 1-2 (1-2 ratio 50:1). 


In a solution of 1 below the CAC, the thermophoretic mobility of SAv-488 is constant 


(Fig. 3.3A) and similar to its mobility in pure water (Fig. S3.5). Above the CAC, the 


thermophoretic mobility becomes concentration-dependent (Fig. 3.3A) due to increase of 


the viscosity of the solution 16 resulting from the formation of the tubular architecture 1.  


Figure 3.3 Microscale thermophoresis (MST) measurements. (A) Dependence of thermophoretic 
behavior of SAv-488 on the concentration of 1 in a solution of pure 1 and a mixture of 1 and 2 (1-
2 ratio 50:1). (B) [SAv-488] = 200 nM, [1] = 100 µM, dilution 1:1, LED power 40%, MST power 
40%, Thermophoresis + T-jump mode. 


In contrast, the thermophoretic analysis of SAv-488 in the solution of 1-2 shows an 


atypical shape of the curve (Fig.3.3B), as opposed to the usual saturation curve shape 


which is a confirmation of specific binding 16, 18. This shape has already been observed in 


A  B 
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the interaction of proteins and oligonucleotides with proteins that have multiple binding 


sites 17, 19. Detailed analysis confirms that this is a consequence of thermophoresis and not 


of a temperature jump (T-jump), which is a fluorescence change induced by sample 


heating (Fig. S3.7). This indicates that different molecular species with different 


thermophoretic properties are formed by binding, i.e., complexes of SAv-488 with tubes 


of diverse length and various stoichiometries. The complex of SAv-488 pre-saturated 


with 2 in the solution of 1 (Fig. S3.6) shows a behavior analogous to unbound SAv-488 


(Fig. 3.3Aa), which confirms that the atypical shape of the curve in Fig. 3.3B is due to 


the binding of SAv to 2 incorporated within the tubular structure. Furthermore, upon 


addition of SAv-488 at higher concentrations of the tubes of 1-2 (above 100 µM of 1), 


excessive aggregation prevented MST measurement, while the tubes formed exclusively 


by 1 still allowed MST measurement in that concentration range (Fig. S3.8). In conclusion, 


the presence of tubes in the solution above the CAC strongly affects the thermophoretic 


mobility of SAv-488. Specific interaction between SAv-488 and tubes of 1-2 is clearly 


evidenced by the different thermophoretic behavior of SAv-488 in the solutions of tubes 


of 1 and 1-2. 


3.2.3 Tunable assembly of hierarchical fibrous networks 


Artificial fibrous networks can be constructed by using SAv to crosslink biotinylated 


supramolecular nanotubes. These networks were prepared by mixing a solution of 


fluorescently labeled SAv in various concentrations with the same volume of a solution 


of preassembled biotinylated tubes at a constant concentration of 500 µM of 1. The mixed 


solution was transferred to a chamber attached to a glass surface, and the resulting fibrous 


network was visualized by CLSM. Moreover, TEM was used to analyze the finer structure 


of the network (Fig. 3.4). No supramolecular network could be observed when SAv was 


mixed with tubes of pure 1 (Fig. S3.9).  
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Figure 3.4 CLSM, DIC and TEM images of supramolecular networks formed from biotinylated 
tubes and SAv, obtained by mixing equal volumes of solutions of fluorescent SAv and tubes of 1-
2. Green fluorescent dye-labeled networks formed from a solution of tubes of 1-2 (500 µM, 
1/2=50/1) mixed with 0.5 µM SAv Atto-488 (A-C), 2 µM SAv-488 (E-G). Red fluorescent dye-
labeled networks formed from a solution of tubes of 1-2 (500 µM, 1/2=10/1) mixed with 5 µM 
SAv-565 (I-K). (D, H, L) cross-section profiles of fluorescence images (A, E, I). Scale bars: A, B, 
E, F, I, J: 10 µm; C, G, K: 100 nm. 
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Mixing the solution of tubes of 1-2 (1/2=50/1) with SAv at different concentrations 


yielded networks with different architectures. At low concentrations of SAv-488 (0.5 µM, 


2/SAv=20), the internal structure of the network is homogeneously distributed (Fig. 3.4A). 


The cross-section of the fluorescence image shows a variation of the fluorescence 


intensity (Fig. 3.4D). Furthermore, the low contrast observed in the differential 


interference contrast (DIC) image (Fig. 3.4B) indicates small corrugations within the 


network. At smaller length-scales, the TEM micrograph shows aligned elongated tubes, 


locally oriented parallel to each other (Fig. 3.4C). When the concentration of SAv-488 is 


increased to 2 µM (2/SAv = 5), the structure of the network seems larger and/or more 


dense, as indicated by the increased fluorescence intensity within the volume of the 


chamber (Fig. 3.4E). The cross-section of the fluorescence intensity, the DIC image and 


the TEM show the formation of a porous network formed from elongated tubes (Fig. 


3.4E-H).  


Tubes with a ratio 10:1 of 1-2 with both 5 μM and 2 μM concentrations of SAv (Fig. 


3.4I, J and Fig. 3.5A,B) yielded networks with distinct fibrillar structures. The 


fluorescence intensity cross-section shows multiple well-defined protrusions indicating 


the formation of bundles, showing clearly different characteristics compared to the lower 


density of biotin. TEM micrographs showed thicker bundles of tubes compared to less 


crosslinked networks (Fig. 3.4C,G). Increasing the concentration of SAv to 10 or 18 μM 


(2/SAv = 2.78 and 5) gave rise to fast uncontrolled crosslinking with insufficient time for 


bundles to form (Fig.3.5C-F).  
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Figure 3.5 CLSM and DIC images of the supramolecular network formed from tubes of 1-2 (500 
µM, 1:2 = 10) 1:1 v/v mixed with 2 µM SAv-565 (A,B), 10 µM SAv-565 (C,D), or 18 µM SAv-
565 (E,F); scale bars: 20 µm. 


 


Additionally, the formation of networks was investigated with a wider range of 


concentrations of 2 and SAv. At even lower fractions of 2 (1/2 is 100/1 or 300/1), uniform 


networks were observed (Fig. 3.6) upon the addition of different concentrations of SAv. 


These networks share similar characteristics with the networks formed by more 


concentrated solutions of tubes (500 µM, 1/2=50/1, mixed with 0.5 µM SAv; Fig. 3.4A). 


At high contents of 2 in the co-assembled tubes (i.e., 1/2=50 or 10), more structural 


features are visible in the networks at different 2/SAv ratios (Fig. 3.4, 3.5). When the 1/2 


ratio reaches as high as 5, robust gel-like architectures were formed upon the addition of 


SAv (Fig. 3.7).  
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Figure 3.6 CLSM images of the supramolecular network formed from tubes of 1-2 and SAv, by 
mixing (1:1 v/v) solutions of tubes of 1-2 (A,B: 500 µM, 1/2=100; C,D: 500 µM, 1/2 = 300) and of 
2, 0.5, 5, 1 µM SAv-565 in panels A, B, C, D, respectively; scale bars: 20 µm. 
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Figure 3.7 3D stacking CLSM and DIC images of the supramolecular network from tubes of 1-2 
and SAv, by same volume mixing solutions of tubes of 1-2 (500 µM, 1:2 =5) and18 µM SAv-565 
(A,C: stacking CLSM images, B: CLSM image, D: DIC image; scale bars: 20 µm. 


In summary, a low fraction of biotin in the nanotubes and a low concentration of SAv-


488 favor the formation of thinner and homogeneous networks, because of the fewer local 


binding sites within the architecture. Higher densities of biotin and higher concentrations 


of SAv (up to the limit of saturation of the four streptavidin binding sites by biotin) 


promote the crosslinking of the tubes and the formation of networks, with random 


orientations of tubes observed in the resulting networks. We presume that the structure of 


the network is governed by fast and irreversible crosslinking by biotin-SAv bond 


formation.  At a certain density, the tubes start bundling and form crosslinks by the 


remaining SAv. Based on the flexible combination of these streptavidin-biotin 


interactions, which exist within the bundles and at their exterior, various network 


architectures can be established in this system. 


 


 
 


A 
B 


C 
D 
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3.2.4 Morphological conversion of supramolecular networks by UV 
irradiation 


The influence of photoswitching of the building blocks within the tubes on the 


crosslinked SAv-tube networks was investigated using CLSM in combination with CD 


measurements. The sample was prepared by mixing the same volumes of solutions of 2 


µM SAv-561 and of biotinylated tubes (500 µM, 1/2=50). The final solution was drop 


casted into a 2 mm thick chamber on top of a bare glass slide and covered with a glass 


coverslip. The chamber was then irradiated with UV light (λ = 365 nm) for 5 min. During 


UV irradiation, the network underwent structural changes including apparent shrinking 


(Fig. 3.8A). The cross-sectional profile of the fluorescence images became narrower, 


indicating the formation of a tighter network (Fig. 3.8B). After irradiation, 50 µL of the 


sample was diluted with water to 200 µL and CD measurements were performed, and 


these were compared to the sample that was not irradiated. The significant decrease in the 


CD signal of the irradiated samples (Fig. 3.8C) demonstrates a decrease in the 


supramolecular chirality of the system attributed to breaking and partial disassembly of 


the tubes 12. We speculate that this breaking into smaller segments allows the tubes to be 


rearranged by binding to accessible SAv binding sites that were previously sterically 


hindered. Thus, shrinking takes place and more condensed networks are formed with 


smaller pores. 
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Figure 3.8 (A) Time sequence of CLSM merged images (fluorescent and DIC) of the network 
formed by mixing solutions of tubes of 1-2 (500 µM, 1/2=50) and 2 µM SAv-561 under irradiation 
with UV light (λ = 365 nm) for 5 min; images were taken at: (left to right) 0, 2.5, 5 min. Scale bars: 
20 µm. (B) Cross-sectional profiles of the fluorescence images shown in A. (C) CD spectra of 
networks of tubes before and after UV irradiation. 
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3.3 Conclusions 


In this study, we demonstrated a general strategy for the controlled crosslinking of 


self-assembled supramolecular nanotubes. Specifically, we used the strong biotin-


streptavidin couple in which the tetravalent streptavidin interconnects the tubular 


structures decorated with a controllable density of biotin moieties. Depending on the 


concentration and the ratio of all three components, i.e., monomer, biotinylated monomer 


and streptavidin, different hierarchical structures have been formed. This strategy thus 


provides a feasible pathway to design adjustable supramolecular architectures. 


Understanding these interactions in a simplified model system like this one may shed 


light onto otherwise complex processes in more biologically relevant systems. Moreover, 


the introduction of the photoswitchable azobenzene moiety within the monomers endows 


the supramolecular system with photoresponsive properties. The way of building such a 


hybrid hierarchical supramolecular network may contribute to other biomimetic systems 


and tissue engineering studies. 
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3.5 Materials and methods 


3.5.1 General 


All chemicals for the synthesis of 1 and 2 were purchased from Sigma-Aldrich and 


used without further purification unless stated otherwise. Streptavidin (SAv) (salt-free, 


lyophilized powder), Atto 488-streptavidin (SAv-488) and Atto 565-streptavidin (SAv-


565) were purchased from Sigma Aldrich. Compound 1 was prepared according to a 


previously reported procedure 12.  
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3.5.2 Synthesis 


 


Scheme 3.1 Synthesis of compound 2 


 


3.5.3 Preparation of the tube/network solutions 


The solutions of 1, and of multicomponent 1-2 samples in varying ratios, were 


prepared from concentrated stock solutions of 1 and 2 in acetonitrile. The required 


volumes of the solutions of 1 and 2 in acetonitrile were mixed, and the solvent was 


evaporated under nitrogen flow. The resulting residue was rehydrated in MilliQ water 


with the final concentrations in the micromolar range, then left overnight before 


proceeding with the experiments. The network was prepared by directly mixing solutions 


of assembled tubes of 1-2 and of SAv (dissolved in MilliQ water).  
 
 
 


2 
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3.5.4 Characterization  


UV-vis and circular dichroism (CD) spectroscopy 


UV-vis spectra were recorded at room temperature with a Perkin Elmer Lambda 850 


UV-vis spectrometer. CD spectra were recorded with a Jasco J1500 spectrometer. 


Samples of lower concentrations (< 10 µM) were measured in 1 cm quartz cuvettes, while 


the samples of higher concentrations were measured in 1 mm quartz cuvettes. The 


solutions were prepared at least 18 h before the measurements, except for the dynamic 


exchange experiments in acetonitile, for which the samples were freshly prepared. 


Transmission electron microscopy (TEM) 


The samples were prepared by drop casting solutions of prepared biotinylated tubes-


SAv supramolecular network solution onto carbon grids (Formvar/Carbon 200 mesh, 


Copper). Prior to measurements the samples were stained by 2% phosphotungstic acid. 


TEM micrographs were recorded using a Philips CM300ST - FEG microscope. The 


Image J 1.46 software was used to analyze the TEM micrographs. Manual analysis led to 


determination of the length and diameter of the tubes. 


Confocal laser scanning microscopy (CLSM)  


For fluorescence microscopy, (CLSM, Nikon A1) equipped with 488 nm and 561 nm 


lasers and differential interference contrast (DIC) accessories were used to observe the 


network architectures. The silicone chamber used for confocal fluorescence microscopy 


was purchased from Electron Microscopy Science. The UV illumination was carried out 


by using an LED lamp at 65% maximum intensity (LED output power max= 2000 mW) 


M365LP1 (Thorlabs). 


 


 


 







Chapter 3 


65 
 


3.6 Supplementary information 


Figure S3.1 Self-assembly of 2 in acetonitrile, and in 5% MeCN/water. (A) CD spectrum of 2 (10 
µM) in MeCN and 5% MeCN/water. (B) TEM micrograph of 1 in 5% MeCN/water. (C) CD 
spectrum of 2 (5 µM) mixed with varying ratio of 1 in 5% MeCN/water. (D) TEM micrograph of 2 
(50 µM in 5% MeCN/water).  


 


Figure S3.2 CLSM and DIC images of the dry sample from 0.628 µM Nile red solution. Scale 
bar: 10 μm. 
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Figure S3.3 TEM micrograph of tubes of 1 (83 μM) and CLSM image of the tubes of 1 stained 
with Nile red (100 μM). Scale bars: 10 μm 


 
Figure S3.4 Photoswitching properties of 2. Absorption spectra of 2 in MeCN (10-5 M). (A) UV 
irradiation (λ = 365 nm). (B) Relaxation under dark. (C) Relaxation under visible light. (D) Cycle 
of photoswitching between UV irradiation (10 s) and visible light relaxation (15 min). 
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Figure S3.5 (A) MST traces of Strv-488 in tubes solutions of 1 of different concentration (B) MST 
traces of Strv-488 in water and 1 solution (100 µM). 


 
Figure S3.6 MST measurements of Strv-488 pre-saturated with 2. [Strv-488] = 200 nM saturated 
with [2] = 2.5 µM, top [1] = 100 µM, dilution 1:1, LED power 40%, MST power 40%. 
 
 


 
Figure S3.7 MST measurements of Strv-488 with concentration dependent 1-2 (50:1) solutions. 
[Strv-488] = 200 nM, top [1] = 100 µM, dilution 1:1, LED power 40%, MST power 40%. Analysis 
in Thermophoresis mode (left) and T-jump mode (right). 
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Figure 3.8. MST traces of Strv-565 mixed with 250 µM 1 (left) and 250 µM 1-2 (50:1) (right). 


 


 


Figure 3.9 CLSM and DIC images of the v:v=1:1 mixed solution of 500µM 1-tubes and 2µM SAv-
488. Scale bars: 10μm. 
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Chapter 6 


 


Supramolecular architectures in a vesicle as  


a rudimentary model of the cytoskeleton in a cell 


 


The cellular cytoskeleton, a highly sophisticated network of supramolecular 


machines, has inspired chemists to build active hierarchical supramolecular 


systems with sophisticated functions. Here, we explore how incorporation of 


hierarchical supramolecular architectures based on synthetic amphiphilic 


building blocks influences properties of a cell-sized vesicle. Compared to 1D 


supramolecular nanotubes inside giant unilamellar vesicles (GUVs), 


hierarchical supramolecular bundles and networks show improved mechanical 


properties, and are able to induce morphological deformation of the GUVs. 


Shape changes and shrinkage of GUVs with encapsulated supramolecular 


networks have been observed in confocal laser scanning microscopy 


measurements. Our system provides a model to mimic the mechanical properties 


of the cytoskeleton in a cell, which can be employed in other cell-mimetic systems.  
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6.1 Introduction 


The cytoskeleton, a dynamic fibrillar network, provides structural support of the cell, 


drives its shape changes, and plays and important role in its division and motility 1, 2. The 


cytoskeleton is a complex supramolecular architecture established by a variety of 


functional proteins. Individual protein monomers self-assemble and organize into 


filaments, and these are further connected by different physical interactions, which 


determine various dynamic behaviors and mechanical properties 3, 4.  


Inspired by the biological performance of the cytoskeleton, scientists try to mimic the 


cytoskeletal architecture in synthetic ways 5. Like other cell-mimetic systems, active 


matter can be introduced into a cell-sized aqueous compartment for creating a 


cytoskeleton-like model by bottom-up approaches. However, it remains highly 


challenging to acquire even limited functions or behaviors of the cellular cytoskeleton in 


synthetic systems due to its hierarchical structure, complexity, and versatility.  


As the most potential synthetic materials that can mimic the cytoskeleton, 


supramolecular polymers are able to directionally align and dynamically reorganized. 


Unlike covalent polymers, they display support and volume changes of aqueous 


compartments 6, 7. Supramolecular architectures have potential to directionally deform 8-


10, and control shape 11-13 of cell-sized compartments. Supramolecular polymers can be 


organized further to produce hierarchical bundles and network structures, which enhance 


their mechanical properties and integrity 1. Lately, supramolecular polymers made of 


cyclic peptides have been reported to form hierarchical microfibers mediated by ionic 


strength in water/oil droplets, which is a step forward towards synthetic cytoskeleton 


mimics 14. 


Here, we aim to build up cytoskeleton-like architectures that are able to deform and 


dynamically control the shape of vesicles. Various architectures have been made and 


described in previous chapters. Here, we demonstrate compartmentalization of the basic 


nanotubes and of two types of hierarchical supramolecular architectures inside giant 


vesicles as a rudimentary model of the cellular cytoskeleton. By encapsulating preformed 


supramolecular architectures in cell-sized vesicles, robust mechanical properties can be 


detected by morphological deformation of the vesicles. For the depletion-induced bundles, 


hypertonic treatment has been applied on loaded vesicles to trigger the dynamic behavior 


of the architectures. For vesicles with encapsulated supramolecular networks, 


morphological deformations are studied. Upon application of laser scanning microscopy, 
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dynamic shrinking of loaded vesicles can be observed, allowing the observation of 


interactions between the vesicle membrane and the structures embedded within.  


6.2 Results and discussion 


6.2.1 Fabrication of hierarchical supramolecular architectures 


To mimic the hierarchical architecture of the cytoskeleton, different supramolecular 


structures have been assembled and encapsulated inside cell mimetic compartments, in 


order to explore their mechanical and dynamic behavior. Here, giant unilamellar vesicles 


(GUVs) have been chosen as a simplified cell model, because GUVs have a comparable 


size and membrane 15. Compared with water/oil droplets, the lipid membranes of vesicles 


Figure 6.1 Schematics of three types of supramolecular polymer architectures: (A) tubes, (B) 
bundles and (C) networks.  
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are semipermeable and provide a lower surface tension that is more sensitive to changes. 


Based on the design of AzoCh (Fig. 6.1), we developed hierarchical supramolecular 


bundles and networks, as described in Chapters 3 and 5. The formation of these 


hierarchical supramolecular architectures not only increases the hierarchy of the 


supramolecular polymers, but resembles also more closely the inherent features of the 


cytoskeleton structure. It has been proven that the incorporation of crosslinks between the 


supramolecular polymers enables us to alter the mechanical property of the architectures 
16. We envision that the introduction of these supramolecular architectures in GUVs will 


bring different effects to GUV-encapsulated, hierarchical structures.  


6.2.2 Encapsulation of supramolecular tubules into liposomes 


As reported previously, the building blocks shown in Figure 6.1 self-assemble into 


supramolecular tubes in water 17. Before encapsulating these supramolecular tubes into 


GUVs, optical microscopy was performed to better understand the morphology of the 


supramolecular tubes and to apply staining to improve their visibility upon encapsulation. 


