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1.1. Self-assembly of block copolymers 

Nowadays, the wide use of functional nano-objects, which have the characteristic sizes 

ranging from 1 to 100 nm and the unique physical/chemical properties, in many fields has 

fascinated and motivated researchers to further understand and develop new strategies for 

constructing these nano-structures. In general, there are two types of approaches, “top-

down” and “bottom-up”, established to solve this problem. The first one is mainly based on 

diverse lithography and etching techniques while the later one is realized by the self-

assembly of various building blocks including small molecules, nanoparticles and block 

copolymers, etc. Contrary to the high cost and low throughput of lithography techniques, 

self-assembly method offers a powerful toolbox for fabricating novel materials and devices 

with functional and complex structures. Especially for self-assembly of block copolymers, the 

developments achieved in polymer synthesis during last decade afford many kinds of block 

copolymers with designed compositions, molecular weights and architectures of chains. This 

makes block copolymers as a great candidate for producing the sophisticated and functional 

nano-objects, like what nature does. 

During the past decades, block copolymers, a class of macromolecules formed by covalently 

linked two or more chemically distinct polymer blocks, have attracted considerable attention, 

not only from scientific point but also from practical aspect. This is due to their unique 

properties and potential widespread applications, such as in the fields of drug delivery[1], 

microelectronics[2], micro-/nano- reactors[3], etc. The recent developments in polymer 

chemistry have exposed a variety of opportunities for building block copolymers with various 

architectures, such as linear, branched, dendritic, star-like and cyclic copolymers[4]. The 

most important and unique property they have is that all types of these block copolymers - 

regardless of their architectures - can self-assemble into diverse morphologies under certain 

conditions. Because the thermodynamic incompatibilities between different constituent 

segments can give rise to phase separation at nano-/micro- scale, resulting in the 

organization of block copolymer chains to reduce the total free energy. 

According to the circumstance, self-assembly of block copolymers can be simply categorized 

into self-assembly in bulk and self-assembly in solution[5]. Regarding to the former case, 

long-range ordering or periodic structures are usually formed throughout the bulk material, 

such as body-centered-cubic spheres, hexagonally packed cylinders, bicontinuous gyroids 

and lamellae[6]. These resulting structures of self-assembly primarily rely on three critical 

parameters including the volume fraction of each constituent segments, the total 

polymerization degree (or molar mass) and the Flory-Huggins parameter[6]. Regulating 

these parameters permits access to control over the phase separation behaviour of block 

copolymers, leading to design and generate ordering structures on nanoscale. As such, block 
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copolymer self-assembly in bulk has been widely utilized as templates in nanolithography to 

create nano-patterns[2, 7, 8]. Compared with conventional photolithography, block 

copolymer based lithography offers a cheaper, simpler and higher throughput technology for 

generating smaller features (less than 10 nm) and is even recognized as a versatile tool for 

next-generation nanolithography[9]. 

In comparison with the first case, self-assembly of block copolymers in solution becomes 

more complex. After introducing the solvents, the interactions between each block of 

copolymers and different solvents (good or poor solvent for each segment) can also affect 

the process of self-assembly. For example, when linear diblock copolymers (A-b-B) are 

dissolved in a selective solvent, the association of insoluble block B of copolymer chains may 

occur, leading to the formation of copolymer aggregates which show a colloidal stability due 

to the soluble corona formed by block A. This self-assembly process of block copolymers in 

solution and corresponding aggregates formed are referred to as block copolymer 

micellization and block copolymer micelles, respectively[10]. 

Generally, the micellization mechanism of block copolymers is similar to that of classical 

small molecular surfactants, consisting of charged (hydrophilic) head and hydrophobic tail. In 

brief, it stems from the unfavourable solvophobic interactions between solvent and 

insoluble (or hydrophobic) blocks. To minimise the interfacial energy, hydrophobic segments 

of copolymer chains associate with each other by attractive forces from their hydrophobic 

interactions or the ability of crystallization[11, 12], leading to the formation of micellar 

aggregates, which compose of the solvophobic core and hydrophilic corona surrounding the 

core. The micellization is governed by several factors, such as concentration of block 

copolymers, temperature, copolymer composition and chain architecture. For instance, 

micellization of certain block copolymers with fixed molecular weights can only occur when 

the concentration of block copolymers is above a specific value, called critical micellization 

concentration (CMC)[13], at a fixed temperature. In contrast, block copolymer chains 

disperse molecularly in the solution when the concentration is lower than the CMC. Similarly, 

a critical micelle temperature (CMT) can also be defined. Taken block copolymers of 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) as an 

example, CMC decreases with increasing total molecular weight of PEO-PPO-PEO at a fixed 

PPO/PEO ratio[14]. Increasing temperature makes a decline of the CMC for PEO-PPO-PEO. 

Compared with triblock and cylic copolymers, diblock architecture has shown much lower 

value of CMC in copolymers of poly(butylene oxide)-b-poly(ethylene oxide) (PBO-PEO) and 

PBO-PEO-PBO[15]. 
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Analogous to self-assembly of small molecular surfactants, the morphology of block 

copolymer micelles can also be coarsely estimated by the packing parameter, p, which is 

defined as: 

p =
v

a0lc
      (1) 

where v is the volume of the hydrophobic block, a0 is the contact area between hydrophilic 

and hydrophobic blocks and lc is the length of hydrophobic segment. As shown in Figure 1.1, 

spherical micelles are formed in the cases of p≤1/3, while cylinder structures are formed 

under medium curvature, namely, 1/3<p≤1/2. With further increasing p to 1/2<p≤1, lamellae 

or polymersomes are formed. 

 

Figure 1.1. Schematic illustration of the relationship between self-assembled structures and packing 

parameter of block copolymers. The assembled structures can be estimated by calculating the 

dimensionless packing parameter, p, of the molecular chain[16]. 

The micellization processes mentioned above are mainly under thermodynamic control. 

However, Eisenberg et al.[17-20] found that the kinetics of micellization process also 

determine the final morphologies of micelles or aggregates, which are relevant to the paths 

of micelle preparation. Except the common morphologies mentioned above, more complex 

structures including large compound micelles, large compound vesicles, “onions”, “eggshells” 

etc. are obtained[5]. In such case, the hydrophobic segments are gradually desolvated and 

frozen (or quenched) with increasing the fraction of poor solvent. The dynamic exchange of 

copolymer chains between micelles and bulk solution or between micelles and micelles is 

significantly diminished. In the end, the out-of-equilibrium micelles are formed, typically, for 
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block copolymers containing a hydrophobic segment with a high glass transition 

temperature, such as polystyrene-b-poly(acrylic acid) (PS-b-PAA)[17, 19-22] or polystyrene-

b-poly(ethylene oxide) (PS-b-PEO)[18, 23-27]. 

To prepare block copolymer micelles, several strategies have been established. Most popular 

one is the co-solvent (or solvent switch) method[17], in which block copolymers are first 

dissolved in a common solvent (i.e. good for both blocks) and then a selective solvent is 

added to induce the association of copolymer chains and form micelles. Unlike co-solvent 

method, the second one is a solvent-free method[28]. Micelles can be formed directly by 

dissolving block copolymers in a selective solvent with or without extra thermal, mechanical 

or ultrasonic treatments. This method is usually suitable for the block copolymers that have 

a low molecular weight and short insoluble block or have a relatively flexible solvophobic 

block, such as polybutadiene-b-poly(ethylene oxide) (PB-PEO). The third one is called 

evaporation-induced self-assembly[24, 26]. In brief, block copolymers are dissolved in a 

volatile and common solvent and dispersed as emulsion in a continuous aqueous phase. 

During the evaporation process of common solvent, block copolymers have arranged on the 

interface between oil and water phases and formed micelles through a series of interfacial 

instabilities. When the crystallisable component is introduced into block copolymer chains, 

the fourth method “living-crystallization-driven self-assembly” proposed by Manners et al. 

can be utilized to produce the micelles with precisely controlled size[11, 29, 30] and more 

complex architectures, such as 2D lamellar platelets[31-33] and multidimensional 

supermicelles[12, 34-36]. Another recently developed method is polymerization-induced 

self-assembly[37, 38], namely the micelles are formed during synthesis of block copolymers. 

Other methods have also been reported for the formation of micelles, especially for vesicles, 

like microfluidics[39] and electroformation[40]. 

1.2. Manipulation of block copolymer micelles 

Inspired by nature, people always try to build the materials or structures with distinctive 

hierarchy, which usually plays an important role in determining the final properties[41]. 

However, exquisite control over the structures on different scales (from nano- to micro- and 

macro- scales) still represents a big challenge. Since the self-assembly of block copolymers in 

solution has already permitted to create a wide range of organized structures in one length 

scale (nanoscale), integrating spatiotemporal manipulation of micelles will offer an intriguing 

strategy to fabricate novel materials or devices with hierarchical and high order structures. 

To date, few works have been reported on this aspect. According to the mechanism, the 

approaches used before can be classified into three main categories. First category is flow-

based. As the pioneers, Spatz and Mӧller et al. used a dip-casting method to form micelle 

arrays of block copolymers on the flat substrates[42, 43] or pre-structured substrates[44, 45], 
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which is based on capillary forces generated at the edge of meniscus. The formation 

mechanism of micelle arrays is similar to that Nagayama et al. investigated for formation of 

particle arrays[46, 47]. The distance between micelles is affected by molecular weight of 

block copolymers and topographical structures of the substrates. Higher molecular weights 

result in larger distance, but less position quality that arises from the increased softness of 

micellar shell. To improve the arrangement of micelles, Sohn and colleagues used the 

solvent-annealing method to narrow the size distribution of micelles and create long-range 

hexagonal order[48]. By incorporating metallic salts with block copolymer micelles and 

subsequent reduction, such as gold, ordered particle arrays are formed. Based on this 

mechanism, a new type of lithography approach, named block copolymer micelle 

nanolithography (BCML)[45], was developed and a series of researches was conducted to 

pattern or structure various solid surface (including glass, silicon and Teflon) with ordered 

micelles[43, 49-57]. More recently, through this approach, the soft surface of hydrogels 

were also successfully structured with binary nanopatterns[58]. Pugin et al. used the 

ordered micelles as a mask to prepare nanopillars with controlled spacing[59]. Analogous to 

BCML, Lin et al. demonstrated a simple method called controlled evaporative self-assembly 

or flow-enabled self-assembly is able to create hierarchical ordered structures of micelles 

over large areas[60, 61]. Second, lithographic-template was used to guide self-organization 

of micelles. In this regard, long-range order structures can be obtained[62, 63]. Cohen and 

co-workers got a patterned micelles by micro-contact printing of the micelles that deposited 

on a poly(dimethylsiloxane) (PDMS) stamp[64]. Third is based on optical tweezers, which is 

described more in following part. 

Here, we should note that the micelles mentioned above most are the spherical ones that 

have isotropic structure. However, for anisotropic micelles, such as cylindrical ones, it 

becomes more complex for manipulation. In 2003, Manners and co-workers attempted to 

pattern the cylindrical micelles with pre-patterned grooves on the resist film[65]. Despite the 

aligned nanolines were achieved, the efficiency of this method still needs to be improved. 

Strikingly, by utilizing holographic optical tweezers, they can efficiently manipulated the 

cylindrical micelles in three-dimension recently[66]. Some new superstructures of micelles, 

namely supermicelles, were successfully prepared and precisely positioned. In our group, we 

developed a flow-based method, guided de-wetting method, for cylindrical micelles, 

especially ultra-long ones[67, 68]. The capillary forces that generated during de-wetting 

process of micelle solutions on patterned surface instruct the alignment of cylindrical micelle 

on micro-pillars. 
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1.3. Nano-fibril micellar hydrogels 

Hydrogels are usually regarded as a water-swollen, three-dimensional network of polymer 

chains. They are either chemically or physically crosslinked polymers or supramolecualr 

aggregates. In the former case, hydrogels are formed by irreversible covalent crosslinks 

bridging the polymer chains, such as the classical polyacrylamide hydrogels[69]. In contrast, 

physically crosslinked hydrogels are typically held together by reversible physical cross-

linking via hydrogen bonding, hydrophobic forces, electrostatic interactions or other forces 

of non-covalent nature[70].  

Due to their unique characteristics, hydrogels have attracted increasing attention over the 

last decades[71]. First, owing to the presence of many hydrophilic segments in polymer 

chains or supramolecular aggregates, hydrogels can usually absorb a large amount of water 

and swell without dissolving. Second, hydrogels have a highly porous structure that permits 

a high permeability to small molecules. These abilities allow them to mimic the nature soft 

tissue and offer numerous potential applications, such as in tissue engineering[72] and drug 

delivery[73]. 

Among many kinds of hydrogels, there is a new type of hydrogels, which is formed by self-

assembly of cylindrical micelles of block copolymers, so called “nano-fibril micellar 

hydrogels”. Unlike the conventional hydrogels that are mainly based on covalently cross-

linked polymer chains, the networks in this kind of hydrogels are formed by association, 

branching or entanglement of cylindrical micelles[70]. For instance, the formation of micellar 

hydrogels of PB-PEO copolymers occurred by entanglement of wormlike micelles[74]. 

Nanofibrillar thermoreversible micellar microgels can be generated by association of corona 

chains poly(N-isopropyl acrylamide) between wormlike micelles of poly(N-isopropyl 

acrylamide)-b-polystyrene at 37°C [75].  

Compared with the conventional hydrogels, the self-assembly property of this new type of 

hydrogel is a unique feature, which offers a stimulus-responsive nature. Changing the 

external conditions, such as temperature, can control the formation and disintegration of 

micellar hydrogels. This advantage of micellar hydrogels enables the capability of drug 

loading (or cell encapsulation) and relative drug releasing (or cell release). Moreover, the 

self-assembly property offers a simple tool to biologically functionalize the hydrogel 

network[76]. For example, the assemblies of block copolymers used to form micellar 

hydrogels can be bound with some specific proteins that can interact with cells to control 

the cell fate. 

Despite nano-fibril micellar hydrogels have a dramatic property that can mimic the 

filamentous morphology of natural collagen gels, application of this kind of novel hydrogel is 
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often limited by their poor mechanical properties. For example, as the scaffolds in tissue 

engineering, hydrogels must be strong enough to support the development of tissue[77]. At 

the meantime, for the drug delivery system, mechanical properties of hydrogels are also 

crucial to the drug loading and releasing. If their mechanical strength is too weak, the target 

drug could be released before arriving the specific location. Therefore, improving the 

mechanical properties of micellar hydrogels is of great importance. 

1.4. Challenges 

Block copolymer self-assembly as a diverse toolbox is essential for the generation of complex 

and novel functional devices. However, the poor mechanical properties of micellar hydrogels 

and difficulties in manipulation of the micelles, especially cylindrical micelles, for generating 

sophisticated soft devices have limited their applications. 

To improve the mechanical properties of hydrogels, scientists have proposed some 

strategies for conventional ones. For instance, a tough hydrogel system can be made by 

using slide-ring polymers to synthesize the hydrogels or by introducing a second network for 

dissipating energy[78]. However, in case of micellar hydrogels, examples of improving the 

mechanical properties have been rarely reported. Researchers are mainly focused on the 

self-assembly of short and flexible cylindrical micelles and used in-situ methods, such as 

polymerization-induced self-assembly or phase separation induced self-assembly, to study 

the mechanism of micellar hydrogels formation. For the ultra-long and stiff cylindrical 

micelles systems, it is still a challenge due to their narrow phase region. Here, we propose to 

prepare the micellar hydrogels with ultra-long and stiff cylindrical micelles, which may 

reinforce themselves by their glassy nature and long fibrous structures. The formation 

mechanism of hydrogel based on ultra-long and glassy micelles might help us understand the 

micellar hydrogels and deign new systems. To address the second challenge, we develop a 

hybrid method combining “bottom-up” self-assembly and “top-down” lithographic 

approaches to manipulate the cylindrical micelles. Through controlling the spatial 

arrangement of micelles, new types of soft devices are designed and constructed. 

1.5. Outline of this thesis 

This thesis contributes to the micellar hydrogels field by investigating a new system, which is 

based on ultra-long and stiff cylindrical micelles. Moreover, it proposes a new method to 

build up superstructures of micelles and investigates their potential applications, such as 

patterning cells and programming stimuli-responsive hydrogels. The outline of this thesis is 

listed following: 
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Chapter 2 presents a new kind of micellar hydrogel systems, which are formed by physically 

or chemically cross-linked glassy fibril micelles. We investigated the gelation process in both 

situations and analysed the corresponding evolution of microstructures. The mechanisms of 

gelation are discussed. 

Chapter 3 describes a hybrid approach combining guided de-wetting, transfer-printing and 

thermal welding techniques for fabrication of two dimensional supermicelle networks. 

