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Abstract 
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Abstract 

In polymer-nanoparticles hybrids materials, functions can be imparted either through the clever 

design of new nano-building blocks or by gaining control over the manner those nano-building 

blocks organize. The main goal here was to develop new functional polymer-nanoparticles hybrid 

materials using both strategies. A new generation of functional materials was developed by 

expanding our library of functional nanoparticles and by the optimization of processing tools used 

to prepare hybrid materials by the assembly of nano-objects and polymers. In those new functional 

materials, function is conferred by the combination of chemical composition and structure. 

In this thesis, two strategies have been used to fabricate assembled materials with new functions: 

1) fabrication of new functional nano-building-blocks (nano-objects) and 2) processing of nano-

building-blocks into hierarchical structured polymer/nanoparticle hybrid materials. To fulfill this 

goal, hybrid nanocapsules with damage self-reporting function (Chapter 3.1) and 

superparamagnetism (Chapter 3.5), disentangled single-chain polymer (Chapter 3.2), and 

inorganic nanoparticles with catalase-like activity and haloperoxidase-like activity (Chapter 3.3 

and Chapter 3.4, respectively) have been synthesized and fabricated. Using processing methods 

allowing for the formation of complex hierarchical structures, such as Pickering emulsion followed 

by solvent evaporation (Chapter 3.1), electrospinning (Chapter 3.2, 3.3, and 3.4) or evaporation 

driven-assembly (Chapter 3.5) new functional materials based on the different nano-buildings 

blocks were prepared. The resulting nanoparticles/polymer hybrid materials, where functional 

nano-objects were dispersed in polymer matrices, were used to produce materials with “self-

reporting”, wound healing and anti-biofouling functions. Moreover, a new assembly method, 

which combined evaporation assembly and magnetic assembly, has been developed to generate 
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3D anisotropic microstructures with superparamagnetic function. These new assemblies were able 

to be remotely controlled by a magnetic field and could find potential applications in micro-

robotics (Chapter 3.5). 

With this work, it was clearly demonstrated how the combination of nanoparticle synthesis and 

processing methods can be used to prepare new functional materials with unique properties.  
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Zusammenfassung 

In Polymernanopartikel basierten Hybridmaterialien, können Funktionen entweder durch ein 

cleveres Design neuer Nanobausteine oder durch die Kontrolle der Organisation solcher 

Nanobausteine eingeführt werden. Das Hauptziel hier war die Entwicklung neuer funktioneller 

Polymernanopartikel basierter Hybridmaterialien unter Verwendung dieser beiden Strategien. 

Eine neue Generation funktioneller Materialien wurde durch die Erweiterungen unserer 

Bandbreite funktioneller Nanopartikel und durch die Optimierung der Verarbeitungsmethoden zur 

Herstellung von Hybridmaterialien durch Anordnung von Nano-Objekten und Polymeren 

entwickelt. Diese neuen funktionellen Materialien erhalten ihre Funktion durch Kombination der 

chemischen Zusammensetzung und der Struktur.  

In dieser Doktorarbeit wurden zwei Strategien verwendet, um angeordnete Materialien mit neuen 

Funktionen herzustellen: 1) Herstellung neuer funktioneller Nano-Bausteine (Nano-Objekten) und 

2) Verarbeitung von Nano-Bausteinen zu hierarchisch strukturierten Polymernanopartikel 

basierten Hybridmaterialien. Um dieses Ziel zu erreichen, wurden Hybridnanokapseln, die 

selbstständig eine Beschädigung anzeigen (Kapitel 3.1) oder mit Superparamagnetismus 

(Kapitel 3.5), nicht-verschlaufte Polymereinzelketten (Kapitel 3.2) und anorganische 

Nanopartikel mit catalaseähnlicher sowie haloperoxidaseähnlicher Aktivität (Kapitel 3.3 und 3.4) 

synthetisiert und verarbeitet. Durch die Verwendung von Verarbeitungsprozessen wie 

Pickeringemulsiierung (Kapitel 3.1), Elektrospinnen (Kapitel 3.2, 3.3 und 3.4) oder 

verdampfungsgetriebene Anordnung (Kapitel 3.5) wurden neue funktionelle Materialien 

basierend auf unterschiedlichen Nanobausteinen hergestellt. Die resultierenden 

Nanopartikel/Polymer-Hybridmaterialien, bei denen Nano-Objekte in einer Polymermatrix 



Zusammenfassung 

IV 

dispergiert sind, wurden zur Herstellung von Materialien mit “Selbstanzeige“, Wundheilung und 

Anti-Biofouling verwendet. Darüber hinaus wurde eine neue Methode zur Anordnung entwickelt, 

bei der verdampfungsgetrieben Anordnung und magnetische Anordnung kombiniert werden, um 

dreidimensionale anisotrope Mikrostrukturen mit superparamagnetischer Funktion herzustellen. 

Diese neuen Anordnungen konnten durch ein magnetisches Feld ferngesteuert werden und könnten 

Anwendung in der Mikrorobotik finden (Kapitel 3.5).  

Mit dieser Arbeit wurde klar gezeigt, wie die Kombination aus Nanopartikelsynthese und 

Verarbeitungsmethoden verwendet werden kann, um neue funktionelle Materialien mit 

einzigartigen Eigenschaften herzustellen. 
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1. Introduction 

In the science fiction film “Fantastic Voyage”, scientists developed a technology that can shrink a 

submarine to the size of a blood cell. This tiny submarine ventured through the human body to 

perform delicate surgery and repair the body damages. Nowadays, scientists use nanotechnology 

to bring this type of fictional stories into reality. Using nanotechnology, the size of the “submarine” 

is down to the nanometer range. These nano-objects can not only improve human health, but also 

impact many aspects of scientific and technological developments. For example, silver 

nanoparticles in fabric that can efficiently kill bacteria are widely used in wound dressing materials 

and odor-resistant clothing.1 Nanoparticles have been used in solar cells to improve the efficiency 

of the energy harvesting.2 Recently, scientists have developed wearable electronics with 

nanoparticles. Such electronic skin can be used for robots and prosthetic limbs, offering sensitivity 

to pressure, humidity, and temperature.3 

Interestingly, instead of using single nanoparticle with a single function, assemblies of 

nanoparticles allow performing multiple tasks simultaneously or in sequence. Often, those 

assemblies display collective properties, new functions specific to complex assembled materials, 

that can be used in new functional devices. For example, multifunctional hybrid assemblies of 

magnetic and metal nanoparticles have been used for the separation of proteins4, 5 and the recovery 

of catalysts.6 Moreover, assemblies of nanoparticles could show intriguing properties that are 

different from those of individual nanoparticles and corresponding bulk materials. Specific 

assembly of nanoparticles enables to couple and translate individual properties of nanoparticles to 

the desired macroscopic properties of new materials. For example, assembling of gold nanorods 

allows producing a plasmonic substrate with an excellent sensitivity that does not exist in single 
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nanorods,7 which can be harnessed to design more sensitive diagnostic tools based on surface-

enhanced Raman scattering.8 

Therefore, it is essential to control the arrangement of nano-objects in order to allow the materials 

having desired properties and functions. Numerous approaches have been developed and used to 

produce assembled materials with various functions. The strategies of assembly nano-objects 

include template-assisted assembly, external field assisted assembly, and evaporation guided 

assembly.9-11 Those different strategies lead to the different organization and alignment of nano-

objects, resulting in bringing different functions to the assembled materials. In order to fabricate a 

material with on-demand functions, various nano-objects with desired functions have first to be 

synthesized and then precisely assembled into a programmable architecture. In this manner, the 

assembled materials can be used in a variety of applications such as coatings, sensing, and 

biomedical field. 

Compared with the scientists in “Fantastic Voyage”, we have not yet been able to shrink a 

macroscopic submarine to such a tiny size. Alternatively, scientists have developed various 

approaches for building “mini-submarine” with different architectures and functions. The nano-

objects, which can be used as nano-building-blocks, have been desirably created and then been 

assembled into various structures on demanded. With the existing assembled structures of nano-

objects, several functional materials have been fabricated. To further expand the library of 

functional materials prepared from the assembly of nano-objects and polymer, novel nano-objects 

need to be developed, processing methods need to be optimized and existing approaches can also 

be combined to generate a new generation of functional materials where function is imparted by 

the combination of chemical composition and structure. 
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2. State of the art 

2.1 Synthesis of nanoparticles 

The structure and properties of the nanoparticles, used as the building blocks for assembly, affect 

the property of assembled materials. Controlling the chemical composition of nanoparticles is the 

most straightforward manner to tune the property of nanoparticles. Different synthetic approaches 

lead to the formation of nanoparticles with different compositions. The three types of nanoparticles 

as specifically important in the framework of this thesis: polymer nanoparticles, inorganic 

nanoparticles, and hybrid polymer/inorganic nanoparticles. 

2.1.1 Synthesis of polymer nanoparticles 

Polymer nanoparticles can be produced either by preformed polymers or by the direct 

polymerization of monomers.12-14 There are many methods to generate nanoparticles in the 

nanometer- and micrometer-size including miniemulsion, emulsion, microfluidic, and 

electrospraying. Among those, miniemulsion is the most versatile and general way to produce 

precursor nanodroplets in large scale with a variety of materials. These droplets act as the reactor 

for the polymerization and the confinement place for the formation of the polymer nanoparticles.  

In general, the miniemulsion droplets are nanometer-size and stable in the continuous phase. To 

generate such droplets, two immiscible liquid phases are sheared with ultra-sonicators or 

homogenizers.15 The nanodroplets are stabilized against coalescence and Ostwald ripening by the 

presence of surfactants and co-stabilizers.16, 17 The surfactants are amphiphilic molecules that 

generate steric and/or electrostatic repulsion force at the droplets interfaces, resulting in preventing 

the coalescence of droplets. The co-stabilizer is a molecule with a low solubility in the continuous 

phase; the solubility of the co-stabilizer in the continuous phase also need to a much lower 
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solubility of the other molecules present in the dispersed phase. Therefore, the presence of a co-

stabilizer builds up an osmotic pressure in the droplets to counteract the Laplace pressure that 

would otherwise result in the diffusion of the molecules forming the dispersed phase from smaller 

droplets to larger droplets.15 The nanodroplets in miniemulsion can act as nanoreactors so that the 

reactions can take place in the droplet or at the droplet interface. Figure 2.1 schematically 

illustrates the two general approaches of producing polymer nanoparticles by miniemulsion.  

 

Figure 2.1 Production of polymer nanoparticles by miniemulsion process. 

On one hand, polymer nanoparticles can be directly synthesized by the polymerization of 

monomers in the miniemulsion droplets.18-20 Different types of polymerizations in miniemulsions 

droplets have been used to produce suspensions of homogeneous nanoparticles. Radical 

polymerization in dispersed phase has been used to successfully synthesized polystyrene, 

(Figure 2.2a),21 polyacrylamide (Figure 2.2b),22 polymethacrylates (Figure 2.2c),23 and many 

other polymers nanoparticles.24-26 Moreover, miniemulsion polymerization is not limited to radical 

polymerization, other types of polymerizations such as anionic polymerization and polyaddition 

can be performed in miniemulsion droplets. For example, polyamide-6 nanoparticles 

(Figure 2.2d) have been successfully obtained by anionic polymerization of ε-caprolactam in 
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heterophase using the miniemulsion process 27 Polyepoxide28 and polyurethane (Figure 2.2e),29, 30 

nanoparticles have been produced by polyaddition polymerization in miniemulsion process. 

Additionally, protein nanoparticles (Figure 2.2f) were synthesized by a polyaddition reaction at 

the interface of nanodroplets in water-in-oil miniemulsions: the isocyanate groups of the cross-

linker react with the hydroxyls and amines groups from proteins (hydroxyls and amines), resulting 

in the formation of water-insoluble nanocontainers with cross-linked polypeptide shells.31-33 

 

Figure 2.2 Electronic microscopic images of polymer nanoparticles: (a) polystyrene (adapted from 

ref. 21 with copyright 2005 John Wiley and Sons); (b) polyacrylamide (adapted from ref. 22 with 

copyright 2010 American Chemical Society); and (c) polymethacrylates nanoparticles produced 

by radical polymerization (adapted from ref. 23 with copyright 2010 John Wiley and Sons); (d) 

polyamide-6 nanoparticles produced by anionic polymerization (adapted from ref. 27 with 

copyright 2005 American Chemical Society); (e) polyurethane (adapted from ref. 29 with 

copyright 2001 John Wiley and Sons); and (f) protein nanocapsules produced by interfacial 

polyaddition polymerization (adapted from ref. 31 with copyright 2015 American Chemical 

Society). 
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On the other hand, evaporation of volatilized solvents in miniemulsion droplets is a generalized 

method for the preparation of polymer nanoparticles from preformed polymers.34, 35 In this process, 

the polymers are dissolved in a solvent and the polymer solution is emulsified with another 

immiscible liquid in presence of a surfactant to form miniemulsion droplets. Afterward, the solvent 

is evaporated by heating the miniemulsion. Thus, the polymer inside the droplets can be solidified 

and nanoparticles are then obtained. In this manner, various types of polymers were successfully 

used to produce nanoparticles. For example, polylactide, poly(ε‐caprolactone), and poly(lactide-

co-glycolide) were used to produce biocompatible and biodegradable nanoparticles for biomedical 

applications.36-38 In addition, it is possible to mix more than one type of polymer into miniemulsion 

droplets. During the process of solvent evaporation, the phase separation leads to the formation of 

Janus nanoparticles (Figure 2.3).39, 40  

 

Figure 2.3 Electronic microscopic images of (a) polylactide nanoparticles (adapted from ref. 38 

with copyright 2012 John Wiley and Sons); (b) polystyrene/poly(methyl methacrylate) Janus 

nanoparticles (adapted from ref. 39 with copyright 2008 American Chemical Society); and (c) 

polystyrene (dark)/polypropylene carbonate (white) Janus nanoparticles prepared by solvent 

evaporation (adapted from ref. 40 with copyright 2009 John Wiley and Sons). 

 

Although miniemulsion-based techniques are almost a universal method to produce polymer 

nanoparticles, the polymer nanoparticles prepared from miniemulsion technique always need a 
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surfactant to stabilize the preformed droplets and fabricated nanoparticles. The surfactants are not 

always desirable in the final application of the nanoparticles and are maybe even harmful to the 

potential applications in some cases such as food industry and biomedicine. Therefore, additional 

purification steps are required to remove the surfactants in the nanoparticles suspensions. 

Alternatively, there are other surfactant-free methods such as surfactant-free emulsion 

polymerization41 and electrospraying.42-44 Electrospraying is a process where an electric field is 

used to produce and dry droplets of a polymer solution. In this process, a polymer solution is 

pumped out of a capillary nozzle and then an electric field is applied between the nozzle and a 

target. The difference of potential is used to accelerate the solution of polymer and leads to the 

elongation of the solution coming out of the nozzle and the formation of a jet.45 The jet can further 

deform and split into unstable micro- or nano-droplets due to the high electrical forces. Once the 

droplets have detached from the main jet, the solvent in the droplets of polymer solution evaporates 

and then generate dense and solid particles at micro- or nanometer size are propelled towards the 

collector.46 In electrospraying, the droplet sizes can be tailored by voltage and flow rate.47 

Furthermore, the morphology of nanoparticles can be tailored during the electrospraying process. 

For example, by controlling the molecular weight, concentration, and flow rate of polymer 

solution, spherical and ellipsoidal polymer particles have been produced48 (Figure 2.4). The 

hollow microsphere with a single hole in its shell has been produced by coaxial electrospraying. 

Polymethylsilsesquioxane was used as a model shell material encapsulating a core of a volatile 

liquid, perfluorohexane, which was subsequently evaporated to produce the hollow spheres.49  
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Figure 2.4 (a) Schematic picture of electrospraying process46 (adapted from ref. 46 with open 

access article distributed under the Creative Commons Attribution License (CC BY 3.0)); (b) 

different morphologies of electrosprayed poly(lactic-co-glycolic acid) particles48 (adapted from 

ref. 48 with copyright 2010 Elsevier). 

2.1.2 Synthesis of inorganic nanoparticles 

There are many synthetic strategies for producing inorganic nanoparticles with various 

composition, shape, and size. These methods are summarized and reviewed in the literature.50, 51 

In this thesis, the synthetic methods will be focused on those relevant to the formation of silica 

nanoparticles, cerium nanoparticles, and magnetic nanoparticles used in this study. 

Silica nanoparticles are widely used in biomedical applications because of their 

biocompatibility.51, 52 The most commonly used route for the synthesis of silica nanoparticles is 

the sol-gel method due to its ability to produce monodispersed with narrow-size distribution 

nanoparticles at mild conditions.  Generally, the process involves hydrolysis and condensation of 

metal alkoxides (Si(OR)4) such as tetraethylorthosilicate (TEOS, Si(OC2H5)4)
53 or inorganic salts 

such as sodium silicate (Na2SiO3)
54 in the presence of acid (e.g. HCl) or base (e.g. NH3) as catalyst. 

This method was first reported by Stöber.55 This reaction in the sol-gel process is described as: 
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Moreover, the silica nanoparticles can be mesoporous by the templating of the sol-gel method.56 

Generally, mesoporous silica nanoparticles are prepared in presence of the surfactant 

cetyltrimethylammonium bromide (CTAB) used as a liquid crystal templating agent, tetraethyl 

orthosilicate (TEOS) or sodium metasilicate (Na2SiO3) as the silica precursor, and an alkali as the 

catalyst. In this synthesis, when the concentration of surfactant is higher than the critical micelle 

concentration (CMC), micelles are formed. The silica precursors would then condensate at the 

surface of surfactant micelles and form silica wall around the surface of the micelles. After the 

removal of the surfactant, mesoporous silica nanoparticles are obtained with a specific surface area 

as high as 700 m2/g, and with a pore size-tunable in the range of 1.6-10 nm (Figure 1.5).52, 57 

 

Figure 2.5 Formation of mesoporous silica materials by templating agents (Reproduced from ref. 

52 with permission. Copyright 2012 John Wiley and Sons). 
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Recently, cerium oxides have been widely used in biomedical applications for reducing the 

oxidative stress generated by reactive oxygen species (ROS) in cells and tissues.58, 59 Thanks to 

the Ce3+/Ce4+ redox couple on the nanoparticle surface, it provides a biological activity that is 

similar to the activity of natural metallo-enzymes that use transition metal ions, e.g. Fe3+ and Cu2+, 

to mediate the concentration of ROS. Therefore, the demand for cerium oxide nanoparticles is 

rapidly increasing.  

Cerium oxide nanoparticles have been synthesized by the thermal decomposition of cerium 

precursor (e.g. cerium nitrate) in organic solvents60 or in microemulsions61.  The composition, 

surfactant, and the cerium source precursor are of importance in the final product morphology. By 

varying the NaOH concentration, reaction time, and precursor concentrations, CeO2 nanoparticles 

with spherical, rod-like, cube-like, and spindle-like shapes have been obtained (Figure 2.6).62, 63 

 

Figure 2.6 (a) Synthetic scheme of CeO2 nanoparticles with different shapes. TEM images of 

CeO2 (b) nanopolyhedras, (c) nanorods, and (d) nanocubes63 (reproduced from ref. 63 with 

permission. Copyright 2007 American Chemical Society). 
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Magnetic nanoparticles are of great interest in a wide range of applications such as micro-

actuators,64, 65 magnetic separation,66, 67 and drug delivery.68, 69 These magnetic nanoparticles 

include metal oxides (Fe3O4 and ɣ-Fe2O3),
70, 71 spinel-type ferromagnets (MnFe2O4 and 

CoFe2O4),
72 pure metals (Fe and Co),73, 74 and alloys (CoPt3 and FePt).75, 76 Both co-precipitation 

77 and thermal decomposition78 are techniques commonly used to synthesize high-quality magnetic 

nanoparticles in large amount. Co-precipitation is a facile and convenient way to synthesize Fe3O4 

and ɣ-Fe2O3 from aqueous Fe2+/Fe3+ salt solutions by the addition of a base at room temperature 

or at elevated temperature. The size, shape, and composition of the magnetic nanoparticles very 

much depend on the type of salts used (e.g. chlorides, sulfates, nitrates), the Fe2+/Fe3+ salt ratio, 

the reaction temperature, the pH value and ionic strength of the media. With this synthesis, once 

the synthetic conditions are fixed, the quality of the magnetite nanoparticles is fully reproducible. 

Additionally, monodisperse magnetic nanocrystals with smaller size can be synthesized through 

the thermal decomposition of organometallic compounds in high-boiling organic solvents 

containing stabilizing surfactants. Besides these two methods, the other methods, such as 

microemulsion 79 and hydrothermal synthesis,80 are also utilized to produce magnetic nanoparticles 

(Table 2.1).81 
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Table 2.1 Comparison of synthetic methods for magnetic nanoparticles. (Reproduced from ref. 81 

with permission. Copyright 2007 John Wiley and Sons) 

Synthetic 

method 

Reaction 

temperature 

Reaction 

time 

Solvent Size 

distribution 

Shape 

controlling 

Yield 

Co-precipitation 20 – 90 °C Minutes Water Relatively 

narrow 

Not good High 

Thermal 

decomposition 

100 – 320 °C Hours - 

days 

Organic 

solvent 

Very 

narrow 

Very good High 

Microemulsion 20 – 50 °C Hours Organic 

solvent 

Relatively 

narrow 

Good Low 

Hydrothermal 

synthesis 

220 °C Hours - 

days 

Water-

ethanol 

Very 

narrow 

Very good Medium 

 

2.1.3 Synthesis of inorganic/polymer hybrid nanoparticles 

Inorganic/polymer hybrid nanoparticles have numerous applications including coatings, optical 

materials, and biomedical applications. Such hybrid nanoparticles provide very good 

processability and tunable mechanical properties because of the polymer components. 

Additionally, the inorganic part offers specific functionalities, e.g. magnetic responsive and 

catalytic activity, to the hybrid materials. Therefore, the hybrid nanoparticles have a unique 

synergetic effect coming from the different components. Depending on the synthetic strategy used, 

the hybrid material can be formed either be inorganic clusters encapsulated in a polymer matrix, 

inorganic particles forming a shell at the surface of polymer nanoparticles, or polymer chains 

grafted on an inorganic nanoparticle (Figure 2.7).  
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Figure 2.7 Different types of inorganic/polymer hybrid nanoparticles. 

Miniemulsion can not be only used to prepare polymer particles but also hybrid particles. The 

inorganic nanocomponents are first mixed into the miniemulsion droplets, together with monomers 

or preformed polymers. After polymerization or solvent evaporation, the inorganic part is 

encapsulated inside the polymer nanoparticles.37, 82 For example, biodegradable polylactide 

nanoparticles loaded with iron oxide particles were prepared by the combination of miniemulsion 

and emulsion/solvent evaporation techniques (Figure 2.8a).37 This method shows the versatility 

possible when combining different polymer and inorganic nanoparticles. However, for some 

application purpose, e.g. catalytic application, the catalytic nanoparticles need to expose and stay 

on the outside of the hybrid nanoparticle to enable direct contact between the inorganic particles 

and the media and/or substrates.  

There are two ways to position inorganic nanoparticles on the surface: either the in situ synthesis 

of inorganic nanoparticles on the surface of polymer nanoparticles or coating preformed inorganic 

nanoparticles on the surface of polymer nanoparticles. For example, the combination of in situ 

crystallization and miniemulsion process has been used to fabricate hybrid ceria/polymer 

nanoparticles. In this case, polystyrene and poly(methyl methacrylate) were prepared by 

miniemulsion copolymerization in the presence of different functional comonomers that provide 

carboxylic or phosphate groups. The functional groups of the comonomers generate a corona 
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around the polymer nanoparticles and serve as nucleating agents for the in situ crystallization of 

cerium oxide.83 This technique has also been used to prepare an array of hybrid nanoparticles such 

as cadmium sulfide/polymer 84 and zirconium oxocluster/polymer 85, 86 hybrid nanoparticles. Some 

inorganic nanoparticles, such as silica 87 and titanium oxide 88 nanoparticle, can act as stabilizers 

to stabilize the emulsion droplets instead of, or in combination with, traditional surfactants. Such 

emulsions are called “Pickering emulsion”.89 By using Pickering emulsification, hybrid 

nanoparticles can be produced by using inorganic nanoparticles to stabilize droplets of monomers 

or polymers. For example, the raspberry-like nanoparticles were prepared by the combination of 

Pickering emulsion and solvent evaporation techniques (Figure 2.8b).87 Pickering emulsification 

produces hybrid nanoparticles where the “surfactant”, which is the inorganic nanoparticles, 

becomes one component of hybrid materials and is able to have functions such as magnetic 

responsive and catalytic activity. 

Finally, hybrid nanoparticles can be prepared by the functionalization of the surface of inorganic 

nanoparticles with polymer chains. The preformed polymer chains can be grafted to the surface or 

a polymer chain can be grown in situ on the surface of inorganic nanoparticles.90 In such hybrid 

nanoparticles, the polymer chains can control the interaction of inorganic nanoparticles, which is 

useful to tailor the behavior of the nanoparticles.91, 92 For example, gold and palladium nanorods 

have been functionalized with polystyrene chains, allowing co-assembly linear chains with 

plasmonic properties.93 Additionally, the polymer chains can act as surfactants to stabilize 

nanoparticles in aqueous solution and prevent aggregation. It is crucial for biomedical application. 