As shown by transmission electron micrographs of supramolecular tubes (Chapter 5) and 


previous studies 17, the diameter of the tubes is around 10 nm, which is beyond the typical 


resolution limit of fluorescence microscopy. However, even without resolving individual 


tubes, fluorescence microscopy can be useful to visualize their presence. Thus, we 


introduced Nile red, a polarity-sensitive fluorescent probe that only exhibits fluorescence 


when placed in a hydrophobic environment, in our case the hydrophobic cavities of the 


tubes 18, to assist the observation of the formation of tubes.   


By using the inverted emulsion method 19, the solution of supramolecular tubes can 


be introduced into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles. The 


solution of self-assembled supramolecular tubes with Nile red was made in a water/oil 


emulsion first to ensure that almost all of the content was confined within droplet 


compartments. Then the droplets are coated with another layer of lipid at the oil/water 


interface during their transfer from the oil phase to the water phase, resulting in the tube-


loaded GUVs. 


Typical fluorescence images, obtained by confocal laser scanning microscopy 


(CLSM), of GUVs with encapsulated supramolecular tubes are shown in Fig. 6.2. The 


DOPC was mixed with a green fluorescent lipid, 1,2-dioleoyl-sn-glycero-3-


phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DOPE), which made 


the DOPC membrane visible in the green (Fig. 6.2B). This is helpful to distinguish the 
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shape of the GUVs and the location of the membrane boundary. The profile below 


demonstrates that the membrane had a uniform thickness. The presence of red 


fluorescence in Fig. 6.2C indicates the formation of supramolecular nanotubes stained 


with Nile red. Even though no filaments were observed within the spherical GUV, the 


clear fluorescence contrast indicated the nanotubes being present within the vesicle 


confinement, which is further confirmed by the intensity profiles. Also, a detectable 


contrast changes was observed between the inside and outside of the GUV in a differential 


interference contrast (DIC) microscopy image (Fig. 6.2D). These results suggest that the 


supramolecular nanotubes were encapsulated in the GUV successfully.  


Figure 6.2 Supramolecular tubes labeled with Nile red encapsulated in a GUV characterized by 
CLSM. (A) Schematic illustration of a GUV with encapsulated supramolecular tubes. (B) The 
membrane of the GUV labeled with a green fluorescent phospholipid. (C) The supramolecular 
tubes (1 mM) with Nile red (6.3 μM) inside the GUV. (D) DIC image of the GUV with 
encapsulated tubes. Cross-sectional profiles of microscopy images are shown below. Scale bars: 
20 μm.  
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6.2.3 Hierarchical bundles in crowded cell-like compartments and 
their response to hypertonic stress 


To achieve the formation of hierarchical supramolecular bundles and understand the 


behavior of supramolecular tubes in crowded compartments, we introduced the 


supramolecular bundles induced by depletion forces into GUVs (Fig. 6.3A). To obtain 


GUVs with encapsulated supramolecular bundles, a solution of nanotubes (0.8 mM 


AzoCh) and 5% PEG solution were mixed (volume ratio 1:1, details shown in Chapter 5). 


To identify the presence of PEG, a water-soluble pyranine dye was added to the PEG 


solution, before mixing with the nanotube solution. The premixed solution of tubes and 


PEG was added into the oil-phospholipid mixture to form water/oil droplets with 


supramolecular bundles inside, and then coating another layer became GUVs with 


encapsulated supramolecular bundles in the end. 


CLSM images indicated the formation of the vesicle (shown in red, Fig. 6.3B) and 


encapsulation of PEG with pyranine (Fig. 6.3C). With the assistance of PEG, the micro-


sized supramolecular bundles were visualized within the vesicle compartment (Fig. 6.3D). 


The bundles in the GUVs were shorter than the diameter of GUVs and were rarely 


observed. We deduced that the longer bundles broke the lipid bilayers when droplets left 


the oil phase and entered the water phase, because of the surface tension difference. After 


the droplet transfer from the oil phase to vesicles in the water phase, a yellow trace of 


tubes was found at the bottom of centrifuge tubes, which confirms this assumption. Thus, 


it was not possible to study the mechanical tension that these hierarchical supramolecular 


bundles exert at the vesicle membrane in the original state. 
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While the self-assembled supramolecular bundles were suspended within the 


confinement of a vesicle, hypertonic treatment was applied to decrease the volume of the 


GUV in order to explore the interaction of the supramolecular architectures and the 


membrane of the GUVs. Before the hypertonic treatment, the GUVs assumed a round 


shape with a smooth outline (Fig. 6.4A-C). The bundles twisted together and floated 


inside the GUV (Fig. 6.4C). Subsequently, to apply the hypertonic treatment, 10 μL PBS 


buffer (0.01 M sodium dihydrogen phosphate and 0.015 M sodium chloride) was added 


within an observation chamber that contained 70 μL of the vesicle solution. At first, the 


GUVs maintained their original shape upon decreasing volume (Fig. 6.4D). With the 


further shrinking of the GUVs, the membrane of the vesicles started to contact the bundles 


(Fig. 6.4E). When the vesicle was small enough that bundles were attached along the 


membrane, GUV membrane deformation was observed (Fig. 6.4F). These results indicate 


that the bundles are rigid enough to enable deformation of the lipid bilayers. 


A 


Figure 6.3 Hierarchical supramolecular bundles (400 μM AzoCh/2.5 % PEG) were encapsulated 
in GUVs. (A) Schematic illustration of a GUV with encapsulated supramolecular bundles. (B) 
CLSM image of a GUV showing the membrane of the vesicle labeled by red fluorescent 
Rhodamine-DOPE, (C) CLSM image of the green pyranine dye mixed with the PEG. (D) DIC 
image of fiber-like structures. Scale bars: 20 μm.  
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Upon stronger hypertonic treatment, the breaking of lipid membranes was observed. 


This time, a large volume (30 μL) of PBS buffer (0.01 M sodium dihydrogen phosphate 


and 0.015 M sodium chloride) was added within the observation chamber that contained 


70 μL of a vesicle solution. Distinct bundle structures were visible in DIC images within 


a round shaped GUV (Fig. 6.5A). With the shrinking of the GUV, the encapsulated 


supramolecular bundles punctured the membrane inducing the breaking of the membrane 


of the GUV, and the fiber-like architectures were observed in the proximity of the original 


location of the GUV (Fig. 6.5B). We suggest that the shrinking of the GUV led to the 


generation of force imposed by the bundles in a passive way. In view of the results above, 


it is indicated that these hierarchical architectures are capable of deforming and breaking 


the membrane of vesicles, but could also provide support to the GUV to some extent.   


 


Figure 6.4 Hierarchical supramolecular bundles (400 μM AzoCh/2.5 %PEG) encapsulated in 
a GUV. The images were characterized by CLSM and DIC. (A) The membrane of a vesicle 
labeled by red fluorescent Liss Rhod PE (B) vesicle with green pyranine dye mixed with the 
PEG. (C) Fiber-like structures are visualized in the DIC image. (D-F) Time sequence of merged 
DIC/CLSM images of GUVS upon hypertonic treatment. Scale bars: 20 μm.  
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The mixing of solutions of nanotubes and PEG result in an inhomogeneous suspension. 


Because of the random distribution of the supramolecular bundles in bulk, the presence 


of bundles in the droplets is also random. Thus, not all of the GUVs happened to include 


filamentary architectures. Many of them showed homogeneous patterns in DIC 


microscopy (Fig. S6.1), indicating the absence of bundles. Thus, we can classify vesicles 


as ‘bundles-dominated GUVs’ and ‘PEG-dominated GUVs’, according to the visibility 


of bundles. All the examples mentioned above apply to ‘bundles-dominated GUVs’. 


When studying ‘PEG-dominated GUVs’, not much difference was observed after 


hypertonic treatment when comparing them with GUVs only containing the same 


concentration of PEG (Fig.6.6). After hypertonic treatment, the volume of both types of 


GUVs was much smaller than before due to the loss of water, and the redundant lipids 


formed thread-like structures on the surface of GUVs.    


Figure 6.6 Microscopic (merged CLSM and DIC) images of (A) ‘PEG-dominated GUVs’ (400 
μM AzoCh/2.5% PEG) and (B) PEG-loaded GUVs (2.5% PEG) after hypertonic treatment. PEG 
was premixed with pyranine to show green fluorescence, and the lipid membrane was labeled with 
Liss Rhod PE shown in red. Scale bars: 20 μm.  


A  B 


Figure 6.5 Hierarchical supramolecular bundles (400 μM AzoCh/2.5% PEG) breaking the 
membrane of the GUV after the hypertonic treatment. (A) bundles loaded within GUVs. (B) 
bundles pierce the membrane of vesicles and lying nearby. Scare bars: 20 μm  
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6.2.4 Supramolecular polymer networks inside GUVs and light-
triggered shape changes  


Upon co-assembly of building blocks AzoCh and AzoBt (see Fig. 6.1), biotinylated 


supramolecular nanotubes can be formed in water. The complex supramolecular networks 


can be obtained upon the addition of SAv with these biotinylated supramolecular 


nanotubes (see Chapter 3). This non-covalent crosslinking network has some structural 


features that can be regarded as a rudimentary model of the cytoskeleton. Here, we 


encapsulated these networks into cell-sized GUVs (Fig. 6.7A) to explore their behavior 


in confinement. 


The supramolecular network aggregates were formed by mixing the AzoCh-AzoBt 


biotinylated nanotubes with SAv. Fluorescent SAv-565 was employed here to visualize 


the crosslinked networks. Merged CLSM and DIC microscopy images showed the 


formation of GUVs (green labeled with NBD-DOPE) and the presence of supramolecular 


Figure 6.7 Deformation of a GUV induced by hierarchical supramolecular network aggregates. 
(A) Schematic illustration of the formation process of a GUV with encapsulated supramolecular 
networks. (B) Microscope (merged CLSM and DIC) images of a GUV (green labeled membrane 
with NBD-DOPE) with encapsulated supramolecular networks (formed by mixing 500 μM 
AzoCh, AzoCh/AzoBt = 10 and 2 μM SAv-565 with v:v=1:1). Images left to right: the focal plane 
from low to high. Scale bars: 20 μm.  
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networks inside of them (Fig. 6.7B). Irregular deformations of the loaded GUV were 


observed. Different profiles of the GUV were obtained at different focal planes (Fig. 


6.7B). Comparison with the empty round shaped GUV nearby, the filled GUV shows 


distinct membrane deformation. We assume that the steric deformation of the GUV was 


caused by the crosslinked networks. Thus we conclude that the structure of this network 


can effectively define the structure of the GUV in which it is encapsulated without 


disrupting it – defining but soft touch. This is different compared to the situation of the 


bundled tubes discussed above.    


 Subsequently, the light-responsive dynamic behavior of the network-loaded GUVs 


was explored. During the observation of GUVs with encapsulated network aggregates, 


the shrinking of the network led to morphological changes of the GUVs as observed upon 


sequences of CLSM scans (Fig. 6.8). At first, there was an apparent protrusion in an 


encapsulated GUV defined by the shape of the encapsulated network. The texture of this 


fluorescently labeled network is clearly visible. As time progressed, the network structure 


shrank gradually, resulting in a smaller protrusion and a rounder shape of the bottom half 


of the encapsulated GUV. When the shrinkage of the network proceeded, the protrusion 


became more flat, and later almost disappeared. We suspect that this dynamic behavior is 


related to the absorption of the laser light (488 nm). However, according to the results 


shown in Chapter 3, a similar shrinking behavior could be observed when UV light is 


applied.  


 


 


 


Figure 6.8 Light-responsive behavior of a GUV with encapsulated hierarchical supramolecular 
networks. Scale bars: 20 μm. 
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6.3 Conclusions and perspectives 


Tunable hierarchical supramolecular bundles and networks can be obtained by the 


introduction of depletion forces and biotin-streptavidin conjugates, which provides 


further progress in the mimicking of the cytoskeleton in an artificial model system. Here, 


we demonstrated that nanotubes and both hierarchical supramolecular architectures could 


be encapsulated in phospholipid vesicles. Moreover, we show that the structures enable 


deformation of the membrane of the vesicles, in the absence or presence of an external 


trigger.  


By encapsulating supramolecular nanotubes with PEG, crowded compartments with 


hierarchical architectures have been obtained. This depletion-induced supramolecular 


bundles display robust mechanical properties and can deform a vesicle and even break its 


phospholipid membrane. For supramolecular networks, deformation of filled GUVs has 


been observed. Moreover, these GUVs showed dynamic behavior upon laser irradiation. 


Both of these two kinds of hierarchical supramolecular architectures have exhibited more 


robust mechanical features compared to supramolecular nanotubes. 


Further work can be conducted in the following aspects: (i) the interplay of depletion 


and biotin-streptavidin interactions on the supramolecular nanotubes, which engage in 


incorporating crowding effects and biomolecular recognition; (ii) interfacing of inner 


membranes of aqueous compartments to understand the interactions with the surface of 


the compartment; and (iii) mechanical measurements by micropipette aspiration or 


microfluidic trapping devices. Fluorescence microscopy is recommended to observe the 


light-responsive behavior combined with UV irradiation to avoid laser heating effects. 


On the larger scale, this work can contribute to the formation of better mimics of the 


cellular cytoskeleton and provide artificial forms of active soft matter. 
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6.5 Materials and methods 


6.5.1 General 
All chemicals for the synthesis of AzoCh and AzoBt were purchased from Sigma-


Aldrich and used without further purification unless stated otherwise. The detailed 


synthetic procedures for the preparation of compounds are given in previous chapters. 


1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-


phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (18:1 


NBD DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 


rhodamine B sulfonyl) (ammonium salt) (Liss Rhod PE) were purchased from Avanti 


Polar Lipids. Streptavidin (SAv) (salt-free, lyophilized powder), Atto 565-streptavidin 


(SAv-565), mineral oil, poly (ethylene glycol) (PEG, Mw=20,000), and pyranine were 


purchased from Sigma. Aldrich. PBS buffer was at 0.01 M sodium dihydrogen phosphate 


and 0.015 M sodium chloride, pH 7.4. All aqueous solutions were prepared with Milli-Q 


water.  


6.5.2 Encapsulation of supramolecular architectures into giant 
unilamellar vesicles (GUVs) 


Preparation of lipid mixture 


DOPC (10 mg/mL) in chloroform was stored at -20 ℃. After warming to room 


temperature, a certain amount of this lipid stock solution and mineral oil were poured into 


vials and mixed to reach 1 mg/mL. Then the lipid mixture was put on a hot template and 


stirred at 80 ℃ for at least 30 min to remove the chloroform. This lipid-mineral oil 


mixture was then incubated in the dark at room temperature overnight.  


Preparation of GUVs with encapsulated supramolecular polymers 


A lipid monolayer was obtained by carefully adding 150 µL of lipid mixture on top 


of Milli-Q water in a 1.5 mL centrifuge tube. The lipid monolayer at the oil/water interface 


was then incubated for 2 h at ambient temperature. A W/O emulsion was obtained by 


adding 5 % aqueous solution to the 1 mg/mL DOPC mixture. The preparation procedures 


of encapsulated solutions have been described in Chapters 3 and 5. 


Centrifugation has been used to drive droplets to pass across the prepared lipid 


interface. The emulsion suspension was placed at the top of the oil interphase, above the 


bottom aqueous phase, in a test tube. This tube was centrifuged at 1000 relative 


centrifugal force (RCF) for 3 min at 20℃, and the GUVs were collected by a needle 
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puncturing the bottom of the test tube.  


Surface treatment of the glass surface 


Glass slides were cleaning by 2% Hellmanex® III and pre-coated using aqueous 


solutions of BSA (1 mg/ml). Then, the glass slide with the chamber was gently washed 


three times with water before the GUV solution was added. 


6.5.3 Fluorescence microscopy characterization 


For fluorescence microscopy (CLSM, Nikon A1 equipped with 488 nm and 561 nm 


laser) and differential interference contrast (DIC) imaging, accessories were used to 


observe GUVs encapsulated with supramolecular structures. A silicone chamber used for 


confocal fluorescence microscopy was purchased from Electron Microscopy Science. 


The intensity of the 488 nm laser light was kept at 2.3 (max=100, optical fiber power 


output 32.3 mW); the 561 nm laser was also kept at 5.0 (max=100, optical fiber power 


output 17.0 mW) for all irradiation experiments. 


6.6 Supplementary information  
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Chapter 2 


 


Active materials as mimetic cytoskeleton  


in artificial compartments 


 


The cytoskeleton, a highly dynamic network, provides structural support to 


a cell, and has a function in cell division and motility. These functional properties 


not only attract biologists, but also motivate chemists to mimic the cytoskeletal 


architecture and build up artificial compartments and cell models with a 


synthetic cytoskeleton. Here, we summarize the various ways by which 


compartments with active materials can be constructed, and their advantages and 


limitations. Moreover, we review recent advances of cytoskeleton-mimicking 


systems. Various synthetic active materials in aqueous compartments that aim to 


mimic the cytoskeleton are displayed and discussed. 
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2.1 Introduction 


Cells are highly sophisticated and complex units that host natural machines in our 


living system. The cytoskeleton, which is the main architectural element in the cell, 


provides structural support to this soft aqueous compartment, is responsible for cell 


stability, and contributes to a robust and well-regulated environment that allows a large 


number of molecules working within cells. Meanwhile, the cytoskeleton is a highly 


dynamic mechanical system, driving shape-change and contributing to cellular motility 


and cell division. Moreover, it also plays a crucial role in intracellular transportation and 


organization. 


Inspired by its impressive dynamic properties and functional behavior, cell-


mimicking systems have been developed over the past decades 1, 2. The scientific goal 


here is to build up a man-made system to achieve one or more functions of biological 


cells. By a bottom-up approach, researchers can create life-like cells from scratch 3, and 


construct artificial compartments with cell-like functionality 4.  


Similar to other cell mimetic systems, it is highly challenging to build up a mimic of 


the cytoskeleton, even when it equips only few functions, because of its hierarchical 


cytoskeletal network's complexity and versatility. From constructing biomimetic 


compartments to designing qualified mimicking materials, each process determines the 


whole system’s success. Currently, we have a fair understanding of the cellular 


cytoskeletal system. Based on the understanding of the assembly mechanism and nature 


of the cytoskeleton, various active materials have been explored to mimic similar 


functions based on their own natural advantages in artificial ways 5. Although synthetic 


supramolecular fibrillary networks have been reported 6, artificial cytoskeleton-like 


systems have made steady progress 5; up to now, there are only a few examples that have 


built simplified cell architectures in compartments. 


This review chapter will provide an overview of the design and assembly of active 


artificial compartments with emphasis on strategies for encapsulating active components 


inside compartments, thus to create mimics of the cytoskeleton. Towards building 


artificial cytoskeleton systems, we start by introducing the natural cellular cytoskeleton 


system. Then, we summarize how to create cell-mimetic compartments and compare their 


different properties. Different model systems towards the cytoskeleton are displayed and 


discussed. Some of the selected examples successfully incorporate artificial fibrillary 
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networks within water droplets or liposomes, for achieving specific functional properties 


of the cytoskeleton. 


2.2 The natural cytoskeleton  


The cytoskeleton is a powerful supramolecular architecture that exists inside a cell. 


The cytoskeleton is a robust network, provides structural support, and withstands external 


forces, and is thus responsible for cell stability. Meanwhile, the cytoskeleton is a highly 


dynamic system that drives morphological changes, contributing to cellular motility, 


migration, and division. It is also a functionalized scaffold that creates a well-organized 


inner cellular environment by participating in intracellular transportation and 


organization, and also links to the extracellular matrix by tethering to cellular membrane, 


thus forming a cellular mechanosensing system 7.  


2.2.1 Components of the cytoskeleton 


The cytoskeleton of eukaryotic cells mainly consists of four kinds of protein filaments: 


actin filaments (also called microfilaments or F-actin), microtubules, intermediate 


filaments and septins. Each of these cytoskeletal components has its own characteristic 


properties based on their diverse protein monomers and subunits (Fig. 2.1). 


Actin filaments (AFs) are polar and helical supramolecular polymers made of double-


strands of actin monomers, and they have a diameter of about 7 nm, which are the smallest 


among three cytoskeletal filaments. AFs plays a crucial role in contractile machinery, cell 


movement, and shape. It may also bundle and connect with their associated motor proteins. 


Actin filaments are dynamic, which is related to persistent assembly and disassembly 


activities powered by the hydrolysis of ATP. Monomeric actin (G-actin) is a globular 


ATP-ADP-binding protein. Once an ATP-actin nucleus is formed, the polymerisation of 


monomers proceeds quickly at the fast growing plus (+) end, and slower at the minus (-) 


end 8. Elongation occurs when the rate of the association of ATP-actin is greater than the 


loss of ADP-actin. When the two rates are balanced, it is called 'treadmilling', which 


means filament dynamics has entered a steady state.  