Chapter 4 demonstrates a new micellar platform is capable of controlling cell alignment and 

gives an insight to how the area density of fibril micelles affects the elongation and 

orientation of cells. Furthermore, the cellular response to competitive guidance is briefly 

studied here. 

Chapter 5 represents a novel approach that combines the self-assembly of block copolymers 

and lithographic methods for construction of some new soft devices, such as “soft concrete” 

and “fishnet”. We demonstrate that a single layer of supramolecular assemblies is capable of 

controlling the stimuli-responsive behaviour of hydrogels. 
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Abstract 

While the formation of (tri-)block copolymer hydrogels has been extensively investigated, 

such studies mostly focused on equilibrium self-assembling whereas the use of pre-formed 

structures as building blocks such as out of equilibrium, quenched, nanofibrillar micelles is 

still a challenge. Here, we demonstrate that quenched, ultralong polystyrene-b-

poly(ethylene oxide) (PS-b-PEO) micelles can be used as robust precursors of hydrogels. Two 

crosslinking strategies, i) thermal fusion of micellar cores and ii) chemical crosslinking of pre-

formed micellar coronas were studied. The gelation process and the structure of the micellar 

networks were investigated by in-situ rheological measurements, confocal microscopy and 

transmission electron microscopy. Direct observation of core fusion of pre-formed quenched 

micelles is provided validating this method as a robust gelation route. Using time sweep 

rheological experiments, it was found for both crosslinking methods that these 3D “mikado” 

gels are formed in three different stages, containing (1) initiation, (2) transition (growth) and 

(3) stabilization regimes. 
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2.1. Introduction 

Hydrogels, as an important class of soft materials, are usually composed of entrapped 

dispersion medium (aqueous phase) and three-dimensional networks of dispersed matter, 

which are formed by either chemical crosslinks or physical associations of hydrophilic 

polymers or supramolecular assemblies. In the first case, the prototypical hydrogels are 

derived from small molecular precursors (including monomers and crosslinkers) that are 

covalently bonded together to form a three dimension network[1], such as the classical 

polyacrylamide hydrogel[2]. In contrast, physically crosslinked hydrogels are formed by 

various physical associative interactions, including hydrogen bond[3], ionic complexation[4], 

hydrophobic interaction and topological entanglements[5] etc., between the building blocks. 

Among this kind of hydrogels, micellar hydrogels, in which the build blocks are micelles, have 

attracted increasing attention recently[6-17]. 

In general, two main categories of micellar hydrogels can be classified based on the 

materials used. One is formed by conventional small molecular surfactants, while the other 

one is constructed by block copolymers which can self-assemble into a variety of 

morphologies[18], including spherical micelles, vesicles, worm-like (or fibril) micelles and 

other complex nanostructures[19-25]. Compared to conventional surfactants, micellar 

systems formed by block copolymers exhibit higher stability and easier functionalization 

properties, offering more design flexibility and broad range of applications. Depending on 

the structure of block copolymer micelles, a variety of micellar hydrogels can be formed. For 

example, a fast multi-responsive micellar gel was formed by well-defined packing spherical 

micelles into an ordered structure[17]. Nanofibrillar micellar hydrogels were first reported 

by Bates and co-workers, which were constructed by core crosslinked wormlike micelles[7, 

8]. Using a new strategy, called polymerization induced self-assembly, Armes et al. 

successfully prepared soft worm gels[15, 16, 26]. Although many studies have been carried 

out for micellar hydrogels, it is still a challenge to prepare micellar hydrogels with non-

equilibrium, nano-fibrillar micelles, which can mimic or at least exhibit similar morphology 

and (non-linear) mechanical properties as the filamentous extracellular matrix. 

In the present work, we report a new kind of nano-fibrillar micellar hydrogels formed by 

either thermal crosslinking of glassy cores or chemical inter-corona crosslinking of very long, 

rod-like quenched micelles. Briefly, either a gel was formed by formation of physical 

junctions between adjacent micelles via increasing temperature above the glass transition 

temperature of the polystyrene (PS) micelle core, or by chemical cross-linkages between 

methacrylate functionalized poly(ethylene oxide) (PEO) chains forming the micellar corona. 

In this case, photo-crosslinking was used to control the reaction (Figure 2.1). The gelation 

process as a function of micelle concentration and time was studied by rheology and the 
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corresponding micro-structures were examined by confocal microscopy and transmission 

electron microscopy. The critical gelation concentration (CGC) for physically (core) and 

chemically (corona) crosslinked gels were found to be around 5.84 mg/ml and 1.00 mg/ml, 

respectively. Below CGC, instead of forming micellar gels, agglomerates of micelles were 

formed. 

 

Figure 2.1. Schematics of physically and chemically crosslinked micellar gels formed by non-

equilibrium glassy micelles of block copolymers. 

2.2. Results and Discussion 

2.2.1. Formation of wormlike micelles 

Figures 2.2a and 2.2b display the morphologies of pristine PS-b-PEO micelles and 10% PS-b-

PEO-MA functionalized micelles, respectively. Both of them displayed the fibrous structures, 

whose lengths are in the micro-scale range with diameters in nano-scale range (Figure 2.2c 

and 2.2d). Although 10 wt% methacrylated PS-b-PEO was doped into micelles, no significant 

difference between pristine PS-b-PEO micelles and 10% PS-b-PEO-MA micelles can be 

observed in fibril structure or in their diameters (around 40 nm). Nevertheless, compared to 

PS-b-PEO-MA decorated micelles, it seems that original PS-b-PEO micelles exhibit much 

longer contour length (as shown in Figure 2.2e). These results indicate that adding 10% PS-b-
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PEO-MA for the formation of micelles may influence the out of equilibrium assembly 

behaviour of PS-b-PEO. 

 

Figure 2.2. Confocal microscopy images of nano-fbirous micelles formed by self-assembly of PS-b-

PEO (a) without PS-b-PEO-MA and (b) with 10 wt% PS-b-PEO-MA. TEM images of micelles formed by 

PS-b-PEO (c) without and (d) with 10 wt% PS-b-PEO-MA. The inset image shows the magnification of 

red dash circle area. (e) Statistical contour length histograms of micelles formed by PS-b-PEO without 

and with PS-b-PEO-MA. Scale bars: 20 µm in (a) and (b), 500 nm in (c) and (d), 200 nm in inset image 

of (c). 

To reveal the effect of PS-b-PEO-MA on assembling behaviour, a series of PS-b-PEO-MA 

micelles was investigated. As shown in Figure 2.3, fibrillar micelle structures can be formed 

in all range of PS-b-PEO-MA percentages (From 0% to 100%). However, agglomerates were 
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also formed with increasing the amount of PS-b-PEO-MA. Especially in the case of using pure 

PS-b-PEO-MA to prepare micelles, single wormlike micelles can be barely observed and the 

micelles tend to aggregate together forming clusters (Figure 2.3d). According to basic 

principles of block copolymer self-assembly, it is well known that the morphologies of 

assemblies depend on the intrinsic ratio between hydrophobic and hydrophilic part, which 

can be roughly represented by a geometrical factor, packing parameter[27]. 

P=Vc/a0lc       (1) 

where Vc is the volume of the hydrophobic chain, a0 is the area of the hydrophilic head and lc 

is the length of the hydrophobic chain. Owning to the hydrophobic nature of methacrylate 

group in PS-b-PEO-MA, the packing parameter of the original PS-b-PEO was probably 

changed. Compared to PS-b-PEO, the ratio between hydrophobic and hydrophilic parts of 

PS-b-PEO-MA was increased, resulting in the transition of aggregate morphologies. As shown 

in Figure 2.3, some agglomerates were formed when the fraction of PS-b-PEO-MA was 

increased to 20%. The possible reason is that hydrophobic heads (MA) diminishes the 

expansion of the corona chains, leading to a less effective shield of hydrophobic PS subunits. 

Then, PS blocks have more tendencies to aggregate via hydrophobic interactions and switch 

the morphologies. It is similar to self-assembly as controlled by regulating the corona 

volume[28]. 

 

Figure 2.3. Confocal microscopy images of fibril micelles formed by self-assembly of PS-b-PEO with (a) 

20 wt%, (b) 40 wt%, (c) 60 wt%, (d) 100 wt% of PS-b-PEO-MA. The inset shows the agglomerates 

formed in case of 100 wt% of PS-b-PEO-MA. All scale bars: 20 µm. 
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Moreover, Figure 2.2e illustrates the effect of MA groups on the contour length of micelles. 

It can be clearly seen that after introducing PS-b-PEO-MA, the average length of wormlike 

micelles reduced from around 100 µm to 30 µm. This indicates that hydrophobic MA groups 

give rise to the formation of shorter fibril micelles as a result of corona volume effect. In 

order to generate the micellar hydrogels based on the glassy nanofibrillar micelles, we need 

to choose the system which not only maintains the fibril structure but also contains some 

crosslinkable groups in the corona part. Based on the above results, the system of 10% PS-b-

PEO-MA micelles was chosen as the basis for the study of chemically crosslinked micellar 

hydrogels. 

2.2.2. Physically crosslinked micellar hydrogels 

For pure PS-b-PEO micelles, we note that these fibril micelles exhibit an aspect ratio of 

around 2000~3000, which can be called “ultra-long” micelles as compared to the literature. 

In such case, it is to be expected that the topological interactions, entanglements or liquid 

crystalline like interactions between them could easily be built in mildly concentrated 

solutions, forming a highly viscous gel-like solution[29]. To learn more about such effects, 

micellar solutions with different concentrations were prepared. As shown in Figure S3, with 

increasing concentration of micelles, micellar solutions became more turbid while the 

viscosity increased (indicated by the meniscus edge of micellar solutions). A gel state was 

even observed as the concentration of micelles is up to 140 mg/ml, indicating that gelation 

of these ultra-long micelles can spontaneously occur in certain concentration. 

 

Figure 2.4. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 

25 °C: (a) 11.67 mg/ml, (b) 23.34 mg/ml and (c) 35.00 mg/ml. 

Rheological properties of these micellar solutions were further investigated. As shown in 

Figure S4 and Figure 2.4, micellar solutions with relative low concentrations (<11.67 mg/ml) 

exhibit very weak viscoelastic properties and the effect of geometry inertia and compliance 

is unneglectable, resulting in appreciable noise. High concentration samples show that 

viscoelastic properties of micellar solutions change from predominantly viscous (Figure 2.4a) 

to highly elastic (Figure 2.4b). A weak gel state, in which G’ and G” became almost frequency 

independent, was observed at 23.34 mg/ml and 35.00 mg/ml of micellar solutions. The 
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reason behind this could be that increasing micelle concentration facilitate the formation of 

“entanglements” between these ultra-long micelles, yielding a gel network. Surprisingly, an 

interesting structure, micellar knot (Figure S5), was observed in air dried condition. This fact 

supports our assumption of micelle “entanglements” and explains that more inter-worm 

entanglements can be formed at the high concentration (140 mg/ml), resulting in the 

apparent fibrillary gel-like structure[30, 31]. 

Nevertheless, from the low values of G’ (around 2.0 Pa) at 35.00 mg/ml concentration, we 

know that this kind of weak gel formed by micelle entanglements is not stable. To improve 

their mechanical properties and form more stable micellar gels, we, herein, proposed to 

increase the temperature of micellar solutions, leading to the formation of more stable 

crosslinks between micelles. As shown in Figure S6, gel formation of a micellar solution 

(35.00 mg/ml) can be observed at 70°C. For further investigation, a real-time rheological 

technique was employed to monitor the gelation process. Figure 2.5 shows that G’ started 

increasing around 70 °C, which agrees with the range of glass transition temperature of 

polystyrene block in PS-b-PEO (Figure S2). Moreover, due to the temperature dependent 

dehydration behaviour of PEO corona, increasing temperature is favourable to form links 

between neighbouring micelles. Shikata et al.[32] have reported that with increasing 

temperature, the hydration number per ethylene oxide monomer unit decrease gradually 

and change from 4 to 2 at 70°C. In such way, PS-b-PEO ultra-long fibril micelles became less 

soluble in aqueous solution at high temperature, resulting in the partial collapse of the PEO 

corona and more interactions between micelles. Eventually, more bundling and crosslinks 

were formed to build up a micellar network. 

 

Figure 2.5. Storage moduli G’ and loss moduli G” of PS-b-PEO fibril micellar solutions with different 

concentrations as a function of temperature during heating-cooling cycle. (a) 11.67 mg/ml, (b) 23.34 

mg/ml, (c) 35.00 mg/ml. The red and blue arrows indicate the heating and cooling process, 

respectively. 

Compared with noisy signal in low concentration (Figure S7), an increasing tendency of G’ 

and G” was clearly observed with increasing temperature (Figure 2.5) indicating that more 

cross-linkages were formed at high concentrations (≥ 11.67 mg/ml). During the cooling 
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process, three stages were observed in all cases. At high concentrations (≥ 11.67 mg/ml), G’ 

and G” first decreased slightly till around 80°C and then increased to a plateau. However, in 

case of low concentrations (≤ 1.61 mg/ml), G’ and G” first increased slowly before about 

80°C and then climbed fast to reach an apex, followed by a decline. This difference can be 

explained by the formation of micellar network at high concentrations while it is difficult to 

construct a network at low concentrations. We noticed that in the case of 5.84 mg/ml, the 

tendency of G’ combines the former two situations, namely, G’ increased slowly at the 

beginning and then climbed to a plateau (Figure S7c). This implies that 5.84 mg/ml could be 

the critical gelation concentration (CGC), above which the micellar gels can be formed after 

heating-cooling cycle. 

 

Figure 2.6. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 

90 °C: (a) 11.67 mg/ml, (b) 23.34 mg/ml and 35.00 mg/ml. 

We also investigated further the rheology properties of micellar solutions at 90°C. For high 

concentrations (≥ 11.67 mg/ml), G’ and G” exhibited a frequency dependence as compared 

to that obtained at 25°C, before heating. The elastic properties dominate over the viscous 

properties (Figure 2.6). In contrast, the viscoelastic behaviour was found at low 

concentrations (Figure S8), which is similar to that obtained before heating. According to the 

crossover of G’ and G”, the characteristic relaxation time can be estimated through the 

following equation [10] 

τ = 1 (2πf)⁄       (2) 

where f is the frequency at the crossover point. The estimated τ of micellar solutions with 

high concentrations (≥ 11.67 mg/ml) at 90°C is of order of second. These weak physical gels 

can be referred to as “soft gels”[33, 34], which are characterized as a solution of cylindrical 

micelles of sufficient length and very long relaxation times (~ seconds) responsible for an 

elastic response to an oscillatory stress. 
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Figure 2.7. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations 

after heating-cooling cycle: (a) 11.67 mg/ml, (b) 23.34 mg/ml and 35.00 mg/ml. 

 

Figure 2.8. Confocal microscopy images of micellar hydrogels with various concentrations: (a) 11.67 

mg/ml, (b) 23.34 mg/ml and 35.00 mg/ml. Scale bars: 20 µm. 

 

Figure 2.9. TEM images of micellar solution (35.00 mg/ml) after heating at 70°C for 30 min. 
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After cooling to room temperature (25°C), G’ and G” became more frequency independent 

(Figure 2.7) as a result of the formation of micellar networks. Meanwhile, a weak network 

state was observed at low concentrations (≤ 1.61 mg/ml) (Figure S9). As shown in Figure 2.8 

and Figure S10, the dense micellar networks were constructed at high concentrations while 

no obvious micelle clusters or networks were observed at low concentrations. This can be 

attributed to the higher concentration of micelles, forming crosslinks easier between 

micelles. To further understand these “crosslinks”, we used TEM to investigate the structure 

of these systems. As shown in Figure 2.9, micellar clusters were observed showing that the 

PS core of micelles were fused together at some positions to form these “crosslinks”, which 

is consistent with our previous findings[35]. Regarding the glassy nature of PS at room 

temperature, these crosslinks are more stable at 25°C than at 90°C. In other words, the 

micellar networks are stronger at room temperature as compared to that at higher 

temperatures (90°C), which is consistent with the rheological data. It also explained why the 

stable micellar gels can be formed after heating-cooling cycle while “soft gels” were 

observed at high temperature (90°C). The morphologies of cross-links observed in Figure 2.8 

differ drastically from what one expects from simple polymer gels and they resemble here to 

partially fused parallel cables. 

