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Abstract

Abstract

In polymernanoparticles hybrids materials, functions can be imparted ¢ittargh the clever
design of new nanbuilding blocks or by gaining control over the manner those -baiiding

blocks organize. The main goal here was to develop new functional petgmeparticles hybrid
materials using both strategies. A new genematid 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 Aarjects and polymers. In those new functional

materials, fungon 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 nadmilding-blocks (naneobjects) and 2) procsimg of nane
building-blocks into hierarchical structured polymer/nanoparticle hybrid materials. To fulfill this
goal, hybrid nanocapsules with damage -sgfforting function Chapter3.1) and
superparamagnetismClapter 3.5), disentangled singlehain poymer Chapter 3.2), and
inorganic nanoparticles with catalagee activity and haloperoxidadie activity (Chapter 3.3

and Chapter 3.4, respectively have been synthesized and fabricated. Using processing methods
allowing for the formation of complexdriarchical structures, such as Pickegnuulsion followed

by solvent evaporatio(Chapter 3.1), electrospinningGhapter 3.2, 3.3, and 3.4) or evaporation
drivenrassembly Chapter 3.5 new functional materials based on the different Hamtdings

blocks were prepared. The resulting nanoparticles/polymer hybrid matesibére functional
nancobjects were dispersed in polymer matrjioer e used to proddce mat
reportingo, w 0 u-biadoulimgefumdtions dloredverd a reew assdynmethod,

which combined evaporation assembly and magnetic assembly, has been developed to generate



Abstract

3D anisotropic microstructures with superparamagnetic function. These new assemblies were able
to be remotely controlled b magnetic field and could fingotential 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 Polymenanopartikel basiertenHybridmaterialien, kénnen Funktionen entweder durch ein
cleveres Design neuer Nanobausteine oder durch die KontleleOrganisation solcher
Nanobausteine eingefiihrt werden. Das Hauptziel hier war die Entwicklung neuer funktioneller
PolymenanopartikelbasierterHybridmaterialien unter Verwendung dieser beiden Strategien.
Eine neue Generation funktioneller Materialierurde durch die Erweiterungen unserer
Bandbreite funktioneller Nanopartikel und durch die Optimierung der Verarbeitungsmethoden zur
Herstellung von Hybridmaterialien durch Anordnung von N@imgekten und Polymeren
entwickelt. Diese neuen funktionellen Masdien erhaltenihre Funktion durch Kombination der

chemischen Zusammensetzung und der Struktur.

In dieserDoktorarbeitwurden zwei Strategien verwengdein angeordnete Materialien mit neuen
Funktionen herzustellen: 1) Herstellung neuer funktioneller Ngagsteine (Nan®@bjekten) und

2) Verarbeitung von NanBausteinen zu hierarchisch strukturierten Polyraeopartikel
basiertenHybridmaterialien. Um dieses Ziel zu erreichen, wurden Hybridnanokapseln, die
selbststandig eine Beschadigung anzeig&apitel 3.1) oder mit Superparamagnetismus
(Kapitel 3.5, nichtverschlaufte Polymeeinzelketten Kapitel 3.2) und anorganische
Nanopartikel mit catalasedhnlicher sowie haloperoxidaseahnlicher AktiKatgitél 3.3und 3.4)
synthetisiert und verarbeitet. Durcldie Verwendung von Verarbeitungsprozessen wie
Pickeringgmulsiierung (Kapitel 3.1), Elektrospinnen Kapitel 3.2, 3.3 und 3.4 oder
verdampfungsgetriebene Anordnundfapitel 3.5 wurden neue funktionelle Materialien
basierend auf unterschiedlichen Nanobanoste hergestellt. Die resultierenden

Nanopartikel/PolymeHybridmaterialien, bei denen Nai@bjekte in einer Polymaratrix



Zusammenfassung

di spergiert sind, wurden zur Herstellung von
Anti-Biofouling verwendet. Darliber hina wurde eine neue Methode zur Anordnung entwickelt,

bei der verdampfungsgetrieben Anordnung und magnetische Anordnung kombiniert werden, um
dreidimensionalanisotrope Mikrostrukturen mit superparamagnetischer Funktion herzustellen.
Diese neuen Anordnungé&onnten durch ein magnetisches Feld ferngesteuert werden undkonnte

Anwendung in der Mikrorobotik finderképitel 3.5).

Mit dieser Arbeit wurde klargezeigt wie die Kombination aus Nanopartikelsynthese und
Verarbeitungsmethoden verwendet werden kaom neue funktionelle Materialien mit

einzigartigen Eigenschaften herzustellen.



Chapter 1 Introduction

1. Introduction

In thescience fiction filmfiFantastic Voyage scientistdevelogda technology thatanshrink a
submarineto the size ofa 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 storbdmesriimda®d r
is down to the nanometer range. These f@rjects can not only improve human health, but also

impact many aspects o$cientific and technological developmentSor example, iker
nanoparticles in fabric thatin efficiently kill bacteria are waldy used in wound dressing materials

and odorresistant clothing.Nanoparticles have been used in solar cells to imptmefficiency

of the energy harvestirfg.Recently, scientists have developed wearable electronics with
nanoparticles. Such electrorskincan be usetbr robots and prosthetic limbs, offering sensitivity

to pressurghumidity, and temperaturé

Interestingly, instead of using single nanoparticle with a single function, assemblies of
nanoparticlesallow performing maltiple tasks simultaeously or in sequencéften, those
assemblies display collective properties, new functions specific to complex assembled materials,
that can bausedin new functional devices. For examptaultifunctional hybrid assemblies of
magnetic and metal nanoparticles have been used for the separation ofprataithe recovery

of catalyst® Moreover, assemblies of nanoparticles could shmviguing properties that are
different from those ofindividual nanoparticle and correspading bulk materials. Specific
assembly of nanoparticles enables to couple and translate individual ipsopfeminoparticles to

the desired macroscopic propertiesnew materialsFor example, assembling of gold nanorods

allows producinga plasmonic dostrate withan excellent sensitivitghat does not exist in single
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nanorods, which can be harnessed to design more sensitive diagnostic tools basetiaoa

enhanced Raman scatterfhg.

Therefore, it is essential to control the arrangement of-oayeats 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 assembbbjeats

include templatassisted assemblgxternal field assisted assembly, and evaporation guided
assembly:!! Those different strategies lead to the different organization and alignment ef nano
objects, resulting in bringing different functions to the assembled materials. In order to fabricate
material with ordemand functions, various nanbjects 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 applicatiais asu coatings, sensing, and

biomedical field.

Compared with the scientists inFant ast i we have yoa yeelieen able to shrink a
macroscopic submarine to such a tiny size. Alternatively, scientists have developed various
approaches fnbsrubbmairlidnienog winmih di fferent archit e
objects, which can be used as ndmdding-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 fwdnjects and polymer, novel naonbjects

need to be developed, processing methods need to be optimizedstimg) @pproaches can also

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

the combination of cheital 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 hanoparticles is the
most staightforward manner to tune the property of nanoparticles. Different synthetic approaches
lead to the formation of nanoparticles with different compositions. The three types of nhanopatrticles
as specifically important in the framework of this thesis: p@ymanoparticles, inorganic

nanoparticles, and hybrid polymer/inorganic nanoparticles.

2.1.1Synthesis ofgdlymer nanoparticles

Polymer nanoparticlexan be produced either by preformed polymers or bythe direct
polymerization of monomer€** There are rmany methods to generatenoparticlesin the
nanometer and micrometesize including miniemulsion, emulsion, microfluidic, and
electrospraying. Among those, miniemulsion is the most versatile and general way to produce
precursomanodroplets in large seaWwith a variety omaterials These droplets act as the reactor

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

In general, theniniemulsiondroplets are nanometsize andstablein the continuous phaséo
generate such dropletswo immiscible liquid phasesre sheared with ultrsonicators or
homogenizers® The nanodroplets are stabilized agagwstlescencandOstwald ripenindy the
presence of surfactants and-stabilizers'® 17 The surfactants are amphiphilic molecules that
generate steric and/or electrostatic repulsion force at the droplets interfaces, resulting in preventing
the coalescence of droplethe costabilizer isamoleculewith a low solubility in the continuous

phase the solubility of the cestabilizer in the continuous phase also need to a much lower
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solubility of the other molecules present in the dispersed phhseefbre the presence of a €0
stabilizerbuilds up an osmotic pressure in the dropletsdamteract the Laplace pressutbat
would otherwise result in the diffusion of thleculeforming the dispersed phagem smalér
droplets to larger droplet8 The nandropletsin miniemulsioncan act as nameactors so that the
reactions cartake place inthe droplet or at the droplet interfadéigure 2.1 schematically

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

From miniemulsions to nanoparticles

—— ——

@ % 1) Solvent evaporation
\"1 :;Q:)G 2) Polymerization G‘n
i -4 AT

Emulsification \

is?*« "‘

~ -0

4 o

-t 4 2 ’
D N N
I. Two phases Il. Oil-in-water (water-in-oil) lll. Nanoparticles dispersion

miniemulsion
(O— Surfactant Continuous phase ‘ Nanoparticle

Dispersed phase (monomer, or polymer and solvent)

Figure 2.1 Production of polymer nanoparticles by miniemulsion pracess

On one hand, polymer naparticlescan bedirectly synthesizedy the polymerization of
monomers in the miniemulsion droplé#Z° Different types of plymerizatiorsin miniemulsions

droplets have been used to produce suspensions of homogeneous nanoparticles. Radical
polymerization in dispersed phase has been used to successfully synthesiztgremagly
(Figure 2.2a),2! polyacrylamide(Figure 2.2b),?? polymethacrylategFigure 2.29,%® and may

other polymers nanoparticlé5?® 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 nepke, polyamide6 nanoparticles

(Figure 2.2d) have beers uccessfully obtained -baprolaatammioni c

p
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heterophase using the miniemulsion proéélyepoxidé® andpolyurethandFigure 2.28,2% %
nangarticles have been produced by polyaddition polymerization in miniemulsion process.
Additionally, protein nanparticles(Figure 2.2f) were synthesized by a polyaddition reaction at
the interface of nanodroplets mwaterin-oil miniemulsions: th@socyanate groupsf the cross
linker react with the hydroxyls and aming®ups fronproteirs (hydroxyls and amines)esulting

in the formatiorof waterinsoluble nanocontainers withosslinked polypeptide shés.3+33

Figure 2.2 Electronic microscopic images of polgmnanoparticlega) polystyrengadapted from
ref. 21 with opyright 20® John Wiley and Sons(b) polyacrylamidgadapted from ref. 22 with
copyright 2010 American Chemical Societghd (c) polynethacrylate;anoparticles produced
by radical polymerizatiorfadapted from ref. 23 with copyrigg010 John Wiley and Sons(d)
polyamide6 nanoparticles produced by anionic polymerizati@dapted from ref. 27 with
copyright 2005 American Chemical Societye) polyurethane(adapted from ref. 29 with
copyright 2001 John Wiley and Sonsand (f) proteinnanocapsuleproduced byinterfacial
polyaddition polymerizationadapted from ref. 31 with copyright 2015 American Chemical
Society)
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On the other handyvaporationof volatilized solvents in miniemulsion droplets is a generalized
methodfor the preparation gfolymer nanoparticleisom preformed polymer¥: *In this process,

the polymess are dissolved im solventand the polymer solution is emulsifiedth anothe
immiscible liquid in presence ofsarfactanto form miniemulsion droplets. Afterward, the solvent

is evaporated by heating th@niemulsion. Thus, the polymer inside the droplets can be solidified

and nanopatrticles are then obtained. In this manner, various types of polymers were successfully
used to produce nanoparticles. For example, polylaqiolg((aprolactone)and poly(actide
co-glycolide)were used to produce biocompatible and biodesdriednhanoparticles for biomedical
applications’®8 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 nanoparticléEigure 2.3).3% 40

Figure 2.3 Electronic microscopic images of (a) polylactide nanoparti@dapted from ref. 38
with copyright 2012 John Wiley and Sons(b) polystyrenepoly(methyl methacrylatej)anus

nanoparticledadapted from ref. 39 with copgtit 2008 American Chemical Societypand (c)

polystyrene (darkpolypropylene carbonatéwhite) Janus nanoparticlegrepared by solvent
evaporatior(adapted from ref40 with copyright 2000ohn Wiley and Sons

Although miniemulsiorbased techniques asmost a universal method to produce polymer

nanoparticlesthe 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 desirablenithe final application of the nanoparticles ardmaybe 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 nanopastisiesnsions.
Alternatively, there are other surfactdree methods such as surfacténee emulsion
polymerizatiod! and dectrospraying?** Electrosprayings a processvhere an electric field is

used to produce and ddroples of a polymer solutionin this process, a polymer solution is
pumped out of capillary nozle and theran electric feld is applied between the nozzle and a
target. The difference of potential is d4e accelerate the solution of polymer and leads to the
elongation of the sotion coming out of the nozzle and the formation of &j&hejet can further

deform and splitnto unstable micreor nanedropletsdue tothe highelectrical force. Once the
droplets have detached from thain jet,the solvenin the droplets of polyer solutiorevaporates

and thergenerat dense and solid particles micre or nanometer size apgopelled towards the
collector®® In electrospraying, the dropletizes can betailored by voltage and flow rafé
Furthermore, the morphology of nanoparticles can be tailored during the electrospraying process.
For example, ¥ controlling themolecular wei@t, concentration, anflow rate of polymer
solution, spherical and ellipsoidal polymer particles have beerupedd (Figure 2.4). The

hollow microsphere with a single hole in its shelks been producdsy coaxialelectrospraying
Polymethylsilsesquioxane was used as a model shell material encapsulating a core of a volatile

liquid, perfluorohexane, which was selgsiently evaporated to produce the hollow spHres.
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a) syringe b)
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Figure 2.4 (a) Schematic picture of electrospraying proteéxlapted from ref. @ with open
access article distributed under the Creative Commons Attribution License (CC BY(8)0)
different morghologies of electrospraygubly(lactic-co-glycolic acid) particle$® (adaptedfrom
ref. 48with copyright 2.0 Elseviey).

2.1.2 Synthesis ohiorganic nanoparticles

There are many synthetic strategies for producing inorganic nanopanvilesvarious
composition, shapendsize These methods are summarized and reviewed in the litetattire.
In this thesis, the synthetic methods will be focused on those relevant to the formation of silica

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

Silica nanoparticles are widelyused in biomedical applications because of their
biocompatibility®® 52 The most commonly used route fitve synthess of silica nanoparticles is
the solgel method due to its ability to produce rodispersed with narrowize distribution
nanoparticles at mild conditionssenerally, thgrocess involves hydrolysis and condensation of
metal alkoxides (Si(OR) such as tetraethylorthosilicate (TEOS, Si¢g6)4)°2 or inorganic salts
such as sodium silate (NaSiOsz)**in thepresence of acid (e.g. HCI) or base (Blis) as catalyst

This method was first reported Byober®® This reactionin the solgel process is described as:
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Sol process: hydrolysis of alkoxysilane

Si(OR), + x(H,0) === Si(OR),(OH), + x(ROH)

Gel process: condensation of hydroxysilanes

(RO);-Si-OH + HO-Si-(OR); ==== (R0);-Si-0-Si-(OR); + H,0

Moreover, the silica nanoparticles can be mesoporous by the temmlhting solgel method®
Generally, mesoporous silica nanoparticlase prepared in presence dhe surfactant
cetyltrimethylammonium bromide (CTAB)sedasa liquid crystal templatingagent tetraethyl
orthosilicate (TEOS) or sodium metasilicate {8i®s) as the silica @cursor, and an alkali as the
catalyst.In this synthesis, when the concentratimwinsurfactanis higher than theritical micelle
concentration (CMQ)micellesare formed The silica precursorasould thencondensateit the
surface of sdactantmicellesand form silica wall around the surface of the micelles. After
removal of the surfactanfesoporous silica nanoparticke® dtainedwith aspecific surface area

ashigh as700 nf/g, andwith apore sizetunablein the range of 140 nm(Figure 15).52 57

composite: inorganic mesoporous material
lyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shown 2D hexagonal)

spherical )
micelle rod-shaped micelle

{7
w

silica
\\ \\ \\
0 S N 0 S -~ -0 Si o7 precursor
(shown: TEOS)

Figure 2.5 Formation of mesoporowsslica materials byemplatingagentgReproduced from ref.