Microtubules (MTs) are rigid, hollow cylindrical, non-covalent cytoskeletal 


polymers, composed of tubulin dimers (α-tubulin, β-tubulin). Microtubules are the largest 


type of filament, with a diameter of about 25 nm. The tubulin dimers assemble to form 


linear polymers called protofilaments. Typically, 13 protofilaments constitute the tubular 


microtubules with a hollow structure. They are the stiffest cytoskeletal filaments, which 
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is expressed by the persistence length (Lp) that reflects the distance over which filaments 


remain straight under the action of thermal forces 9. MTs play a role in cell structure, 


organization, cell division and motility. 


The microtubules are highly dynamic, with reactions constantly adding and releasing 


tubulin dimers at both ends of the filament (Figure 2.1). In each protofilament, the αβ 


heterodimers are oriented with the β-tubulin pointing towards the faster-growing end 


(+end) and α-tubulin monomer exposed at the slower-growing end (-end) 10. Microtubule 


growth occurs by tubulin dimers that bind at the ends using GTP and polymerize, upon 


hydrolysis of GTP, leading to GDP-tubulin. Thus, the main microtubule architectures are 


made of GDP-tubulin. In contrast, when depolymerization occurs, GDP-tubulins lose fast 


at the +end, and the microtubule shrinks. GTP hydrolysis causes GTP-tubulins to change 


to GDP-tubulins, which drives the dynamic behavior of microtubules. The co-existence 


of the growing and shrinking behavior of microtubules is called "dynamic instability" 11, 


which allows microtubules to rapidly explore space 12. 


 
Figure 2.1 Three cytoskeletal components and their structural composition. Adapted with 
permission from ref 13. Copyright © 2012, Springer Nature 


 


Intermediate filaments (IFs) are nonpolar rope-like filaments with a diameter of 


about 8-12 nm (Fig. 2.1). Unlike actin filaments and microtubules, intermediate filaments 


are composed of a large family of fibrous subunit proteins. They are very diverse in 


composition 14. IFs are much less dynamic, without continuous polymerization and 


depolymerization processes. It is the most stable but softest cytoskeletal filament, which 


provides structural support in cells but is not involved in cell motility. 


Two identical protein monomers assemble to form a dimer, and then two antiparallel 


dimers align side by side to form the nonpolar tetramer. Next, eight tetrameric subunits 


associate laterally to form a unit length filament (ULF); afterward ULFs join end-to-end 
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to form short filaments (one unit in length≈60nm). Subsequent growth of the polymer is 


accomplished by the end-to-end association of these short filaments, to create the highly 


elongated intermediate filaments (Fig. 2.1). The whole assembly process does not require 


the direct involvement of either ATP or GTP 13, 15. 


2.2.2 Interactions between cytoskeletal components and the 
membrane 


Although these cytoskeletal systems have different natures based on the different 


protein components and their configuration, there is considerable evidence supporting 


that these three cytoskeletal fibrous architectures communicate with each other. These 


interactions vary from physical contact mediated by direct binding, crosslinkers, and 


through steric effects 16, translation of the mechanical properties, or regulation of the 


dynamic behavior of cytoskeletal filaments, to shared regulators that affect the dynamic 


properties of both cytoskeletal systems 9. Moreover, the cytoskeletal filaments are 


coupled to the environment via proteins in the plasma membranes, which bridge the 


extracellular system and define the cell's mechanical properties and shape 17. Thus, 


understanding the communication between the cytoskeletal components is essential for 


mimicking the cytoskeleton in a synthetic way. 


In essence, the cytoskeleton is a complex network built by connected cytoskeletal 


filaments via direct bonding, molecular motors, and crosslinkers (Fig. 2.2). Except for 


communication between the various cytoskeletal systems, each type of cytoskeletal 


filament can bind individually via crosslinkers for IFs, via molecular motors and 


crosslinkers for MTs and AFs. Actin crosslinking proteins bridge actin filaments to form 


bundles and various types of networks based on different crosslinking proteins, which 


can resist notable compressional and tensional forces 18. They also accommodate myosins 


that walk on the filaments and can allow their growth, and they control filament 


orientation 19. For microtubules, crosslinking proteins (MAP65 and PRC1) makes 


microtubules bundle into antiparallel arrays. This works by two motors proteins (kinesin-


4 and kinesin-5) that control the dynamics and size of these overlapping regions 20. For 


IFs, they are only connected to each other by a few crosslinkers. 


Most IF-associated proteins (including crosslinkers and motors) are known to exert a 


structural role that acts to tether IFs to AFs and MTs 21. In the case of specific types of 


IFs like vimentin and neurofilaments, these can direct the binding with AFs and MTs, 


respectively (Fig. 2.2). Interactions of IFs and MTs are mediated by passive components 
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and microtubule-based +end-directed motor kinesins and -end-directed motor complexes 


dynein/dynactin, which lead to bidirectional movement of microtubule-based IFs. 


Microtubule-associated passive crosslinkers can regulate the motility of IFs by competing 


with motor-binding sites on MTs. or inhibit the motility of longer IFs by forming 


numerous crossbridges between IFs, microtubules and AFs. In addition to microtubule-


based transport, there is evidence of actin-based intermediate-filament motility, which 


involves motors such as myosin V 22. These movements of cytoskeletal filaments indicate 


that the molecular motors participate in the cell shape change and movement. 


 


 


 


 


 


 


 


 


 


 


 


 


 


Figure 2.2 Diverse interactions present among three cytoskeletal subsystems: intermediate 
filaments (IFs), microtubules (MTs), and actin filaments (AFs). Steric interactions between 
subsystems are located mainly in different regions. For physical interactions between each 
cytoskeletal subsystem, there are crosslinkers and motors between AFs and MTs, while for IFs they 
are connected to AFs and MTs by crosslinkers, motors and direct bonding. Adapted with permission 
from ref 16. Copyright © 2014, Elsevier Ltd. 


AFs and MTs often work together in a number of different ways. Their crosstalk is 


mediated by numerous crosslinkers and motors that intimately affect each other within 
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different cellular contexts 9. There are various mechanisms of actin-microtubule crosstalk: 


(i) Actin-microtubule crosslinking and guidance of microtubule growth by actin bundles. 


Actin–microtubule crosslinking proteins that associate with growing microtubule ends 


via microtubule +end trackers provide dynamic links between microtubules and actin 


bundles, redirecting microtubule growth along with actin bundles. (ii) Actin-mediated 


anchoring and stabilization of microtubule ends (both + and -end) by protein complexes, 


leading to stable connections between AF and MT system. (iii) Actin acts as a physical 


barrier for microtubule growth and triggers their disassembly 23. (iv) Microtubule-


mediated local nucleation and elongation of actin filaments 24. (v) Shared regulators of 


actin and microtubule dynamics. (vi) Mechanical cooperation in membrane protrusions. 


Stiff microtubules may provide mechanical support against membrane retraction in events 


of membrane protrusion driven by actin polymerization, which leads to cooperative 


behavior of the actin and microtubule cytoskeletons in cell motility 9. Often overlooked 


are also nonspecific steric interactions within the cytoskeleton, contributing to cell 


mechanics and shape control by affecting the mobility of cytoskeletal filaments and 


synergistically reinforcing the cytoskeleton 16, 25.  


It is clear that reciprocal regulation and physical interactions exist between all three 


cytoskeletal subsystems, which play important roles in maintaining mechanical stability, 


cellular shape changes and cell migration 16, 26. These cytoskeletal systems often work 


together, and their functional dynamic properties are often intimately intertwined 9. By 


means of functional crosslinkers, motor proteins, and regulatory pathways involved in 


cytoskeletal interactions, this makes diverse mechanical and settings feasible in 


cytoskeletal network systems 16. 


The cytoskeletal network is coupled to the environment via integrins and cadherins in 


the plasma membrane to connect to the extracellular matrix and other cells, respectively18. 


These physical adhesive linkages are crucial for the maintenance of tissue architecture. 


They can also serve instructive roles by enabling cells to sense and respond to changes in 


their environments 27, which allows the cytoskeletal system, together with extracellular 


components, to engage in mechanotransduction and multicellular processes 28. This 


integration of the cytoskeleton with an exterior platform provides structural integrity to 


adhesions and allows for cellular movement, and maintenance of cell and tissue shape. 


Moreover, by coupling to molecular motors at the cytoskeleton, it can exert forces that 


are then applied externally to the extracellular matrix and neighbouring cells 27. 
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2.3 Strategies for compartmentalization and encapsulation  


Compartmentalization is thought to be one of the key features of prebiotic life as well 


as an essential principle of bottom-up synthetic biology research 29, 30. Thus, the 


encapsulation of basic components in compartments is the essential step to produce 


simplified protocell models. With the improvement of encapsulation efficiency of 


liposome formation, synthetic biologists can construct complex biological systems 


towards artificial cells 31. For synthetic cell mimics, similar challenges have been faced, 


delicate components are required to be collected in aqueous compartments, and high 


encapsulation efficiency is necessary to guarantee accuracy of the composition. 


Especially for encapsulating macromolecules, or polymerised and assembled materials, 


highly efficient encapsulation provides the possibility to introduce desired amounts of 


contents to conduct quantitative studies 32. 


Herein, we give an overview of different strategies to achieve compartmentation to 


build cell-like architectures. Their features and formation methods are compared, strong 


points and drawbacks are discussed. As candidates for designing cell-mimicking systems, 


we emphasise the encapsulation efficiency to evaluate whether the method is suitable to 


apply in the formation of compartments for the cell architecture system. 


2.3.1 Bottom-up building biomimetic compartments from 
amphiphiles 


From natural to artificial systems, in most cases, microscale architecture is 


constructed from individual nanosized components. Based on that, it is easy to understand 


that the bottom-up approach is widely used making biomimetic models. In order to build 


up satisfactory cell-like compartments, for macroemulsions (water in oil) or vesicles 


(double emulsion, water in water), these are assembled from amphiphilic molecules. 


There are some factors that may determine whether a number of amphiphilic molecules 


can be constructed aqueous-based comportments as follows:  


Sufficient concentration of amphiphilic molecules. Amphiphilic molecules like 


surfactants or phospholipids are stabilized at the interface by reducing the interfacial free 


energy. The critical micelle concentration (CMC) is defined as the concentration at which 


the surfactant is saturated at the interface, where further addition of surfactants hardly 


affects the interfacial tension anymore while excess surfactant molecules will form 


micelles in solution. Thus, to obtain a stable emulsion, ensuring the concentration of the 


surfactant above the CMC is necessary.  
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Amphiphilic molecules with suitable geometry. In aqueous phase, weak, noncovalent 


interactions drive the amphiphiles to form assemblies with various morphologies and 


sizes 33. Thus, the assembled aggregate form is directly related to the morphology of the 


surfactant (Fig 2.3), which can be approximated estimate by using packing parameter (p),  


𝑝
𝑉
𝑎𝐿


 


which is defined V/aL, where V is surfactant tail volume, and L is the tail length, and a is 


the effective surface area of the hydrophobic part (head group) per molecule at the 


aggregate surface 6. For aqueous-based compartments, p > 1/2 is necessary. 


 


Figure 2.3 Schematic illustration of the packing parameter (p) of amphiphilic molecules and their 
corresponding assembled morphology in aqueous phase. Adapted with permission from ref 33 
Copyright © 2011 Elsevier Inc. 


 


Oil solubility surfactants. For aqueous-based emulsions, surfactants need to be oil-


soluble. The packing parameter is linearly proportional to the Hydrophile-Lipophile 


Balance (HLB), which is used to assign amphiphiles to form inverted W/O micelles or 


O/W micelles in surfactant-water-oil mixtures 34. On a scale of 0-20, higher HLB values 


corresponds to a more hydrophilic molecule. In general, interfaces of W/O droplets are 


mainly used with surfactants with an HLB scale of 3 to 6. 
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2.3.2 Compartmentalizing by emulsion 


Emulsification provides a straightforward approach to obtain aqueous reaction 


confinements. In general, when two immiscible liquids are mixed, they will separate to 


form a two-phase system, and the phase boundary becomes a natural physical barrier to 


confine movements of solute. Emulsions are commonly utilized as microreactors isolated 


from the exterior environment. For cell-mimetic systems, the inner phase needs to be 


aqueous, so there are aqueous-aqueous two-phase and aqueous/oil macroemulsions (w/o) 


that can be chosen. 


The w/o emulsion is a general type of a two-phase system, where water droplets are 


dispersed in oil (continuous phase), stabilized by surfactants to reduce the interfacial free 


energy.  The encapsulation process is achieved while aqueous droplets that contain 


components are dispersed in another continuous phase. In some cases, specific droplets 


are robust enough to resist temperature or pH changes for investigating the reaction 


process in confined space. Water/oil droplets have been used as cellular mimics for 


investigating the cellular morphology, governed by the self-organization of cytoskeletal 


components 35. 


An aqueous two-phase system (ATPS) is a unique emulsion system, which is formed 


by two aqueous mixtures containing two incompatible polymers, or one polymer and salts 
36. ATPS is widely employed for the extraction of biomacromolecules (i.e., proteins, 


enzymes) 37. The special point is that the system is membraneless, which creates a low 


interfacial tension (~1-100μN/m) 38, 39, which is significantly lower than water/organic 


system (at least 103) 40, 41. A previous study  demonstrated that artificial networks of 


protein nanofibrils could induce controlled deformation and division of all-aqueous 


emulsion droplets with budding-like morphologies 42, which imply that ATPS is a 


potential platform for the biomimetic division within synthetic systems. 


To produce cell-sized emulsions (macroemulsion, >1 μm), agitation applying shear 


force like gentle stirring, vortexing, and pipetting are commonly used. More controlled 


preparation is recommended by using mechanical shear mixer 43, or droplet microfluidics 
44.  


2.3.3 Encapsulation by cell-sized liposome formation  


Among existing biomimetic compartment models, giant unilamellar vesicles (GUVs) 


are the most popular model for cell-like systems. It is not only because the size range of 


GUVs (1-100μm) can cover the majority of biological cells, but also because the 
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unilamellar vesicle is a specific aqueous container that consists of a single bilayer of 


phospholipids, which property is shared with the cell membrane.  Lipid bilayer 


membranes serve as semipermeable barriers, while allowing the exchange and 


communication between the inner and external medium when equipped with specific 


channel proteins. 


As a result, approaches to preparing GUVs have drawn a lot of attention because it is 


an essential foundation for the research in cell-mimicking and synthetic biology systems. 


For encapsulating cytoskeleton-like structures, a procedure that achieves encapsulation 


during preparation is required for high encapsulation efficiency and successful inclusion. 


Herein, we compare several typical preparation methods of GUVs based on their 


production mechanism.  


Swelling-based method 


The gentle hydration (natural hydration, or natural swelling) method was developed 


to produce lipid vesicles, as discovered by Reeves and Dowben in 1969 45. It dissolves 


phospholipids in an organic solvent (i.e., chloroform and methanol) which is deposited 


on a glass surface (Fig. 2.4a). Drying under flowing argon or nitrogen gas is applied until 


a lipid film is formed. Liposomes are formed during swelling after adding an aqueous 


solution. It is a simple way to prepare GUVs. However, liposomes formed in this way are 


commonly multilamellar and with low yield. For the natural swelling method, the lipid 


needs to be in the liquid-crystalline phase 46, which means the hydration period should 


proceed above the main-transition temperature (Tm).  
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Figure 2.4 Schematic illustration of vesicle formation by natural hydration, electroformation, and 
gel-assisted methods. (a) The organic solvent with dissolved lipids; lipids left on substrate that 
forms lipid layers after solvent evaporation. Vesicles are formed during hydration and swelling in 
aqueous solution. Adapted with permission from ref 47.  Copyright © 2017, Stein, Spindler, 
Bonakdar, Wang and Sandoghdar. (b) illustration of forming GUVs in an asymmetric 
electroformation chamber made of two parallel electrodes. Two typical representations of the 
designs for the electroformation of GUVs made of semi-transparent Indium Tin Oxide (ITO) and 
platinum (Pt) electrodes. Adapted with permission from ref 48, Copyright © 2018, Oxford 
University Press. (c) GUVs form on the hybrid films of agarose and lipids. After vacuum, the hybrid 
film was immersed in the aqueous solution to produce liposomes. Adapted with permission from 
ref 49. Copyright © 2009, American Chemical Society. 


 


Based on lipid film hydration, electroformation and gel-assisted procedures were 


invented for achieving higher yields or encapsulation efficiencies. The electroformation 


method is an accelerated version of the hydration method that applies an external electric 


field via ITO or Pt electrodes (Fig. 2.4 b) to promote lipid swelling and liposome 


formation 50. This method leads to more unilamellar and homogeneous vesicles than the 


a 


 


 


b 


 


 


c 
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natural hydration method 51. Moreover, the diameter and the distribution of GUVs can be 


adjusted by pattering microstructures on the electrode surface 52, 53. The main drawback 


is that high fractions of charged lipids ( >20%) will hinder the formation of GUVs by 


electroformation, which means the composition of the charged lipid should be restricted 


if choosing this method 54. The electroformation method is more compatible with low salt 


conditions, even though it was proven that preparing GUVs in physiological conditions 


is promising, but a the higher frequency of the electric field is then required 55.  


In recent years, the gel-assisted formation of GUVs was developed on agarose films 


in physiological solutions 49. It adds one more procedure before hydration (add aqueous 


media) to generate a hybrid film of agarose and lipids (Fig. 2.4c). After coating a film of 


the gel on a glass substrate, lipids can be deposited above the film. As normal hydration 


methods, organic solvent needs to be removed completely by vacuum 49, 56. It was 


proposed that the agarose film promotes the separation of lipid lamellae and the growth 


of liposomes. A gel of polyvinyl alcohol(PVA) was found better to replace agarose 57, 


because agarose leaves a residual in the vesicles 49 that changes the membrane dynamics 


and morphological properties 58. Generally, the gel-assisted method can obtain a large 


number of vesicles faster than gentle hydration and electroformation. It overcomes the 


limitation of using physiological solutions without adjusting the lipid formula and 


protocol 48, 59, 60. Moreover, it does not need a specialized setup.  


To sum up, the approaches discussed above are all variants of the hydration method. 


During hydration, some water-soluble molecules present in the hydration medium can be 


randomly encapsulated, but larger solutes (i.e., dextrans) give a much lower efficiency 61. 


Swelling-based methods have been used in the encapsulation of disassembled 


cytoskeletal proteins and their polymerization in GUVs 56, 62. However, in general, they 


are not applicable for producing GUVs that require to encapsulate macromolecules 


efficiently 63.  


Emulsion-based method 


The development of emulsion-based approaches has allowed the encapsulation of a 


certain amount of water-soluble molecules, especially macromolecules. Generally, the 


method employs the incubation of the oil/aqueous interface with a single (outer) layer of 


lipid, which allows droplets made of the first (inner) lipid layer coating another (outer) 


layer upon transfer from the oil phase to the aqueous phase (Fig. 2.5). GUVs are then 


obtained in the bottom aqueous phase. In this case, the encapsulated components in the 


droplets are preserved, leading to highly efficient encapsulation. 
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Figure 2.5 Sche matic illustration of vesicles formed by the emulsion-based method. (a) Procedures 
of the GUV production by inverted emulsion method. Adapted with permission from ref 64. 
Copyright © 2019, Moga, Yandrapalli, Dimova and Robinson. (b) Schematic design of the cDICE 
setup (side view). The capillary injects the droplet in the chamber with rotating at a speed ω. 
Encapsulated aqueous solution (EAS) droplets pass through the decane layer and lipid-in-oil 
solution (LOS) layer driven by centrifugal force. Adapted with permission from ref 65. Copyright 
© 2011, The Royal Society of Chemistry.  


 


The typical procedure of inverted emulsion (or so-called droplet transfer) consists of 


two parts: emulsion preparation and interfacial lipid monolayer incubation. The method 


uses lipid-containing oil mixtures to prepare droplet/emulsion (inner lipid layer) and 


oil/aqueous interfacial lipid monolayers (outer lipid layer). Different emulsification 


techniques can be applied (i.e., vortexing, sonication, mechanical stirring) to achieve 


various size ranges. Once the lipid monolayer is ready, the emulsion can be added above 


the interface (Fig 2.5a). Then the droplet can pass through the interface to coat the second 


lipid layer by applying a centrifugal force or depend on their own density difference 66, 67. 


It is worth noting that this method can be applied in preparing asymmetric GUVs by using 


different lipids for the different layers of the vesicle membranes.  