2.2.3. Chemically crosslinked micellar hydrogels 

According to the above results, we note that physically crosslinked micellar hydrogels are 

formed by the fusion (or “physical crosslinking”) of glassy PS cores between micelles. In 

comparison, we, herein, proposed to make the micellar gels with corona crosslinks followed 

by investigating the gelation process and corresponding properties. First, we functionalized 

block copolymer PS-b-PEO by coupling a methacrylate group to the end of the PEO block, 

yielding PS-b-PEO-MA. After incorporating PS-b-PEO-MA into micelles during assembling of 

block copolymers, the micelles with methacrylate terminal groups in the end of corona part 

were formed. Then, these functionalized micelles can be crosslinked via neighbouring groups. 

To study the gelation behaviour of these micelles (10% PS-b-PEO-MA), we first simply 

investigated the effect of micelle concentrations on the formation of gels. As shown in Figure 

S11, micellar gels were formed above the concentration of 1.0 mg/ml. With increasing 

micelle concentrations, the gels became more and more turbid. Although a decrease of 

micelle average length was observed after adding PS-b-PEO-MA (Figure 2.2e), CGC of 

functionalized micelles is much lower than that of pristine micelles. This may be caused by 

an easier chemical crosslinking between micelle coronas. To further study the dependence 

of gel formation of methacrylated micelles on the concentrations, the microstructures of 

gels or sols formed after crosslinking were investigated. As shown in Figure 2.10, 3D micellar 

networks were built up above concentration of 1.00 mg/ml while agglomerates were formed 
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at low concentrations (0.90 mg/ml). Increasing micelle concentration also increase the 

possibility for connecting adjacent micelles or clusters. Compared to samples of 0.90 mg/ml 

(Figure 2.10a and 2.10b), it can be clearly seen that many clusters were connected with 

micelles at concentration of 23.34 mg/ml (Figure 2.10f), indicating that at higher micelle 

concentrations, denser micellar networks were formed. 

 

Figure 2.10. Confocal microscopy images of micellar networks at various concentrations of block 

copolymers: (a) 0.90 mg/ml; (c) 1.00 mg/ml; (d) 5.84 mg/ml; (e) 11.60 mg/ml; (f) 23.30 mg/ml. (b) 

magnified image of agglomerate at bottom left of (a). Scale bars: 20 µm. 

To shed light on the gelation process of this new type of glassy micellar gels, the shear 

storage moduli G’ and loss moduli G” were recorded during the cross-linking process. Figure 

2.11 shows the time dependence of G’ and G” for different copolymer concentrations. Take 

the sample of 35.00 mg/ml concentration as an example, it can be observed that after a 

certain induction period, the storage modulus rises from around 10 Pa toward a long-time 

asymptote around 7000 Pa. The loss modulus G” exhibits a similar behaviour and also has 

three different regions, which can be defined as: (1) an initiation period where G’ and G” are 

very small and similar, (2) a sol-gel transition period where G’ and G” increase rapidly, (3) a 

plateau period where G’ and G” slightly increase to reach a plateau value.  
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Figure 2.11. Time dependence of storage moduli G’ and loss moduli G” during photo cross-linking 

reaction of 10% PS-b-PEO-MA micelles for different copolymer concentrations: (a) 11.67 mg/ml, (b) 

23.34 mg/ml and 35.00 mg/ml. 

Here, it can be observed that G’ and G” increased with increasing concentration of micelles, 

which agrees with the results of physically crosslinked micellar gels. It is interesting to note 

that the initiation time, which is defined as the time used for the first induction plateau in G’ 

curve, also increased (from ~115s to ~209s) with increasing concentration of micelles (from 

11.67 mg/ml to 35.00 mg/ml). As the concentrations of micelles increased, it became easier 

for micelles to “encounter” and then bond with each other, especially at low concentrations. 

However, as the concentration increased further, more micellar entanglements are formed 

resulting in the physical micellar networks. In such situation, the contribution of micellar 

networks formed by chemically crosslinking is eclipsed at the beginning stage of crosslinking 

process. It requires more time to build chemically crosslinked networks, which have more 

crosslinks and larger modulus than that of the entangled ones, to eventually dominate the 

network properties at high concentrations. For example, a pronounced initial plateau in G’ 

and G” was clearly observed with G’ larger than G” in magnitude (Figure 2.11c). This suggests 

that physical networks of fibril micelles were formed before the reaction, which is consistent 

with our former results and is also similar to other systems such as cellulose microfibrils 

reinforced hydrogels[36].Meanwhile, the higher concentration of micelles leads to lower 

diffusion rate of micelles, resulting in more time required for micelles to “encounter” with 

each other and to further crosslink. 

As a result of further chemical crosslinking, more stable networks were constructed leading 

to the fast increment of G’ until a second plateau is reached. If we associate the slope of the 

G’ curve with time in the sol-gel transition period as a growth rate of the gel network, it can 

be seen that the growth rate increases for higher concentrations. This can be explained by 

that higher concentration of functional crosslinking groups in micellar solutions give rise to 

increase the rate of crosslinking reaction. 
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Figure 2.12. Plots of G’ (filled symbols) and G” (open symbols) as a function of frequency measured 

for micellar solutions with various concentrations after crosslinking. 

In order to quantify the status of cured solutions, frequency sweep was performed after 

crosslinking. Figures 2.12 show the G’ and G” as a function of frequency at various 

concentrations. After crosslinking, no significant crossover of G’ and G” was obtained for all 

concentrations, even in lower concentrations (Figure S13). Storage modulus G’ is always 

larger than loss modulus G” over the measured frequency range, indicating the formation of 

a gel network. The structures of cured micellar solutions were rationalized by using a scaling 

approach as it is  known that the storage modulus follows a power law near the gel point. 

However, when we associate a power law dependence, G’~ωn, to various concentrations of 

micelles, weak exponents were found. The extracted exponent, n, is around 0.07 (Figure 

2.13). It is however, not very far from the weak power-law behaviour (G’~ω0.17) behave as 

soft glassy materials [37, 38]. According to the theory of glassy wormlike chain model 

(GMLC)[39], instead of appearing flat, the “plateau” region shows an increase tendency in a 

weak power law. This could explain the weak frequency dependence observed for the 

micellar gel formed after crosslinking. Note, however, that a low value of exponent (n<0.2) 

was also reported before for thermoplastic elastomers gelled with physical crosslinking[40]. 
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Figure 2.13. The power-law exponent n as a function of micelle concentration. 

 

Figure 2.14. Plots of G’ (filled symbols) and G” (open symbols) as a function of strain measured for 

micellar solutions with various concentrations after crosslinking. 

As shown in Figure 14, G’ and G” were measured as a function of increasing strain amplitude. 

G’ remains constant over the range of low strains. When the concentration of micelles is 

above CGC, the critical strain of the linear region seems to decrease with increasing 

concentration of micelles probably because higher micelle concentrations lead to higher 

crosslinking degrees of micellar networks, resulting in denser and less flexible micellar gels. 

However, for lower concentrations (below CGC), the value is much smaller as no large 

network of micelles was formed (Figure S14), which is consistent with the observed 

microstructures (Figure 2.10). 
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2.3. Conclusion 

In the present work, we used for the first time a glassy, ultra-long, nanofibrillar micelles of 

block copolymers to form micellar hydrogels by two different strategies: physical and 

chemical crosslinking. Physical crosslinking was obtained by a heating and cooling cycle of 

previously formed ultra-long micellar solutions with glassy polystyrene cores which were 

shown to partially fuse. Chemical crosslinking was obtained via modification of the corona 

outer monomer allowing for the formation of covalent bonds under UV irradiation. The 

gelation processes as function of micelle concentrations were investigated by using an in-situ 

rheological method. At low concentrations, instead of forming micellar gels, micelle 

agglomerates were formed. The CGC for physically and chemically crosslinked gels were 

found to be around 5.84 mg/ml and 1.00 mg/ml, respectively. Both gelation processes show 

three regions, including (1) initiation, (2) sol-gel transition, and (3) a plateau region, and the 

storage modulus G’ increased with increasing micelle concentrations. When a frequency 

dependent scaling law was used to describe G’ for these glassy micellar systems with 

chemical crosslinks, a weak power-law behaviour was observed (exponent is around 0.07), 

which is similar to that of living cells. 

2.4. Experimental section 

2.4.1. Materials 

Diblock copolymer, polystyrene-b-polyethylene oxide (PS-b-PEO), having an –OH terminal 

group in PEO block was purchased from Polymer Source, Inc. (Canada). Polydispersity index 

of PS-b-PEO is 1.09 and the molecular weights of PS and PEO blocks are 16.0 kg/mol and 7.5 

kg/mol, respectively. The dye used for visualization of micelles in confocal microscopy was 

1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI), which was 

purchased from Sigma-Aldrich and has excitation maxima at 549 nm. Triethylamine (Et3N), 

methacryloyl chloride (MAC), ethanol, anhydrous chloroform, anhydrous hexane and 

anhydrous tetrahydrofuran (THF) were also purchased from Sigma-Aldrich. All chemicals 

were used as received without further purification. 

2.4.2. Modification of PS-b-PEO 

A typical protocol for the modification of PS-b-PEO is as follows: PS-b-PEO (0.5 g, 0.02 mmol) 

was fully dissolved in 50 mL of THF and Et3N (1.25 mL, 13 mmol) was then added under 

vigorous stirring at room temperature. After purging the mixture with N2 for 10 min, MAC 

(1.25 mL, 13 mmol) was dripping into the reaction solution under cooling of ice bath. 

Subsequently, the reaction was continued under stirring for 24h at 25°C to substitute 

terminal alcohol of PS-b-PEO by methacryloyl (MA) group. After reaction, the resulting 
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solution was centrifuged at 10000 rpm for 15 min and decanted to remove the formed 

trimethylamine hydrochloride salts. To ensure most salts were mostly removed before 

precipitation, the centrifugation step was repeated several times. Then, block copolymers 

were precipitated in hexane and washed with ethanol thoroughly, followed by drying in 

vacuum oven at 50°C for 2 days. Methacryloyl terminal functionalized PS-b-PEO block 

copolymers were denoted with “MA”, PS-b-PEO-MA. 1H NMR spectroscopy indicated the 

successful modification. 

2.4.3. Preparation of nano-fibrous micelles and micellar gels 

Block copolymer micelles were prepared using an evaporation-induced self-assembly 

method, which you can find elsewhere[35, 41]. Briefly, block copolymers were completely 

dissolved in chloroform to make the stock solutions with concentration of 10 mg/ml. To 

prepare the micelles with MA groups, PS-b-PEO-MA was mixed with PS-b-PEO at certain 

weight percentages and the corresponding samples were labelled as PS-b-PEO-MA micelles. 

For example, the micelle sample prepared with 10% PS-b-PEO-MA and 90% PS-b-PEO was 

named as 10% PS-b-PEO-MA micelles. To visualise the micelles with confocal laser scanning 

microscopy after their formation, 0.02 wt% of the fluorescent dye, Dil, was added. 

Subsequently, 100 µl of these stock solutions with Dil were injected into a 20 mL vial 

containing 2.3 mL of MilliQ water and stirred until chloroform was completely evaporated. 

Then, the resulting solutions containing micelles were collected. The micellar solutions with 

higher concentrations were prepared by concentrating the micelles with centrifugal filters 

(Centriprep centrifugal filter unit with Ultracel-30 membrane, Merck Millipore BV, The 

Netherlands). For physically crosslinked micellar hydrogels, pristine PS-b-PEO micellar 

solutions were treated with a heating-cooling cycle. To make chemically crosslinked micellar 

hydrogels, the water soluble photo initiator, lithium phenyl-2,4,6-trimethyl-

benzoyphosphinate (LAP), was added to the functionalized micellar solutions leading to a 

concentration of LAP of 1 mg/ml. Then, micellar solutions with various concentrations were 

crosslinked under UV light for 10 min to form micellar gels. 

2.4.4. Characterization 

1H NMR (CDCl3) spectra were recorded using a 400 MHz Agilent 400-MR spectrometer (128 

scans averaged per spectrum). The micelles and micellar gels were visualized using a laser 

scanning confocal microscope (LSM 710, Carl Zeiss Microscopy GmbH, Germany) with a Fluar 

40×/1.30 oil M27 objective lens. To measure the length of cylinder micelles, software Image 

J was employed for analysis of confocal images of micelles deposited on glass slides. More 

than 500 micelles were measured for each sample. The resulting cylindrical micellar 

morphologies were also investigated by atomic force microscopy (AFM) in tapping mode and 
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transmission electron microscopy (TEM), which was performed by using a JEOL JEM-1400 

electron microscope at 120 kV. 

Rheological measurements were carried out using an AR-G2 rheometer (TA instruments) 

equipped with a Peltier plate for temperature control. In order to prevent the effect of water 

evaporation on gelation process, a solvent trap was used. Both physically and chemically 

crosslinking process were monitored with a parallel-plate geometry. A steel plate with 40 

mm diameter was employed in the former case, while an quartz plate with 50 mm diameter 

and a home-make UV light source fixed on the bottom of motor shell was used for 

chemically crosslinked case (Figure S1). For all rheological experiments, 0.4 mL of micellar 

solutions (with LAP in chemically crosslinked cases) was placed on the Peltier plate and then 

the upper plate was set at a desired gap to make sure it was fully filled with micellar solution. 

Then, for the physical case, a temperature ramp was conducted at frequency of 1 Hz and 

0.05% strain. The temperature increased from 25°C to 90°C and then decreased to 25°C at a 

speed of 1 °C/min. Frequency sweep (0.05% strain) was performed before heating (25°C), in 

heating (90°C) and after cooling (25°C), followed by strain sweep (frequency 1 Hz). For the 

chemical case, time sweep was conducted at frequency of 1Hz and strain of 0.05% for 90 

min under UV irradiation, followed by frequency sweep (0.05% strain) and strain sweep 

(frequency 1 Hz). The 0.05% strain was selected to ensure that measurements were 

performed in the linear deformation region. 

Differential scanning calorimetry (DSC) analysis of block copolymer PS-b-PEO was conducted 

on a PerkinElmer Thermal Analysis instrument. PS-b-PEO (~11mg) was carefully loaded into 

pre-weighted aluminum pans with a cap. A heating rate of 10°C/min was used to obtain DSC 

thermograms with an empty pan as reference. (Figure S2) For the thermal studies, the 

samples were heated in a water bath, following by equilibration of 30min at target 

temperature. Then, tubes were tilted to investigate the sol-gel transition behaviour. 
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2.6. Appendix  

 

Figure S1. Home-made UV light source installed in rheometer. 

 

Figure S2. Differential scanning calorimetry thermograms of PS16k-b-PEO7.5k diblock copolymers. 

The heating rate was 10.00°C/min. The inset is the amplification of the marked area in the main 

curve. 
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Figure S3. Photographs of PS-b-PEO micellar solutions with different concentrations. With increasing 

the concentration of micelles, the solutions became more viscous and the 140.00 mg/ml sample 

passed the tube inversion test showing a characteristic gel behaviour. Note the pink colour in 140.00 

mg/ml sample was caused by the increased concentration of dye encapsulated in micelles. 

 

Figure S4. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 

25 °C. 
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Figure S5. AFM image of PS-b-PEO micelle knot. 

 

Figure S6. Vial-titling test of 35.00 mg/ml micelles solution at different temperatures. 



38 
 

 

Figure S7. Storage moduli G’ and loss moduli G” of PS-b-PEO fibril micellar solutions with different 

concentrations as a function of temperature during heating-cooling cycle. (a) 0.22 mg/ml, (b) 1.61 

mg/ml, (c) 5.84 mg/ml. The red and blue arrows indicate the heating and cooling process, 

respectively. 

 

Figure S8. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 

90 °C: (a) 0.22 mg/ml, (b) 1.61 mg/ml, (c) 5.84 mg/ml. 

 

Figure S9. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations after 

heating-cooling cycle: (a) 0.22 mg/ml, (b) 1.61 mg/ml, (c) 5.84 mg/ml. 
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Figure S10. Confocal microscopy images of micellar hydrogels with various concentrations: (a) 0.22 

mg/ml, (b) 1.61 mg/ml, (c) 5.84 mg/ml. 

 

Figure S11. Optical image of micellar hydrogels formed at different concentrations of micelles. Note: 

as these micellar gels are very fragile, they can be easily broke into small pieces during transfer. The 

small pieces in image was caused by this. The cases of micellar solution crosslinked at the lower 

concentrations were not shown here as only solution of agglomerates was observed instead of gels. 

 

Figure S12. Time dependence of storage moduli G’ and loss moduli G” during photo cross-linking 

reaction of 10% PS-b-PEO-MA micelles for different copolymer concentrations: (a) 0.22 mg/ml, (b) 

1.61 mg/ml and (c) 5.84 mg/ml. 
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Figure S13. Plots of G’ (filled symbols) and G” (open symbols) as a function of frequency measured 

for micellar solutions with various concentrations after crosslinking. 