For example, biocompatible polymers such as polyethylene glycol and dextran have been used to 

control the reaction kinetics of cerium oxide nanoparticles. After the synthesis, the residual 
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polymer chains stay on the particles surfaces that can extend the circulation time in blood (Figure 

2.8c).94-97 

 

Figure 2.8 (a) TEM images of hybrid iron oxide/polylactide nanoparticles prepared by the 

combination of miniemulsion and solvent evaporation technique (adapted from ref. 37 with 

copyright 2009 John Wiley and Sons); (b) SEM images of hybrid silica/ poly(styrene-co-4-vinyl 

pyridine) nanoparticles prepared by the combination of Pickering emulsion and solvent 

evaporation technique (adapted from ref. 87 with copyright 2011 American Chemical Society); (c) 

TEM images of cerium oxide nanoparticles with poly(ethylene glycol) layer. The inset picture is 

the illustrated scheme of nanoparticles compositions (adapted from ref. 95 with copyright 2009 

American Chemical Society). 

2.2 Guided-assembly of nanoparticles 

Organizing nanoparticles in specific architectures allow them to either harness their collective 

properties or provide a new way to formulating functional materials and allows novel possibilities 

to design functional devices. Moreover, by spatially controlling the orientation and spacing of 

nanoparticles in composites materials, the nanoparticle-based materials can perform multiple tasks 

simultaneously or in sequence. “Bottom-up” approaches are especially attractive to prepare 

composite materials. In these approaches, nano-building-blocks self-organized into the desired 

arrangement by their interactions or by the presence of external stimuli. Electrospinning, 

evaporation assembly and magnetic assembly are a few of those reliable and scalable techniques 

used to prepare nanocomposite materials. 
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2.2.1 Electrospinning 

Electrospinning shows great potentials in assembling functional nanoparticles for the production 

of flexible 2D materials with a large surface-area, which are useful for water purification, wearable 

electronics, and medical applications. It is notable that during the electrospinning of anisotropic 

nanoparticles such as nanorods and nanowires, the nanoparticles can be aligned within the fibers 

to a certain extent to reduce Gibbs free energy.98, 99 Thus, the electrospinning technique is not only 

a fabrication method, but also a simple and effective assembly method. 

The electrospinning setup consists of four major components: a high-voltage power supply, a 

syringe pump, a nozzle, and a collector. The polymer fluid, i.e. polymer solution or polymer melt, 

is pumped out through the nozzle and it tends to form a spherical droplet. The applied high voltage 

generates charges at the surface of the droplet. The repulsion among these charges counteracts the 

surface tension and destabilize the spherical shape. The droplet then elongates into a conical shape 

when the repulsion force overcomes the surface tension. Because of the joint effect of the electric 

field and the repulsion among surface charges, the jet diameter continues decreasing until it starts 

to bend. Finally, the jet becomes ultrafine fibers because of the solvent evaporation or melt 

solidification (Figure 2.9a).100, 101  

In order to assemble the nanoparticles within the electrospun fibers, the preformed nanoparticles 

are directly added into the polymer solution. Then the nanoparticles/polymer fibers are obtained 

by the electrospinning of the hybrid suspension. When the nanoparticles are uniformly distributed 

within the polymer solution, the nanoparticles/polymer fibers can be easily prepared. By varying 

the loading amount of nanoparticles, the properties of the fibrous materials can be tailored (Figure 

2.9b).99 The polymer scaffold provides protection and support for the nanoparticles (Figure 

2.9c),100 but the large surface area of polymer fibers also ensure the availability of the nanoparticles 
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to substrates outside the fibers. It is especially important for nanoparticles having catalytic 

functions. The catalytic activity and stability of nanoparticles can be preserved by immobilizing 

them into polymer fibrous materials. Compared with nanoparticles dispersions, polymer-

embedded nanoparticles are more convenient for handling, continuous processing, and avoiding 

product contamination. For example, TiO2 nanoparticles/polymer electrospun fibers showed better 

photocatalytic activity than nanoparticles themselves 102 and the electrospun Fe3O4 nanofibers 

showed a better peroxidase-like catalytic activity than commercial Fe3O4 nanoparticles.103  

 

Figure 2.9 (a) Scheme of electrospinning process. (b) TEM image of gold nanorods/polymer 

membranes, the insect shows the color of the electrospun membrane (adapted from ref. 99 with 

copyright 2012 John Wiley and Sons); (c) SEM image of halloysite nanorods completely 

embedded in the polymer nanofibers (adapted from ref. 106 with copyright 2015 American 

Chemical Society); (d) SEM image of calcinated nanofibers containing SiO2 and SnO2 

nanoparticles by using polymer nanofibers as templates105 (adapted from ref. 105 with copyright 

2017 IOPscience). 
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Moreover, multiple types of nanoparticles can be electrospun together to yield the multi-

compartment fibers. For example, the multi-compartment fibers composed of silica nanoparticles 

and polystyrene nanoparticles have been fabricated by colloid‐electrospinning. Afterward, the 

multi-compartment fibers were calcined at high temperature to remove the polystyrene 

nanoparticles and create porosity. The obtained fibers containing voids were subsequently broken 

via sonication to yield clustered silica rod.104 Multi-component colloidal electrospinning has also 

been used to prepare hybrid materials by combining CeO2 and SnO2 nanoparticles with silica 

nanoparticles to form nanofibers with photocatalytic activity (Figure 2.9d).105 

2.2.2 Evaporation guided assembly 

The evaporation guided assembly method spatially controls the organization of the nanoparticles 

by the controlled evaporation of the solvent (water or other volatile components). This approach 

is a simple and robust platform for the assembly of colloidal nanoparticles. The nanoparticle 

assembly takes place at the three-phase-line of the meniscus of evaporating liquid, e.g. the droplet 

of the nanoparticle dispersion. The dispersed nanoparticles are transported to the edge of the liquid 

and they self-organize.107, 108 The resulting assembled structures are strongly affected by the 

wetting property of the surface.109 The wetting properties can be described by the contact angle 

(𝜃). The contact angle of a droplet on a solid surface depends on the interfacial tensions between 

the different phases (Figure 2.10) and is given by Young’s equation: 110, 111  

𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃 

where 𝜃 is the contact angle and 𝛾 is the interfacial tension between the solid (S), vapor (V) and 

liquid (L) phases, respectively. 
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Figure 2.10 Wetting of a surface. 

A well-known phenomenon of drying droplets of particles dispersion on the surface with low 

contact angle is the “coffee-ring effect”.112 Coffee-ring is a ring pattern caused by the drying of 

the coffee drop on the solid surface. The coffee-ring pattern originates from the capillary flow 

induced by the differential evaporation rates across the droplets: the liquid at the edge evaporates 

faster than the interior liquid. Thus, the interior liquid supplies the edge of evaporating liquid. The 

resulting edge-ward flow transports all the dispersed material to the edge. Based on this effect, 

many functional nanoparticle/polymer materials have been developed. For example, transparent 

conductive coatings have been obtained by drying the arrayed droplets of silver nanoparticles on 

the poly(ethylene terephthalate) substrate at room temperature. After evaporation of water, 

interconnected silver rings were formed. The interconnected rings are almost invisible to the naked 

eye. These rings are composed of self-assembled and closely packed silver nanoparticles, which 

make the fabricated coating electrically conductive.113 

When droplets of nanoparticles dispersion evaporate on the surfaces with low wettability, e.g. 

superhydrophobic114 or superamphiphobic surfaces,115, 116 the nanoparticles arrange their positions 

in a confined droplet due to the high contact angle (usually > 150°) and low adhesion forces. In 

this case, the nanoparticles pack to form a mesoporous aggregate, called “supraparticle”. The size 

of supraparticles can be tuned from several micrometers to millimeters by tuning the volume and 

concentration of the drying droplets (Figure 2.11a-c).114 By mixing different types of 

nanoparticles dispersion in the droplets, single-component and multi-components can be obtained 
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on demand.115 For example, the supraparticles made of Fe3O4, Pt and silica nanoparticles have 

been fabricated to use them as active swimmers in H2O2 solution. Additionally, the motion of the 

supraparticles can be steered by the external magnetic field because of the highly magnetic 

response of the Fe3O4 nanoparticles inside the supraparticles.117  

Interestingly, the shape of the supraparticles can be tailored. The shape of droplets directly 

determines the shape of resulting supraparticles, which is spherical in most cases when drying 

droplets of nanoparticle suspensions on superhydrophobic and superamphiphobic surfaces. Hence, 

in order to tailor the final shape of the supraparticles, droplet geometry has to be changed during 

evaporation. The donut-like structure has been fabricated by drying the silica nanoparticles on the 

superhydrophobic surface.118 During the evaporation, silica nanoparticles aggregate and form an 

elastic shell at the droplet. If the force of accumulated nanoparticles at the three-phase-line is strong 

enough, the droplet is pinned. Thus, the transversal shrinkage of the droplet is suppressed, resulting 

in exclusive shrinkage along the droplet height, i.e. droplet buckles. The similar buckling effect 

also has been reported by drying the polymer nanoparticles because of their aggregation during 

the evaporation. Through the addition of ions 119 or by adjusting pH value 116 of the droplet of 

nanoparticles dispersion, the nanoparticles can aggregate at the interfaces of the droplet to form a 

shell that causes droplet buckling during evaporation process (Figure 2.11d-e). 
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Figure 2.11 (a) Scheme of the fabrication of supraparticles by evaporation of nanoparticles 

dispersion on the superamphiphobic surface; (b) different size of TiO2 supraparticles have been 

prepared by varying the concentration of nanoparticles droplets, scale bars are 100 µm; (c) SEM 

images of TiO2 and SnO2 supraparticles, scale bars are 100 µm (adapted from ref. 115 with 

copyright 2015 John Wiley and Sons); (d) doughnut shape of supraparticle fabricated by drying of 

droplet dispersion of silica and gold nanoparticles, scale bar is 500 µm (adapted from ref. 118 with 

copyright 2010 John Wiley and Sons); (e) boat-like supraparticle fabricated by evaporating of 

silica nanoparticles with 25 mM of NaCl, scale bar is 500 µm (adapted from ref. 119 with copyright 

2014 John Wiley and Sons). 

 

2.2.3 Magnetic assembly 

Magnetic fields have been used to organize metal, metal oxide and hybrid nanoparticles in solution 

or on solid substrates.120 The magnetic field provides enough driving force for the rapid assembly 

of colloidal nanoparticles within seconds. Moreover, magnetic assembly allows contactless 

manipulation of nanoparticles. More importantly, their strengths and spatial distributions can be 
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programmed macroscopically and microscopically, allowing the precise control over the 

nanoparticles organization from one single nanoparticle to the complete macroscopic assemblies. 

 

Figure 2.12 Different morphologies produced by magnetic assembly. (a) Rosensweig pattern on 

a glass substrate in the presence of a magnetic field. (b) Conical ferrofluid droplets generated on 

the superhydrophobic surface with an external vertical magnetic field (adapted from ref. 123 with 

copyright 2018 Elsevier); (c) helical assembled magnetic nanocubes by the magnetic assembly at 

the air/diethylene glycol interface (adapted from ref. 125 with copyright 2014 American 

Association for the Advancement of Science); (d) chain-like structure of assembled magnetic 

polymer nanoparticles (adapted from ref. 82 with copyright 2013 American Chemical Society); 

(e) Sheet-like structure assembled from Fe3O4@SiO2 nanoparticles (adapted from ref. 129 with 

copyright 2013 American Chemical Society); (f) arbitrary microstructure assembled from Fe3O4 

and CoFe2O4 nanoparticles and fixed by crosslinking with polymers (adapted from ref. 130 with 

copyright 2015 American Chemical Society). 

 

The Rosensweig pattern121 is a well-known macroscopic structure that is produced by applying a 

homogeneous magnetic field on a horizontal flat surface of magnetic fluid. (Figure 2.12a) It has 

the critical periodicity of  𝜆𝑐 = √𝜎 𝜌𝑔⁄ , where 𝑔 is the gravitational acceleration, 𝜎 and 𝜌 is the 
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surface tension and density of the magnetic fluid, respectively. Furthermore, the Rosensweig 

pattern can change to separated conical shape when the magnetic fluid is on the non-wetting 

surface (Figure 2.12b). Those transient patterns can reversibly switch back to the original state 

when the applied magnetic field is removed. 122, 123 

The microstructures of assemblies can be controlled or fixed by the manipulation of magnetic 

assembly either at the interfaces or in the solution.82, 124 For example, magnetite nano-cubes have 

been assembled into arrays of helical superstructures by drying the nano-cubes at the solvent-air 

interface in the presence of a magnetic field. Different types of superstructures, including one-

dimensional belts, as well as single, double, and triple helices, can be obtained by varying the 

density of nano-cubes and strength of the applied magnetic field (Figure 2.12c).125  

Superparamagnetic nanoparticles do not have a permanent dipole, their size is so small that thermal 

fluctuations are enough to force the orientation of the dipole to tumble constantly. However, when 

an external magnetic field is applied, the magnetic dipole of the superparamagnetic nanoparticles 

will be aligned with the field and can subsequently be involved in dipole-dipole interactions 

between nanoparticles. Therefore, the nanoparticles are able to align with the direction of their 

magnetic moments to form the one-dimensional chains.126 Such chain-like assemblies can be fixed 

by using curable polymers on the nanoparticles shells82, 127 or by the encapsulation in silica 

layers128 to form the nanofibers for further applications (Figure 2.12d). Furthermore, the chain-

like structure can be developed into more complex structures such as sheet-like (Figure 2.12e)129 

or even to arbitrary shapes (Figure 2.12f).130 
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2.3 Applications of assembled hybrid materials 

Hybrid materials made of nanoparticles and polymers have found application as a new generation 

of functional materials in an array of fields such as coatings, 131 biomedical applications132 and 

sensing.133, 134 Different approaches have been used to prepare various structures different 

dimensionalities (0D, 1D, 2D and 3D) and size ranges (nanoscopic, microscopic, and 

macroscopic).9, 135  

2.3.1 Self-healing coatings 

Coatings can protect metals against corrosion or ships from biofouling in order to prolong the 

lifetime of the materials.136 However, small imperfections in the coatings can lead to a failure of 

the protective function. Hence, it is important to either repair or prevent the damages of coatings. 

A straightforward method to repair coatings consists in embedding micro-/nanocapsules 

containing healing-agents inside the coating layer.38, 137 Once a micro-damage occurs on a self-

healing surface, by the mechanical stress from its environment, the release of a healing agent can 

be triggered by breaking the capsules embedded in the coating and can prompt the repair of the 

damaged area (Figure 2.13a,b). The miniemulsion technique provides a versatile platform for the 

fabrication of such nanocapsules with self-healing functions.38 Various healing agents (monomers 

or crosslinkers) or corrosion inhibitors have been successfully encapsulated inside the polymer 

nanocapsules, showing the possibility of assembling them into polymer coating enabling self-

healing.38, 137  
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Figure 2.13 (a) Scheme of capsules-based self-healing coatings (adapted from ref. 149 with 

copyright 2016 Nature Publishing Group); (b) examples of self-healing coatings; b1) control 

sample, consisting of the epoxy vinyl ester matrix and an adhesion promoter, and b2) self-healing 

coating, consisting of a matrix, an adhesion promoter, microencapsulated catalyst, and phase-

separated PDMS healing agent. SEM images of the scribed region of b3) the control coating and 

b4) the self-healing coating after healing (adapted from ref. 150 with copyright 2009 John Wiley 

and Sons); (c) corrosion potentials of different capsules monitored by scanning-Kelvin probe 

technique. The insect is the TEM images of gold nanoparticles coated polymer nanocapsules with 

self-healing agents (Adapted from ref. 139 with copyright 2013 John Wiley and Sons); (d) 

schematic illustration of the mechanism of redox- and pH-responsive release from nanofibers 

(Adapted from ref. 143 with the open access licensed under a Creative Commons Attribution 3.0 

Unported Licence). 

 

For example, monomers and catalysts can be separately encapsulated in different nanocapsules. 

Once the mechanical damage induces the breaking of the capsules, the monomer and catalyst can 
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be released and contact with each other, initiating polymerization to fill the damage gap.138 

Additionally, redox-responsive polymer nanocapsules have been used to encapsulated and 

specifically release the anti-corrosion agent when the metal corrosion initiates. (Figure 2.13c)137, 

139  

Besides the direct inclusion of micro-/nanocapsules into coatings, electrospinning is an alternative 

approach to make self-healing coatings. Electrospun fibers can encapsulate reactive agents used in 

self-healing coatings. Healing is initiated by mechanical damage to the coating causing the fibers 

to rupture and release their core materials into the damage region.140, 141 These fiber networks offer 

not only the capability of encapsulating the healing agents, but also provide a way to produce 

hierarchical structures of multiple components. For example, redox-responsive silica nanocapsules 

containing an anti-corrosion agent have been synthesized by miniemulsion. Then, these 

nanocapsules have been assembled into polymer nanofibers by electrospinning.101, 142 By using the 

pH-responsive polymer as fiber support, this nanocapsule-in-nanofiber hierarchical structure 

enhances the controlled release of the anti-corrosion agent. (Figure 2.13d) 143  

Electrospun fibers show great potential in the application of coatings. However, most fibrous 

membranes suffer from biofouling when they are used in aqueous environments. Biofouling is 

characterized as the nonspecific surface attachment of microorganisms and mammalian cells. To 

reduce the risk of biofouling, electrospun fibers require the ability to either reduce bio-attachment 

or to kill microorganisms.144 Polymers with zwitterionic groups can prevent nonspecific protein 

adsorption and bacterial adhesion due to the electrostatically induced hydration. Thus, many 

zwitterionic polymers have been synthesized and electrospun to prepare anti-fouling coatings.145, 

146 Additionally, inorganic nanoparticles such as silver nanoparticles can efficiently kill 
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microorganisms. Using electrospinning, silver nanoparticles can be assembled with polymer fibers 

to fabricate the coatings with anti-fouling function.147, 148  

2.3.2 Biomedical applications 

Nanoparticles and their assemblies have been used for biomedical applications such as drug 

delivery and tissue engineering for decades.52, 151, 152 The nanoparticles can be used as drug-

transporter to deliver and targeted release cargos. In order to improve the efficiencies of delivery 

and release, various architectures of hybrid assemblies have been fabricated.9, 10  

Because of the high biocompatibility and unique magnetic property, small magnetic nanoparticles 

(e.g. Fe3O4 nanoparticles below 30 nm shows superparamagnetism) have been used for targeted 

drug delivery.5 An external magnetic field can be used as non-invasive tools to remotely control 

both the transport and the release of the drug. Additionally, superparamagnetic nanoparticles have 

been intensively used as contrast agents for magnetic resonance imaging (MRI) to trace the tumor 

position.153, 154 By improving the size or clustering the nanoparticles, the MRI image quality can 

be significantly improved. For example, iron oxide nanoparticles have been assembled into chain-

like structures with a protective biopolymer layer to increase the ability of the nanoparticles to 

circulate, target, and image tumors (Figure 2.13a,b).155, 156 

Hierarchically assembling nanoparticles with encapsulated peptides into electrospun polymer 

fibers have been used for the sequence release of different complementary payloads, i.e. the 

nanoparticles were released from the nanofibers, and thereafter the peptides were released from 

the nanoparticles in a pH-responsive manner.157 Besides targeted drug delivery, the hierarchical 

structures can be used for tissue engineering such as wound dressing materials and bone 

regeneration.100 Wound dressing materials are designed to accelerate and improve the wound 
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healing process. They provide an environment that allows oxygen permeation, maintains moisture 

for materials diffusion, prevents infection, and promotes tissue formation. The assembled structure 

 of nanofiber network exhibits high porosity, gas permeation, and offers a high surface-to-volume 

ratio.158 These properties promote cell respiration, skin regeneration, and moisture retention, 

leading to a suitable candidate for wound dressing materials.159 For example, silver nanoparticles 

have been synthesized and assembled in polymer nanofibers using electrospinning. The composite 

materials show very good biocompatibility, in vitro antibacterial ability and in vivo wound healing  

 

Figure 2.14 (a) Scheme illustrating the nano-worms have more interactions on cells surface than 

the nano-spheres (adapted from ref. 156 with copyright 2008 John Wiley and Sons); (b) 

fluorescence microscope images show that the interactions between cells (shown in blue) and 

nano-objects (spheres and worms, shown in green); scale bar is 20 mm (adapted from ref. 156 with 
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copyright 2008 John Wiley and Sons); (c) SEM and TEM images of polymer nanofibers coated 

with silver nanoparticles (adapted from ref. 160 with copyright 2015 American Chemical Society); 

(d) wound appearance at before and after treating with nanofibers with and without silver 

nanoparticles (adapted from ref. 160 with copyright 2015 American Chemical Society). 

ability (Figure 2.13c,d). Additionally, polymer nanoparticles with antibacterial function have been 

assembled into polymer nanofibers and used as wound dressing materials. For example, the 

photoactive conjugated microporous polymer nanoparticles have been synthesized by 

miniemulsion polymerization and have subsequently been assembled into poly(vinyl alcohol) 

hydrogel nanofibers by colloid-electrospinning.101 Such nanoparticle-in-nanofiber structure allows 

for a flexible combination of the properties of the nanoparticles and supporting nanofibers. Under 

the irradiation of visible light, the embedded photo-responsive polymer generate singlet oxygen 

which kills the bacteria but does not harm fibroblast cells. Therefore, the assembled material was 

able to inhibit biofilm formation, making the photoactive hydrogel membranes a promising 

candidate for active wound dressing materials.161 

2.3.3 Other applications 

Functional polymer/nanoparticle hybrids are finding applications in a variety of fields. In the 

design of optoelectronic devices, actuators and smart active matter to name a few. The fabrication 

of optoelectronic devices such as filters, pigments, antennas or waveguides heavily relies on the 

collective behavior of the assembled nanoparticles. For example, pigments having structural colors 

can be prepared by the assembly of nanoparticles.133, 134 In this case, the color does not arise for 

the presence of dye molecules, but by the light interference observed when the light is reflected 

from highly periodical assembly of nanoparticles.114 Such structural pigments have been prepared 

by the assembly of polystyrene nanoparticles into a crystalline structure by evaporation suspension 

droplet on the superhydrophobic surface. After drying, the resulting spherical “opal balls” show 
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colored rings originating from diffracted light from the curved supraparticle surface (Figure 

2.15a). The assembled structures can, not only generate structural color for photonics but also, 

improve the optical signal by clustering/coupling the nanoparticles.9, 91 For example, assemblies 

of metal nanoparticles (e.g. silver and gold) have been used for the sensing of molecules by 

surface-enhanced Raman scattering (SERS).162 Compared to individual nanoparticles, assemblies 

show tenfold enhancement of SERS due to the coupling-induced enhancement of the local 

electromagnetic field.91, 163, 164  

 

Figure 2.15 (a) Optical microscopy images of supraparticles made from drying of polystyrene 

nanoparticles with varying sizes (adapted from ref. 114 with copyright 2008 John Wiley and Sons); 

(b) The millirobot made from magnetic particles and silicon elastomer climbs up a water meniscus, 

lands on the solid platform, jumps beyond a standing obstacle, and walks away. Scale bar is 1 mm 

(adapted from ref. 167 with copyright 2018 Nature Publishing Group). 

 

Micro-robotics is an increasingly popular topic in the 21st century and hybrid-assembled materials 

can offer the possibility of developing novel microbots that are multifunctional, power-efficient, 

compliant, and autonomous in ways akin to biological organisms.165, 166 Polymer/nanoparticles 

hybrids have been used to prepare actuators, materials that in response to a stimulus creates a 
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movement. For example, the assembly of magnetic particles into silicone elastomer has been used 

to prepare soft magneto-elastic millimeter-scale robots able to swim inside and on the surface of 

liquids, climb liquid menisci, roll and walk on solid surfaces, jump over obstacles, and crawl within 

narrow tunnels (Figure 2.15b). 167 Superparamagnetic nanoparticles can also be assembled into 

polymers to form helical shapes by 3D print. Such helical magnetic polymer robots can move 

forward in the highly viscous environment, e.g. blood vessel, to transport the cargos and targeted 

released the cargos under the guiding of a magnetic field.168, 169 
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3. Results and discussion 

The aim of this thesis is to develop new functional materials based on either the fabrication of new 

functional nano-building-blocks (nano-objects) or by the processing of nano-building-blocks into 

hierarchical structured polymer/nanoparticle hybrid materials. To fulfill this goal, hybrid 

nanocapsules (Chapter 3.1), polymer nanoparticles (Chapter 3.2), inorganic nanoparticles 

(Chapter 3.3 and 3.4), and hybrid nanoparticles (Chapter 3.5) with new functions have been 

fabricated. By assembling these functional nano-objects in polymer matrices, materials with “self-

reporting”, wound healing and anti-biofouling functions have been produced. Moreover, a new 

assembly method, which combined evaporation assembly and magnetic assembly, has been 

developed to generate 3D anisotropic microstructures with superparamagnetic function. These new 

assemblies were able to be remotely controlled by magnetic fields and could find potential 

applications in micro-robotics (Chapter 3.5). 