removal of
the surfactant

52 with permissionCopyright 2012John Wiley and Sofs
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Recently, cerium oxides have been wideked inbiomedical applicationsfor reducing the
oxidative stress generated by reactive oxygen species (ROS) in cells and®tiSSTémnks to
the Ce**/Ce** redox couple on the nanoparticle surfaitegrovides a biological activity thas
similar tothe activity ofnatural metalleenzymes that use traition metal ions, e.g. FeandCu?*,
to mediate the concentration BfOS. Therefore, the demanaifcerium oxide nanoparticlas

rapidly increasing

Cerium oxide nanoparticles have begmthesizd by the thermaldecomposition ofcerium
precursor(e.g. ceriumnitrate in organic solvenf§ or in microemulsiorf®. The @mposition,
surfactant, and the cerium source precursor are of importance in the final produioblogy. By
varying theNaOH concentratiorrgactiontime, andprearsorconcentratiog, CeQ nanoparticles

with spherical, rodike, cubelike, and spindldike shapes have been obtainEdy(re 2.6).5% 3

a) [Ce(H,0),*'/NaOH
RTl
=== Ce(OH), nuclei

100 °Cl Dissolution/recrystallization

d;m) [OH] (oo o

Figure 2.6 (a) Synthdic schemeof CeQ nanoparticles with different shapes. TEM images of
CeQ (b) nanopolyhedras, (c)anorods and (d) nanocube® (reproduced from ref63 with

permission. Copyright 200&merican Chemical Society

10



Chapter 2 State of the Art

Magnetic nanoparticles are of great interesta wide range ofapplications such amicro-
actuator$* % magneticseparatiof?® ¢” and drug deliver§® ©° These magnetic nanoparticles
include metal oxides (F&sOs and "YFe0s),’> ! spinettype ferromagnetsMnFeOs and
CoFe04),”? pure metalsReand C9,”> "“andalloys (CoPt and FePt’> "®Both m-precipitation
""andthermal decompositidRaretechniqguesommonly used to synthesiagh-quality magnetic
nanoparticlesn large amountCo-precipitation is a facile and convenient wagynthesizé-e304
and"YFeOs from aqueoude?*/Fe’* salt solutions by the addition of a base at room temperature
or at elevated temperaturEhe size, shape, and composition of the magnetic nanopaxtesies
much depend on the type of salts used @htprides, sulfates, nitrates), the?#Ee** salt raio,

the reactiotemperature, the pH value and ionic strength of the mediia. this synthesis, once
the synthetic conditions are fixethe quality of the magnetite nanoparticles is fully reproducible.
Additionally, monodisperse magnetic nanocrystalsheitnaller size can be synthesizbdough

the thermal decomposition of organometallic compoundshigh-boiling organic solvents
containing stabilizing surfactant8esides these two methods, the other methods, such as
microemulsiorf® and hydrothermal syhesis®® are also utilized to produce magnetic nanoparticles

(Table 2.1).8*

11
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Table 2.1 Comparison of synthetic methods for magnetic nanopartigeproduced from ref. 81
with permission. Copyright 2007 John Wiley and Sons)

Synthetic Reacton Reaction Solvent Size Shape Yield
method temperature time distribution controlling

Co-precipitation 207 90°C Minutes Water Relatively  Not good  High

narrow

Thermal 1007 320°C Hours- Organic Very Very good High

decomposition days solvent  narrow

Microemulsion 207 50°C Hours Organic Relatively  Good Low
solvent  narrow

Hydrothermal 220°C Hours-  Water  Very Very good Medium

synthesis days ethanol narrow

2.1.3 Synthesis of inorganic/polymer hybrid nanoparticles

Inorganic/polymerhybrid nanoparticlehave numerouspplicatiors including coatings, optical
materials, and biomedical applicationsSuch 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 material3herefore, the hybrid nanoparticles have a unique
synergetic effect coming from the different components. Depending on thesyistrategy 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 nanoparticlequre 2.7).

12
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1) Inorganic nanoparticles 2) Inorganic nanoparticles 3) Polymer chains on an
in a polymer nanoparticle on a polymer nanoparticle inorganic nanoparticle

Figure 2.7 Different types of inorganic/polymer hybrid nanoparticles

Miniemulsioncan notbe only used to prepare polymer particles but also hybrid particles. The
inorganic nanocomponents are first mixed into the miniemulsion droplets, togétheronomers

or preformed polymers. After polymerization or solvent evaporation, the inorganic part is
encapsulated inside the polymer nanopartitie® For example, indegradablepolylactide
nanoparticlesoaded with iron oxide particles were prepared by the combination of miniemulsion
and emulsiofsolvent evaporation techniqueSidure 2.8a).3” This method shows the versatility
possible when combining different polymer and inorganic nanoparticles. Hgwevesome
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 arewo ways to position inorganic hanoparticles on the surface: eithar itel synthesis

of inorganic nanoparticles on the surface of polymer nanoparticles or coating preformed inorganic
nanoparticles on the surface of polymer nanoparticles. For examglepmbination ofn situ
crystallization and miniemulsion process has been used to fabricate hybrid ceria/polymer
nanoparticles. In this caseyolystyrene and poly(methyl methacrylate)vere prepared by
miniemulsion copolymerization in the presence ofatéht functional comonomers that provide

carboxylic or phosphate groupshe functional groups of the comonomeengrate a corona
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around thepolymernangatrticles and serve as nucleating agents forithsitu crystallization of
ceriumoxide® This techique has also been used to prepare an array of hybrid nanoparticles such
as @dmium sulfidépolymer®4and arconium oxocluster/polymé?: 8¢hybrid nanoparticles. Some
inorganic nanoparticles, such as sifféand titanium oxidé® nanoparticle, can aets stabilizers

to stabilize the emulsion droplets instead of, or in combination with, traditional surfactants. Such
emul sions are cal |l &dBy fishmg ®ikkering anucation,ulysid o n o .
nanoparticles can be produced by using inorganiopeaticles to stabilize droplets of monomers

or polymers. For example, the raspbdikg nanoparticles were prepared by tdmnbination of
Pickeringemukionand solvenevaporation techniqs€Figure 2.8b).8” Pickering emuldication
produces hybrid nanoparticlesh&wr e t he fAsur factanto, whi ch
becomes one component of hybrid materials and is able to have functions such as magnetic

responsive and catalytic activity.

Finally, hybrid nanoparticles can beepared by the functionalization of the surface of inorganic
nanoparticles with polymer chains. The preformed polymer chains can be grafted to the surface or
apolymer chain can be grown situ on the surface of inorganic nanoparticle such hybrid
nanoparticles, the polymer chains can control the interaction of inorganic nanopatrticles, which is
useful to tailor the behavior of the nanopartiéfes? For example, gold and palladium nanorods
have beenfunctionalizedwith polystyrene chains, allowingo@assembly linear chains with
plasmonic propeis®® Additionally, the polymer chains can act as surfactants to stabilize
nanoparticles in aqueous solution and prevent aggregation. It is crucial for biomedical application.
For examplebiocompatible polyrars such apolyethylene glycobnd dextrarnave beenusedto

control the reaction kineticef cerium oxide nanoparticles\fter the synthesis, the residual

14
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polymer chains stagntheparticles surfaces that can extend the circulation time in lffeigdre

2.80) 9497

Figure 2.8 (a) TEM images of hybrid iron oxide/polylactide nanoparticles prepared by the
combination of miniemulsion and solvent evaporation techni@dapted from ref. 37 with
copyright2009 John Wiley and Sons(b) SEM images of hybrid silicgloly(styreneco-4-vinyl
pyridine) nanoparticles prepared by the combination of Pickering emulsion and solvent
evaporation techniqu@dapted from ref. 87 with copyriggb11 American Chemical Societyc)

TEM images of ceum oxide nanoparticles withopy(ethylene glych layer. The inset picture is

the illustrated scheme of nanoparticles compositjedapted from ref. 95 with copyrigt2009

American Chemical Society)

2.2 Guided-assembly of nanoparticles

Organizingnanoparticlesn specific architectures allow them to either harness tiadlective
propertiesor provide a new way to formulating functional materaisiallows novel possibilities

to designfunctional devicesMoreover,by spatially controlling the rientation and spacing of
nanoparticles in composites materials, the nanopatieded materials can perfomultiple tasks
simultaneously or in sequence i Beatptoomppr oaches are especi al
composite materials. In these approacmascebuilding-blocks selorganized intathe desired
arrangementby 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 stws great potentials in assembling functional nanoparticles for the production
of flexible 2D materials witlalargesurfacearea, which are useful for water purification, wearable
electronics, and medical applicatiotisis notable thatluring the electrspinning ofanisotropic
nanoparticlesuch as nanorods and nanowitég, nanoparticles can ladigned within the filers

to a certairextent to reduce Gibbs free eneP§y° Thus the electrospinnintechnique is not only

a fabrication method, but alsosimple and effective assembly method.

The electrospinning setup consists of four major components: avbiglye power supply, a
syringe pump, aozzle and a collectorThepolymerfluid, i.e. polymer solution or polymer melt,
is pumped out through theozzle andt tends to form a sphericdfoplet The applied high voltage
generates charges at the surface of the drdpietrepulsion among these chargeanteracthe
surface tension and destabilize the spherical sfidq@edroplet then elongatedara conical shape
whentherepulsionforce overcoms the surface tensioBecause of the joint effect of the electric
field and the repulsion among surface charges, the jet diameter comteénueasingintil it starts

to bend. Finally, the jebecomesultrafine fibersbecause of the solvent evaporation or melt

solidification (Figure 2.9a).100. 101

In order toassemble the nanoparticles within the electrospun fidergréformed nanoparticles
aredirectly added into the polymeplution. Then the nanoparticles/polymer fibers are obtained
by the electrospinning of the hybrid suspension. When the nanoparticles are uniformly distributed
within the polymer solutiorthe nanoparticles/polymer fibers céye easily prepare®y varying
theloadingamountof nanoparticlesheproperties of théibrous materials can be tailor@éigure

2.9b).%° The polymer scaffold provides protection and support for the nanopartfelpsre

2.90),1%put the large surface area of polymer fibers alsoenthe availability of the nanoparticles
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to substrates outside the fibets.is especially important for nanoparticles having catalytic
functions. e catalytic activity and stability of naparticlescan be preserved by immobilizing
them into polymerfibrous materials. Compared with nagparticles dispersons, polymer
embedded nanoparticlase more convenient for handling, continuous processing, and avoiding
product contaminatiorzor exampleTiO2 nanoparticlegolymer electrospun filvse showed better
photocatalyticactivity than nanoparticles themselvé® and theelectrospun F€©. nanofibers
showed a better peroxidakke catalytic activity than commercial & nanoparticles®

e

1) Nanoparticles in
polymer solutions

Syringe

High voltage

. 2) Nanoparticles in
— ___ polymer fiber

Collector %/'

Figure 2.9 (a) Scheme of electrospinning proce@y. TEM image ofgold nanorods/polymer
membranes, the insect shows the color of the electrospun men(datapted from ref. 99 with
copyright 2012 John Wiley and Sons (c) SEM image of halloysite nanorods completely
embeded in the polymer nanofiberg¢adapted from ref. 106 with copyriglt015 American
Chemical Society (d) SEM image of calcinated nanofibers containing SEdd SnQ
nanoparticles by using polymer nanofibers as tempf&teslapted from ref. 105 with copyright
2017 I0OPscience)
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Moreover multiple types of nanoparticles can be electrospun together to yield the multi
compartment fibers. For example, thaltrcompartment fibers composed of silica nanoparticles
and polystyrene nanopatrticlésve beerfabricated by colloiglectrospinning Afterward, the
multi-compartment fiberswere calcined at high temperature to remove the polystyrene
nanoparticles and create porosiifie obtained fibers containing voideresubsequentliproken

via sonication to yielatlustered silica rod®* Multi-component colloidal electrospinning has also
been used to prepare hybrid materials by combining.G®@ SnQ nanoparticles with silica

nanoparticles to form nanofibers with photocatalytic actiffigure 2.9d).1%°

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 com@hnEhis approach

is asimple and robust platform for the assembly of colloidanoparticles. The nanoparticle
assembly takeglaceatthe threephaseline of the meniscus of evaporating liquielg.thedroplet

of thenanoparticle dispersioithedisperseaangarticles are transported to the ed§eheliquid

and they selbrganiz2°” 1% The resulting assembled structures are strongly affectettheby
wetting propertyof the surface'®® The wetting popertiescan be described by tl®ntact angle

(9 Thecontact angle of a droplet on a solid surfdepends on the interfacial tensions between

the differenphasesKigure 2100 and is gi ven: ¥ Youngdés equat.i
[ [ r AT-©
where—is the contact angle andis the interfacialtension between the soli&®)( vapor(V) and

liquid (L) phases, respectively.
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Vapor Viv
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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 angkhkrd nigs ¥tiQbfeeeciiigisoafirfy patterncaused by the drying of
the coffee drop on the solid surfadéhe coffeering pattern originates from the capillary flow
induced by the differential evaporation rates across thdedsoghe liquid at the edge evaporates
faster than the interior liquid. Thus, timerior liquid supplies the edge of evaporatirguid. The
resulting edgevard flow transportsall the dispersed material to the edBased on this effect,
many functional nanoparticle/polymer materials have been developed. For exaamsparent
conductive coatinghave beembtainedby drying the arrayed droplets of silver nanopatrticles on
the poly(ethylene tesphthalatg substragé at room temperature. After evaporation of water,
interconnected silver rings were form@&the interconnected ringsealmost invisibleto the naked
eye. These rings are composed of-asfembled andosely packed silver nanopatrticles, which

make thefabricated coatinglectrically conductivé!?

When droplets of nanoparticles dispersion evaporate osutiaceswith low wettability, eg.
superhydrophobié*or superamphiphobic surfeg;g® 11%the nanoparticles arrange their positions

in a confined droplet due to the high contact angle (usually 2) Hs@llow adhesion forcedn

this case, the nanoparticles pack to form a mesoparaqug r e gat e, cal l ed Asupr
of supraparticles can be tuned from several micrometers to millimeters by tuning the volume and
concentration of the drying dropletFigure 2.11ac).!'* By mixing different types of

nanoparticles dispersion ihd droplets, singleomponent and muiftomponents can be obtained
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on demand?!® For example, the supraparticles made afJzePt and silica nanoparticles have
been fabricated to uskemas active swimmers inJ@; solution.Additionally, the motion of the
supraparticles can be steered by the external magnetic field because of the highly magnetic

response of the E®4 nanoparticles inside the suprapartici€s.

Interestingly, the shape of the supraparticles can be taildileel.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 siefaees.

in order totailor the finalshapeof the supraparticles, droplet geomdtias to be changed during
evaporationThe donwlike structure has been fabricated by drying the silica nanopatrticles on the
superhydrophobic surfad¢& During the evaporation, silica nanoparticles aggregate anddar

elastic shell at the droplet.thie force of accumulated nanopatrticles at the threeseline is strong
enough, the droplet is pinned. Thus, titaasversal shrinkagd the droplets suppressed, resmulg

in exclusive shrinkage along the dropheight, i.e. droplet bucklesThe similar buckling effect

also has been reported by drying the polymer nanoparticles because of their aggregation during
the evaporation. Through the addition of idhsor by adjusting pH valué'® of the droplet of
nanopaticles dispersion, the nanoparticles can aggregate at the interfaces of the droplet to form a

shell that causes droplet buckling during evaporation proEegsré 2.11d-€).
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Figure 2.11 (a) Scheme of the fabrication of supraparticles by evaporation rafpasicles
dispersion on the superamphiphobic surfgdbg different size of TiQ supraparticles have been
prepared by varying the concentration of nanoparticles droplets, scale bars pre; 100SEM
images of TiQ and SnQ supraparticles, scale bars are 300 (adapted from ref. 115 with
copyright2015 John Wiley and Sons(d) doughnut shape of supraparticle fabricated by drying of
droplet dispersion of silica and gold nanopatrticles, scale bar igrhQ&lapted from refl118 with
copyright2010 John Wiley and Sons(e) boatlike supraparticle fabricated by evaporating of
silica nanopatrticles with 25 mM of NaCl, scale bar is p@Qadapted 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 substraté€® The magnetic field providesnough driving force for the rapid assembly
of colloidal nanoparticleswithin second. Moreover, ragnetic assembly allows contactless

manipulation of nanoparticledMore importantly, their strengths asgatial distributions can be
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programmed macroscopically ammicroscopically, allowingthe precisecontrol over the

nanoparticles organization from osiagle nanoparticle to the complete macroscopic assemblies.