 

Figure S14. Plots of G’ (filled symbols) and G” (open symbols) as a function of strain measured for 

micellar solutions with various concentrations after crosslinking. 
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Abstract 

A novel and facile approach to fabricate well-organized macroscopic 2D networks of 

cylindrical micelles is reported, based on transfer printing and thermal welding of aligned 

supramolecular micelles of block copolymers. This versatile approach provides a new 

strategy for fabricating functional 2D superstructures with a higher level of order. 
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3.1. Introduction 

The controlled fabrication of ordered macroscopic structures from supramolecular 

assemblies has drawn much attention due to their wide-ranging applications, such as in 

tissue engineering[1] and electronics[2]. While amphiphilic block copolymers (BCPs) can self-

assemble into various nano-structures, including spheres, cylinders, vesicles and other 

morphologies, by simply controlling block length ratio, solvent, concentration and 

temperature,[3, 4] more complex and higher-level structures were recently reported, 

broadening the range of hierarchical materials based on BCPs micelles and their advanced 

applications. For instance, Spatz and Mӧller et al.[5-8] combined the self-assembly of BCPs 

with conventional lithography methods, namely block copolymer micelle nanolithography 

(BCMN), to control and guide organization of spherical micelles on flat surfaces. Cohen et 

al.[9] created patterned carbon nanotubes by microcontact printing of block copolymer 

micellar thin films. Manners et al. recently reported some interesting structures, such as “I”-

shaped, “windmill” or “cross” supermicelles,[10, 11] formed by the programmed assembly of 

cylindrical comicelles with crystalline cores. However, a simple method for the fabrication of 

complex and artificial supermicelle structures, such as a fishnet, is still a challenge. Herein, 

we present a novel and facile method for the preparation of such two dimensional (2D) 

supermicelle networks, that is based on a combination of guided de-wetting, transfer-

printing and thermal welding of ultralong, out of equilibrium BCPs micelles. The flexibility of 

stamp fabrication, wetting and micelles printing involved in this approach shows its 

simplicity and potential for fabrication of new functional superstructures with controlled size 

and shape. 

3.2. Results and Discussion 

The fabrication process of a 2D supermicelle networks is schematically illustrated in Figure 

3.1. First, poly(dimethylsiloxane) (PDMS) stamps were prepared by casting and curing the 

polymer on a reverse Si-wafer template, which was fabricated by deep reactive ion etching 

technique.[17] The stamp consisted of an array of square micropillars with sizes of 

3.5×3.5×3.0μm (length×width×height) separated by 2.0μm (Figure S1). These dimensions 

were found to promote dewetting and alignment process of the micelles (See Table S1). 

Ultralong (~200μm) quenched cylindrical micelles with PEO corona and glassy polystyrene 

core were obtained as previously reported.[17] Subsequently, a micelle solution (20µL) of 

polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was deposited on the edge area of the stamp 

pattern. An optical lens tissue was employed to drag the micelle solution to guide the de-

wetting process on PDMS stamp (Figure 3.1b). As the micellar solution moves over the pillar 

tops, air trapped in between the pillars provides a continuous interface at the pillar top while 

pillars act as wetting defects to hold the drop receding contact line locally, leading to the 
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suspension and ordering of micelles along pillar tops.[16, 17] As a result, an “inked” stamp 

with well-aligned micelle arrays on micropillars tops was formed (as shown in Figure 3.1c). 

Next, the “inked” stamp was placed on the receiving substrate, such as glass cover slide, and 

mild pressure was applied to attain conformal contact. After slowly peeling the PDMS stamp 

off, the aligned micelles were released from the pillars of the stamp and transfer-printed 

onto the receiving substrate (Figure 3.1d). By repeating the former steps a-c, more fresh 

“inked” stamps can be prepared and used to print subsequent micelle layers on top of the 

former micelle arrays with a certain degree, such as 90°. As a result, a grid that consists of 

layered orthogonal micelle arrays was formed (Figure 3.1e). Upon heat treatment, a 2D 

network of supermicelles was built through a simple thermal welding process at the 

junctions (Figure 3.1f). 

 

Figure 3.1. Schematic illustration of the fabrication process of 2D supermicelle network: (a) 

Preparation of PDMS stamp; (b) Aligned cylinder micelles on PDMS stamp by guided de-wetting 

technology; (c) “Inked” stamp; (d) Transfer printing of aligned micelles onto the target substrate; (e) 

2nd Transfer printing with another “inked” stamp perpendicular to 1st array; (f) Thermal welding of 

the printed two layers of micelles. 

In this approach, the alignment and printing of micelles is crucial in the formation of 2D 

network. We previously reported the process of alignment while in this work we detail the 

process of printing.[17] For successful stepwise build-up of a 2D network, transfer printing 

after alignment is critical. To achieve a successful transfer, the work of adhesion at micelle-

substrate interface Wm-sub should be larger than that at the micelle-stamp interface Wm-st, 

i.e., Wm-sub > Wm-st.[18] Here, PDMS was used to prepare the stamp for transfer printing, 

which has a good chemical stability, high resolution moulding capability and conformable 
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nature. Its low surface energy (21.6 dynes/cm2) enables the reliable release during 

printing[19] while the viscoelastic behaviour of PDMS offers a kinetic manipulation of 

adhesion at the ink-stamp interface (velocity-dependent adhesion).[20] When the stamp 

was peeled off at slow rate (approximately 1 mm/s or slower), the micelles adhered 

preferentially onto the glass. In contrast, fast peeling velocity (approximately 10 cm/s or 

faster) results in the micelles left on PDMS stamp after printing. Laser scanning confocal 

microscopy images of the micelle arrays aligned on PDMS stamp before transfer and on glass 

surface after transfer are shown in Figure 3.2a and 3.2b, respectively. As indicated by the 

dash squares in Figure 3.2a, it can be seen that the micelles were well aligned on micropillars 

of PDMS stamp. 

  

Figure 3.2. Confocal microscopy images of aligned micelles before (a) and after (b) micelles transfer 

onto a glass slide. Note: The micelles were fluorescently labelled with Dil. The white dashed boxes in 

(a) stand for the outline of the PDMS micropillars. 

Subsequently, the aligned micelles can be efficiently printed onto a glass slide when the 

stamp was peeled off from the receiving substrate, at low velocity (around 1mm/s or slower). 

As shown in Figure 3.2b, nearly all the micelles were transferred to the glass surface with the 

identical alignment. The transfer process can be understood by comparing the estimated 

work of adhesion at the micelle-PDMS interface with that of the micelle-glass interface. 

Owing to the core-corona structure of micelles, we used PEO instead of the micelle to 

calculate the adhesion. The work of adhesion between micelle (PEO) and PDMS is WPDMS-PEO 

= 50.1 mN/m, which is smaller than that between glass and micelle (PEO) WGlass-PEO = 91.1 

mN/m (see Supporting Information). This is in agreement with our findings. The same 

printing procedure is also suitable for other substrates as long as the work of adhesion 

between micelle and substrate is larger than WPDMS-PEO, such as silicon wafer (WSilicon-PEO = 

83.8 mN/m), as shown in Figure S4. However, transfer printing failed on the substrates with 

extremely low surface energy, such as polytetrafluoroethylene (PTFE). The interfacial work 

of adhesion between PTFE and micelle (WPTFE-PEO) is 51.8 mN/m, which is comparable to 

WPDMS-PEO and results in the failure of transfer process (results not shown). 
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Figure 3.3. Multiple transfer printings of aligned micelles with different alignment angles. Images (a) 

and (b) correspond to an orthogonal double-layer; (c) and (d) to a double-layer forming 45°; (e) and (f) 

a triple-layer with 45° and 90° in relation to the first printed micelle array. 

In order to construct 2D micelle network, the same transfer printing process was applied 

several times on the same receiving substrate. As shown in Figure 3.3a and 3.3b, a grid 
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structure was obtained by printing the second layer perpendicularly to the first one. By 

simply changing the angle of the second printing, other alignments such as 45° can also be 

obtained (Figure 3.3c and 3.3d). A triple-layer structure was even formed by sequentially 

printing three layers of aligned micelles (Figure 3.3e and 3.3f), which shows the possibility to 

build more complex and multi-layered structures by combining various micelles with 

different materials and sizes. Here, we need to note that WPEO-PEO=85.8 mN/m is in the same 

order of magnitude as WGlass-PEO and therefore multiple layers of micelles do not significantly 

influence transfer printing efficiency. 

After the deposition of these 2D micelle grids, we applied temperature treatment to induce 

welding of the block copolymer micelles in order to form a non-covalent superstructure of 

micelles. This method offers a simple way to physically connect the micelles together 

without the need for a chemical reaction, as shown in Figure 3.1f. By increasing the 

temperature, the morphologies of micelles, especially in the junctions, exhibit changes as 

imaged by atomic force microscopy (AFM) (Figure 3.4a). It can be seen that at room 

temperature (25°C), micelles superimpose and the height of the junctions is around 94 nm 

(Figure S5a and S5b), in agreement with twice as the height of a single micelle (around 48 

nm) (Figure S5c and S5d). As the temperature increased, the orthogonally aligned micelles 

soften and fuse together at junctions. The height of junction points decreased from 94 nm to 

57 nm at 85°C, which is just above the observed glass transition temperature (80°C) of 

polystyrene core (Figure S6).[21] 

Figure 3.4b shows the heights of micelle junction and single aligned micelle on glass at 

different temperatures. When the temperature reached around 50°C, the height of micelle 

junction starts to reduce. From this plot, we can see that the height decrease of the junction 

is around 19 nm, which is about three times higher than what is observed for the decrease of 

a single micelle (around 6 nm). This corresponds to the melting process of PEO corona, 

which has a melting point of approximately 50°C (Figure S6). With further increase of the 

temperature, the height of junctions also decreased further. This was attributed to the 

softening of the thicker polystyrene (PS) core. As the temperature increased above 90°C, the 

height of junction reached an equilibrium state without any significant change, which is in 

agreement with the glass transition of PS (Figure S6). Upon cooling down to room 

temperature, the height of the micelles and junctions didn’t recover to the original value, 

showing indeed that irreversible thermal induced micelle fusion occurred generating a 

fishnet like higher-ordered superstructure. We noticed that the decrease of junction height 

(~37 nm) is larger than the twice the height decrease of a single micelle (~13 nm). It suggests 

that besides the thermal melting of each single micelle, the micelles also fused together at 

the junctions. Hence, during the whole thermal fusion process, there are two main stages 

involved: (1) melting process of PEO corona and (2) soften and fusion step of glassy PS core 
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when the temperature was above the glass transition temperature of PS. After thermal 

fusion, micelles were bound together and two-dimensional superstructures were formed 

(Figure S7). 

 

Figure 3.4. Thermal welding process of micelle network: (a) AFM images of 2D micelle network on 

glass substrate. AFM 3D scans of a micelle junction (dashed line) measured at 25°C before heating 

and at 85°C are shown on top right, respectively. (b) Height of the micellar junction and single 

micelles as a function of increasing temperature. The heights of single micelles plotted correspond to 

micelles aligned in vertical and horizontal directions in (a). The arrows in (b) indicate the heights 

measured after cooling to room temperature. 
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3.3. Conclusion 

In summary, we have introduced a novel and facile approach for the fabrication of 2D 

supermicelle networks. This new methodology utilizes the de-wetting alignment of ultralong 

(~200μm) cylindrical micelles followed by employment of multiple transfer-printing cycles, 

and enables the fabrication of finely patterned 2D micelle network on a solid substrate. It 

can be applied to the fabrication of macroscopic patterning of self-assembled monolayer 

with nanometer resolution using these micelle networks as templates. Moreover, micelle 

superstructures are generated after thermal welding which involves the melting of PEO 

corona and softening of glassy PS core. Due to the flexibility of stamp fabrication, wetting 

step, and printing direction, the mesh size and shape of these 2D networks could be easily 

controlled. This approach opens a new way to prepare new functional superstructures by 

using the functionalized micelles. Their potential applications in filtration, sensing and nano-

electronics can be envisaged. 

3.4. Experimental section 

3.4.1. Preparation of Ultralong micelles 

Amphiphilic block copolymer, polystyrene-b-polyethylene oxide (PS-b-PEO), with total 

molecular weight 23.5 kg mol-1 (16.0-7.5 kg mol-1, polydispersity index (PDI=1.09) was 

purchased from Polymer Source, Inc. and used without any further purification. 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil) was purchased from 

Sigma-Aldrich and used as the fluorescent dye for copolymer micelles. The detailed 

preparation of cylindrical micelles by evaporation-induced self-assembly method have been 

reported elsewhere.[12] By using this method, we can obtain the ultralong cylindrical 

micelles as shown in Figure S2. The micelle solutions with a concentration of 0.1 mg/ml were 

used throughout this study unless specifically noted. 

3.4.2. Fabrication of PDMS stamp 

First, a silicon template was made by the deep reactive ion etching technique. For preparing 

poly(dimethyl siloxane) (PDMS) stamp, prepolymers and curing agent (Sylgard 184, Dow 

Corning Co. Ltd.)  were mixed with a weight ratio of 10:1. The mixture was degassed under 

vacuum for 2h to eliminate the air bubbles inside and then poured onto the silicon wafer. 

Before baking at 68°C for 24h, the mixture with silicon wafer was degassed again for 0.5h to 

get rid of bubbles formed during pouring process. Then, the prepared PDMS stamp, which 

has a pattern of square pillars with sizes of 3.5×3.5×3.0μm (length×width×height, i.e. l×w×h) 

and 2.0μm of gaps (See Figure S1) was peeled off from silicon wafer and immersed in a bath 

of ethanol for 16h to remove unreacted compound and dried in the air.  
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Size and spacing of micropillars may affect the formation of air cushions and liquid bridges 

between the pillars during the passage of the drop on pillar tops (dewetting) and consequent 

deposition of aligned micelles. The protocol was tuned by using various pillar sizes and 

shapes as depicted in Table S1. Basically, for a fixed concentration of 0.1 mg/ml micelle 

solution, simply inspection of micelle alignment, branching and coverage of the stamps of 

various sizes and shapes, indicated which ones were suited for this study. 

Original choices for pillars sizes and shapes were, however, made with basis on previous 

studies that consider two competitive forces on the formation of liquid bridges between two 

adjacent pillars. [13] One is the capillary force, Fc, and the other one is the structural 

cohesive force, Fs, of non-Newtonian fluids. Following the previous study,[13] when the sizes 

of pillars and gaps are appropriate such that these two forces match each other, a good 

alignment of the micelles can be achieved during dewetting. Furthermore, squared pillars 

are shown to enhance or direct micelles stretching (Figure 2) as compared to circular ones 

(stamp 2).[14] 

3.4.3. Alignment of ultralong micelles 

20µl of micelles solution was deposited on the edge area of the stamp pattern. And then, by 

using a lens tissue to drag the micelles solution, the wetting process can be controlled 

resulting in the well-aligned micelles array on top of micro-pillars. After alignment, the 

stamp is called “inked stamp” in this study. The mechanism of this alignment is similar to 

Lee’s study [15, 16], in which DNA nanowire array was patterned on micropillar-structured 

surface. Here, we need to notice that the concentration of micelles plays an important role 

in the formation of micelle array during alignment process. As shown in Figure S3, with 

reducing the concentration of cylindrical micelle solution, a decrease in the density of 

micelles aligned on PDMS stamp was observed. 

3.4.4. Transfer printing of aligned micelles onto receiver substrate 

Following dewetting, visual inspection of the stamp was performed to ensure that no extra 

water droplet was present on the stamp and the micelles were then immediately transferred 

to glass without any further drying. The inked stamp was brought into contact with the 

receiving substrate, such as glass slide, and gently pressed to make sure that stamp was 

placed in conformal contact with the substrate. And then, the stamp was slowly peeled off 

to leave the micelle arrays on the receiver substrate. After printing the single layer of micelle 

arrays, the second layer of micelle arrays will be printed perpendicularly to the first one 

using the same protocol. 
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3.4.5. Characterization 

The patterns of PDMS stamps were investigated by scanning electron microscopy (JEOL, 

6010, Japan) at an accelerating voltage of 5.0kV.  

Confocal fluorescence imaging was performed using a Laser scanning confocal microscopy 

(LSM 710, Carl Zeiss Microscopy GmbH, Germany) with a Fluar 40×/1.30 oil M27 objective 

lens. The dye, Dil, was excited using a HeNe laser operating at 543nm. In order to measure 

the lengths of these ultralong micelles, a dilute micelle solution (0.01mg/ml) was drop-

casted onto a glass slide. After analysis of 500 micelles with software ImageJ, the distribution 

of micelle lengths can be obtained.  