In Chapter 3.1, silica/polymer hybrid nanocapsules have been fabricated by combining solvent 

evaporation and Pickering emulsion technique. The silica nanoparticles have been coated on the 

polymer shell and a latent dye has been encapsulated inside the polymer core. Upon mechanical 

damage, the dye was released from the broken capsules and upon contact with the silica 

nanoparticles was able to report the damage by the appearance of a blue color. Thus, nanocapsules 

with a “self-reporting” function were prepared. These nanocapsules have been successfully 

embedded into polymer coatings. Hence, whenever the coating was damaged, the capsules broke 

and highlighted the damaged area. As a second feature, the color development could be reversed 

and the discoloration occurred in presence of (self-)healing compounds which allow the end-user 

to follow the healing process. Thus, in a first step damages are being highlighted via color “switch-

on” and, in a subsequent second step, a propagating healing reaction “switched-off” the damage 
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indicator dye. Coatings with such self-reporting nanocapsules allow for the monitoring the entire 

health-cycle of the materials, which is essential for prolonging the materials lifetime. 

In Chapter 3.2, electrospraying technique has been used to fabricate polymer nanoparticles with 

minimal entanglements of polymer chains. Entanglement of polymer chains causes industrial 

problems during polymer processing owing to the difficulty of diffusion and movement of the 

polymer chains. This prevents the use of polymers with very high molecular weight by traditional 

processing methods such as extrusion. The objective, here, was to minimize polymer chain 

entanglement in linear polystyrene (Mn = 1.1 × 106 g mol-1). The polymer was dissolved at diluted 

concentration, well below the critical concentration of entanglement, and then electrosprayed. By 

drying very rapidly the polymer solution devoid of entanglements nanoparticles composed of 

ideally one single chain without or with few entanglements were formed. 

In Chapter 3.3, spindle-shaped hematite (α-Fe2O3) nanoparticles have been prepared by forced 

hydrolysis of ferric chloride in water. These hematite nanoparticles show catalase-like activity by 

reducing H2O2 and producing O2. Such catalase-like function is helpful for improving the wound 

healing process, which requires decreasing the amount of H2O2 and sufficient O2. Therefore, 

hematite nanoparticles have been assembled into polymer nanofibers via electrospinning process, 

which is commonly used to generate high quality of nanofibrous wound dressing materials. On the 

one hand, the encapsulated hematite nanoparticles provided catalytic function to the nanofiber. On 

the other hand, the electrospun water-swellable polymer scaffold offered high water permeability 

and hydrophilic compounds to the embedded nanoparticles. When incubating fibroblasts at an 

H2O2 concentration of 50 μM (similar to the real wound environment), the catalytically active 

dressings efficiently reduced the H2O2 concentration and enabled sustained cell proliferation. 
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Thanks to such catalase-like activity, the hybrid nanofibrous gel could be used for improving the 

wound healing process. 

In Chapter 3.4, anisotropic cerium oxide (CeO2-x) nanorods have been synthesized by 

hydrothermal synthesis. These nanorods exhibit functional mimics of natural haloperoxidases that 

catalyze the oxidative bromination of Br− and H2O2 to HOBr. The generated HOBr, a natural 

signaling molecule, disrupted the bacterial quorum sensing, a critical step in biofilm formation. 

Therefore, such nanorods have the ability to combat biofouling. To endow the membranes with 

anti-biofouling function. The nanorods have been mixed with poly(vinyl alcohol) to generate 

nanofibrous structures via electrospinning. The embedded cerium oxide nanozymes act as a 

catalyst that can efficiently trigger oxidative bromination, as shown by haloperoxidase assay. 

Additionally, the embedded nanozymes enhanced the mechanical property of polymer mats, as 

shown by a single-fiber bending test using atomic force microscopy. The fabricated polymer mats 

with CeO2-x nanorods could be used to provide mechanically robust coatings and membranes with 

anti-biofouling properties. 

In Chapter 3.5, a versatile and general assembly method has been developed to produce assembled 

microstructure with 3D anisotropic shapes and superparamagnetic function. By evaporating 

droplets of superparamagnetic nanoparticles suspension on superamphiphobic surfaces, 

mesoporous supraparticles can be produced. Furthermore, by tuning the concentration of ferrofluid 

droplets and controlling the magnetic field, barrel-like, cone-like, and two-towers-like 

supraparticles were obtained. These assembled supraparticles preserved the superparamagnetism 

of the original nanoparticles. Moreover, other colloids can easily be integrated into the ferrofluid 

suspension to produce, by co-assembly, anisotropic binary supraparticles with additional 
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functions. Additionally, the magnetic and anisotropic nature of the resulting supraparticles were 

harnessed to prepare magnetically actuable microswimmers. 
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3.1 Monitoring crack appearance and healing in coatings with damage self-reporting 

nanocapsules† 

In this chapter, silica/ poly(methyl methacrylate) hybrid nanocapsules have been fabricated by 

combining solvent evaporation and Pickering emulsion technique. The silica nanoparticles have 

been coated on the polymer shell and a latent dye has been encapsulated inside the polymer core. 

Upon mechanical damage, the dye was released from the broken capsules and upon contact with 

the silica nanoparticles was able to report the damage by the appearance of a blue color. Thus, 

nanocapsules with a “self-reporting” function were prepared. These nanocapsules have been 

successfully embedded into polymer coatings. Hence, whenever the coating was damaged, the 

capsules broke and highlighted the damaged area. As a second feature, the color development 

could be reversed and the discoloration occurred in presence of (self-)healing compounds which 

allow the end-user to follow the healing process. Thus, in a first step damages are being highlighted 

via color “switch-on” and, in a subsequent second step, a propagating healing reaction “switched-

off” the damage indicator dye. Coatings with such self-reporting nanocapsules allow for the 

monitoring the entire health-cycle of the materials, which is essential for prolonging the materials 

lifetime. 

 

† This chapter is based on the article: 

M. Hu, S. Peil, Y. Xing, D. Döhler, L. C. da Silva, W. H. Binder, M. Kappl, M. B. Bannwarth, 

Monitoring Crack Appearance and Healing in Coatings with Damage Self-Reporting 

Nanocapsules. Materials Horizons 2018, 5 (1), 51-58. Reproduced permission from open access 

license from Creative Commons Attribution 3.0 Unported Licence. 

Author contributions: M.H., D.D., W.H.B., M.K., and M.B.B. designed the experiments. M.H. 

and S.P. synthesized nanocapsules and did relevant characterizations. M.H. fabricated the coatings 

and did relevant characterizations. Y.X. did AFM. D.D. synthesized trivalent azide and multivalent 

alkyne. L.C.S. performed NMR. M.H. and M.B.B. analyzed data. All authors discussed the results 

and wrote the manuscript. M.B.B. and K.L. supervised the project. 

  



Chapter 3.1 Self-Reporting Nanocapsules 

38 

3.1.1 Introduction 

Polymer coatings can act as a protective envelop around many materials to prolong their lifetime 

(e.g. prevent corrosion of metals170, 171) until exposure to environmental stress leads to damaging 

of the coating and impairment of its protective function.172, 173 Hence, it is important to detect and 

repair damages as early as possible. But tiny (nano- or microscale) damages are hardly visible and 

common coatings do not possess the ability to autonomously highlight cracks to alert the user of 

an impending failure. To endow coatings with an autonomous damage-reporting function, dye-

loaded microcapsules have been integrated in polymer coatings.174 Upon mechanical damaging of 

the coating and contemptuous rupturing of the capsules, the released indicator dye can change its 

chemical structure via UV-light exposure,175, 176 chemical reaction,177-179 or physical 

aggregation180, 181 to present a visible or fluorescent signal on the damaged spot. Besides, some 

bulk polymeric materials can change their color upon mechanical stress via chemical 

transformation of the polymers.182-184 Thus, the micro-damage in the coating is autonomously 

highlighted to initiate maintenance of the coating. 

Consequently, occurring damages in coatings can be reversibly healed by a number of well-

established self-healing systems.185-187 Thus, self-healing coatings can heal cracks by the dynamic 

formation of reversible chemical bonding,188-195 by a covalent crosslinking polymerization of 

released monomers from microcapsules,196-198 or by generating radicals during damage process 

which can initiate the repairing reaction.199 The success of damage healing thereby depends on 

several factors like the distribution of self-healing agents within the coating, the environmental 

temperature or the size and depth of the damage. Thus, monitoring the success of damage healing 

is essential to guarantee the protective function of the coating and to indicate a required coating 

maintenance. Therefore, it is essential to visualize a damage that is not being healed with a self-
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reporting system. However, when the irreversible damage reporting capsules described in the 

literature to date are combined with self-healing coatings, the capsules would highlight the crack 

even if it is being or has already been healed.200 To enable simultaneous monitoring of damages in 

coatings and their self-healing, the optical damage-indication has to be made reversible. Currently, 

a hurdle is that the incorporated healing agents cannot deactivate the active indicator to turn off 

the optical signal. Therefore, it is crucial to create a system that cannot only turn on the signal to 

report the damage appearance, but can additionally turn off the signal to report that the damage is 

being healed. 

In this chapter, a nanocapsule-based system was introduced for autonomously monitoring 

mechanical micro-damage appearance and healing in polymeric coatings. The damage appearance 

and healing monitoring system is schematically illustrated in Figure 3.1.1. First, a three-

component nanocapsular system was designed a (Figure 3.1.1a), in which the damage-indicating 

dye is encapsulated within the protective polymer shell, which is further coated with a color 

developer. When the shell is mechanically broken, the released inactive dye (decolored form) 

becomes active (colored form) through reacting with the color developer. In this manner, the 

nanocapsules themselves autonomously report their destruction, which allows a spatial and 

functional separation from the surrounding medium and other capsules, enabling the universal use 

of such a self-reporting nanocapsule based system to indicate damages in various coatings (Figure 

3.1b). As an additional feature, besides color indication, a defined second reaction between the 

color indication system and the surrounding medium can be implemented. Thus, the interactions 

between the dye and the color developer can be reversibly deactivated by different self-healing 

compounds or byproducts of self-healing reactions. Consequently, the self-reporting capsule-

based system cannot only turn on the optical signal for sensing the crack in coatings, but can also 
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turn off the signal by interacting with healing agents to highlight only the damages that are not 

being healed. 

 

Figure 3.1.1 (a) Schematic illustration of a damage self-reporting capsule. The colorless damage-

indicating dye (CVL) is encapsulated in a silica-coated polymer shell. When the capsule shell is 

broken, the released dye is developed through interaction with silica to give a deep blue color 

(CVL+). (b) Damage self-reporting capsules embedded in waterborne polymer coating to indicate 

crack-appearance and self-healing (i-ii). When a mechanical damage occurs, the dye is released 

and locally reacts with the color developer at the ruptured capsules surface to highlight the 

damaged spot via a colorimetric indication (ii-iii). When self-healing agents get in contact with the 

dye, the color is being deleted and no color remains visible allowing monitoring the self-healing 

reaction. 

 

3.1.2 Experimental 

Materials 

Crystal violet lactone (CVL, 97%, Alfa Aesar, USA), phenyl acetate (Sigma-Aldrich, USA). 

Poly(methyl methacrylate) (Mw is 120000 g·mol-1 as determined by GPC, Sigma-Aldrich, USA), 
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LUDOX® HS-30 (30 wt.% dispersion, Sigma-Aldrich, USA), chloroform (> 99%, Acros Organics, 

Belgium), aqueous HCl solution (1 mol·L-1, Carl Roth, Germany). For the model coating 

experiment, a waterborne polymeric coating (Mowilith® DHS S1, Celanese, Germany) was kindly 

donated by Celanese corporation and was used as the coating matrix material. The trivalent azide 

and the multivalent alkyne (equimolar ratio) and Cu(I)Br(PPh3)3 (1mol%, 98%, Sigma-Aldrich, 

USA) were used for damage self-healing tests.  

Synthesis of healing chemicals 

The synthesis of these healing chemicals201 are shown in Figure 3.1.2 and Figure 3.1.3 and briefly 

described as follows: for the synthesis of the multivalent alkyne (trimethylolpropane tripropargyl 

ether), trimethylolpropane (97%, Sigma-Aldrich, USA) was converted with propargyl bromide 

(80% in toluene, Sigma-Aldrich, USA) at 60 °C for 41 h in the presence of sodium hydroxide 

(99%, Grüssing, Germany) as deprotonating agent and tetra-n-butylammonium bromide (99%, 

TCI, Belgium) as phase transfer catalyst and the crude product was purified by column 

chromatography. (Figure 3.1.2) The structures of multivalent alkyne were determined by 

SHIMADZU GCMS-QP2010 gas chromatograph mass spectrometer.  

 

Figure 3.1.2 Synthesis of multivalent alkyne chemicals (with one, two, three alkyne groups). 
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The preparation of trivalent azide (((2-((2-acetoxy-3-azidopropoxy)methyl)-2-ethylpropane-1,3-

diyl)bis(oxy))bis(3-azidopropane-1,2-diyl) diacetate) was in a two-step synthesis. (Figure 3.1.3) 

Therefore, the ring opening of trimethylolpropane triglycidyl ether (technical grade, Sigma-

Aldrich USA) and subsequent azidation reaction was performed in methanol (99.8%, Sigma-

Aldrich, USA) under refluxing conditions within 24 h in the presence of sodium azide (99.5%, 

Sigma-Aldrich, USA) followed by acetylation with acetic anhydride (99%, Sigma-Aldrich, USA) 

proceeding within 89 hours at room temperature in DMF (99%, Grüssing, Germany). 

Diethylenetriamine (99%, Sigma-Aldrich, USA) and ethanol (> 99.5%, Sigma-Aldrich, USA) 

were used for color deleting tests. 

 

Figure 3.1.3 Synthesis of trivalent azide (((2-((2-acetoxy-3-azidopropoxy)methyl)-2-

ethylpropane-1,3-diyl) bis(oxy))bis(3-azidopropane-1,2-diyl) diacetate). 

 

Preparation of damage self-reporting nanocapsules: The three-component nanocapsules were 

fabricated by combining a Pickering emulsion with the solvent evaporation technique.202 Varied 

amount of poly(methyl methacrylate) (PMMA) (300 – 1200 mg, detailed information in 

Table 3.1.1) was first dissolved in 5 g chloroform. Then 100 mg crystal violet lactone (CVL) was 

dissolved in 1 g phenyl acetate in a separated vessel. 
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Table 3.1.1 Shell thickness and diameter of capsules with different emulsification parameters. 

Sample 

number 

Polymer 

amount (mg) 

Silica colloidal 

amount (g) 

Ultrasound 

amplitude (%) 

Diameter 

(nm) 
Shell thickness 

of capsules (nm) 

1 300 4.8 50 202 ± 80 8 ± 3 

2 300 3.2 50 212 ± 76 8 ± 3 

3 300 2.4 50 272 ± 137 10 ± 5 

4 300 3.2 30 304 ± 130 12 ± 5 

5 400 3.2 50 418 ± 112 20 ± 5 

6 500 3.2 50 428 ± 87 25 ± 5 

7 600 3.2 50 449 ± 125 30 ± 8 

8 700 3.2 50 523 ± 160 39 ± 12 

The shell thickness (d) of capsules was determined by the following equation according to Zhao 

et al 213:                                

                                               𝑑 = 𝑅 × (1 −
1

√
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑚𝑐𝑜𝑟𝑒
×

𝜌𝑐𝑜𝑟𝑒
𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟

3
) (3.1.1)                                         

where R, mpolymer, mcore, ρpolymer , ρcore is the radius of the capsule, mass of the polymer, mass of the 

core, density of the polymer and density of the core, respectively. 

The CVL and PMMA solutions were mixed together in a vessel as the oil phase. Varied amount 

(2.4 g, 3.2 g and 4.8 g) of LUDOX® HS-30 as emulsion stabilizer was added into 16.8 g of distilled 

water as continuous phase. The combined phases were mixed using vortex for two minutes. The 

pH of the pre-emulsion was adjusted to 8.0 by adding 1 M HCl solution. An ultrasonification tip 

was used to form the oil in water emulsion under ice bath cooling (d (tip) = ½ inch; 30% or 50% 

amplitude; 30 s pulse, 10 s pause; 3 min). The resulting emulsion was rapidly transferred in a 

preheated oil bath at 40 °C and stirred at 1000 rpm for 16 hours to evaporate the chloroform 

(Figure 3.1.3). 
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Figure 3.1.3 Schematic picture of the fabrication process of silica / CVL / PMMA nanocapsules 

via a combination of Pickering stabilized miniemulsion and solvent evaporation process. 

 

Coating fabrication: 1 mL of the fabricated nanocapsule dispersion (0.3 g of PMMA and 3.2 g of 

silica were used, the applied ultrasound amplitude was 50%) was centrifuged at 5000 rpm for 

15  min. Then the supernatant was removed and the remaining slurry was coated carefully on the 

surface of a glass slide. After 1 min of pre-drying (the capsules suspension should not dry 

completely, otherwise some capsules can already break with the result of a pale blue color in the 

final coating layer) at room temperature, 1 g of Mowilith® DHS S1 was coated on top of the 

capsules as a protective layer.  Then the coating was dried overnight at room temperature. The 

coating thickness was normally 96 ± 12 μm (measured by a thickness gage from Mitutoyo 

company, Japan). For the mechanical damage tests, a razor blade (Stanley 28-510) was used to 

scratch the coating layer and to form a micro-crack. For the damage healing test the combined 

healing agents, namely a trivalent azide, a multivalent alkyne and Cu(I)Br(PPh3)3 as catalyst were 

added onto the damaged spot to heal the crack for 48 h at room temperature. 

Characterizations: The hydrodynamic diameter of the nanocapsules was measured by DLS (Nano-

Zetasizer, Malvern Instruments, UK) at 20 °C under a scattering angle of 90° at λ = 633 nm. The 
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morphology of the nanocapsules was observed by transmission electron microscopy (TEM, JEOL 

JEM1400, Japan) and scanning electron microscopy (SEM, Hitachi SU8000, Japan). Before the 

electron microscopy measurements, 5 μL of diluted dispersions were coated on a silicon wafer 

(SEM measurement) or 400-mesh copper grid (TEM measurement) and dried at room temperature. 

The topography of the fabricated capsules in liquid and air environment was measured using JPK 

Nanowizard 3 AFM (JPK Instruments, Berlin, Germany) using the quantitative imaging mode. In 

this operation mode, data are taken by recording force vs. distance curves for each image pixel 

position. From such a data set, the height profile of a sample can be reconstructed by taking the 

distance at which the repulsive force between tip and sample reaches a fixed value (force set-

point). For deformable samples, this will result in an apparent sample height value that depends 

on the selected force set-point and sample stiffness. This imaging mode was chosen because the 

adherence of capsules in liquid to the silicon wafer was too weak leading to lateral drift of capsules 

during intermittent contact (tapping) mode imaging. The spring constant of the cantilevers 

(OMCL-AC240TS-R3, Olympus, Japan) was determined by the thermal tune method. For the 

measurement in liquid, a starting set-point force of 5 nN was used and then increased in steps of 5 

nN until reaching a critical force at which the capsules collapsed. For the measurements in air, the 

set-point force was 5 nN. All the experiments were carried out at room temperature (20 °C). For 

chemical analysis of the capsules´ shell, the SU8000 with an energy dispersive x-ray spectrometer 

(EDX) was used to measure the content of silicon and carbon. Ultraviolet / visible (UV / Vis) 

spectra of CVL and CVL+ with different chemicals (color developing or deleting agents) were 

obtained by using a Perkin Elmer Lambda 25 spectrometer. The transparency of the coating layer 

without and with capsules was measured by UV / Vis spectrum (wavelength range is 350 – 800 

nm). Lactone ring opening and closure was studied by Fourier transform infrared spectroscopy 



Chapter 3.1 Self-Reporting Nanocapsules 

46 

(FTIR) and nuclear magnetic resonance (NMR) spectroscopy. Powder samples and KBr were 

ground to prepare a pellet for FTIR measurements. Solution 1H NMR spectra were acquired in a 

Bruker Avance spectrometer operating at 300 MHz. All chemical shifts were referenced to the 

residual proton signals from acetone-d6 (2.05 ppm). The damage appearance and healing of the 

coatings were investigated with a Zeiss Axiophot stereomicroscope (Carl-Zeiss Microscopy 

GmbH, Germany) equipped with a digital camera. Differential scanning calorimetry (DSC) 

investigations were performed on a 204F1 / ASC Phönix (Netzsch, nitrogen flow of 20 mL·min-1) 

in a temperature range from - 20 to 250 °C with heating rates of 5, 10, 15 and 20 °C · min-1 and 

crucibles and lids out of alumina were used. 

3.1.3 Results and discussion 

As color indication dye, crystal violet lactone (CVL) was selected because of its intense color 

change capabilities through selective reaction with a manifold of compounds able to develop or 

delete its color.203, 204 The reversible opening of the lactone ring of the colorless CVL can be 

induced through hydrogen bonding (e.g. through silanol groups of silica, see Figure 3.1.5) to form 

CVL+ with an intensive blue color (Figure 3.1.6a, photograph (i) and (ii)).  

 

Figure 3.1.5 Chemical structures of CVL and CVL+. The lactone ring of CVL can be opened by 

the silanol groups of silica. Then the colorless leuco form (CVL) changes its conformation to a 

colored form (CVL+). 
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Figure 3.1.6 (a) Photographs of i) silica powder, ii) a mixture of silica and CVL powder after 

developing of the color and iii) silica and CVL powder after addition of different decoloring agents 

to delete the blue color. (b) UV / Vis spectra of CVL and CVL mixed with silica nanoparticles. (c) 

UV / Vis spectra of CVL+ reacted with different amounts of the decoloring agents. (d) FTIR 

spectra of a CVL powder, a mixture of silica and a CVL powder after developing of the color, and 

CVL+ with three decoloring agents (multivalent alkyne, diethylenetriamine, and ethanol). 

 

To demonstrate the color development, CVL was dissolved in phenyl acetate and added dropwise 

onto silica powder. An intense blue color immediately evolved, indicating the conversion of CVL 

to CVL+ which can be followed by a broad absorption peak with a maximum at λ = 603 nm via 
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UV / Vis measurements (Figure 3.1.6b). Besides the color developing mechanism, the color 

deleting mechanism in the presence of various decoloring agents was investigated. Ethanol, 

diethylenetriamine (DETA) and a multivalent alkyne were selected as decoloring reagents since 

they are common self-healing components201, 205 or byproducts206-208 of self-healing reactions. To 

prove the decoloring feature, different amounts of decoloring agent were mixed with the CVL+, 

which had previously been developed in the presence of silica powder (Figure 3.1.6a, photograph 

(iii)). The absorption band of the colored CVL+ at 603 nm was lowered with increasing amounts 

of decoloring agents (Figure 3.1.6c). Although all of the three agents showed a color deleting 

effect on CVL+, their decoloring kinetics were noticeably different: the multivalent alkyne deleted 

the blue color in two hours while DETA and ethanol deleted the color within minutes.  

 

Figure 3.1.7 (a) The relationship between color intensity and the molar ratio of decoloring agents 

to CVL+. (b) Solution 1H NMR spectra of the aromatic protons in CVL in different conditions: i) 

CVL before color developing; ii) CVL in presence of DETA (CVL : DETA at 1 : 2 mol ratio), no 

effect; iii) CVL+ color developing with HCl (CVL : HCl at 2.4 : 1 mol ratio); iv) CVL+ color 

deleting with DETA (CVL+ : DETA at 1:2 mol ratio). All spectra were acquired in acetone-d6 

immediately after mixing all components. 
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Additionally, the amounts of decoloring agents that can initiate the color deleting effects were 

found to be different (Figure 3.1.7a). Thus, variations in the color deleting efficiency between the 

different decoloring agents and CVL+ or silica were most probably related to different decoloring 

mechanisms. The strong blue color of CVL+ is initiated by hydrogen bonding of the hydroxyl 

groups of silica with the carboxylate groups of CVL+.209 Breakage of these hydrogen bonds, and 

consequent color fading, can either be achieved by adding polar solvents that insert between the 

silica and the CVL+,210 or by bases. The dependence of the color developing on the acid / base 

equilibrium is apparent from the 1H NMR spectra in solution. As shown in Figure 3.1.7b, color 

developing with HCl causes the expected downfield shift of the aromatic protons signals of CVL 

due to the opening of the lactone ring. Addition of DETA, on the other hand, immediately 

neutralizes the effect of HCl and quantitatively restores CVL from CVL+. 

Additionally, the hydrogen bonding ability between the dye, the hydroxyl groups of the silica, and 

the decoloring agents was investigated via FTIR spectroscopy (Figure 3.1.7d). The pure CVL 

shows a band at 1747 cm-1 due to the vibration of the C=O group of the lactone ring. When silica 

reacts with CVL, a new band arises in the spectrum of CVL+ at 1587 cm-1, which can be ascribed 

to the carboxylate group of the opened lactone ring. This band disappears when the color deleting 

agents interact with CVL+, indicating the closure of the lactone ring.211 Thus, the color of CVL 

can be developed with silica and be deleted by self-healing agents or byproducts from the healing 

reaction. 

The damage self-reporting capsule was achieved in a one-step miniemulsion solvent-evaporation 

process (details in Experimental), in which the silica particles function as Pickering stabilizer. At 

the beginning of the solvent-evaporation process, PMMA and CVL were homogeneously 

dissolved in a mixture of chloroform and phenylacetate. During the evaporation of the chloroform, 
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the PMMA becomes insoluble and phase separates from the phenylacetate to form the solid 

capsule shell, while the CVL stays dissolved in phenyl acetate to consequently create the liquid 

core. The raspberry-like surface topology of the capsules was observed via scanning electron 

microscope (SEM) imaging (Figure 3.1.8a) and their core-shell morphology via transmission 

electron microscope (TEM) imaging (Figure 3.1.8b-c). The silica nanoparticles cover the shell of 

the nanocapsules as shown by the SEM-EDX mapping image (Figure 3.1.8d). 

