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Abstract

Abstract in English: The present work is a contribution to the rapidly evolving
research fields of nano-biotechnology and nanomedicirfeclises on the specific
design of magnetic nanomaterials for different biomedarahs, ranging from ap-
plication as contrast agents for magnetic resonance irggyIRI) to "theragnostic"
agents for simultaneous optical/MR detection and treatwmiarphotodynamic ther-
apy (PDT).

A variety of magnetic nanoparticles (NPs) with distinct meatic properties were
synthesized and thoroughly characterized. Additionallwhole series of surface
modification strategies were developed to improve bothowl and chemical sta-
bility, and thus cope with the respective challenges prteskoyin vitro andin vivo
application. These strategies involve, not only, the usbidfinctional and mul-
tifunctional polymeric ligands equipped with catechol lamgroups for efficient
surface attachment, but also the condensation of suitdhfeeprecursors to create
a robust, inert and hydrophilic silica shell around the nedigrNPs.

More precisely, the formation mechanism and the magnetipgties of monodis-
perse MnO NPs were extensively investigated. Due tor th@gue magnetic be-
havior, these NPs serve as (positive) contrast agents tteshihe longitudinal re-
laxation time77, which leads to brightening in the corresponding MR image.
fact, this contrast enhancing potential was confirmed iesd\studies using differ-
ent surface ligands. Au@MnO "nanoflowers", on the other haedepresentatives
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of another class of nanomaterials that has attracted cenadilé interest during the
last years and is often termed "naheterematerials”. They combine the individ-
ual physical and chemical properties of each componentwathe nanoparticulate
probe and, hence, increase the diversity of possible aijits. Both, magnetic
features of MnO and optical characteristics of Au, offerplossibility to use these
"nanoflowers" for combined MR and optical imaging. In additio that, two chem-
ically unique surfaces permit the selective attachmenatdchol ligands (on MnO)
and thiol ligands (on Au) at the same time. Furthermore, lileeapeutic potential
of magnetic NPs was demonstrated in the case of MnO NPs @unadized with the
photosensitizer protoporphyrin IX (PP). PP initiates thedoiction of highly cyto-
toxic reactive oxygen upon illumination with visible lightiVe show that kidney
cancer cells incubated with PP-functionalized MnO NPs dier arradiation with
laser light, whereas they remain unharmed, when no laderr\wgs applied. In a
comparable study we investigated the characteristicdichsioated MnO NPs. For
this purpose a novel silica coating procedure was develdpatiallows further at-
tachment of various ligands and the incorporation of fluoeaes dyes via common
silane sol-gel chemistry. The particles show excellertiktain a whole range of
agueous solutions, including physiological saline, bgfiend human blood serum,
and are less prone to manganese ion leaching compared tly $i@3ylated MnO
NPs. Besides, the presence of a thin silica shell on the MnOudace does not
change the magnetic properties significantly and, hendkeesables their use as
T contrast agents. Finally, we synthesized FePt@MnO remercparticles that
combine the individual magnetic properties of a ferroméigr{i€ePt) and an antifer-
romagnetic (MnO) material. We were able to tune the cornedjpg particle sizes
and, therefore, the resulting magnetic behavior of theesysity adjustment of the
experimental parameters during the synthesis. The magmégiraction between
both materials can be ascribed to spin communication ahteeface between both
types of NPs.

Kurzfassung in Deutsch: Diese Arbeit ist ein Beitrag zu den schnell wach-
senden Forschungsgebieten der Nano-Biotechnologie undmatdizin. Sie be-
handelt die spezifische Gestaltung magnetischer Nanoiadaerfiir verschiedene
biomedizinische Anwendungsgebiete, wie beispielsweisattastmittel fir die
magnetische Resonanztomographie (MRT) oder "theragnbstiggenzien fir si-
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multane optische/MR Detektion und Behandlung mittels pthyptamischer Thera-
pie (PDT).

Eine Vielzahl magnetischer Nanopartikel (NP) mit untersdhichsten magnetis-
chen Eigenschaften wurden im Rahmen dieser Arbeit synidettisnd erschopfend
charakterisiert. Darliber hinaus wurde eine ganze Reihe \Jmrflachenmodi-
fizierungsstrategien enwickelt, um sowohl die kolloidale @auch die chemische
Stabilitdt der Partikel zu verbessern, und dadurch denrhéméorderungen der
in vitro undin vivo Applikation gerecht zu werden. Diese Strategien beinteite
nicht nur die Verwendung bi-funktionaller und multifuntaieller Polymerliganden,
sondern auch die Kondensation geeigneter Silanverbiretyngm eine robuste,
chemisch inerte und hydrophile Siliziumdioxid- (S)chale um die magnetsichen
NP auszubilden.

Genauer gesagt, der Bildungsmechanismus und die magrestig&igenschaften
monodisperser MnO NPs wurden ausgiebig untersucht. Aaébilures einzigarti-
gen magnetischen Verhaltens eignen sich diese NPs besalddpositive) Kon-
trastmittel zur Verkiirzung der longitudinalen Relaxatmais?}, was zu einer Auf-
hellung im entsprechenden MRT-Bild fiihrt. Tatséchlich veudieses konrast-
verbessernde Potential in mehreren Studien mit unterdiathen Oberflachenli-
ganden bestatigt. Au@MnO "Nanoblumen”, auf der anderen,3gité Vertreter
einer weiteren Klasse von Nanomaterialien, die in den veggaen Jahren erhe
bliches Interesse in der wissenschaftlichen Welt geweaktihd oft "Nanohetere
materialien genannt wird. Solche Nahetercpartikel vereinen die individuellen
physikalischen und chemischen Eigenschaften der jeweeilpmponenten in ei-

nem nanopartikularem System und erhéhen dadurch die Wiglsst der mogli-
chen Anwendungen. Sowohl die magnetischen Merkmale von ,NigOauch die
optischen Eigenschaften von Au bieten die MdglichkeitsdiéNanoblumen™ fur
die kombinierte MRT und optische Bildgebung zu verwendentiber hinaus er-
laubt das Vorliegen zweier chemisch unterschiedlicherrflimen die gleichzeit-
ige selektive Anbindung von Katecholliganden (auf MnO) dirdolliganden (auf
Au). AuBerdem wurde das therapeutische Potential von ntiagghen NPs an-
hand von MnO NPs demonstriert, die mit dem Photosensitoligarotoporhyrin
IX (PP) funktionalisiert waren. Bei Bestrahlung mit sich#aticht initiert PP die
Produktion von zytotoxischen reaktivem Sauerstoff. Wigea, dass Nierenkreb-
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szellen, die mit PP-funktionaliserten MnO NPs inkubierteen nach Bestrahlung
mit Laserlicht verenden, wahrend sie ohne Bestrahlung é@ndert bleiben. In
einem &hnlichen Experiment untersuchten wir die Eigerfseha/on SiQ be-
schichteten MnO NPs. Daflir wurde eigens eine neuartige-B&3chichtungsme-
thode entwickelt, die einer nachfolgende weitere Anbimgduarschiedenster Lig-
anden und die Einlagerung von Fluoreszenzfarbstoffenhdueckémmliche Silan-
Sol-Gel Chemie erlaubt. Die Partikel zeigten eine ausgbneie Stabilitat in einer
ganzen Reihe wassriger Losungen, darunter auch physioleglksochsalzlésung,
Pufferldsungen und humanes Blutserum, und waren wenigé&tlignfjegentber
Mn-lonenauswaschung als einfache PEGylierte MnO NPs. Dmtergn konnte
bewiesen werden, dass die diinne S88hicht nur einen geringen Einfluss auf das
magnetische Verhalten der NPs hatte, so dass sie weitdenifi -&ontrastmittel
verwendet werden kdnnen. Schlief3lich konnten zusatzlelt®MnO NPs her-
gestellt werden, welche die individuellen magnetischemkvhale eines ferromag-
netischen (FePt) und eines antiferromagnetischen (MnQgiéds vereinen. Wir
zeigen, dass wir die jeweiligen PartikelgréRen, und damas ksultierende mag-
netische Verhalten, durch Verdnderung der experimentdl@ameter variieren
konnen. Die magnetische Wechselwirkung zwischen beideeiidéien kann dabei
auf Spinkommunikation an der Grenzflache zwischen beideisdifeen zuriickge-
fuhrt werden.

viii



Acknowledgments

1






Contents

List of Figures XV

1 Introduction 1
1.1 References. . . . . . . . . . 5

2 Nanomagnetism 9
2.1 Single-DomainLimit . . . . .. ... ... ... .. . .. ... 9
2.2 SuperparamagneticLimit . . . . .. ... oL L 11
2.3 SurfaceEffects . . . . .. ... .. 12
2.4 Nanomagnetism in Magnetic Resonance Imaging (MRI) . . . .12
25 References. . . . . . . . 18

3 Synthesis of Magnetic NPs 21
3.1 GeneralConsiderations . . . . . . . ... . ... 23
3.2 Co-Precipitation . . . . . .. .. ... ... .. 26
3.3 Solvothermal/Hydrothermal Synthesis . . . . ... ... ...... 28
3.4 PreparationwithinMicelles . . . . ... ... ... ... ...... 03
3.5 Thermal Decomposition and/or Reduction . . . . .. ... ... 34
3.6 References. . . . .. .. . ... .. ... 38



CONTENTS

4 Colloidal Nano-hetero-Structures 45
4.1 Synthesis of Colloidal NanbetereParticles. . . . . .. ... ... 46
4.1.1 Dimer Nanoparticles . . . .. .. ... ... ... ..... 48
4.1.2 Core-Shell Nanoparticles . . . . ... ... ... ...... 49
4.1.3 Multi-mer Nanoparticles . . . . .. ... ... ... ..., 52
4.2 Properties of NanbeteroParticles . . . . . .. ... ... ..... 53
4.2.1 Magnetic Properties . . . ... ... ... ... ..., 54
4.2.2 Optical Properties. . . . ... ... ... .. .. ...... 55
4.3 Potential Application . . . . ... ... oL 56
44 References. . . . . . . . . .. 58
5 Surface Modification of Magnetic NPs 61
5.1 AmphiphilicMicelles . . . . .. ... ... ... .. .. 63
5.2 PolymericLigands . . . ... .. ... .. ... 66
5.3 BifunctionalLigands . . . ... ... ... . ... ... ... .. 69
54 SilicaCoating . . . . .. .. .. . ... e 74
55 References. . . . . . . .. 78
6 Biomedical Applications of Magnetic NPs 87
6.1 DesignConsiderations . . .. ... .. .. .. ... .. ... . 89
6.2 Passive Cell-Targeting . . . . . .. ... . ... . ... ..., 91
6.3 Active Cell-Targeting . . . . . ... .. ... ... ... ...... 93
6.4 MR Imaging Using MagneticNPs . . . .. ... ... ....... 96
6.5 Toxicity of Magnetic Nanopatrticles . . . . ... .. ... ... 101
6.6 Biodistribution and Clearance . . . ... ... ... ... ..... 103
6.7 References. . . . . . . . . . .. .. ... 104