Continuous droplet interface crossing encapsulation (cDICE) is an alternative 


dedicated emulsion-based technique to produce encapsulated vesicles. It shares a similar 


working mechanism with the inverted emulsion method. The cDICE setup (Fig. 2.5b) 
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mainly consists of a fixed glass capillary, a cylindrical chamber with a lid and a hole 


inside. The dispersing aqueous solution (DAS) and a lower density lipid-in-oil solution 


(LOS) are introduced successively to form a vertical interface depending on centrifugal 


force. Thereafter an inner oil medium is introduced. Droplets that are produced using the 


solution to be encapsulated (EAS), are injected by capillary into the inner oil phase 65. 


Droplet sizes are controllable by adjusting the diameter of the capillary. This method can 


generate GUVs with charged lipids under physiological conditions 68, and phase-


separated vesicles 69. However, the cDICE method is more difficult due to its setup. 


There are multiple advantages of this emulsion-based technique: (i) high 


encapsulation efficiency, based on the water/oil boundary, so that water-soluble 


inclusions can be isolated within the compartment; (ii) production of asymmetric 


membrane vesicles; (iii) low cost of encapsulated materials. Since Weitz proposed the 


inverted emulsion (or droplet transfer) method to produce GUVs 43, 70, it has been applied 


in engineering asymmetric vesicles 70, 71, microreactors 72, and the reconstruction of the 


cellular cytoskeleton 67, 73, 74. To better control the size of vesicles and encapsulate 


compounds delicately, droplet-based microfluidics has been combined with transfer to 


improve manipulability 75-77. 


Flow-based methods 


The flow-based methods described here refer to strategies that manipulate fluid flow. 


Here, two elegant techniques are introduced: pulsed-jetting flow and droplet 


microfluidics. 


Producing encapsulated vesicles by blowing flow is inspired by forming soap bubbles 
78. It allows encapsulating substances directly when applying pulsed liquid jet flow from 


a nozzle through a planar lipid membrane (Fig. 2.6a), achieving a high encapsulation 


efficiency. The planar lipid membrane is made by attached two aqueous droplets or SUVs 


fused to the oil/water interface. GUVs are formed by microfluidic jetting with an inkjet 


device that deforms the planar bilayer into a vesicle. The size range of vesicles can be 


covered approximately 10-600 μm, and is controlled by varying of dispensing time of the 


jetting 78, 79. The main shortcoming of this method is the operability, since it requires 


accurate operating conditions and materials 80. 
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Figure 2.6 Schematic illustrations of vesicles formed by flow-based methods. (a) GUVs were 
formed by blowing flow jetting method. Adapted with permission from ref 78. Copyright © 2007, 
American Chemical Society. (b) (left) Production of double emulsion-based vesicles with the glass 
microcapillary device. (left,bottom) Microscopy images of the obtained double emulsion droplets. 
(right) Scheme of vesicles formed by using double emulsion-based microfluidic method. Adapted 
with permission from ref 81. Copyright © 2008, American Chemical Society. (c) One step on-chip 
production of liposomes by using octanol assistance. Octanol with redundant lipid at the interface 
can form pocket and spontaneously peel off, afterward unilamellar liposomes are formed. Adapted 
with permission from ref 82. Copyright © 2016, Deshpande, Caspi, Meijering and Dekker. 
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The microfluidic technique has been applied to produce giant vesicles since Weitz 


reported their use of a microcapillary device to fabricate double emulsions 83. They 


fabricated a microcapillary consisting of a cylindrical glass capillary (Fig. 2.6b). The 


double emulsion can be generated in one-step, and the droplet size can be precisely 


controlled by the flow of the fluids. Later on, this device was applied to obtain 


monodisperse phospholipid vesicles using controlled double emulsions as templates 81, 


which became the typical approach of capillary microfluidic devices for making GUVs 
84-87. Another popular option is using flow-focusing PDMS chips. The frequently used 


design has developed from a two-step to one-step junction. Different from glass 


capillaries, the PDMS channel is hydrophobic, so additional hydrophilic treatment needs 


to be applied since the external aqueous phase requires to form a continuous phase 88, 89. 


Generally, GUVs are produced by manipulating three flows of fluids, and the redundant 


oil needs to be removed by ethanol in the external aqueous phase. But recent research 


overcomes these limitations by changing the oil to octanol, and the excess octanol with 


lipids were peeled off spontaneously from the liposome oil pocket during liposome 


assembly (Fig. 2.6c).  


The microfluidic technique provides a platform to produce monodispersed, 


encapsulated, and functionalized liposomes. Especially, it is qualified to the engineering 


of complicated liposomes, like multi-compartmental vesicles 90-93 and artificial cells 94-96. 


Reagents can be mixed in-situ within the microfluidic channel, and the whole process can 


be monitored by microscopy. Both flow-based methods mentioned here are gentle and 


have a high encapsulation efficiency, which makes them suited for fabricating cell-like 


systems. Nevertheless, these techniques are not used easily due to their higher technical 


requirements.  


In conclusion, we have seen that different methods to form liposomes are capable of 


addressing various engineering challenges based on their characteristics. Unfortunately, 


they also have shortcomings (Table 2.1). Thus, for different applications, it is better to 


choose a suitable method that can achieve various goals. For instance, the swelling-based 


methods are qualified for producing GUVs for membrane research that needs 


incorporated membrane proteins or sterol, without requirements of monodispersity and 


efficient encapsulation. But other oil-supported methods are not suited for such 


membrane research because the oil residue may affect the membrane properties 97. For 


the use of GUVs as cell-like models or microreactors that require high encapsulation 


efficiency, emulsion-based and flow-based methods are competent. Among them, droplet 
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microfluidic methods are suited for mass and monodisperse production of GUVs or multi-


compartments. If an asymmetric membrane of a liposome is demanded, then the inverted 


emulsion method is the obvious choice. 


Table 2.1 Comparison of liposome formation methods 


methods 
Encapsulation 


efficiency 
Vesicles type 


Size 


distribution 


Asymmetric 


membrane 


Specific 


device 


natural hydration low LUV, GUV, MLV polydisperse No No 


electroformation low GUV polydisperse No Yes 


gel-assisted hydration medium GUV polydisperse No No 


inverted emulsion high GUV, polydisperse Yes No 


cDICE high GUV monodisperse No Yes 


Pulsed-jetting flow high GUV monodisperse No Yes 


droplet microfluidics high GUV, MVV monodisperse No Yes 


Abbreviation: LUV: large unilamellar vesicle (100-1000nm), MLV: multilamellar vesicle, MVV: 


multivesicular vesicle 


 


2.4 Routes towards an artificial cytoskeleton in cell-sized 
compartments  


For a bio-inspired system, it is essential to learn from the original natural system. Here, 


this is the cellular cytoskeleton, which is a complex supramolecular fibrous dynamic 


network. When creating models for a cell-like architecture, reconstructing the cellular 


cytoskeleton is essential to understand how these network components work within 


confinements. 


In the following section, we demonstrate how the natural cytoskeleton can be placed 


in compartments, and the efforts that have been made by synthetic systems to mimic some 


characteristics of the cellular cytoskeleton. Even some novel properties have been 


developed by relying on synthetic engineering. 
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2.4.1 Reconstruction of the cellular cytoskeletal system in cell-sized 
compartments 


To better understand the working mechanism of the cytoskeleton in cells, bottom-up 


approaches have been applied to reconstruct the cytoskeletal system in cell-sized droplets 


and vesicles. Actin and microtubule-based model systems have been developed from 


single to multiple components in compartments. 


Purified cytoskeletal monomers have been encapsulated within vesicles by using the 


natural swelling method, by adjusting the temperature or ions to control the 


polymerization of monomers 98, 99. The deformation of liposomes was observed caused 


by the growth of microtubules (Fig. 2.7a,b,d). By encapsulating purified tubulin and using 


temperature to control microtubule nucleation and assembly, tubulins were polymerized 


to form stiff, cylindrical tubules, subsequently leading to vesicle shape changes (Fig. 2.7a). 


One or a few microtubules initially deformed a near-spherical vesicle into an ellipsoid. 


The vesicle regained its initial shape when the microtubules disassembled completely 100. 


Growing microtubules can generate membrane protrusions within a vesicle due to tubulin 


polymerization (Fig. 2.7b). When high pressure was applied, the protrusions shrank 


within several tens of seconds (Fig. 2.7c). This process could be induced repeatedly. After 


the pressure was released, the protrusions regenerated within several minutes, which 


demonstrates that the elongation and shortening of protrusions can be controlled by 


regulating the polymerization state of the microtubules by applying and releasing 


hydrostatic pressure 101.  
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Figure 2.7 Deformations of liposomes containing microtubules or actin filaments. (a) Deformation 
of vesicle generated by 1 to 3 microtubules. The length of the long axis of vesicles are shown in 
microns at lower right. (b) A bunch of growing microtubules drive membrane extension in a vesicle. 
Scale bar: 10 mm. Adapted with permission from ref 100. Copyright © 1997, The American Physical 
Society. (c) Reversible morphology changing of GUV containing tubulin induced by the control of 
pressure. Adapted with permission from ref 101. Copyright © 2016 American Chemical Society. (d) 
Monopolar-shaped liposomes obtained by tubulin assembly. Adapted with permission from ref 102. 
Copyright © 1998 Academic Press. (e) A disk-shaped liposome deformed by actin assembly. (left: 
top view, right: side view). Adapted with permission from ref 103. Copyright © 1999 Academic 
Press. (f) Deformation process of a liposome encapsulated actin. Dark-field micrographs were taken 
from 5 to 45 min during actin assembly, which was control by increasing temperature. Adapted with 
permission from ref 104. Copyright © Miyata and Hotani. 
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Morphological changes of liposomes may also occur as a result of the polymerization 


of encapsulated actin and the spontaneous formation of actin bundles (Fig. 2.7e,f)103, 104. 


Similar to the deformation process of liposomes containing microtubules, liposomes 


increased readily in length and decreased in width. When the encapsulated actin was 


polymerized into F-actin, liposomes transformed into disk shapes or flat spoon shapes 


(Fig. 2.7e). The actin-containing liposomes were rigid enough were to maintain their 


morphology. However, several actin filaments were unable to make protrusions as found 


for the microtubules, unless they were clustered with the aid of the actin-bundling proteins 


to gain sufficient mechanical strength 104. This difference can be explained by the 


difference in rigidities between an actin filament and a microtubule. 


It is well established that cytoskeletal associated proteins (crosslinkers, molecular 


motors) play regulatory roles in the organization of cytoskeletal networks, which endow 


the cytoskeleton with crosslinking and dynamic behavior, and affect the formation of 


cytoskeletal network structures. Studies have characterized droplets and liposomes with 


encapsulated cytoskeletal components and associated proteins to better understand their 


working behavior in cells 105, 106. 


As reported previously, individual actin filaments are insufficient to form protrusions 
103, 104. For a typical membrane resistive force of 10–50 pN associated with a thin 


membrane tube, single actin filaments with a persistence length (Lp) around 10 μm will 


buckle for lengths longer than 40–100 nm 107. However, when rigid bundles or meshwork 


are formed with crosslinkers, these are able to induce protrusions or deformations of the 


liposome. Meanwhile, the presence of the crosslinkers like α-actinin or fascin reduces the 


occurrence of peeling and contraction 108. 


Pure actin filaments are able to form dense, isotropic networks inside the liposomes 


(Fig. 2.8d). In the presence of fascin, which is a primary bundling protein in filopodia 109, 


actin-fascin bundles are formed. Their bundles are capable of liposome deformation into 


diverse morphologies, including protruded shapes. The bundle stiffnesses differ by actin-


binding cross-linkers type, concentration and bundle size 110. At a low fascin-to-actin 


molar ratio (RF = 0.05), the actin bundles are softer and tend to exhibit kinks in the main 


liposome body and in the protrusions (Fig. 2.8a upper left). By contrast, at RF = 0.2, the 


actin bundles are more rigid and are straight inside the liposome's main body, and always 


straight at the end of a protrusion (Fig. 2.8a, bottom, arrow)107. α-Actinin and filamin are 


chosen as prototypes of weak crosslinkers that form dynamic networks. The encapsulated 


actin-α-actinin networks show two types of structures. In vesicles of a diameter smaller 
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than 12 μm, rings are formed (Fig. 2.8b, left). If larger than 12 μm, spider web-like 


networks form, composed of thin bundles that cross or interconnect at star-like knots (Fig. 


2.8b, right). α-Actinin is a rodlike antiparallel homodimer, while muscle filamin is a 


forklike homodimer with a symmetry plane. This can induce torque by the torsion of the 


filamin, which causes twisting of single filaments and creates supercoiled rings (bundles) 


(Fig. 2.8c)111.  


 


 


 


 


 


 


 


 


 


Figure 2.8 Cytoskeletal structure changes caused by actin assembly with cytoskeleton-associated 
proteins. (a) Confocal fluorescence images of typical liposomes with a single and double 
protrusions at low (upper) and high (bottom) fascin-to-actin molar ratio. Adapted with permission 
from ref 107. Copyright 2015 ©The Royal Society of Chemistry (b) Vesicle size affects the structure 
of actin/α-actinin network. (left) A vesicle diameter smaller than 12 μm results in rings-like 
structure. (right) Spiderweb-like networks obtained when vesicles’ diameter larger than 12 μm. (c) 
Screwy ring-like bundles of filamin-actin formed by the trigger of 2 mM Mg2+ .Adapted with 
permission from ref 111. Copyright ©2002 American Physical Society (d) Confocal fluorescent 
micrographs of actin (green) and myosin (red) inside liposomes along with crosslinkers and strong 
(left) or weak (right) attachment. Adapted with permission from ref 108, Copyright © 2013 National 
Academy of Sciences. (e) Confocal fluorescent micrographs show the MTs(red) and kinesins (green) 
in the droplet. Adapted with permission from ref 35. Copyright © 2017, American Chemical Society. 
(f) Dynein regulates centrosome location in droplets. Fluorescent micrographs show that dynein 
lead to asters present in droplets. Adapted with permission from ref 112. Copyright © 2012 Taylor 
& Francis. 
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The incorporation of molecular motors with cytoskeletal filaments not only 


contributes to bundle formation but also controls the dynamics, self-organization and the 


size of bundled regions. The polarity of actin filaments and microtubules allows motor 


proteins to slide on filaments, past each other and drive the movement of cargoes 20.  


The myosin motors eventually form one dense cluster surrounded by a compacted 


actin network (Fig. 2.8d), while without crosslinkers, no contraction occurs 108. Similar 


behaviors were also observed in the MTs−kinesins system (Fig. 2.8e) and MTs−dyneins 


system (Fig. 2.8f)35, 112. The self-organization of MTs and motors is strongly affected by 


the presence of a boundary. Generic self-centering and self-polarising regimes arise for 


different droplet sizes, showing the decisive influence of physical cell boundaries on 


internal MT organization 113. Dynein-functionalized boundaries of confinement were 


further investigated. In a study in confined spaces of different sizes and shapes of the 


microfabricated chamber112, the intrinsic capabilities of dynamic force-generating MT 


asters to position themselves, revealed that cortical pulling forces might contribute to 


efficient centering. In droplets, the results suggest that dynein is able to both stabilize and 


destabilize the central position of the aster, leading to either centered or decentered asters. 


Mircotubules (red) growing from a purified centrosome interact with dynein (green) at 


the droplet boundary (Fig. 2.8f). In GUVs, the accumulation of membrane-bound dynein 


created by freely growing MTs exhibited a ϕ-like shape deformation, in response to forces 


generated at the cortex 112.  


Furthermore, it is beneficial in exploring the interaction between the cytoskeleton 


system and a cell membrane by reconstruction, and this also contributes to expanding the 


nanotechnological research within confinements. Cytoskeletal filaments have been 


anchored at a functionalized inner boundary to understand the behavior of cytoskeletal 


filaments and their interactions with associated proteins on a membrane, which provides 


valuable information for developing synthetic cytoskeleton mimics.  


The cytoskeleton system has been examined by anchoring it to the membrane of 


GUVs by reconstituting originally associated proteins and utilizing other coupling kits 114. 


Actin filaments can be successfully localized and anchored to the interior walls of GUVs 


through the spectrin/ankyrin proteins (integral membrane proteins), prepared from highly 


enriched protein fractions containing spectrin and ankyrin (Fig. 2.9a)115. The actin 


filaments displayed dense packing near the walls of the GUVs instead of being dispersed 


throughout the GUV interior. Some other interactions, not originally used for attaching 


the cytoskeleton to the membrane, were also employed to mimic the mechanics of 
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biological cells. For instance, biotin-streptavidin bonds were used for creating well-


confined actin-membrane anchoring 56. Via inclusion of biotinylated lipids in the 


membrane, the biotinylated actin network adhered to the inner surface of the membrane 


and formed a cortex-like structure, leaving a depleted zone in the liposome center, as 


shown in Fig. 2.9b. In the presence of the myosin motors one dense cluster is formed 


surrounded by a compacted actin network (Fig. 2.8d, left).  


 


Figure 2.9 Anchoring cytoskeletal systems to the membrane. (a) Left: Illustration of a GUV with 
membrane-associated proteins. Right: actin bundle formed by spectrin/ankyrin proteins that anchor 
actin filaments to the inner membrane of GUVs. Adapted with permission from ref 115. Copyright 
© 2008 WILEY‐VCH. (b) Biotinylated liposomes attached networks of biotinylated actin filaments 
by biotin-streptavidin interactions. Adapted with permission from ref 56. Copyright © 2011, 
American Chemical Society. (c) Three-dimensional actin network connects to the membrane with 
His-anillin linker and Ni-NTA lipid. The bright-field micrographs show blebbing vesicles 
containing additional myosin. Scale bars: 20 mm. Adapted with permission from ref 116. Copyright 
© Loiseau1, Schneider, Keber, et al. (d) Scheme shows the MT-associated motors are attached to 
droplet inner surface via Ni-NTA-His-tag interaction. Fluorescence micrographs showing the Ni2+ 
concentration influence on the position of the MTs (labeled red) in the droplet encapsulated with 
GFP−kinesins (labeled green). Adapted with permission from ref 35. Copyright © 2017, American 
Chemical Society. 
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The weaker interactions between a histidine tag (His-tag) and nitrilotriacetic acid 


(NTA)-Ni2+ have been applied with molecular motors at membranes, to achieve 


morphological transformations. By reconstructing actomyosin vesicles in which the 


cytoskeleton is coupled to the membrane, active vesicles were successfully produced in 


vitro, which exhibit global shape remodeling driven by the myosin contractile activity. 


Upon addition of myosin II filaments to the system, a rich morphology was observed (Fig. 


2.9c), and there was no blebbing at lower myosin content 116. Attachment of the MTs to 


the NTA present at the interface was realized through anchoring kinesins with a His-tag 


(Fig. 2.9d). As a result, MTs and kinesins were localized on the inner surface of the w/o 


emulsion droplets in the presence of Ni2+. Distributing aster-like aggregated structures 


were observed when no Ni2+ was present in the droplets 35. 


From reconstructions of single components to multiple components in aqueous phase 


compartments, more integrated dynamic cytoskeleton behaviors have been restored in 


vitro by bottom-up approaches, with the increasing complexity and more in-depth 


understanding of the reconstituted system.   


2.4.2 Engineering the cellular cytoskeletal system for novel functions 


Recent advances in bioengineering have allowed researchers to start employing the 


cellular cytoskeleton to obtain novel properties with additional components. One of the 


typical designs is encapsulating microtubule-based active nematics into deformable 


vesicles 117, which creates topological active matter (Fig. 2.10a). Microtubules with 


kinesin motor clusters and the non-adsorbing polyethylene glycol (PEG) confined within 


lipid vesicles, formed active nematic vesicles. At high microtubule concentration, a dense 


monolayer of extending microtubule bundles formed on the inner vesicle surface, 


effectively creating a two-dimensional (2D) nematic cortex. These active nematic films 


onto the surface of a sphere suppress defect generation, yields robust and tunable 


oscillatory dynamics, and drives large-scale vesicle shape changes. A dynamic model 


with a rotating ring structure around the equator of a vesicle was observed (Fig. 2.10a.Ⅱ), 


switching with the four +½ defect configuration (Fig. 2.10a.Ⅰ). For the same parameters, 


spindle-like vesicles were also found with two +1 defects at the spindle poles (Fig. 