Figure 2.12 Different morphologies produced by magnetic assenfalyRosensweig pattern on
a glass substrate in the presence of a magnetic (@l€onical ferrofluid droplets generated on
the superhydrophobic surface with an external vertical magnetio(&dgbted from ref. 123 with
copyright2018 Elsevie); (c) helical assembled magnetic nanocubes by the magnetic assembly at
the air/dethylene glycolinterface (adapted from ref. 125 with opyright 2014 American
Association for the Advancement of Sciepc@) chainlike structure of assembled magnetic
polymer nanoparticleGdapted from ref. 82 with copyrigi013 American Chemical Society)
(e) Sheetike structure assembled from FR@SIO: nanoparticlegadapted from ref. 129 with
copyright2013 American Chemical Societyjf) arbitrary microstructure assembled from:Gge
and CoFegO4 nanoparticles and fixed by crosslinking with polys@dapted from ref. 130 with
copyright2015 American emical Society)

The Rosensweig pattéfiis a welkknown macroscopic structure that is produced by applying a

homogeneoumagnetic fieldon a horizontal flat surfacef magnetic fluid (Figure 2.12a) It has

the critical periodicity of _ .17 "Qwheae "Qis the gravitational acceleration,and” 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-egtingn
surface Figure 2.12b). Those transient patterns can reversibly switch back to the original state

when the applied magnetic field is remov&d. 23

The microstructures of assemblies can be controlled or fixed by the manipulation of magnetic
assembly either at ¢hinterfaces or in the solutidf.}*For examplemagnetitenanocubes have
beenassembld into arrays of helical superstructudeg drying the nan@ubes at the solveiatir
interfacein the presence ad magnetic field. Different types of superstruesjrincluding one
dimensional beltsas well as single, double, and triple helicesn be obtained by wang the

density of nanaubes and strength of the applied magnetic {igigure 2.12c).*%°

Superparamagnetic nanoparticles do not have a perndipeld, their size is so small that thermal
fluctuations are enough to force the orientation of the dipole to tumble constantly. Homleser
anexternal magnetic field is appliethe magneticdipole of the superparamagnetic nanoparticles
will be alignedwith the field and can subsequenbtig involved indipole-dipole interactions
between nanuarticles. Therefore, thaanoparticles are able to align with the direction of their
magnetic moments to form the edimensional chain&® Such chairike assemblies can be fixed
by usingcurable polymers on the nanoparticles sh#s?’ or by the encapsulaon in silica
layers'?® to form the nanofibers for further applicatiof&gure 2.12d). Furthermore, the chain
like structure can beedeloped into more complex structures such as dikeefFigure 2.12¢'%°

or even taarbitrary shape (Figure 2.12f).1%°
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2.3 Applications of assembled hybrid materials

Hybrid materials made of nanopatrticles and polymers have found application as a estigen

of functional materials in an array of fields such as coatitigdiomedical applicatiort$? and
sensing:®® 134 Different approaches have been used to prepare various structures different
dimensionalities (0D, 1D, 2D and 3D) and size rangesds@opic, microscopic, and

macroscopicy: 1%

2.3.1Selfhealing oatings

Coatings can protect metals against corrosion or ships from biofouling in order to prolong the
lifetime of the material$*® However, small imperfections in the coatings can lead to a failure of

the protective function. Hence, it is important to either repair@rgmt the damages of coatings.

A straightforward method to repair coatings comsist embedding micrdnanocapsuke
containing healingagents inside the coating lay&r*’ Once a micradamage occurs on a self
healing surface, by the mechanical stress from its environment, the release of a healing agent can
be triggered by breakintipe capsules embedded in the cogtand can prompt the repair of the
damaged ared{gure 2.13a,b). The mniemulsiontechniqueprovides a versatile platform for the
fabrication of such nanocapsules with gedtling functions® Various healing agents (monomers

or crosslinkers) or corrasn inhibitors have been successfully encapsulated inside the polymer
nanocapsules, showing the possibility of assembling them into polymer coating enabling self

healing3® 37

24



Chapter 2 State of the Art
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Figure 2.13 (a) Scheme of capsulbmsed sethealing coatinggadapted fromref. 149 with
copyright 2016 Nature PublishingGroup; (b) examples of seliealing coatingsbl) control
sample, consisting of trepoxy vinyl ester matrix anahadhesion promoter, ara®) selfhealing
coating, consisting o matrix, an adhesionpromoter, microencapsulated catalyst, and phase
separated PDMS healing ageBEM images of the scribed regionkff) the control coating and
b4) the selfhealing coating aftenealing(adapted from ref. 150 with copyrigR009 John Wiley
and Son}g (c) corrosion potentia of different capsulesnonitored byscanningKelvin probe
technique. The insect is the TEM images of gold nanopatrticles coated polymermpsamhexavith
sel-healing agents (Adapted from ref. 139 with copyrigbl3 John Wiley and Sons (d)
schematic illustration othe mechanism of redexand pHregonsive release from nanofibers
(Adapted from ref. 143 witkhe open access licensed under a Creative Commons Attribution 3.0

Unported Licencke

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

Once the mechanical damage induces the breaking of the capsules, the monomer and catalyst can

25



Chapter 2 State of the Art

be released and contact with each other, initiating polymerization to fill the damag® gap.
Additionally, redoxresponsive polymer nanocapsules have been used to encapsulated and

specifically release the argdrrosion agent when the metal corrosion initiatEgure 2.13c)*3"

139

Besides the direct inclusion of miehdanocapsules into coatings, electrospinmran alternative
approach to make sdfiealing coatings. Electrospun fibers can encapsulate reactive agents used in
selthealing coatings. Healing is initiated by mechanical damage to the coating causing the fibers
to rupture and release their core maierinto the damage regioéf?: ' 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, nexponsive silica nanocapsules
containing an amtorrosion agent have been synthesized by miniemulsion. Then, these
nanocapsules have been assembled into polymer nanofibers by electrosintitRy using the
pH-responsive polymer as fiber support, this nanocapeuh@nofiber herarchical structure

enhances the controlled release of the-@mtiosion agen{Figure 2.13d) 43

Electrospun fibers show great potential in the application of coatings. However, most fibrous
membranes suffer from biofouling when they are used in aguenvironments. 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 reduatdzbment

or to kill microorganisms** 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 prepsieitmg coatings:*>

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

to fabricate the coatings with asfitiuling function!4’- 148

2.3.2 Biomedical applications

Nanoparticles and their assemblies have been used for biomedical applications such as drug
delivery and tissue engineering for decatfe$! 1°°The nanoparticles can be used as drug
transporter to deliver and targeted reéeaargos. In order to improve the efficiencies of delivery

and release, various architectures of hybrid assemblies have been faBri€ated.

Because of the high biocompatibility and unique magnetic property, small magnetic nanoparticles
(e.g. FeO4 nanoparticles below 30 nm shows superparamagnetism) have been used for targeted
drug delivery> An external magnetic field can be used as-imwasive tools to remotely control

both the transport and the release of the drug. Additionally, superparamagnepiartiailes have

been intensively used as contrast agents for magnetic resonance imaging (MRI) to trace the tumor
position!®* %4By improving the size or clustering the nanoparticles, the MRI image quality can

be significantly improved. For example, iroride nanoparticles have been assembled into €hain

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

circulate, target, and image tumoFsgure 2.13a,l.1%° 1%

Hierarchically assembling nanoparticles wehcapsulated peptides into electrospun polymer
fibers hae 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 pkesponsive mannér! Besides targeted drug delivete hierarchical
structures can be used for tissue engineering such as wound dressing materials and bone

regeneration® Wound dressing materials are designed to accelerate and improve the wound

27



Chapter 2 State of the Art

healing process. Thgyovide an environment that allowsygen permeation, maintains moisture
for materials diffusion, prevents infection, and promotes tissue formatierassembled structure

of nanofiber networlexhibits high porosity, gas permeation, and offers a high surfaoglume
ratio!®® These propeies promote cell respiration, skin regeneration, and moisture retention,
leading to a suitableandidate for wound dressing materi@fsEor example, silver nanoparticles
have beesynthesized and assembled in polymer nanofibers using electrospinmengpmposite

materialsshow very good biocompatibilityn vitro antibacterial ability anth vivowound healing
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Figure 2.14 (a) Scheme illustrating the namemrms have more interactions on cells surface than
the nanespheres(adapted from ref. 156 with copyrigi2008 John Wiley and Sons (b)

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

nancobjects (spheres and worms, shown in gresaJe bar is 20 mifadapted from ref. 156 with
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copyright2008 John Wiley and Sons(c) SEM and TEM images of polymer nanofibers coated
with silver nanoparticleGdapted from ref. 160 with copyrig@015 American Chemical Society)
(d) wound appearance at before and after treating with nanofibersawdhwithout silver
nanoparticlegadapted from ref. 160 with copyrigg015 American Chemical Society)

ability (Figure 2.13c,d. Additionally, polymer nanoparticles with antibacterial function have been
assembled into polymer nanofibers and used as wodvessing 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 colloidlectrospinning® Such nanopartickn-nanofiber structure allows

for a flexible combination of the properties of the nanoparticles and supporting nanofibers. Under
the irradiation of visible light, the embedded pho#sponsive 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 materils.

2.3.3 Gher 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, antesmaaveguides heavily relies on the
collective behavior of the assembled nanoparticles. For example, pigments having structural colors
can be prepared by the assembly of nanopartigle$*In this case, the color does not arise for

the presence of dymolecules, but by the light interference observed when the light is reflected
from highly periodical assembly of nanopartictésSuch structural pigments have been prepared

by the assembly of polystyrene nanoparticles into a crystalline structure loyai@psuspension

droplet on the superhydrophobic surface. Af t e

29



Chapter 2 State of the Art

colored rings originating from diffracted light from the curved supraparticle surfagaré

2.153. The assembled structures cant only generate structural color for photonics but,also
improve the optical signal by clustering/coupling the nanoparficfé&or example, assemblies

of metal nanopatrticles (e.g. silver and gold) have been used for the sensing of molecules by
surface-enhanced Raman scattering (SERSLompared to individual nanoparticles, assemblies
show tenfold enhancement of SERS due to the coupishgced enhancement of the local

electromagnetic field 163 164

Landing Jumping Walking

Figure 2.15 (a) Optical microscopy images supraparticlesnade fromdrying of polystyrene
nanoparticlesvith varying sizegadapted from ref. 114 with copyrigg@08 John Wiley and Sons
(b) The millirobot made from magnetic particles and silicon elastohmais up a water meniscus,
lands on tk solid platform, jumps beyondséanding obstacle, and walks aw&gale bar is 1 mm
(adapted from ref. 167 with copyrigg018 Nature Publishingsroup.

Micro-robotics is an increasingly popular topic in thé' 2éntury and hybrichssembled materials
can offer the possibility of developing novel microbots that are multifunctional, peffieient,
compliant, and autonomous in ways akin to biological organt&m¥® Polymer/nanoparticles

hybrids have been uséd 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 magnetdastic millimeterscale robots able to swim inside and onghdgace of

liquids, climb liquid menisci, roll and walk on solid surfaces, jump over obstacles, and crawl! within
narrow tunnelsRigure 2.15b). 167 Superparamagnetic nanoparticles can also be assembled into
polymers to form helical shapes by 3D print. Shetical 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 ffef§®
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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 nanebuilding-blocks (naneobjects) or by the processing of namalding-blocks into

hierarchical structured polymer/nanoparticle hybrid materials. To fulfill this goal, hybrid
nanocapsulesQhapter 3.1), polymer nanoparticlesChapter 3.2), inorganic nanoparticles

(Chapter 3.3 and 3.4), and hybrid nanoparticle€hapter 3.5 with new functions have been
fabricated. By assembling these functionalranbj ect s i n pol ymer matri ce
reportingo, w 0 ubmfbuling éuactionshhgve beerdprodunet.iMoreover, a new
assembly method, which combined ewagiion 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 miar-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 beetapsulated 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
wi t h aepofi nglof function were prepared. These n
embedded into polymer coatindgsence, whenever the coatimgs damaged, the capsuleshe

and highlighedthe damagedrea As a second feature, the color developnoenid bereverse
andthediscoloration occuedin presence of (selhealing compoundahich allow theenduser

to follow the healing process. Thus, in a first step damages are being highligitea | switch- i

ono and, i n a subspaegatmehedi gs eceacdi ®hé Ppswhephada
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indicabr dye. Coatings with such seakporting nanocapsules allow for the monitoring eéhére

healthcycle 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 chairitanglement of polymer chains causes industrial
problems during polymer processing owing to the difficulty of diffusion and moveaighe
polymer chainsThis prevents the use of polymers with very high molecular weight by traditional
processing methods such as extrusibhe objective, herewas to minimize polymer chain
entanglement in linear polystyrerd{= 1.1 x 10° g mol?). The polymer was dissolveddituted
concentrationwell below the critical concentration of entanglemantjthenelectrosprayedBy

drying very rapidly thepolymer solutiondevoid of entanglements nanoparticleemposed of

ideally one single chain wiout or with few entanglemenigere formed

In Chapter 3.3, spindle-shapechematite (:F&0s) nanoparticlehave beerprepared by forced
hydrolysisof ferric chloride in waterThese hematite nanoparticles show cataliseactivity by
reducing HO> andproducing Q. Such catalaskke function is helpful for improving the wound
healing process, which requires decreasing the amount@f &hd sufficient @. Therefore,
hematite nanoparticles have been assembled into polymer nansféelectrospinning 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 eratwellable polymer scaffold offered high water permeability

and hydrophilic compounds to the embedded nanopartleen incubating fibroblasts aha
HOoconcent r at i(sonilar to the réaDwoentilenvironmenthe catalytically active

dressingsefficiently reduced the ¥D. concentration and enablesistainedcell proliferation.
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Thanks tosuchcatalasdike activity, the hybrid nanofibrous gel could be usedifmoroving the

wound healing process

In Chapter 3.4, anisotropic cerium oxide (Ce) nanorods have been synthesized by
hydrothermal synthesighese nanorods exhilfitnctional mimics of natural haloperoxidases that
catalyze the oxidative bromination of'Band HO- to HOBr. The generated HOBr, a natural
signaling molecule, disrupted tlacterial quorum sensing, critical step in biofilm formation.
Therefore, such nanorods have the ability to combat biofouling. To endow the membranes with
antibiofouling function. The nanorods have been mixed with poly(vinyl alcohol) to generate
nanofibious structuresia 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 enhdrtbe mechanical property of polymarats, as
shown by a singkiber bending test using atomic force microscoflye fabricated polymer mats

with CeQ.x nanorodsould beused to provide mechanically robust coatings and membranes with

antibiofouling 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. Furthermdumibg the concentration of ferrofluid
droplets and controlling the magnetic field, baiiled, conelike, and twetowerslike
supraparticles were obtained. These assembled supraparticles prélserseperparamagnetism

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

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

harnessed to prepare magnetically actuable microswimmers
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Chapter 3.1 SelReporting Nanocapsules

3.1 Monitoring crack appearance and healing in coatings with damage setéporting

nanocapsule$

In this chaptersilica/ poly(methyl methacrylaehybrid 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 enedpsside 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,
nanocapsul es e pwo t h ctimgwdres feepdred. These nanocapsules have been
successfully embedded into polymer coatirtdence, whenever the coatingas damaged, the
capsules lmke and highlighéd the damage@rea As a second feature, the color development
could bereversed anthe discoloration occuedin presence of (selhealing compoundwhich

allow theenduser to follow the healing process. Thus, in a first step damages are being highlighted
viac ol switchd@in 6 and, i n a sub paaingheatngeaconadns fiewj t
of fo t he dadya geatingsmith such tsekporting nanocapsules allow for the
monitoring theentire healtkcycle of the materials, which is essential for prolonging the materials

lifetime.

AThis chapter is based on thicle:

M. Hu, S. Pell, Y. Xing, D. Déhler, L. C. da Silva, W. H. Binder, M. Kappl, M. B. Bannwarth
Monitoring Crack Appearance and Healing in Coatings with Damage-Reelbrting
NanocapsuledMaterials Horizons2018 5 (1), 51-58. Reproducegbermission fom open access
license fromCreative Commons Attribution 3.0 Unported Licence

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

and S.Psynthesized nanocapsules and did relevant characterizations. M.H. fabricated the coatings
and didrelevantcharacterizations. Y.X. did AFM. D.Bynthesizedrivalent azide and multivalent
alkyne L.C.S. performed NMRM.H. and M.B.B. analyzed data. All thorsdiscussed the results

and wrote the manuscrig¥l.B.B. and K.L. supervised the project.
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3.1.1 Introduction

Polymer coatings can act as a protective envelop around many materials to prolong their lifetime
(e.g.prevent corrosion of metal§ 1) until exposure to environmental stress leads to damaging

of the coating and impairment of its protective functin’*Hence, it is importat to detect and

repair damages as early as possible tiByt(nane or microscaleflamages are hardly visibledan
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 darepgding function, dye

loaded microcapsules have been integrated in polymer caatfidsonmechanicatiamaging of

the coating and contemptuomgpturingof the capsules, the released indicator dye can change its
chemical structurevia UV-light exposurg’™ 17® chemical reactioh’"*’® or physical
aggregatiotf® 181to present a visible or fluorescent signal on the damagedBgsitles, some

bulk polymeric materials can change their color upon mechanical swasshemical
transformation of the polymet8?18* Thus, the micralamage 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 seliealing system&>8” Thus, sekhealing coatings can heal crackstbgdynamic
formation of reversible chemical bondin§®!®® by a covalent crosslinking polymerization of
released monomers from microcapspfés® or by generating radicals during damage process
which can initiate the repairing reactib The success of damage healing theréegends on

several factors like the distribution of sékaling 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 funabibthe coating and to indicate a required coating

maintenance. Therefore, it is essential to visuaiz@amage that is not beihgaled with aself
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reporting systemHowever, when the irreversible damage reporting capsules descriliieel in
literature to a@te are combined with sdiiealing coatings, the capsules would highlight the crack
even if it is being or has already been heaféd@o enable simultaneous monitoring of damages in
coatings and their selfealing, the optical damagedication has to bmade 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 appeace, but can additionally turn off the signal to report that the damage is

being healed.