For the observation and analysis of the micelles’ thermal fusion, atomic force microscopy 

(AFM) experiments were performed on an NT-MDT (NTEGRA) microscope with NT-MDT 

HA_NA tips (resonance frequency around 240kHz). The accessary, heating stage, was used to 

control the sample temperature during measurements. After printing, samples were left to 

dry in the air for at least 24h up to few weeks before heating process. Similar results were 

found in all cases. All the images were recorded in tapping mode in the air at different 

temperatures. Before measurements, the samples were equilibrated for 0.5h at each 

temperature. To obtain the micelle structure by AFM, 50μl micelle solution was placed on a 

small piece of silicon wafer, which was treated by plasma for 140s, followed by spin coating 

at 2000rpm. Then, tapping mode was used to measure the micelles in the air. 

Differential scanning calorimetry (DSC) analysis of PS-b-PEO was conducted on a PerkinElmer 

Thermal Analysis instrument. PS-b-PEO copolymer (~11mg) was carefully loaded into a 

preweighted aluminum pan with cap. A heating rate of 10°C/min was used to obtain DSC 

thermograms with an empty pan as reference. 
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3.6. Appendix 

  

Figure S1. Optical microscopy image and SEM image of PDMS stamp (3.5×3.5×3.0µm, l×w×h). 

 

 

Figure S2. Morphology and length distribution of micelles from a solution of concentration of 

0.1mg/mL as used throughout this study (unless specifically noted). (a) Confocal microscopy image of 

cylindrical micelles in solution; (b) AFM image of cylindrical micelles spin-coated on silicon wafer; (c) 

Statistical histograms of micelle contour length. Note that some bundling /branching is observed in 

some cases. 
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Table S1. list of PDMS stamps with other different shapes and sizes used for micelle alignment 

Note: All the experiments were performed with 0.1mg/ml micelle solution 

Stamp No. 
Shape and sizes (l×w×h or 

d×h, gap, μm) 
Confocal image of aligned micelles 

1 Square, 1.5×1.5×3.0, 1.0 

 

2 Circle, 5.0×3.0, 3.0 

 

3 Square, 10.0×10.0×3.0, 3.0 
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4 Circle, 10.0×3.0, 3.0 

 

5 Square, 20.0×20.0×3.0, 4.0 

 

6 Circle, 20.0×3.0, 4.0 
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Figure S3. The effect of micellar concentration on spacing of micelles. Confocal images of micelles 

aligned on PDMS stamp (l×w×h: 3.5×3.5×3.0µm, gap: 2.0µm). Concentrations used: (a) 0.1mg/ml; (b) 

0.05mg/ml; (c) 0.01mg/ml. 

  

Figure S4. AFM images of transfer printed (a) micelles and (b) micelle network on silicon wafer. 
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Figure S5. AFM images and corresponding height curves of (a, b) micelles junction measured at 25°C; 

(c, d) single micelle measure at 25°C. 

 

Figure S6. Differential scanning calorimetry thermograms of PS-b-PEO. The heating rate was 

10.00°C/min. The inset is the amplification of the marked area in the main curve. 
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Figure S7. AFM image of 2D micelle network after thermal welding and cooling. 

 

Figure S8. Confocal microscopy image of 2D micelle network after thermal welding and cooling 

illustrating that after heating process, the fluorescing dye partially leaked out from the micelles 

leading to a decrease of light intensity of the network. 
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Interfacial work of adhesion 

To estimate the possibility of transferring process, we briefly discussed the interfacial work 

of adhesion between micelles and stamp (also micelles and substrate) by using the following 

harmonic-mean equation[1]. 

Wij =
4γi

dγj
d

γi
d + γj

d
+

4γi
p

γj
p

γi
p

+ γj
p 

Where Wij is the work of adhesion between two surfaces,  i and j, γ is the surface tension 

and the subscripts d and p represent the dispersion (nonpolar) and polar components, 

respectively. The surface free energy data of PDMS, PEO, silicon wafer (with an oxide layer), 

polytetrafluoroethylene (PTFE) and glass are obtained from literature and listed in Table S1. 

Table S1: Surface free energy (mN/m) of PDMS, PEO, silicon wafer(with an oxide layer), 

polytetrafluoroethylene (PTFE) and glass 

 

 γ γd γp 

PDMS[2] 19.8 19.0 0.8 

PEO[2] 42.9 30.9 12.0 

PTFE[2] 20.0 18.4 1.6 

Silicon[1] 46.7 22.1 24.6 

Glass[3] 70.5 23.0 47.5 

 

Then, we can calculate the work of adhesion between different materials surface. 

WPDMS−PEO = 50.1 mN/m 

WPTFE−PEO = 51.8 mN/m 

WSilicon−PEO = 83.8 mN/m 

WGlass−PEO = 91.1 mN/m 

WPEO−PEO = 85.8 mN/m 

It can be seen that the work of adhesion between PDMS and PEO is smaller than that at the 

silicon-PEO or glass-PEO interface, i.e., 𝑾𝑷𝑫𝑴𝑺−𝑷𝑬𝑶 < 𝑾𝑺𝒊𝒍𝒊𝒄𝒐𝒏−𝑷𝑬𝑶, 𝑾𝑷𝑫𝑴𝑺−𝑷𝑬𝑶 <

𝑾𝑮𝒍𝒂𝒔𝒔−𝑷𝑬𝑶. This suggests that PS-PEO micelles can be transferred from PDMS stamp to 

glass substrate and silicon wafer. Since the adhesion between PTFE and micelles is similar to 

that at PDMS-PEO interface, the transfer process from PMDS to PTFE is difficult to succeed. 
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Abstract 

The last decade has witnessed a great progress in understanding and manipulating self-

assembly of block copolymers in solution. A wide variety of micellar structures can be 

created and many promising applications in bioscience have been reported. In particular, 

nano-fibrous micelles provide a great platform to mimic the filamentous structure of native 

extracellular matrix (ECM). However, the evaluation of this kind of filomicellar systems with 

potential use in tissue engineering is virtually unexplored. The question behind it, such as if 

the block copolymer nano-fibrous micelles can regulate cellular response, still lingers for 

many years because of the difficulties in preparation and 3D manipulation of these tiny 

objects. Here, by using a combination approach of self-assembly of block copolymers and 

soft lithography, we establish a novel and unique nano-fibrous 2D platform of organized 

micelles and demonstrate that patterned micelles enable control over the cellular alignment 

behaviour. The area density and orientation of fibrous micelles determine the alignment 

degree and directionality of cells, respectively. Furthermore, when cells were cultured on 

multi-directionally aligned micelles, competitive response was observed. Due to the virtually 

infinite possibilities of functionalization of micelle corona, our work opens a new route to 

further mimic the native fibrous networks with artificial micelles containing various 

functionalities. 
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4.1. Introduction 

Tissue engineering has attracted growing attention to create living constructs that closely 

resemble native tissues in order to rescue patients from organ failure or tissue 

malfunction[1]. As a crucial element in tissue engineering, the extracellular matrix (ECM) in 

which cells reside provides a variety of essential biophysical and biochemical milieu for cell 

growth, proliferation, migration and function[2-4]. Therefore, developing a tailored artificial 

scaffold to mimic the native ECM that consists of complex and organized nano-/micro- 

fibrous structures is highly desirable.  

To address this challenge, a wide variety of materials and technologies has been 

developed[5, 6]. For example, electrospinning is usually used to create fibrous meshes and 

even 3D scaffolds with controlled orientation and mechanical properties[7, 8], while phase 

separation methods are applied for fabricating porous scaffolds with minimal setup 

requirements and easy control of scaffold porosity[9-11]. More recently, inspired by an 

ubiquitous process in nature, self-assembly strategy has become increasingly important not 

only in biological but also in synthetic systems[12]. It provides a facile route to construct 

complex and hierarchical structures, such as triple-helix morphology of collagen[13]. Based 

on this principle, many synthetic materials with self-assembly properties have been 

developed[14]. Amphiphilic block copolymers that consist of two or more chemically distinct 

polymers is one important sort of these materials. Due to the micro-phase separation 

between different blocks, block copolymers can self-assemble into various micellar 

structures in solution, offering many potential applications in bioscience fields[15, 16]. 

Especially, nano-fibrous micelles provide a great platform to mimic the filamentous structure 

of native ECM. 

However, to our best knowledge, no study has been reported to use this kind of block 

copolymer assemblies to mimic the ECM due to the challenges in relation to preparation of 

long enough (hundreds of microns) semi-flexible filomicelles as well as limitations to their 

physical manipulation. In this work, we give a step in this direction by producing a flat 

surface as a unique nano-fibrous platform with quenched, ordered, ultra-long block 

copolymer micelles. Using this platform, we investigate the effects of patterned block 

copolymer micelles on the alignment behaviour of cells. We find that by adjusting the area 

density and orientation of micelles, one can control the extent of cellular alignment and 

orientation degree, respectively. Moreover, competitive guidance was also observed when 

cells were cultured on substrates with micelles aligned in two or more directions 

simultaneously. This study demonstrates the ability of block copolymer fibrous micelles to 

topologically regulate cellular alignment and it also opens the door to the possible use of 

ultra-long block copolymer filomicelles in tissue engineering. 
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4.2. Results and Discussion 

4.2.1. Fabrication of micellar platform 

To investigate whether the block copolymer fibrous micelles are capable of regulating 

cellular response, a key challenge is the directional manipulation of nano-fibril micelles of 

block copolymers. Here, we combined the quenched, out-of-equilibrium assembly of block 

copolymers and soft lithography approaches to fabricate a patterned micellar structures for 

this study. A schematic illustration of the manufacturing process of micellar platform for cell 

alignment is depicted in Scheme 1. First, cross-linkable PS-b-PEO micelles were prepared by 

evaporation-induced self-assembly method and aligned on micro-pillars of PDMS stamps 

using our former reported dewetting approach[18, 19] (Scheme 1a). Next, due to the specific 

viscoelastic behaviour of PDMS, the aligned micelles can be successfully transfer-printed to 

the acrylated glass coverslides (Scheme 1b). Repeating the first two steps offered an easy 

way to control the area densities of aligned micelles on the glass surface. To immobilize the 

patterned micelles, the glass slide with aligned micelles was irradiated under UV light for 20 

minutes to bond the micelles on the glass surface (Scheme 1c), followed by water rinsing to 

remove the residual photo initiator. The final new nanofibrous platform was formed and 

used for further cell culture experiments (Scheme 1d). 

 

Scheme 1. Schematic representation of the micro-contact printing (µCP) technique used to fabricate 

a fibrous micelle array on a glass substrate with controlled area fraction of micelles: (a) alignment of 
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functionalized PS-b-PEO micelles on a PDMS stamp; (b) transfer printing of micelles onto the 

methacrylate groups modified glass slide; (c) UV irradiation of aligned micelles to bond them onto 

the glass surface, and (d) cellular alignment induced by the aligned micelles. 

As shown in Figure 4.1, the density of micelles printed on glass surface increased with 

increasing number of micelles printing times. The individual aligned micelles were 

distinguishable in the case of low printing times (Figure 4.1a, 4.1b), while it became much 

harder to image the samples with ten and twenty printing times (Figure 4.1c, 4.1d). In order 

to analyze the alignment of micelles after multiple printings, Fast Fourier Transform (FFT) of 

the confocal images were taken. As shown in the inserted FFT images of Figure 4.1a-4.1d, all 

of them have the ellipsoidal shape, which indicates a clear directionality of printed micelles. 

This suggests that the amount of printing times has no detectable influence on the 

alignment of micelles. 

 

Figure 4.1. Confocal microscopy images of the immobilized micelles after multiple printing: (a) 1, (b) 

5, (c) 10 and (d) 20 times. The inserts are the corresponding FFT output images. Scale bars are 20 µm. 

To gain a deeper insight in the dependence of micelle density on printing times, AFM 

measurements were performed on the glass surfaces grafted with micelles. As can be seen 

in Figure 4.2, by increasing the number of printing steps, we could graft more micelles on the 

glass surface, i.e. achieve higher surface coverage of micelles. The height of a single micelle 

is around 50 nm (Figure S2), which agrees well with our previous study[27] and is above the 
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threshold size (35 nm) for contact guidance of fibroblast alignment[28]. Figure 4.2e 

illustrates the relationship between printing times and covering area percentage of micelles. 

The area percentage of micelle coverage raised from around 4.4% to 31.4% as the printing 

times increased from 1 time to 20 times. A linear relationship was observed, showing that 

the micelle density on substrate is fully controllable. 

 

Figure 4.2. Representative AFM images (10×10 µm) of micelles printed and cross-linked on the glass 

surface: (a) 1, (b) 5, (c) 10, (d) 20 printing times. Line scan profiles corresponding to green lines in 

AFM images were shown in Figure S2 of SI. (e) Area percentages covered by aligned micelles as a 

function of printing times. 
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4.2.2. Unidirectional micelles 

 

Figure 4.3. Confocal microscopy images of NIH/3T3 fibroblasts cultured on aligned and immobilized 

micelles after multiple printings: (a) 1; (b) 5; (c) 10 and (d) 20 printing times. Cells were labeled with 

the (i) CellTracker green probe (green channel) and the nucleus stained with (ii) DAPI (blue channel). 

Polymeric micelles were loaded with the (iii) hydrophobic dye DiI and imaged in the red channel. 

Simultaneous imaging of cells and polymeric micelles was performed by (iv) merging the three 

channels. Scale bar corresponds to 20 µm. 

Based on this strategy, we can control the density of micelles in the fibrous platform and 

study the fundamental understanding of topographic control of cell behaviour. After 

preparation of the nanofibrous platforms with different degrees of micelles densities, 

NIH/3T3 fibroblasts were seeded on the substrates and their response was analyzed after 24 

hours (Figure 4.3). We observed that fibroblasts were able to grow on the surface with PS-b-
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PEO micelles despite the fouling-resistant properties of PEG[29-32]. This can be attributed to 

the presence of methacrylate modified PEO terminal groups in the polymeric fibrous 

micelles, which may provide the cellular adhesion sites on the biologically inert PEG surface. 

Moreover, as shown in Figure 4.3, the cells seeded on the aligned micelles showed 

alignment tendency, while cells cultured on flat glass surface without micelles were 

randomly oriented (Figure 4.4). In the platform with the highest density of micelles, 

corresponding to 20 printing times and an coverage are of 31.4% (Figure 4.3d), we observed 

the highest tendency for cell alignment along the micelle direction and cells also acquired a 

stretched spindle shape (Figure 4.3d). In the substrate with the lower micelle density (1 

printing time and 4.4% of coverage area), cells were preferentially oriented along the 

micelles directions but their morphology was less stretched (Figure 4.3a). This characteristic 

morphological change of cells on these modified substrates strongly suggests that densely 

aligned copolymer micelles have the ability to guide cell alignment, in consistent with that 

observed in the aligned electrospun fibers[24]. 

 

Figure 4.4. Confocal microscopy images of NIH/3T3 fibroblasts cultured on glass slide grafted with 

MA groups and used as control group. (i) CellTracker green probe (green channel), (ii) nuclear DAPI 

staining (blue channel), and (iii) merged the former two channels. Scale bar corresponds to 20 µm. 

To quantitatively analyze cellular behaviour on the substrates with different densities of 

micelles, the aspect ratio, i.e. ratio between long axis and short axis of ellipse, and 

orientation angle θ of fibroblasts were measured using ellipse fitting method (Figure 4.5a). In 

the presence of aligned micelles, the aspect ratio (i.e. elongation) of the cells was not 

considerably different from the control group (Figure 4.5b). In contrast to our results, 

fibroblasts cultured on aligned electro-spun nanofibers were usually shown to elongate 

along the fiber direction[33]. Compared to that work, the density of nanofibrillar micelles 

used in this research is much lower. This suggests that elongation of fibroblasts may need a 

higher density of fibers. However, regarding the orientation degree of fibroblasts, we 

observed that increasing the density of aligned micelles dramatically increases the degree of 

cell alignment (Figure 4.5c). To compare the orientation degrees of cells cultured on 
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substrates with different micelle densities, we used the Gaussian curve to fit each histogram 

(blue curves) and calculate their full width at half maximum (FWHM). The degree of cell 

alignment is reflected by the height (apex) and shape (FWHM) of the peaks. As the covering 

area percentage of the micelles increased, the heights of the peaks increased as well while 

the shape became sharper, i.e., the FWHM decreased (Figure 4.6). It indicates that cells 

cultured on a platform with higher density of micelles show better orientation profile than 

the one with lower density of micelles, in agreement with our former observation (Figure 4.3 

and Figure 4.4). 