2.10a.Ⅲ). The constituent extending microtubule bundles push outward to extend the 


spindle poles. While extending, the microtubule bundles buckle and the two +1 


protrusions fold on each other, leading to cycles of microtubule deformations, vesicle 


extension, buckling, and folding. 
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Responsive designs have been introduced in the confined cytoskeletal systems as well 
118. The vesicle shape can be changed reversibly between spindle and sphere shapes by 


light irradiation of fluorescently labelled actin (Fig. 2.10b). In detail, the sphere was 


elongated by two long extensions where the tips of the spindle-shaped liposome were 


initially. During irradiation, fluorescently labelled F-actin was damaged by radicals 


generated by the excitation light, and the shortened F-actin returned to their original 


length, which resulted in liposomes changing back to the spherical shape. After 


terminating the irradiation, the liposome spontaneously returned to the original spindle 


shape 118.  


A molecular robot that is capable of changing shape in response to a specific DNA 


signal has been developed 119. The constructed molecular robot was assembled from DNA, 


molecular motors, proteins, and lipids, and was enveloped in a lipid bilayer membrane. It 


changed its shape by transmitting the force generated by the internal molecular actuators 


to the membrane (Fig. 2.10b). The robot can initiate and terminate continuous shape-


changing behavior in response to a photoresponsive signal molecule composed of 


sequence-designed DNA with chemical modifications 119. 


These findings revealed that artificial designs based on the cytoskeleton can yield 


functional molecular systems, providing another perspective to understand biological 


mechanisms. They may also inspire molecular systems that aim to mimic the cytoskeleton 


architecture in a synthetic way.  
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Figure 2.10 Artificial engineered cytoskeletal system. (a) Dynamics of flexible nematic vesicles. 
(Ⅰ) Schematic illustration of a large spherical vesicle showing four +½ defects. (Ⅱ) Ring-mode 
vesicle, which microtubule bundles display like a ring around the equator. (Ⅲ) A spindle-like 
vesicle. There are +1 aster-like defects in each pole. A sequence of confocal images exhibiting their 
dynamics behavior is shown beside. Adapted with permission from ref 117. Copyright © 2014, 
American Association for the Advancement of Science. (b) Light irradiation induce reversible 
morphological changing of spindle-shaped liposomes containing F-actin. The spindle-shaped giant 
vesicle containing F-actin deform into spherical shape during irradiation and change back to 
elongated shape after irradiation. This process could be repeated several times. Adapted with 
permission from ref 118. Copyright © 2018, Tanaka, Takiguchi & Hayashi (c) The schematic 
illustration shows amoeba-like molecular robots induce vesicles’ shape changing. The robots in the 
inactive (left) and active (right) states, and fluorescence microscopic images of microtubules in 
vesicles in the inactive and active states. Adapted with permission from ref 119. Copyright © 2017, 
American Association for the Advancement of Science. 
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2.4.3 Cell architecture mimics based on synthetic systems 


Even when understanding the natural cellular cytoskeleton, it remains highly 


challenging to reproduce even limited functions or behaviors in artificial systems. Yet, 


efforts have been made to mimic some functions of the cytoskeleton. These attempts have 


developed from polymers to more dynamic self-assembled systems in confinement to 


achieve mechanical support, shaping change, and dynamic and responsive properties. 


2.4.3.1 Polymers for structural and mechanical support  


Among various synthetic systems, polymers have been reported to serve as skeletal 


architecture in confinement, and they display strong structural and mechanical support 120. 


For example, N-isopropylacrylamide (NIPAM)-based polymers have been a popular 


candidate to be encapsulated in lipid vesicles to mimic the basic cytoskeleton behavior. 


Poly-NIPAM is well-known for its phase transition behavior around a lower critical 


solution temperature (LCST), which endows PNIPAM-containing GUVs with alterable 


volume transitions (Fig. 2.11A) and mechanical properties 120, 122. 


 


Figure 2.11 A: Reversible volume change of a poly-NIPAM-filled vesicle: (a) original state, (b) 
heating > 32℃, (c) cooling < 32 ℃. Adapted with permission from ref 121. Copyright © 2007 The 
Royal Society of Chemistry. B: The effect of polymer distribution in vesicle by control the 
penetration time of radical inititor. (a) Radical initiator distributes in the vesicle homogeneously 
(bottom). (b) Irradiation occurs after the radical initiator immediately passes through the liposomal 
membrane (upper). Adapted with permission from ref 122. Copyright © 2002, American Chemical 
Society. 
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Also, a synthetic network of NIPAM-tetra (ethylene glycol dimethacrylate) (TEGDM) 


copolymers was designed to couple the inner leaflet of phospholipid bilayers to mimic a 


cytoskeleton anchored to a cellular membrane. Here, the liposomal membranes act as a 


permeation barrier for the penetration of a radical initiator, providing a possible trigger 


mechanism for the formation of polymer chains by photo-polymerization (Fig. 2.11B). 


As a result, the architecture of the polymer network inside the liposomal compartment 


can be a hollow sphere if the photo-polymerization of the entrapped monomers was 


performed immediately after mixing with the initiator (Fig. 2.11Bb). A solid sphere was 


formed upon UV irradiation after incubation with the initiator (Fig. 2.11Ba). Vesicles with 


polymer-tethered membranes revealed significantly higher stability against solubilization 


compared to pure lecithin vesicles and to vesicles entrapping a polymer network without 


coupling to the membrane122. Similarly, biocompatible poly(ethylene glycol) (PEG) 


hydrogels were also encapsulated in vesicles anchored by double-stranded DNA (dsDNA) 


linkers, as a model to mimic the cytoskeleton adhesive behavior 123. 


Due to the randomized orientation of molecular repeat units, polymers are generally 


isotropic. Based on the current recorded system, these polymer-based systems can mimic 


the basic mechanical behavior of the cellular cytoskeleton, but it is not an ideal option to 


achieve more dynamic mimicking tasks. 


2.4.3.2 Supramolecular systems for dynamic and responsive properties and 
morphology control 


As mentioned before, cytoskeletal filaments, in essence, are supramolecular self-


assembling architectures. From the knowledge of the cellular cytoskeleton and mimicking 


experience of biological systems, supramolecular systems are the most promising 


candidates to form cytoskeleton-like architecture from individual components to a 


functional organization by self-assembly. And they can possibly provide functions that 


the natural system lacks. 


Unlike homogeneous polymers, supramolecular polymers are able to display 


directional alignment. Low‐molecular‐weight hydrogelators, based on 1,3,5‐


cyclohexyltricarboxamide, can form self‐assembled supramolecular fibers (Fig. 2.12a) 124. 


When mixing these gelators with a surfactant, self‐assembled interpenetrating networks 


and vesicle configurations coexist with hydrogel fibers. The stiffness of the elongated 


fibers results in such a pressure on the membrane that it leads to the deformation of 


spherical vesicles (Figures 2.12a). The vesicle shape can be modified by internally self‐


assembled fibrous aggregates. 
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Figure 2.12 Supramolecular polymers deform compartments. (a) The schematic illustration 
hydrogelators and orthogonal self-assembly strategy to create complex and compartmentalized 
structures (one case is shown). Light blue and dark blue region represent hydrophilic groups and 
hydrophobic entities respectively. Cryo-TEM images of DOPC vesicles deformed by the growth of 
fibers. Adapted with permission from ref 124. Copyright © 2008 WILEY‐VCH. (b) The assembled 
dipeptide diphenylalanine (FF) can deform liposomes. Molecular structure of FF (left). Microscopy 
images indicate the shrinking of vesicles along with the disassembly of FF crystal. Adapted with 
permission from ref 125. Copyright © 2017, American Chemical Society. (c) FF Tubes growing in 
droplets. Schematic shows the nucleation, growth and piercing process of the FF tubes in the w/o 
emulsion droplets. (d) The tube piercing the oil layer at an interface between two adjacent droplets 
(top). The graph (bottom) display the calculation of the force generation. Adapted with permission 
from ref 126. Copyright © 2016, Nature Publishing Group. 


 


Similarly, supramolecular systems based on other molecular building blocks (such as 


dipeptides) show their strong stiffness by ordered self-assembly, and generate force 


during the growth of the assemblies. For instance, diphenylalanine (FF) was proven to 


interact with liposomes to form cytoskeleton-like structures (Fig. 2,12b) 125. In a 
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physiological medium, the lipid membrane is gradually deformed into a vesicle with the 


disassembly of FF crystals, accompanied with vesicle movements. During the self-


assembly process, FF grew into robust nanotubes 126. The formation of tubes in one 


droplet was accompanied by their expansion into other droplets in the vicinity of 


aggregated droplets (Fig. 2.12c). Tubes were seen to penetrate through the membrane 


formed by the oil interface between adjacent droplets, which indicated force generation 


of linear FF assemblies that break the water/oil double layer interfaces (Fig. 2.12d). By 


controlling osmotic diffusion, growing FF nanotubes undergo buckling when their length 


exceeds the Euler-buckling limit inside microdroplets. Further growth led to highly 


curved and strained structures, accumulated bending energy along the interface in 


droplets, and created a mechanical instability, which caused the release of energy from 


the unbuckling of the nanotube in the droplets. 


Towards mimicking dynamical cytoskeletal structures, multiple functional 


components have been introduced in order to control self-assembly polymerization to 


occur in situ (within a droplet/vesicle), thus providing novel and responsive properties. 


Stupp and co-workers developed a peptide self-assembly system that was triggered by 


light into nanostructures inside liposomes (Fig. 2.13a)127. Photolysis of a photoacid (PAG) 


released a radical cation leading to a decrease of the pH, allowing self-assembly of peptide 


amphiphiles (PA) to proceed by hydrogen bonding and hydrophobic collapse to obtain 


supramolecular fibers (Fig. 2.13a TEM image). Thus, they encapsulated amphiphilic 


building blocks (PA) and photoacid (PAG) into liposomes. Upon UV irradiation, a three-


dimensional network of these nanofibers was formed within liposomes (Fig. 2.13a, SEM 


image)127. A similar strategy was employed by Mann and coworkers 128. They used 


alkaline phosphatase to dephosphorylate N-fluorenylmethylcarbonyl–tyrosine-(O)-


phosphate (Fmoc-TyrP; Fig. 2.13b), to transform Fmoc-Tyrp to Fmoc-Tyr molecules, 


thus inducing the assembly of Fmoc-Tyr into supramolecular nanofilaments (Fig. 2.13b. 


TEM images). These filaments were further assembled into larger interconnected bundles, 


producing amino acid-based hydrogel networks in vesicles, which generate a robust and 


dynamic supramolecular hydrogel microcompartment that exhibit dynamic fluctuations 


to produce a series of transient forms with various morphologies (Fig. 2.13c)128. 


 


 







Chapter 2 


36 
 


 
Figure 2.13 Responsively assembled supramolecular polymer encapsulated in vesicles. (a) 
Chemical structures of PAG and peptide amphiphiles. TEM image of fibers gained from PA1 
gelation upon UV irradiation with PAG. SEM image of a liposome with a nanofiber network inside. 
Adapted with permission from ref 127. Copyright © 2008 The Royal Society of Chemistry.  (b) 
Alkaline phosphatase-mediated dephosphorylation of N-fluorenylmethylcarbonyl–tyrosine-(O)-
phosphate (Fmoc-TyrP). a) TEM image of a disrupted supramolecular hydrogel contained vesicle; 
b) High-magnification TEM image of the internal hydrogel with the vesicle display a network 
structure. scale bar: a) 1 μm, b) 100nm. (c) Time sequence of microscopy images displaying 
morphological fluctuation of vesicle encapsulated hydrogel and calcein at 40℃ (gel-sol transition 
temperature); scale bar=10 mm. Adapted with permission from ref 128. Copyright © 2011 WILEY‐
VCH 


 


Recently, the pH-controlled self-assembly and hydrogelation of cyclic peptide 


nanotubes were developed and introduced in water micro-droplets 129, 130. Cyclic peptide 


(CP1) self-assembled into peptide nanotubes mainly by the formation of hydrogen-


bonded antiparallel β—sheets (Fig. 2.14a). Deprotonated Lys by increasing the pH to 


reduce electrostatic repulsions, then promotes nanotube assembly. Furthermore, some 


peptide nanotubes can be aggregated to form hierarchical micro-fibrillation (Fig. 2.14b). 


In this system, alkaline solutions were directly added in the oil phase to induce 


a 
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supramolecular polymerization in aqueous confined compartments (Fig. 2.14d). Two 


different alkaline solutions (HEPES buffer and propanamide) were employed to 


investigate peptide architecture formation within water droplets. Comparing with 


homogeneous fluorescence in CP1-containing acidic water droplets (Fig. 2.14i), fibril-


like structures were formed after base treatment of the CP1 solution in droplets 129 (Fig. 


2.14, dii and iii). Subsequently, they successfully applied electrolytes to spatially organize 


supramolecular polymerization based on the same design. Apart from pH signals to 


trigger assembly, counter ions became another trigger signal to assemble micro-


fibrillation by shielding the cationic charge (electrostatic repulsions) of CP1 (Fig. 2.14e). 


Due to the different chemically triggered mechanisms, distinctly different characters of 


assembled supramolecular architectures were obtained. Based on clusters of droplets 


generated by a microfluidic device, droplet networks were formed by the assembly of 


droplets after oil evaporation. By learning from patterns of assembled droplet networks, 


regular hexagonal honeycomb network patterns were obtained when CP1 got in contact 


with counter ions, which led to a more controlled assembly process of supramolecular 


polymerization of peptide fibers in compartments (Fig. 2.14e, bottom row)130. These 


findings achieved spatial control relying on artificial chemical signals instead of 


introducing crosslinker components like proteins in the natural cytoskeletal system. 
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Figure 2.14 Supramolecular polymerization of CP1 in confined spaces. (a) Design of cyclic peptide 
CP1 and structure of self-assembled CP1 peptide nanotubes. (b) Single assembled nanotubes are 
able to further form hierarchical micro-fibrillation by hydrogen-bonded, p-stacking and 
hydrophobic effects. (c) Confocal fluorescence images obtained after basification of CP1 (d) 
Scheme representation the formation of fibers in w/o droplets: (i) CP1 in water; (ii) CP1 solution 
diluted with HEPES (pH 8); (iii) propanamine added externally. Their corresponding 
epifluorescence images of individual droplets are shown below. (a-d) Adapted with permission 
from ref 129. Copyright ©2018 Royal Society of Chemistry. (e) Self-assembly of CP1 in w/o droplets 
premixed with different composition inside. Top, middle and bottom rows show the results when 
inner solution premixed with water, NaOH and CaCl2, respectively. Profiles extracted from their 
left fluorescence images (red curves). Rightmost fluorescence microscopy images showing droplet 
networks after oil evaporation. Scale bar: (c) 20μm, (d) 5 μm. (e) 50μm. Adapted with permission 
from ref 130. Copyright © 2020 Wiley‐VCH 
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2.4.3.3 Natural-based system for structure organization 


Recently, natural ingredients were redesigned to construct artificial cytoskeletons. The 


DNA cytoskeleton was coated at an inner lipid membrane to form a protected shell 131. 


This DNA network was made by three sequences of DNA oligomers that can assemble to 


form a Y-motif with sticky ends to form a gel-like network (Fig. 2.15a). By attaching 


negatively charged DNA at a liposome membrane with positively charged DOTAP, the 


mechanical stability of cell-sized liposomes was improved, and found to withstand 


osmotic shock (Fig. 2.15b) 131. Another mimicking attempt was provided by an artificial 


network formed by natural protein nanofibrils. Fibrils were utilized to stabilize the w/w 


interface of PEG and dextran, inducing controlled deformation and budding-like division 


of w/w emulsion droplets, which provided a novel approach to achieve biomimetic 


division 42. 


 


Figure 2.15 (a) Scheme representation of hybridization of DNA with sticky ends (orange) by 
cooling down. (b) Liposomes coating with DNA after the osmotic shock treatment. Confocal 
fluorescence images show DNA (green), outer leaflet (red), and the merged images. Adapted with 
permission from ref 131. Copyright © 2017 National Academy of Sciences. (c) Schematic 
representation of the mechanism of stepwise division of w/w droplets involved mediation of protein 
nanofibrils. Ⅰ–Ⅴ Schemes and fluorescence microscope images exhibiting the process of budding-
like division of w/w droplets. In the end, the dextran-rich daughter droplets (red) are obtained after 
the entire decomposition of fibril networks. Scale bars, 100 μm. Adapted with permission from ref 
42. Copyright © 2018, Song, Michaels, Ma, et al. 
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These examples of the artificial cytoskeleton showed enhancing stability and driving 


division of compartments. However, less dynamic and functional properties were 


demonstrated in comparison with a fully synthetic system, which might be due to the less 


adjustable structure of the building blocks.  


2.5 Conclusions and perspectives 


For engineering biomimetic compartments to mimic cellular architectures, a great 


deal of effort has been put towards cell-mimetic active compartments. At first, a number 


of synthetic polymer systems have been reported to reproduce structural features of the 


cytoskeleton. Thereafter, supramolecular materials have been drawing increasing 


attention and have become a great potential candidate because of their versatile nature. 


Supramolecular fibrous systems have been contributing to building up the mimetic 


cellular cytoskeleton. Responsive moieties and functional components have been 


introduced into the system, which has provided dynamic and responsive behavior. Yet, 


only a limited number of cases have demonstrated the simplified functions in aqueous 


compartments. The development of artificial active compartments remains challenging 


due to their sophisticated and hierarchical nature.   


In future developments, mimetic systems tend to be more complex and integrated. 


Elaborate and controllable designs and multiple functions towards complex organizations 


are parts of an inevitable trend. Incorporating well-designed functionalized building 


blocks, molecular machinery, and hierarchical interactions by bottom-up approaches may 


bring the artificial system closer to the final goal.  
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Chapter 4 


 


      Biomimetic strategies to assemble  


      supramolecular tubes at interfaces 


 


Natural supramolecular filament systems, such as the cytoskeleton and the 


extracellular matrix, are able to interface to the cellular membrane. Synthetic 


supramolecular systems, on the other hand, have shown successful non-covalent 


binding of supramolecular architectures at interfaces. Here, we demonstrate 


supramolecular nanotubes with biotinylated building blocks with the ability of 


interfacing to streptavidin-modified surfaces. We show that increasing binding 


effectiveness can be promoted by increasing the ratio of binding moieties (biotin 


and streptavidin) in the architecture. The supramolecular networks formed by the 


addition of streptavidin to the biotinylated nanotubes can provide interfacing to 


both biotinylated and streptavidin-modified surfaces, depending on the biotin-


streptavidin ratio in the bundled architectures. Our results thus provide 


biomimetic interfacing strategies for artificial supramolecular systems, which 


can likely be extended and applied to other (bio)engineering systems.  
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4.1 Introduction 


In nature, interfacing active matter is an essential function of living cells 1. The 


cytoskeleton, for example, exerts dynamic interactions on the cellular membrane through 


interactions with associated proteins 2. Connecting the extracellular matrix to the 


cytoskeleton occurs through associated proteins by single or multivalent interactions 2, 3. 


These interactions provide: structural support for the cell 4, tissue integrity 5, and 


remodeling of the tissue under ever-changing environmental conditions. Dynamic 


crosslinking of the fibers and their engineered binding to the surrounding compartment is 


thus a critical parameter for proper functioning 5. 


Controlled crosslinking of covalent polymeric fibers has been widely exploited to 


prepare designed polymer materials and hydrogels 6, 7. Numerous strategies have been 


developed for the controlled interfacing of these polymer networks with solid substrates 


by specific interactions, including on-surface growth of polymer networks 8, 9. These 


avenues have been explored in supramolecular polymer systems to a much lesser extent, 


and primarily by relying on poorly controlled and nonspecific interactions between 


supramolecular fibers 10. Recently, the crucial role of multivalent binding was 


demonstrated in anchoring functional copolymers on the surface of human erythrocytes 


in a dynamic covalent chemistry approach 11. This step in investigating cell-


supramolecular polymer interactions illustrates that our insight into how these dynamic 


structures react and adapt to interfacing is still quite limited at this point. 


Supported lipid bilayers (SLBs) are commonly used platforms to mimic cell 


membranes in various research fields 12,13. They are known for their efficient suppression 


of nonspecific interactions 14, which is a crucial requirement in choosing the surface used 


for binding. SLBs, with a functional lipid embedded in it, enable the tunable coverage of 


the surface with binding moieties, such as biotin, and its complementary binding partner, 


streptavidin (SAv) 15, 16. This strategy is a surface expressing free SAv binding sites, 


making them the perfect candidate for surface binding of biotinylated building blocks 


(small molecules, proteins, particles, polymers, etc). This SLB platform has already been 


successfully applied to attach, for example, collagen fibers 17, 18 and cells 12, 19.  