7 Synthesis of Monodisperse MnO Nanopatrticles: Evaluation oftte Nu-

cleation and Growth Mechanism 115
7.1 Abstract . . . .. . ... 116
7.2 Introduction . . . . . ... 116
7.3 Resultsand Discussion . . . . . . .. ... o0 117
7.4 Conclusion . . ... ... 132
7.5 ExperimentalSection . . ... ... ... ... ... .. ... 133



CONTENTS

10

11

7.6 References. . . . . . . . . 135

Au@MnO Nanoflowers: Hybrid Nanocomposites for Selective Dal

Functionalization and Imaging 139

8.1 Abstract . . . . . . ... e 140
8.2 Introduction . . . . . .. ... e 140
8.3 ResultsandDiscussion . . . .. ... .. ... .. ... .. ..., 142
8.4 Conclusion . . .. .. ... 149
8.5 Experimental Section . . . . . .. ... .. oo 150
8.6 References. . . . .. .. . . ... 155

Highly Soluble Multifunctional MnO Nanoparticles for Simul taneous
Optical and MRI Imaging and Cancer Treatment using Photodynamic

Therapy 161

9.1 Abstract . . . . . . . . . 162
9.2 Introduction . . . . . . . ... 162
9.3 ResultsandDiscussion . . . . .. .. .. ... ... .. ... 164
9.4 Conclusion . . ... ... .. .. 174
9.5 Experimental . ... ... ... ... ... 174
9.6 References. . . . . . . . . . . . ... 179
Multifunctional Superparamagnetic MNO@SiO, Core/Shell Nanopar-

ticles and their Application for Optical and Magnetic Resonance Imag-

ing 185
10.1 Abstract . . . . . . .. e 186
10.2 Introduction . . . . . . ... 186
10.3 Resultsand Discussion . . . . . . . . .. ... ... 190
10.4 Conclusion . . . . . . . . . .. e 203
10.5 Experimental Section . . . . . . . . ... ... 0o 204
10.6 References. . . . . . . . . . . . .. 208
Synthesis and Magnetic Properties of FePt@MnO Nanbetero-Parti-

cles 215
11.1 Abstract . . . . . . . . . e 216



CONTENTS

11.2 Introduction . . . . . . . ... 216

11.3 Resultsand Discussion . . . . . . . . . . . . . .. 218

11.4 Conclusion . . . . . . . . . .. e 226

11.5 Experimental Section . . . . . . . . ... .. .. o o 227

11.6 References. . . . . . . . . . . . . 230
12 Conclusion and Outlook 235

Xiv



List of Figures

2.1
2.2
2.3
2.4

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1
4.2
4.3
4.4

Singledomainlimit . . . . .. ... .. oL o 10
Magnetic surface effects . . . . . .. ... ... ... .. ... 13
T, and7, relaxation mechanisms . . . . . . . . . . . ... ..... 14
Origins ofT; and7; contrast enhancement . . . . . . . ... .. .. 16
Synthetic top-down and bottom-up approach . . . . . ... ...22
LaMerplot . . . . . .. . . .. 23
Critical nucleiradius . . . . . ... ... ... .. ... 25
Magnetic NPs synthesized by co-precipitation of megtis . . . . 27
Magnetic NPs synthesized by hydro-/solvothermal reast . . . . 28
Reverse micelles as "nanoreactors” . . . . . . .. ... ... ... 1. 3
Magnetic NPs synthesized in reverse microemulsions . . . . . 32
Experimental setup for the synthesis of monodisperse NP . . . 34
Superlattices of monodisperse FePtNPs . . . . . .. ... ... 36
Two- and three-dimensional superlattices of mon@idgpMnO NPs 37
Different morphologies of colloidal narteetereparticles . . . . . . 46
Epitaxial relationship between AuandMnO . . . . . . .. . .. . 47
TEM images of Au@FR®, nanoheteredimers . . . . . ... ... 48
Solvent effect during the synthesis of ndreiereparticles . . . . . 50

XV



LIST OF FIGURES

4.5
4.6
4.7
4.8
4.9

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12

5.13
5.14

6.1
6.2
6.3
6.4

6.5
6.6
6.7
6.8

7.1
7.2

TEM images of FePt@E®, and FePt@MnO core-shellNPs . . . 51
Possible reaction pathways leading to naatereparticles . . . . . 52
Examples of various metal- metal oxide ndreteroparticles . . . 53
Magnetic properties of narfetereparticles . . . . . . .. ... .. 54
Nanoheteredimers as Janus particles . . . . ... ... ... ... 57
lllustration of hydrophobic surfactant capped magns? . . . . . 62
Different surface functionalization strategies . . . ... .. ... 63
Magnetic NP coated by an amphiphilic micelle . . . . ... .. . 64
PEG-phospholipid for the micellar coatingofNPs . . . ...... . 65
Chemical structure of a typical multifunctional polymedigand . . 67
Magnetic NP coated with a multidentate polymeric ligand. . . . 68
Surface modification of magnetic NPs using bi-functidigands . 69
Different binding coordinations of catechols on metatie surfaces 71
Degradation of NP surface by dopamine . . . . .. ... ... .. 2 7
lllustration of a multifunctional silica coated magodNP . . . . . 73

Silica functionalization of magnetic NPs in a reverseraemulsion 74
TEM images of silica coated MnO NPs synthesized in arseve

microemulsion . . . ... 75
lllustration of a fluorescent core-silicashellNP . . . ... ... 76
Encapsulation of magnetic NPs with mesoporous silica. . . . . 77
Fractions of nanomedicine patents from 1993-2003 . . . .. . 88
lllustration of multifunctional magnetic nanoparéicl. . . . . . . . 90

lllustration of passive targeting of tumor tissue duthtoEPR effect 92
lllustration of active targeting of tumor cells and netwe-mediated

cellularuptake . . . . . . . . .. L 94
Specifically engineeretf Fe,O, NPs as MRI contrastagents . . . . 96
FeO,-decorated Si@spheres as MRl imaging agents . . . . . . . 99
MnNnO NPsas Tl contrastagents. . . . . ... ... ......... 100
Bimodal imaging using?*l conjugated MnFgO; NPs . . . . . . . 101

Size-dependent powder XRD patterns of MnO nanopartaigtes 118
TGA-curve of Mn-oleate . . . . . .. ... ... ... ....... 119



LIST OF FIGURES

7.3
7.4
7.5
7.6
7.7
7.8
7.9

7.10
7.11
7.12
7.13
7.14

8.1
8.2
8.3
8.4

8.5
8.6

8.7
8.8
8.9
8.10

9.1

9.2

9.3
9.4

In-situ FT-IR spectra of MnO nanopatrticle formation . . . . . . 120
TEM images of MnO NPs at different stages of the reaction .. . 122
Evolution of MnO patrticle size withtime . . . . ... ... ... 123
MnO nanopatrticle size as a function of temperature atvéisb. . . 124
TEM images of MnO NPs prepared in trioctylamine . . . . . ...125
FT-IR spectra of oleic acid, Mn-oleate and MNO NPs . . . .....126
'HNMR spectra of oleic acid,manganese oleate, and washed MnO
NPSs . . e 127
High-resolution XPS scans of the Mn 2pregion. . . . . . ...... 129
TGA curve of washed MnO nanocrystals . . . . . ... .. ... 301
TEM images of MnO NPs synthesized at different heatesr. . . 131
FC-ZFC-curvesof MNONPs . . . . . . . ... ... ... ..... 132
Magnetic hysterisloopsof MNONPs . . . . . .. .. .. .. ... 331
Functionalization scheme for Au@MnO nanoflowers . . . .....141
Au@MnO nanoflowers with different petal sizes . . ... ... 142
Powder XRD pattern of Au@MnO nanoflowers . . . .. ... ... 143
Field-dependent and temperature dependent maginatizatrves

of Au@MnO nanoflowers . . . . .. ... ... ... ... ... 144
UV-Vis absorption spectra of Au@MnO nanoflowers . . . . ...145
UV-Vis spectra of NBD functionalized Au@MnO nanoflowensla

MTT assay . . . .. . . . i i i i e e e 146
Surface functionalization scheme for Au@MnO nanoflewer. . . 147
Fluorescence and MR images of Au@MnO nanoflowers . . . .48. 1
Scattering spectrum of Au@MnO nanflowers . . . ... .. .. 49 1
Theoretical Scattering spectra of Au@MnO nanoflowers. .. . . 150

Experimental scheme for DA-PEG-PP functionalized MraDa3

particles . . . . . . .. 163
TEM images of as-prepared and DA-PEG functionalized NiiR8 165
Powder XRD pattern and magnetic data of MNONPs . . . . . .. 6. 16
FT-IR and UV-Vis spectra of DA-PEG-NHind DA-PEG-PP func-
tionalized MNONPs . . . . . ... ... ... ... ........ 167



LIST OF FIGURES

9.5 MTT assay for DA-PEG-NKHand DA-PEG-PP functionalized MnO

NPs . . . e 169
9.6 Light microscopic pictures of human Caki-1 cells inceloatvith

MnO-DA-PEG-PP . . . . . . . . . . . . 171
9.7 Light microscopic pictures of human Caki-1 cells inceloatvith

MnO-DA-PEG-PP . . . . . . . . . . . 172
9.8 MRI data for DA-PEG-PP functionalized MNONPs . . . . . . .. 731