 

Figure 4.5. NIH/3T3 cellular elongation and orientation on the aligned micelles. (a) Representative 

confocal image of cell and fitting ellipse used to measure elongation (ratio of major axis/minor axis) 

and orientation (angle θ). (b) Cellular aspect ratio as a function of micelle covering percentage. (c) 

Distribution of NIH/3T3 cells orientation angle (θ) on glass substrates with various area percentages 

of micelle coverages: 0%, 4.4%, 9.5%, 20.0% and 31.4%. The blue lines are the corresponding 

Gaussian fitting curves. 
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Figure 4.6. Relationship between area percentage of micelle coverage and characteristic 

parameters (full width at half maximum (FWHM) and peak height in Gaussian fitting curves) 

of cellular alignment. 

Since cellular alignment and cell differentiation have been demonstrated to correlate with 

nuclear elongation[34, 35], herein we also investigated the nuclear aspect ratio dependence 

on the covering area percentage of aligned micelles using ellipse fitting method (Figure 4.7a). 

Similar to cellular elongation, no significant nuclear stretching was observed (Figure 4.7b). 

Nevertheless, as the nuclear aspect ratios are around 1.3 in the control group, indicating 

non-spherical nuclei, the nuclear orientation was still measured to quantitatively evaluate 

the effect of aligned micelles on the nuclear alignment. As shown in Figure 4.7c, the nuclear 

orientation increased with increasing micelle densities on the glass surface as previously 

observed in the cellular orientation. In contrast to cellular orientation, poor Gaussian fittings 

were observed here for platforms with a low micelle densities (curves not shown), limiting 

the use of the FWHM and apex of the peak to quantitatively reflect the relationship between 

the extent of nuclei orientation and micelle density. 
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Figure 4.7. NIH/3T3 nuclear elongation and orientation on the aligned micelles. (a) Representative 

confocal image of nucleus and fitting ellipse used to measure elongation (ratio of long axis/short axis) 

and orientation (angle θ). (b) Nuclear aspect ratio as a function of micelle covering percentage. (c) 

Distribution of NIH/3T3 nuclei orientation on glass substrates with various area percentages of 

micelle coverages: 0%, 4.4%, 9.5%, 20.0% and 31.4%. 

Based on the above results, we can conclude that coverage area percentage of micelles 

equal or below 31.4% have no significant effects on cellular and nuclear elongation. On the 

other hand, the orientation degrees of cells and nuclei increase proportionally to the 

coverage area of micelles, being maximal at the highest density of micelle coverage (31.4%). 

This may give a hint that, similarly to orientation, different fiber densities are required for 

cellular and nuclear stretching. 

4.2.3. Multidirectional micelles 

Since the natural extracellular matrix (ECM) is not just one-dimensional topographic pattern, 

a simple method to fabricate a platform with more complex topographic features is a critical 
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component in tissue engineering. Our method combining self-assembly with soft lithography 

can provide a solution to build a synthetic platform with multi-direction cues by simply 

printing micelles in different directions. Based on this concept, we investigated cellular 

responses to orthogonally and tri-directionally aligned micelles. To ensure that the micelles 

in each direction have the same possibility to stimulate cells, we printed micelles alternately 

in different directions at the same density (5 printing times for each direction). Then, 

NIH/3T3 fibroblasts were cultured on these multi-direction cues for 24 hours. The 

morphology of cells on multiple aligned micelles is shown in Figure 4.8. In the case of 

orthogonal cues, cells appeared to align in two preferential directions, the same as those of 

the micelles (Figure 4.8a), indicating that micellar contact guidance in these two directions 

has the same impact. However, when a third direction with further micelle printing was 

introduced, cellular response became more complex (Figure 4.8b), and it is no longer 

possible to distinguish the three directional alignments. 

 

Figure 4.8. Representative confocal microscopy images of NIH/3T3 fibroblasts cultured on multi-

directionally aligned micelles: (a) orthogonally and alternatively printed micelles at each direction for 

5 times at each direction; (b) tri-directionally and alternatively printed micelles for 5 times at each 

direction. Cells were labeled with the (i) Cell Tracker green probe (green channel) and the nucleus 

stained with (ii) DAPI (blue channel). Polymeric micelles were labeled with the (iii) dye DiI and imaged 

in the red channel. (iv) Corresponds to merging of the three channels. Scale bar corresponds to 20 

µm. 

To quantitatively analyze cellular alignment in these two cases, the distribution of 

orientation angle (θ) was investigated. Regarding the horizontally and vertically aligned 

micelles, three preferential angles of cell alignment were observed (Figure 9a), showing cells 

display a similar contact guidance in both directions. However, it becomes more complicated 
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in the substrate with tri-directionally aligned micelles (Figure 9b). A larger number of cells 

oriented towards 30 degrees, indicating that the micelles aligned in the third direction (45°) 

leaded to more deviation by their mutual contact guidance. It can, therefore, be suggested 

that cells could integrate multi-direction cues during determining the direction of cell 

orientation together with mutual interactions, which agrees with former reports[36, 37]. 

 

Figure 4.9. Histograms of the relative alignment of NIH/3T3 fibroblasts on multi-directionally aligned 

micelles: (a) orthogonal directions and (b) three directions. The insert drawing and the blue lines are 

the corresponding directions of aligned micelles and the multiple peak fit with Gaussian functions, 

respectively. 

4.3. Conclusions 

In summary, we have demonstrated that ultra-long block copolymer fibrous micelles are 

capable of regulating cell orientation on a surface. The degree of cell alignment increased 

with the area density of micelles. When the area percentage of micelle coverage increased 

to 31.4%, the cellular alignment became more significant even if no significant cell 

elongation was observed. For high enough micelle surface density, nuclear alignment was 

also observed although no considerable nuclear elongation was detected. Furthermore, the 

cells show a competitive response to the micelle networks with multi-directionally alignment. 

Our unique micellar platform suggests that fibrous micelles of block copolymers can be used 

to mimic the native fibrous networks surrounding cells. Considering the innumerous 

possibilities of biochemical modification of the micelle corona end-groups (like terminal 

methacrylate groups in our work), we believe this work provides a versatile approach to 

future studies mimicking cell interactions with native fibrous networks containing various 

chemical functionalities. 
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4.4. Experimental section 

4.4.1. Synthesis and preparation of micelles 

Pristine block copolymer, polystyrene-b-polyethylene oxide (PS-b-PEO), having an –OH 

terminal group in PEO block was purchased from Polymer Source, Inc. (Canada). 

Polydispersity index is 1.09 and the molecular weights of PS and PEO blocks are 16.0 kg/mol 

and 7.5 kg/mol, respectively. In order to fix the micelles onto the substrate after printing, we 

synthesized PS-b-PEO-MA by reaction of PS-b-PEO with methacryloyl chloride (MAC) as 

follows. 

 

Scheme 2. Reaction of polystyrene-b-polyethylene oxide (PS-b-PEO) with methacryloyl chloride. 

Briefly, 500 mg of PS-b-PEO (0.02 mmol) was first dissolved in 50 mL of tetrahydrofuran (THF) 

and then 13 mmol of triethylamine (Et3N) was added under vigorous stirring at room 

temperature. MAC (13 mmol) was slowly added to the reaction mixture while stirring and 

resulting mixture was allowed to react for 24h at 25°C to substitute terminal alcohol of PS-b-

PEO with methacryloyl group. Then, the reaction mixture was centrifuged at 10000 rpm for 

15 min, after which the supernatant was carefully removed from the precipitated 

triethylamine hydrochloride salts. This procedure was repeated 2-3 times, after which the 

remaining solution was concentrated with rotary evaporator to about 5 mL. The resulting 

solution was slowly added to 600 mL of hexane, and the precipitated PS-b-PEO-MA polymer 

was isolated by filtration, washed several times with ethanol thoroughly, and dried in a 

vacuum oven at 50°C and 50 mbar for 2 days. Following modification of PS-b-PEO, 1H nuclear 

magnetic resonance (1H-NMR, Agilent-400 MR DD2) spectroscopy was used to verify the 

structure and substitution efficiency. As shown in Figure S1, the methacryloyl functionality 

was confirmed by 1H-NMR (CDCl3): PS-b-PEO-MA, δ (ppm) 5.6 and 6.2 (CH3-C=CH2), 1.9 (CH3-

C=CH2). 

Functionalized filamentous micelles were prepared by the evaporation-induced self-

assembly method, which has been reported elsewhere[17]. Typically, our modified method 

gives rise to a broad length distribution with a peak around 150-200 µm and a very long tail 

of quenched ultra-long micelles[18]. Instead of using pure PS-b-PEO, stock solutions of 10 
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mg/mL copolymers were prepared with 10% of PS-b-PEO-MA/PS-b-PEO weight fractions. 

The fluorescent probe 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

(DiI) was added to the stock solutions before micelle preparation to facilitate micelle 

visualization by confocal microscopy. 

4.4.2. Fabrication of PDMS stamp 

The PDMS stamp with micropillars were produced by conventional soft lithography, which 

was reported in our previous work[18, 19]. Briefly, a master silicon template with a pattern 

(3.5×3.5 µm squares with 2 µm gaps) was first produced by deep reactive ion etching 

technique. Then, the silicon template was treated with a vapour of silanization agent 

(tridecafluoro-1,1,2,2-tetrahydroocty)trichlorosilane for 4h, following by curing the mixture 

of PDMS prepolymer (Sylgard 184, Dow Corning Co. Ltd.) and curing agent (weight ratio: 10: 

1) with the template at 68°C for 24h. After peeling off the formed PDMS stamp from silicon 

mould, we immersed it into a bath of ethanol for 16h to remove unreacted compound and 

dried in the air before using. 

4.4.3. Alignment of micelles 

The micelles were aligned using a dewetting technique reported before[18, 19]. Briefly, 20 

µL of micelle solution was deposited on the edge of stamp pattern and then dragged in one 

direction by capillary force using lens tissue. As a result of controlled wetting process, 

micelles were well aligned and deposited on top of the micropillars. 

4.4.4. Printing and crosslinking micelles onto glass slides 

First, methacrylated glass slides (Glass-MA) were prepared by rinsing glass coverslides with 

ethanol and acetone several times, then cleaned with plasma for 140s, following by 

silanization with 3-(trichlorosilyl)propyl methacrylate for 4h. Second, a PDMS micropillar 

stamp with aligned micelles was prepared as described above, using 0.1 mg/mL of micelle 

solution containing 5 mg/mL of photo initiator, lithium phenyl-2,4,6-trimethyl-

benzoyphosphinate (LAP), which was synthesized as previously described[20]. Then, the 

PDMS micro-pillar stamp with the aligned micelles on top was brought into contact with 

Glass-MA slides under gentle force (around 40 g) for 30s and then slowly peeled off at low 

speed (around 1 mm/s) to transfer print the aligned micelle array. Finally, the Glass-MA with 

micelles was irradiated for 20 min to crosslink the micelles onto glass slides under UV light. 

For preparing substrates with different micelle coverages, the number of times for printing 

micelles were adjusted before UV irradiation. Note, to prevent degradation of LAP, 

aluminium foil was used to cover all glass vials and petri dishes during the whole aligning and 

printing process.  
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4.4.5. Cell Culture 

The cell line used in this study (NIH/3T3 mouse embryonic fibroblasts) was obtained from 

the American Type Culture Collection (ATCC, USA) and cultured in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 10% newborn calf serum (NCS) and 0.5% (v/v) 

penicillin–streptomycin. Cell cultures were prepared from deep-frozen stock vials, seeded in 

75 cm2 culture bottles (Cellstar, Greigner Bio-One), incubated under standard cell culture 

conditions (37 °C, 5% CO2 atmosphere and water-saturated 95% air) and maintained until 

sub-confluence was reached (70-80%). For the experimental studies, cells were trypsinized 

and seeded at a density of 2×104 cells/cm2 in the modified nanofibrous glass substrates, 

which were placed in 6-well plates. Cells were allowed to interact with the substrates 

overnight. After this incubation period, the adherent cells were labelled with a CellTracker™ 

Green 5-chloromethylfluorescein diacetate solution (Molecular Probes, C7025) at a 

concentration of 10 µM in serum-free medium for 45 minutes at 37°C. Cells were then 

washed twice with Dulbecco's Phosphate-Buffered Saline (DPBS, Gibco) and fixed with pre-

warmed 3.7% formaldehyde in PBS for 15 min. Cells were washed again thrice with DPBS 

and mounted with DAPI Vectashield (Vector Laboratories) for confocal microscopy. Images 

were captured with a Carl Zeiss LSM710 microscope and were superimposed to determine 

the localization of the CellTracker dye, the DAPI nuclear dye and the DiI micellar dye. 

Experiments were performed in duplicate. 

4.4.6. Characterization 

The micelles and NIH/3T3 fibroblasts were visualized using a laser scanning confocal 

microscopy (LSM 710, Carl Zeiss Microscopy GmbH, Germany) with a Fluar 40×/1.30 oil M27 

objective lens. The nuclei were stained with DAPI for fluorescence imaging. Atomic force 

microscopy (AFM) was performed using an NT-MDT (NTEGRA) microscope and HA_NA tips 

with resonance frequency around 240 kHz. All topography scans were obtained in tapping 

mode in the air and at room temperature. Then, the grain threshold method[21] was utilized 

to quantitatively analyse AFM results and investigate the coverage area of micelles. 

4.4.7. Micelle alignment analysis 

Micelle alignment was investigated by Fast Fourier Transform (FFT) image analysis as a 

function of printing times[22-24]. Since the “frequency” information of micelles in confocal 

images will be converted to a grayscale pattern by FFT function, the degree of micelle 

alignment can be easily reflected in the FFT output images. The confocal images with 

1024×1024 pixels were first converted to 8-bit grayscale TIF files and then processed with 

ImageJ software (version 1.48v, National Institutes of Health, USA, http://imagej.nih.gov/ij). 

http://imagej.nih.gov/ij
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4.4.8. Cellular alignment analysis 

To quantify orientation and elongation of cells and nuclei on substrates, an in-house 

program was developed with Matlab® using the image processing toolbox. Briefly, cell or 

nucleus was fitted with an ellipse shape using the moments algorithm[25, 26] and various 

elliptical parameters were obtained. The angle between the major axis of fitting ellipse and 

aligned direction of micelles was defined as orientation angle (θ) and used to quantify 

cellular alignment, while the aspect ratio between the length of major axis and minor axis 

was applied to evaluate the elongation behaviour. Around 300 data points were taken from 

confocal images for analysis of each sample. 
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4.6. Appendix 

 

Figure S1. 1H-NMR spectra of PS-b-PEO and PS-b-PEO-MA in CDCl3. The characteristic peaks of 

terminal methacryloyl group are assigned in the figure and magnified in insert figure. 
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Figure S2. Line scan profiles of the micelles printed and cross-linked on the glass surface: (a) 1, (b) 5, 

(c) 10, (d) 20 printing times. 

 

 



 
 

Soft gel micro-devices from 

supramolecular assemblies of 

block copolymers 

 

 

 

 

       5

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter is based on:  

K. Zhang, S. Oldenhof, Y. Wang, H. Chen, J.H. van Esch and E. Mendes, Manuscript in preparation. 

 



82 
 

Abstract 

Supramolecular self-assembly represents a highly promising route for the creation of 

complex and functional devices at micro-/nano- scale, yet the precise manipulation and 

integration of supramolecular assemblies for construction of sophisticated devices with 

designed functionalities remains a challenge. Through a hybrid approach combining self-

assembly of block copolymers and μ-contact printing techniques, we have developed two 

different kinds of functional soft devices, including a soft nano-fishnet and a shape-morphing 

sheet. The former one can trap and release microparticles, while the later one exhibits a 

controlled rolling behaviour. Ultra-long, kinetically-trapped copolymer cylindrical micelles 

have been embedded in a hydrogel matrix in an ordered and aligned manner, leading to the 

mentioned functionalities of soft devices. Such control of the precise structure of the soft gel 

composite opens new doors in the development of soft functionalized devices with 

supramolecular assemblies. 
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5.1. Introduction 

Over the past decades, studies on the self-assembly of supramolecules mainly focused on 

the principles regulating the assembly process to achieve desired nanostructures or 

properties[1-4]. Despite the fact that a wide variety of functional nanostructures[5, 6], 

including spheres, cylinders, vesicles and other more complex and impressive 

morphologies[7-15] have been developed, only few studies have focussed on the use of 

these assemblies for the creation of more complex and novel functional gel devices[16, 17]. 