 

Figure 3.1.8 Tuning of the color response and mechanical stability of the damage self-reporting 

nanocapsules. (a) SEM image, (b) and (c) TEM images and (d) SEM-EDX silicon mapping of 

fabricated nanocapsules (scale bars are 300 nm, 300 nm, 100 nm, and 100 nm, respectively). 

For successful implementation of the prepared nanocapsules as damage-indication systems in 

coatings, their mechanical response has to be tuned in a way that they do not break in suspension 

and during the embedding process into the coating, but exclusively when they are exposed to air 

(e.g. through a crack in the coating). The mechanical stability of micro- /submicrocapsules is 

related to the critical buckling pressure (pc) of spherical capsules212 which mainly relates to the 

capsules’ radius (R) and shell thickness (d) as follows: 𝑝𝑐 ∝  
𝑑2

𝑅2
  (3.1.2)                                                                                                                                                   

To further understand the mechanical stability of the capsules, different submicro- / nanocapsules 

with different pc values were prepared. By varying the silica concentration, the amount of PMMA, 

and the sonication amplitude, the capsules’ hydrodynamic diameter can be tuned between 
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approximately 200 and 1100 nm and the shell thicknesses between approximately 10 and 120 nm 

(see Table 3.1.1 in Experimental). First, the stability of the capsules was tested by drying the 

capsules under ambient conditions. The white suspensions of capsules were drop-casted on glass 

slides and dried for several hours at room temperature. During drying of the dispersions, capillary 

forces between the particles will occur in two ways. First during recession of the air-water interface 

from the outmost layer of particles down to the substrate and second during drying out of the 

remaining menisci. These forces can cause the capsules to collapse during drying depending on 

their mechanical stability and then develop a blue color. After drying, the capsules with different 

shell thickness developed varying intensities of a blue color (Figure 3.1.9a). Equation (3.1.2) was 

used to evaluate the critical buckling pressure of the capsules212 and tune the color development. 

As shown in Figure 3.1.9b, the color intensity decreased with increasing the value of 
𝑑2

𝑅2 . The 

capsules with 
𝑑2

𝑅2 < 0.030 developed an intense blue color, indicating that the shells had been 

damaged during the drying process owing to their weak shell stability. However, capsules with  

𝑑2

𝑅2 > 0.030 show no blue color and displayed a white color after drying, indicating that the capsules 

were able to resist the drying process. To further test the robustness of the capsules and to 

demonstrate their capability to still develop a blue color upon breaking, the dried capsules with 

higher critical buckling pressure (
𝑑2

𝑅2
 = 0.047) were subsequently ground with a pestle. After 

grinding, the submicrocapsules developed a blue color, indicating the shell destruction and the 

ability of color development (Figure 3.1.9c). 
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Figure 3.1.9 (a) Optical photographs of dried capsule suspensions with different critical buckling 

pressure. (b) Absorption intensities at λ = 603 nm of dried capsules as a function of their 
𝑑2

𝑅2 value 

as determined by UV /Vis measurements. (c) The suspension of the capsules with highest critical 

buckling pressure (
𝑑2

𝑅2
 = 0.047) is dried without blue color developing. When these dried capsules 

are grinded with a pestle, a strong blue color is developed. (d) AFM height images of a capsule 

(
𝑑2

𝑅2
  = 0.006) in suspension before and after rupture. (e) Change of normalized apparent capsules’ 

height with increasing set-point force. The area with cyan color marks values measured after 

capsules rupturing. 
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To theoretically determine the breaking force during drying, the following calculation is 

considering. During drying of dispersions, capillary forces between the particles will occur in two 

ways. First during recession of the air-water interface from the outmost layer of particles down to 

the substrate and second during drying out of the remaining menisci. Assuming complete wetting 

of the particles, i.e. a contact angle of zero, the capillary force is proportional to the water surface 

tension 𝛾 and the particle radius R for both cases.  

                                                            𝐹𝐶 = 𝐴 𝛾 𝑅  (3.1.3)                                                                                                                                                  

The proportionality factor A is in both cases in the order of unity. For the case of the meniscus 

between two spheres, the prefactor equals 𝐴 = 2𝜋, whereas, in the case of the receding water front, 

it is given by:   

                                                            𝐴 =
3√2(1−𝑓)2

√3−1
  (3.1.4)                                                                                                                                                       

with 𝑓 being a factor depending on the amount of deformation of the spheres that ranges from 0 to 

0.095 and is zero for zero deformation, i.e. 𝐴 = 5.8. Therefore, both prefactors are well 

approximated by 𝐴 = 6 and the capillary force for both cases takes a value of  

                                                𝐹𝐶 = 6 ∙ 0.072
𝑁

𝑚
∙ 150 𝑛𝑚 =  65 𝑛𝑁  (3.1.5) 

Exemplarily, the capillary force for capsules with a diameter of 300 nm can be calculated to 

Fc = 65 nN (Equation 3.1.5). To investigate if this calculated capillary force is enough to break 

the capsules, atomic force microscopy (AFM) measurements were used in which a certain force 

was applied to one capsule in an aqueous environment. With AFM, a defined force can be applied 

directly with the tip of the cantilever on a single capsule until it breaks (Figure 3.1.9d). 

Figure 3.1.9e further shows that the apparent height of the capsules decreases when imaged using 
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an increasing contact force. When the contact force reached a certain threshold, its apparent height 

dramatically declined to a very low value, which remained constant after the initial low contact 

force was applied again, indicating that the capsule had been irreversibly ruptured. Hence, the 

mechanical response of the investigated capsules can be precisely measured (for the investigated 

cases 30 - 75  nN) and fine-tuned depending on the shell thickness. The determined forces are well 

in agreement with the capillary force that occurs on the capsules during drying as calculated in the 

supporting information. 

To demonstrate the capability of the damage self-reporting capsules for micro-crack indication in 

coatings, nanocapsules with a low critical bulking pressure (
𝑑2

𝑅2  = 0.006) that break upon exposure 

to air were combined with a commercially available waterborne polymer coating (approx. 100 μm 

thick). Therefore, the nanocapsules suspension was firstly coated on a glass slide, pre-dried and 

sealed with the commercial coating to avoid breakage of the capsules (details in Experimental 

section). Introduction of the capsules to the commercial coating causes only minor decrease of the 

transparency of the coating, which retains its optical properties (Figures 3.1.10). 

 

Figure 3.1.10 Optical photographs of translucent coating of water based polymeric coating (a) and 

the polymeric coating with self-reporting nanocapsules (b) on glass slide, respectively. Scale bars 

are 5 mm. (c) Optical transmission of glass slide without any coatings (grey line), polymeric 

coating films without (red line) and with self-reporting nanocapsules (blue line) on glass slides. 
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Micro-cracks were artificially induced by scratching with a razor blade and were observed by 

stereomicroscopy and SEM. While the control coating without any nanocapsules showed no color 

development (Figure 3.1.11a); the coating containing nanocapsules highlighted the induced 

micro-crack via a strong blue color appearance (Figure 3.1.11b). Hence, the described system 

autonomously reports the damaging of a coating upon mechanical disintegration. By chemically 

modifying the release properties of the capsules (e.g. redox-responsive release),213 other types of 

damages, like redox-disintegration of the coating, could be detected in the future as well. 

 

Figure 3.1.11 Autonomous colorimetric indication of cracks appearance and color deletion to 

report crack healing. Optical photographs (left and middle column) and SEM images (right 

column) of a micro-crack in a polymeric coating in the (a) absence and (b) presence of damage 

self-reporting nanocapsules; (c)the colored micro-crack is healed and reversibly becomes colorless 

when in contact with the self-healing system composed of multivalent alkyne, trivalent azide, and 

Cu(I)Br(PPh3)3. 
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In the next step, the chemical response of the coating system with self-healing compounds was 

tested to investigate whether only the non-healed damages can be reported. Therefore, the 

reversibility of the color development process through the reaction with self-healing compounds 

was demonstrated by analyzing the color deleting properties of CVL+ in the presence of 

multivalent alkyne and azide (self-healing monomers) that can form a polymer network suitable 

for self-healing via "click" chemistry at room temperature and achieve a self-healing efficiency of 

nearly 100% after 48 h.196 When adding multivalent alkyne, trivalent azide and Cu(I)Br(PPh3)3 into 

the strongly blue colored crack, the color slowly vanished in the time frame of two days until it 

finally completely disappeared. Simultaneously, the crack was being healed (Figure 3.1.11c). 

Hence, the capsule system can be applied to autonomously indicate the "click"-induced healing of 

the coating when the blue color is reversibly deleted. Besides the "click"-chemistry healing system 

it was shown, additionally, that other classes of self-healing reactions, including the epoxy-

amine205 and PDMS self-healing206 systems, can turn off the optical signal and therefore 

potentially indicate a successful self-healing reaction. In case of the epoxy-amine self-healing 

system, free amine groups of healing agents delete the color; while in the case of the PDMS self-

healing system, the color of CVL+ is deleted by the ethanol that is produced during the healing 

reaction. 

3.1.4 Conclusions 

In this chapter, a reversible damage self-reporting nanocapsular system has been developed and 

presented, which was subsequently used to monitor crack appearance and healing in coatings. 

Therefore, a three-component capsule was designed which contains an inactive dye in the liquid 

core, a protective polymer shell and color developing silica nanoparticles on the surface. Breakage 

of the shell enables autonomous destruction-reporting via an intense blue color development. By 
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embedding the capsules into coatings, they break upon damaging of the coating and highlight 

damaged spots. The visually highlighted spots can be erased through interaction of the dye with 

different self-healing compounds or byproducts of self-healing reactions and subsequent color 

deletion. Hence, the system can be applied to monitor damage appearance and healing in coatings. 

It is envisioned that this reversible self-reporting system with high versatility can be applied in a 

new generation of self-reporting coatings, which has multiple autonomous functions to monitor 

the whole health-cycle of artificial materials. 
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3.2 Fabrication of nonequilibrium disentangled polymer in single-chain nanoparticles via 

electrospraying† 

Chapter 3.1 demonstrate how miniemulsion is an effective and robust method to prepare complex 

nanostructured hybrid particles. In that case, the system was engineered so the silica nanoparticles 

used as surfactant would also provide additional functionalities to the polymer nanocapsule. 

However, in some cases, the presence of surfactant, especially organic molecules, could be a 

drawback. For example, when casting a film with a latex suspension stabilized with surfactants, 

the surfactant might act as a plasticizer for the polymer matrix or interfere with the thermal stability 

of the film. As an alternative to miniemulsion to prepare surfactant-free nanoparticles, 

electrospraying is an attractive method. Not only electrospraying can be used to make 

nanoparticles, but the rapid evaporation process during electrospraying also provide a way to trap 

the polymer chains in out of equilibrium conformation.  

In this chapter, electrospraying has been used to fabricate polymer nanoparticles with minimal 

entanglements of the polymer chains. Entanglement of polymer chains causes industrial problems 

during polymer processing because of the limited diffusion and movement of the polymer chains. 

This prevents the use of polymers with very high molecular weight by traditional processing 

methods for thermoplastic materials such as molding or melt extrusion. The objective, here, was 

to minimize polymer chain entanglement in linear polystyrene (Mn = 1.1×106 g·mol-1) in order to  

† This chapter is based on collaborative project with Dr. Manjesh Singh, Dr. Héloïse Thérien-

Aubin, Prof. Kurt Kremer, and Prof. Katharina Landfester. 

Contributions: H.T.-A., K.K., and K.L. supervised the project. M.H., M.S., H.T.-A., K.K., and 

K.L. designed the experiments. M.H. and M.S. fabricated nanoparticles and nanofibers and did 

relevant characterizations. M.H., M.S., H.T.-A., K.K., and K.L. analyzed the data. M.S. did the 

theoretical calculation. H.T.-A. and M.H. did the high-speed camera recording and analyzed the 

data. All authors discussed the results and wrote the manuscript.  
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make it easier processable. The polymer was dissolved at a very dilute concentration, well below 

the critical concentration of entanglement, and then electrosprayed. The very rapid drying of small 

droplets of a polymer solution, devoided of entanglements, resulted in the formation of 

nanoparticles composed one single chain (or very few) without (or with few) entanglements. 

3.2.1 Introduction 

Polymers have become an essential part of our daily life. In order to use polymers in various 

applications, it is important not only to synthesize new functional polymers, but also to process 

synthetic polymers to meet the different requirements of specific applications.214-216 Processing 

polymer melts is one of the most appealing industrial processing methods and is used to prepare a 

variety of everyday thermoplastic product such as packaging and bottles, as well as value added 

material such as medical implants.217,218 Polymer melts display a rich viscoelastic behavior in the 

typical length and time scales relevant to their processing.219,220 The processing of polymer melts 

become more difficult with increasing molecular weight due to the increase of viscosity. In a melt 

of high molecular weight polymers, many long polymer chains have to move in a collective and 

specific way to flow due to the topological constraints called "entanglements" imposed by 

neighboring chains.221, 222 The increase in viscosity observed with increasing molecular weight of 

the polymer chains is caused by the increasing number of entanglements at high Mn.
223 

In order to facilitate the processing of a polymer with high molecular weight, the most 

straightforward way would be to minimize the chain entanglements in the melt. It is possible to 

obtain a less entangled polymer directly during polymerization. By careful synthesis with a single 

site catalyst, high molecular weight polyethylene with a single chain has been obtained and formed 

a single crystal.224 Such polymer crystals can form a heterogeneous melt through slow and careful 

controlled melting. This heterogeneous melt has a heterogeneous distribution of entanglements 
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within the melt because of the semi-crystallinity of the polymer, leading to different mechanical 

and rheological behavior in comparison to an equilibrated melt having a homogeneous distribution 

of entanglements. The long-lived heterogeneous melt shows less viscosity than the homogeneous 

entangled melt, which largely improved the processability of this polymer melt. Therefore, being 

able to easily process a variety of polymers to prepare disentangle polymer formulation would 

result in an advantageous material for the further processing in the molten state.225 

Single chain nanoparticles can be prepared using various approaches such as precipitation,226 

freeze-drying227, 228 and electrospraying.229 Among these techniques, electrospraying can be 

scaled-up to produce a large amount of single chain nanoparticles without the use of any additives 

in one batch. In electrospraying, a polymer solution is pumped out of a capillary nozzle and then 

an electric field is applied between the nozzle and a target. (Figure 3.2.1) The difference of 

potential is used to accelerate the solution of polymer and leads to the elongation of the solution 

coming out of the nozzle and the formation of a jet.230 The charges covering the surface of the jet 

generate relatively high electrostatic force. Once such force is larger than the surface tension of 

the material, the jet can further deform and split into unstable micro- or nano-droplets due to the 

high electrical forces. Once the droplets have detached from the main jet, the solvent in the droplets 

of polymer solution evaporates and then generate dense and solid particles at micro- or nanometer 

size that are propelled towards the collector.231 

In this chapter, nanoparticles containing one single chain were prepared by the electrospraying of 

a diluted polystyrene solution. The concentration of polystyrene solution was well below the 

critical concentration of entanglement. After electrospraying, the resulting nanoparticles were 

collected and the glass transition temperature was determined. 
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Figure 3.2.1 Schematic picture of fabrication of single chain polystyrene nanoparticles without 

entanglements by electrospraying process. 

 

3.2.2 Experimental 

Electrospraying 

Polystyrene (Mn = 1.1×106 g·mol-1, Mw = 1.4×106 g·mol-1, PDI = 1.26) was dissolved in 

dimethylformamide or chloroform and mechanically stirred overnight to prepare the polymer 

solution with different concentrations (from 0.01 wt.% to 10 wt.%). The resulting dispersions were 

filled into a syringe and then electrosprayed at 20-25% relative humidity and room temperature 

onto an aluminum foil support. The tip diameter was 0.8 mm. The distance between the collector 

and tip was fixed to 20 cm. The feeding rate was varied from 0.5 mL·h-1 to 2.0 mL·h-1. The applied 

voltage was varied from 15 kV to 25 kV. 

Characterizations 

The surface tension of polystyrene solutions was measured with a tensiometer (DCAT 21, 

DataPhysics, Germany). The hydrodynamic diameter of polymer chains in solutions with different 
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concentrations was measured at different angles by dynamic light scattering (DLS) using an ALV 

instrument (ALV, Langen, Germany) with a goniometer and ALV-5001 multiple-tau full-digital 

correlators with 320 channels. The light source consisted of a helium-neon laser (JDS Uniphase, 

Milpitas, USA) with 25 mW output power and a laser wavelength of 632.8 nm. The viscosities of 

the polystyrene solutions were obtained using a Cannon-Fenske viscometer (Cannon, U.S.A.). The 

morphology of electrosprayed nanoparticles was observed by transmission electron microscopy 

(TEM; JEOL JEM1400, Japan) and scanning electron microscopy (SEM; Hitachi SU8000, Japan). 

The samples were collected on 400-mesh copper grids and silicon wafers during electrospraying 

process for TEM and SEM measurement. The glass transition temperature was measured by 

differential scanning calorimetry (Perkin-Elmer DSC 8500, USA). The DSC measurements were 

performed in a nitrogen atmosphere with a heating rate of 10 C min-1, the temperature was first 

decreased from 20 °C to -140 °C, then the temperature was increased to 200 °C.  

3.2.3 Results and discussion 

To prepare the polymer solution without entanglement, the concentration was varied from 

0.01 wt.% to 10 wt.%. The surface tension of the polymer solutions did not change over the range 

of concentration, indicating that the polystyrene was well dissolved in both solvents (DMF and 

chloroform). (Figure 3.2.2a) Additionally, the hydrodynamic radius of the polymer chains in the 

two solvents lightly decreased with the increase of concentration. (Figure 3.2.2b)  
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Figure 3.2.2 Characterization of polymer solutions. (a) surface tension and (b) hydrodynamic 

radius at different concentrations of polystyrene in chloroform (CHCl3) and dimethylformamide 

(DMF). 

 

In order to know when entanglements are formed in the polystyrene in solution, the viscosity of 

polymer solutions at different polymer concentrations was measured. Figure 3.2.3, shows that 

over the entire concentration range, the viscosity of the polymer solution increased with increasing 

concentration. Two different regimes were observed, at low concentration, the viscosity increase 

moderately with the increase of concentration; however, at higher concentration, the viscosity 

increased more steeply with increased concentrations. The cross-over between those two regimes 

occurred at the critical entanglement concentration (C*). Above C*, polymer chains are entangled 

in solutions. 

Figure 3.2.3 shows that in DMF, when the polystyrene concentration was lower than 0.5 wt.%, 

the increase of viscosity display a relatively small slope because there were no entanglements 

between polymer chains in solutions in that concentration range. However, when the concentration 

of polystyrene was increased above 1 wt.% the increase of viscosity was more pronounced due to 

the presence of entanglements and the increase in the number of entanglement increasing with 
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increasing concentration and the C* was determined as 0.95 wt.%. In the case of polystyrene 

solution in chloroform, the C* was 0.4 wt.%.  

 

Figure 3.2.3 Viscosity as a function of polymer concentrations. (a) polystyrene solution in DMF. 

(b) polystyrene solutions in chloroform. 

 

In the electrospraying process, the droplets form only when the surface charge of polymer solution 

overcomes the surface tension force, leading to fission of the droplet. The charge and size of the 

droplet can be easily controlled to some extent by adjusting the flow rate and voltage applied to 

the nozzle. During electrospraying, it is important to control the applied voltage and the flow rate 

of the suspension. Those are critical factors to the formation of a stable jet to produce homogeneous 

and reproducible nanoparticles.44 The difference of potential between the nozzle and the collector 

is used to accelerate the solution of polymer and leads to the elongation of the solution coming out 

of the nozzle and the formation of a jet.45 Thus, jet formation during electrospraying with various 

voltage and flow rate were observed by microscopy. With the polystyrene solution in DMF, a low 

voltage of 12.5 kV was insufficient to create the enough potential and form a jet near the nozzle. 

The droplet was only elongating by the electrical current when it left the nozzle, resulting in a 
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discontinuous flow. At 15 kV, formation of a stable jet was observed and the jet was breaking in 

droplets downstream. At higher voltages, the number of charges at the surface of the solvent was 

so large that multiple points of instability were observed. (Figure 3.2.4a) Similar to the variation 

of flow rate, the stable jet can be obtained only when the flow rate was 1.5 mL·h-1. Although 

different flow rates can form the multiple-jet, they would cause the inhomogeneous distribution of 

droplets and final nanoparticles on the substrate. Additionally, instabilities were observed when 

the flow rate of the solution was decreased or increased. (Figure 3.2.4b) Therefore, the optimal 

applied voltage and flow rate for forming a stable jet is 15 kV and 1.5 mL·h-1, respectively. 

  

Figure 3.2.4 Variation of (a) applied voltage and (b) flow rate during the electroparying process. 

Snapshot images of electrospraying process (polystyrene in DMF) obtained by high-speed video. 

Videos were taken at the beginning of jet. Scale bar = 500 µm. 
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Electrospraying of polymer solutions below C*, near C*, and above C* was carried out. The choice 

of solvent and the polymer concentration in solution were both critical in obtaining different 

morphologies (Figure 3.2.5). In both DMF and chloroform, nanofibers (diameter of fibers above 

100 nm) were obtained at the concentration above C* (2.3 wt.% and 1 wt.%, respectively). At 

intermediated concentration near C*, a mixture of particles and nanofibers were obtained. At 

concentration well below C*, large microcapsules were observed when using chloroform as the 

solvent. However, small nanoparticles were obtained for the electrospray-drying of DMF 

solutions. 

 

Figure 3.2.5 SEM image of the electrospayed polystyrene microcapsules and micro/submicro-

fibers for solution of 0.07 wt.% (a), 0.3 wt.% (b), and 1.0 wt.% (c) in chloroform. Electrospayed 

polystyrene nanoparticles and nanofibers for solution 0.1 wt.% (d), 0.5 wt.% (e), and 2.3 wt.% (f) 

in DMF. Scale bar = 1 m. 

 

The differences of the obtained structures could be attributed to a combination of the state of the 

polymer in solution and the physical properties of the solution. Above C*, because of the 
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entanglements present between the polymer chains, and the viscosity of the polymer solution, 

continuous jets are formed leading to the electrospinning of long polymer fibers. At concentration 

below C*, the viscosity of the polymer solution decreased, consequently, the same shear force 

created by the difference of potential can lead to a larger deformation. At some point, the steady 

jet of polymer solution will break to form droplets. However, at intermediate concentration, close 

to C*, the system was in a transition state and a mixture of structures was observed by microscopy.  

 

Figure 3.2.6 Snapshot images of electrospraying process (polystyrene in DMF) obtained by high-

speed video. Videos were taken (a) at the beginning of jet and at the 3 mm away from the jet with 

(b) 2%, (c) 0.5%, and (d) 0.1% of polystyrene solution. Scale bar = 500 µm. The scale bar of insect 

is 100 µm. 

 

To study the behavior of the jet of polymer solution during the electro-spinning/spraying process, 

a high-speed camera was used to monitor the polymer solution in flight (Figure 3.2.6). The 

transition between the electrospinning regime at high concentration to the electrospraying regime 
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at low concentration could be clearly observed. At high concentrations, one single jet whipping 

back and forth was observed, in agreement with the formation of long fibers (Figure 3.2.6b). In 

the intermediate regime, the formation of a broken beaded jet was observed (Figure 3.2.6c). At 

low polymer concentration, electrospraying was observed (Figure 3.2.6d). Within the first few 

millimeters from the tip of the needle, the jet quickly broke down in smaller droplets. The size of 

the droplets formed during the electrospraying of the chloroform solution (ca. 20 - 50 µm) can 

explain the size of the polymer capsules obtained (ca. 5 - 25 µm). The same was not true for the 

electrospraying of polystyrene solution in DMF (Figure 3.2.7).  

 

Figure 3.2.7 Average diameter of in-flight droplets with different feeding rates during the 

electrospraying by using chloroform and DMF as solvents at 15 kV. 

 

The electrospraying of dilute solutions of polystyrene in DMF lead to the formation of droplets of 

ca. 10-15 µm, but interestingly, particles of ca. 20 nm were collected at the end of the drying 

process. A droplet of a 0.1 wt% solution of polystyrene in DMF with an initial diameter of 10 µm 

would contain ca. 0.5 picograms of polymer. By assuming that the density of disentangled 

polystyrene to be 1.04 g·cm-3, after the complete drying of this droplet, this amount of polystyrene 
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should be contained in a spherical particle of a diameter of ca. 0.9 µm. This is much larger than 

the size of the nanoparticles obtained (ca. 20 nm). However, the droplets of DMF could undergo a 

secondary splitting in-flight, and this phenomenon likely occurred too late in-flight for being 

observable with the current experimental setup. 