In this chapter,a nanocapsuldased systenwas introducedfor autonomously monitoring
mechanical micralamageappearance and healing in polymeric coatifpedamageppearance

and healing monitoring system is schematically illustrated=igure 3.11. First, a three
component nanocapsular systemsdesigned aKigure 3.1.1a), in which the damagmdicating

dye is encapsulated within the protective polymer shellchvig further coated with a color
developer. When the shell imechanicallybroken, the released inactive dye (decolored form)
becomes active (colored form) through reacting with the color developer. In this miwener
nanocapsules themselves autonomously report their destruction, which allows a spatial and
functional separation from the surrounding mediumather capsulesnabling the universal use

of such a selfeporting nanocapsule based system to indicat@edasin various coatingBigure

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. Aehuggetaction
between the dye arttie color derelopercan be reversibly deactivatéy different self-healing
compounds or byprodwustof self-healing reactios. Consequently, the sekporting 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 damagesrehat

beinghealed.

a) Damage self-reporting capsules

Protective polymeric shell
(polymethyl methacrylate)

Shell destruction

b) Indication of crack appearance and healing in coatings

"s “: ‘* Damage °'~¥ %ﬁ Healing "' %i
P §‘ & ——> @ ® & —— @ ® &

i) Intact: no color ii) Damage: blue color iii) Healed: no color

Figure 3.11 (a) Schematic illustration of a damage seporting capsule. The colorless damage
indicating dye (CVL) is encapsulated a silicacoated polymer shell. When the capsule shell is
broken, the released dye is developed through interaction with silica to give a deep blue color
(CVLY). (b) Damage selfeporting capsules embedded in waterborne polymer coating to indicate
crackappearance and séiéaling (tii). 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 spatia a colorimetric indication (iiii). When selfhealing @ents get in contact with the

dye, the color is being deleted and no color remains visible allowing monitoring tieakifg

reaction.

3.1.2 Experimental

Materials

Crystal violet lactone (CVL, 97%, Alfa Aesar, USA), phenyl acetate (Si§ldach, USA).

Poly(methyl methacrylateMw is 120000 gnol? as determined by GPC, Sigmddrich, USA),
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LUDOX®HS-30 (30 wt.% dispersion, Sigm#drich, USA), chloroform (> 99%, Aos Organics,
Belgium), aqueous HCI solution (1 miof, Carl Roth, Germany)For the model coating
experiment, a waterborne polymeric coating (MowflibHS S1, Celanese, Germany) was kindly
donated by Celanese corporation and was used as the coatingmaarial. The trivalent azide
and the multivalent alkyne (equimolar ratio) and"8u(PPh)s (1mol%, 98%, Sigmaldrich,

USA) were used for damage skEaling tests.
Synthesis of healing chemicals

The synthesis of these healing chemfOalsre showrin Figure 3.1.2andFigure 3.1.3andbriefly
described as follows: for the synthesis of the multivalent alkyne (trimethylolproparceargyl
ether),trimethylolpropane (97%, Sigmaldrich, USA) was converted with propargyl bromide
(80% in toluene, SigmAldrich, USA) at 60 °C for 41 h in the presence of sodium hydroxide
(99%, Grissing, Germany) as deprotonating agent andrtstngylammonium 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 ebmatograph mass spectrometer.

OH o o o
NaOH
+ Br/\\ — > X +
>< N TTeae Y oz
41h,60°C

OH OH O O OH OH OHO

(x+y+z=1,x:y:z=286:13:1)

Figure 3.1.2Synthesis of multivalent alkyne chemicals (with one, two, thliegne groups)
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The preparation otrivalent azide (2-((2-acetoxy3-azidopropoxy)methyip-ethylpropanel,3-
diyl)bis(oxy))bis(3azidopropane.,2-diyl) diacetatewasin a twostep synthesigFigure 3.1.3
Therefore,the ring opening of trimethylolpropee 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%,
SigmaAldrich, USA) followed byacetylation with acetic anhydride (99%, Sigdldrich, USA)
proceeding within 89 hours at room temperature in DMF (99%, Grussing, Germany).
Diethylenetriamine (99%, Sigmaldrich, USA) and ethanol (> 99.5%, Sigrddrich, USA)

were used for color deletirigsts.

Yo

(@)
f NH4CI, NaNj HO acetic anhydride °

% 0~ MecOH ofm DMAP, DMF oj_\N3
—_— > e
0 o o RT,89h N 0

(( O% reflux, 24 h NL( L(
(0]

0
0 OH }OH 0 }o o
N 0= N, T

3
Figure 3.1.3 Synthesis of trivalent azide ((R-((2-acetoxy3-azidopropoxy)methytp-
ethylpropanel,3-diyl) bis(oxy))bis(3azidopropanel,2-diyl) diacetate).

Preparation of damage sealéporting nanocapsulesThe threecomponent nanocapsules were
fabricated by combining a Pickering emulsion with the solvent evaportatitnique?®? Varied
amount of poly(methyl methacrylate) (PMMA) (300 1200 mg, detailed infonation in
Table 3.11) was first dissolved in § chloroform. Then 100 mg crystal violet lactone (CVL) was

dissolved in Ig phenylacetate in a separated vessel.

42



Chapter 3.1 SelReporting Nanocapsules

Table 3.11 Shell thickness and diameter of capsules with different emulsification parameters.

Sample Polymer Silicacolloidal  Ultrasound  Diameter  Shell thicknes’s
number amount (mg) amount(qg) amplitude (%) (nm) of capsules (nm
1 300 4.8 50 202+80 83

2 300 3.2 50 212+76 83

3 300 2.4 50 272+137 10%5

4 300 3.2 30 304+130 12+5

5 400 3.2 50 418+ 112 205

6 500 3.2 50 428+87 25+5

7 600 3.2 50 449 +125 308

8 700 3.2 50 523+160 39+12

*The shell thickness (d) of capsules was determined by the following eqaetiaring to Zhao
et al?!3

QY p (3.1.)

whereR, Myolymes Meore, § polymer, } core iS the radius of the capsule, mass of the polymassmof 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 LUDC»HS-30 as emulsion stabilizer was added into 16@8djstilled

water as continuous phase. The combined phases were mixed using vortex for two minutes. The
pH of the preemulsion was adjusted to 8.0 by adding 1 M HCI solution. An ultrasonification tip
was used to form the oil in water emulsion under idé baoling € (tip) = ¥2 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 L8sho evaporate the chloroform

(Figure 3.1.3).

43



Chapter 3.1 SelReporting Nanocapsules

I. Oil phase and II. Oil/water IIl. PMMA capsules
water phase emulsion dispersion

Chloroform
0 evaporatjon o
L T [

Emulsification

Ultrasound ~

e® 0%

® Water e Crystal violet lactone e Silica

O Chloroform + Phenyl acetate Disolved PMMA PMMA shell

Figure 3.13 Schematic picture dhe fabrication process @flica/ CVL / PMMA nanocapsules

via a combination oPickeringstabilized minemulsionand solvenevaporation process.

Coating fabrication 1 mL of the fabricated nanocapsule dispersion (0.3 g of RMkH 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 quhg/ing (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 MowflitbHS S1 was coated on top of the
capsules as a protective layeThen the coating was dried overnight at room temperature. The
coating thickness was normally 96 N 12 em (r
company, Japan). For the mechanical damage tests, a razor blade (Stebiléy ®8s used to
scratch thecoating layer and to form a miemack. For the damage healing test the combined
healing agents, namely a trivalent azide, a multivalent alkyne afi8i(RPh)s as catalyst were

added onto the damaged spot to heal the crack fora48oom temperature

CharacterizationsThe hydrodynamic diameter of the nanocapsules was measured by DLS (Nano

Zetasizer, Malvern Instruments, UK) at 20 °C under a scattering angle of 88°683 nm. The
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morphology of the nanocapsules was observed by transmission el@itroscopy (TEM, JEOL
JEM1400, Japan) and scanning electron microscopy (SEM, Hitachi SU8000, Japan). Before the
el ectron microscopy measurement s, 5 L of dil
(SEM measurement) or 460esh copper grid (TEM nasurement) 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) usimegquantitativeimaging mode. In

this operation mode, dataeataken 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 valusefforce
point). For deformable samples, this will result in an apparent sample height value that depends
on the selected force spoint and sample stiffneshis imaging modevas chosen becausiee
adherence of capsules in liquid to the silicon wafer wasveakieading tdateral drift of capsules

during intermittent contact (tapping) mode imaging. The spring constant of the cantilevers
(OMCL-AC240TSR3, Olympus, Japan) was determir®dthe thermal tune method. For the
measurement in liquid, a starting-petint 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
setpoint force wa 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 disperejspectrometer

(EDX) was used to measure the content of silicon and carbon. Ultra\iaddile (UV / Vis)

spectra of CVL and CVLwith 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 capsulesasmeasured by UV / Vis spgam (wavelength range is 350800

nm). Lactone ring opening and closunas studied byFourier transform infrared spectroscopy
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(FTIR) and miclear magnetic resonan¢®dMR) spectroscopyPowder samples and KBr were
ground to prepare a pellet for FTIR measuens. Solution’H NMR spectra were acquired in a
Bruker Avance spectrometer operating at 300 MHz. All chemical shifts were referenced to the
residual proton signals from aceted@ (2.05 ppm)The damage appearance and healing of the
coatings were invéigated with a Zeiss Axiophot stereomicroscope (Zaiks Microscopy
GmbH, Germany) equipped with a digital camera. Differential scanning calorimetry (DSC)
investigations were performed on a 204F1 / ASC Phonix (Netzsch, nitrogen flow of-20mi)L

in atemperature range from20 to 250 °C with heating rates of 5, 10, 15 and@0min** 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 iotdose
change capabilities through selective reaction with a manifold of compounds able to develop or
delete its colaf®® 2%“The reversible opening of the lactone ring of the colorless CVL can be
induced through hydrogen bondiregd.through silanol groups of silicaeeFigure 3.15) to form

CVL* with an intensive blue coloF{gure 3.16a, photograph (i) and (ii)).

I o - | ,JO\\_,_,OH Ho-L sio,
Lb"’J// Silica - o 1 )
DS wYRy
N Z S~ ‘\.N ~ N ~ - I\‘I
\ |
CVL CcvLt
(leuco form) (colored form)

Figure 3.15 Chemical structures of CVL and CVLThe lactone ring of CVL can be opened by
the silanol groups of sda. Then the colorless leuco form (CVL) changes its conformation to a
colored form (CVL).
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Figure 3.16 (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 colofb) UV / Vis spectra of CVL and CVL mixed withlgia nanoparticleqc)

UV / Vis spectra of CVL reacted with different amounts of the decoloring ageasFTIR
spectra of a CVL powder, a mixture of silica and a CVL powder after developing of the color, and

CVL" with threedecoloring agentgmultivalent alkyne diethylenetriamingand 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 bdollowed by a broad absorption peak with a maximura-at603 nmvia
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UV / Vis measurementsF{gure 3.16b). 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 selfealing componemt&: 2%or byproduct&2° of selthealing reactions. To

prove the decoloring feature, different amounts of decoloring agest wiged with the CVL,

which had previously been developed in the presence of silica pdvigierg 3.1.6a, photograph

(iii) ). The absorption band of the colored C\dt 603 nm was lowered with increasing amounts

of decoloring agentsHgure 3.16c¢). 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.

Q
S

b)

1.0
A CVL* + Ethanol
o O CVL* + Multivalent alkyne .
0.8 /A CVL* + Diethylenetriami . OV 1
3 A
. o ii. CVL+DETA !
A
0.4 1 o
jii. cvL' color developed
0.24 0] A
o A iv. CVL'+DETA |

0.0

Relative absorbance intensity
at 603 nm (a.u.)

X L} N % r T T T T T T T T T 1
0 200 400 600 800 80 78 76 74 72 70 68 66 64 62 60
Molar ratio (decoloring agent / CVL") ppm

Figure 3.17 (a) The relationship between color intensity and the molar ratio of decoloring agents
to CVL". (b) Solution'H NMR spectra of the aromatic protons in CVL in different conditions:
CVL before color developingi) CVL in presence of DETA (CL : DETA at 1 : 2 mol ratio), no
effect; iii) CVL" color developing with HCI (CVL : HCI at 2.4 : 1 mol ratiay;) CVL" color
deleting with DETA (CVL : DETA at 1:2 mol ratio). All spectra were acquired in acetdfe

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 differentRigure 3.1.7a). Thus, variations in the color deleting efficiency between the
different decoloring agents and CVar silica were mostnobably related to different decoloring
mechanisms. The strong blue color of CMk initiated by hydrogen bonding of the hydroxyl
groups of silica with the carboxylate groups of C\#° Breakage of these hydrogen bonds, and
consequent color fading, caither be achieved by adding polar solvents that insert between the
silica and the CVL,?° or by bases. The dependence of the color developing on the acid / base
equilibrium is apparent from thiéd NMR spectra in solutiomAs shown inFigure 3.1.7b, color
developing with HCI 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 HCI and quantitatively restores CVL from TVL

Additionally, the hydrogen bonding ability between the dye, the hydroxyl groups of the silica, and
the decoloring agents was investigatea FTIR spectroscopyRigure 3.17d). The pure CVL
showsa band at 172cm® due tothevibration of the C=0 groupf thelactone ring. When silica
reacs with CVL, a new band arises the spectrum of CVLat 15& cm?, which can bescrited

to the carboxylate groupf theopened lactone rind his banddisappeas when the color deleting
agents interact with CVL, indicating the cloare of the lactoneing.?!! Thus, the color o€VL

can be developed with silica and be deleted byrssfing agents or byproducts from the healing

reaction.

Thedamage selfeporting capsule was achieved in a-step miniemulsion solvergvaporation
process (details iBxperimental), in which the silica particles function as Pickering stabilizer. At
the beginning of the solvewwaporation process, PMMA and CVL were homogeneously

dissolved in a mixture of chloroform and phenylacetateiriguhe evaporation of the chloroform,
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the PMMA becomes insoluble and phase separates from the phenylacetate to feotidthe
capsuleshell, while the CVLstays dissolved iphenyl acetatéo consequently create thiquid
core The raspberrjike surface topology of the capsules was obsemiadscanning electron
microscope (SEM) imaging-{gure 3.18a) and their coreshell morphologwia transmission
electron microscope (TEM) imagingigure 3.1.8b-c). The silica nanoparticlever the shell of

the nanocapsules as shown by the SHMX mapping imageHRigure 3.1.8d).

Relative concentration
of Silicon (a.u.)

Figure 3.18 Tuning of the color response and mechanical stability of the damagepeifing
nanocapsulega) SEM image(b) and(c) TEM images andd) SEMEDX silicon mapping of

fabricated nanocapsules (scale bars are 300 nm, 300 nmpil.@hd 100 nm, respectively).

For successful implementation of the prepared nanocapsules as dathegigon systems in
coatings, their mechanical response has to be tunaavay 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 miswbmicrocapsules is

related to the critial buckling pressuregpd) of spherical capsul&€ which mainly relates to the

c ap s ul e Ra&ndsteltthicknessl( as followsn ¢ — (3.1.2

To further understand the mechanical stability of the capsules, different subhmarmcapsules
with differentpc valueswere prepared. By varying the silica concentration, the amount of PMMA,

and the sonication amplitude, the capsul esd
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approximately 200 and 1100 nm and the shell thicknesses between approximately 10 and 120 nm
(seeTable 3.11 in Experimental). First, the stability of the capsules was tested by drying the
capsules under ambient conditions. The white suspensions of capsules warastiedmon glass

slides and dried for several hours at room temperature. Duringydrf/the dispersions, capillary

forces between the particles will occur in two ways. First during recession of-thatairinterface

from the outmost layer of particles down to the substrate and second during drying out of the
remaining menisci. Theserfmes 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 cBigufe 3.1.9a). Equation (3.1.2) was

usedto evaluate the critical buckling pressure of the cap$dlasd tune the color development.