The formidable challenge is precise spatiotemporal control of self-assembly process and 

subsequent manipulation of self-assembled structures, especially with respect to integration 

of the assemblies into more sophisticated systems across multiple length scales. Although 

recent advances in manipulation of the assemblies have been described with success such as 

flow-based[18], lithographic-templating[19, 20] or optical-tweezer-based[21] methods, no 

other construction of functional devices based on manipulation of already assembled 

polymer supramolecular structures have been investigated so far, nor have those methods 

been used to create a composite gel device. Herein, using de-wetting and printing 

techniques, we demonstrate that a single large 2D array of very long, ordered and aligned 

supramolecular cylindrical assemblies integrated within hydrogels enables modulation of 

macroscopic properties of the composite system. 

The method proposed here through a combination of microfabrication, de-wetting and 

printing of quenched nano-structured systems, bridges the gap of simultaneous 

manipulation of gel structures at micro- and nano- scales. To demonstrate this principle, we 

build two different kinds of soft gel devices which are capable of either trapping/releasing 

microparticles or of rolling with controlled directionality, respectively. Our work opens the 

door not only to addressing fundamental questions surrounding supramolecular assemblies 

controlled shaping of hydrogels, but also it is a promising step in the development of soft 

functional devices tailored by supramolecular assemblies. 

5.2. Results and Discussion 

To develop the soft devices by manipulation and integration of supramolecular assemblies, 

we combined polymer chemistry, self-assembly of block copolymers and lithography 

techniques. First, methacrylated block copolymers of polystyrene-b-poly(ethylene oxide) 

(PS-b-PEO-MA) has been formulated and used to prepare supramolecular assemblies. 

Through an evaporation-induced self-assembly approach (Figure S1 and S4), the quenched, 

assembled copolymer nano-fibrils (i.e. filamentous micelles) that exhibit both a nanoscopic 

and micrometric dimension can be formed, offering an opportunity of subsequent 

manipulation at macro-scale. For the soft matrix part, methacrylated dextran (DexMA) 
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(Figure S2) has been synthesized and selected to form soft hydrogels using a laser-assisted 

photocrosslinking technique. Figure 5.1 illustrates the fabrication process and corresponding 

structures of hydrogels with controllable architectures of fibrillary assemblies. It begins by 

manipulation of filamentous micelles on a patterned poly(dimethylsiloxane) (PDMS) 

substrate. Using the guided de-wetting method as previously described (Figure S5), the 

cylinder micelles were aligned and suspended across micropillars of PDMS stamp. 

Subsequently, the organized micelle array has been transfer-printed onto a spin-coated 

DexMA film containing certain amount of photoinitiator, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) (Figure S3). The “inked” PDMS stamp with organized 

micelles on top was lightly brought into contact with the spin-coated DexMA film for 30 s, 

followed by slowly peeling off stamp at rate of around 1 mm/s, yielding the DexMA film with 

aligned micelles printed on the surface. Ultimately, a laser-assisted photocrosslinking and 

patterning was performed to construct the desired shape of hydrogels and anchor block 

copolymer micelles. As the corona of formed ultra-long cylinder micelles contains the 

terminal groups of methacryloyl (MA), these micelles are capable of grafting onto DexMA 

hydrogels during photocrosslinking process. After washing away the unreacted DexMA and 

LAP, the soft devices consist of DexMA hydrogel and PS-b-PEO-MA micelles were formed. 

As shown in Figure 5.1b-1 and 5.1c-1, one dimensional and two dimensional superstructures 

of micelles embedded on DexMA film were successfully achieved by a simple transfer-

printing method. After illumination with confocal microscopy laser, the designed area of 

DexMA film and micelles were crosslinked, resulting in a darker region (Figure 5.1b-2 and 

5.1c-2). Since the unreacted DexMA and micelles can be dissolved or dispersed into water 

again, only the formed DexMA hydrogels with organized micelles on surface will be left on 

the glass substrate. Figure 5.1b-1 and 5.1c-2 demonstrate the concept of fabrication of soft 

devices with supramolecular assemblies. By taking advantage of our laser-assisted 

patterning of hydrogels, facile and flexible shape design, we can easily fabricate a wide 

variety of architectures for our supramolecular devices. As an example, DexMA hydrogels 

with different shapes and sizes were prepared (Figure 5.1d). Notably, as the micelles were 

ultra-long (around 170 µm) capable of bridging the adjacent hydrogel regions, a free-

standing superstructures of micelles can be obtained (as shown in the magnified regions of 

Figure 5.1d). 
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Figure 5.1. Formation of soft devices with organized supramolecular fibrillary assemblies. (a) 

Schematic illustration of method for embedding organized supramolecular fibrillary assemblies into 

hydrogels. PS-b-PEO-MA micelles are first aligned on PDMS stamp by guided dewetting technique, 

followed by transfer printing of micelles onto a spin coated DexMA film. Then, Localized laser 

crosslinking of DexMA and PS-b-PEO-MA micelles is performed by using confocal laser scanning 

microscope. After thoroughly washing with water, unreacted DexMA and micelles are removed, 

yielding organized superstructures of micelles on hydrogels. Confocal microscopy images of micro-

fabrication process of DexMA hydrogels with printed (b) one directional and (c) two directional PS-b-

PEO-MA micelles. (b-1) and (c-1) printed micelles on DexMA film, (b-2) and (c-2) localized laser 

crosslinking of DexMA and micelles, (b-3) and (c-3) formation of DexMA hydrogel sheet with aligned 

micelles. (i) Fluorescein dye (green channel) stained DexMA hydrogel. Polymeric micelles were 

loaded with (ii) hydrophobic dye DiI and imaged in the red channel. (iii) merged the former two 

channels. (d) Confocal microscopy images of artificially designed structures of hydrogels. Scale bars: 

20 µm. 
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Based on this unique characteristic, we envisioned a soft nano-fishnet device by using the 

DexMA hydrogels as a skeleton for micellar grids. As shown in Figure 5.2a, the irradiation 

area was designed as a hollow square to form the framework and 2D micelle network 

embedded on the hydrogel surface was suspended across this frame to make a soft fishnet 

structure. To prove the fishnet concept, we simply tested the ability of trapping/releasing 

microparticles. As shown in Figure 5.2b, when the microparticles (d=8 µm) deposited onto 

the supramolecular fishnet with grid size of 5×5 µm, the micelles can block the particles to 

penetrate through the network (Figure 5.2b-4). From the orthogonal view (Figure 5.2b-5), 

we observed that microparticles (green channel) were only contacting with micelles (red 

channel) not substrate surface (black edge), demonstrating the ability of blocking 

microparticles that larger than micellar grids. On the other hand, the concept can be proved 

by encapsulating the microparticles with two different sizes in micelle networks, one was 

larger (d=8 µm) and another one was smaller (d=1 µm) than grid size (Figure 5.2c-1, 5.2c-2). 

After immerging into a large amount of water, the small particles were released from the 

fishnet structure and dispersed into the solution, while the big ones were still trapped by 

micellar grids (Figure 5.2c-4, 5.2c-5). To gain greater insight into the relation between 

micellar grids and microparticles, we focused on the big particles encapsulated in DexMA 

film with micellar grids. As demonstrated in Figure S6, the criss-crossed micelles were paved 

on the top of microparticles, resulting in blocking the particles to release. Here, we 

demonstrate that novel functions, trapping/releasing microparticles, can be achieved by 

careful spatial design and fabrication of hybrid supramolecular covalent hydrogel devices, 

soft fishnet. 

To demonstrate the scope of our approach, we also investigated to which extend controlled 

spatial deposition of supramolecular assemblies can be used to tune the mechanical 

properties of microgel devices. In nature, many plants are capable of withstanding multiform 

external forces or stimuli by performing desired shape transformation[22, 23]. This kind of 

shape adaption is controlled by the delicately organized microstructures, such as fibrils, 

within the biological systems[24-26]. The anisotropic swelling/shrinkage properties lead to a 

controlled shape-morphing behaviour[27-30]. Having taken inspiration from these natural 

systems, we extend our imagination to the soft devices controlled by supramolecular 

assemblies. First, in order to make this kind of ‘smart’ devices, charged monomers, sodium 

acrylate (SA), were polymerized onto the hybrid DexMA hydrogels by the second irradiation 

(Figure 5.3a). The unbound SA or poly(acrylic acid) (PAA) chains formed by 

photopolymerization were removed by a careful washing step, yielding pH responsive 

hydrogel actuators encoded with micelles. When the hybrid hydrogels were immersed in 

deionized water (pH 6.3) or a buffer solution (pH 7) that has a higher pH than pKa value of 

PAA, 2D hydrogel sheets swelled and rolled up (Figure S7b). This process was completely 
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reversible, as the expanded and rolled up hydrogel returned to its original square shape 

when exposed to the solution with lower pH (Figure S7a). 

 

Figure 5.2. Soft fishnet constructed by supramolecular assemblies and hydrogels. (a) Confocal 

microscopy images of soft fishnet: (a-1) bottom view and magnified fishnet structure (inserted 
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image), (a-2) top view. (b) “Fishing” of microparticles: (b-1) scheme of microparticles dispersed above 

fishnet in solution, (b-2) scheme of microparticles deposited on top of fishnet, (b-3) top view, (b-4) 

bottom view and (b-5) orthogonal view of soft fishnet with microparticles. (c) Proof of 

trapping/releasing microparticles using soft fishnet: (c-1) scheme of microparticles encapsulated in 

fishnet, (c-2) scheme of microparticles trapped and released from fishnet, (c-3) confocal microscopy 

image of DexMA film containing many microparticles with two different sizes (d=1 µm and 8 µm), (c-

4) bottom view and (c-5) orthogonal view of soft fishnet with microparticles. Scale bars: 20 µm. 

Since the aspect ratio of hydrogel (length/width) can affect the response behaviour by 

introducing anisotropy[31], we, herein, chose the square pattern to eliminate the effect of 

shape for study. To investigate whether the organized supramolecular assemblies enable to 

manipulate actuation behaviour of hydrogels, the control, DexMA hydrogel without micelles, 

was prepared using the similar process for hybrid hydrogels. Only an additional bleaching 

step was performed before grafting of PAA to label the hydrogels with a black rectangle on 

the top right area (Figure 5.3c-1), which is useful for easily recognising the rolling behaviour 

of hydrogels without micelles. Here, we need to notice that to prevent from introducing 

supererogatory crosslinking by this bleaching step, the formed DexMA hydrogels without 

micelles were thoroughly washed to remove the LAP and unreacted DexMA left from prior 

step. 

As shown in Figure 5.3b and 5.3c, the hydrogels with and without micelles were rolled up in 

various modes, such as transversal rolling (Figure 5.3b), longitudinal rolling (Figure 5.3c-2 ) 

and diagonal rolling (Figure 5.3c-3). To quantitatively analyse the rolling behaviour of 

hydrogels with and without micelles, the rolling angle θ defined as the angle between rolling 

axis and y axis (Figure 5.3d) was measured in 3D confocal images. According to the relative 

positions to glass surface during gel formation process, we defined two surfaces (Figure 

5.3d), top surface (TS) which is far away from the glass surface or the surface embedded 

with micelles and bottom surface (BS) which is contacted with glass. When the hydrogels 

rolled up to hide TS inside and expose BS outside, the value of rolling angle θ we defined is 

positive. In contrary, the value is negative. Interestingly, we observed for all hydrogels with 

micelles a “negative” rolling way (negative θ), while all hydrogels without micelles show a 

“positive” rolling angle (Figure 5.3e). Meanwhile, we observed that in contrast to the 

relatively random curling motion of hydrogels without micelles, more than 90% of hybrid 

hydrogels rolled parallel with micelles (i.e. θ is close to 0°). All these results indicate that a 

single layer of organized micelle array within hydrogel surface is capable of modulating the 

response behaviour and control the rolling directionality. The observation agrees with the 

principle of actuation observed in natural plants, in which the oriented cellulose microfibrils 

control the motion[32, 33]. Since the aligned micelles on the top layer of hydrogels oriented 

in Y direction, the hydration-induced expansion along Y axis was restricted and the bottom 
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layer was unrestrained to swell. This anisotropy swelling directed the curling exclusively 

toward the bottom side and rolling parallel with micelles. 

 

Figure 5.3. Tailoring stimuli-responsive behavriour of hydrogels with supramolecular assemblies; 

Proof of supramolecular assemblies capable of tailoring stimuli-responsive behaviour of hydrogels. (a) 

Scheme of endowing DexMA hydrogels with pH responsive properties. Laser assisted polymerization 

is utilized to graft poly(acrylic acid) chains on to DexMA hydrogels. (b) 3D confocal microscopy 

images of rolling-up behaviour of DexMA hydrogel with micelles: (b-1) Fluorescein dye channel 

(green); (b-2) polymeric micelles channel (red); (b-3) merged channel. (c) 3D confocal microscopy 

images of rolling-up behaviour of DexMA hydrogel without micelles: (c-1) labelling pure DexMA 

hydrogels by bleaching a rectangle area on the top right side; (c-2) and (c-3) representative rolling-up 

behaviour of DexMA hydrogels without micelles. (d) Definition of rolling angle θ for analysis of 

rolling-up behaviour including longitudinal, diagonal and transversal rolling. (e) Distribution of rolling 

angles in DexMA hydrogel sheets (85×85 µm) with and without micelles. 

Based on the classical Euler-Bernoulli bending theory, we know that the bending stress 

required to deform slender beams is inversely proportional to the length of beams.  

δx =
Mzy

Ix
      (1) 

where δx is the bending stress, Mz is the moment about the neutral axis and inversely 

proportional to length of beam, y is the perpendicular distance to the neutral axis, Ix is the 

second moment of area about the neutral axis x. We can recognize that the size of DexMA 

hydrogels could affect the extent of deformation and thus indirectly magnify or reduce the 

influence of micelles. Here, we also investigated the effect of aligned micelles on the 

deformation of hydrogel with different sizes (Figure 5.4). As expected, the small hydrogels 



90 
 

(45×45 µm) without micelles adopted the diagonal rolling mode more (i.e. θ is close to 45°), 

while the larger blank hydrogels (125×125 µm) prefer transversal rolling mode (i.e. θ is close 

to 90°). Because in the case of small hydrogels, the diagonal rolling has a larger bending 

length (diagonal line) than that of transversal rolling (side of square), resulting in a smaller 

bending stress required to deform. Consider the aligned micelles that restricted the 

expansion along micelles during swelling. We can envisage that the micelles will have smaller 

effect on the rolling behaviour of small hydrogels than that on larger hydrogels. This was 

proved by our results (Figure 5.4a and 5.4b), namely the larger hydrogels preferred to roll 

parallel with micelles while the smaller hydrogels rolled in diagonal mode, further 

demonstrating that a single layer of organized micelle array on the surface of hydrogels can 

tailor the responsive behaviour. 

To further understand the role of aligned micelles in modulation of hydrogels rolling 

behaviour, we designed more complex architectures where an orthogonal network was 

printed on the surface of DexMA hydrogels (Figure 5.4c). In this regard, the swelling was 

restrained in two perpendicular directions. The hydrogels are rolling around the diagonal 

defined by the printed micellar square lattice where exclusively single rolling mode, diagonal, 

was observed for hydrogels with small (45×45 µm) gel size (Figure 5.4c-2). Since the bending 

stress required for larger hydrogels is smaller, the rolling direction of larger hydrogels is 

more unstable. For larger (85×85 µm) gels, except the main diagonal mode, transversal 

rolling mode was also observed (Figure 5.4c-4). Based on these results, we can conclude that 

the soft devices with controlled shape-morphing properties were constructed and tailored 

by supramolecular assemblies. 
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Figure 5.4. Evaluation of the effect of hydrogel size and multiple printed micelles on the rolling-up 

behaviour. (a) Rolling-up behaviour of small DexMA hydrogel sheets (45×45 µm) (a-1) without and (a-

2) with micelles, (a-3) distribution of rolling angles, (b) Rolling-up behaviour of big DexMA hydrogel 

sheets (125×125 µm) (b-1) without and (b-2) with micelles, and (b-3) distribution of rolling angles. (c) 

Rolling-up behaviour of micellar grids embedded DexMA hydrogel sheets with different sizes: (c-1) 

(45×45 µm) and (c-3) (85×85 µm), and corresponding distribution of rolling angles (c-2) and (c-4 ), 

respectively. 

5.3 Conclusions 

Using a hybrid strategy, combination of ‘bottom-up’ and ‘top-down’ approaches, 

programmed and complex soft devices, such as nano-fishnet and actuators, can be built up. 

Our work demonstrates that a single layer of supramolecular assemblies enables to tailor the 
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responsive actuation of hydrogels. We envision that the strategy of supramolecular 

assembly programming hydrogels could serve as a powerful tool in construction of 

sophisticated devices and tissue engineering, and open a new view of designing intelligent 

biomaterials that could apply in many fields, such as responsive drug delivery and soft robots. 