10.1 Experimental scheme for the preparation of multifioma! silica

coated MNONPs . . . . . . . . . . . 189
10.2 TEM images of silicacoated MNnONPs . . .. .. ... ...... 191
10.3 FT-IR spectra and powder XRD patterns of silica coate@®MifPs . 192
10.4 Magnetic data of silicacoated MNONPs . . . . . ... ... .. 194
10.5 Uv-Vis and fluorescence spectra of Atto 465 doped MNnA® SiPs 195
10.6 Colloidal stability of MNO@SI©QNPs in aqueous solution . . . . . 197
10.7 T} weighted images of aqueous solutions containing MnO@-<SiO

PEG/NHENPs . . . . . . o 198
10.8 Determination of MR relaxivities; andr, and Mn leaching of

MnO@SIG-PEG/NH,NPs . . . . . . ... ... .. ... . 199
10.9 TEM images of DA-PEG functionalized and silica coatatOWPs

after the leaching experiments . . . . . . ... ... ... ..... 200
10.10Cytoxicity studies on silica coated MNONPs . . . . ... .....201
10.11Fluorescence microscopic images of cellular uptékéica coated

MNONPS . . . . 202
11.1 TEM images of monodisperse FePtNPs . . . . . .. .. ... .. 8. 21
11.2 TEM images of monodisperse FePt@MnONPs . . . . . . .. .. 0. 22
11.3 TEM images flower-like FeEPt@MnONPs . . . . . ... ... ... 221
11.4 Flower-like FePt@MnO NPs synthesized with 13 nm Fe@dse . 222
11.5 Powder XRD pattern of FePt@MnO nametercparticles . . . . . 223
11.6 Magnetic data of FePt@MnO nahetergparticles . . . . . . . .. 224
11.7 lllustration of the pinning effect of the antiferronmegic MnO do-

main at the FePt-MnO interface . . . . . .. ... ... ... ... 225

XViii



CHAPTER 1

Introduction

The evolution of nanotechnology during the past decadeb&@sin enormous im-
pact on our modern world. Looking back over major discoveard taking a look
around today, it is undeniable, that nanotechnology hasdas way into our every
day life. Whether it is news reports that warn us of possiblaltherisks ema-
nating from airborne nanoparticles, or newspaper ads dedgmn commercials
that praise car polish, sun screen lotion or tooth pastehastbeen improved by
nanoparticles.

Today, the development of nanomaterials has moved beyerttigbovery of totally
new materials and compositions. Instead the focus hagdldtthe investigation of
more complex, composite systems, in which the recombinatidknown materials
into structures of higher complexity opens new possikdgitof functionality.[1-5]
While scientific diligence of designing new composite or glnaterials is speed-
ing up, industrial producers have begun merchandisingdaHest discovered nano-
materials, and, in fact, are developing novel applicatfonshem to fit the desired
needs. Besides other commercial applications, magnetapaaticles (NPs) are in-
tensively being investigated for utilization in many diéat scientific and industrial
fields, ranging from catalysis to mass data storage.[6, 7]

But one of the fastest moving and most exciting research @edhe interface be-
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Chapter 1. Introduction

tween nanotechnology, biology and medicine. It has bedadstay numerous ex-
perts, that the application of nanotechnology in medicwleich is often referred
to as "nanomedicine”, offers many exciting possibilities liealthcare in the fu-
ture, and may revolutionize the areas of targeted drug elglidisease detection
and tissue engineering.[8—11] An often used catchphragedsmontext is "therag-
nostics", which, as this word construction implies, comprets the combination of
both, therapy and diagnostics into one powerful tool. In,fdee concept of using
magnetic nanoparticles to target tumor cells inside thedrubody, and applying
them to treat cancer, was first conceived in the late 197@s13] The key idea was
to attach common anticancer drugs to small magnetic spbetsgle the body be-
fore administering them to the patient. After injectionanihe blood stream strong
external magnetic fields should concentrate the drug-badeticles inside the tu-
mor tissue. The authors predicted that by this approach ring jpayload would
be reduced significantly, and thereby the unwanted sidetsfesssociated with the
systemic distribution of chemotherapeutic agents, inolyichausea, hair loss and
compromised immune system could be avoided. Although niofiylg in clinical
use, nanomedicine has come a long way since these initias iaied is proceeding
with remarkable speed.

The present dissertation is an attempt to contribute tcetpesceedings by explor-
ing the potential of different magnetic nanomaterials fquassible use in nano-
biotechnology and nanomedicine. It comprises not onlyestétthe art strategies
for the synthesis of magnetic nanoparticles but also d@iffeefficient ways to tailor
their surfaces in order to address the difficult requirementiomedical applica-
tions.

In principle, this doctorate thesis is divided into two garin the first part (chap-
ters 2 through 6) basic principles concerning physical erigs, synthesis, surface
modification, and biomedical application of magnetic nartiples are reviewed.
More precisely:

e Chapter 2 introduces a set of physical phenomena that provide the basi
the use of magnetic NPs in biotechnology and medicine. #flgrexplains
how different processes lead to the evolution of new magmebtperties in
nanoscale materials and, furthermore, focuses on how rtiagtfes can en-

2



hance the contrast in magnetic resonance imaging (MRI).

e Chapter 3 surveys the most common synthetic approaches for the @rbpar
of magnetic NPs and explains the basic physico-chemicad asgociated
with the formation of nanocrystals.

e Chapter 4 is devoted to a new class of nanomaterials which has lately re
ceived considerable attention in the scientific communitaroheterema-
terials. Different preparation techniques, as well as nbysjgal properties
which arise from the combination of different materialshet hanoscale, are
presented.

e Chapter 5 gives a review of the most applied surface modification sgjiats
to provide magnetic NPs with a high degree of functionalitycomprises
simple approaches involving the micellar encapsulatiohyalirophobic NPs
with amphphilic molecules, but also more sophisticated@dores, in which
the NPs are coated with specifically tailored multifuncéibpolymeric lig-
ands.

e Chapter 6 gives an overview of how magnetic NPs behave inside living or
ganisms. It introduces basic concepts concerning thecgtian of magnetic
NPs in biomedicine and addresses, among other subjectsiadsiecommon
design considerations, different delivery processes sigdated sites inside
living organisms, and shows how magnetic NPs have improvBd ddiring
the past years and how they will help to increase the seitgiéiad efficiency
of this diagnostic method.

The second part (chapters 7 through 11), on the other hanihrdtrates specific
examples for the concepts introduced in part 1. That meaparircular:

e Chapter 7 illustrates the concepts introduced in chapters 2 and 3jidimO
nanoparticles as an example. Besides the synthesis and&aration, the
nucleation and growth processes of monodisperse MnO NRb®@@ughly
investigated by different techniques. It reveals that trenfation of monodis-
perse MnO NPs can be understood as a process in which, awgdodihe
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Chapter 1. Introduction

LaMer concept, nucleation and growth are separated froimm ether. More-
over, MnO NPs show an increase in magnetic moment when thielpagize
is reduced.[14]

e Chapter 8 on the other hand, addresses several issues of part 1. ltasilyo
an example for a representative of ndmetereparticles, the new class of ma-
terials introduced in chapter 4, but it also shows how theéviddal surfaces
of the materials can selectively be functionalized by dédfé methods men-
tioned in chapter 5. In the present case, Au@MnO "nanofloweese gen-
erated by ann situ seed-mediated growth technigque and subsequently func-
tionalized with two different ligands, which selectivelggressed the Au and
MnO domains, respectively. Additionally, the potentialtbése "nanoflow-
ers" as imaging agents for both, optical imaging and MRI is@néed.[15]

e Chapter 9 is a further example for an efficient surface modificatioratstr
egy (chapter 5) and, in addition to that, demonstrates tbeoti$1nO NPs
as "theragnostic" agents (chapter 6). The NPs were fundizedawith hy-
drophilic bi-functional ligand that contained a catech®laachor group and
protoporphyrin IX (PP) as photosensitizer conjugated \dalg(ethylene gly-
col) (PEG) linker. PP initiates the production of reactiiretet oxygen {O,),

a molecular entity that is highly toxic for cells, once it icéed with visible
light. We demonstrate that PP-functionalized MnO NPs cdnge apoptosis
in kidney cancer cells upon laser illumination, whereas-madiated cells
containing MnO-PP NPs show no toxic response. Additionddiy virtue
of their magnetic properties, MNO NPs exhibit a strangcontrast in MRI.
Consequently, PP functionalized MnO NPs have a great patersti‘therag-
nostic" probes for photodynamic therapy (PDT) and MRI (d@gis).[16]

e Chapter 10is a further example for the principles covered in chapten® a
6. It reveals how surface modification of MNO NPs with a shélkitica
(MnO@SiG) can improve the stability of the magnetic NPs in aqueous env
ronments. A novel synthetic approach was developed to, mgtamat MnO
NPs with a thin and uniform silica shell, but also to permitffiger functional-
ization with different ligands. The resulting particleshéit almost unaltered

4



1.1. References

magnetic properties compared to "naked" MnO NPs, making fdeal can-
didates as MRI contrast agents. Moreover, the use of silicaa@sg material
allows the incorporation of fluorescent dyes and, therefoffers an exten-
sion of their biomedical imaging potential. Additionalhe MnO@SiQ
NPs have a negligible toxic effect on bone marrow-derivedddéc cells
(BMDCs) making them suitable candidates iiovivo applications. Another
interesting feature, that can be attributed to the exceli@ability of SiO;,

is the minor liability of MNO@SiQ NPs towards Mn leaching, compared to
simply PEGylated MnO NPs.

e Chapter 11, on the other hand, illustrates the concepts introducetapters
2 and 4. FePt@MnO NPs, as a further example for a rreteromaterial,
were synthesized with different sizes and morphologies twaastep seed-
mediated growth procedure, in which monodisperse FePt Wied as seeds
for the nucleation of MNnO domains. The size and morphologseveentrol-
lable according to the synthetic principles explained iapter 4. Further-
more, the spin interactions between two different magmatterials sharing
a common interface lead to interesting magnetic properigs an exchanged
biased magnetic hysteresis.