As shown inFigure 3.1.9b, the color intensity decread with increasing the value ef . The

capsules with— < 0.030 developed an intense blue color, indicating that the shells had been
damaged during the drying process owiagheir weak shell stabilityHowever, capsules with
—>0.030 show no blue color and displayed a white color after drying, imdj¢aat the capsules

were ale to resist the drying proces$o 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<{= 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 developmentHigure 3.1.9c).
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Figure 3.19 (a) Optical photographs of dried capsulerssions with different critical buckling

pressure(b) Absorption inten

sities at & =—@afu8 nm of

as determined by UV /Vis measuremefit$.The suspension of the capsules with highest critical

buckling presure (= 0.047) is dried without blue color developing. When these dried capsules

are grinded with a pestle, a strong blue color is develdpedFM height images of a capsule

(— =0.006) in suspension before and after rupti@@eChangeoh or mal i zed

appar ent

height with increasing setoint 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
consideringDuring drying of dispersions, capillary forces between the particles will occur in two
ways. First during recession of the-aiater interface from the outmost layer of particles down to
the substrate and second during drying out of the remaining mexssaiming complete wetting

of the particlesi.e. a contact angle of zero, the capillary force is proportional to the water surface

tension’ and the particle radiuR for both cases.
'O or'Y (313

The proportionality factoA is in both cases in the order of unity. For the case of the meniscus
between two spheres, the prefactor eqdalsg“ , whereasin the case of the receding watent,
it is given by:

o n
6 L— (314

with "Qbeing a factor depending on the amount of deformation of the spheres that ranges from 0 to
0.095 and is zero for zero deformation, ie. v&. Therefoe, both prefactors are well

approximated by ¢ and the capillary force for both cases takes a value of
O eid@tixe€Ppuvaa o & 0(3.15

Exemplarily, the capillary force for capsules with a digenef 300 nm can be calculated to
Fc=65nN (Equation 3.15). To investigate if this calculated capillary force is enough to break
the capsules, atomic force microscopy (AFM) measurenvesits usedn which a certain force
was appliedo one capsule ianaqueous environment. With AFM, a defined force can be applied
directly with the tip of the cantilever on a single capsule until it bre&kgule 3.1.9d).

Figure 3.1.9efurther 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 lveeversibly ruptured. Hence, the
mechanical response of the investigated capsules can be precisely measured (for the investigated
cases 30 75 nN) and finetuned depending on the shell thickness. The determined forces are well

in agreement with theapillary force that occurs on the capsules during drying as calculated in the

supporting information.

To demonstrate the capability of the damage rsglbrting capsules for micrmrack indication in

coatings, nanocapsules with a low critical bulking press¢— = 0.006) that break upon exposure

to airwere combinedvi t h a commercially avail abl e waterbc
thick). Therefore, the nanocapsules suspension was firstly coated on a glass stidedpzad

sealed with the@mmercial coating to avoid breakage of the capsules (detdidgperimental

section). Introduction of the capsules to the commercial coating causes only minor decrease of the

transparency of the coating, which retaiissoptical propertiedHgures 3.110).

a) Pure coating b) Coating with nanocapsules C) 100

—
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Figure 3.110 Optical photographs of translucent coatingvater based polymermating(a) and
the polymeric coating withedf-reporting nanocapsulél) on glass slide, respectivefcale bars
are 5 mm.(c) Optical transmission of glass slideitiwout any coatings (grey line), polymeric

coatingfilms without (red line) and witlseli-reporting nanocapsulesl{le line) on glass slide
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Micro-cracks were artificially induced by scratching with a razor blade and were observed by
stereomicroscopy arsEM. While the control coating without any nanocapsules showed no color
development Kigure 3.111a); the coating containingianaapsules highlighted the induced
micro-crackvia a strong blue color appearandagire 3.111b). Hence, the described system
autonomously reports the damaging of a coating upon mechanical disintegration. By chemically
modifying the release properties of the capsudeg (edoxresponsive releaséy’ other types of

damages, like rededisintegration of the coating, could tetected in the future as well.

a) Wwithout nanocapsules a B
without healing agents 1 af
| ]
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|| 1
Crack »> | 1
| :
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Figure 3.111 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 micrecrack in a polymericaating in the(a) absence an{) presence of damage
selfreporting nanocapsulg&)the colored micrecrack is healed and reversibly becomes colorless
when in contact with the selifealing system composed of multivalent alkyne, trivalent azide, and
CuBr(PPh)s.
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In the next step, the chemical response of the coating system witheabifg compounds was
tested to investigate whether only the +#maled damages can be reported. Therefore, the
reversibility of the color development process through thetimawith selthealing compounds
was demonstrated by analyzing the color deleting properties of" @Vlthe presence of
multivalent alkyne and azide (s¢i€aling monomers) that can form a polymer network suitable
for selthealingvia "click” chemistry atroom temperature and achieve a-$eéling efficiency of
nearly 100% after 48 1¥¢ When adding multivalent alkyne, trivalent azide andBy(PPh)s 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 hé&adene(3.111c).
Hence the capsule system can be applied to autonomously indicate the-ficticiced healing of

the coating when the blue color is reversibly deletegidzghe" click”-chemistryhealing system

it was shown, additionally, that other classes of sdlealing reactions, including thepaxy-
amin€® and PDMS self-healing®® systens, canturn off the optical signal and therefore
potentially indicate a successful shHaling reaction. In case of the epayine seklhealing
system, free amine groups of healing agenksteléhe colgrwhile in the case of the PDMS self
healing system, theolor of CVL" is deleted by the ethanol that is produced during tladirtee

reaction

3.14 Conclusions

In this chaptera reversible damage se#porting nanocapsular systdras been developed and
presentedwhich was subsequently used tomtor crackappearance anklealing in coatings.
Therefore, a threeomponent 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 automous destructiereportingvia 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 thé dye wi
different selfhealing compounds or byprodacof sel-healing reactios and subsequent color
deletion. Hence, the system can be applieddaitor damage appearance and healing in coatings

It is envisioredthatthis reversible selfeporting system wh high versatility can be applied in a

new generation of seteporting coatings, which has multiple autonomous functions to monitor

the wholehealthcycle of artificial materials.
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3.2 Fabrication of nonequilibrium disentangled polymer in singlechain nanoparticlesvia

electrospraying®

Chapter 3.Jdemonstrate how miniemulsion is an effective and robust method to prepare complex
nanostructured hybrid particles. In that case, the systesrengineered so the silica nanoparticles
used as surfactant would also provide additional funalibes to the polymer nanocapsule.
However,in some cases, the presencesoffactant especially organic molecules, could be a
drawbad. For examplewhencasting a film with a latex suspension stabilized \sitinfactars,

the surfactant might act apkasticizer for the polymer matror interfere with the thermal stability

of the film. As an alternative to miniemulsion to prepare surfadtaat nanoparties,
electrospraying is an attractive method. Not only electeyspg 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 chaptey dectrospraying has been used to fabricate polymer nanoparticles with minimal
entanglements dhepolymer chains. Entanglement of polymer chains causes industrial problems
during polymer processirtgecause athe limited diffusion andmovement othe polymer chains.

This prevents the use of polymers with very high molecular weight by traditional processing
methodsor thermoplastic materiasuch asnolding or meltextrusion. The objective, here, was

to minimize polymer chain entanglementiimear polystyreneNln= 1.1x10° g-mol?) in order to

A This chapter is based on collaborative project with Dr. Manjesh SingiHduise Thérien
Aubin, Prof. Kurt Kremer and Prof. Katharina Landfester.

Contributions: H.T-A., K.K., and K.L. supervisethe project. M.H., M.S., H.FA., K.K., and

K.L. designed the>geriments M.H. and M.S. fabricated nanoparticles and nanofibers and did
relevant characterizations. M.H., M.S., HA,, K.K., and K.L. analyzed the data. M.S. did the
theoretical calculationH.T-A. and M.H. did the higispeed camera recording and analyzed the
data. All authorsliscussed the results and wrote the manuscript.
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make it easier processablehe polymer was dissolved awery dlute concentration, well below
the critical concentration of entanglement, and then electrosprelyedery rapidirying of small
droplets of apolymer solution devoiced of entanglemenisresulted in the formation of

nanoparticles composed one singlainlfor very few)without (or with few) entanglements

3.2.1 Introduction

Polymers have become assential part of oudaily life. In order to use polymers in various
applications, it is important not only to synthesize new functional polyrbet also ® process
synthetic polymers to meet the different requirements of specific applicatfdHsProcessing
polymer melts is one of the most appealing industrial processing methods and is used to prepare a
variety of everyday thermoplastic product suctpaskaging and bottles, as well as value added
material such as medical implait§?*® Polymer melts displagrich viscoelastic behavian the
typical length and time scaleslevant to their processifg*??° The processing of polymer melts
becomamore difficult with increasng molecular weightlue to thencreaseof viscosity.In a melt

of high molecular weight polymers, malong polymer chains have to move irallective and
specific way to flow due to the topological constraints called "entanglsieimposed by
neighboring chain&* 2?2 The increase in viscosity observed with increasing molecular weight of

the polymer chains is caused by the increasing numteettanglementat highMn.?23

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 thelmelpossible to
obtain a lesentangled polymer directly during polymerizati®y caretil synthesis with a single

site catalysthigh molecular weight polyethyleméth a singlechainhas been obtained afa@med

a single crystat?* Such polymer crystalsan form a heterogeneous méltaugh slow and careful

controlled melting This heterogneous melhasa heterogeneous distribution of entanglements
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within the meltbecause of the serarystallinity of the polymer, leading wifferent mechanical
andrheological behavior in comparison to an equilibrated melt hafmgnogeneoudistribution
of entanglementdhe longlived heterogeneous melt sholessviscositythan the homogeneous
entangled melt, wich largely improved the processidty of this polymer melt. Therefore, being
able to easily process a variety of polymers to prepare diggatpolymer formulation would

result in an advantageous material for the further processing in the molte3®state.

Single chain nanoparticlesan be prepared usingariousapproaches such as precipitatféh
freezedrying?®” 228 and electrosprayintf® Among these techniques, electrospraying can be
scaledup to produce a large amount of single chain nanopatrticles without the use of any additives
in one batchin eledrospaying a polymer solution is pumped out afcapillary nozle and then

an electricfield is applied between the nozzle and a tardgegufe 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 &jeThe charges covialg the surface of the jet
generate relatively high electrostatic force. Once such force is larger than the surface tension of
the material,hejet can further deform and spiitto unstable micreor nanedropletsdue tothe
highelectrical force. Oncethe droplets have detached from thain jetthe solventn the droplets

of polymer solutiorevaporatesnd thergenerat dense and solid particles micre or nanometer

size that ar@ropelled towards the collectdi

In this chapter, nanoparticles ¢aming one single chain were prepared by the electrospraying of
a diluted polystyrene solution. The concentration of polystyrene solutionvethdelow the
critical concentration of entanglememifter electrospraying, the resulting nanoparticles were

cdlected and the glass transition temperature was determined.
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polystyrene
droplets

Figure 3.2.1 Schematic picture of fabrication of single chain polystyrene nanoparticles without

entanglements by electrospraying process.

3.22 Experimental

Electrospraying

Polystyrene (Mn=1.1x10° g-mol!, Mw=1.4x1Pg-moll, PDI=1.26) was dissolved in
dimethylformamideor chloroform and mechanically stirred overnight to prepare the polymer
solution with different concentrations (from 0.81.% to 10wt.%). The resulting dispersicwere

filled into a syringe andhen electrosprayeat 2625% relative humidity and room temperature
onto an aluminum foil supporthetip diametemwas 0.8mm. The distance between the collector
and tip was fixed t@0 cm. The feeding rate was varied from @&-h* to 2.0mL-h%. The applied

voltage was varied from 18/ to 25kV.
Characterizations
The surface tension of polystyrene solutions was measured wignseometer(DCAT 21,

DataPhysicsGermany) The hydrodynamic diameter of polymer chains in solutions with different
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concentrations was measured at different anglet/bgmic light scattering (DLS) using an ALV
instrument(ALV, Langen, Germany) witla goniometer and ALV5001 multipletau full-digital
correlators with 320 channels. The light souroasisted of a heliumeon laser (JDS Uniphase,
Milpitas, USA)with 25 mW output power and a laser wavelength of 632.8Tim@ viscosies of

the polystyrensolutions were obtaedusing aCannonFenskeviscomete(Camon, U.S.A.).The
morphology of electrosprayed nanopartiokess observed by transmission electron microscopy
(TEM; JEOL JEM1400, Japan) and scanning electron microscopy (SEM; Hitachi SU8000, Japan).
The samplesverecollectedon 400mesh cpper grid and silicon wafes during electrospraying
process for TEM and SEM measurement. The glass transition temperature was measured by
differential scanning calorimetr§PerkinElmer DSC 8500USA). The DSC measurements were
performed in a nitrogen awsphere with a heating rate of 10 C rhithe temperature was first

decreased from 2UC to -140°C, then the temperature was increased to°2Z00

3.2.3 Results and discussion

To prepare the polymer solution without entanglement, the concentratiorvasiasl from
0.01wt.% to 10wt.%. The surface tension of the polymer solutions did not change over the range
of concentration, indicating that tipelystyrene was well dissolved in both solvents (DMF and
chloroform). Figure 3.2.2a) Additionally, the hydrdynamic radius of the polymer chains in the

two solvents lightly decreased with the increase of concentrakiguré 3.2.2b)
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Figure 3.2.2 Characterization of polymer solution@) surface tension and) hydrodynamic
radius at differentoncentrations of polystyrene in chloroform (CEGind dmethylformamide
(DMF).

In order to knowwhenentanglemerst are formed ithe polystyrene in solution, the viscogibf
polymer solutionsat different polymer concentrationgas measuredFigure 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 concentnait however, atigher concentration, the viscosity
increasd more steeplyvith increasd concentratios. The cros®ver between those two regimes
occurred at the critical entanglement concentration (C*). Above&ymer chaingreentangle

in solutiors.

Figure 3.2.3 shows that in DMF, Wwen thepolystyrene concentrationaslower than0.5wt.%,

the increasef viscositydisplay a relatively small slope becautieere were nentanglemerst
betweerpolymerchains insolutionsin that concentration rangdowever, 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 thé @as determined as 0.95 wt.%. In the case of polystyrene

solution in chloroform, th€* was 0.4 wt.%.

a) 10— ——r——rry B} 1000
E PS in CHCl4 ] E PS in DMF

100 - 100 |

10 | 10 |

Viscosity (cP)
|
Viscosity (cP)

r {C* ~0.95% T

0.1 ; 0.1 sl "“‘él R T

0.01 0.1 1 10 0.01 0.1 i 10
Conc. (wt %) Conc. (wt %)

Figure 3.2.3 Viscosity as a function of polymer concentratiofag.polystyrenesolutionin DMF.
(b) polystyrenesolutionsin chloroform

In the dectrosprayingprocess, thdropletsform only when the surfacghargeof polymer solution
overcomes the surface w@on forceleadng to fission of the droplet. The charge and size of the
droplet can be easily controlled to some extent by adjustindawerdte and voltage applied to

the nozzleDuring electrosprayingit is important to controlhe applied voltage arttieflow rate

of the suspension. Thoaee criticalfactorsto theformation ofa stable jeto produe@homogeneus

and reproducibl@angarticles?* 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 afefhus, jet formation duringlectrospraying with various
voltage and flow rate were observed by microscopiygh the polystyrene solution in DMF, a low
voltage of 12.5 kV was insufficient to create the enough potential andaffghmear the nozzle

The dropletwas only elongatindpy the electrical currenivhen it left the nozzle, resulting in a
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discontinuous flowAt 15 kV, formation of astable jetwas observed and the jet was breaking in
droplets downstream. At higher voltages, the number of charges at the surface of the s®vent w
solarge that multiple points of instability were observ@edgure 3.2.4a) Similarto the variation

of flow rate, the stable jet can lodtainedonly when theflow rate was 1.3nL-ht. Although
different flow rates can form the multipjet, they wouldcause the inhomogeneous distribution of
droplets and final nanoparticles the substrateAdditionally, instabilities were observed when

the flow rate of the solution was decreasedncreased(Figure 3.2.4) Therefore, he optimal

applied voltage anflow ratefor forming a stable jes 15 kV and 1.5mL-h?, respectively.

a) Variation of applied voltage

g VvV ¥ w°

|

[}
'

1.5 mL-h?

— — — —

12.5 kV 15 kV 20 kv 25 kv

b) Variation of flow rate
| ‘ “

15 kv

— = = | e

0.5 mL-h*! 1.0 mL-h? 1.5 mL-h? 2.0 mL-h?!

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 tspbéaghvideo.
Videos were taken at the beginning of fgtale bar = 50QAm.
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Electrospraying of polymer solutions bel@#, nearC*, and aboveC* was carried out. The choice

of solvent and the polymer concentrationsolution were both critical in obtaining different
morphologiesEigure 3.2.5). In both DMF and chloroform,anofibers (diameter of fibers above
100nm) were obtained athe concentratioraboveC* (2.3wt.% andl1 wt.%, respectively). At
intermediated concentration ne@¥, 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 wigtd for the electrospragrying of DMF

solutions.

Chloroform

DMF

Figure 3.2.5 SEM image of the electrospayed polystyrenierocapsuls andmicro/submicre
fibers for solution 0D.07wt.% (a), 0.3wt.% (b), andL.0wt.% (c) in chloroform. Ectrospayed
polystyrene nanmarticles and nanofibers for solution &i.% (d), 0.5wt.% (€), and 2.3wt.% (f)
in DMF. Scale bar = Irm.