5.4. Experimental section 

5.4.1. Synthesis of methacrylated block copolymers 

Block copolymers of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) with a terminal group of 

methacryloyl in PEO block (PS-b-PEO-MA) was synthesized following published protocols. 

Briefly, block copolymers of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) having an -OH 

group in the end of PEO block reacted with methacryloyl chloride in a base, triethylamine, 

condition. 

5.4.2. Preparation and alignment of functionalized block copolymer micelles 

The mixture of PS-b-PEO and PS-b-PEO-MA (weight ratio: 9:1) was used to prepare 

functionalized filamentous micelles by the evaporation-induced self-assembly method, 

which has been reported in our previous work (see Chapter 2). The fluorescent probe 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) was used to stain the 

micelles for confocal microscopy imaging. Using a guided de-wetting technique as described 

previously, the fibrous micelles with methacryloyl groups in the end of corona part were 

aligned and deposited on top of poly(dimethylsiloxane) (PDMS) stamp with micropillar 

(length×width×height, 3.5×3.5×3.0 µm) arrays. 

5.4.3. Synthesis of methacrylated dextran (DexMA) 

Dextran (Mw 500,000 g/mol)was methacrylated by reation with glycidyl methacrylate, 

according to a modified, previously described procedure[34]. The preparation of DexMA was 

performed by the reaction with glycidyl methacrylate according to a modified, previously 

reported procedure. In short, 10 g of dextran (Mw=500,000 g/mol) and 2 g of 4-

dimethylaminopyridine (DMAP) were dissolved in 100 mL of anhydrous dimethyl sulfoxide 

(DMSO) by vigorous stirring under nitrogen atmosphere. Subsequently, 0.01 mol of glycidyl 

methacrylate was added drop-wise under stirring, followed by coupling reaction at 30°C for 

24 hours. The solution was cooled to room temperature and precipitated into 800 mL of 

ethanol. Then, the crude product was filtered out and washed thoroughly in ethanol for 

three times. In the end, the final product was dried in the vacuum oven at 45°C for 48 hours. 

The degree of substitution (the amount of methacrylate groups per 100 dextran 

glucopyranose residues) was determined by 1H-NMR. 
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5.4.4. Synthesis of photoinitiator LAP 

To prepare dextran hydrogels, a water-soluble photoinitiator, lithium phenyl-2,4,6-

trimethylbenzoyl-phosphinate (LAP), was synthesized according to procedure previously 

described[35] (Figure S3).. Briefly, 4.8 g of 2,4,6-trimethylbenzoyl-chloride was added drop 

by drop to react with 4.5 g of dimethyl phenylphosphonite under stirring and nitrogen 

atmosphere. After stirring at room temperature for 18 hours, a solution of lithium bromide 

(9.2 g) in 2-butanone (150 mL) was added to the reaction mixture, followed by heating up to 

50°C. Subsequently, the mixture was left to react 1 hour and then cooled down to room 

temperature. After resting 4 hours, the precipitate was filtered and washed three times with 

2-butanone  to remove unreacted lithium bromide. The excess solvent was removed by 

vacuum, yielding a white powder of LAP. 

5.4.5. Lazer-assisted fabrication of hydrogels with supramolecular assemblies 

Table 1. Setting parameters of confocal microscopy for photo patterning of DexMA hydrogels. 

Setting Parameters Vaules 

Frame size 1024×1024 

Pixel dwell 1.27 µs 

Average scanning No. 2 

Laser power 50% 

Zoom 1.0 

Pin hole 1 AU 

Laser wavelength 405 nm 

 

DexMA was first fully dissolved at 10 wt% in deionized water and mixed with photoinitiator 

LAP (0.5 wt%) to prepare the stock solutions. Then, 150 µl stock solution was spread onto 

cleaned coverslips (diameter: 30 mm) following spin coating at 2000 rpm for 2 min. PDMS 

stamp with aligned micelles on top was brought into contact with DexMA film on coverslips 

under gentle force (around 40 g) for 30s. After slowly peeling off stamp (around 1 mm/s), 

the aligned micelle array was successfully transferred on the DexMA film. For fabricating 

DexMA hydrogel with methyacrylated micelles, an upright point-scanning confocal 

microscope (LSM 710, Carl Zeiss Microscopy GmbH, Germany) equiped with a Fluar 40×/1.3 

oil M27 objective and with 405 nm diode laser, 458/488 nm multiline Argon laser, 543 nm 

Helium/Neon (HeNe) and a 633 nm HeNe laser was employed. The bleaching mode and 
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user-defined scanning option of the microscope software (ZEN 2009) allowed precisely 

controlled arbitrary patterns and crosslinking time. To prepare DexMA hydrogels , the 

parameters used in microscope software were shown in Table 1. For labelling the DexMA 

hydrogels without micelles, we used longer irradiation time (pixel dwell : 12.61 µs) and more 

scanning times (Average scanning No.: 4) with stronger laser power (100%). 

5.4.6. Fabrication of pH responsive actuators 

To fabricate the pH responsive actuators, DexMA hydrogels was functionalized with sodium 

acrylate. The DexMA hydrogels formed on the glass surface were first washed thoroughly 

with demineralised water, and then immersed in 60 µl of 26.8 wt% sodium acrylate (SA) 

solution containing 0.5 wt% of LAP for 15 min. After second illumination of DexMA hydrogels 

in this solution, SA were successfully grafted onto the DexMA hydrogels, yielding pH 

responsive properties. Note that the laser power used for grafting SA was 5.0%, while the 

rest settings are the same. 

5.4.7. Fabrication of fishnet device and investigation of trapping/releasing 

particles. 

To fabricate the fishnet device, the aligned micelle arrays were printed twice in orthogonal 

directions to form fishnet structure on DexMA film. Then, the hollow square structures were 

formed using the same procedure of laser irradiation as described above. For encapsulating 

microparticles inside of fishnet device, DexMA solution containing microparticles with two 

different sizes (d=1 µm and 8 µm) was sprayed on the glass slide followed by spin coating to 

form DexMA film. Subsequently, the crosslinking step was the same as formation of 

hydrogels. 
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5.6. Appendix 

 

 

Figure S1. Reaction of PS-b-PEO with methacryloyl chloride and corresponding 1H-NMR spectra of 

PS-b-PEO-MA and PS-b-PEO dissolved in chloroform. (same as Figure S1 in Section 4.6) 

 

 

Figure S2. Reaction of dextran with glysidyl methacrylate and corresponding 1H-NMR spectra of 

DexMA dissolved in D2O. 
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Figure S3. Synthesis of lithium phenyl-2,4,6-trimethylbenzoyl-phosphinate and corresponding 1H-

NMR spectra in D2O. 

 

Figure S4. Confocal microscopy image of functionalized micelles formed by the evaporation-induced 

self-assembly method. Scale bar: 20 µm. 
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Figure S5. (a) Scheme of fabrication of PDMS stamp and alignment of methacrylated micelles: i) 

fabrication of silicon wafer template; ii) PDMS preparation; iii) guided de-wetting process; iv) aligned 

micelles on PDMS pillars. (b) Confocal microscopy image of aligned micelles. Scale bar: 20 µm. 

 

Figure S6. Confocal microscopy image of skew micelles on microparticle (red channel). Scale bar: 5 

µm. 
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Figure S7. Optical microscopy images of DexMA hydrogels response to the changes of solution pH. (a) 

hydrogel structures before and after changing pH from 7.1 to 4.7; (b) hydrogel structures before and 

after changing pH from 4.7 to 7.1.  
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Summary 

Self-assembly of amphiphilic block copolymers in aqueous solution provides a versatile tool 

to create complex and functional micelles with various nanostructures, such as spherical, 

cylindrical and bilayer structures. As an important class in these structures, nanofibrillar 

micelles have attracted growing interest due to their unique properties that can potentially 

mimic biological analogues. For example, a great number of nanofibrillar structures, such as 

actin filaments and collagen gels with filamentous structures, were found in nature systems 

and have greatly motivated researchers to mimic these systems with synthetic materials. 

Besides, precise spatiotemporal control and integration of these nanofibrillar structures will 

offer a powerful strategy for construction of new soft devices in the future. Therefore, in this 

thesis, we explore the ultra-long, stiff and quenched micelles of diblock copolymers and 

develop a hybrid approach combining self-assembly of block copolymers and micro-

fabrication methods to manipulate these micelles for building soft devices. 

In Chapter 2, we investigated the possibilities of gelation of these ultra-long, stiff and 

quenched micelles. Three different mechanisms of forming micellar gels are discussed. First, 

the physical interaction between micelles is investigated as a possible mechanism for gel 

formation of a solution of ultralong quenched copolymer micelles. Second, a thermal fusion 

mechanism is proposed where after heating the micelles above the glass transition 

temperature of the polystyrene core blocks, micellar clusters and some fused junctions 

between adjacent micelles are formed, enabling crosslinking of the micelles and the 

formation of three dimension networks, namely micellar gels, after cooling down to room 

temperature. A third aspect on the formation of a network of ultralong micelles is based on 

a chemical crosslinking between the corona (PEO) parts of neighbouring micelles. The 

crosslinking process is studied in-situ by rheology and shows a three-region time 

dependence including (1) initiation, (2) sol-gel transition and (3) plateau region. Compared 

with the two former gelation mechanisms, the latter one exhibits the lowest critical gelation 

concentration. 

Since the micelles in micellar gels are organized in a random way, we attempt to develop a 

method in Chapter 3 to manipulate the quenched and ultra-long micelles in order to build 

supermicellar array with a high level of order. By utilizing a guided dewetting method, we 

can align and deposit the nanofibrillar micelles onto the patterned PDMS surface. As PDMS is 

a popular candidate used for transfer printing, we can simply print these oriented micelles 

onto various flat substrates. Through controlling the printing times and printing directions of 

micelles, the designed 2D networks of cylindrical micelles can be formed. Ultimately, 

supermicellar structures are fixed by a thermal welding approach. 

In Chapter 4, we describe how these organized micelles are used to take control over the 

cellular alignment behaviour. Here, we print and graft the functionalized cylinder micelles 

onto glass surface, yielding a new platform for cell alignment. We show that the area density 
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and orientation of fibrous micelles determine the alignment degree and directionality of 

cells, respectively. Furthermore, competitive guidance is found when cells are cultured on 

substrates with aligned micelles in various directions. We demonstrate for the first time that 

block copolymer nano-fibrous micelles are capable of regulating cellular response growing 

on a flat surface. 

The last chapter, Chapter 5, is dedicated to further develop and application of these 

organized micelles in the construction of soft devices where we explore the possibilities of 

printing micelles onto soft surfaces, such as hydrogels. Through a hybrid approach 

combining the “bottom-up” method, self-assembly of block copolymers, with the “top-down” 

method, photo-lithography, we have developed two different kinds of soft devices. A first 

one, named “soft nano-fishnet”, enables us to trap and release microparticles while the 

second one, shape-morphing gel sheet, offers the ability of programmed spontaneous rolling 

behaviour. We demonstrate that a single layer of ordered, ultra-long nanofribrillar micelles 

embedded on the surface of hydrogel matrix can tailor the rolling responsive actuation of 

hydrogels. This strategy opens extensive opportunities for designing new soft devices, soft 

robots or soft surfaces. 
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Samenvatting 

Zelfassemblage van amfifiele blok co-polymeren in waterige oplossing is een universeel stuk 

gereedschap waarmee complexe en functionele micellen met verschillende nanostructuren, 

zoals sferische, cilindrische en bilaagstructuren gevormd kunnen worden. Als een belangrijke 

klasse in deze structuren groeien nanofibrilliare micellen in aandacht vanwege hun unieke 

eigenschappen die potentieel biologische analogieën kunnen imiteren. Een groot aantal 

nanofibrillaire structuren zoals actine filamenten en collageen gelen met een 

filamentstructuur worden bijvoorbeeld aangetroffen in natuurlijke systemen en hebben 

onderzoekers sterk gemotiveerd deze systemen na te maken met synthetische materialen. 

Daarnaast, precieze controle over de intramoleculaire afstand en integratie van deze 

nanofibrillaire structuren zullen een krachtige strategie bieden voor de constructie van 

nieuwe zachte systemen in de toekomst. Daarom verkennen we in deze dissertatie de 

ultralange, stijve en neergeslagen micellen van diblok copolymeren en ontwikkelen een 

hybride aanpak waarbij we zelfassemblage van blok copolymeren en micro-fabricage 

methoden combineren om deze micellen te manipuleren zodat er zachte systemen mee 

gemaakt kunnen worden. 

In hoofdstuk 2 onderzoeken we de mogelijkheden van het geleren van deze ultralange, stijve 

en neergeslagen micellen. Drie verschillende mechanismen voor het vormen van micellaire 

gelen worden behandeld. Als eerste is de fysieke interactie tussen micellen onderzocht als 

mogelijk mechanisme voor gelvorming uit een oplossing van ultralange neergeslagen 

copolymere micellen. Daarna wordt een mechanisme van thermische fusie voorgesteld 

waarbij na verwarming tot boven de glastemperatuur van de polystyreen kern micellaire 

clusters en een aantal versmolten verbindingen tussen naastliggende micellen zijn gevormd, 

wat, na afkoeling tot kamertemperatuur, de mogelijkheid creëert tot het vormen van 

driedimensionale netwerken, namelijk micellaire gels. Een derde aspect van de vorming van 

een netwerk van ultralange micellen is gebaseerd op een chemische crosslinking tussen de 

corona (PEO) delen van naastliggende micellen. Het crosslinking proces is in-situ bestudeerd 

door middel van rheologie en laat een drie delen tijdafhankelijkheid zien, met een (1) 

initiatie, (2) sol-gel overgang en (3) plateau deel. Vergeleken met de twee eerstgenoemde 

geleermechanismes geeft de laatstgenoemde de laagste kritische geleringsconcentratie. 

Daar de micellen in een micellaire gel op een willekeurige manier zijn geordend proberen we 

in hoofdstuk 3 een methode te ontwikkelen om neergeslagen en ultralange micellen te 

manipuleren zodat ze een supermicellair rooster vormen met een hoge mate van ordening. 

Door op een gecontroleerde manier water van een van een patroon voorzien PDMS-

oppervlak te laten lopen kunnen we de nanofibrillaire micellen deponeren en uitlijnen. Daar 

PDMS een populaire kandidaat is om te gebruiken voor transferprinten kunnen we deze 

georiënteerde micellen gemakkelijk op verschillende vlakke substraten printen. Door de 

printtijden en printrichtingen te controleren kunnen de ontworpen 2D netwerken van 
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cilindrische micellen worden gevormd. Uiteindelijk worden de supermicellaire structuren 

gefixeerd door een thermische lasmethode. 

In hoofstuk 4 beschrijven we hoe deze georganiseerde micellen worden gebruikt voor het 

beïnvloeden van het uitlijningingsgedrag van cellen. In dit geval brengen we de 

gefunctionaliseerde cilindrische micellen aan op een glasoppervlak, wat een platform 

oplevert voor de uitlijning van cellen. We laten zien dat de oppervlaktedichtheid en 

oriëntatie van vezelvormige micellen de mate van respectievelijk uitlijning en richting van 

cellen bepaalt. Verder is ontdekt dat als micellen in verschillende richtingen op een 

oppervlak zijn uitgelijnd er sprake is van competitieve geleiding. We laten voor de eerste 

keer zien dat blok copolymere nanovezelvormige micellen de cel respons kunnen 

beïnvloeden terwijl ze op een vlak oppervlak groeien. 

Het laatste hoofdstuk, hoofdstuk 5, is gewijd aan het verder ontwikkelen van de toepassing 

van deze georganiseerde micellen bij de constructie van zachte systemen, waarbij we de 

mogelijkheden verkennen voor het printen van micellen op zachte structuren zoals 

hydrogelen. Door een hybride methode waarbij de “bottom-up” methode, zelfassemblage 

van blok copolymeren, en de “top-down” methode, fotolithografie, worden gecombineerd 

hebben we twee verschillende soorten zachte systemen ontwikkeld. De eerste, genaamd 

“zacht nanovisnet”, geeft ons de mogelijkheid microdeeltjes te vangen en weer vrijgeven, 

terwijl de tweede, “vormveranderende gelfilm”, ons de mogelijkheid geeft spontaan 

oprolgedrag te programmeren. We laten zien dat een enkele laag van geordende ultralange 

nanofibrillaire micellen, ingebed op het oppervlak van een hydrogelmatrix, de oprolrespons 

van hydrogels mogelijk kan maken. Deze strategie opent extensieve mogelijkheden voor het 

ontwerpen van nieuwe zachte systemen, zachte robots of zachte oppervlakken. 
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