In electrospraying, droplets can undergo secondary splaying or splitting.232 Such splaying effect 

might cause the initial microdroplets to split into nanometer size droplets in-flight. The parent 

droplet can split due to Coulombic fission when the electrostatic repulsion surpasses the surface 

tension.233 Coulombic fission occurs during the transport of the droplets before the collection 

because the evaporation of the solvent from the droplets leads to an increase in the concentration 

of charges on the surface.234 The effect of this increase in the number of charge per units of surface 

area depends on the conductivity and dielectric constant of the solvent. The relative dielectric 

constant of chloroform and DMF are respectively 4.8 and 36.7. Consequently, the increase 

concentration of charges on the surface of a DMF droplet would lead to a more important 

destabilization of the droplet surface than in chloroform. The 20 nm nanoparticles obtained during 

the electrospraying of the DMF polymer solution could be attributed to the in-fight secondary 

splaying of the droplets caused by Coulombic fission. This is consistent with the use of DMF in 

electrospraying and electrospinning to increase the conductivity and dielectric strength of polymer 

solution to produce thinner fiber and smaller particles.235  

The morphology of the resulting nanoparticles was analyzed by TEM and AFM, the size of the 

nanoparticles formed by the electrospraying of a 0.1 wt.% solution of polystyrene 

(Mn = 1.1×106 Da) in DMF was 20 ± 5 nm (Figure 3.2.8a-b). This result was compatible with 

theoretical calculation predicting that a disentangled polystyrene chain of this molecular weight 
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should occupy a volume with a radius of 19 nm. Therefore, the nanoparticles obtained by 

electrospraying should be particles composed of one chain without or with few entanglements. 

 

Figure 3.2.8 SEM (a) and TEM (b) image of obtained polystyrene nanoparticles from 0.1 wt.% 

polymer solution in DMF. (c) Thermogravimetric analysis curves of polystyrene bulk, 

nanoparticles and nanofibers. 

 

Further evidence of the disentanglement of the polymer chains in the polystyrene nanoparticles 

was obtained by calorimetry (Figure 3.2.8c). The glass transition temperature (Tg) of the 

nanofibers and nanoparticles was determined by differential scanning calorimetry. Figure 3.2.8c 

shows the thermal behavior of bulk polystyrene, polystyrene nanofibers, and polystyrene 

nanoparticles. The Tg of polystyrene in bulk was 107 °C and it was similar to the polystyrene 

nanofibers (109 °C). However, the Tg of electrosprayed nanoparticles was 98 °C, indicating that 

the mobility of polymer chains increases in keeping with the formation of disentangled polymer 

chains. However, further evidence of the disentanglement of the polymer chain(s) in the 

nanoparticles need to be obtained. Rheology experiments will be performed at a temperature above 

Tg to study the reentanglement of the polymer melt. This type of experiments will demonstrate 
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how the processing of the polystyrene could be improved by formulation disentangle single chains 

nanoparticles. 

3.2.4 Conclusion 

In summary, linear polystyrene with high molecular weight (Mn = 1.1×106 g·mol-1) has been used 

to produce nanoparticles by electrospraying. The diameter of the nanoparticles obtained was 20 

nm, which was similar to the size of a disentangle single-chain nanoparticles obtained from 

theoretical calculation. The nanoparticles had a relatively low glass transition temperature; in 

comparison to bulk polystyrene, the glass transition temperature of polystyrene nanoparticles 

decreased from 107 to 98 °C. The decrease in Tg indicates an enhancement of the mobility of 

polymer chains caused by the disentanglement. Therefore, these nanoparticles maybe use to 

produce the polymer melt without or with less entanglement, which will be highly useful for the 

processing of polymer in the industry. 
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3.3 Fibrous nanozyme dressings with catalase-like activity for H2O2 reduction to promote 

wound healing† 

Chapter 3.2 showed how electrospraying can be used to produce polymer nanoparticles. 

Furthermore, when the concentration of polymer in the solution used to prepared nanoparticles 

was higher than the critical entanglement concentration, fibers were obtained. Hence, 

electrospraying can be adapted to prepare nanofiber. This technique, called electrospinning, can 

be used to prepare complex hybrid material. In this chapter, the electrospinning technique has been 

used to assemble hematite (α-Fe2O3) nanoparticles within the polymer fibers. The hematite 

nanoparticles show catalase-like activity by reducing H2O2 and producing O2. Such catalase-like 

function is helpful for improving the wound healing process, which requires decreasing the amount 

of H2O2 and sufficient O2. Therefore, hematite nanozyme particles were integrated into electrospun 

and cross-linked poly(vinyl alcohol) membranes. Within the dual-compound membrane, the 

polymeric mesh provides a porous scaffold with high water permeability and the nanozymes acts 

as a catalyst to efficiently convert H2O2 into O2. The proliferation of fibroblasts at a H2O2 

concentration of 50 µM showed large differences when comparing the growth with and without 

application of the nanozyme dressing. Thus, application of the nanozyme dressing can 

significantly reduce the harmful effect of higher H2O2 concentrations. The described catalytic 

membranes could be used in the future to provide an improved environment for cell proliferation 

† This chapter is based on the article: 

M. Hu, K. Korschelt, P. Daniel, K. Landfester, W. Tremel, M. B. Bannwarth, Fibrous Nanozyme 

Dressings with Catalase-Like Activity for H2O2 Reduction to Promote Wound Healing. ACS 

Applied Materials and Interfaces 2017, 9 (43), 38024-38031. Reproduced permission from 

copyright 2017 American Chemical Society. 

Author contributions: M.H., K.K., P.D., W.T., and M.B.B. designed the experiments. P.D. 

synthesized the hematite nanoparticles and did relevant characterizations. M.H. fabricated the 

electrospun membranes and did relevant characterizations. K.K did the catalytic measurements of 

fabricated membranes. M.H., K.K., P.D., W.T., and M.B.B. analyzed the data. All authors 

discussed the results and wrote the manuscript. M.H., K.K., and P.D. contributed equally in this 

project. M.B.B., K.L., and W.T. supervised the project.  
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in wounds and thus applied as advanced wound healing dressings. 

 

3.3.1 Introduction 

Wound dressings can accelerate and improve the wound healing process.236 They provide an 

environment that allows oxygen permeation, maintains moisture for materials diffusion, prevents 

infection, and promotes tissue formation.237 Two important key metabolites involved in the healing 

process are the redox-pair hydrogen peroxide (H2O2) and oxygen (O2). While a high concentration 

of H2O2 causes a delayed healing via preventing the connective tissue formation,238 O2 can help to 

improve the healing efficiency.239 Therefore, the wound healing process can be promoted by down-

regulating H2O2 levels and increasing O2 levels.240 A contemptuous adjustment of H2O2 and O2 

concentrations can be achieved by catalytic conversion of H2O2 into H2O and O2 through 

enzymatic catalysis with catalase, a naturally occurring enzyme.  

The production of catalase can be achieved by direct synthesis or extraction from natural 

systems.241 Such a production process is however accompanied by high production costs and the 

natural enzyme is highly sensitive to changes in environmental conditions and possesses a short 

biological half-life.242 Hence, recent research has focused on the replacement of natural enzymes 

by synthesizing artificial compounds, so-called enzyme mimics, which can imitate the catalytic 

behavior of natural enzymes.243,244 To the present day various enzyme-mimics have been reported 

such as metal complexes,245,246 supramolecular chemistry247 and inorganic nanoparticles 

(NPs).248,249 The use of inorganic NPs as enzyme mimics comprises the advantages of cost 

efficiency and much higher stability than their natural counterparts while possessing comparable 

sizes.241,242,250 In addition, the so-called nanozymes exhibit a high number of catalytically active 
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surface atoms, enabling high activities. It is thus not surprising that they can react more efficient 

than natural enzymes, which commonly feature only one active center.241,251,252 

Recently, different classes of nanozymes have been reported to reduce the concentration of 

H2O2.
253 Among them, hematite NPs show a catalase-like activity and have been used to convert 

H2O2 to H2O.253,255 Hematite (α-Fe2O3) is a weakly magnetic and highly stable iron (III) oxide, 

which is stable with respect to corrosion, non-toxic, and many simple low-cost synthetic 

procedures have been described. Template-assisted synthesis256, forced hydrolysis257, sol-gel 

methods258 and hydrothermal routes259 in aqueous solution even without organic surfactants and 

in large quantities are viable routes. This makes hematite an excellent material for applications in 

wound treatment to mimic catalase and reduce H2O2 concentrations. 

Integration of iron oxide nanoparticles in nanofibrous membranes can be achieved by either 

directly assembling the magnetic particles under an external magnetic field260,261 or electrospinning 

the particles together with a templating polymer.262-264 Electrospinning265-267 or pressurized 

gyration process268 can be used to fabricate nanofiber mats for wound dressings. Recently, portable 

electrospinning devices269,270 have been used for in situ producing wound dressing materials. The 

high surface-to-volume ratio and porosity of the electrospun membranes exhibit a promising water 

absorption ability to meet the requirement of strong oxygen permeation.271 Additionally, the high 

surface area membranes are ideal as heterogeneous catalysts. 272,273 However, a catalytically active 

membrane that can regulate H2O2 and O2 levels to improve the wound environment could not be 

achieved to date. 

In this chapter, an electrospun hybrid nanofibrous material as dressing for wound healing, with a 

high porosity, wettability and the ability to simultaneously decrease the H2O2 and increase the O2 

concentration has been presented. As shown in Figure 3.3.1, a polyvinyl alcohol (PVA) solution 
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and a suspension of hematite nanoparticles were mixed to electrospin the nanozyme containing 

nanofibers. PVA fibers was used as the scaffold material and the hematite nanoparticles were 

implemented as the catalytic moieties. After electrospinning and crosslinking, the water-permeable 

PVA gel possesses a high porosity and good wettability. The encapsulated hematite shows 

catalase-like activity by reducing the amount of H2O2 and producing O2. When incubating 

fibroblasts at critically high H2O2 concentrations, the catalytically active membrane efficiently 

reduces the H2O2 concentration and enables good cell proliferation. Thanks to this catalase-like 

activity, the hybrid nanofibrous gel can be used for improving the wound healing process. 

 

Figure 3.3.1 Schematic illustration of the fabrication procedure of hematite nanofibrous gels via 

electrospinning and their use as catalase mimics to convert hydrogen peroxide into water and 

oxygen to yield an improved fibroblast growth. 
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3.3.2 Experimental 

Chemicals 

FeCl3⋅6H2O and tetrahydrofuran (THF) were purchased from Acros Organics (Fisher Scientific), 

KH2PO4 was purchased from Sigma Aldrich (Germany). Polyvinyl alcohol (PVA, Polysciences 

Inc., Mw = 125000 g·mol-1), glutaraldehyde (GA, Merck KGaA, 50% aqueous solution), and 

hydrochloric acid (HCl, Sigma-Aldrich, 37 wt.%, AR grade) were used for electrospinning and 

crosslinking. 

Nanoparticle synthesis 

20 mmol FeCl3 and 0.4 mmol KH2PO4 were added to 1 L of water (MilliQ) to form a clear 

yellowish solution that was magnetically stirred and heated under reflux for 72 h. The resulting 

brown, turbid dispersion was then filtered through a 3.1 µm syringe filter (CME, Roth Germany). 

Portions of 20 mL were precipitated using THF (volume ratio 1:2) and collected by centrifugation. 

The brown powder was dried at 70 °C in air. Solutions for electrospinning experiments of 5 wt.%, 

15 wt.% and 25 wt.% were prepared by dispersing hematite nanopowder in water (MilliQ) by 

sonicated for 20 min. 

Electrospinning and cross-linking 

The different concentrations of hematite nanoparticle dispersions (5 wt.%, 15 wt.% and 25 wt.%) 

were combined with the 15 wt.% PVA solution at a ratio of 1:2 for a total polymer concentration 

of 10 wt.% and mixed by mechanical stirring through vortex until a homogenous dispersion was 

obtained. The resulting dispersion was filled into a 1 mL syringe and electrospun at 20-25% 

relative humidity and room temperature onto an aluminum foil support (20 cm distance, 

0.3 mL · h-1 feed rate, 0.8 mm tip diameter, +18 and 0 kV). During the electrospinning, a TEM 
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grid was used to collect samples for TEM measurement. Afterward, the electrospun mats were 

reacted with 1 mL of 50 wt.% glutaraldehyde (GA) and 20 μL of 37 wt.% HCl in a vacuum oven. 

The acetal bridges can be formed between aldehyde groups of GA and the hydroxyl groups of 

PVA. HCl was the catalyst for this crosslinking reaction. Afterward, the crosslinked nanofibrous 

mats were put in the fume hood for 24 h to evaporate the unreacted GA and HCl. 

Wettability and water stability of cross-linked electrospun mats 

The wettability of the PVA mats was measured on a static contact angle measuring system 

equipped with a side camera (IDS uEye camera) and a goniometer. To test the water stability of 

the PVA mats, the mats were immersed in water for 1 h and transferred into the fume hood to 

evaporate excess water overnight. The morphology of the PVA mats before and after water 

immersion was observed by scanning electron microscopy (SEM; Hitachi SU8000, Japan). 

Tests for catalytic activity 

To measure catalytic activities europium(III) chloride hexahydrate and 3-(N-

morpholino)propanesulfonic acid (MOPS) sodium salt (98%) from Alfa Aesar, tetracycline 

hydrochloride, catalase enzyme (3000-5000 U·mg-1) and hydrogen peroxide (H2O2) from Sigma-

Aldrich were used. All chemicals were used without further purification and reactions were 

conducted with MilliQ water. The catalase-like activity of the tested materials was investigated 

similarly to the fluorescence assay reported by Wu et al.274 The procedure is briefly described as 

followed: in a first step, the PVA fibers were washed several times with MilliQ water to remove 

free NPs that were possibly not completely cocooned in the polymer matrix. The fibers were added 

into the wells of a 96 well plate, which was placed in a temperature controlled (25 °C) 96 well 

plate reader. In free wells, the fluorescently active EuTc-HP complex was generated by mixing 

65 µL EuTc solution, 20 µL H2O2 solution (5 mmol·L-1) and 165 µL MOPS buffer solution 
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(10 mmol·L-1) The detailed step is described as followed:  

A) MOPS buffer solution (10 mmol·L-1): The appropriate amount of MOPS sodium salt was 

dissolved in 800 mL of MilliQ water and the pH was set to 6.9. The volumetric flask was 

filled up to 1 L with MilliQ water and the solution was homogenized. 

B) EuCl3 solution (6.3 mmol·L-1 of Eu3+): 115.3 mg of EuCl3∙6 H2O were dissolved in 50 mL 

of A) 

C) Tetracycline hydrochloride solution (2.1 mmol·L-1): 50.5 mg of tetracycline hydrochloride 

were dissolved in 50 mL of A) 

D) EuTc solution: 5 mL of solution B) and 5 mL C) were mixed and filled up to 50 mL with 

A). 

The fibers were placed in a 96 well plate, and the assay was conducted following the procedure 

described below. In addition, control measurements were done with native catalase. In this case, 

A solution of native catalase (0.1 mg·mL-1) was used. The mixture was incubated at 25 °C for 

10 min. To start the reaction, the EuTc-HP solution was added to the fiber containing wells. The 

reaction process was observed for 10 min based on the decrease of fluorescence intensity. Control 

measurements were conducted by varying the concentration of native urease  

Cell-viability experiments 

50 mg of PVA membranes without hematite nanoparticles and PVA membranes with high loading 

of hematite nanoparticles were incubated separately with H2O2 at 50 µM for 10 min in the shaking 

bed. Then the membranes and H2O2 solutions were mixed with the fibroblast cell line NIH-3T3 

for overnight incubation. After 16 h incubation, the cells were washed with a phosphate-buffered 

saline solution and detached from the culture vessel with 2.5% trypsin (Gibco, Germany). Before 

measuring on the CyFlow ML cytometer (Partec, Germany), the cells were stained with 650 µL of 

propidium iodide solution (diluted in phosphate-buffered saline solution to a final concentration 

of 2.0 µg·mL-1) to assess the cell viability. To compare the significant difference between different 
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samples, an unpaired student´s t-test assuming equal variances was performed. Calculated p values 

were considered to be significant for *p < 0.05, **p < 0.01, ***p < 0.001. 

Characterizations 

Plate reader. Plate reader measurements were conducted using an Infinite 200 Pro Plate reader 

from TECAN. Additionally, flat bottom 96 well plates black from Greiner bio-one were used for 

the catalase assay. The excitation filter was set to 405 nm and the emission filter to 620 nm.  

Electron microscopy (EM). The morphology of the PVA meshes was observed by transmission 

electron microscopy (TEM; JEOL JEM1400, Japan) and scanning electron microscopy (SEM; 

Hitachi SU8000, Japan). The PVA meshes were electrospun on a 400-mesh copper grid and silicon 

wafer for the TEM and SEM measurement, respectively.  

TEM images of the pure NP were taken with a Tecnai G2 Spirit from FEI (Hilsboro, USA) with 

LaB6 cathode crystal, twin objective and a US 1000 CCD camera from Gatan (Pleasanton, USA). 

For sample preparation, the particles were dispersed in water or ethanol and one drop of the 

dispersion was dried on a carbon coated copper grids. 

The size of nanofibers was obtained by analyzing SEM images of electrospun samples with 

IMAGE J software. Each sample was measured 100 times to calculate the average number and 

standard deviation. 

Fourier-transform infrared spectroscopy (FTIR). The functional groups of crosslinked PVA 

meshes were measured by Fourier-transform infrared spectroscopy (FTIR) in the 400 - 4000 cm-1 

range. 20 mg of the individual samples were mixed with KBr powder to make a pellet.  
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Powder X-ray diffraction (XRD). The crystal structure and the crystallinity were analyzed on a D8 

Advance diffractometer equipped with a Sol-X energy dispersive detector using molybdenum Kα-

radiation (λ = 0.72 Å). The nanoparticle powder was dispersed on a scotchTM tape (which causes 

a broad reflection at low Bragg angles). 

Thermogravimetry (TGA). Thermogravimetric measurements of the nanoparticles were 

performed on a Pyris TGA 6 with nitrogen atmosphere in a corundum crucible at a heating rate of 

5 °C·min-1 for functionalized particles from 50 to 700 °C after 20 min at 50 °C. At 700 °C the 

temperature was held for 1 min. 

3.3.3 Results and discussion 

Spindle-shaped nanoparticles were prepared by forced hydrolysis of ferric chloride in water.257 

The solution was refluxed for three days in the presence of catalytic amounts of KH2PO4. The 

resulting particles were not coated with a surfactant layer, and are self-stabilized in water, allowing 

a direct and unhindered accessibility for substrate molecules to the catalytically active particle 

surface. High solid contents of the particles in aqueous PVA solution were achieved by 

centrifugation. 

Analysis of the shape and morphology of the iron oxide nanoparticles was performed by 

transmission electron microscopy (TEM, Figure 3.3.2). The nanoparticles have an anisotropic 

shape (Figure 3.3.2a-b), and their aspect ratio was determined from the TEM images to be 

approximately 5:1 (Figure 3.3.2c). The particles are highly crystalline as seen from the electron 

diffraction pattern (Figure 3.3.2d). Powder XRD analysis revealed the phase of the particles to be 

pure α-Fe2O3 (hematite). 
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Figure 3.3.2. TEM pictures of α -Fe2O3 spindle-shaped particles (scale bar is 200 nm and 100 nm 

in a) and b) respectively. Size distribution of long and short axis of the particles as determined 

from TEM images (c). All reflections of the powder XRD pattern can be assigned to hematite (d). 

To integrate the hematite nanoparticles in non-woven fabric mats, they were electrospun together 

with poly(vinyl alcohol) (PVA). Simple mixing of a PVA solution and a hematite suspension and 

subsequent electrospinning allowed a homogeneous integration of different amounts of hematite 

in the resulting fibers (Figure 3.3.3a-d). The hematite nanoparticles were oriented in the fiber 

axis-direction after the electrospinning process. Without loading the nanoparticles, the size of the 

fiber is 299 ± 34 nm. When the loading amount of the hematite nanoparticles increased, the 

viscosity of the electrospun solution increased. It resulted in producing thicker fiber (the average 

size of nanofibers is 305 ± 33 nm, 351 ± 41 nm, and 412 ± 64 nm, respectively). After washing 

away loosely bound nanoparticles and cross-linking, the concentrations of the PVA mats were 

determined by TGA (Figure 3.3.3e). With increasing amounts of hematite nanoparticles, the color 
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of the electrospun mats turns from light to darker brown (inset photos in Figure 3.3.3). To 

determine the particle loading inside the cross-linked PVA fibers, the mass loss in TGA heating 

curves up to 700 °C was used from each sample and normalized between 0 and 100% for pure 

PVA and pure nanoparticles, respectively. All samples showed similar behavior when they heated 

under nitrogen. A small weight loss below 250 °C could be observed, which corresponds to the 

evaporation of water. The major mass loss for all samples was observed between 250 °C and 

450 °C, which can be correlated to the decomposition and evaporation of most of the PVA. After 

that, the mass is still constantly decreasing which may be explained by remnants of the 

decomposition products that evaporate.  

 

Figure 3.3.3. Characterization of hematite/PVA nanofibrous mats. TEM images of the PVA 

nanofibers loaded with 0% (a), 19% (b), 58% (c), 71% (d) of hematite nanoparticles (scale bar = 

1 µm) and the corresponding photographs of the PVA mats (insets). TGA (e) curves of the 

nanoparticles and the crosslinked PVA mats with different nanoparticle loading.  
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In order to apply the PVA mats as wound dressings, they were covalently cross-linked after 

electrospinning to retain the structural integrity of the fibers in an aqueous environment. To 

demonstrate the stability of the cross-linked fibers towards water treatment, scanning electron 

microscopy (SEM) images of the cross-linked fibers before (Figure 3.3.4a) and after 

(Figure 3.3.4b) water immersion were analyzed. The SEM images showed no change of the 

fibrous structure after washing, indicating that the PVA scaffold was maintained. The fiber mesh 

showed a high porosity, which is ideal for wound dressing materials.  

 

Figure 3.3.4 Characterization of cross-linked hematite/PVA nanofibrous mats. SEM images of the 

PVA mat containing 71% of hematite nanoparticles before (a) and after (b) water immersion. FTIR 

spectra of cross-linked PVA mats containing different amounts of hematite nanoparticles (c). 

Dynamic wettability of the PVA mat containing 71% of hematite nanoparticles (d).  
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The permanent entrapment of the hematite particles within the fibers after washing was 

investigated by FTIR spectroscopy (Figure 3.3.4c). Therefore, pure hematite nanoparticles, pure 

PVA fibers and hybrids of both with varying ratios were investigated. The appearance of the 

characteristic bands for hematite at 479 cm-1 and 535 cm-1 corresponding to the Fe-O vibration275 

in all hematite/PVA fiber samples confirmed the permanent embedment of the particles inside the 

PVA fibers. The PVA component of the fibers is represented by bands at 1095 cm-1 (C-O-C 

vibrations of aldehyde crosslinked PVA) as well as at 1437 cm-1 (C-H bending vibration)276. 

Furthermore, the wettability of the cross-linked PVA mats was tested by adding a water droplet on 

the membrane surfaces. Due to the good wettability of the PVA membrane, the water droplet could 

spread completely on the PVA mat within 20 s (Figure 3.3.4d and Figure 3.3.5). 

 

Figure 3.3.5 Dynamic wettability of the crosslinked PVA mat containing 0% (a), 19% (b), and 

58% (c) of hematite nanoparticles. 

 

The enzyme-like activity of hematite PVA fiber meshes was investigated with a europium 

tetracycline (EuTc) based fluorescence catalase assay.274 While EuTc alone is not fluorescent, 

H2O2 binding to the metal center leads to a strong increase of the fluorescence intensity (Figure 
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3.3.6a). The fluorescent europium tetracycline hydrogen peroxide complex (EuTc-HP) complex 

is formed by incubating EuTc and H2O2 for several minutes. A decomposition of H2O2 rapidly 

shifts the equilibrium between the complexes EuTc-HP and EuTc (Equation 3.3.1). Thus, it is 

possible to directly monitor the reduction of the H2O2 level based on the change of the fluorescence 

intensity. 274 

                                                  EuTc + H2O2 ↔ EuTc-HP  (3.3.1)                                                                                                      

To investigate a catalase-like activity of the hematite fiber meshes, they were placed in a 96 well 

plate and treated with an EuTc-HP solution in 3-(N-morpholino)propanesulfonic acid (MOPS) 

buffer. The change of the fluorescence intensity at 620 nm (with λex = 405 nm) was monitored over 

a period of 10 min. Control measurements were conducted using the hematite NPs and the native 

catalase enzyme. Comparison of the fluorescence spectra of EuTc and EuTc-HP demonstrate the 

effect of H2O2 binding to the EuTc complex (Figure 3.3.6a). In the presence of native catalase, 

the present H2O2 was decomposed, which resulted in the expected decrease of fluorescence 

intensity (Figure 3.3.6b). A similar behavior could be observed for hematite NPs. Variation of the 

particle concentration led to a decrease of the fluorescence intensity (Figure 3.3.6c). Based on the 

determined catalase-like activity of the hematite NPs the catalytic activity of hematite PVA fiber 

meshes was investigated. While pure PVA fibers without NPs exhibited no significant effect, the 

iron oxide loaded fibers showed lower H2O2 levels with increasing hematite loading, 

demonstrating the use of the nanozyme-in-fiber meshes as catalase mimics for the degradation of 

H2O2 (Figure 3.3.6d). 
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Figure 3.3.6 (a) Fluorescence spectra of EuTc and EuTc-HP recorded with λex = 405 nm. 