Finally, chapter 12 summarizes the results of this dootonatrk and gives conclu-
sions and an outlook to future projects.
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CHAPTER 2

Nanomagnetism

Magnetic nanoparticles are among the most investigatedmaterial systems, ow-
ing to the fact that their magnetic properties dramaticddigend upon their size and
their morphology. Several issues are responsible for thesgie properties: finite-
size effects, which result from the quantum confinement efelectrons inside the
material, and surface effects caused by symmetry breaHitigearystal structure
at the boundaries of the particles.[1-4]

Concerning finite-size effects, the magnetic propertiedafd-) magnetic nano-
particles are dominated by two key features: (1) The singhaaln limit and (2) the
superparamagnetic limit, which both lead to individual enetl-dependent length
scales, i.e. the single domain size and the superparanagizt. Both features
will be discussed briefly.

2.1 Single-Domain Limit

A ferromagnetic bulk material usually consists of many safgaareas, in which
all magnetic moments of the constituent atoms are pinnetiensame direction
(see Figure 2.1). The reason for such an arrangement arsadtie fact, that the
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Chapter 2. Nanomagnetism

it

Figure 2.1: lllustration of the single domain limit.

magnetostatic energy\£,s) of the materials is lowered once a large domain is
broken up into several smaller domains. However, the faonatf new domain
walls requires energyHp), and therefore, there is a size limit, below which the
energy needed for the creation of a smaller domain exceedsntount of energy
gained from decreasing the magnetostatic energy. Consiyjubrs means, that

a magnetic nanopatrticle with a diameter comparable to, welddhan the size of
the smallest possible magnetic domain, could only con$stsingle domain. This
critical diameter D.) is dependent on the regarding material, but usually li¢gken
range of a few tens of nm. It can be derived by considering:

Since the magnetostatic energy is proportional to theganilume (i.e.D?), and
the energy density inside a magnetic field follo®$ (and thereforeM?), AEys
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2.2. Superparamagnetic Limit

scales withV/2D3. On the other hand, the domain wall formation energy is gfison
dependent on the surface area of the domain wallsj?¢and the effective surface
energyy.[5] This leads to:

M?D? ~ yD? (2.2)
which results in:
’Y AGCCKG
D, ~ ~ 18—~ 2.3
ITERTNVE @3

in which A., is the exchange constank;, is the anisotropy constant,, is the
vacuum permeability andl/, is the saturation magnetization.[3, 6, 7]

2.2 Superparamagnetic Limit

To understand the super-paramagnetic effect the magn@soteopy energy per
particle (£(©)) which pins the magnetic moments of a single domain particke
certain direction, has to be considerét{©) is proportional tok,V' (V' is the par-
ticle volume), the energy barrier which stops the magnetienent flipping from
one direction to the opposité(,V is usually much higher than the thermal energy
kT, however, with decreasing particle sizg V' decreases to values equal to, or
below k, 7. As a result, the magnetic moments are able to overcome #rg\en
barrier and freely flip in any direction, i.e. fdp,7 > K,V the system behaves
like a paramagnet. Since the individual atomic moments qd wne (super) mo-
ment for every particle, this phenomenon is called suparpagnetism. On the
other hand, if the temperature is lowered for a given suparpagnetic particle,
the thermal energy of the particle decreases ufilis lower than the energy bar-
rier K,V (k7T < K,V), i.e. the particle undergoes a magnetic transition from a
super-paramagnetic to a blocked state, in which the magnmetments cannot flip
freely. The temperature at whiéyT' = K,V is therefore called magnetic blocking
temperaturd.[3, 6, 7]

Experimentally,l’z can be determined by measuring the magnetization of a nano-
particle sample versus increasing temperature under dredmgxternal magnetic
field. More precisely, in a so called zero-field-cooled/fietwled (ZFC/FC) exper-
iment, the sample is first cooled down to a temperature weadvibéhe expected
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Chapter 2. Nanomagnetism

blocking temperature (usually 5 K). Then, an external figjengerally 100 Oe) is
applied and the sample is slowly heated up while simultasigomeasuring the
magnetization. Since the particles were "frozen" from roemgerature, their mag-
netic moments are distributed homogeneously, and therdfiernet magnetization
is zero. However, as the temperature, increases the partcé able to move their
moments in the direction of the external field. As a resuk, et magnetization
rises. As mentioned before, abo¥g the thermal energy exceeds,V, leading to

a decline of the magnetization. As a result, the ZFC curvegma maximum af.

2.3 Surface Effects

Surface effects are directly dependent on the ratio of sarfpins to bulk spins.
Therefore, surface effects become more pronounced witkasig surface to vol-
ume ratio, i.e. decreasing particle size. The symmetryKkimgaat the particle
boundary can lead to variations in the electronic band strac lattice constant,
and atom coordination and, as a direct result, change thaetiagroperties.[6, 7]
Furthermore, surface effects can lead to a decrease of tgaatization of small
particles, for instance ferromagnetic oxide nanopasicleth respect to the bulk
value. This reduction has been associated with differerdhar@sms, such as the
existence of a magnetic dead layer on the particle surfa¢be@xistence of canted
surface spins.[2] Additionally, Badker at. reported, that the magnetic anisotropy
K, of iron NPs increases with decreasing particle size, duehmlaer contribu-
tion of the surface anisotropi(,s.[8] As an example, antiferromagnetic NiO and
MnO nanoparticles exhibit increasing net magnetizatiolnes and higher mag-
netic blocking temperatures with decreasing particle, simereason being the larger
number of uncompensated surface spins (see Figure 2.2)10]

2.4 Nanomagnetism in Magnetic Resonance Imaging
(MRI)

Their unique physical properties make magnetic NPs edpeajgpealing for bio-
medical purposes, such as the diagnosis and treatmenteafsgis or bioanalytical
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2.4. Nanomagnetism in Magnetic Resonance Imaging (MRI)

uncompensated
surface spins

¥\

Figure 2.2: Antiferromagnetic materials have a net magagtn of zero, however,
uncompensated spins on the particle surface contributenteasurable magnetic
moment. With decreasing particle size the surface-toraeluatio increases, which
leads to higher magnetic moments.

processes. However, this section will solely focus on thélization as contrast
agents for magnetic resonance imaging (MRI).

MR imaging is one of the most powerful non-invasive imagieghniques in clin-
ical use today.[11-13] Just as NMR spectroscopy, it is basetieasuring the re-
laxation of protons in an external magnetic field after thayehbeen excited with
a radio-frequency pulse. To be more specific, if a strong reagrield (B,) is
applied, water protons will align along the main field axisl gmecess with a field-
dependent frequency (the Lamor-frequengy. However, they can align either
parallel or anti-parallel to the external field, the lattemy energetically a little less
favorable. Therefore, there is a slightly larger numbermoftg@n spins pointing in
field (z-) direction, which leads to a measurable longitudinal negigation)M, (see
Figure 2.3a). Since the energy difference between thelpbaald anti-parallel state
depends on the strength of the magnetic field, a higheyields a better signal in-
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tensity. By applying an electromagnetic pulse whose frequenrresponds to the
Lamor frequency, the spins can be tilted from thdirection into thery plane (see
Figure 2.3b). As a result/, becomes zero and a transverse magnetizatiop
arises. However, this condition is energetically not stadohd the system slowly
returns to its initial state.

The process by which this occurs is called relaxation. Bégj¢here are two dif-
ferent types of relaxation depending on the nature of theesponding interactions:

e T,: Longitudinal relaxation. After excitation with a 90 radio frequency
pulsel, is zero and\/,, is maximal (see Figure 2.3c). Over time, the mag-
netization returns to the-direction and\/,,, decreases. This process is asso-

T, Relaxation

4 S

d

T, Relaxation

A A A A
M., =max
O REHOED
M. |=0

Figure 2.3: (a) Parallel and anti-parallel alignment oftprospins in an external
magnetic fieldB,, (b) by applying a 90 RF-pulse the spins are tilted into thg-
plane, (c)I’ relaxation mechanism: over time, energy is transmittetiéaenviron-
ment (lattice),M., increases, (d)» relaxation mechanism: dephasing of the spins
leads to depletion at/,,.[11]
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2.4. Nanomagnetism in Magnetic Resonance Imaging (MRI)

ciated with a release of energy to the environment (the Ckitfj therefore,
it is also calledspin-lattice(or longitudinal) relaxation. The time constant,
at which the energy is depleted (andl increases);, depends on different
factors, includingB, or the nature of the observed tissue.[11, 13]

e T,: Transverse relaxation. The loss of the transverse magnetizatigh,
Is also associated with a dephasing of the spins precegsititg iry-plane
(see Figure 2.3d). Directly after excitation all spins argphase and/,, is
maximal. In principle, two components determine the depiggsrocess: On
the one hand, an energy exchange between the spins indudedabynag-
netic field interferences among the spins themselspm{spinor transverse
relaxation), leads to a faster and slower precession inghglane. The time
constantl;, with which M, is depleted is therefore independenti®f On
the other hand, inhomogeneities of the external magneta; &eising from
the magnetic coils of the MRI scanner itself or the body of taegnt, lead
to an additional dephasing and a faster decay/of with a time constant
T5.[11-13]

The contrast in MR images is mainly determined by three wgiffefeatures: the
proton density, thd} time and théel; time of the regarding tissue. While the proton
density is given by the chemical and physical nature of gsu#, the use of contrast
agents can greatly enhance b@thand7; contrast. Basically it is desired to shorten
the relaxation times because this leads to a greater differim signal intensity and
thus to a better contrast in the MR image. Figure 2.4 dematesithe basic princi-
ples of contrast enhancement.Tipweighted images, the signal intensity relies on
how fast)\/, is restored. Curve A in Figure 2.4a shows the norifaklaxation of a
tissue without a contrast agent. After a certain time petidke longitudinal mag-
netization has recovered to a val&. Curve B corresponds toA relaxation of
the same tissue but using a suitable contrast agent. A&esaime time period more
longitudinal magnetization)(. ) is restored, and sinck/, > M, more intensity is
measured in the scanner. Therefdfe enhancement leads to a brighter (positive)
contrast in the image. On the other hand[jAweighted images the signal intensity
is determined by\/,,,. Curve A in Figure 2.4b shows the origiri&l relaxation of a
tissue. After a time’ the transverse magnetization has dropped to a \M:'Hﬁ By
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Chapter 2. Nanomagnetism

Figure 2.4: (a) Evolution of longitudinal magnetizatidf, over time: A without, B
with 7} contrast agent, (b) evolution of the transverse magnedizat,,, A without
and B with7; contrast agent.

use of a contrast agent the relaxation is accelerated (8)rard after the in-plane
magnetization is\/,,,. SinceM,, < M, , the area in the concerning image appears
darker (negative contrast).