The differences of the obtained structures could be attributed to a combination of the state of the

polymer in solution and the physical propestief the solution. AboveC*, because of the

67



Chapter 3.2 Disentangled Sing&hain Nanoparticles

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 viscoiy 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 ntnatien, close

to C*, the system was in a transition state and a mixture of structures was observed by microscopy.

a)

> C* _ c*l < C*

b) <) . d)

™ e e

| ’
I ’
! ’
[ ’
1|

Figure 3.2.6 Snapshot images of electrospraying procpsl/étyrenen DMF) obtained by tgh-
speed video. Videos were tak@) 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 gri00he scale bar of insect

is 100pm.

To study the behavior of the jet of polymer solution during the elsgirming/spraying process,
a highspeed camera was used to monitor the polymer solution in flabure 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 obsatvAt high concentrations, one single jet whipping
back and forth was observed, in agreement with the formation of long fiigts€ 3.2.6b). In

the intermediate regime, the formation of a broken beaded jet was obdeiya® 3.2.6c). At

low polymer oncentration, electrospraying was observeéigyre 3.2.6d). Within the first few
millimeters from the tip of the needlne jet quickly broke down in smaller droplets. The size of
the droplets formed during the electrospraying of the chloroform solutarn2Q- 50 um) can
explain the size of the polymer capsules obtained (e25um). The same was not true for the

electrospraying of polystyrene solution in DMHAdure 3.2.7).

7541 @ Chloroform

@ DMF
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Feeding rate (mL/h)
Figure 3.2.7 Average diameter of #flight droplets with differentfeeding rates during the

electrospraying by using chloroform and DMF as solvahfibkV .

The electrospraying of dilute solutions of polystyrene in DMF lead to the formation of droplets of
ca. 1015um, but interestingly, particles of ca. 20 nm were exikd at the end of the drying
process. A droplet of a 0.1 wt% solution of polystyrene in DMF with an initial diameterpohl0
would contain ca. 0.5 picograms of polymer. By assuming that the density of disentangled

polystyrene to be 1.04 g3, 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 can@.Fhis is much larger than
the size of the nanoparticles obtained (can). However, the droplets of DMF could undergo a
secondary splitting Hilight, and this phenomenon likely occurred too latdlight for being

observable with the current expegntal setup.

In electrospraying, droplets can undergo secondary splaying or spiitigch splaying effect

might causelte initial microdroplets to split into nanometer size dropletlight. The parent
droplet can split due to Coulombic fission when the electrostatic repulsion surpasses the surface
tension?* Coulombic fission occurs during the transport of the droflefsre the collection
because the evaporation of the solvent from the drdeletsto anincrease irthe concentration

of chargson the surfacé* The effect of this increase in the number of charge per units of surface
area depends on the conductivitnd dielectric constant of the solvent. Tieéative 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
destabilizatbn of the droplet surface than in chloroform. The 20 nm nanoparticles obtained during
the electrospraying of the DMF polymer solution could be attributed to tfighinsecondary
splaying of the droplets caused by Coulombic fission. This is consisténtheituse of DMF in
electrospraying and electrospinning to increase the conductivity and dielectric strength of polymer

solution to produce thinner fiber and smaller partiées.

The morphology of the resulting nanoparticles was analyzed by TEM and thENgjze of the
nanoparticles formed by the electrospraying of a wA.% solution of polystyrene
(Mn=1.1x1¢ Da) in DMF was 2@ 5nm (Figure 3.2.8a-b). This result was compatible with

theoretical calculation predicting that a disentangled polystyream ©f 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.
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e PS Nanoparticles
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Figure 3.2.8 SEM (a) and TEM (b)image ofobtainedpolystyrenenanoparticles from 0.t.%
polymer solution in DMF. (c)Thermogravimetric analysis curves @olystyrene bulk,

nanoparticlesind nanofibers.

Further evidence of the disentanglement of the polymer chains in the polystyrene naesparticl
was obtained by calorimetryFigure 3.2.89. The glass transition temperatur@g)( of the
nanofibers and nanoparticles was determineditfgrential scanning calorimetryrigure 3.2.8c

shows the thermal behavior of bulolystyrene polystyrene nanofikers, andpolystyrene
nanoparticles. Th@y of polystyrene in bulk was 10T and it was similar to the polystyrene
nanofibers (109C). However, theély of electrosprayed nanoparticles was°@8 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 expersmgthbe performed at a temperature above

Ty 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 weidt € 1.1x10° g-molt) 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 siofghin 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 @8 °C. The decrease iy 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

processg of polymer in the industry.

72



Chapter 3.3 Wound Dressings Materials

3.3 Fibrous nanozyme dressings w#h catalaselike activity for H 202 reduction to promote

wound healing®

Chapter 3.2 showed howlectrosprayingcan beused 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 tegare nanofiber. This techniqumlled electrospinningan

be used to prepare complex hybrid matehmathis chapter, the electrospinning technique has been
used to assemble e ma t 4Fe&Q8) nanadparticleswithin the polymer fibersThe hematite
nanoparticles show cataladike activity by reducing KO and producing @ Such catalaskke

function is helpful for improving the wound healing process, which requires decreasing the amount
of H.Oz and sufficient Q. Therefore, hematite nanozyme particles were integrated into electrospun
and crosdinked poly(vinyl alcohol) membranes. Within the cieaimpound membrane, the
polymeric mesh provides a porous scaffold with high water permeability and the nanozymes acts
as a catalystto efficiently convert HO: into O.. The proliferation of fibroblasts at a-€:
concentration of 5QM showed large differences when comparing the growth with and without
application of the nanozyme dressing. Thus, application of the nanozyessindy can
significantly reduce the harmful effect of highes@4 concentrations. The described catalytic

membranes could be used in the future to provide an improved environment for cell proliferation

AThis chapter is based on the article:

M. Hu, K. Korschelt, P. Daniel, K. Landfester, W. Tremel, M. B. BannwdilbrousNanozyme
Dressings withCatalaselike Activity for H20. Reduction to Promote Woundelling ACS
Applied Materials and Interfaces2017, 9 (43), 3802438031 Reproduced permission from
copyright 2017 American Chemical Society.

Author contributions: M.H., K.K., P.D., W.T., and M.B.B. designed thgperiments P.D.
synthesized the hematite nanoparticles and did relevant characterizations. M.H. fabricated the
electrospun membranes and diterant 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 manusdvipi., K.K., and P.D. contributed equally in this
projed. 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.

3.31 Introduction

Wound dressingsan accelerate and improve the wound healing prot¥sBhey provide an
environment that adlws oxygen prmeation, maintainsoisture dbr materials diffusion, prevents
infection, and promotes tissue formatfidhTwo important key metabolites involved in the leg
process are the redgair hydrogen peroxide (#D2) and oxygen (&). While a highconcentration
of H.O; causes a delayed healivig preventing the connective tissue formaff8hO, can helpto
improve the healing efficien&? Thereforethe wound healing procesan bgoromoted by down
regulating HO; levels and increasin@: levels?*® A contemptuous adjustment ob® and Q
concentrations can be achieved by catalytic conversiohl>66 into H.O and Q through

enzymatic catalysis witbatalase, a naturally occurring enzyme.

The production of catalase can be achieved by directhasist or extraction from natural
systemg*! Such a production process is however accompéayétgh production costs and the
natural enzyme is highly sensitive to changes in environmental conditions and possesses a short
biological halflife.?*2 Hence, ecent research has focused on the replacement of natural enzymes
by synthesizing artificial compounds,-salled enzyme mimics, which can imitate the catalytic
behavior of natural enzymé&:2*4To the present day various enzyménics have been reported

such as metal complex&8;?*¢ supramolecular chemistd/ and inorganic nanoparticles
(NPs)?48:24° The use of inorganic NPs as enzyme mimics comprises the advantages of cost
efficiency and much higher stability than their natural counterpdrile posgssing comparable

sizes?41:242.250n gddition, the saalled 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 commpfeature only one active centét:?51:252

Recently, different classes of nanozymes have been reported to reduce the concentration of
H20,.2°3 Among them, hematite NPs show a cataldseactivity and have been used to convert
H.02 to H,0.2%3?%H e ma t iF&@s) is(aWealky magnetic anchighly stable iron (lIl) oxide,

which is stablewith respectto corrosion nontoxic, and many simple lowost synthetic
procedureshave beendescribed Templateassisted synthesrS, forced hydrolysi®’, sotgel
method$®® and hydrothermal roe$**® in aqueous solution even without organic surfactants and

in large quantitiegre viable routesThis makes hematite an excellent material for applications in

wound treatment to mimic catalase and redug@:ldoncentations.

Integration of iron oxide nanoparticles in nanofibrous membranes can be achieved by either
directly assembling the magnetic particles under an external magne#ef&idr electrospinning

the particles together with a templating polyrffér®* Electrospinning®>2?%” or pressurized
gyration proces88can be used to fabricate nanofiber mats for wound dressings. Recently, portable
electrospinning devicé¥?’®have been used for in situ producing wound dressing materials. The
high surfaceo-volume ratio and porosity of the electrospun membraxieibie a promising water
absorption ability to meet thequirement obtrongoxygen permeatioff Additionally, the high
surface area membranes are ideal as heterogeneous catalf/Stdowever, acatalytically active
membrane that can regulate®4 and Q levels to improve the wound environment could not be

achieved to date.

In this chapteran electrospun hybrid nanofibrous mateasdiressingor wound healingwith a
high porosity, wetthility and theability to simultaneously decrease thegd4and increase thexO

concentratiorhas been presentefls shown inFigure 3.3.1, a plyvinyl alcohol (PVA)solution
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and a suspension of hematite nanoparticles were ntixetectrospin the nanozyme containing
nanofibers. PVAfibers was used as the scaffold material and the hematite nanoparticles were
implementedhsthecatalytic moietiesAfter electrospnning and crosslinkinghe watempermeable

PVA gel possesses a higiorosity and good wettability. The encapsulated hematitewvs
catalasdike activity by reducing the amount df.O> and producingO.. When incubating
fibroblasts at critically highH-O> concentrations, the catalytically active membrane efficiently
reduce theH>0O, concentration and enables good cell proliferation. Thanks to this caliglase

activity, thehybrid nanofibrougiel can be used for improving the wound healing process.

Electrospinning

Hematite nanoparticles

in polymer solution
poY Nanofibrous gel

with Catalase-like activity

-
-
-

-
-
-
-
-
-
-
-
-
-

Improved fibroblast cells grow

Figure 3.31 Schematidllustration of the fabrication procedure bematite nanofibrous gelga
electrospinningand their use as catalase mimics to conveytirogen peroxidénto water and
oxygen to yield an improved fibroblast growth.
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3.32 Experimental

Chemicals

FeCkt6H,O andtetrahydrofuran(THF) were purchaseddm Acros Organics (Fisher Scientific),
KH2POy was purchased from Sigma Aldrich (GermarBglyvinyl alcohol (PVA, Polysciences
Inc., My = 125000 g-mot), glutaraldehyde (GA, Merck KGaA, 50% aqueous solution), and
hydrochloric acid (HCI, Sigmaldrich, 37wt.%, AR grade)wereused for electrospinning and

crosslinking
Nanoparticle synthesis

20 mmol FeCk and 0.4 mmolKH2PQ; were added to L of water (MilliQ) to form a clear
yellowish solution that was magnetically stirred and heated under reflux fbr Ti2e resulting
brown, turbid dispeien was then filtered through al3um syringe filter CME, Roth Germanly
Portions of 20nL were precipitated using THF (volume ratio 1:2) and collected by centrifugation.
The brown powder was dried at 70 in air. Soltions for electrospinning experiments ofv%,
15wt.% and 25nvt.% were prepared by dispersihgmatite nanopowder in water (MilliQ) by

sonicated for 20 min.
Electrospinning and croslinking

The different concentrations of hematite nanoparticle dispesgbwt.%, 15wt.% and 25nt.%)

were combined with the 1wt.% PVA solution at a ratio of 1:2 for a total polymer concentration
of 10wt.% and mixedoy mechanical stirring through vortex until a homogenous dispersion was
obtained. The resulting dispersiavas filled into a 1 mL syringe and electrospun a23%
relative humidity and room temperature onto an aluminum foil supportni2@istance,

0.3mL - h'l feed rate, 0.8 mm tip diameter, +18 ank\). During the electrospinning, a TEM
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grid was usedo collect samples for TEM measurement. Afterward, the electrospun mats were
reacted with 1 mL of 5&t.% glutaraldehyde (GA) and 20L o Wt.% 3l in a vacuum oven.

The acetal bridges can be formed between aldehyde groups of GA and the hydroxylo§roups
PVA. HCIl was the catalyst for this crosslinking reaction. Afterward, the crosslinked nanofibrous

mats were put in the fume hood for 240 evaporate the unreacted GA and HCI.
Wettability and water stability of crosmked electrospun mats

The wettability ofthe PVA mats wasneasuredon astatic contact angle measuring system
equipped with a side camera (IDS uEye camera) and a goniofmetesst the water stability of

the PVA mats, the mats were immersed in water for 1 h and transfermetthentume hood to
evaporate excess water overnight. The morphology of the PVA mats before and after water

immersion vasobserved by scanning electron microscopy (SHNachi SU8000, Japan

Tests for catalytic activity

To measure catalytic activiies epium(lll) chloride hexahydrate and -(BI-
morpholino)propanesulfonic acid (MOPS) sodium salt (98%) from Alfa Aesar, tetracycline
hydrochloride, catalase enzyme (3EID0U-mg?) and hydrogen peroxide $B;) from Sigma
Aldrich were used. All chemicals wenesed without further purification and reactions were
conducted with MilliQ water. The catalabke activity of the tested materialgasinvestigated
similarly to the fluorescence assay reported by Wu &*dlhe 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 temperaturieotled @5 °C) 96 well

plate reader. In free wellghe fluorescently active EuTldP complex was generated by mixing

65uL EuTc solutim, 20 uL H20; solution (5mmol-L'Y) and 165.L MOPS buffer solution

78



Chapter 3.3 Wound Dressings Materials

(L0 mmol-LY) The detailed step is describedfaowed:

A) MOPS buffer solution (1éhmol-L™Y): 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) EuCk solution (6.3 mmoL™ of EL?"): 115.3 mg of EuGIs H,0 were dissolved in 501L
of A)

C) Tetracycline hydrochloride solution (2.1 mmof): 50.5mg of tetracycline hydrochloride
were dissolved in 5L of A)

D) EuTc solution: 5 mL of solution B) andrBL C) were mixed and filled up to S8L 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 nativecatalase (0.ing-mL?') was usedThe mixture was incubated a6 °C for

10min. To start the reaction, the EWH® solution was added to the fiber containing wells. The
reaction process was observed fomiih based on the decrease of fluorescence inyediintrol

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 separatigiytiyO. at 50uM for 10 min in the shaking

bed. Then the membranes angDkIsolutions were mixed with the fibroblast cell line NE3

for overnight incubation. After 1B incubation, the cells were washed wathhosphatéuffered

saline solution and dathed from the culture vessel with 2.5% trypsin (Gibco, Germany). Before
measuring on the CyFlow ML cytometer (Partec, Germany), the cells were stained with &50
propidium iodide solution (diluted iphosphatebuffered salinesolution to a final concdration

of 2.0 ug-mL™Y) to assess the ceflability. To compare the significant difference between different
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samples, an unpaired studenttest assuming equal variances was performed. Calculated p values

were considered to be significant for *®0<05, **p < 0.01, ***p < 0.001.
Characterizatios

Plate readerPlate reader measurements were conducted using an Infinite 200 Pro Plate reader
from TECAN. Additionally flat bottom 96 well plates black from Greiner {woe were used for

the catalase assalhe excitation filter was set to 485 and the emission filter to 620n.

Electron microscopy (EM)The morphology of the PVA meshe&sobserved by transmission
electron microscopy (TEM; JEOL JEM1400, Japanyl scanning electron microscopy (SEM,;
Hitachi SUB000, JapanThe PVA meshes were electrospun on ad@3h 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 crystatwin objective and a U000 CCD camera from Gatan (Pleasanton, USA).
For sample preparatiothe particles weralispersd in water or ethanol and one drop of the

dispersion was dried on a carbon coated cogpés.

The size of nanofibers was obtained dyalyzing SEM images of electrospun samples with
IMAGE J software. Each sample was measured 100 times to calculate the average number and

standard deviation.