Here, we demonstrate that self-assembled supramolecular tubes and networks thereof, 


connected through biotin- streptavidin interactions, can be interfaced to cell membrane-


mimicking SLB surfaces. We invisage that effective binding to an SLB surface can be 


tuned by varying the fraction of biotin moieties within the supramolecular tubes as well 
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as the biotin-SAv ratio in the architecture. We also explore the binding potential of the 


supramolecular networks (Chapter 3) to bind to both biotinylated and SAv-modified SLBs. 


4.2 Results and discussion 


4.2.1 Interfacing artificial supramolecular tubes to supported lipid 
bilayers 


 
Figure 4.1 Interfacing of supramolecular polymers formed by the co-assembly of compounds 1 and 
2. By utilizing biotin-SAv interactions, the supramolecular tubes with biotin moietyies can bind to 
the SAv-modified SLB.  


 


Previously, we reported that compound 1 could self-assemble and form 


supramolecular tubes in water 20. In Chapter 3, we described the design of compound 2 


that has the identical hydrophobic core, allowing to co-assemble with 1 and produce 


supramolecular tubes of 1-2 (Fig. 4.1). The introduction of the biotin moiety in building 


block 2 provides the tubes of 1-2 with a biotinylated surface, which suggests that the tubes 


now have the capacity to attach to SAv-modified materials. The density of binding sites 


at the interface can be adjusted by the molar ratio of 1 and 2. The interfacing surface we 


use here is the SLB, which is a biomimetic model of a cell membrane. The biotin-SAv 


complex has a high stability 22, 23, and SAv-coated surfaces and interfacing platforms have 


co-assembly 


biotinylated SLB    SAv-modified SLB   


SAv 


biotinylated supramolecular tube 
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been reported previously 21. By using a SAv-modified SLB, we can attach tubes of 1-2 


onto its surface.  


The SAv-coated SLB was constructed in two steps starting from small unilamellar 


vesicles (SUVs) consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 


1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin). SUVs 


spontaneously rupture in contact with a silica surface, resulting in the formation of an 


SLB with DOPE-biotin at the SLB-water interface 15. The biotinylated lipid fraction in 


all experiments was 2 %, which assures the complete coverage of the surface with SAv 


in the subsequent steps 24, 25. The commonly accepted assumption is that SAv binds to the 


surface with two binding sites 16, leaving the other two binding sites free for binding of 


biotinylated entities, here the tubes of 1-2. 


The formation of the SLB platform and the subsequent binding of biotinylated tubes 


were monitored in situ by quartz crystal microbalance with dissipation monitoring (QCM-


D) (Fig. 4.2). The adsorption on the QCM sensor is accompanied by a change in 


frequency (Δf), while the change in energy dissipation (ΔD) provides information on the 


softness of the adsorbed layer. The formation of a high-quality SLB was confirmed by a 


frequency shift of Δf = −24 ± 1 Hz which is in agreement with data reported previously 
15, 16, 25. The binding of SAv to the SLB yielded a frequency shift of Δf = −25 ± 1 Hz (Fig. 


4.2, black curve), which corresponds to the maximum coverage of the surface with SAv 
25-27. After the formation of the SAv-SLB, the solvent was switched from PBS buffer to 


Milli-Q water to accommodate the introduction of the aqueous solution with the 


supramolecular tubes. This change of liquid is characterized by an increase in frequency 


and decrease in dissipation followed by the fast stabilization of the system. After washing 


with water for 10 min, the solution of tubes was introduced into the QCM chamber. 


A solution of 1 (500 µM) did not yield any frequency shift (Fig. 4.2A). This indicates 


that in the absence of biotin groups in the structure, the tubes do not adsorb to the SLB. 


Furthermore, it confirms the absence of nonspecific binding in the nanotube-SLB system. 


For the solution of 1-2 with a molar ratio of 300:1 at the concentration of 500 µM of 1, 


binding was also not observed (Fig. 4.2B). Clear evidence of binding was observed when 


the fraction of 2 was increased in 1-2 while keeping the same concentration of 1 (50:1, 1 


at 500 µM) (Fig. 4.2C). Furthermore, owing to accessible biotin groups remaining at the 


outside of the layer of tubes of 1-2 tubes at the SLB, the attachment of a further layer of 


SAv was feasible (Fig. 4.2E).  
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Figure 4.2 QCM-D time traces of SLB formation (DOPC with 2% DOPE-biotin), SAv binding, 
and the binding of tubes of 1-2 to the SAv-SLB surface. All samples were prepared with [1] = 500 
µM unless stated otherwise. (A) tubes of 1; (B) tubes of 1-2 (1/2=300); (C) tubes of 1-2 (1/2=50), 
(D)  tubes of 1-2 (1/2=50), after 1 h of UV irradiation. (E) tubes of 1-2 (1/2=50), followed by 
additional adsorption of SAv; (F) tubes of 1-2 (1/2=50), tubes (250 µM) to SLB surface. (G, H) 
The concentration of 2 is the same (1.67 µM) and the concentration of 1 is 200 µM (G) and 100 
µM (H) yielding ratios of 1/2 of 120:1 and 60:1, respectively. 
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Binding was also obtained with a lower concentration (250 µM) of 1 in 1-2 while 


maintaining the same 50:1 molar ratio of the monomers (Fig. 4.2F). Distinct binding was 


also observed for the solution of 1-2 with the molar ratio of 120:1 and 60:1, and at a 


constant concentration of 2 (1.67 µM, with 1/2 = 200/1.67 µM and 100/1.67 µM) (Fig. 


4.2G,H). This confirmed that the absence of binding in the case of 1-2 with 300:1 molar 


ratio was not a consequence of the low concentration of compound 2 (1.67 µM), but was 


actually a result of a low molar ratio of 2 incorporated in the tubular architecture.  


In order to observe the effect of irradiation on the ability of biotinylated tubes to bind 


to the surface, a solution of tubes of 1-2 (50:1, 500 µM 1) was split into two samples. One 


sample was irradiated for 60 min in a 2 mm quartz cuvette and the other one was left 


without irradiation. The binding of tubes from the irradiated sample to a SAv-modified 


SLB showed a higher QCM frequency shift (Δf = −20 Hz) than the non-irradiated one (Δf 


= −10 Hz) (Fig. 4.2C, D). The irradiated sample also showed a larger dissipation signal. 


These results indicate that smaller segments were formed during irradiation, leading to 


more effective binding on the modified surface. 


Next, we used optical microscopy to further characterize the binding of the 


biotinylated tubes. First, we prepared a saturated SAv-SLB substrate in which the SLB 


also contained the green fluorescent lipid 1,2-dioleoyl-sn-glycero-3-


phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DOPE) for easy 


focusing onto the SLB surface. Thereafter, we introduced tubes of 1-2 onto the SAv-SLB. 


Because the tubes cannot be easily visualized because of their low fluorescence, the red-


fluorescent SAv-565 was attached to the free biotin moieties remaining on the outside of 


the tubes to visualize the pre-adsorbed tubes. Fiber-like structures were observed in the 


red fluorescence microscopy image (Fig. 4.3) confirming the specific binding of tubes of 


1-2 to the SAv-SLB. A homogeneous green fluorescence from the green channel showed 


the presence of NBD-SLB underneath (data not shown). Meanwhile, if tubes of pure 1 


were introduced instead, no obvious structure or red fluorescence were detected (Fig. 


S4.1A), indicating the absence of nonspecific binding of the tubes, which is consistent 


with the QCM results (Fig. 4.2A). As another control, tubes of 1-2 were added onto a 


fluorescent SLB but without biotin-DOPE and SAv, to test the anti-fouling properties of 


the SLB. After the addition and rinsing of a solution of tubes of 1-2, SAv-565 was 


introduced. Still, no obvious fluorescence was observed in the red channel while still 


getting a homogeneous green fluorescence from the SLB (Fig. S4.4C), indicating that no 


biotin sites were available on the surface. These results indicate that tubes of 1-2 only 
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attach to the SLB through specific biotin-SAv interactions, and that the tubes of 1-2 can 


be immobilized and visualized with additional staining by a fluorescently labeled SAv. 


 


  


 


 


 


 


 


 


 


Figure 4.3 Visualization of biotinylated tubes to SAv modified SLB surface. Fluorescence 
microscope images are showing the SAv-565 labeled tubes of 1-2 (500µM, 1/2=50) on SAv-SLB. 
Scale bar: 20 µm. 


 


4.2.2 Binding of supramolecular networks to biotinylated SLBs 


As presented in Chapter 3, tubes of 1-2 can form hierarchical supramolecular 


networks. As shown above, 1D supramolecular tubes can be interfaced at the surface of 


a SAv-SLB. Inspired by the cytoskeleton and the extracellular matrix, these 


supramolecular architectures are 3D networks tethered to the cellular membrane. To 


better understand the interactions of our synthetic supramolecular networks with a 


biomimetic surface, we further explored the potential of the hierarchically assembled 


networks (Chapter 3) to bind to SLBs. To this aim, we made nanotube assemblies, 


converted them into networks by the addition of SAv in solution, and deposited them onto 


biotinylated or SAv-coated SLB substrates (Fig. 4.4). The larger sizes of the architectures 


introduces new problems, such as lower numbers of aggregates, slower diffusion, and 


larger tendencies for spontaneous precipitation. In order to confirm binding, QCM was 


found to be inappropriate due to the lower counts and larger sizes of the networks 


compared to the tubes. Therefore, CLSM was used for sample analysis exclusively.  
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Figure 4.4 Interfacing of supramolecular networks formed by the addition of SAv in the solution 
of biotinylated tubes. By varying the biotin-SAv ratio in the bundled networks, the supramolecular 
networks can bind to either the biotinylated or the SAv-coated SLBs.  


 


Biotinylated SLBs for microscopy were prepared, comprising DOPC doped with the 


biotinylated lipid on a clean bare glass slide. A solution of premixed biotinylated tubes 


(500 µM, 1/2=50) was prepared and SAv (2 µM) was added. The 2/SAv ratio of 5:1 to 


ensure effective crosslinking between the tubes within the network, which minimized the 


possibility of free SAv remaining in the solution. After the network was added to the SLB 


substrate, further rinsing was applied to remove most of the non-attached, floating 


network aggregates from the surface. Addition of the network aggregates formed by 2 


μM SAv to the SLB, showed successful immobilization (Fig. 4.5A). We attribute the 


successful binding to exposed SAv moieties at the outside of the network able to attach 


to the biotin moieties of the SLB. When biotin is not present on the SLB surface, the 


bundled networks drifted away slowly which indicates limited attachment by nonspecific 


interactions (Fig. 4.5B). 


Lowering the amount of streptavidin in the network aggregates (0.5 µM, 2/SAv = 20) 


led to the formation of tenuous network aggregates that diffused at the biotinylated SLB 


(Fig. 4.5C). Apparently, there are too few SAv at the exterior of the network to provide 


effective binding. However, when a SAv-modified SLB platform was used instead, the 


tube-SAv network was immobilized effectively owing to a sufficient number of biotin 


linkers available at the network exterior (Fig. 4.5D). These results imply that effective 


biotinylated SLB   


SAv-modified SLB   


SAv 


biotinylated supramolecular tube 
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binding only occurs when complementary binding sites are available at the networks and 


the SLB substrates. The major available site in the bundles can be tuned by varying the 


biotin-SAv ratio within the architecture. 


 
Figure. 4.5 Time sequence snapshots (interval 60 s) of CLSM images showing the immobilization 
of supramolecular network aggregates with (A, B) 2 µM, (C, D) 0.5 µM SAv on biotinylated (A, 
C), SLBs (B) and SAv-modified (D) SLBs. Scale bars: 20 µm. 
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4.3 Conclusions 


In this study, we have interfaced co-assembled supramolecular tubes on biomimetic 


SLB surfaces by introducing biotin-streptavidin interactions. We found that 


supramolecular tubes with a low fraction of biotin moieties (1/2=300) did not give stable 


attachment onto SAv-modified SLB surfaces, even though tubes with a higher ratio but 


the same absolute concentration of biotin groups did bind. With increasing the ratio of 


biotin moieties within supramolecular tubes, binding started to occur effectively. It is 


intriguing to think that a too low density of biotin moieties reduces the chance that a 


nanotube touches the SLB with biotin in the contact area. Therefore, these results may 


indicate that most or all of the nanotubes touch the surface with an end of the tube instead 


of landing on the side. Contact with an end of the tube requires a high enough biotin 


fraction to make it sufficiently probable that the end has available biotin resulting in the 


contacting of the tube end with the surface to lead to binding. Further experiments will 


have to shed light on the cause for the observed ratio dependence. 


Based on earlier results, we have further investigated the immobilization of SAv-


induced supramolecular networks (bundles) onto biotinylated and SAv-modified SLBs. 


The SAv-biotin ratio appears to determine whether the nanotubes have free SAv or biotin 


sites at their exterior, which explains their preference for binding to biotin or SAv-


exposing SLBs, respectively. The work presented here may serve as inspiration to attach 


artificial and biological systems to interfaces of compartments, such as droplets and 


vesicles, laying the foundation for mimics of the cytoskeleton or the extracellular matrix. 
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4.5 Materials and methods 


4.5.1 General 


1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-


phosphoethanolamine-N-(cap biotinyl) sodium salt (DOPE-biotin), were purchased from 


Avanti Polar Lipids. Streptavidin (SAv) (salt-free, lyophilized powder), Atto 488-


streptavidin (SAv-488) and Atto 565-streptavidin (SAv-565) were purchased from Sigma 


Aldrich. The silicone chamber used for fluorescence microscope was purchased from 
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Electron Microscopy Science. Compound 1 was prepared according to the previously 


reported procedure 20. A detailed synthetic procedure for the preparation of compound 2 


is given in Chapter 3 in the methods part.   


4.5.2 Preparation of the solutions of nanotubes 


The solutions of tubes of 1, and multicomponent 1-2 samples in varying ratios, were 


prepared from concentrated stock solutions of 1 and 2 in acetonitrile. The required volume 


of solutions 1 and 2 in acetonitrile were mixed and the solvent was evaporated under 


nitrogen flow. Resulting residues were rehydrated in MilliQ water with the final 


concentrations in the micromolar range, and left overnight before proceeding with the 


experiments. 


4.5.3 Preparation of small unilamellar vesicles (SUVs) 


The supported lipid bilayer (SLB) was prepared using the vesicle fusion method. 


Small unilamellar vesicles (SUVs) were prepared at first using the hydration and 


extrusion method 28. 


Briefly, a lipid mixture for making SUVs, with 98.0 mol% DOPC, and 2.0 mol% 


DOPE-biotin, was prepared by mixing a stock solution of DOPC (10 mg/mL) and DOPE-


biotin (0.1 mg/mL) in chloroform. This lipid mixture was injected into a glass vial and 


evaporated under a gentle flow of nitrogen gas until a lipid film formed on the wall. Then, 


the vial was put into a vacuum desiccator for at least 1 h to remove the chloroform. 


Afterward, 1 mL of Milli-Q water was added and shaken until all lipids were hydrated 


and dissolved from the wall of the vial. The opaque aqueous solution was then extruded 


11 times with a Mini-Extruder kit (Avanti Polar Lipids), equipped with a polycarbonate 


membrane of 100 nm pores (Whatman) to form SUVs. This SUV solution was stored in 


the refrigerator and used within 2 weeks. 


4.5.4 QCM measurements 


QCM-D measurements were performed using a Qsense Analyzer (Biolin Scientific). 


Measurements were performed at 22 °C and operated with four parallel flow chambers, 


using two peristaltic pumps (Ismatec) with a flow rate of 50 μL/min. Throughout this 


work, the fifth overtone was used for the normalized frequency (Δf5) and dissipation 


(ΔD5). SiO2-coated sensors (QSX303, Biolin Scientific) were used. Before measurement, 


the SiO2 chips were sonicated in 2 wt% sodium dodecyl sulfate (SDS) solution and Milli-
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Q water successively. After applying a flow of nitrogen, activation was performed using 


UV/ozone treatment (UV/ozone ProCleaner, BioForce Nanosciences) for 20 min. During 


every tube solution addition, solutions were recycled. 


For supported lipid bilayer (SLB) preparation during QCM-D measurement, SUVs 


were dissolved in 0.1 M PBS buffer (0.1 M sodium dihydrogen phosphate and 0.15 M 


sodium chloride, pH 7.4) with volume ratio 1:9; SAv was dissolved in Milli-Q water at a 


concentration of 50 µg/mL. SLB formation was achieved by flowing the SUV solution 


over an activated SiO2 chip in a closed flow chamber. After SLB formation, care was 


taken to keep the surface submerged in the following solution for further in-situ assembly 


processes. 


4.5.5 Preparation of the supported lipid bilayer (SLB) and 
immobilization of supramolecular tubes and networks for 
fluorescence microscopy 


The supported lipid bilayer (SLB) was deposited on a glass slide within a silicone 


chamber. Before the formation of the SLB, 2 M sodium hydroxide (NaOH) solution was 


added to the glass substrate for 1 h to increase the hydrophilicity. Afterward, the chambers 


were rinsed with Milli-Q water and immersed in 0.1 M PBS buffer (0.1 M sodium 


dihydrogen phosphate and 0.15 M sodium chloride, pH 7.4). Then an SUV solution 


(volume ratio of SUVs solution to PBS buffer solution is 1:9) was added and incubated 


for 30 min at room temperature. A defect-free SLB was then formed by the rupture of 


SUVs onto the hydrophilic glass substrate. Excess lipids were removed from the chamber 


by rinsing with Milli-Q water at least three times. The biotinylated SLB was incubated 


with 50 µg/mL SAv solution for 30 min, and rinsed with MilliQ water three times.  


For fluorescence microscopy, Confocal laser scanning microscopy (CLSM, Nikon A1) 


equipped with 488 nm laser and a 525/50 nm emission filter and DIC accessories was 


used to observe the immobilized tubes and network aggregates upon immobilization. 


Following the preparation of the SLB, the nanotube or network solution was incubated 


with the prepared SLB for 30 min. After 30 min, the samples were gently rinsed three 


times and the chamber was capped with a cover slide and sealed with nail polish. 


Fluorescence microscopy (Olympus, BX53) was used to observe the immobilization 


of biotinylated tubes. After preparation of the SLB, solutions with tubes of 1-2 or tubes 


of 1 were placed on the SLB surface for 30 min. The sample was rinsed three times with 


MilliQ water and fluorescent SAv-565 was added for another 30 min. After that, the 


samples were rinsed gently with water and drying was prevented. Then, the samples were 
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ready to be observed under the microscope.   


4.6 Supplementary information  


 


 


 


 


 


 


 


 


 


 


 


 


Figure S4.1 (A, B) Tubes of 1 (500 µM) and (C, D) tubes of 1-2 (500 µM, 1/2=50) were added on 
SLB followed by addition of SAv-565. The green fluorescence from the green channel shows the 
presence of NBD-DOPE in the SLB underneath. Scale bar: 20 μm. 
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Chapter 1 


General Introduction 


Nature is a vast source of inspiration, which offers us inexhaustible knowledge to 


learn to understand and to apply in new science and technology. Cells exhibit outstanding 


multi-functional properties and sophisticated organization within a micro-scaled 


environment. Within the cell, there is a cellular architecture called the cytoskeleton, which 


is assembled from protein monomers, which provides mechanical support, and which 


generates the shape of cells 1 and is involved in intracellular transportation 2. Insights into 


the cytoskeleton has sparked a lot of development in synthetic biomimetic systems. At 


the same time, the mimicking of this complex, functionalized cytoskeletal system is 


undoubtedly challenging.  


Based on the understanding of the cytoskeleton, both covalent polymers and 


supramolecular polymers have been explored to mimic certain functions in artificial ways 
3. Especially supramolecular architectures are becoming potential candidates because 


they share non-covalent self-assembly rules similar to the assembly of the natural 


cytoskeleton. So far, multiple self-assembly strategies towards mimics of the cytoskeleton 


have been studied by bottom-up approaches 4-6. 


This dissertation aims to develop a cytoskeleton-like supramolecular system, with the 


long-term vision to achieve several structural, mechanical and dynamic functions of the 


cellular cytoskeleton. Our system integrates self-assembled fiber formation, external 


triggers, biomolecular recognition, and compartmentalization to build up hierarchical 


supramolecular mimics of the cellular cytoskeleton. External triggers, such as light, 


depletion forces and changes in environmental factors, can affect the self-assembly 


process, the structure and the resulting functions. We present here 1D supramolecular 


nanotubes 7, non-covalent crosslinking networks with interfacing capability (Chapters 3 


and 4), tunable supramolecular micro-bundles (Chapter 5), and hierarchical architectures 


that are introduced into cell-sized compartments (Chapter 6). Learning from the 


cytoskeleton, the formation of hierarchical bundles and networks from one-dimensional 


filaments enhances their mechanical properties 8.This rule also has been supported in 


supramolecular systems 9. Thus, we anticipate these supramolecular architectures will 


engage mechanical properties that enable to shape the aqueous compartments. Moreover, 


the dynamic properties of these architectures can induce dynamic shapes to the 
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compartments in which they are embedded. 