In general, the effect of MRI contrast agents is based on infiung the reso-
nance properties of the tissue by changing the local magheld inside the body.
This change depends on interactions between the protoie dissue (water, fat,
proteins) and the unpaired electrons, and therefore, thgnetie moment of the
contrast agent. Consequently, most commercially availabtgrast agents con-
sist of paramagnetic substances with a high number of ueghailectrons and high
magnetic moment (e.g. solutions of metal ions, likeGdn** or F€*). Super-
paramagnetic nanoparticles (see section 2.2) have a mglbrhmagnetic moment
(compared to free ions 100-10,000-fold), making them psimgi candidates for
contrast enhancing purposes. In fact, iron oxide NPs aeadyrin clinical use as
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T, contrast agents.[11]

Unlike X-ray contrast agents for computer tomography, teat on the direct ab-
sorption of X-ray radiation, the effect of (super)paramatgnsubstances in MRI
is oblique. For example, paramagnéticcontrast agents withdraw the excess en-
ergy after proton excitation, and hence, lead to a fastewvery of M, (see above).
However, this effect is strongly related to the ability oftelamolecules to enter the
periphery of the agent. The impact'6f agents, on the other hand, arises from the
creation of local magnetic fields, which results in increbBeld-fluctuations, and
thus in a faster dephasing of the in-plane spins. As a coeseg.i/, agents need
to have a much larger magnetic moment taragents. The measure, by which
the performance of MRI contrast agents is evaluated, isccadllexivity (, = 1/7}
andry = 1/T,, per mol of agent). Additionally, the ratio df, to 73 relaxivity
(ro/r1-ratio) can also be used to estimate the contrast enhanoiegtl (e.g.7}
agents require a low, /r; ratio, whereas fof; agents it should be large). The de-
gree of performance is strongly dependent on the size, Eédtion, composition
and crystallinity of the NPs.[14-16] As already stated ia finevious sections the
particle size and composition mainly determines the maggi&in and, therefore,
a narrow size distribution is necessary to efficiently exkploe magnetic proper-
ties for MRI. Furthermore, it was shown by Weller and cowoskénat the surface
characteristics of magnetic NPs (i.e. nature of surfacantig, degree of ligand
loading) also play a crucial role for the MRI contrast enhagabilities.[17] The
authors demonstrated that the transverse relaxivity, ritiqodar 3, is greatly higher
for micellar coated compared to polymer-functionalizedipkes using same-sized
nanoparticles.

Although superparamagnetic iron oxide NPs (SPIONs) showamg 7, effect,
there are numerous reports in which they can also be applieddfective agents
for the shortening of th& relaxation time, either by applying special measure-
ment techniques, by reducing the particle diameter, anslttieimagnetic moment,
or by labeling FgO, NPs with Gd-complexes.[18—21] Apart from iron oxide NPs,
other nanomaterials are also objects of increasing stiemtierest as MRI contrast
agents. In this respect, gadolinium-based NPs have beensaxtly investigated as
positive ([}) contrast agents. [22—30] However, superparamagnetic Nar@par-
ticles have recently attracted considerable attentioroagige (/) contrast agents

17



Chapter 2. Nanomagnetism

(see also section 6.4).[31-36]
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CHAPTER 3

Synthesis of Magnetic NPs

For more than 30 years, the preparation of nanocrystalscrystalline materials
with dimensions in the range between 1-100 nm, has beersingdy investigated,
not only for their fundamental scientific interest, but aleotheir many possible
technological applications. As mentioned in chapter 2 pnaaterials exhibit phys-
ical and chemical properties, that are quite different fitieir bulk counterparts.
However, since these properties are strongly dependerfteoditmensions of the
nanocrystals, the synthesis of uniformly-sized NPs (i.enadisperse with a stan-
dard deviation of the size distribution < 5%) is of key importance. Especially,
nanocrystals composed of semiconductor (so called quadtas(QDs)) or mag-
netic materials have attracted considerable interestyigarespect. For applica-
tions in optical devices, size uniformity of the QDs is a@dti for achieving a sharp
colored emission at a specific wavelength. On the other handpdisperse mag-
netic nanocrystals are essential for next-generationitenabite (Tbit in?) mag-
netic storage media.[1-5]

In principle, there are two major approaches for the premaraf nanomaterials.
The first one is based on physical methods to break down a bati&rral, until the
crystallite size reaches nano-dimensions.[6, 7] Theegfibis generally referred to
as "top-down" approach. The second strategy is based ondhecaassembly of
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Top Down

Figure 3.1: lllustration of the "top-down" and "bottom-up'papaches.

individual elements to create nanoparticles of the desiraterial, hence the name
"bottom-up" approach (see Figure 3.1). For industrial, ahddarge-scale produc-
tion pathways, physical "top-down" methods are benefidiatesthey guarantee the
preparation of large quantities of NPs in a short time. Thgpmdrawback, how-
ever, is the poor control over size, size distribution, araiphology of the result-
ing particles.[5, 8-10] A better control is achieved by siolo-based "bottom-up”
strategies, although the yields are comparably low. Simeedsearch interest in the
development of magnetic nanomaterials for biomedicaliegfbns is focused on
nanoparticles with homogeneous size distribution and hadggy, only solution-
based "bottom-up” methods will be considered in the follawin

As magnetic nanoparticles have played a major role in nasemesearch over the
past decades, numerous strategies have been developadtesiye them with dif-
ferent compositions and homogeneous size distributiohg. riiost favorable syn-
thetic approaches usually comprise co-precipitation rétyermal synthesis, syn-
thesis in (reverse) micelles, and thermal decompositiaticeimeduction of appro-
priate metal-organic precursors. Simple metal nanopastisuch as iron,[11-13]
cobalt[14] and nickel,[15] as well as metal oxides, likg®Gg[16—18]y-F&,05,[11]
MnO,[19-25] MyO4,[26] Co0,[27-30] or NiO,[31, 32] mixed metal oxides with
spinel-type structure, such ddFe,O, (M = Mn, Co, Zn),[16, 33-35] or inter-
metallics such as FePt,[36—41] NiPt,[42, 43] and GRRt 45] have been prepared
by these methods.
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Figure 3.2: LaMer plot illustrating the separation of natien and growth dur-
ing the synthesis of monodisperse NEsand S. are supersaturation and critical
supersaturation, respectively.

3.1 General Considerations

A key issue for the preparation of monodisperse magnetiopemnticles is to un-
derstand the basic formation mechanism of nanocrystalslutisn. It is in fact
surprising, that, although many different synthetic slgas are known today (see
above), the comprehensive understanding of nanopartesiergtion is still very
limited. However, the main factors that determine this pssg; i.e. nucleation and
growth, will be discussed briefly. [23, 46]

The first research efforts associated with the formation ohodisperse colloidal
particles were carried out in the 1940's. LaMer and cowakevealed, that a short
nucleation burst followed by slow controlled growth, withidurther nucleation, is
essential to produce colloids with a narrow size distrilou{@7, 48] Although this
model was actually developed for sulfur hydrosols and aibs@ls, it can easily be
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Chapter 3. Synthesis of Magnetic NPs

transferred to nanoparticulate systems. According to diddér model, the whole
nucleation and growth process can be divided into threegsh@ee Figure 3.2). In
the first phase, the monomer concentration increases dhaduadél it reaches the
point of supersaturatiorb(). If no seeds (like dust particles or small crystallite®) ar
present, which would initiate heterogeneous nucleatiafy, bomogeneous nucle-
ation is possible. However, since the energy barrier foirhigtion of a homoge-
neous nucleation event is considerably high, the mononreresdration can further
increase (phase Il). The energy barrier can be expressad &libs free energy of
spherical crystal formation with radius

4
AG g = 4nriy + §7TT3AGV (3.1)

Herein,y is the surface free energy per unit area &, is the change of free lat-
tice energy during the generation of the crystallites. &mnés always positive and
AG, is negative, a plot oAGx versus- passes a maximum at the critical radius
(see Figure 3.3). Far < r. the nucleus is too small and will dissolve away. Only
for » > r. the formed nucleus is stable and able to grow.

The requirements for homogeneous nucleation to occur caletded by calcu-

lating the critical radius:
I(AGk)

or
consideringAGx = (—RTInS)/V,, with supersaturatiof andV,,, being the molar
volume of the bulk crystal, this leads to:

=0 (3.2)

_27 2’7Vm

AG, RTInS (33)

Te =

As a consequence, equation 3.3 emphasizes the necessdityorofor the initia-
tion of homogeneous nucleation, without premature hetregus nucleation tak-
ing place: only ifS is sufficiently high,r. will be small enough, so that the system
can surmount the energy barrier for spontaneous homogsmemleation.[49] In
phase Il, the supersaturation finally reaches a criticalevéd.), which means that
the system contains enough energy to overcome the enemggri{aee Figure 3.2
and Figure 3.3). Therefore, homogeneous nucleation tinmutghe entire reaction
solution can take place any time. The critical free enery§'f;.) needed to create
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3.1. General Considerations

Figure 3.3: Plot of the Gibbs free energy for crystal format{AG ) versus the
nuclei radius £). Since the surface free energy term scales witand the free lat-
tice energy term scales withr®, AG passes a maximum with the corresponding
critical radiusr..

a stable nucleus can be obtained by combining equation$d.3.8:

1673 167312
AGg, = = m 3.4
K7 3(AG,)? ~ 3(RTInS)? (34)

Eventually, a large number of nuclei are formed simultaisgoin a process, that
can best be described as a nucleation "burst". As a conseqtleaceonomer con-
centration drops drastically below a point where no furticleation is possible.
The rate d&V/dt, at which these nuclei are formed, can be expressed in aeAs

form: dN AG 16773V 2
o . Kc _ ™YV
dt _AeXp{ kT } AeXp[3(kT)3(NAInS)2] (3.5)
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Finally, in phase Ill, all nuclei grow at the same time, anid¢s their growth histo-
ries are identical, the NPs will end up having an exceptigmarrow size distribu-
tion.