Decomposition of H2O2 catalyzed by (b) native catalase, (c) hematite NPs, and (d) hematite loaded 

PVA fiber meshes (observed with the fluorescence signal at 605 nm of EuTc-HP).  

 

The iron oxide NPs and the loaded fiber meshes showed a similar concentration dependency of 

their catalytic activity (Figure 3.3.7a-b). In all cases, an increasing amount of catalyst leads to a 

higher decomposition of H2O2. With the highest hematite loading of the hematite PVA fiber 

meshes, a reduction of the fluorescence intensity down to 9.5% - related to 100% control - was 

achieved. To demonstrate the catalase-like activity, the decomposition products were investigated. 

Elemental oxygen was found to be one of the key reaction products (Figure 3.3.7c). With 

increasing hematite loading, higher formation rates of oxygen were observed, which is in 

agreement with the determined catalytic activities. 
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Figure 3.3.7 Analysis of the catalytic activity and the resulting products. H2O2 level after a reaction 

time of 5 min in the sample solution is shown for (a) hematite NPs and (b) for the hematite 

containing PVA fibers. (c) To establish the reaction mechanism of the hematite PVA fiber meshes, 

the formation of elemental oxygen, which is one of the key reaction products in a catalase-like 

reaction, was monitored using an oxygen sensitive electrode. Increasing hematite loadings show 

higher formation rates of oxygen. (d) Hematite PVA fibers protect cells against cell death triggered 

by extensive H2O2 levels. Control measurements conducted without hematite PVA fibers, or pure 

PVA fibers exhibit no cell protection. n. s. is not significantly different. *p < 0.05, **p < 0.01, 

***p < 0.001. 

 

To further investigate the H2O2 conversion ability of hematite PVA fibers in bio-applications. The 

fibroblast cells were used as in vitro model. All the cells were died after overnight culturing when 

50 µM of H2O2 was applied into cell media, indicating that such concentration of H2O2 causes 

apoptosis of fibroblast cells. However, more than 90% of the cells were survived when the PVA 



Chapter 3.3 Wound Dressings Materials 

89 

fibers with hematite nanoparticles were cultured together with H2O2 in cell media. It showed that 

the hematite PVA fibers were able to mediate the H2O2 concentration to the non-toxic level 

(Figure 3.3.7d).  

3.3.4 Conclusion 

In summary, the fabrication and use of an electrospun nanofibrous membrane with a high porosity, 

wettability and the catalytic capability to simultaneously decrease the H2O2 and increase the O2 

level was demonstrated. Therefore, hematite nanozymes were integrated in various concentrations 

into PVA membranes via electrospinning. To retain the fiber scaffold in the presence of water, the 

membrane was cross-linked to form a stable fibrous gel. After cross-linking, the membrane showed 

high water permeability and hence, provided a good accessibility of hydrophilic compounds to the 

embedded hematite nanozyme particles. The encapsulated hematite showed a high catalase-like 

activity and quickly converted H2O2 into O2. When incubating fibroblasts at critically high H2O2 

concentrations, the catalytically active membrane efficiently reduced the H2O2 concentration and 

enabled undiminished cell proliferation. Thanks to this catalase-like activity, the hybrid 

nanofibrous gel could be used for improving the wound healing process. 

  



Chapter 3.3 Wound Dressings Materials 

90 

 



Chapter 3.4 Anti-Biofouling Materials 

91 

3.4 Nanozymes in nanofibrous mats with haloperoxidase-like activity to combat biofouling† 

In the previous chapter, electrospinning has been used to assemble hematites nanoparticles within 

the polymer fibers and keep their catalytic activity in the electrospun polymer mats. However, a 

variety of functional nanoparticle could be included inside the nanofibers to produce an array of 

functional materials. For example, in many environments the polymer nanofibers prepared by 

electrospinning suffer from biofouling during long-term usage, resulting in persistent infections 

and device damage. In this chapter, the fabrication of polymer mats with CeO2-x nanorods that can 

prevent biofouling in aqueous environment is described. The embedded CeO2-x nanorods are 

functional mimics of natural haloperoxidases that catalyze the oxidative bromination of Br− and 

H2O2 to HOBr. The generated HOBr, a natural signaling molecule, disrupted the bacterial quorum 

sensing,a critical step in biofilm formation. The polymer fibers provide porous structures with high 

water wettability, and the embedded cerium oxide nanozymes act as a catalyst that can efficiently 

trigger oxidative bromination, as shown by a haloperoxidase assay. Additionally, the embedded 

nanozymes enhance the mechanical property of polymer mats, as shown by a single-fiber bending 

test using atomic force microscopy. It can be envisioned that the fabricated polymer mats with 

CeO2-x nanorods may be used to provide mechanically robust coatings and membranes with anti-

biofouling properties. 

 

† This chapter is based on the article: 

M. Hu, K. Korschelt, M. Viel, N. Wiesmann, M. Kappl, J. Brieger, K. Landfester, H. Thérien-

Aubin, W. Tremel, Nanozymes in Nanofibrous Mats with Haloperoxidase-Like Activity to 

Combat Biofouling. ACS Applied Materials and Interfaces 2018, accepted, doi: 

10.1021/acsami.8b16307, 2018. Reproduced permission from copyright 2018 American Chemical 

Society. 

Author contributions: M.H., K.K., M.V., N.W., M.K., J.B., H.T.-A., and W.T. designed the 

experiments. K.K. synthesized the ceria nanoparticles and did relevant characterizations. M.H. 

fabricated the electrospun membranes and did relevant characterizations. M.V. did the catalytic 

measurements of fabricated membranes. N.W. did the bacterial test. M.K. did the AFM. M.H., 

K.K., M.V., M.K., H.T.-A., and W.T. analyzed the data. All authors discussed the results and wrote 

the manuscript. M.H., K.K., and M.V. contributed equally in this project. H.T.-A. and W.T. 

supervised the project.   
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3.4.1 Introduction 

Recently, biomimetic strategies have been developed to replicate the role of natural enzymes, and 

a variety of nanozymes – inorganic nanoparticle-based artificial enzymes – have been prepared 

and displayed an array of functions depending on the chemical composition.277,278 Several of those 

nanozymes have shown an unmatched potential to reduce biofouling.278-280 However, the key 

challenge remains to formulate those inorganic nanoparticles into functional, versatile and easy to 

use materials. Electrospinning has been shown to be an efficient, practical and scalable method to 

prepare robust hybrid materials including of polymer and nanozymes,281 and could be beneficial 

to the formulation of hybrid materials with anti-biofouling nanozymes. 

Electrospinning is a scalable and versatile technique to obtain nanofibrous materials with variable 

porous structures and controllable fiber diameters.282,283 Electrospinning of polymer and polymer 

hybrids has already been implemented in roll-to-roll processes,284 and other industrial 

processes285,286 for the formation of self-standing fibers and mat as well as coatings. The 

nanofibrous materials can be further functionalized and mechanically enhanced by integrating 

nano-objects, e.g. nanoparticles and nanocapsules, during or after the electrospinning 

process.287,288 Additionally, the electrospun nanofibers can orderly arrange into hierarchical 

structures by controlling their alignment.289 These attributes make electrospun nanofibers 

attractive for applications such as tissue engineering,290-292 wound healing,281,293 and water 

purification.294 Furthermore, electrospun fibers can be used either in their fibrous state or as 

coatings, self-standing mats or membranes.295,296 

Biofouling is a critical phenomenon, especially when the materials are used in an environment 

containing microorganisms. Biofouling is the nonspecific surface adhesion of microorganisms.297 

This can be detrimental to the performance of the materials and reduce the efficiency of 



Chapter 3.4 Anti-Biofouling Materials 

93 

membranes,298 leading to corrosion on metallic surfaces299 and bacterial infections on implanted 

medical devices.300 Cleaning the nanofibrous surfaces to remove the adhered layer is difficult and 

sometimes is even impossible. Thus, it is essential to develop surfaces that are not susceptible to 

biofouling. 

In the last decade, many strategies have been developed to reduce or avoid bacterial adhesion.301 

A number of antimicrobial or antibiotic compounds have been integrated into electrospun mats to 

release toxic agents into aqueous environments to kill the surrounding bacteria.302,303 This strategy 

is highly efficient but will lead to the development of antibiotic-resistant bacteria strains.304 As an 

alternative, silver nanoparticles have been widely used as antibacterial compounds. These 

nanoparticles can form on the nanofiber surface by post-reaction after electrospinning, or be 

embedded into the electrospun fibers.305,306 A problem common to the use of silver nanoparticles 

or antibiotics is the decrease of the antifouling activity due to the release of the active compound 

with time, leading to materials with a limited lifespan. Besides the biocidal strategy, one of the 

most common methods to combat biofouling is to develop surfaces to which bacteria and cells 

cannot adhere. For example, surfaces coated with zwitterionic polymers are known to suppress 

nonspecific protein adsorption and bacterial adhesion.307,308 

Another alternative in creating anti-fouling surfaces is to draw inspiration from nature. For 

example, seaweeds have developed a unique chemical strategy against biofouling. Seaweeds 

secrete a group of enzymes, the vanadium haloperoxidases, that catalyze the oxidation of halides 

(Cl− and Br−) with hydrogen peroxide (H2O2) to form hypohalous acids (HOCl and HOBr).309,310 

The presence of hypohalous acids is known to disrupt the quorum sensing of microorganisms, a 

process that cells and bacteria use to regulate biofilm formation, the first step in the permanent 
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biofouling of a surface. Thus, the release of hypohalous acids prevents the biofouling of 

seaweeds.311 

Vanadium- and cerium- based nanomaterials have shown great potential to mimic the activity of 

haloperoxidase to reduced biofouling to produce material with long‐term stability in harsh 

environments.277,278 Several nanozymes are promised to preventing biofouling in marine 

environments.279 For example, vanadium pentoxide nanowires were able to catalyze the oxidation 

of Br− to HOBr in presence of H2O2.
312 Similarly, cerium oxide nanorods displaying 

haloperoxidase-like activity have been used to prepare anti-biofouling coatings.280 Such nanozyme 

displayed a sustained and long-term activity to produce enough hypohalous acids to prevent 

biofouling in aqueous environments using only the concentration of peroxide and halides 

bioavailable. Cerium oxide nanorods were recently used to disrupt the quorum sensing of bacteria 

and thus prevent the bacterial adhesion only using the halogens atoms and the hydrogen peroxide 

naturally present in fresh water.279,280 Given that similar or even higher concentration of both 

halogen ions and peroxide are present in the human body similar behavior could also potentially 

be observed coating used on implants or on wound-dressing.313,314 Additionally, the nanoceria is 

generally considered as a biologically benign material.315,316  

Furthermore, the catalytic activity and stability of nanozymes can be preserved by immobilizing 

them into polymer materials. Compared with nanozyme dispersions, polymer-embedded 

nanozymes are more convenient for handling, continuous processing, and avoiding product 

contamination. The main supporting materials for nanozymes are microgels,317 metal-organic 

frameworks,318 and nanofibrous materials.281,319 Among these different supporting materials, 

polymer fibrous mats have attracted sustained research interest, because the fibrous morphology 

provides a high specific surface area, which is ideal for catalytic reactions. For example, 
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immobilized gold nanoparticles within polymer nanofibrous mats catalyze the reaction of 4-

nitrophenol to 4-aminophenol over multiple cycles320 and electrospun Fe3O4 nanofibers showed a 

better peroxidase-like catalytic activity than commercial Fe3O4 nanoparticles.321 Recently, 

electrospun PVA mats with hematite nanoparticles showed the catalase-like activity. These hybrid 

mats can be used as a wound dressing material to regulate the H2O2 concentration in wound sites.281 

Here, CeO2-x nanorods (NRs) were electrospun with polyvinyl alcohol (PVA) to fabricate free-

standing nanofibrous mats. After crosslinking, the water-swellable PVA mats embedding CeO2-x 

NRs mimicked the haloperoxidase activity in aqueous media. The activity of the CeO2-x  embedded 

in the PVA fibers was quantified by the bromination of phenol red to demonstrate that the activity 

of the nanozyme was preserved after their processing inside the polymer matrix. The mechanically 

robust hybrid mats catalyzed the oxidation of Br− and H2O2 to HOBr, like natural haloperoxidase. 

To demonstrate the anti-biofouling properties of this novel hybrid material, the effect of embedded 

CeO2-x NRs on the fouling of E. Coli was studied in an aqueous environment. Thanks to their 

haloperoxidase-like activity, PVA/CeO2-x such nanofibrous mats are potential candidates as new 

anti-biofouling coating materials for application in biological or marine environments 

(Figure 3.4.1) used either on water filtration membranes or on any immersed surfaces. These new 

polymer hybrid mats offer a new method to prepare stable materials where the inorganic active 

component provides a sustained anti-biofouling behavior that is not the result of the dissolution of 

the inorganic part, as observed with silver or copper containing materials, but rather act as a 

catalyst for the production of analytes able to disrupt bacterial quorum sensing. Such material 

would find application as coatings from the biomedical field to water purification. 
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Figure 3.4.1 Fabrication of ceria nanorods (CeO2-x) nanofibrous mats by electrospinning. The 

hybrid mat can catalyze Br− with H2O2 to HOBr to prevent bacterial adhesion on its surface. 

 

3.4.2 Experimental 

Materials 

Fomblin® Y, cerium(III) nitrate hexahydrate, sodium hydroxide, phenol red and hydrochloric acid 

(HCl, 37 wt.%, AR grade) were purchased from Sigma-Aldrich (Germany), ammonium bromide 

was from ABCR GmbH (Germany), hydrogen peroxide solution (30%) from Roth (Germany), 

polyvinyl alcohol (PVA, Mw = 125000 g·mol-1) from Polysciences Inc and glutaraldehyde (GA, 

50% aqueous solution) from Merck KGaA (Germany). All syntheses, experiments and catalytic 

tests were conducted using MilliQ water (pH = 6.90, 18.2 MΩ). 

Synthesis of CeO2-x nanorods 

Cerium(III) nitrate hexahydrate (2 mmol) was dissolved in 5 mL of water under an argon 

atmosphere. Then, 20 mL of a 6 M NaOH solution were added and the reaction mixture was stirred 

for 30 min. The mixture was transferred to the Teflon® inlay of a stainless-steel autoclave. The 
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autoclave was placed in an electric oven and heated to 373 K for 24 h. After the natural cooling to 

room temperature, the precipitate was isolated by centrifugation (9000 rpm, 10 min) and washed 

several times with water and ethanol. The product was dried for 24 h in an electric oven at 35 °C.322 

Electrospinning and cross-linking of PVA/CeO2-x nanorods composites 

Dispersions with varying concentrations of nanorods were prepared by combining CeO2-x 

nanorods suspensions with a PVA solution to yield a suspension containing 10 wt.% of PVA and 

CeO2-x nanorods for electrospinning. An ultrasonic tip was used to disperse the nanorods in the 

PVA solution (d (tip) = 6 mm; 50% amplitude; 5 s pulse, 5 s pause; 3 min). Afterward, the 

mixtures were stirred mechanically overnight at 900 rpm to obtain a homogenous dispersion. 1 mL 

syringe was filled with the nanorod/PVA mixture. The electrospinning process was conducted at 

room temperature with a relative humidity of 20-25% onto an aluminum foil carrier placed at a 

distance of 20 cm from the nozzle (diameter: 0.8 mm). The feeding rate was 0.3 mL h-1 and the 

applied voltages were +18 kV and 0 kV. Fibers without CeO2-x nanorods were prepared under 

same conditions. The fibers were crosslinked by treating the fibers with 1 mL of a 50 wt.% 

glutaraldehyde (GA) solution and 20 µL of a 37 wt.% HCl solution. The crosslinking reaction was 

conducted in a vacuum oven at room temperature and 1 mbar for 24 h. Finally, unreacted GA and 

HCl were removed by drying the samples for 24 h at room temperature. Samples for TEM analysis 

were prepared by placing a TEM grid (copper, 300 mesh) on the aluminum foil to collect the fiber 

sample for 30 s.  

Powder X-ray diffraction (XRD) 

Solid-state analysis of the pure CeO2-x nanorods was conducted on a STOE Stadi P (Germany) 

diffractometer using the Ag Kα1 radiation. The sample was prepared on a perfluoropolyether film 

with Fomblin® Y. The data were analyzed with the EVA software package from Bruker. 
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Swelling ratio of hybrid PVA mats 

The water absorption ratio of the hybrid PVA mats was defined as the swelling ratio in this study. 

To determine the swelling ratio, the mats were dried at 50 °C under vacuum overnight. Then the 

dried mats were soaked in demineralized water in a mixer (HLC MKR 23, Ditabis, Germany) at 

room temperature for 24 h. The weights of the swollen samples were measured after removing the 

excessive water on the mats by gently patting the polymer mat with a filter paper. The swelling 

ratios of the PVA mats were calculated from Equation (3.4.1): 

                                    𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊𝑆−𝑊𝐷

𝑊𝐷
× 100%  (3.4.1) 

where 𝑊𝑆 and 𝑊𝐷 are the weights of the swollen and dried samples, respectively. All samples were 

triplicate in the experiments.  

Contact angle measurement  

The static contact angle of water on PVA fiber meshes was analyzed using a goniometer coupled 

to an IDS uEye camera. For the measurement, 5 µL droplets of water were deposited on the mats 

surfaces and the contact angle measured after 1 min.  

Morphology of the CeO2-x nanorods and of the hybrid mats 

The CeO2-x nanorods were imaged by transmission electron microscopy using a Tecnai G2 Spirit 

TEM (FEI, Hilsboro, USA) using LaB6 crystal as the cathode, a twin objective and a CCD camera 

(US 1000, Gatan Pleasanton, USA). The sample was prepared by dispersing the nanorods in 

ethanol and dropping one drop of the dispersion onto a carbon coated copper grid from Science 

Services. The morphology of the PVA mats was analyzed with a JEM1400 transmission electron 

microscope (JEOL, Japan) and a SU8000 scanning electron microscope (Hitachi, Japan). 
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Thermogravimetry (TGA).  

The nanorod content in the PVA mats was determined by thermogravimetric analysis (TGA). The 

measurements were conducted using a Mettler-Toledo TGA/SDTA-851 thermo-balance (50 to 

700 °C, heating rate of 5 °C·min-1, nitrogen atmosphere, the sample weight was about 10 mg). To 

measure the leakage of the nanoparticles from the PVA fibers, thermogravimetric analysis was 

conducted on samples having been immersed into water for two weeks and dried overnight in a 

vacuum oven.  

Young’s modulus of crosslinked fibers determined by atomic force microscopy (AFM)  

The Young’s modulus of single fibers was determined by measuring their resistance against 

bending by applying point loads onto freely suspended fibers. For this purpose, the fibers were 

electrospun onto microstructured silicon wafers (HS-500MG height calibration standard, Budget 

Sensors, Sofia, Bulgaria), which contained regular arrays of square holes with 5 µm length and 

0.5 µm depth. A Nanowizard IV AFM (JPK Instruments, Berlin, Germany) was used to image the 

sample in tapping mode to find places where a single fiber spanned one of the square holes. Once 

such a freely suspended fiber was located, it was imaged in QI mode, where a force distance curve 

with defined maximum load of 100 nN was recorded for each of the 256 × 256 pixels of the image. 

For a circular fiber clamped at both ends, the stiffness kF (x) at position x along the fiber axis is 

related to its Young’s modulus E by 

                                                𝑘𝐹(𝑥) =
3𝐿3𝐸𝐼

(𝐿−[𝑥−𝑥0])3(𝑥−𝑥0)3  (3.4.2) 

where L is the length of the suspended fiber segment and I = πR4/4 is the moment of inertia of a 

fiber with radius R. From the QI images, the individual fiber radius R could be extracted as well 

as the values of kF(x) for each image pixel along the freely suspended part with length L. By fitting 

this experimental curve of with Equation (3.4.2), the Young’s modulus of individual fiber was 
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obtained. The offset x0 is a fitting parameter to account of the small uncertainty in determining the 

position of end points of the suspended segment. The use of a clamped boundary condition is 

justified as the fibers showed strong adhesion to the silicon substrate. The same AFM cantilever 

was used for all experiments to exclude any relative error between experiments due to variation in 

spring constants. The spring constant of this cantilever was determined by both Sader method323 

and thermal noise method324 integrated into JPK AFM software giving a value of 49.9 ± 3.6 N·m-1. 

Haloperoxidase-like activity of PVA/CeO2-x nanorods composites 

The catalytic activity of the materials was analyzed using a previously reported method.305,316,317 

Briefly, the kinetic studies were conducted with pure cerium oxide nanoparticles, PVA fibers 

without cerium oxide nanorods, and PVA fibers with low (6 wt.%), medium (14 wt.%) and high 

(22 wt.%) loading of cerium oxide nanorods. The PVA fibers were fixed on the bottom of the 

cuvette with a magnetic stir bar, preventing the fiber mats to float in the path of the UV beam, 

which would directly influence and distort the UV-Vis signal.  

For each measurement, the cuvette contained 4.4 × 10 -3 mol·L-1 of ammonium bromide, 

2.8 × 10 - 5 mol · L-1 of phenol red, 4.2 × 10 -4 mol·L-1 of hydrogen peroxide and the 18 cm2 of the 

CeO2-x containing mats. All solutions were prepared in water, and the cuvette contained a final 

volume of 2.5 mL. In all cases, the hydrogen peroxide solution (30%) was added directly before 

the measurements. Absorption scans were recorded in intervals of one minute for a total duration 

of 5 h. 

Bacterial adhesion tests of PVA/CeO2-x nanorods composites 

To determine whether the incorporation of CeO2-x nanorods can impede bacterial adhesion, 

2.5 cm × 2.5 cm pieces of PVA mats with a loading of cerium oxide nanorods (22 wt.%) were 

compared to PVA mats without cerium oxide nanorods. Escherichia coli (E. coli) were grown in 
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a liquid culture overnight. Then PVA mats were incubated with 4.4 mM NH4Br and 0.42 mM 

H2O2 and a defined number of bacteria for 16 hours in standard lysogeny broth (LB) medium at 

37 °C on a horizontal shaker. Afterwards PVA fibers were removed and gently rinsed with 

distillated water to wash away all non-adherent bacteria. To quantify the amount of adherent 

bacteria, the washed PVA mats were transferred to fresh LB medium (without NH4Br and H2O2) 

where adherent bacteria were able to proliferate. After 2 h proliferation, the bacteria amount was 

determined by measuring the optical density at 600 nm with a spectrophotometer. Those 

experiments were repeated 3 times. 

3.4.3 Results and discussion 

The CeO2-x nanorods (NRs), functional mimics of natural haloperoxidases, were prepared by 

hydrothermal synthesis. After the reaction, the products showed a rod-like morphology. Powder 

XRD revealed the nanorods to consist of pure CeO2-x (Figure 3.4.2a), the CeO2-x crystalized in a 

fluorite structure and no impurities or additional crystalline phases were observed. The resulting 

nanoparticles were not functionalized with any surfactants, allowing a direct accessibility for 

substrate molecules to the catalytic sites of particle surfaces.To integrate the nanorods in polymer 

materials, the suspension of CeO2-x NRs were mixed in a PVA solution. Ultrasonication ensured 

complete dispersion of the CeO2-x NRs in the PVA solution.  

Table 3.4.1 Swelling ratios of PVA mats with different loading of CeO2-x nanorods 

CeO2-x loading in PVA mats 0% 6% 14% 22% 

Swelling ratio 188% 196% 188% 195% 

 

To allow the use of water-soluble PVA fibers in aqueous systems, the electrospun fibers were 

crosslinked covalently with glutaraldehyde. The swelling of pure PVA mats was 188% and the 
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addition of CeO2-x NRs did not significantly change the swelling of the mats (Table 3.4.1). The 

high swelling ratio allows the absorption of water and water-soluble substrates penetrate into the 

PVA fibers to contact with the embedded CeO2-x NRs. 

 

Figure 3.4.2 (a) XRD pattern of synthesized CeO2-x nanorods (NRs). The inset shows a TEM 

image of NR (scale bar = 200 nm). (b) TGA curves of the hybrid PVA/CeO2-x mats with different 

NR loading. (The curves from top to bottom are presented the pure CeO2-x NR, pure PVA, PVA 

with 6%, 14% and 22% of CeO2-x NR.) TEM images of PVA fibers with (c) 0%, (d) 6%, (e) 14%, 

and (f) 22% of CeO2-x NRs (c-f: scale bar = 500 nm, insets: scale bar = 2 µm).  
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Additionally, the nanofibrous network and the porous structure of PVA mats were maintained even 

after two weeks of immersion in water. The mats retained their physical integrity and no leakage 

of the NRs was observed (Figure 3.4.3). This indicates that the PVA/CeO2-x nanofibrous mats are 

promising hybrid materials for long-term use in aqueous environments.  

 

Figure 3.4.3 SEM images of the PVA mat containing 6% of CeO2-x NRs before (a) and after (b) 

water immersion for two weeks. (c) TGA curves of the CeO2-x NR/PVA mats with different NR 

loadings (14% and 22%) before and after immersion in water for two weeks. 