Chapter 2 provides a literature overview of methods for constructing biomimetic 


compartments, and their pros and cons are discussed. Basic information of the 


cytoskeleton is presented. Recent advances of cytoskeleton-mimicking systems, 


especially synthetic active materials in aqueous compartments towards the cytoskeleton 


are exhibited and discussed. 


Chapter 3 describes an entirely non-covalent multivalent network system, formed 


from synthetic supramolecular polymers. Based on the co-assembly of core and 


biotinylated building blocks, the formed crosslinking network can be tuned by the ratios 


of both the building blocks and of the biotin-streptavidin binding partners. Moreover, the 


presence of an azobenzene moiety in the structure of building blocks, contributes the 


photoresponsive property of the formed supramolecular system.  


Biotin moieties incorporated within the supramolecular polymer not only enable 


crosslinking of the self-assembled supramolecular chains upon addition of streptavidin, 


but also allow interfacing these polymers to streptavidin-modified surfaces. Chapter 4 


exhibits the interfacing strategy of biotinylated supramolecular polymers onto supporting 


lipid bilayers by biotin-streptavidin interactions. Because the system exhibits the 


crosslinking and interfacing behavior of complex supramolecular polymers, it can be 


regarded as a simplified model towards cytoskeletal architectures.  


In Chapter 5, we utilize depletion forces to act on synthetic supramolecular 


nanotubes, leading to the formation of a bundle-like supramolecular architecture, which 


achieves a hierarchical build-up from the nanoscale to the microscale. This architecture 


is tunable and can be regulated by the concentrations of both the nanotubes and the PEG 


crowding agent. This study suggests a novel strategy for controlling the morphology of 


supramolecular materials and mimics the crowding experienced inside cells. 


In Chapter 6, we explore the potential of these hierarchical supramolecular 


architectures as a simplified model in aqueous compartments. Hierarchical 


supramolecular architectures described in the preceding Chapters have been encapsulated 


into giant unilaminar vesicles as simplified cytoskeleton-cell models. To study the effects 


of hierarchial architectures on the morphology of the vesicles, giant unilaminar vesicles 


with different hierarchical supramolecular architectures encapsulated inside have been 


studied and compared.   
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Summary 


 


This thesis has presented a study on hierarchical supramolecular architectures for 


mimicking the cellular cytoskeleton. There are three main tasks for the design of mimics 


of the cytoskeleton: designing and synthesizing adequate mimicking materials, 


implementing these into cell-mimetic compartments, and affecting and interacting with 


their functions. First, we developed a supramolecular polymer system that could self-


assemble into tubular architectures in water, and introduced biomolecular recognition to 


induce the hierarchical assembly of the supramolecular nanotubes. Depletion forces have 


been applied to form hierarchical supramolecular bundles and mimic the crowdedness of 


the intracellular environment. Finally, we chose the giant unilamellar vesicle as a 


compartment to incorporate these architectures for building up a cell-like model. The 


inverted emulsion method has been selected to encapsulate the architectures into the 


vesicles for achieving the mimic of the cellular cytoskeleton. Dynamic behavior of the 


supramolecular bundles and networks has been observed during laser scanning and UV 


illumination, as well as by shrinking the vesicles upon hypertonic treatment. These 


methods resulted in changes of the architecture and/or the surrounding vesicle, and 


affected their interaction and morphology. 


Chapter 1 provides a general introduction to this thesis. 


Chapter 2 reviews the strategies for building up biomimetic compartments with an 


emphasis on high-efficiency encapsulation. Starting from the introduction of the natural 


cellular cytoskeleton, different artificial systems towards mimics of the cytoskeleton have 


been discussed. 


Chapters 3 and 4 have described a novel strategy for controlling crosslinking and 


interfacing supramolecular polymers by using the streptavidin-biotin linkage. 


Incorporating the biotin moiety within the supramolecular polymer enables crosslinking 


of the nanotubes upon addition of streptavidin, as well as interfacing these structures to 


streptavidin-modified surfaces. Depending on the concentration and the ratio between all 


three components, i.e. monomer, biotinylated monomer and streptavidin, and on the order 


in which assembly steps were conducted, different hierarchical structures were formed. 


Thereby, we were able to demonstrate the formation of a multitude of network 


architectures using the same building blocks. This hierarchical architecture exhibits the 


formation of a complex network of 1D supramolecular polymers, and it can bind to the 
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supporting lipid bilayer, i.e., a cell membrane model. Therefore, it can be considered a 


simplified model of the natural cellular architecture formed from individual monomers. 


This strategy provides a feasible pathway to design adjustable supramolecular 


architectures, which can be extended for other biomimetic systems and tissue engineering 


studies. 


Chapter 5 demonstrated the formation of bundle-like hierarchical supramolecular 


architectures induced by depletion forces. With the introduction of biotin-streptavidin 


conjugates on the surface of the nanotubes, the morphology of specific depletion-induced 


architectures can be fixated. Conversely, the network crosslinked by streptavidin-biotin 


interactions can withstand the introduction of depletion forces. With this morphology, the 


crosslinked bundles can resist the dilution of the crowded environment. We suggested this 


hybrid hierarchical bundling system has the potential to function as a strategy to construct 


artificial cytoskeletal architectures in crowded aqueous compartments.  


Chapter 6 introduced the compartmentalization of the earlier developed hierarchical 


supramolecular architectures into giant unilamellar vesicles. In these cell-sized aqueous 


compartments, different properties of the architectures have been displayed based on their 


structural features. Hierarchical supramolecular bundles demonstrated vesicle 


deformation and provided support for the membrane of the vesicle after reduction of its 


volume. For hierarchical supramolecular networks, morphological deformation and 


shrinkage of loaded vesicles have been visualized. Both hierarchical supramolecular 


architectures showed more robust properties compared to pure supramolecular nanotubes, 


which resulted in morphological changes of the vesicles.  


In overview, this thesis has introduced two novel hierarchical supramolecular 


architectures as rudimental cytoskeleton models. By introducing biotin-streptavidin 


conjugates and depletion forces, hierarchical supramolecular polymer systems can be 


obtained in a tunable way, with crosslinking and interfacing capabilities. Furthermore, we 


encapsulated hierarchical architectures into cell-sized compartments, which takes a 


crucial step forward to mimicking the cellular cytoskeleton.  


Despite the progress reported here, based on these hierarchical architectures, further 


work can progress along with the following aspects. Depletion forces and biotin-


streptavidin interactions can generate bundle-based networks, which could induce 


division of droplets during the loss of water. Meanwhile, coacervates could be formed 


within compartments upon UV illumination. Further interfacing of the supramolecular 


polymers with the inner membrane of the aqueous compartment can be achieved to help 
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understand the interactions of the cytoskeleton within compartments. Mechanical 


measurements could be done by micropipette aspiration or microfluidic trapping devices. 


This way, the structural factors that influence the mechanical properties can be studied 


more quantitatively. Last but not least, fluorescence microscopy is recommended to 


observe the light-responsive behavior combined with UV irradiation to avoid laser 


heating effects. 


From a personal perspective, multi-functionalization, hierarchical assembly, and 


integration are essential developments toward a cytoskeleton-mimetic system. Multiple 


responsive moieties and functional components can be introduced into the system, 


providing dynamic and responsive properties. Ideally, dual response mechanisms can be 


designed to trigger the assembly and disassembly of supramolecular polymers, 


corresponding to the polymerization and depolymerization of the cytoskeleton filaments. 


Molecular machines with controllable designs can be incorporated to provide a complex 


organization that may mediate communication and transportation. Incorporating well-


designed functionalized building blocks, molecular machinery, and hierarchical 


interactions by bottom-up approaches may bring the artificial system closer to the natural 


system. Furthermore, by learning from the natural system, Nature’s source of inspiration 


can be transferred to applicable knowledge and help us to solve scientific and societal 


challenges. 
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Samenvatting 
 


Dit proefschrift presenteert een studie naar hiërarchische supramoleculaire 


architecturen om de biologische functie van het cellulaire cytoskelet na te bootsen. Er zijn 


drie hoofdtaken om een model van het cytoskelet te ontwerpen: het ontwerpen en 


synthetiseren van geschikte modelmaterialen, het implementeren van deze materialen in 


abiotische compartimenten en het bestuderen van de functies van de geproduceerde 


modellen. Eerst hebben we een supramoleculair polymeersysteem ontwikkeld dat 


zichzelf zou kunnen assembleren tot buisvormige architecturen in water. Vervolgens is 


bio-moleculaire herkenning toegevoegd om de onderlinge hechting van de 


supramoleculaire nanobuisjes te induceren. Depletiekrachten zijn gebruikt om 


hiërarchische supramoleculaire bundels te vormen en de hoge dichtheid en pakking van 


de intracellulaire omgeving te imiteren. Tenslotte hebben we “giant unilamellar vesicles” 


gebruikt als een compartiment om deze architecturen in op te nemen voor het opbouwen 


van een celachtig model. De opname van supramoleculaire materialen in deze vesicles is 


met de geïnverteerde-emulsiemethode uitgevoerd om zo de functie van het cellulaire 


cytoskelet na te bootsen. Dynamisch gedrag van de supramoleculaire bundels en 


netwerken is waargenomen tijdens laserscanning en UV-belichting, en door het krimpen 


van de vesicles bij hypertone behandeling. Deze methodes resulteerden in veranderingen 


in de architectuur en/of het omhullende compartiment, waardoor de interactie en 


morfologie ervan werden beïnvloed. 


In het kort: dit proefschrift introduceert twee nieuwe hiërarchische supramoleculaire 


architecturen als rudimentaire modellen voor het cytoskelet. Door het introduceren van 


biotine-streptavidine-conjugaten en depletiekrachten zijn hiërarchische supramoleculaire 


polymeersystemen gerealiseerd met de mogelijkheden om onderlinge crosslinking en 


hechting aan grensvlakken te kunnen sturen. Verder zijn deze hiërarchische structuren in 


compartimenten geplaatst die de grootte van een enkele cel hebben, waardoor dit werk 


een cruciale stap maakt tot het nabootsen van een cellulair cytoskelet. 


Verdere voortgang kan worden gemaakt bij het onderzoeken van de volgende 


aspecten. Depletiekrachten en biotine-streptavidine-interacties kunnen gebundelde 


netwerken genereren in druppels, die tot een splitsing van de druppels kunnen leiden 


tijdens het verlies van water. Ook kunnen tijdens UV-belichting coacervaten worden 


gevormd in compartimenten. Het hechten van de supramoleculaire polymeren aan de 
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binnenkant van het membraan van een vesicle kan tot een beter begrip van de interacties 


van het cytoskelet in compartimenten leiden. Mechanische metingen kunnen worden 


uitgevoerd door micropipet-aspiratie of het invangen in microfluïdische apparaten. Op 


deze manier kunnen de structuurfactoren die de mechanische eigenschappen beïnvloeden 


op een meer kwantitatieve wijze worden bestudeerd. Tenslotte wordt 


fluorescentiemicroscopie aanbevolen om het lichtgevoelige gedrag in combinatie met 


UV-straling te bestuderen waarbij opwarmingseffecten door de laser vermeden kunnen 


worden. 


Vanuit een persoonlijk perspectief zijn multifunctionaliteit, hiërarchische assemblage 


en integratie essentiële ontwikkelingen in de richting van modelsystemen voor het 


cytoskelet. Verschillende responsieve en functionele componenten kunnen in het systeem 


worden ingebouwd, waardoor dynamische en responsieve eigenschappen kunnen worden 


gegenereerd. Idealiter zou dubbel responsmechanisme kunnen worden ontworpen om het 


in elkaar zetten en uit elkaar vallen van supramoleculaire polymeren te activeren, wat 


overeenkomt met de polymerisatie en depolymerisatie van de filamenten van het 


cytoskelet. Moleculaire machines met aanpasbare ontwerpen kunnen worden ingezet om 


een complexe organisatie te crëeren die communicatie en transport kan bevorderen. 


Integratie van goed ontworpen gefunctionaliseerde bouwstenen, moleculaire machines, 


en hiërarchische interacties door middel zelf-organisatie, kan zo’n modelsysteem 


dichterbij het natuurlijke systeem brengen. Wellicht kan, door te leren van het natuurlijke 


systeem, de inspiratie vanuit de natuur worden overgedragen op toepasbare kennis en ons 


helpen bij het oplossen van deze wetenschappelijke en maatschappelijke uitdagingen. 


Meer informatie is gegeven in de Engelstalige samenvatting in ditzelfde proefschrift. 
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Chapter 5 


 


Interplay of depletion forces and biomolecular 


recognition on the hierarchical assembly of 


supramolecular nanotubes 


 
Within the confinement of, for example, a cell, crowding can have a profound 


impact on supramolecular and cellular architectures. Here, we utilize 


poly(ethylene glycol) (PEG) as a crowding agent to invoke depletion forces to act 


on synthetic supramolecular nanotubes, leading to non-crosslinked bundle 


formation. This architecture can be regulated reversibly by the concentrations of 


both the nanotubes and the PEG. When applied in the confinement, different 


droplets, with nanotubes and with PEG, were merged, and nanofibers were 


observed upon merging. Also phase separation was observed upon evaporation 


of merged droplets, leading to droplet division and aggregate formation. The 


introduction of biotin groups at the nanotubes and biotin-streptavidin conjugates 


between them, allows freezing in specific architectures, including those obtained 


by depletion-driven assembly using PEG. When applied before introducing 


crowding, the modified streptavidin-biotin nanotube assemblies can be fixed as 


hierarchical bundles, which withstand the introduction of PEG. Dynamic 


behavior of fluorescently labeled bundles was observed during CLSM 


measurements. The strategy described here provides a new route to establish 


hierarchical supramolecular architectures combining crowding and specific 


biomolecular interactions, which shows the potential for controlling the structure 


of supramolecular materials and other soft matter systems.  
 


 
Part of this chapter has been prepared as a manuscript: 
Fangyuan Xiu, Anamarija Knežević, Jurriaan Huskens, Tibor Kudernac. Interplay of depletion 
forces and biomolecular recognition on the hierarchical assembly of supramolecular nanotubes. 
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5.1 Introduction 


Complex hierarchical supramolecular architectures are ubiquitous in nature 1. From 


DNA to chromatin 2, and from proteins to collagen fibers 3, 4, they all assemble in a 


hierarchical fashion, and they scale up from the nanoscale to the microscale. These 


architectures exhibit highly ordered structures and essential functional properties for 


living systems. Inspired by nature, the creation of synthetic hierarchical supramolecular 


architectures is developing in various fields 5. 


Hierarchical supramolecular architectures are built from individual building blocks 


by multi-level self-assembly using noncovalent interactions 6, 7. During this scale-up 


pathway of the self-assembly process, various interactions contribute to connecting 


building blocks for achieving function and communication. For example, the cellular 


cytoskeleton, as a typical hierarchical supramolecular living system, is built up from 


connected cytoskeletal filaments by direct bonding, associated proteins, and molecular 


motors 8, 9. However, it is easily underestimated what effects living architectures present 


in a crowded environment, like cellular environments 10, undergo as a result of this 


crowding 11.Therefore, to understand cellular and mimetic synthetic architectures, it is 


essential to establish a crowding model to act as intracellular media and to study its effect 


on the self-assembled architecture. 


To mimic a crowding model in vitro, water-soluble non-adsorbing polymers are used 


as crowding agents to induce depletion forces 12. In this case, biological filaments, such 


as the cytoskeleton, when placed in a crowding environment, are inclined to align into 


highly ordered bundles and networks 13, 14. Even more, active life-like hierarchical matter 


has been created upon the addition of molecular motors 15, 16.     


Notably, the depletion interactions can act as a versatile and flexible tool for the 


construction of self-assembled materials 12, and this has profound impact on the properties 


of soft materials 17. The strength of the induced attraction can be adjusted by altering the 


depletion agents 18. Yet, the influence of the depletion interaction has received limited 


attention in the area of synthetic supramolecular polymer systems 19-21.  


Inspired by the hierarchical supramolecular cytoskeletal filaments, here, we 


demonstrate that depletion forces facilitate the formation of bundle-like hierarchical 


supramolecular architectures. We can obtain hierarchical supramolecular bundle 


  


* In chapter 5 and chapter 6, AzoCh and AzoBt terminology are employed to 
represent compound 1 and 2 appear in chapter 3 and chapter 4.  
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structures by creating them in crowded environments, without the addition of initiator or 


cross-linker. Varying the conditions of the crowding and the self-assembly process, the 


architecture can be tuned from the nanoscale to the microscale. Multivalent biotin-


streptavidin conjugates are employed on the surface of assembled architectures, to form 


crosslinking shells that can resist dilution of crowded solutions.  By the interplay of 


depletion and biotin-streptavidin interactions, different hierarchical supramolecular 


architectures can be obtained.  


5.2 Results and discussion 


5.2.1 Hierarchical supramolecular bundles induced by depletion 
forces  


 Previously, we have designed a V-shaped amphiphilic building block (AzoCh) with 


a hydrophobic aromatic part and a hydrophilic oligo (ethylene glycol) unit (Fig. 5.1). 


These building blocks are able to assemble into stiff supramolecular tubes in water 22. 


Here, we introduce poly (ethylene glycol) (PEG) into the solution of the nanotubes to 


produce a crowded environment. When PEG, a typical non-adsorbing and very water-


soluble polymer acting in water as coiling spheres, was added to the suspension of the 


supramolecular tubes, the degree of crowdedness increased with the increase of the PEG 


concentration. Individual tubes can be thought to be surrounded by an interspace 


inaccessible for the polymers, called the “excluded volume”, which is defined by the 


radius of gyration of the polymers coils access to the surface of tubes 23. By overlapping 


the polymer-inaccessible area of the nanotubes, the configurational entropy of PEG 


(crowding agents) can increase, and the total free energy of the whole system is decreased 
12, 24-26. Thus, the assembled nanotubes experience an attractive force making the tubes 


get closer to each other to minimize the excluded volume and permit the highest entropic 


freedom for the PEG (Fig. 5.1, dashed line) 24. As a result, the supramolecular tubes form 


a hierarchical bundling architecture, leading to much longer overlap length, stabilizing 


the whole self-assembled supramolecular system. 
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Individual AzoCh building blocks form hexameric rings that stack on top of each other, 


forming linear supramolecular tubes when dispersed in water. Elongated linear 


architectures that display a random orientation can be observed by scanning transmission 


electron microscopy (STEM) (Fig. 5.2). The diameter of these tubes was approximately 


10 nm, in agreement with earlier observations 22. As expected, an elongated threadlike 


structure cannot be found under an optical microscope due to the optical resolution limit 


(Fig. 5.2A). In contrast, distinct threadlike architectures were observed in the presence of 


PEG, indicating that larger and thicker bundles composed of aligned tubes were formed 


(Fig. 5.2B). The morphology of the bundling was further confirmed by electronic 


microscopy. Again, there were significant morphological differences apparent in the 


STEM images (Fig. 5.2C,D). The diameter of AzoCh tubes in Fig. 5.2C is around 10 nm, 


while micro-bundles were produced when PEG was added (Fig. 5.2D). The morphology 


of the network is visualized by the dense bundling evident when deposited on the 


substrate. Visible to the naked eye, the mixed solution of AzoCh and PEG was turbid (Fig. 


5.2E, right). Subtle fibers can be seen, compared with the transparent solution of 


nanotubes with the same concentration of AzoCh (Fig, 5.2E, left). 