However, it should be noted at this point, that this theory b@en derived for mi-
croparticle systems and, although it is feasible to applgtrabthese considerations
to nanoparticle models, caution must be taken and the statsnmust be judged
critically, since the surface free energys much higher in this size range, and there-
fore, cannot be considered to be constant.[50] In fact, igfe tatio of surface atoms
to bulk atoms in small NPs leads to a extremely high drivingdof these particles
to minimize the surface energy, which, consequently, tesuluncontrolled growth
and particle agglomeration.

The most common techniques to prevent these unwanted dsafige surfactant
molecules to stabilize even the smallest NPs in solutiores€hmolecules usually
consist of a long hydrophobic hydrocarbon chain with a fiomal end group, that
strongly attaches onto the surface of the regarding naremahtTypical functional
endgroups include phosphines, amines, thiols and carat®syland, as a result, a
hydrophobic shell is formed around each particle, progdimot only, protection
against oxidation, but also long-term stability in nongrasolvents.[3, 8, 16, 22,
51, 52]

3.2 Co-Precipitation

One of the most preferred methods to produce magnetitg(ffemaghemite -
Fe,0O3), and mixed ferrite {/Fe,O,) nanoparticles is the co-precipitation of
iron(I)-, iron(lll), and other metal §/(ll)) salts (e.g. chlorides, sulfates, nitrates)
in aqueous solution by addition of a base (see Figure 3,499857] The products
of co-precipitation reactions, especially those perfatraeor near room temper-
ature, are usually poorly crystalline, or even completetyogphous, requiring a
subsequent annealing step, which makes particle aggltmernavoidable. On
the other hand, conducting the co-precipitation reacttdngher temperatures (50-
100°C) automatically leads to condensation of the precipitatethhinydroxides to
form crystalline metal oxides.[53, 58] Depending on theatwesalts used as start-
ing materials, temperature, the?Fé=e** ratio and the pH, particles of different
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3.2. Co-Precipitation

Figure 3.4: Magnetic NPs synthesized by the co-precipitatif metal salts in ba-
sic aqueous solution. (a) Mn-ferrite NPs.[53] (b) Co-ferliPs.[54] (c) FgO,
NPs.[55]

size, morphology, and composition can be produced in aigddroducible fash-
ion. Since FgO, nanoparticles are subject to oxidation and dissolutiorgueaus
environment, controlled oxidation to the more stable magtee(y-Fe,0s) is often
conducted as a follow-up step during nanoparticle synshésbetter dispersibility
in water can be obtained by subsequent acidification of thcfeasurface with
nitric acid or by addition of tartrate ions, making the NPabé in acidic and ba-
sic media over long periods of time.[54] The major advargagfethis method are,
once all parameters are set, the high reproducibility agt fiields that can easily
exceed multi kilogram amounts. Therefore, it is especialigresting for industrial
scale applications.[9]

The major drawback, however, is a poor control of the siz&iligion. Since mag-
netization and blocking temperature strongly depend ooparticle size, a narrow
size distribution is essential to fully exploit these pras in subsequent appli-
cations. Partial control over the size distribution can beieved by addition of
organic stabilizing agents, like polyvinyl pyrrolidone\(P) or polyvinyl alcohol
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(PVA), which cover the surface of the nanoparticles durhreygynthesis. Other au-
thors have reported that the use of various organic saéisoklium citrate or tartrate
can control the dispersity of the product (see Figure 334) The effects of several
organic anions, such as carboxylate and hydroxy carbaxidat, on the formation
of iron oxides or oxyhydroxides have been studied extehs|88] However, oleic
acid is by far the most often used stabilizing agent for mgméPs.[60, 61]

3.3 Solvothermal/Hydrothermal Synthesis

Figure 3.5: Magnetic NPs synthesized by hydro-/solvotla¢rmaaction. (a)y-
Fe,0; nanoplates synthesized from iron nitrate precursors imretfc2], (b)
Mn3;O, NPs prepared from KMnQin ethanol/water[63], (c) ZnkE©®©, NPs syn-
thesized from zinc granules and ferric chloride in aqueousania[64] and nearly
monodisperse NiE®, NPs prepared from the metal nitrates at a water-toluene in-
terface with oleic acid as capping agent.[65]
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3.3. Solvothermal/Hydrothermal Synthesis

Solvothermal/hydrothermal strategies have been usedtiupe a large variety
of nanomaterials.[62—69] The key idea behind these presdsgo bring the reac-
tion mixture to temperatures well above the boiling pointhe respective solvent.
This is achieved by placing the mixture inside a sealed pigissure reaction ves-
sel (autoclave). In some cases the solvent is heated alsoestital point, where
it becomes a supercritical fluid. Supercritical fluids exhuery high viscosities
and are able to dissolve compounds that have a very low sibyulmder ambient
conditions.[66] However, in most cases it is not necessahett the solvent above
its critical point, because the solubility and reactivifynoetal salts and complexes
is high enough, even under more moderate subcritical dondit In any event,
solvothermal processing allows many inorganic mater@alset prepared at temper-
atures well below those required by traditional solidetaactions. Similar to the
co-precipitation process, the addition of stabilizing ewlles can control the parti-
cle morphology and significantly narrow the size distribati The main advantage
compared to other "low-temperature" procedures, like azipitation and sol-gel
processing, are the very high crystallinity of the resgltmanomaterials. Detailed
descriptions of the theory of solvothermal/hydrothermalcesses can be found in
recent review articles.[10, 66, 67, 70-72]

The solvothermal synthesis of magnetic metal oxide nanicpes can be performed
starting from different metal precursors. sBg nanoparticles with tunable sizes
were prepared under hydrothermal conditions using £e@Ht,O and ammonia.
Here, the size of the NPs could be controlled by variationhef reaction condi-
tions.[73] On the other hand, Lu at.[62] reported the solvothermal synthesis of
nearly monodisperse-Fe,O3; nanoplates (see Figure 3.5a) by reacting a solution
of Fe(NG;); x9H,0 in absolute ethanol with PVP as stabilizing agent at 220
Furthermore, monodisperse NPsMifFe,0O, (M = Ni, Co, Mn) andy-Fe,O; were
obtained at the water/toluene interface under converitexmdmicrowave-assisted
hydrothermal conditions using metal nitrates and chlarided oleic acid as cap-
ping agent (see Figure 3.5d).[65] Monodisperse magneéitoparticles with an
average size of 39 nm were synthesized by co-precipitatidermous Fé* and
ferric FE€* ions in water with tetramethylammonium hydroxide (N(QHDH) at
70 °C followed by hydrothermal treatment at 25G.[68] The use of hydrother-
mal techniques also allows the formation of unusual mompiieks. Nanorings of
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a-F&03, v-F6,03 and FgO, were prepared by hydrothermal treatment of FeCl
with certain additives, like NAHPO, and NaSQ,, at 220°C. The preformed-
Fe,0O3; nanorings could easily be converted intd-6,0; and FgO, by reduction

in a hydrogen/argon atmosphere.[69] As a further examalgel nanoparticles of
hausmannite (MyO,) and nanorods of manganese oxidehydroxide (MnOOH) were
synthesized using KMnQas precursor in a solution of water and ethanol (see Fig-
ure 3.5b).[53, 54, 58, 63, 69, 74-76] Among the metal comgdesupferronates
are the most frequently used compounds. Ghost.[&2] reported the successful
synthesis of 6-14 nm MnO and NiO nanoparticles by decompgasiainganese cup-
ferronate Mn(GH5;N-,0O,), and nickel cupferronate Ni(&l5N,O), in the presence

of trioctylphosphine oxide (TOPO) as capping agent undeosioermal conditions.

3.4 Preparation within Micelles

Another strategy, that is often applied for the synthesisiagnetic nanoparticles,
uses micelles as "nanoreactors” in (reverse) microemwsiBy definition, and in
contrast to conventional emulsions, microemulsions agentbdynamically stable
isotropic dispersions of two immiscible liquids, in whichm@no-layered film of
surfactant molecules stabilizes each microdomain of bqthds.[77—79] A special
kind of dispersion is the water-in-oil microemulsion, whéhe aqueous phase is
dispersed as microdroplets (typically 1-50 nm in diameatea non-polar hydrocar-
bon phase (e.g. cyclohexane).

As shown in Figure 3.6, the aqueous droplets themselvesinaisded by a stabi-
lizing monolayer of surfactant molecules. Since the sizksare distribution of the
synthesized nanopatrticles strongly depends on the diaofdtee micelles, efficient
control over the micelle radius is crucial to obtain high lgyaranocrystals. It has
been shown in the past, that the size of the reverse micrtadsogan be adjusted by
varying the molar ratio of water to surfactant:[80]

wo = [H>0)/[S (3.6)
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Figure 3.6: (a) Different surfactant molecules, such as 8DSTAB can be used

for the formation of reverse microemulsions. (b) Reactidresee for the synthesis
of NPs inside the micelles of a water-in-oil microemulsiofibe micelles act as

spatially confined "nanoreactors” in which the NPs are ge¢edrdMetal precursors

(grey) are reduced by suitable reducing agents (red) aateldtemperatures. The
micelles are subsequently disrupted by addition of polless, such as methanol,
after which the NPs can be collected by centrifugation.

To derive the micellar radiug,, one first has to consider the volume of each mi-

celle, given by:
4T R3,

3
in which, Vs andVjy, are the volumes of surfactant and water, respectively. Genve

sion of equations 3.6 and 3.7 gives:

V = = [§Vs + [H20] Vi (3.7)

3V 3V
S+ wWo

Rar = 228
M e s

(3.8)

31



Chapter 3. Synthesis of Magnetic NPs

Figure 3.7: Magnetic NPs synthesized using micelles as 'heactors”. (a)fcc Ni

NPs prepared by reduction of nickel(ll) chloride with hyziree using a water-in-oil
microemulsion of water/CTAB-hexanol [81], (b) CoCrFe©ONPs synthesized in

a water/NaDBS/toluene reverse microemulsion using €eo6H,0O, CrCk x6H,0

and Fe(NQ)3x9H,0 [82], (c) FgO4 NPs prepared in water/NaDBS/xylene with
FeCLx4H,O and Fe(N@); x9H,0O [83] and manganese-based nanoscale metal-
organic frameworks coated with silica prepared throughralioation of reverse
microemulsion and microwave assisted techniques. [84]

Herein,>s is the effective surface area of the surfactant-terminateelle. With
equation 3.8 a straight proportional relationship betwbereffective micelle radius
R,; and the molar water-to-surfactant ratig is evident. With this understanding,
a precise control of the micelle size is possible.