 

The loading of CeO2-x NRs in PVA mats was measured by TGA (Figure 3.4.2b). The results show 

that pure CeO2-x NRs are stable in the investigated temperature range. However, pure PVA fibers 

without CeO2-x NRs underwent thermal decomposition between 250 °C and 450 °C with the typical 

two-step decomposition mechanism of PVA.327 Above 500 °C, the decomposition stopped; this 

indicated the formation of stable carbonaceous residues representing ca. 20% of the original PVA 

weight. All samples containing PVA and CeO2-x NRs showed similar behavior when heated under 

nitrogen, although the presence of the inorganic nanoparticles slightly improved the thermal 

stability of the hybrid material. The main difference observed in the decomposition curve is the 
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solid fraction of material remaining after complete decomposition of PVA. The composition of the 

solid residue was used to calculate the original loading of CeO2-x NRs in hybrid PVA mats with 

low, medium, and high amount (respectively 6%, 14%, and 22%). The TEM images 

(Figure 3.4.2c - f) of the electrospun fibers showed that the CeO2-x NRs were successfully 

incorporated into the nanofibers and did not show the presence of any large aggregates. The 

nanorods were embedded in the fiber and distributed throughout the fiber.  

 

Figure 3.4.4 SEM images of CeO2-x NR/PVA mats with different NR loadings. (a) 0%, (b) 6%, 

(c) 14%, (d) 22%. Scale bar = 1 µm. 

 

SEM images of the fibers show the NR almost protruding out of the fiber at medium and high NRs 

loading (Figure 3.4.4). However, TEM tomography (Figure 3.4.5) clearly demonstrated that the 

NRs were located within the fibers.  
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Figure 3.4.5 TEM projection of CeO2-x NR/PVA fiber containing 22% of NR used for the TEM 

tomography reconstruction. Scale bar = 200 nm. 

 

Additionally, the NRs were oriented along the fiber axis direction. The alignment of NRs in PVA 

nanofibers can be attributed to the strong shear forces generated on the NRs/PVA suspension 

during the electrospinning process. The suspension was elongated by the electrical force and then 

the NRs were oriented with the direction of elongated polymer flow.328,329 

The long-term stability of the PVA/CeO2-x hybrid mats can be influenced not only by the leakage 

of the NRs but also by the mechanical properties of the fibers themselves. Therefore, the Young’s 

modulus of PVA fibers with different loading of CeO2-x NRs was measured by atomic force 

microscopy (AFM). AFM has become a key method to obtained quantitative mechanical 

information about nanomaterials and nanofibers using force spectroscopy.330,331 To measure the 

mechanical properties of the hybrid PVA/CeO2-x fibers, vertical point loads were applied along 

freely suspended fiber segments by AFM to locally probe their bending stiffness. (Figure 3.4.6a). 

From a fit of the stiffness profiles with Equation 3.4.2, the Young’s modulus of the fibers was 

obtained. 
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Figure 3.4.6 (a) Schematics of the AFM bending experiment. A point load is applied by the AFM 

tip onto the fiber that spanned a microgrid. (b) Young’s modulus of the PVA mats measured by 

the AFM bending experiment. (c) Dynamic wettability of the mats containing 22% of CeO2-x NRs. 

 

PVA fibers without nanorods displayed a Young’s modulus of 0.31 ± 0.06 GPa. The addition of 

6% of CeO2-x NRs did not lead to a modification of the mechanical property of fibers. However, a 

significant mechanical enhancement was observed in the presence of 14% and 22% of nanorods, 

(Figure 3.4.6b). These results demonstrate that the addition of CeO2-x NRs to the PVA fibers leads 

to the formation of a composite material with improved mechanical properties.  

The wettability of the PVA mats was tested by adding a droplet of water (5 µL) on the surface. All 

mats displayed similar wettability; within less than a minute, the contact angle of the water droplet 

on the electrospun mat decreased from 108° to 16°. This almost instantaneous absorption of the 

water indicated that the electrospun mats have a good wettability and hydrophilicity (Figure 3.4.6c 
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and Figure 3.4.7). The hydrophilic character of the PVA mats allowed the fibers to swell in 

presence of water, improving further the access of the molecular substrates to the embedded CeO2-

x NRs in the PVA fibers.  

 

Figure 3.4.7 Images of the water contact angle of PVA mats with 22% NRs at different contact 

times. 

 

The haloperoxidase-like activity of PVA/CeO2-x NRs mats was demonstrated with the phenol red 

bromination assay. The phenol red (λmax = 432 nm) can be brominated with hypobromous acid 

(HOBr) to form bromophenol blue (λmax = 590 nm) (Figure 3.4.8a). However, hypobromous acid 

is not present in the system, it is rather formed in situ by the reaction of ammonium bromide 

(NH4Br) and hydrogen peroxide (H2O2) at the surface of the ceria nanorods. First, a molecule of 

H2O2 needs to coordinate with a Ce(III) atom at the 110 surface of the nanorod, the oxidation of 

the cerium atom into Ce(IV) is then accompanied by the cleavage of the O-O bond to form two 

ligands, a hydroxyl anion and a hydroxyl radical. The hydroxyl radical ligand can then react with 

a bromide anion, the following reorganization will result in the release of a hypobromite anion and 

the coordination of a water molecule to a regenerated Ce(III) atom.280 The resulting hypobromite 
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can then diffuse away from the ceria nanorods and the PVA fibers to take part in further reactions 

in the vicinity of the hybrid mat. For example, the stepwise bromination of phenol red to 

bromophenol red and finally to bromophenol blue was catalyzed by the hybrid mats and the 

reaction was monitored spectrophotometrically.332 The haloperoxidase-like reaction leads to a 

decrease of the absorption maximum at 432 nm and simultaneously to an increase in the absorption 

at 590 nm (Figure 3.4.8b). 

 

Figure 3.4.8 (a) Schematic illustration of the oxidation of phenol red to bromophenol blue 

catalyzed by CeO2-x NRs. Insets are the digital images of phenol red before and after reaction. (b) 

Time-dependent UV/vis spectra of PVA mats loaded with 6% CeO2-x (2.8 × 10-5 mol·L-1 of phenol 

red, 4.4 × 10-3 mol·L-1 of NH4Br, 4.2 × 10-4 mol·L-1 of H2O2, 300 min, 23 - 25 °C). (c) Changes of 

phenol red with time on different PVA mats. 

 

Additionally, control measurements were conducted for PVA mats without CeO2-x NRs. This 

control experiment did not show any change in the absorption spectra, and the concentration of 
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phenol red remained constant throughout the experiment, indicating that the mat itself did not 

catalyze the phenol red bromination (Figure 3.4.9a).  

 

Figure 3.4.9 (a) Time-dependent UV/vis spectra of PVA membranes without CeO2-x nanorods. 

(b) Conversion of phenol red measured by UV/vis spectroscopy for bare CeO2-x nanorods and PVA 

membranes with 6% of CeO2-x nanorods (2.8 × 10-5 mol·L-1 of phenol red, 4.4 × 10-3 mol·L-1 of 

NH4Br, 4.2 × 10-4 mol·L-1 of H2O2, 300 min, 23 - 25 °C). 

 

In contrast, PVA mats containing CeO2-x NRs exhibited haloperoxidase-like activity and facilitated 

the bromination reaction. The reduction in the concentration of phenol red (λmax = 432 nm) and the 

simultaneous increase in the concentration of bromophenol blue (λmax = 590 nm) increased with 

increased loading of CeO2-x NRs (Figure 3.4.8c). The results show that the reaction rate increased 

with increasing concentration of CeO2-x NRs in the PVA fibers. This indicated that the 

haloperoxidase-like activity of PVA mats depends on the loading with CeO2-x NRs. The activity 

of the embedded CeO2-x NRs was largely preserved in comparison to free CeO2-x NRs 

(Figure 3.4.9b). The moderate decrease in the rate of conversion of phenol red into bromophenol 

blue can be attributed the fact that the reaction is controlled by the diffusion of Br-, H2O2 and HOBr 

through the PVA fiber.  
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Figure 3.4.10 Inhibition of bacterial adhesion on electrospun PVA mats with 22% of CeO2-x NRs 

in presence of H2O2 and NH4Br. SEM image of (a) PVA mats without NRs and (b) PVA mats with 

22% of CeO2-x NRs after 16 h incubation. Scale bar = 5 µm (c) Normalized bacterial attachment 

of PVA mats with CeO2-x NRs compared to the PVA mats without NRs after 16 h of culture and 

2 h of proliferation. 

 

The PVA mats with CeO2-x NRs mimic the vanadium haloperoxidases to catalyze the oxidation of 

Br- to form HOBr. The phenol red assay allows quantifying the reactivity, which is important for 

anti-bacterial adhesion. To test the anti-adhesion ability of the PVA/CeO2-x mats, they were 

immersed in a E. coli suspension for 16 h at 37 °C with the substrates, Br- and H2O2. 

Figure 3.4.10a shows that the PVA mats without CeO2-x NRs were covered by a large number of 

bacteria. In contrast, very few bacteria were attached to the PVA mats containing 22% of CeO2-x 

NRs (Figure 3.4.10b). The amount of the adherent bacteria was quantified by rinsing the PVA 

mats after 16 h incubation with the E. coli follow by 2 h of proliferation in media without Br- and 

H2O2. After 2 h of incubation, the number of bacteria was determined by the optical density of the 

media. Loading the PVA mats with 22% of CeO2-x NRs reduced the bacterial adhesion by 69% in 
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comparison to pure PVA mats (Figure 3.4.10c) in agreement with the SEM analysis of the mats. 

Therefore, the PVA mat loaded with CeO2-x is a potential candidate for combating bacterial 

adhesion in humid or marine environments. 

3.4.4 Conclusions 

In summary, the electrospun PVA mats with high wettability, high mechanical stability, and the 

catalytic capability of producing HOBr for preventing bacterial adhesion has been fabricated. 

Various concentrations of cerium oxide nanorods were integrated into polymer fibers by 

electrospinning. To improve the stability of PVA fibers in aqueous media, the fibers were 

crosslinked to form a water-swellable PVA mat. The PVA mats showed a high water swellability; 

therefore, the hydrophilic compounds can easily access to the embedded cerium oxide nanozymes 

to trigger the catalytic reaction. The embedded nanozymes showed a haloperoxidase-like activity 

and were able to convert Br− and H2O2 to HOBr efficiently, allowing the prevention of bacterial 

adhesion. Thanks to this haloperoxidase-like activity in the PVA mats, they could be used as the 

robust coatings with anti-biofouling property in humid and marine environments. 
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3.5 Shaping the assembly of superparamagnetic nanoparticles† 

In the previous chapters, different techniques including solvent evaporation combined Pickering 

emulsion (chapter 3.1), electrospraying (chapter 3.2), and electrospinning (chapter 3.3 and 3.4) 

have been applied to fabricated functional materials from the 0D to 1D assemblies of nanoparticles 

and polymer. However, the fabrication of the functional materials with a more complex 3D 

microstructure, it is still a challenge. In this chapter, the evaporation-guided assembly was used to 

produce superparamagnetic supraparticles by drying ferrofluid droplets on a superamphiphobic 

substrate in the presence of an external magnetic field. By tuning the concentration of ferrofluid 

droplets and controlling the magnetic field, barrel-like, cone-like, and two-towers-like 

supraparticles were obtained. These assembled supraparticles preserved the superparamagnetism 

of the original nanoparticles. Moreover, other colloids can easily be integrated into the ferrofluid 

suspension to produce, by co-assembly, anisotropic binary supraparticles with additional 

functions. Additionally, the magnetic and anisotropic nature of the resulting supraparticles were 

harnessed to prepare magnetically actuable microswimmers. 

 

 

† This chapter is based on the article: 

M. Hu, H.-J. Butt, K. Landfester, M. B. Bannwarth, S. Wooh, H. Thérien-Aubin, Shaping the 

Assembly of Superparamagnetic Nanoparticles. ACS Nano 2018, under review. Reproduced 

permission from copyright 2018 American Chemical Society. 

Author contributions: M.H., H.-J.B., K.L., M.B.B., S.W., and H.T.-A. designed the experiments. 

M.H. performed the experiments. M.H. and H.T.-A. analyzed the data. M.H., H.-J.B., K.L., S.W., 

and H.T.-A. discussed the results and wrote the manuscript. H.T.-A., S.W., H.-J.B., and K.L., 

supervised the project.   
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3.5.1 Introduction 

Superparamagnetic materials display high magnetization only in the presence of a magnetic field, 

and they do not retain any magnetization once the magnetic field is removed.333,334 This reversible 

magnetization allows to manipulate superparamagnetic materials by applying magnetic fields, 

resulting in numerous attractive applications such as micro-actuators,335-337 magnetic 

separation,338-340 and drug delivery.341-343 However, superparamagnetism is strongly size-

dependent and only exists in nanocrystals. In the case of iron oxide nanoparticles (NP), 

superparamagnetism is mostly observed in particles with a diameter smaller than c.a. 30 nm.344,345 

To build micro/macro-size superparamagnetic materials for further applications, 

superparamagnetic nanoparticles have to be assembled into more complex hierarchical 

structures.344,346 However, the uncontrolled aggregation associated with strong dipole-dipole 

interaction could lead to a loss of the superparamagnetism due to the formation of larger 

polycrystalline magnetic domains. Therefore, the controlled assembly of superparamagnetic 

nanoparticles is required. Such structures have been prepared by the direct formation of 1D 

arrays347, 348 or by the formation of controlled hybrid clustered beads.344,349,350 Those clustered-

beads can themselves undergo further assembly leading to the formation of more complex 

structures, e.g. necklace-like chains.351-353  

In comparison to those simples structures, 3D-structured magneto-responsive materials, especially 

materials with an anisotropic magnetic response, would display an even larger array of potential 

applications such as flexible integrated sensors354,355 or biomimetic soft-robots.356,357 In order to 

obtain 3D-structured magneto-responsive materials, techniques such as self-assembly358-360 and 

lithography361-363 have been used. For example, the self-assembly of magnetite nanocubes into 

helical superstructure was realized by solvent evaporation at the liquid-air interface in the presence 
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of an external magnetic field.358 Similarly, lithography has been used to prepare complex 3D 

structures containing iron oxide nanoparticles. For example, iron oxide nanoparticles embedded in 

a monomer solution were used to produce superparamagnetic 3D-structured microrobots with a 

helical shape. These helical microrobots were able to mimic bacterial movements and swim under 

remote magnetic guidance in low flows with low Reynolds numbers, e.g. in blood.364-366 Even 

though those processing methods have shown a range of potential applications for 3D-structured 

magneto-responsive materials, they still suffer from limited scalability and heavy use of non-

ecofriendly conditions.  

Recently, evaporation-guided colloidal assembly has been proposed as a new method for the 

preparation of 3D mesoscopic nanoparticle assemblies.367,368 In this approach, droplets of 

nanoparticle suspension were dried on liquid-repellent surfaces to form supraparticles.367-369 After 

evaporation guided-assembly, the fabricated supraparticles can be easily collected without further 

processing step which prevents the use of toxic solvents.367 Moreover, various sizes and shapes of 

supraparticles can be obtained. Only by tuning the concentration of the suspension and the volume 

of the drops, the size of the supraparticles can be varied from several microns to several 

millimeters. Supraparticles with various shapes, such as hemispherical,370 doughnut-like,371 and 

boat-like372,373, have been fabricated with the simple control of the wettability of the colloidal 

suspension on the substrates. Additionally, the composition of supraparticles can be varied by 

changing or mixing different types of colloids.368 For example, suspensions of iron-nickel alloy 

particles were mixed into droplets of silica nanoparticles and led to the formation of patchy 

supraparticles.371  

An alternative method for the formation of large 3D superparamagnetic structures is to make use 

of the natural properties of ferrofluids. Colloidal suspensions of magnetic nanoparticles, known as 
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ferrofluid, can form a variety of transient structures when placed in a magnetic field. Ferrofluids 

produce reversible structures under the guidance of a magnetic field, such as Rosensweig pattern374 

or separated cone-like microdroplets when placed on non-wetting solid surfaces.375 However, 

those shapes have never been used to purposely template solid materials. 

In this chapter, a suspension of hybrid Fe3O4/polystyrene nanoparticles (mgPS NPs) was dried in 

the presence of a magnetic field on a superamphiphobic surface (Figure 3.5.1) to trap the transient 

shape of the suspension droplets during evaporation. By controlling the magnetic strength, 

magnetic orientation and the initial concentration of nanoparticles, supraparticles with distinct 

anisotropic shapes were obtained. 

 

Figure 3.5.1 Experimental system used for the production of supraparticles by evaporation-guided 

assembly of a magnetic nanoparticles dispersion on a superamphiphobic surface.  

 

3.5.2 Experimental 

Synthesis of oleate-coated iron oxide nanoparticles (Fe3O4 NPs)  

Oleate-coated iron oxide nanoparticles (Fe3O4 NPs) were synthesized by co-precipitation.351,353 

Iron(III) chloride hexahydrate (24.36 g, 90 mmol) and Iron(II) chloride tetrahydrate (12.01 g, 
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60 mmol) were dissolved in 100 mL water. Then, an aqueous ammonia solution (40 mL, 28 wt.%) 

was added dropwise under vigorous stirring and oleic acid (4.00 g, 14 mmol) was added to the 

solution. Subsequently, the solution was heated in an oil bath to 70 °C for one hour and then stirred 

at 110 °C for two hours. After the synthesis, the oleate-capped iron oxide nanoparticles were 

precipitated and rinsed with distilled water five times and dried in an oven at 65 °C overnight. In 

order to remove the excess oleate, the oleate-capped iron oxide nanoparticles were dispersed in 

ethanol (technical grade), separated from the solvent with a permanent magnet (NdFeB, 

30 × 30 × 15 mm) and redispersed in fresh ethanol, this procedure was repeated three times. 

Figure 3.5.2a shows the morphology of synthesized Fe3O4 NPs, their average diameter was 

13 ± 4 nm (Figure 3.5.2b). The crystal structure of synthesized Fe3O4 NPs was consistent with the 

structure of magnetite in X-ray diffraction (XRD) spectrum (Figure 3.5.2c). 

 

Figure 3.5.2 (a) TEM image of iron oxide nanoparticles (Fe3O4 NPs). (b) Histogram of the size 

distribution of Fe3O4 NPs (>100 NPs). (c) XRD spectrum of synthesized Fe3O4 NPs. 

 

Synthesis of hybrid Fe3O4/polystyrene nanoparticles (mgPS NPs) 

The Fe3O4 NPs (below 20 nm) were immobilized inside polystyrene nanoparticles by emulsion 

polymerization.353 Briefly, 1 g of Fe3O4 NPs was dispersed in 0.5 g of n-octane for 30 min in a 

sonication bath followed by the addition of 24 g of an aqueous solution containing 24 mg of 
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sodium dodecyl sulfate (SDS). The two-phase suspension was sonicated with a tip (d (tip) = ½, 

Branson 450 Digital Sonifier, U.S.) for 3 min under ice cooling (70% amplitude, 5 s pulse, 5 s 

pause) and stirred using a mechanical stirrer (KPG) at room temperature. Separately, 1.2 g of 

styrene was mixed with 20 mg of n-hexadecane and 24 g of water containing 60 mg of SDS. An 

emulsion was prepared by the sonication of the water/styrene mixture with a tip (d (tip) = ½, 

Branson 450 Digital Sonifier, U.S.) for 1 min under ice cooling (10% amplitude, 5 s pulse, 5 s 

pause). The iron oxide-in-water dispersion and the styrene-in-water dispersion were mixed and 

then nitrogen was bubbled in the combined dispersions for of 10 min. Then, 35 mg potassium 

persulfate (KPS) and 30 mg of sodium styrenesulfonate were added, and the reaction mixture was 

heated to 80 °C under stirring for 14 h. Purification of the superparamagnetic polystyrene particles 

was carried out magnetically and by centrifugation. The final surface tension of the suspension 

was adjusted to 49 mN/m by controlling the SDS concentration.  

Figure 3.5.3 shows the morphology of the synthesized hybrid Fe3O4/polystyrene nanoparticles 

(mgPS NPs) obtained by TEM, the average diameter was 93 ± 16 nm. The hydrodynamic diameter 

of the mgPS NPs measured by DLS (Nicomp, UK) was 110 ± 30 nm, and their Zeta potential (Zeta 

Nanosizer, Malvern Instruments, UK) was -67 ± 13 mV. The resulting hybrid mgPS NPs were 

supraparamagnetic has evidence by the variation of the magnetization in magnetic fields of 

different strength (Figure 3.5.3c). 
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Figure 3.5.3 (a) TEM image of Fe3O4/polystyrene nanoparticles (mgPS NPs). (b) Histogram of 

the size distribution of mgPS NPs (> 100 NPs). (c) Magnetization of mgPS NPs in a magnetic field 

of decreasing strength at room temperature. 

 

Fabrication of superparamagnetic supraparticles on superamphiphobic surfaces 

First, soot-templated superamphiphobic surfaces were prepared following the previously described 

method.379 Briefly, soot particles were deposited on the glass substrate by the candle-soot 

deposition method. Then 10-20 nm SiO2 layer was coated on those particles by chemical vapor 

deposition of tetraethoxysilane catalyzed with ammonia. The soot particles were removed by 

heating at 550 °C, resulting in a fractal-like structure of SiO2 with overhangs. The 

superamphiphobic surface was finally obtained by surface modification with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane which lowered the surface energy.  

To fabricate the supraparticles, droplets of an aqueous suspension of mgPS NPs (from 0.3 wt% to 

30 wt%) were deposited using a micropipette on the superamphiphobic surface. To generate the 

magnetic field, a permanent magnet (NdFeB, 30 × 30 × 15 mm) was placed under the 

superamphiphobic surface. By controlling the distance between the magnet and the surface, it was 

possible to tune the strength of the magnetic field. The magnetic field was measured at the surface 
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of the superamphiphobic substrate. Unless noted otherwise, the supraparticles were formed using 

5 uL of suspension dried at a temperature of 23 °C under a humidity of 25%. 

To obtain binary supraparticles, titanium dioxide nanoparticles (TiO2 NPs, 25 nm, Aldrich, 

Germany) and polystyrene nanoparticles (PS NPs, 270 nm) were dispersed in distilled water to 

reach different concentrations and then mixed with a concentrated suspension of mgPS NPs in 

order to obtain a final nanoparticles concentration of 6 wt%.   

Investigation of supraparticles magnetically-controlled movement 

The supraparticles were put in a petri dish with distilled water. The movement of those 

supraparticles was controlled by displacing a permanent magnet (NdFeB, 50 × 10 × 10 mm) at 

different positions. The trajectory, moving speed, and orientation of the supraparticle over time in 

distilled water were analyzed with ImageJ. 

Characterizations 

The drying process of droplets was monitored with a goniometer equipped with a side-camera 

(OCA 35, DataPhysics, Germany). The movie of drying droplets was recorded at 12 frames/min 

and for ca. 1 h. The movie was extracted and analyzed to obtain the contact angle and contact line 

over time using MATLAB. The morphologies of the supraparticles were obtained with a 

stereomicroscope (M80, Leica, Germany) equipped with a digital camera (IC80 HD, Leica, 

Germany). To observed the inner structures of supraparticles, they were first embedded in epoxy 

resin and then sliced (slice thickness of 500 nm) with an ultramicrotome (EM UC7, Leica, 

Germany). The magnetic properties of mgPS NPs and supraparticles were obtained with a 

vibrating-sample magnetometer (Cryogenic Ltd. UK). The morphologies of the nanoparticles and 

supraparticles were observed by transmission electron microscopy (TEM, JEOL JEM1400, Japan) 
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and scanning electron microscopy (SEM, Hitachi SU8000, Japan). For the chemical analysis of 

the supraparticles´ surface and interior, the SU8000 with an energy dispersive x-ray spectrometer 

(EDX) was used to measure the elemental composition. 

3.5.3 Results and discussion 

The use of superamphiphobic substrates was critical to obtained 3D supraparticles. When, instead, 

only hydrophobic substrates were used, film-like structures were observed due to the strong 

pinning effect caused by the more important wetting of the substrate by the colloidal suspension 

(Figure 3.5.4).  

 

Figure 3.5.4 (a) Comparison between the drying kinetic of ferrofluid droplets (3 wt.%) on a 

hydrophobic fluorinated surface (blue) and a superamphiphobic (red) surfaces. Drying of a 3 wt.% 

droplet of ferrofluid on the hydrophobic fluorinated surfaces without (b) and with (c) a magnetic 

field of 2 kOe. 

 

To fully understand the effect of the presence of a magnetic field on the supraparticles formation, 

the drying process of superparamagnetic NPs suspensions with and without magnetic field was 

observed under the same drying conditions. Figure 3.5.5 shows that in the absence of a magnetic 

field, the spherical droplet shrunk symmetrically as a consequence of water evaporation. After 

35 min, the shape of the droplet changed through a buckling mechanism, i.e. after reaching a 

critical composition, a sudden deformation of the droplet occurred. The resulting anisotropic 
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structure, shaped like a deflating ball, subsequently shrunk further without notable alteration in its 

shape during the final part of the drying process. This buckling behavior was caused by the non-

uniform distribution of mgPS NPs and surfactant molecules within the droplet.  

 

Figure 3.5.5 Evolution of a 3 wt.% droplet during drying without (upper panel) and with (bottom 

panel) magnetic field. Scale bars are 0.5 mm. 

 

Energy dispersive X-ray spectroscopy was used to analyze the distribution of surfactant and mgPS 

NP across the volume of the supraparticle (Figure 3.5.6). The concentrations of sulfur and iron 

were used as respective indicators for the concentration of surfactant and mgPS NPs (Table 3.5.1).  