Figure 5.1 Schematic illustration of the depletion-induced hierarchical supramolecular bundling. 
(A) Chemical structure of AzoCh building blocks consisting of hexameric rings. (B) The self-
assembly of the building blocks into supramolecular nanotubes. The excluded volume of the tube 
is illustrated with the dashed lines. (C-D) Hierarchical supramolecular bundles induced by 
depletion forces in the PEG solution. 
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+ PEG AzoCh tube AzoCh bundle 


Figure 5.2 Comparing the morphology of AzoCh nanotubes and AzoCh micro-bundles. 
DIC images of (A) AzoCh tubes (300 μM) and (B) supramolecular bundles (300 μM, 5% 
PEG) in the solution, STEM images of (C) AzoCh tubes and (D) supramolecular bundles 
(100 μM, 5% PEG) in solution. (E) Comparison of AzoCh tubes and AzoCh mixed PEG 
solutions. (F) CD sprectra of AzoCh tubes in water at different concentrations of PEG 
solutions. Scale bars: A,B: 20 μm; C: 100 nm, D: 10 μm. 
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More structural information was obtained by spectroscopy. AzoCh gives pronounced 


circular dichroism (CD) signal when it forms chiral tubes in water above the critical 


aggregation concentration, while its monomeric form displays no CD signal 22. The CD 


spectra revealed that the peaks of diluted and crowded solutions of supramolecular tubes 


are different at various PEG contents (Fig. 5.2F). With the increase of PEG concentration, 


with concomitantly increased crowding, the CD spectra showed a decreased intensity, 


which indicates a decrease of the helical chirality. This might be caused by the distortion 


of the tubes upon bundle formation. At the same time, the peaks show a red-shift as the 


PEG concentration increases. This may be explained by a change of the π–π stacking 27, 


28. We speculate that the depletion forces and resulting bundling changes the local 


environment of the building blocks, allowing the overlapped π–π stacks to slip, which 


results in a red-shift of the absorption 29.  


We also investigated the effects of the PEG concentration on the bundling 


architectures. A series of different conditions of AzoCh-PEG solutions were explored. It 


was found out that morphologies and dimensions of observed bundles are related to both 


the concentrations of tubes and of PEG. With the increase of the concentration of AzoCh, 


the minimum needed PEG content for producing bundles became lower (Fig. 5.3). At a 


lower content of nanotubes in solution, a higher concentration of PEG is required to 


induce bundling, while no bundles were found with low PEG concentration (Fig. 5.3D). 


Conversely, with an increase of AzoCh and PEG, floating floccules were produced when 


PEG made the environment too crowded. In these conditions, bundles were pushed 


together to assemble into different networks or aggregates (Fig. 5.3B, C). 
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Although the size of bundles varied within the same conditions, in general, larger 


sized bundles were obtained at higher content of AzoCh with the same concentration of 


PEG (Fig. 5.3C, E, F, Fig. 5.4). At 167μM AzoCh, 3.3% PEG, fiber-like structures are 


faintly visible and thin. When the AzoCh concentration was doubled (333μM AzoCh, 


3.3%PEG), distinct fiber-like bundles became visible with larger sizes. At even higher 


concentrations, the solution becomes more crowded. Eventually, intertwined bundles 


were formed (Fig. 5.3B). 


 


Figure 5.3 Phase diagram illustrating the effects of the concentrations of  tubes and PEG on the 
assembled architectures. Each DIC images reveals AzoCh-PEG mixture with various 
concentrations corresponding to individual points in the diagram, showing the different features. 
Scale bars: 20 μm. 
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Based on these observations, we learned that hierarchical supramolecular bundles 


could be obtained at various concentrations. Both the concentration of AzoCh and that of 


PEG can affect the morphology of these hierarchical supramolecular architectures. 


5.2.2 In-situ formation of hierarchical bundles within aqueous 
compartments 


With the aim to mimic the formation of cytoskeletal filaments in crowded 


compartments, depletion-induced bundles were designed to form within aqueous 


compartments (Fig. 5.5A). According to the results presented above, hierarchical bundles 


can be produced at specific concentrations of AzoCh and PEG. To obtain bundles in 


compartments, two types of droplets, containing solutions of tubes and PEG, respectively, 


were made separately as water-in-oil emulsions. The water-soluble pyranine dye was 


added to the PEG droplets for identification of the PEG-containing as well as merged 


droplets. Subsequently, the nanotube and PEG emulsions were mixed, resulting in a 


random distribution of aqueous droplets on a glass substrate (Fig. 5.5B). Green 


 167μM AzoCh, 5% PEG   250 μM AzoCh, 5% PEG 


   667 μM AzoCh, 1.67% 


  667 μM AzoCh, 5% PEG 


 250 μM AzoCh, 2.5% 167μM AzoCh, 3.3% PEG 


Figure 5.4  Micrograph characterization of AzoCh-PEG mixture with different concentration 
proportions. Scale bar: 20 μm. 







Chapter 5 


93 
 


fluorescence from the pyranine indicated the droplets filled with PEG, and the non-


fluorescent droplets were loaded with AzoCh tubes.  


Unstable droplets can merge to produce a larger droplet in situ. This allows the 


contents of the two droplets to be mixed. When droplets of both kinds are merging, the 


nanotubes can swarm into a crowded aqueous confinement arising from the PEG droplet. 


Fiber-like structures were found in some fused compartments (Fig. 5.5C). The change of 


the fluorescence intensity and the volume of the droplet indicated the occurrence of fusion. 


In this way, hierarchical bundles formed within a compartment. 


Now that we have shown that bundles can be formed in aqueous emulsion droplets, it 


is of interest to study the effect of increasing the concentration on the architecture within 


the confined compartment. The process of losing water from droplets with a mixed 


nanotube-PEG composition was achieved by natural evaporation. Hereto, a premixed 


solution of AzoCh tubes (400 μM) and PEG (2.5%) was used to obtain droplets directly 


containing supramolecular bundles. The obtained emulsion was transferred into an open 


chamber on a glass slide under the DIC microscope. Due to the inhomogeneous droplet 


Figure 5.5  Hierarchical bundles in water-in-oil droplets. (A) Schematic illustration of the formation 
process of bundles by merging nanotubes and PEG-loaded droplets. (B) Droplets filled with 
nanotubes and PEG, the latter containing the pyranine dye, distributed on a glass surface. Before 
merging, no bundles can be seen in both kinds of droplets. (C) Micrographs (left: DIC image; right: 
CLSM fluorescence image) of a merged droplet displaying bundles. Scale bars: 20μm. 
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size distribution, fiber-like bundles were not visible in all droplets. When the droplets 


were put on the glass surface, a fiber-like texture can be observed in some droplets (Fig. 


5.6A). At the early stage (after around 30 min), a more compact bundle structure was 


observed in certain droplets (Fig. 5.6B, D). During further evaporation (of both oil and 


water), the droplets were found to shrink (Fig. 5.6D, first 120 s), and droplets containing 


network structures appeared gradually. With further shrinking of the droplets, some of 


the encapsulated droplets appeared to reach a somewhat critical state. First a transparent 


droplet appeared, and the meshwork from the droplet started to separate from the mother 


droplet (Fig 5.6D, 130 s). The shrunken meshwork stayed along with a transparent droplet, 


or peeled off and drifted away. 


 


Figure 5.6. DIC micrographs of water-in-oil emulsion droplets containing a premixed solution of 
AzoCh tubes and PEG (AzoCh 400 μM, PEG 2.5%). (A) A droplet has fiber-like bundles inside; 
(B) Networks of supramolecular bundles inside the droplet. (C) Overview of droplets at different 
states. (D) Time sequence of phase separation process of emulsion droplets. Corresponding time 
are showing below. Duration: 180 s. Scale bars: 20 μm. 


The budding-like division process is promoted by a phase separation of the AzoCh-


PEG solution. This resembles the formation of floccules as found in bulk solution 


(described above). The nature of the compartments provides the platform to mediate the 


concentrations of the components locally. Here, we demonstrated a phase separation of a 
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droplet induced by increasing the concentration of the bundles and of the crowding agent 


in the solution. 


5.2.3 Interplay of depletion forces and biomolecular recognition  


Co-assembly of multiple building blocks will endow the resulting supramolecular 


architecture with more functional properties. Here, we utilize a small fraction (2%) of a 


biotinylated building block, AzoBt, in the tubes of AzoCh (Fig. 5.7) to provide molecular 


recognition capability. In AzoBt, the hydrophobic part is the same, but the hydrophilic 


section is changed into a single OEG chain with a terminal biotin group to allow strong 


interaction with the tetravalent streptavidin (SAv) protein. AzoBt can be incorporated 


with AzoCh to build up co-assembled supramolecular tubes, the surfaces of which are 


decorated with biotin. The final elongated tubes will have a certain number of binding 


sites along the tube, which can interact with streptavidin to form strong noncovalent 


crosslinking networks (see Chapter 3). We expected that different assembled 


architectures could be formed by changing the order of addition of the crowding agents 


and the SAv. Fluorescent SAv was employed here to visualize its presence in the bundles 


and to indicate crosslinking. 


To understand the mutual influence of depletion forces and molecular interactions on 


the supramolecular architecture, we introduced PEG and SAv in that and in reverse order 


(Fig. 5.7A). When PEG was added first, the bundles were formed. The morphology of 


these bundles did not change visibly upon the addition of streptavidin (Fig. 5.7B). 


Fluorescent SAv became apparent in the fluorescence image and was concentrated along 


the backbone of the bundles. Apparently, the depletion-induced architecture after the 


addition of PEG was maintained when SAv was added. The SAv stained the bundles and 


fixated them.  


In contrast, hierarchical crosslinking networks were produced by the addition of SAv 


(Fig. 5.7C). These structures differed from the elongated bundles resulting from the 


depletion forces. Once this network was established by the strong biotin-streptavidin 


interactions, the morphology of the network was also maintained after adding PEG. This 
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result indicates that the network is dense and strong so that the PEG cannot enter in 


meshwork due to the excluded volume effect. 


Figure 5.7 Mechanism of assembled architectures regulated by depletion forces and 
biomolecular recognition.  (A) Scheme demonstrating the assembly process induced by the 
application of PEG and SAv in different order. (B) Confocal fluorescence (left), DIC (middle) 
and merged images (right) of AzoCh-AzoBt (500 μM, AzoCh/AzoBt = 50) after addition of the 
same volumes of 10% PEG, followed by SAv-488 (2 μM). (C) AzoCh-AzoBt (500 μM, 
AzoCh/AzoBt = 50) after addition of the same volumes of SAv-488 (2 μM), followed by 10% 
PEG. Scale bars: 20 μm. 
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As discussed above, supramolecular nanotubes organize into micro-bundles induced 


by depletion forces, and the bundling architecture can be adjusted by varying the degree 


of crowding, i.e. by the PEG concentration. Bundled architectures do not form in a dilute 


solution (Fig. 5.3). This assembly of bundles is expected to be reversible between 


‘crowded’ and ‘diluted’ solutions by modulating the PEG concentration. To further 


investigate the resistance of depletion-induced bundles and bundles decorated with biotin-


SAv to dilution, these two types of bundles were diluted by water at the same dilution 


ratio to compare the resulting architectures.  


In the absence of biotin-SAv decoration, the elongated bundles disappeared upon 


dilution as viewed under a confocal laser scanning microscope (Fig. 5.8A). The AzoCh-


AzoBt nanotubes dispersed from bundles into a diluted environment because the 


depletion forces were reduced, thus removing the driving force for bundling 18. When 


subsequently adding streptavidin, bundles and network aggregates were formed again 


(Fig. 5.8D), but these had a different morphology than those obtained directly without 


streptavidin. 


In contrast, when depleted-induced bundles were made of biotinylated nanotubes, the 


addition of streptavidin bound the bundles together. The surfaces of the bundles were thus 


fixed by biotin-SAv conjugates. After dilution, these bundles stayed intact in the diluted 


(by a factor of 3) solution (Fig. 5.8B). Obviously, the concentration of bundles decreased, 


but their morphology remained the same. We measured intensity line profiles of both 


types of bundles by fluorescence microscopy (Fig. 5.8C) and measured the diameter of 


the fibers. When doing this for several bundles, the resulting bar graph shows the 


measured diameter distribution of the bundles (Fig. 5.8E). This data reveals similar 


distributions before and after dilution, indicating that the dilution process has limited 


effects on the diameter of the bundles. This behavior implies that the biotin-streptavidin 


interactions create permanent crosslinking, which prevents the bundles from going back 


to dispersed nanotubes upon dilution. This way, we can envisage that bundle architectures 


made at specific crowding conditions can also be preserved in more dilute conditions 


when fixation by biotin-streptavidin is applied.   
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Figure 5.8 Dilution of biotinylated supramolecular bundles without or with addition of SAv. (A) left: 
Bundles formed by mixing 500 μM AzoCh-AzoBt  (AzoCh/AzoBt = 50) nanotubes and 7.5% PEG 
with equal volumes. right: After diluting with a factor 3.  (B) left: Fluorescent depletion-induced 
biotinylated bundles prepared by addition of fluorescent SAv. right: bundles after diluting with a 
factor 3. (C) The grey value line profile of the dashed lines of the fluorescent channel of the images 
of B. (D) Merged micrograph of CLSM and DIC images showing the formation of fluorescent 
fibers after dilution of AzoCh-PEG mixture (83.3 μM AzoCh / 1.25% PEG) and addition of the 
same volume of 5 μM SAv-488. Scale bar: 20 μm. (E) Histogram of diameter distribution of bundles 
(process of B, line profiles as in C) measured in fluorescence microscopy images.  
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5.2.4   Light-responsive behavior of depletion induced supramolecular 
bundles 


Dynamic behavior of supramolecular fibers and bundles is inherent to their 


supramolecular and dynamic self-assembling nature. The here used AzoCh nanotubes 


have light-switchable units that can induce light-triggered disassembly 22. Here we aim to 


investigate the role of light-induced switching of the supramolecular bundles induced by 


depletion forces. Based on the formation of biotinylated supramolecular bundles 


employing the crowding agent PEG, the resulting fluorescent bundles can be labeled by 


the addition of fluorescent streptavidin. During the observation of the fluorescent 


streptavidin-biotinylated bundles, various types of light-responsive dynamic behavior of 


the fluorescent bundles were displayed upon laser scanning in CLSM microscopy. 


The co-assembled AzoCh-AzoBt bundles, formed in the presence of 2% PEG and 


functionalized with SAv-488, were deposited on a biotinylated supported lipid bilayer for 


immobilization (see Chapter 4). During the CLSM observation, the excitation laser at 488 


nm was scanning at the aimed area. The labeled bundles started to deform in the focusing 


region. At initial states, the bundles were lying down on the bilayer surface (Fig 5.9). As 


time progressed, the fluorescent bundles shrank gradually. The length was shortened to 


around one-third of its original state (Fig 5.9A). Since the spatial configuration of the 


bundles is three-dimensional, some parts of the bundles did not stay in focus. Parts that 


were out of focus maintained their shape, which indicated that the shrinking behavior 


within the focus area is related to the laser irradiation (Fig 5.9A, lower right region).  
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Figure 5.9 Dynamic behavior of SAv-488 labeled biotinylated supramolecular bundles. The 
micrograph sequences are merged CLSM and DIC micrographs. Duration: A, B: 5 min; C: 30 s. 
Scale bars: 20 μm.  


Breaking of the bundles occurred when both ends of the bundle stuck to the surface 


(Fig. 5.9B). When the shrinking proceeded, pulling forces were generated. The vulnerable 


spot reached the limit and broke. Moreover, rolling movements were displayed when 


bundles were partially irradiated (Fig. 5.9C). It is speculated that the irradiated part caused 


an imbalanced torsion of the unirradiated part, resulting in rolling and bending 


movements.  


Because the here used wavelength of the light is proper for absorption by SAv but not 


for photoswitching of the supramolecular building blocks, the observed shrinkage and 


other dynamic effects are ascribed to local heating. Bundles without fluorescent 


streptavidin also showed some slight shrinkage (Fig. 5.10A). The lesser effect is ascribed 


to less efficient absorption of the light and thus less local heating of the structures.  
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When UV light was applied, which is suited to promote switching of the 


supramolecular building blocks, more obvious shape changes were observed (Fig. 5.10B). 


In contrast, when 561-nm laser light was applied, the deformation was again much less 


obvious (Fig. 5.10C). Although local heating may occur here as well, these results are in 


agreement with earlier results of photoswitching-induced nanotube disassembly 22. 


Overall, these results reveal that light-responsive behavior can be induced by both UV 


and visible light irradiation, probably induced by photoswitching and local heating, 


respectively.   


 


Figure 5.10 Light irradiation comparison of non-fluorescent bundles at different condition. (A) 
laser 488nm at intensity 5 /100 (max). (B) laser 488nm at intensity 5/100(max) and UV (70% max) 
illumination. (C) laser 561nm at intensity 5/100 (max) Scale bars :20 μm. 
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5.3 Conclusions 


Bundle-like hierarchical supramolecular architectures have been obtained by 


introducing PEG to create crowded environments. The dimensions of the hierarchical 


architectures can be tuned by adjusting the concentration of AzoCh and PEG solutions. 


When the AzoCh-PEG mixture was loaded inside droplets, the increasing total 


concentration led to phase separation of the inner solution and the division of droplets. 


We have also demonstrated the interplay of depletion forces and the biotin-


streptavidin interactions attached to supramolecular nanotubes. Different structures were 


formed by adding PEG and SAv in different orders. Moreover, the co-assembly of 


biotinylated and AzoCh building blocks allowed streptavidin binding onto the 


biotinylated bundle surface, thus forming crosslinks between the supramolecular bundles. 


With this morphology, the crosslinked bundles can resist the dilution of the crowded 


environment. Dynamic behavior of fluorescently labeled bundles was observed during 


CLSM measurements. 


Overall, the emerging properties of this hybrid hierarchical bundling system have 


potential as a strategy to construct artificial cytoskeletal architectures in crowded aqueous 


compartments. Additionally, these architectures can be made persistent by biomolecular 


interactions, and further dynamic functions can be introduced by illumination. 
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5.5 Materials and methods 


5.5.1 General 


Poly (ethylene glycol) (PEG, Mw=20,000) was purchased from Sigma-Aldrich and 


dissolved in MilliQ water to prepare PEG solutions. Alexa Fluor 488-labeled streptavidin 


was purchased from Thermo Fisher Scientific Inc. Streptavidin was dissolved in MilliQ 


water at a concentration of 1 mg mL-1. Reagents and solvents were purchased from 


commercial sources and used without further purification.   
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5.5.2 Preparation of the samples 


The solutions of AzoCh, and multicomponent AzoCh-AzoBt samples were prepared 


from concentrated stock solutions of AzoCh and AzoBt in acetonitrile (ACN). Specific 


volumes of the concentrated stock solutions were mixed, and the solvent was evaporated 


in a nitrogen flow. The resulting residue was rehydrated in MilliQ water to reach the 


desired concentrations and left overnight before proceeding with experiments. 


The supramolecular bundles were prepared by mixing AzoCh and PEG solutions 


directly. The streptavidin was added after the bundle solution was premixed for 20 min.  


The oil phase of the droplets was made of 0.5 % span80 in mineral oil (stable droplets 


require 2% span80, hence making the current droplets unstable). 


The irradiation experiments employed supported lipid bilayers containing 2 mol% of 


a biotinylated lipid in a closed chamber. Fluorescent streptavidin-biotinylated bundles 


were prepared by mixing biotinylated tubes (500 μM, AzoCh/AzoBt=50), 10 % PEG and 


streptavidin-488 (100 μg/mL) in this order, volume ratio 2:1:2. The mixed solution was 


placed on the biotinylated supported bilayers and incubated for 30 min. After rinsing with 


MilliQ water, a cover slide was placed on top of the chamber. Then, the sample was ready 


to observe under the microscope. The intensity of the 488 nm laser light was kept at 5.0 


(max=100, optical fiber power output 32.3 mW); the 561 nm laser was also kept at 5.0 


(max=100, optical fiber power output 17.0 mW) for all irradiation experiments. The UV 


illumination was carried out by using an LED lamp at 70% maximum intensity ( 365 nm, 


LED output power max= 2000 mW) M365LP1 (Thorlabs). 


5.5.3 Characterization  


Scanning transmission electron microscopy (STEM) 


STEM samples were prepared by dropping solutions on carbon grids (Formvar/carbon 


200 mesh, copper). Before measurements, the samples were stained with uranyl acetate. 


The STEM images were then obtained with a Zeiss MERLIN HR-SEM. ImageJ software 


was used to analyze the TEM micrographs. Manual analysis led to the determination of 


the diameter of the tubes. 


Circular dichroism (CD) spectroscopy 


The CD spectrum measurements were carried out by using a Jasco J-1500 


spectrometer, in the range of 300-600 nm, and at 20℃ in a N2 filled chamber. 
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Fluorescence microscopy measurements  


Confocal laser scanning microscopy (CLSM, Nikon A1) and differential interference 


contrast (DIC) microscopy (Nikon A1) were used to observe the AzoCh and AzoCh-


AzoBt bundles. The AF488-labeled streptavidin was examined by CLSM with an 


excitation wavelength of 488 nm. ImageJ 1.46 software was used to analyze the CLSM 


micrographs to determine the diameter of the bundles. 
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