Fouriertransform infrared spectroscopy (FTIR)Jhe functional groups of csslinked PVA
meshes were measured by Fourinansform infrared spectroscopy (FTIR)the400- 4000cm?

range 20mg ofthe individualsamples weremixed with KBr powder to make a pellet.
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Powder Xray diffraction (XRD) The crystal structurand the crystallinityvereanalyzedna D8
Advancediffractometer equipped with SotX energy dispersive detectosingmo | ybdenum KU
radiation &= 0.72A). The nanoparticle powder was dispersed on a stbtieipe(which causes

a broad refletion atlow Bragg angles)

Thermograimetry (TGA). Thermogravimetric measurements of the nanoparticles were
performedona Pyris TGA 6 with nitrogen atmosphere in a corundum crucible at a heating rate of
5°C-min? for functionalized particles from 50 to 760G after 20 min at 56C. At 700°C the

temperature was held for 1 min.

3.3.3 Results and discussion

Spindleshaped nanoparticles were prepared by forced hydrolysis of ferric chloride irf¥ater
The solution was refluxed for three days in the presenaatafytic amounts of KPQw. The
resulting particles were not coated with a surfactant layer, and astad@lized in water, allowing

a direct and unhindered accessibility for substrate molecules to the catalytically active particle
surface High solid contents of the particlesm aqueus PVA solution wereachieved by

centrifugation.

Analysis of the shape and morphology of the iron oxide nanoparticles was performed by
transmission electron microsgpTEM, Figure 3.32). The nanoparticles have amisotropic
shape(Figure 3.32a-b), andtheir aspectatio was determined from the TEM images to be
approximately 5:XFigure 3.32c). The patrticles artighly crystalline aseen from thelectron
diffraction pattern(Figure 3.32d). Powder XRD analysis revealed the phase of the particles to b

p u r-EeO hematite).
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Figure 3.32. TEM pictures ofU-Fe0Os spindleshaped particles (scabar is 200hm and 1001m
in a) and b) respectively. Size distribution of long and short @ixiee particles as determined

from TEM imagegc). All reflectionsof the powder XRD pattern can be assigned to hematite (d).

To integrate the hematite nanoparticles in-maven fabric mats, they wesdectrospuriogether

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 fibergFigure 3.33a-d). The Fematite nanoparticlesere oriented in the fiber
axis-direction after the electrospinning proceasthout loadirg the nanopatrticles, the size of the

fiber is 299 + 341m. When the loading amount of the hematite nanopatrticles increased, the
viscosity of the electrospun solution increased. It resulted in producing thicker fiber (the average
size of nanofibers is 30533 nm, 351 + 4Inm, and 412 + 6Am, respectively). After washing

away loosely bound nanoparticles and cilodgng, the concentrations of the PVA mats were

determined by TGARigure 3.3.3e). With increasing amounts of hematit@noparticles, the color
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of the electrospun matsurns from light to darker browfinset photosn Figure 3.33). To
determinethe particle loadingnsidethe crosdinked PVA fibers, themassloss in TGA heating
curves up to/r00°C was used from each sample and normalized between 0 and 100% for pure
PVA and purenanoparticlesiespectively. All samples sh@dsimilar behavior whetheyheated

under nitrogenA small weight loss Hew 250°C could be observed, which correspondghe
evaporation of water. Thmajor massloss for allsamples was observebetween 250C and
450°C, which can becorrelated to the decomposition and evaporation of most of the PVA. After
that the mass is still constantly decrems which may be explained l remmants of the

decomposition products that evaperat

100 N b
55 100% 2
o
® 3
~ ’ o
* O PureNP =%
@ % 3

O High

%50- ol
= © Medium =
= =
= 3
2 O Low 5
o
Pure x 0% :

0 r r —
PVA 250 500 750 ES

Temperature / °C

Figure 3.33. Characterization of hematite/PVAanofibrous matsTEM imagesof the PVA
nanofibers loaddwith 0% (a), 19% (b), 58% (c), 71% (d) of hematite nanopart{siesle bar =
1 um) andthe corresponding photographs tbhie PVA mats (insets) TGA (e) curve of the

nanoparticles and the crosslinked PVA mats with different nanoparticle loading.
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In order to apply the PVA matas wound dressing they were covalentlgrosslinked after
electospinning to retain the structural integrity of the fibersamaqueous environmento
demonstrate the stability of the crdstked fibers towards water treatment, scanning electron
microscopy (SEM) images of the crdssked fibers before Rigure 3.34a) and after
(Figure 3.34b) 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 higlporosity, which is ideafor wound dressing aterials

c) 7/
== Pure NP == High == Medium == Low Pure PVA
(%)
S 535cm?
€ 479 cm’]
AR o 20
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_\/\/ W
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Figure 3.34 Characterization of crodmked hematite/PVAanofibrous matsSEM imags of the
PVA matcontaining71% of hematite nanoparticlbefore(a) and after (b) water immersioRTIR
spectra of crosbnked PVA matscontainingdifferent amourg of hematite nanoparticle)(

Dynamic wettability of the PVA matontaining71% of hematite nanoparticled)
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The permanent entrapment of the hematite particles within the fibers after washing was
investigated by TIR speatoscopy Figure 3.34c). Therefore, pure hematite nanoparticles, pure
PVA fibers and hybrids of both with varying ratios were investigated. The appearatite of
characteristic bands for hematite at 4#®* and 535cm* corresponding to the F@ vibratiorf

in all hematite/PVA fiber samples confirm#te permanenembednentof the particles inside the

PVA fibers The PVA component of the fibers is representedbiaypdsat 1095cm? (C-O-C
vibrations of aldehyde crosslinked PVA) as well as at 1#8% (C-H bendingvibrationy’.
Furthermore, thevettability ofthecrosslinked PVA mats was tested by adding a water droplet on
the membrane surfacd3ue to the good wettability of the PVA membrane \iager droplet ould

spread completely on the PVA mwithin 20s (Figure 3.34d andFigure 3.35).

a) = b) = c) :
20s 20s 20s

Figure 3.35 Dynamic wettability of the crosslinked PVA mat containing 0% (a), 19% (b), and

58% (c) of hematite nanoparticles

The enzymdike activity of hematite PVA fiber meshes was investigated with a europium
tetracyline (EuTc) based fluorescence catalase a€éayhile EuTc alone is not fluorescent,

H202 binding to the metal center leads to a strong increase of the fluorescence inkagsity (
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3.36a). The fluorescent europium tetracycline hydrogen peroxide complex {HBT complex
is formed by incubating EuTc anc®; for several minutes. A decomposition of®4 rapidly
shifts the equilibrium between the complexes E#iR-and EuTcEquation 3.31). Thus, it is
possible to directly monitor the reduction of thgllevel based on the change of the fluorescence

intensity.2’

EuTc+ HO22z E uHPc(3.31)

To investigate a catalasige activity of the hematite fiber meshes, they were placed in a 96 well
plate and treated with an EWHP solution in 3(N-morpholino)propanesulfonic acid (MOPS)
buffer. The bange of the fluorescence intensity at 620 (withasx=405nm) was monitored over

a period of 10min. Control measurements were conducted using the hematite NPs and the native
catalase enzyme. Comparison of the fluorescence spectra of EuTc antiEdémonstrate the

effect of BO> binding to the EuTc compleXri{gure 3.36a). In the presence of native catalase

the present kD, was decomposed, which resulted in the expected decrease of fluorescence
intensity Figure 3.36b). A similar behavior could bebserved for hematite NPs. Variation of the
particle concentration led to a decrease of the fluorescence inténgitye(3.36c). Based on the
determined cataladike activity of the hematite NPs the catalytic activity of hematite PVA fiber
meshes waswestigated. While pure PVA fibers without NPs exhibited no significant effect, the
iron oxide loaded fibers showed lower>®1 levels with increasing hematite loading,
demonstrating the use of the nanozyimdéiber meshes as catalase mimics for the deg@daf

H20:> (Figure 3.3.61).
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Figure 3.3.6 (a) Fluorescence spectra of EuTc and EWR recorded withasx=405nm.
Decomposition of b, catalyzed byb) native catalasé€c) hematite NPsand(d) hemdite loaded
PVA fiber meshegobserved with th8uorescence signal at 606n of EuTeHP).

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 decomposidn of HO.. With the highest hematite loading of the hematite PVA fiber
meshes, a reduction of the fluorescence intensity down to 9réfdted to 100% contrelwas
achieved. To demonstrate the catalldseactivity, the decomposition products wereastigated.
Elemental oxygen was found to be one of the key reaction prodeigisré 3.3.7¢). With
increasing hematite loading, higher formaticates of oxygen were observed, which is in

agreement with theelermined catalytic activities.
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Figure 3.3.7 Analysis of the catalytic activity and the resulting produdi€, level after a reaction

time of 5 minin the sample solutioirs shown for(a) hematite NPs an¢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 chitalase
reaction, was monitored using an oxygen sensitive electrode. Increasing hematitgslshdin
higher formation rates of oxygeful) Hematite PVA fibers protect cells against cell death triggered
by extensive KO- levels. Control measurements conducted without hematite PVA fibers, or pure
PVA fibers exhibit no cell protection. n. s. is nagrsficanty different. *p < 0.05, **p < 0.01,

***n < 0.001.

To further investigate theJ@. conversion ability of hematite PVA fibers in bapplicatiors. The
fibroblast cells were used asvitro model. All the cells were died after overnight culturimigen
50 uM of HO, was applied into cell media, indicating that such concentration,©f ¢huses

apoptosis of fibroblast cells. However, more than 90% of the cells were survived when the PVA
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fibers with hematite nanoparticles were cultured togetherMd@ in cell media. It showed that
the hematite PVA fibers were able to mediate th®Jttoncentration to the netoxic level

(Figure 3.3.7d).

3.34 Conclusion

In summary, the fabrication and use of an electrospun nanofibrous memitraadigh porosity,
wettability and thecatalytic capabilityto simultaneouslylecrease thel,O; and increase theO
levelwas demonstrated herefore, hematite nanozymes were integrated in various concentrations
into PVA membranesia electrospinningTo retain the fiber scaffold in the presence of water, the
membrane was cros$isked to form a stable fibrous gel. After crdgking, the membrane showed

high water permeability and hence, provided a good accessibility of hydrophilic compounds to the
emleddedhematite narnmyme particles The encapsulatedematiteshowed a high cataladi&e

activity and quickly converteH>O; into O2. When incubating fibroblasts at critically highO>
concentrations, the catalytically active membrane efficiently redinegd.O, concentration and
enabled undiminished cell proliferation. Thanks to this catdikseactivity, the hybrid

nanofibrouggel could be used for improving the wound healing process.

89



Chapter 3.3 Wound Dressings Materials

90



Chapter 3.4 AntBiofouling Materials

3.4Nanozymes in mnofibrous matswith haloperoxidaselike activity to combat biofouling®

In theprevious chapteelectrospinnindhas been used to assemble hematites nanoparticles within
the polymer fibers and keep their catalytic activity in the electrospun polymer Hoatever,a

variety of functional nanoparticle could be included inslke ianofibers to produ@n array of
functional materials. For exampl# many environments the polymer nanofibprepared by
electrospinning suffer from biofouling during lotgrm usage, resulting in persistent infections

and device damagtn this chapterthe fabrication of polymer mats with Ceg(hanorods that can
prevent biofouling in aqueous environmasitdescribed The embedded Ce@nanorods are
functional mimics of natutenaloperoxidases that catalyze the oxidative bromination 'obBd

H20-to HOBr. The generated HOBFr, a natural signaling molecule, disrupted the bacterial quorum
sensing,a critical step in biofilm formation. The polymer fibers provide porous strucititdsgi

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 polymist asashown by a singféer bending

test using atomic force microscogdy.can beenvisiored that the fabricated polymer mats with
CeQ.x nanorods may be used to provide mechanically robust coatings and membranes-with anti

biofouling properties.

AThis chapter is based dmearticle:

M. Hu, K. Korschelt, M. Viel, N. Wiesmann, M. Kappl, J. Brieger, K. Landfester, H. Thérien
Aubin, W. Tremel Nanozymes inNanofibrousMats with Haloperoxidasé.ike Activity to
Combat Biofouling. ACS Appked Materals and Interfaces 2018, accepted, doi
10.1021/acsami.8b163072018 Reproducegermission from apyright 208 American Chemical
Society.

Author contributions: M.H., K.K., M.V., NW., M.K., J.B.,H.T.-A., andW.T. designed the
experiments K.K. synthesized theeriananoparticles and did relevant characterizations. M.H.
fabricated the electrospun membranes and did relevant characterizskignslid the catalytic
measurements of fabricated membramedV. did the bacterial test. M.K. did theFM. M.H.,
K.K.,, M.V, M.K,, H.T.-A,, and W.T. analyzed the dafdl authorsdiscussed the results and wrote
the manuscriptM.H., K.K., and M.V. contributed equally in this project. HA. and W.T.
supervised the project.
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3.4.1 Introduction

Recently, iomimetic strategies have been developed to replicate the role of natural enzymes, and
a variety of nanozymes inorganic nanopartickeased artificial enzymeis have been prepared

and displayed an array of functions depending on the chemical compé%ifiiseveral of those
nanozymes have shown an unmatched potential to reduce biofg&fiffyHowever, the key
challenge remains to formulate those inorganic nanopatrticles into functional, versatile and easy to
use materials. Electrospinning has beamshto be an efficient, practical and scalable method to
prepare robust hybrid materials including of polymer and nanoz$fthasd could be beneficial

to the formulation of hybrid materials with aiiofouling nanozymes.

Electrospinning is scalable angersatiletechnique to obtain nanofibrous materials with variable
porous structures and controllable fiber diamet&383Electrospinning of polymer and polymer
hybrids has already been implemented in -tolioll processed®* and other industrial
processe$5%8 for the formation of seltanding fibers and mat as well as coatingse
nanofibrous materials can be further functionalized and mechanically enhanced by integrating
naneobjects, e.g. nanoparticles and nanocapsules, during or after th&osganing
procesg8’:288 Additionally, the electrospun nanofibers can orderly arrange into hierarchical
structures by controlling their alignmefit. These attributes make electrospun nanofibers
attractive for applicationsuch astissue engineeringf®2°? wound healing®?°® and water
purification2®* Furthermore, electrospun fibers can be used either in their fibrous state or as

coatings, seltanding mats or membrariéd2°®

Biofouling is a critical phenomenon, especially when the materialsised in an environment
containing microorganisms. Biofouling is the nonspecific surface adhesion of microorg&tisms.

This can be detrimental to the performance of the materials and reduce the efficiency of
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membrane$®® leading to corrosion on metallgurface$® and bacterial infections on implanted
medical device$? Cleaning the nanofibrous surfaces to remove the adhered layer is difficult and
sometimes is even impossible. Thus, it is essential to develop surfaces ti@tsarsceptible to

biofouling.

In the last decade, many strategies have been developed to reduce or avoid bacterial*&dhesion.
A number of antimicrobial or antibiotic compounds have been integrated into electrospun mats to
release toxic agents into aqueous environments tdkibtirrounding bacter?822%This strategy

is highly efficient but will lead to the development of antibietsistant bacteria straif¥ As an
alternative, silver nanoparticles have been widely used as antibacterial compounds. These
nanoparticles aaform on the nanofiber surface by posaction after electrospinning, or be
embedded into the electrospun fib&s2°®A problem common to the use of silver nanoparticles

or antibiotics is the decrease of the antifouling activity due to the relefise aftive 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 coaitd awitterionic polymers are known to suppress

nonspecific protein adsorption and bacterial adhe$foii®

Another alternative in creating afitiuling surfaces is to draw inspiration from nature. For
example, seaweeds have developed a unique chentiggdgy against biofouling. Seaweeds
secrete a group of enzymes, the vanadium haloperoxidases, that catalyze the oxidation of halides
(CI' and Bt) with hydrogen peroxide () to form hypohalous acids (HOCI and HOB}j31°

The presence of hypohalousdxcis 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

seaveeds’!!

Vanadium and cerium based nanomaterials have shown great potential to mimic the activity of
haloperoxidase to reduced biofouling to produce material withZiemy stability in harsh
environmentg/"?’® Several nanozymes are promised to préuagn biofouling in marine
environmentg/® For example, vanadium pentoxide nanowires were able to catalyze the oxidation
of Br to HOBr in presence of #..3!? Similarly, cerium oxide nanorods displaying
haloperoxidasdike activity have been used to prepare-sntifouling coating£8® Such nanozyme
displayed a sustained and letggm activity to produce enough hypohalous acids to prevent
biofouling in aqueousenvironments 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 hydrogén peroxi
naturally present in fresh wat&€f?8® 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 walredsing’*>*'* Additionally, the nanoceria is

generally considered as a biologically benign matéti&f®

Furthermore, the catalytic activity and stability of nanozymes can be preserved by immobilizing
them into polymer materials. Compared with nanozyme digpeys polymerembedded
nanozymes are more convenient for handling, continuous processing, and avoiding product
contamination. The main supporting materials for nanozymes are mictbgaistatorganic
frameworks®'® and nanofibrous materia®'*® 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 nanopartickewithin polymer nanofibrous mats catalyze the reaction-of 4
nitrophenol to 4aminophenol over multiple cyc8and electrospun E®4 nanofibers showed a
better peroxidaskke catalytic activity than commercial §& nanoparticles?' Recently,
electropun PVA mats with hematite nanoparticles showed the catliftasactivity. These hybrid

mats can be used as a wound dressing material to regulat&heoiHcentration in wound sité%:

Here, Ce@x nanorods (NRs) were electrospun with polyvinyl alcolf®dVA) to fabricate free
standing nanofibrous mats. After crosslinking, the wategllable PVA mats embedding CeO

NRs mimicked the haloperoxidase activity in aqueous media. The activity of the €eBedded

in the PVA fibers was quantified by theolbmination 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 &md HO, to HOB, like natural haloperoxidase.