In a stirred reverse microemulsion the micelles continlyousllide, fuse, and
break up again. Therefore, a reaction system containingotwoore precursors
in individual aqueous droplets will eventually lead to iméte mixing of the reac-
tants and initiation of the reaction.[85] The nanopartidenation itself is usually
conducted at room temperature, but it can also be accalebgtdeating the or-
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ganic solvent to reflux.[81] After completion, the produahde isolated by break-
ing up the micelles with different solvents such as methamacetone followed
by filtration or centrifugation. Commonly used surfactantlecales are either
ionic, like cetyltrimethylammonium bromide (CTAB) or sodiuedecylbenzene-
sulfonate (NaDBS), or non-ionic, like Igepal CO-520 or Trit&rnl00. In some
cases an additional co-surfactant is also applied.

A vast variety of different nanoparticles have been syngeelsusing (reverse) mi-
celles, ranging from metallic or intermetallic materiadsquaternary metal oxides.
Microemulsions, consisting of octane and hydrazine asaieduagent in water,
with CTAB as surfactant and 1-hexanol as co-surfactant, warmgloyed to create
fece-structured nickel nanopatrticles (see Figure 3.7a).[8ddlidonally, the large-
scale synthesis of uniform magnetite {Bg) nanoparticles was achieved by precip-
itation from ethanolic FeGIFe(NG;); solution in xylene with NaDBS under reflux
conditions (see Figure 3.7¢).[83] Ternary 3d metal oxidé&e,O, (M = Mn, Co,
Ni, Cu, Zn, Mg, or Cd, etc.), of the spinel structure are amorgrttost impor-
tant magnetic nanomaterials and have been widely used faugaapplications.
A common approach for the synthesis of spinel ferrites cageprthe combination
of aqueous solutions of metal nitrates (e.g. MnglCand Fe(NQ);) in toluene
with NaDBS as surfactant,[86] and, as mentioned before, ¥heage size of the
resulting nanoparticles can be controlled by adjustingniméar ratio of water to
surfactant. As shown in Figure 3.7b, even more complex noeide systems, like
the quaternary CoCrFeQ@ould be synthesized by a similar approach using aque-
ous solutions of CoG| CrCl; and Fe(NQ); in toluene with NaDBS.[82] A more
exotic example was given by Xu at., who prepared BakgO,4 nanocrystals in a
microemulsion system consisting of CTAC, n-hexanol, watérayeclohexanol with
(NH,).CO; and NH,OH as precipitants.[87] In contrast to that, a combinatibn o
reverse microemulsion and microwave assisted synthesisegantly used to pro-
duce manganese-based nanoscale metal-organic framewriks show promis-
ing properties for magnetic resonance imaging (MRI) (seer€i@.7d).[84]
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/
Metal bath

Figure 3.8: (a) Scheme of experimental setup for the syrgtloémonodisperse NPs
by decomposition of suitable metal precursors using a netidl with temperature
controller. (b) Photograph of laboratory setup using a eational heating mantle.
(c) TEM-image of as-prepared MnO NPs.

3.5 Thermal Decomposition and/or Reduction

The by far best results, for the reproducible synthesisgtiligicrystalline magnetic
nanoparticles with a narrow size distribution, are obtdiwen metal-organic pre-
cursors are decomposed or metal salts are reduced in hitjhgbioon-polar sol-

vents and in the presence of surfactant molecules. The kag i®r the production
of monodisperse nanoparticles, the separation of nuoleatid growth according
to the LaMer concept (see section 3.1),[47] can easily bizaeti by controlling the

basic experimental parameters like reaction temperdtegding time, heating rate,
and concentrations of precursors and surfactants.[3] &geired short nucleation
burst can basically be initiated in two ways: either by itijgg a cold precursor
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solution into a hot mixture of solvent and surfactants, ohbgting up a mixture of
all components at the same time in a controlled fashion. Therfiethod is based
on the simultaneous formation of many nuclei when the psarus injected.[89]

In the second procedure, all reactants are mixed at roomaeye and subse-
quently heated at a well defined heating rate, until the d@omition temperature
of the precursor is reached. A typical laboratory set-uplersynthesis of monodis-
perse NPs is illustrated in Figure 3.8. Fortunately, thisotigposition does not nec-
essarily lead to the formation of nuclei, because a pre@paration of nucleation
and growth would be difficult, if not impossible. In some cgdbe degradation of
the precursor molecules rather leads to the formation oéoutdr clusters, that can
be viewed as monomers for the generation of NPs. As the tertyverrises, the
concentration of these clusters increases until it reaatoesical point of supersat-
uration (see section 3.1). As a result, a large number ofenace formed, how-
ever, since the temperature only increases slowly, no derable growth occurs.
Once the reaction mixture has reached a temperature tbaisadufficient growth,
all particles grow at the same leading to a homogeneous si@dtion.[90] In
most cases particle growth can be stopped by rapidly redubatemperature. For
nanoparticles synthesized in this way the standard deviati the size distribution
(o) is usually around 10%, however, further size selectiohrigpies, like repetitive
precipitation, can lowes below 5%.[3, 90, 91] Some of the most popular precur-
sors and additives for the synthesis of magnetic nanopestiill be discussed in
the following.

Among magnetic nanomaterials, metallic NPs show highernatzation values
than metal oxides. For the synthesis of metal NPs, zeraiwalecursors, such as
metal carbonyls are preferably used.[11, 92, 93] Fattysadtohg chain amines and
thiols are generally used as surfactants to stabilize Hpeegsared particles from ox-
idation and agglomeration.[35, 94, 95] For instance, Alos etl.[96] were able
to prepare monodisperseCo nanoparticles by rapid pyrolysis of dicobalt octacar-
bonyl ([Co,(COX]) in the presence of a surfactant mixture containing oleid,a
lauric acid, and trioctylphosphine. The size of the pagsctould be controlled
from 3-17 nm by adjusting the precursor/surfactant ratie, temperature and the
injection time. In fact, iron NPs were prepared by a similatinod.[12] On the
other hand, the reduction of metal salts with suitable redpagents, like hydrides

35



Chapter 3. Synthesis of Magnetic NPs

or alcohols, can also lead to the formation of metal nanapest Sun and Murray
were among the first to synthesize metallic nanoparticlea tgriety of methods,
e.g. ¢-Co NPs by injecting superhydride (LiBfE) into a hot solution of CoGl
in octyl ether with oleic acid and trialkylphosphines adfactants.[97] The size of
the particles could be controlled by varying the chain lermftthe alkyl group in
the trialkylphosphines. However, one of the most cited aaphes for the synthesis
of intermetallic NPs, is the preparation of monodispersetf¢Ps and their self-
assembly into two- and three-dimensional superlattices Fsgure 3.9).
Precursors with cationic metal centers are preferably @isethe synthesis of
magnetic metal oxide nanoparticles. Yet, the preparatiometal nanoparticles fol-
lowed by mild oxidation is also applied in some cases. Fdamse, monodisperse
maghemite nanoparticles have been synthesized by ingectim pentacarbonyl
(Fe(COy)) into a hot solution of oleic acid, oleylamine and 1,2-hes@ahdiol in
octyl ether. The initially formed Fe nanoparticles weresaduently oxidized by
addition of trimethylamine oxide ((CHs;NO) as mild oxidant.[11] However, metal
organic compounds, such as formates,[21] acetates,[2Dhaetylacetonates[19]

Figure 3.9: (A) and (B) TEM images of three-dimensional add&s of 6 nm
as-synthesized EgPt, NPs. (C) HRSEM image of & 180 nm thick layer of as-
sembled 4 nm FgPt;s nanocrystals. (D) HRTEM image of 4 nm £Pts NPs.[36]
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have evolved as the most common precursors for the preparatimetal oxide
particles.

Inspired by the idea, that during the heating procedure gé®oof the metal ion
and the surfactant is formed, a new strategy was recentfyoged.[22, 25, 35] By
directly using a pre-prepared metal-surfactant complerueh better control over
the reaction process was obtained. In this way, highly atiysé nanoparticles of
different metal oxides with exceptionally narrow size disition (c < 5%) were
synthesized. As an example, Figure 3.10 shows monodispesisganese oxide
(MnO) NPs synthesized by decomposition of a manganeseeopgatursor in 1-
octadecene. Due to their exceptionally narrow size digtiol they self-assemble
to form two-dimensional and even three-dimensional sapterés.
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Figure 3.10: (a) Two- and (b) three-dimensional supedestof monodisperse MnO
NPs. the NPs were prepared by the decomposition of Mn oledteoctadecene.
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CHAPTER 4

Colloidal Nano-hetero-Structures

One of the most exciting aspects of nanoparticle synthegisei possibility to ex-
pand the preparation techniques from single-componenttdlRsulti-component
hybrid nanoheterastructures consisting of several individual domains@m-
bining different materials on a nanometer length scale spemerous new oppor-
tunities, e.g. the realization of multifunctionality, tbembination/enhancement of
individual physical and chemical properties, or the preseasf separately address-
able surfaces, and therefore, directed self-assemblyrirg different ligands to
the concerning surfaces. As an example, alternating natekyers of metal and
magnetic domains gave rise to giant magnetoresistance (GMRpperty which is
now intensively employed in hard disk drive read heads.[#r€fore, integrating
separate, intrinsically different, functionalities repents a exceedingly powerful
way to create novel functional materials with convergeoperties found in neither
of the constituents.
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Chapter 4. Colloidal NanbeteroStructures

4.1 Synthesis of Colloidal Nandietero-Particles

There are many different ways to prepare naetergstructures, including seed
mediated growth or heat-induced phase segregation. Howerein the focus will
be devoted to the formation of nametereparticles through heterogeneous nucle-
ation on suitable seeds. Generally, there are two diffespptoaches to prepare
these structures in solution:

e (1) either by a two-step technique, where one of the compsnsmprepared
separately in advance and acts as seed material for theatinolef the sec-
ond constituent in a second reaction step, or

e (2) by a one-step method, in which the seeds of the first coemtcare gen-
eratedn situ followed by seed-mediated nucleation of the second maiaria
the same reaction solution.[3]

Q@ O §Ho

Dimer COl’e- ._
Shell Multfi-mer

Figure 4.1: By tuning the reaction conditions different mwlogies of colloidal
nanohetergparticles are possible.