 

Figure 3.5.6 Inner structure of a supraparticles. The particle was obtained by drying a 21 wt.% 

suspension of ferrofluid. (a) SEM images of the cross-section of the supraparticle. And zoomed-

in SEM images of (b) surface and (c) interior of the supraparticle. 
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Table 3.5.1 Elemental composition of different areas of the cross-sections of supraparticle. 

Atom % Surface Interior 

C 61.47 53.07 

O 25.54 32.49 

Na 2.05 0 

S 3.63 0.4 

Fe 7.31 14.04 

 

The results show that the surface of the supraparticles was enriched in surfactant in comparison to 

the bulk which was richer in mgPS NPs. During the evaporation, the concentration of NPs and 

surfactants at the air/water interface increased, leading to the formation of a shell. As the amount 

of water in the droplet kept decreasing, a mechanical stress built up in the shell. To release this 

stress, the shell rapidly deformed and the droplet buckled. As a result, the contact line remained 

constant while the surface of the drop wrinkled (Figure 3.5.7a). This buckling behaviour was 

similar to what has been previously observed for suspension of silica or polystyrene NPs drying 

on the superhydrophobic surfaces,371,372 and reminiscent of what has been observed during spray 

drying of microdroplets of colloidal suspension.376 

 

Figure 3.5.7 Drying curve of the droplet (a) without and (b) with magnetic field. Insets represent 

the dimensions measured during drying. 
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In the presence of a magnetic field of 0.2 kOe, the initial contact line was larger than that observed 

without magnetic field since the magnetic attractive force is driving the NPs to partially segregate 

at the bottom of the droplet. Initially, the volume of the droplet decreased symmetrically by 

evaporation preserving the original aspect ratio. However, after 30 - 40 min, the aspect ratio of the 

droplet started to change; the droplet became narrower and more elongated over the following 

2 - 10 min, the height of the droplet quickly increased, and the droplet formed a cone-like structure. 

After this point, the shape and aspect ratio of the supraparticles was preserved until evaporation of 

the remaining water. Ultimately, the final shape of the supraparticle was reached and preserved 

after ca. 45 min (Figure 3.5.7b). 

To control the shape of the ferrofluid droplets, the magnetization of the droplets has to be 

considered. The net magnetization of mgPS NPs changes with the applied magnetic field (H) and 

is described by:374 

𝑀(𝐻) = 𝜒(𝐻)𝐻  (3.5.1) 

where 𝜒 is the volume magnetic susceptibility of materials. Furthermore, the magnetization (M) 

of the ferrofluid suspension depends on the NP concentration, as it is proportional to the volume 

fraction of superparamagnetic material in the suspension. According to the Rosensweig 

theory:374,377 

𝑀 ∝
𝑉𝐹𝑒3𝑂4𝑁𝑃𝑠

𝑉𝐷𝑟𝑜𝑝𝑙𝑒𝑡
  (3.5.2) 

where 𝑉𝐹𝑒3𝑂4𝑁𝑃𝑠 is the volume of iron oxide nanoparticles and 𝑉𝐷𝑟𝑜𝑝𝑙𝑒𝑡 is the volume of the droplet. 

Consequently, the initial concentration of nanoparticles (cNP) in the ferrofluid droplet and the 

applied magnetic field were varied to investigate the relationship between the final shape of the 

supraparticle and conditions under which drying was performed. 
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The initial cNP was varied from 0.3 wt.% to 30 wt.%, and the droplet dried in a magnetic field of 

0.2 kOe. The initial contact angle decreased and the initial contact line increased with increasing 

cNP, since at higher concentration a larger number of nanoparticles was dragged to the interface. 

This led to an increase in the apparent wetting of the surface by the suspension, characterized by 

a lower contact angle and higher contact line (Figure 3.5.8a). 

 

Figure 3.5.8 Drying kinetics of ferrofluid droplets in magnetic fields of 0.2 kOe. (a) Contact lines 

of the initial droplets and of the resulting supraparticles as a function of initial concentration of 

nanoparticles (cNP). The red regime indicates cone-like structures. The blue regime indicates 

barrel-like structures. (b) Optical photos of supraparticles prepared with different initial cNP. Scale 

bar is 0.5 mm. (c) Side-view pictures of the drying process for cNP = 21 wt.%. Scale bar is 0.5 mm. 

(d) Evolution of contact angle and contact line during the drying of initial cNP = 21 wt.%. 

 

The drying of suspensions with different cNP resulted in the formation of supraparticles with 

distinct shapes. In a magnetic field of 0.2 kOe, two populations of supraparticles were observed: 

cone-like structures at low cNP (≤ 6 wt.%) and barrel-like structures at high cNP (Figure 3.5.8b). 



Chapter 3.5 Shaping Nanoparticles Assembly 

126 

The cones were partially empty; a cavity was formed at the interface between the droplet and the 

superamphiphobic surface. The formation of this cavity can be attributed to a buckling effect 

directed by the magnetic field and the presence of the superamphiphobic surface. Particles 

jamming created by the combined effect of solvent evaporation and magnetic field led to the 

formation of a stiff layer of particle at the droplet/surface interface, when this layer was unable to 

shrink further, buckling happened creating the cavity. Conversely, suspensions with high cNP 

(≥ 12 wt.%) resulted in supraparticles with barrel-like structures. The inner part was completely 

empty and was opened from top-to-bottom; the result of the combined effect of the buckling and 

dewetting (Figure 3.5.9). 

 

Figure 3.5.9 Top view of the barrel-like supraparticle (prepared in a 0.2 kOe magnetic field and 

cNP = 21 wt.%). Scale bar is 0.5 mm. 

 

Initially, the ferrofluid droplet was spherical and shrunk symmetrically during the water 

evaporation. Then the aspect ratio of the droplet started to increase, which is similar to what was 

observed for lower cNP leading to the formation of a conical droplet (Figure 3.5.8c and 

Figure 3.5.10a).  
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Figure 3.5.10 Change in the aspect ratio of the droplet during evaporation without and with 

magnetic field (H = 0.2 kOe). The initial concentration is (a) 3 wt.% and (b) 12 wt.%. The arrows 

indicate the beginning of droplet buckling. 

 

Afterward, the height of the conical ferrofluid droplet increased until it reached a critical point 

where buckling happened, resulting in the formation of a barrel-like structure within minutes. This 

buckling effect was also observable in the variation of the contact line over time (Figure 3.5.10b). 

The buckling happened where a strong discontinuity was monitored toward the end of the drying 

process. For example, during the drying of a suspension with cNP = 21 wt.% in a magnetic field of 

0.2 kOe, the contact line decreased during the first 25 min. Then, the contact line and the width of 

the droplet remained constant for ca. 5 min, and only the height of the droplet decreased until the 

droplet buckled. Following the buckling of the droplet, a rapid decrease in the contact line was 

observed and the final barrel-like supraparticle was obtained. The barrel like-structure is the 

stretched version of toroid formed with non-magnetic suspension drops.371 

To investigate further the influence of the strength of the magnetic field a series of experiments at 

2.0 kOe was conducted. Similarly to the behavior observed in H = 0.2 kOe, the contact line of the 
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droplets increased with increasing cNP, but, in every case, the contact line at 2.0 kOe was larger 

than at 0.2 kOe. In a field of 2.0 kOe, especially at higher cNP, the effect of the strong field led of 

an increase of the contact line of the droplets on the surface (Figure 3.5.11a), since the magnetic 

attraction forces acting on the nanoparticles were stronger and dragged the mgPS NPs to the 

substrate, increasing the apparent wetting of the superamphiphobic surface. 

 

Figure 3.5.11 (a) Contact lines of the initial droplet and of the resulting supraparticle as a function 

of initial cNP. The red regime indicates cone-like structures. The green regime indicates two-tower-

like structures. (b) Optical photos of supraparticles prepared with different initial cNP. Scale bar is 

0.5 mm. (c) Side-view pictures of drying process for cNP = 30 wt.%. Scale bar is 0.5 mm. (d) Time 

evolution of contact angle and contact line of initial cNP = 30 wt.% during evaporation. 

 

In a magnetic field of H = 2 kOe two different types of shapes, either cone-like structure or two-

tower-like structures, were observed. Similarly to what was observed with H = 0.2 kOe, lower cNP 

(≤ 12 wt.%) led to the formation of empty cone-like structures. However, at higher cNP (≥ 21 wt.%), 

the nanoparticles formed two-tower-like structures instead of barrel-like shapes. (Figure 3.5.11b) 
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At high H and high cNP, the ferrofluid droplets did not buckle into a barrel-like structures, but 

rather split into two cone-like shapes during evaporation (Figure 3.5.11c). This splitting effect 

was observed in the variation of the contact line over time. For example, during the drying of a 

suspension with cNP = 30 wt.% in a magnetic field of 2.0 kOe, the contact line first decreased for 

ca. 25 min. Then the contact line remained constant, during that time, the top part of the droplet 

split into two separated fractions (Figure 3.5.11d). 

This behavior was similar to what has been observed for the splitting of ferrofluid droplets on 

superhydrophobic substrates under variable magnetic fields.375 It is known that ferrofluid drops 

can spontaneously split into several smaller droplets when the drop size (contact line of the droplet) 

is larger than a critical wavelength (𝜆𝐶):375  

𝜆𝐶 ≈ 2𝜋√
𝜎

𝑑

𝑑𝑧
(𝜇0𝐻𝑀)

  (3.5.3) 

where, 𝜎 is surface tension, 𝜇0 is vacuum permeability, 𝐻 is the total magnetic field intensity and 

𝑀 is the magnetization of the drop, d/dz is the change in z-direction (normal to the surface). In the 

present case, the splitting phenomenon was more complex, because during evaporation, both 𝜎 

and 𝑀 are changing since those parameters are concentration dependent. During the drying of the 

droplets, the change of 𝜎 was moderate and similar for all samples with different cNP because the 

initial concentration of surfactant molecules was the same in all samples. However, the change of 

magnetization over time, 𝑀(𝑡), was not the same at every cNP. As the water evaporated, 𝑉𝐷𝑟𝑜𝑝𝑙𝑒𝑡 

decreased over time resulting in an increase of the magnetization during drying, which finally led 

to a decrease in 𝜆𝐶. Consequently, even if, initially, at high cNP the system was below the 𝜆𝐶, 

droplet splitting could be observed during the drying process as the concentration and consequently 

the magnetization increased. The critical concentration where the magnetization was large enough 
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to induce a splitting of the droplet was reached after ca. 30 min at 21 wt.% and 26 min at 30 wt.% 

(Figure 3.5.12). 

 

Figure 3.5.12. Drying kinetics of ferrofluid droplets with different initial concentrations (21 wt.%, 

30 wt.%, and 60 wt.%) in a magnetic field of 2 kOe. The arrows indicate the beginning of droplet 

splitting. 

 

The relation between the size of the contact line and the splitting of the droplet was also 

corroborated by using droplets of different volume with cNP = 21 wt% (Figure 3.5.13). During the 

drying kinetics, droplets of different volume have the same magnetization and surface tension, but 

the contact line decreases with the initial volume of the droplet while 𝜆𝐶 stayed constant. 

 

Figure 3.5.13 Microscopic images of supraparticles fabricated from drying 21 wt.% of ferrofluid 

droplet with different volumes (from 1 µL to 5 µL) in a magnetic field of 2 kOe. Scale bar is 

0.5 mm. 
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Thus, smaller droplets, having smaller initial contact lines, did not experience splitting because the 

contact line remained constantly smaller than 𝜆𝐶. 

Figure 3.5.14a summarizes the diversity of supraparticle shapes obtained as a pseudo-phase 

diagram of the initial NPs concentrations and applied magnetic fields. Four different shapes were 

obtained for the resulting supraparticles: deflating-ball, cone, barrel and two-tower. The difference 

in the final structure adopted by the drying droplet depended on the complex balance of the forces 

present in the system, where wetting, buckling and magnetic force all influence through different 

mechanism the final structure observed. 

Figure 3.5.14b shows that the shapes of the supraparticles can be adjusted by changing the 

direction of the applied magnetic field during the drying process. When the direction of the 

magnetic field was changed from 90° to 60°, the resulting supraparticles showed similar structures 

but have different orientation following the directions of the magnetic field. Furthermore, complex 

heterostructures can be prepared by drying co-suspension of mgPS NPs and other 

nanoparticles.371,379 

 For examples, cone-shape supraparticles were prepared by drying a mixture of TiO2 NPs and 

mgPS NPs (Figure 3.5.14c). Similarly, anisotropic supraparticles were also obtained when mgPS 

NPs were mixed with pure polystyrene NPs (Figure 3.5.14d). In both cases, the mgPS NPs droved 

the droplet to form anisotropic supraparticles when the concentration of mgPS NPs was above a 

threshold ratio to actively act as a templating agent. Since the magnetization of the droplet is a 

function of the concentration of magnetic iron oxide in the droplet, as the ratio of non-magnetic 

particles increased, the shape selectivity was lost. The formation of supraparticles by the 

evaporation of co-suspension droplets shows the flexibility of magnetic templating to form 

complex supraparticles with different architectures, chemical compositions and functions. 
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Figure 3.5.14 (a) Pseudo-phase diagram of the supraparticles obtained with the variation of the 

magnetic strength and initial concentration of ferrofluid. The regime in grey, red, blue and green 

indicates supraparticle with, respectively, deflated-ball, cone, barrel, two-tower shape. (b) Two-

towers-shape supraparticles with different tower orientations by drying the 21 wt.% of ferrofluid 

under different directions of the magnetic field (left one with the vertical direction and the right 

one with non-vertical direction, both were under a magnetic field of 2 kOe). Scale bars are 0.5 mm. 

(c-d) Binary supraparticles fabricated by drying a co-suspension of mgPS NPs with (c) titanium 

dioxide NPs and (d) hybrid Fe3O4/polystyrene NPs. The weight ratio of titanium dioxide 

nanoparticles and ferrofluid was varied from 1:0 (left) to 1:30 (right). In c and d, the total initial 

NPs concentration is 6 wt.% and the magnetic field is 2 kOe. Scale bars are 0.5 mm. 

 

The anisotropic supraparticles obtained by drying mgPS NPs preserved the superparamagnetism 

of the building blocks. The saturated magnetization of mgPS NPs and supraparticles was 55 emu/g 
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and 52 emu/g, respectively (Figure 3.5.15a). Thus, their magneto-responsive behavior could be 

harnessed to magnetically control the supraparticles. 

 

Figure 3.5.15. Supraparticle in a remote magnetic field. (a) Magnetic property of the supraparticles 

characterized by vibrating-sample magnetometer. (b) Trajectory of a cone-like supraparticle in 

suspension in water with varied magnetic fields. Insets cartoons indicate the positions of magnets. 

The order of applied magnetic fields was top, left, right, and top. (c) Velocity of the cone-like 

supraparticle shown in figure 3.5.15b. The arrows indicate the time of the on/off triggering of the 

magnetic field. (d) Time-lapse image of the reorientation of a cone-shaped supraparticle in distilled 

water under the influence of a magnet located on the right side. 

 

Figure 3.5.15b shows the behavior of a cone-like supraparticle in a magnetic field acting as an 

active microswimmer. First, the movement of the supraparticle in suspension in water was 

controlled by applying selected magnetic fields. The trajectory of this supraparticle was tailored 

by the on/off triggering the magnetic field at different locations. The response speed of the 
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supraparticle was fast, immediately when the magnetic field was turned on, the supraparticle 

moved and quickly stopped when the magnetic field was removed (Figure 3.5.15c). The 

supraparticle not only followed the magnetic field but also reoriented itself in response to the 

application of the magnetic field. The bottom part of the cone-like supraparticle was always facing 

the magnet due to the anisotropy of the supraparticle (Figure 3.5.15d). Similar behavior was also 

observed in a rotational magnetic field. 

3.5.4 Conclusion 

In summary, the superparamagnetic supraparticles have been successfully prepared by the 

evaporation-guided assembly of ferrofluid droplets on a superamphiphobic surface in presence of 

a magnetic field. These magneto-responsive supraparticles have well-defined structures such as 

deflated-ball, cone, barrel, and two-tower shapes. The final 3D architecture of the supraparticles 

can be tuned by systematically varying the initial concentration of superparamagnetic 

nanoparticles and the applied magnetic field. Moreover, the ferrofluid suspension can be used as 

the driving force to template the assembly of co-suspension of superparamagnetic nanoparticles 

and other functional nanoparticles to fabricate functional anisotropic binary supraparticles. Thus, 

this flexible fabrication process offers the possibility for creating anisotropic and magneto-

responsive supraparticles with various materials. Since these anisotropic supraparticles are 

magneto-responsive, their orientation and motion can be spatially controlled by magnetic fields. 
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4. Summary and outlook 

4.1 Summary 

In summary, this thesis highlights promising hybrid functional materials based on the combination 

of nano-objects and polymer. A library of new functional nano-objects have been successfully 

developed and used to prepared functional hybrid materials: silica/polymer nanocapsules with self-

reporting function, iron oxide/polystyrene hybrid nanoparticles with superparamagnetism 

assembled in anisotropic supraparticles, disentangled single-chain polystyrene nanoparticles, 

spindle-shaped hematite (α-Fe2O3) nanoparticles with catalase-like activity embedded in polymer 

fibers, and cerium oxide (CeO2-x) nanorods with haloperoxidase-like activity embedded in a 

crosslinked polymer matrix.  

In Chapter 3.1, a self-reporting nanocapsule-based system, which was subsequently used to 

monitor the appearance of micro-cracks in coatings as well as the healing of those micro-cracks, 

has been successfully fabricated. To do so, a three-component capsule was designed which 

contains an inactive dye in the liquid core, a protective polymer shell and color-developing silica 

nanoparticles on its surface. Breakage of the shell enables autonomous damage-reporting via 

development of an intense blue color. When the capsules were assembled into polymer coatings, 

they broke upon the formation of micro-damages due to mechanical stresses in the coating and 

thus highlighted the damaged spots. The visually highlighted spots were removed through the 

interaction of the dye with different self-healing compounds or byproducts of self-healing 

reactions leading to the subsequent color deletion. Hence, the system can be applied to monitor 

the appearance and healing of damages in coatings by introducing a second type of capsular or 

vascular systems to release the healing compounds. Such a reversible self-reporting system with 
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high versatility could be applied in a new generation of self-reporting coatings which have multiple 

autonomous functions to monitor the whole health cycle of artificial materials. 

In Chapter 3.2, linear polystyrene with high molecular weight (Mn=1.1×106) has been used to 

produce nanoparticles by electrospraying. The diameter of the nanoparticles obtained was 20 nm, 

which was similar to the size of a disentangled single-chain nanoparticles predicted by theoretical 

calculation. Those nanoparticles had a lower glass transition temperature in comparison to the bulk 

material. Compared with the bulk polystyrene, the glass transition temperature of polystyrene 

nanoparticles decreased from 107 to 98 °C, indicating the enhancement of mobility of the polymer 

chains. Therefore, these nanoparticles may be used to produce the polymer melt without or with 

fewer entanglements, which would be highly useful for the polymer processing in the industry. 

In Chapter 3.3, spindle-shaped hematite (α-Fe2O3) nanoparticles with catalase-like activity have 

been prepared by forced hydrolysis of ferric chloride in water. These hematite nanoparticles were 

integrated at various concentrations in water-soluble polymer mats via electrospinning. To retain 

the fibrous scaffold in the presence of water, the membranes were crosslinked to form a stable 

fibrous gel. After cross-linking, the membranes showed high water permeability and hence 

provided a good accessibility of hydrophilic compounds to the embedded hematite particles. The 

encapsulated hematite showed a high catalase-like activity and quickly converted H2O2 into O2. 

When incubating fibroblasts at an H2O2 concentration of 50 μM, the catalytically active material 

efficiently reduced the H2O2 concentration and enabled undiminished cell proliferation. Thanks to 

this catalase-like activity, the hybrid nanofibrous gel could be used for improving the wound 

healing process. 

In Chapter 3.4, anisotropic cerium oxide (CeO2-x) nanorods with haloperoxidase-like activity have 

been synthesized by hydrothermal synthesis. Various concentrations of cerium oxide nanorods 
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were integrated into polymer fibers by electrospinning. To improve the stability of polyvinyl 

alcohol (PVA) fibers in aqueous media, the fibers were crosslinked to form a water-swellable PVA 

mat. The PVA mats showed a high water swellability; therefore, the hydrophilic compounds can 

easily access the embedded cerium oxide nanorods to trigger the catalytic reaction. The embedded 

nanoparticles showed a haloperoxidase-like activity and were able to convert Br− and H2O2 to 

HOBr efficiently, allowing the prevention of bacterial adhesion. Thanks to this haloperoxidase-

like activity in the PVA mats, they could be used as robust coatings with anti-biofouling property 

in humid and marine environments. 

In Chapter 3.5, a new bottom-up assembly approach has been introduced. The superparamagnetic 

supraparticles with various anisotropic micro-structures have been fabricated by the evaporation-

guided assembly of ferrofluid droplets on a superamphiphobic surface in presence of a magnetic 

field. These magneto-responsive supraparticles had various well-defined structures such as 

deflated-ball, cone, barrel, and two-tower shapes depending on the conditions used for their 

preparation. The final 3D architecture of the supraparticles can be tuned by systematically varying 

the initial concentration of superparamagnetic nanoparticles and the applied magnetic field. 

Moreover, the ferrofluid suspension can be used as the driving force to template the assembly of 

co-suspension of superparamagnetic nanoparticles and other functional nanoparticles to fabricate 

functional anisotropic binary supraparticles. Thus, this flexible fabrication process offers the 

possibility of creating anisotropic and magneto-responsive supraparticles with various materials. 

Since these anisotropic supraparticles were magneto-responsive, their orientation and motion can 

be spatially controlled by external magnetic fields. 

Overall, the hybrid functional materials have been successfully developed by two strategies: either 

the fabrication of new functional nano-building-blocks (nano-objects) or the processing of nano-
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building-blocks into hierarchical structured polymer/nanoparticle hybrid materials. Following the 

first strategy, new functional nano-building-blocks, including hybrid nanocapsules (Chapter 3.1 

and 3.5), polymer nanoparticles (Chapter 3.2), and inorganic nanoparticles (Chapter 3.3 and 

3.4), have been fabricated. By assembling these functional nano-objects in polymer matrices, 

materials with “self-reporting”, wound healing and anti-biofouling functions have been produced. 

Moreover, a new assembly method, which combined evaporation-guided assembly and magnetic 

assembly, has been developed to generate 3D anisotropic microstructures with superparamagnetic 

function. These new assemblies were successfully remotely controlled by magnetic field and could 

find potential applications in micro-robotics (Chapter 3.5). 

4.2 Outlook 

This thesis showed the promising perspectives and possibilities of assembling functional nano-

building-blocks into hierarchical structures to provide the resulting materials with new functions. 

It explores the possibility of using such attractive hybrid functional materials in applications such 

as coatings, wound healing and micro-robotics. But the new functional assembled materials are 

not limited to those described assembled structures and application fields. There are still more to 

be explored.  

Specifically, nanocapsules with self-reporting functions (Chapter 3.1) can be developed further 

to broaden the scope of potential applications. It is clear that such functional nanocapsules can 

indicate damage or exposure to excessive stress with an optical signal. Moreover, the damage-

visualization effect could be realized with different types of dyes (from visible dye to fluorescent 

one) and different mechanism of activation (from mechanical stress to pH or temperature stimuli). 

This could be helpful to remotely monitor the health of surfaces that are difficult to access.  
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In Chapter 3.2, single-chain nanoparticles without entanglement were developed. This kind of 

material will be helpful for the polymer processing due to the large decrease of the viscosity of the 

polymer melt. The polystyrene has been used as a model polymer to show the possibility of 

fabricating such nanoparticles by electrospraying. However, other polymers that are widely used 

in our daily life could be fabricated into disentangled polymer nanoparticles to improve their 

processing. This would allow the use of high molecular weight polymers in traditional processing 

method which would lead to the fabrication of plastic-based consumer products with better 

mechanical properties. 

Besides fabrication nanoparticles by electrospraying, the same process can be used for the 

electrospinning of one-dimensional nanofibers. In Chapter 3.3 and 3.4, it has been shown that the 

inorganic nanoparticles with enzyme-like activities have been successfully integrated into polymer 

nanofiber by electrospinning and were able to catalyze the reaction. It is not limited to the inorganic 

nanoparticles, polymer nanoparticles or hybrid nanoparticles could be integrated easily into 

nanofibers by electrospinning. The electrospinning process can not only immobilize the nano-

object inside the fibers, but also align them into a specific order. Therefore, anisotropic functional 

membranes could be prepared. More generally, electrospinning of nanoparticles/polymer hybrids 

was shown to be a convenient method to embedded nanoparticles into a robust and easy to use 

materials.  

In Chapter 3.5, materials with anisotropic microstructure have been fabricated by the combination 

of evaporation-guided assembly and magnetic assembly. This new assembly method shows the 

possibility of fabricating supraparticles with various shapes and components. Moreover, it could 

be easily applied this method to inject printing or 3D printing. Such supraparticles with a magnetic 

response can be used as micro-swimmers or actuators in robotics in the near future. 
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With this thesis, a library of hybrid functional materials composed of nano-objects and polymer 

have been successfully fabricated and developed, but it only “scratches” the surface of this field. 

This approach, based on the purposeful combination of polymer and nanoparticle where function 

and structure unite to produce new functional materials with improved functionalities and ease of 

use, could be used in an almost limitless number of applications.  
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