To damonstrate the anbiofouling properties of this novel hybrid material, the effect of embedded
CeQ.x NRs on the fouling oE. Coli was studied in an aqueous environment. Thanks to their
haloperoxidasdike activity, PVA/CeQ. such nanofibrous mats aretpotial candidates as new
antibiofouling 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 prepstable materials where the inorganic active
component provides a sustained dotifouling 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 forthe production of analytes able to disrupt bacterial qguorum sensing. Such material

would find application as coatings from the biomadtlieeld to water purification.
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/

CeO,_, nanorods in CeO,,, with haloperoxidase-like Anti-biofouling mat in an
polymer solutions activity in polymer fibers aqueous environment

H,0, + Br-

HOBr

attachments

i. Crosslinking of
polymer fibers

ii. Immersion in an
aqueous environment

Figure 3.41 Fabrication of ceria nanorods (Cg{) nanofibrous mats bglectrospinning. The

hybrid mat can catalyze Bwith H.O, to HOBr to prevent bacterial adhesion on its surface.

3.4.2 Experimental

Material s

Fomblir® Y, cerium(Il) nitrate hexahydrate, sodium hydroxide, phenol red and hydrochloric acid
(HCI, 37 wt.%, AR grade)were purchaseftom SigmaAldrich (Germany),ammonium bromide
wasfrom ABCR GmbH (Germany)hydrogenperoxide solution (3) from Roth(Germany),
polyvinyl alcohol (PVA,Mw = 125000g-mol?) from Polysciences Inandglutaraldehyde (GA,
50% aqueousolution) from Merck KGaAGermany) All synthess, experiments and catalytic

tests were conducteadingMilliQ water (pH = 6.90, 18.Mq )

Synt hesixsapnbr €e ©

Cerium(lll) nitrate hexahydrat€2 mmol) was dissolved in GnL of water under anargon
atmospherelrhen,20 mL of a 6 M NaOH solution were added and the reaction mixture was stirred

for 30min. The mixture was transferred tiee Teflor® inlay of a stainlessteel autoclave. The
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autoclave was placed in an electric oven and heated tl 8324 h. After the natural cooling to
room temperature, the precipitate was isoldtgdentrifugation (9000pm, 10min) and washed

several timewvith water and ethanol. The product was drigd#h in an electric oven @5 °C 322

Electrospinning ad crosslinking of PVA/CeQ@x nanorods composites

Dispersionswith varying concentrationsof nanorodswere prepared bycombinng CeQ.
nanorods suspensiongth a PVA solution toyield a suspension containid§ wt.% of PVA and
CeQ.x nanoroddor electrospinning. An ultrasonic tip was usedlispersehe nanorodsn the
PVA solution (d (tip) = 6 mm; 50% amplitude; § pulse, 5 pause; 3nin). Afterward, the
mixtures were stirred mechanically overnight at 8 toobtaina homogenoudispersionl mL
syringe was filled with the nanord®A mixture The electrospinning process was conducted at
room temperature with a relative humidity of-28% onto an aluminum foil carrigiaced at a
distance of 2@m from thenozzle(diameter:0.8 mm). Thefeedng ratewas0.3mL h' andthe
appliedvoltageswere +18kV and OkV. Fibers without Ce@yx nanorods were prepared under
same conditionsThe fiberswere crosslinked bytreaing the fiberswith 1 mL of a 50wt.%
glutaraldehyde (GA) solution arad uL of a 37Awt.% HCI solution. The crosslinking reaction was
conducted in a vacuum ovenrabm temperature andmbar for 24h. Finally, unreacted GA and
HCl wereremoved bydrying the samples f&4 h at room temperatur&amples for TEM analysis
wereprepared by placing BEM grid (copper 300mesh on the aluminum foil to collect tHéer

samplefor 30s.

Powder Xray diffraction (XRD)

Solid-state analysis of the pure Cehanorods was conducteth a STOE Stadi P (Germany)
diffractometer using the Ag i radiation. The sample was prepared on a perfluoropolyether film

with Fomblir® Y. The data were analyzed with the K¥oftware package from Bruker.
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Swelling ratio of hybrid PVA mats

The water abgption ratio of the hybrid PVA mats was defined as the swelling ratio in this study.
To determine the swelling ratio, the mats were dried &C50nder vacuum overnight. Then the
dried mats were soaked in demineralized water in a mixer (HLC MKR 23, §it@brmany) at

room temperature for 24. 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 fr&quation (3.4.1):

YO QO @ QD 0e—— pmmEB4l
wherew andw are the weights of the swollen and dried samples, respectively. All samples were

triplicate in the experiments.

Contact angleneasurement

Thestatic contact anglef water onPVA fiber meshes asanalyzedusing a goniometer coupled
toan IDS uEye camer&or the measurement b droplets of water were deposited on the mats

surfaces and the contact angle measured aften.1

Morphology of the CeQ@x nanorods and of the hybrid mats

The CeQ.x nanorods were imaged by transmission electron microscopy using a Tecnai G2 Spirit
TEM (FEI, Hilsboro, USA) using Lag&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 wrphology of the PVA mats was analyzed with a JEM1400 transmission electron

microscope (JEOL, Japan) and a SU8000 scanning electron microscope (Hitachi, Japan).

98



Chapter 3.4 AntBiofouling Materials

Thermogravimetry (TGA).

The nanorod content in the PVA mats was determined by thermograviaretysis (TGA). The
measurements were conducted using a MeTidedo TGA/SDTA851 thermebalance (50 to
700°C, heating rate of 8C-min?, nitrogen atmosphere, the sample weight was about 10 mg). To
measure the leakage of the nanoparticles from th& fibers, thermogravimetric analysis was
conducted on samples having been immersed into watévdowveeks and dried overnight in a

vacuum oven.

Youngds modulus of crosslinked fibers deter mi

The Youngo6s ngheofibard was deterfnined 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 SBBMG height calibration standard, Budget
Sensors, Sofia, Bulgaria), which contained regular arrays of square holes pmtHength and

0.5um 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 thheesquare 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 10N was recorded for each of the 256 x pb&ls of the image.

For a circular fiber clamped at bo#imds, the stiffnesls (x) at positionx along the fiber axis is

related to itsBbyYoungds modul us

~

Q @ (3.42)

whereL is the length of the suspended fiber segmentl andR*4 is the moment of inertia of a
fiber with radiusR. From the QI images, the individual fiber radRisould be extracteds well
as the values d&&(x) for each image pixel along the freely suspended part with [&n@ fitting

this experimental curvef with Equation (3.4.2), the Youngbés modwasus of
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obtained The offset xis 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 bounditigndsnd
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 ke was determined by both Sader methbd

and thermal noise meth&flintegrated into JPK AFM software giving a value of 4036 N-m™.

Haloperoxidasdike activity of PVA/Ce&x nanorods composites

The catalytic activity of the materials wasalyzed using a previously reported metPR3dte-317
Briefly, the kinetic studies were conducted with pure cerium oxide nanoparticles, PVA fibers
without cerium oxide nanorods, and PVA fibers with low8%), medium (14vt.%) and high

(22 wt.%) loadirg 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 BXis signal.

For each measurement, the cuvette containedx419-=3 mol-L™? of ammonium bromide,

2.8x 10 °>mol - L' of phenol red, 4.2 10* mol-L* of hydrogen peroxide and the &8¢ of the

CeQx 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 arne foma total duration

of 5h.

Bacterial adhesion tests of PVA/Ce@anorods composites

To determine whether the incorporation of Gg@anorods can impede bacterial adhesion,
2.5cmx 2.5cm pieces of PVA mats with a loading of cerium oxide nano(@dsvt.%) were

compared to PVA mats without cerium oxide nanoré&ssherichia col(E. col) were grown in
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a liquid culture overnight. Then PVA mats were incubated withm#NH4Br and 0.42nM

H20. and a defined number of bacteria fortdurs in standarlysogeny 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 naalherent bacteria. To quantify the amount of adherent
bacteria, the washed PVA mats were tramstéto fresh LB medium (without NiBr and HO,)

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 repeat 3 times.

3.4.3 Results and discussion

The CeQx nanorods (NRs), functional mimics of natural haloperoxidases, were prepared by
hydrothermal synthesis. After the reaction, the products showedlke&atorphology. Powder

XRD revealed the nanorods tonsist of pure Cegk (Figure 3.42a), the CeQx crystalized in a
fluorite structure and no impurities or additional crystalline phases were observed. The resulting
nanoparticles were not functionalizedth any surfactants, allowing a direct accessibility for
substrate molecules to the catalsites of particle surfacd® integrate the nanorods in polymer
materials, the suspension of Ge@®IRs were mixed in a PVA solution. Ultrasonication ensured

complete dispersion of the CeNRs in the PVA solution.

Table 3.41 Swelling ratios of PVA mats with different loading of Ga®anorods

CeQx« loading in PVA mats 0% 6% 14% 22%
Swelling ratio 188% 196% 188% 195%

To allow the use of watesoluble 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 Ce@x NRs did not significantly change the swelling of thats Table 3.41). The

high swelling ratio allows the absorption of water and watduble substrates penetrate into the

PVA fibers to contact with the embedded GgORS.
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Figure 3.42 (a) XRD pattern of synthesized CgOnanorods (NRs). The insetshs a TEM
image of NR (scale bar = 200 nm). (b) TGA curves of the hybrid PVAiCe@ts with different
NR loading. (The curves from top to bottom are presented the purge,CHD pure PVA, PVA
with 6%, 14% and 22% of Ce@NR.) TEM images of PVA fibers with (c) 0%, (d) 6%, (e) 14%,
and (f) 22% of Ce@x NRs (cf: scale bar = 500 nm, insets: scale bar = 2 um).
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Additionally, the nanofibrous network and the porous structure of PVA mats were maintained even
after two weeks oimmersion in water. The mats retained their physical integrity and no leakage
of the NRs was observeHiQure 3.43). This indicates that the PVA/Ce{nanofibrous mats are

promising hybrid materials for loAgrm use in aqueous environments.
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Figure 3.4.3 SEM images of the PVA mat containing 6% of GeBIRs before (a) and after (b)
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water immersion for two weeks. (c) TGA curves of the &gR/PVA mats with different NR

loadings (14% and 22%) before and after immersion in water for two weeks.

The loadng of CeQ.xNRs in PVA mats was measured by TGAgure 3.42b). The results show

that pure Ce@x NRs are stable in the investigated temperature range. However, pure PVA fibers
without CeQ.x NRs underwent thermal decomposition between 250 °C and 4blif @e typical
two-step decomposition mechanism of P¥AAbove 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 CeIRs $iowed 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 materiaemaining after complete decomposition of PVA. The composition of the
solid residue was used to calculate the original loading ob£HBs in hybrid PVA mats with

low, medium, and high amount (respectively 6%, 14%, and 22%). The TEM images
(Figure 3.42c-f) of the electrospun fibers showed that the £eNRs 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 3.44 SEM images of Ce&x NR/PVA mats with different NR loadingga) 0%, (b) 6%,
(c) 14%,(d) 22%. Scale bar = 1 um.

SEM images of the fibers show the NR almost protruding out of the fiber at medium and high NRs
loading Figure 3.44). However, TEM tomgraphy Figure 3.45) clearly demonstrated that the

NRs were located within the fibers.
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Figure 3.45 TEM projection of Ce@x NR/PVA fiber containing 22% of NR used for th&M
tomography reconstructioscale bar = 200 nm.

Additionally, the NRs werergented 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 forae and the

the NRs were oriented with the direction of elongated polymer ¥i8%?

The longterm stability of the PVA/Ce& hybrid mats can be influenceat only by the leakage

of the NRs but also by the mechanical propert
modulus of PVA fibers with different loading of CeONRs was measured by atomic force
microscopy (AFM). AFM has become a key methtmd obtained quantitative mechanical
information about nanomaterials and nanofibers using force spectrdSé&pylo measure the
mechanical properties of the hybrid PVA/Gsdibers, vertical point loads/ere appliedalong

freely suspended fiber segneiy AFM to locally probe their bending stiffnessigure 3.4 6a).

From a fit of the stiffness profiles witBquation 3.42, the Youngds modul us «

obtained.
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Figure 3.46 (a) Schematics of the AFM bending experiment. A point load isepply the AFM
tip onto the fiber that spanned a microgrid.

the AFM bending experiment. (c) Dynamic wettability of the mats containing 22% of,0éRs.

PVA fibers without nanouoo&G3ld0.0EpPda ahe additiomof Yo un g
6% of CeQ.xNRs 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 3.46b). These rests demonstrate that the addition of CeQRs 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 wage) @&n the surface. All
matsdisplayed 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 wegtabitithydrophilicity Figure 3.4 6¢
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and Figure 3.47). 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 embeglded CeO

xNRs in the PVA fibers.

30s 40 s 50s 60 s 70 s >

Figure 3.47 Images of the water contact angle of PVA mats with 22% NRs at different contact

times.

The haloperoxidaskke activity of PVA/CeQ.x NRs mats was demonstrated with the phenol red
bromination assay. The phenol reshd= 432nm) can be brominatl with hypobromous acid
(HOBr) to form bromophenol bluexax= 590nm) (Figure 3.48a). However, hypobromous acid

is not present in the system, it is rather formeditu by the reaction of ammonium bromide
(NH4Br) and hydrogen peroxide £B>) at the suface of the ceria nanorods. First, a molecule of
H202 needs to coordinate with a Ce(lll) atom at the 110 surface of the nanorod, the oxidation of
the cerium atom into Ce(1V) is then accompanied by the cleavage of@hd&ddhd to form two
ligands, a hydroW 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(lll) Z&foFhe 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 bromophenolédlwas catalyzed by the hybrid mats and the
reaction was monitored spectrophotometricdifyThe haloperoxidaskke reaction leads to a
decrease of the absorption maximum at d82and simultaneously to an increase in the absorption

at 590nm (Figure 3.48b).

NH4Br + H,0,

OH
\ O X
803 SO3H l

NH4OH + H,0
Phenol red Bromophenol blue
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§ _ 0.8 = . e
Ay o1 —~—9—
€5 1 s 308 o o
S o c o 254
® 0.6 = 0—¢
T2 4 59
® 0,
§ £ 044 S gos oo/o CeOa.y
% "é 1 g g 6% CeOz_x
E 0.2+ ® e ~0—-14% CeOg.«
o J E '060.4-
z £ -o-22% CeOz 9
0.0 v . . r
300 400 500 600 = 0 50 100 150 200 250 300

Wavelength (nm) Time (min)

Figure 3.48 (a) Schematic illustration of the oxidation of phenol red to bromophenol blue
catalyzed by Ce&x NRs. Insets are the digital images of phenol red before and after reaction. (b)
Time-dependent UV/vis spectra of PVA mats loaded W CeQ. (2.8 x 10° mol-L™ of phenol

red, 4.4 x 16 mol-L* of NH4Br, 4.2 x 16* mol-L* of H202, 300min, 23- 25°C). (c) Changes of
phenol red with time on different PVAats.

Additionally, control measurements were conducted PVA mats without Ce&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 bnination Figure 3.49a).

Figure 3.49 (a) Time-dependent UV/vis spectra of PVA membranes without £La@norods.
(b) Conversion of phenol red measuredby/vis spectoscopyfor bare Ce@x nhanorods and PVA
membranes with 6% of Ce@nanorodg2.8 x10° mol-L* of phenol red, 4.4 x Tdmol-L* of
NH4Br, 4.2 x 16" mol-L* of H20,, 300 min, 23 25 °C).

In contrast, PVA mats containing CefNRs exhibited haloperoxidadi&e activity and facilitated

the bromination reaction. The reduction in the concentration of phenagd 32 nm) and the
simultaneous increase in the concentration of bromophenol &lke=(590 nm) increased with
increased loading of CeQNRs Figure 3.48c). The results show that the reaction rate increased
with increasing concentration of Ce©ONRs in the PVA fibers. This indicated that the
haloperoxidasdike activity of PVA mats depends on the loading with @e@Rs. The activity

of the embedded Ce®@ NRs was largely preserved in comparison to free GelNRs
(Figure 3.49b). The moderate decrease in the rate of conversion of phenol red into bromophenol
blue can be attributed the fact that the reaction igalbed by the diffusion of By H-O. and HOBr

through the PVA fiber.
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