However, the first technique is the most often applied apgro# variety of dif-
ferentheteremorphologies is obtainable with these techniques. Depgnuh the
lattice match and the interfacial energy of the regardingemals the achievable
shapes range from symmetric core-shell NPs to non-symuredteredimers, and
other multicomponenieterestructures (see Figure 4.1). Although it is generally
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Figure 4.2: (a) The different crystal faces on a Au NP. (b)t&pal relationship
between Au and MnO along tHg 11} direction.

possible to create narteetereparticles with a considerable lattice mismatch be-
tween the individual constituents, the combination of twatenials with sufficient
matching of the latticel-spacing is definitely preferred. As an example, Figure 4.2
displays the crystallographic relationship between Au EBmD. Basically, a Au
seed patrticle exhibits definite crystal faces on which aeatan of MnO can oc-
cur, however, only faces with matchidgspacing permit the formation and epitaxial
growth of a MnO domain. In the case of Au@MnO, the distancevbeh the{111}
lattice planes are similar in both materials, allowing eation and growth in the
corresponding crystallographic direction.

A successful preparation of naieteroparticles depends substantially on promot-
ing heterogeneous nucleation while at the same time suppgeisomogeneous nu-
cleation, since the latter would lead to the formation ofasafe NPs. Suppression
of homogeneous nucleation can be obtained by keeping tloeigice concentra-
tion under the critical supersaturation value (see se&@itbh This can be achieved
by precise control of the precursor ratio, amount of seetlghes and the heating
profile. Although the exact mechanisms are not yet fully usi®d, it has to be
estimated that an approximate matching between the cigstiakes of the individ-
ual constituents is necessary to ensure epitaxial growtheofecond component.
Furthermore, the seed particles can act as catalysts fayrdveth of the second
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Figure 4.3: TEM images of (a) 3-14 nm and (b) 8-14 nm Au@®henanoheterc
dimers. The HRTEM image in the sinset of (a) demonstratiesttherent interface
between Au and R©,.[5]

domain when a transfer of electron density to the newly ratel components is
involved, because in this case, the energy for heterogsnaatleation is lowered.
The general prerequisites and possible reaction pathwagslg to colloidal nano-
hetereparticles are depicted in Figures 4.4 and 4.6.

4.1.1 Dimer Nanoparticles

The simplest conceivable structure consisting of two iitdial materials is a dimer,
in which two joined NPs share a common interface. The questitich automat-
ically arises is how to control the formation of only one daman the seed NP,
i.e. how can additional nucleation on the surface of the begarevented? In deed,
various reports describe the preparation of naateredimers and emphasize the
importance of controlling the experimental parameters ][4 typical example for
Au-Fe;O, nanodimers is shown in Figure 4.3. However, the essencd tdcl-
niques can be brought down to controlling the polarity ofdbkrent. In this respect,
"polarity” must be equaled to the ability to provide electdmmnsity. As mentioned
above, a certain amount of electron density is necessampédneterogeneous nu-
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cleation of a second material on the seed NP. During the aticteprocess electron
density is withdrawn from the metallic core and transfemeethe growing nucleus
(see Figure 4.4). In fact, this phenomenon can be observéd@FgO, nano-
hetergparticles, as a red-shift in the absorption maximum comxbdo bare Au
NPs (see section 4.2.2 for further explanation). As a resudt electron density
in the seed is depleted and no further nucleation is possililes mechanism has
been proposed, not only for Au@#&2,, but also for Au@PbS and Au@MnO nano-
heteroparticles, where the authors suppose an electron trainsfarthe Au to the
Fe;0,, PbS and MnO domain, respectively.[5, 8, 9] As demonstrai&igure 4.4,

if a non-polar (i.e. electron-poor) solvent, such as 1-@etene or dioctyl ether, is
used for the synthesis, the electron deficiency on the Au caeabt be replenished
by the solvent, and therefore, additional nucleation evard prevented leading to
nanoheteradimer NPs. For example, Yu at. prepared Au-F¢O, dimers by in-
jecting Fe(CO) into a hot solution of pre-synthesized Au seeds in 1-octaeg5]
The size-ratio between both domains could be varied by dhgritpe amount of
iron precursor. In a similar way, we were able to prodbegeredimer NPs of
Pt@FgO,, Au@FgO,, Pt@MnO and FePt@MnO (see Figure 4.7).

Alternative approaches involve the preliminary formatidia metastable core-shell
NP structure followed by the generation of dimers by theramaealing, as demon-
strated for FePt@CdBeteradimers.[10] However, this procedure requires a con-
siderable lattice mismatch between both materials.

4.1.2 Core-Shell Nanopatrticles

Although dimers constitute the simplest nametergstructures, core-shell NPs are
the most extensively studied type of multicomponent NPsyTWere initially in-
troduced for semiconductor nanocrystals in the 1990's, hyeBali, Alivisatos and
coworkers,[14-16] but also received a lot of interest fognetic composites, e.g.
consisting of metal cores and metal oxide shells.[7]

The main synthetic principles mentioned above can also pbkeapfor core-shell
NPs, however, with the difference that additional nuctaabn the seed surface is
desired. For this purpose the preparation parameters raustried to compensate
the electron deficiency in the metal seed. The most often agprbach is to use a
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non-polar =
solvent & ja ><

|
polar solvent ”0 — 9

Figure 4.4: The solvent effect during the synthesis of nlaetero-particles. Non-
polar solvents cannot compensate the deficient electrositgeon the seed metal
NP, therefore no further nucleation is possible. Polarcteda rich) solvents can

transfer electron density to the metal particle permittirggformation of additional
nuclei. Adapted from Ref.[11].

solvent which, by itself, carries a sufficient amount of &lec density, that can be
transferred to the metal surface (see Figure 4.4). Ideatsts for this purpose com-
prise high boiling point compounds with a vast delocalizeglectron system, such
as benzyl ether or phenyl ether. As soon as a nucleus is foomte seed, the with-
drawn electron density can be compensated, which then sfiosther nucleation
on the surface. Subsequently, the growth of the nuclei lesitie coalescence of the
metal oxide domains and finally to the formation of shell aathe metal core.[11]
As an example, Zeng @l. created bimagnetic FePt@jf&® core-shell NPs by de-
composing Fe(acag)n the presence of preformed FePt seeds using phenyl ether
as a solvent (See Figure 4.5a-c).[12] The authors showatlihith shell thickness
is tunable by varying the amount of the precursor. In a similay Kang et al.
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were able to create FePt@MnO core-shell nanostructuresHjgere 4.5e-h).[13]
Other core-shell nanostructures with a variety of mater@hbinations, ranging
from metallic-magnetic Pt@E©;, metallic-semiconducting Au@PbS, Au@PbSe
and Au@CdS and semiconducting-magnetic PbS{@FEewere also prepared by
similar approaches.[8, 17]

Alternatively, core-shell NPs with magnetic metal oxideesoand metallic shells
have also been prepared. For example, Sun and coworkelesized FgO,@Au
core-shell NPs by reducing HAuLCbnto pre-synthesized E®, NPs in the pres-
ence of oleylamine. The key issue here is to prevent the apentis homogeneous
nucleation of Au. Therefore, the synthesis was carried brd@am temperature and
oleylamine was used, both as surfactant and as a mild reglagient.[18]

Figure 4.5: (a-d) TEM images of FePt@Bg core-shell NPs, (a) three-
dimensional superlattice, (b) two-dimensional self-agsg, (c) HR-TEM image
of a single core-shell NP, (d) corresponding EDX spectriigj.(e-h) TEM images
of FePt@MnO core-shell NPs with different shell thicknessed shapes (scale bar
10 nm). The particles were prepared via seed mediated gresvtiy preformed
FePt NPs as seeds and by growing MnO shells by decomposititn@acac).
By adjustment of the synthetic parameters the shell thicka@sl morphology is
tunable.[13]
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Figure 4.6: Possible reaction pathways leading to differ@amoheterastructures.
Non-polar solvents yieltheteredimers, whereas polar solvent lead to either core-
shell ormulti-mer structures, depending on the amount of stabilizingrageéded.

4.1.3 Multi-mer Nanoparticles

As already addressed for core-shell NPs, using a polar sbiseessential to per-
mit additional nucleation on the surface of the seed partithis approach can be
used to create more complex multifunctional nanocomp®sitat consist of more
than two domains. However, the key issue in this case is taahe formation
of a core-shell-type structure by preventing particlerigsine seed surface. This
can be achieved by providing extra stabilization to eachHenso that it can grow
to one individual domain (see Figure 4.6). The most obvioayg t@ accomplish
this is to increase the molar amount of surfactant. Indeedet¥l. reported for
Au@FegO, NPs, that preferably "flowerlike" morphologies were obtdivehen
phenyl ether was the solvent and a higher amount of oleic wagl used during
the synthesis to protect the & domains.[5] In a similar way, we were able to
prepare Au@MnO "nanoflowers” by decomposing Mn(acactjhe presence ah
situformed Au seeds, oleic acid and oleylamine in phenyl ethess ¢gction 8.5 and
Figure 4.7a).[9]

Another method to prepare more complaxlti-mer structures was introduced by
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Shi etal.[8] In this approach preformed nareteredimers of Au@FgO, were

fused together on the Au domain by addition of sulphur as anpting compo-

nent. During heating of the reaction solution the sulphuléposited on the Au
surface, leading to an attractive interaction between theldmains of neighbor-
ing Au@FgO, NPs and eventually a dimerization of two or more hetero-déne

dumbbells or flowerlike particles.

Figure 4.7: Examples of various magnetic metal@metal oxideohetere
particles.

4.2 Properties of Nanohetero-Particles

As already mentioned above, multicomponent nhetereparticles combine the
different functionalities and properties of their respericomponents. Since the
individual constituents are attached alongside coherdgatfaces, a considerable
amount of interactions between both materials must be asgum
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Figure 4.8: (a) Magnetic hysteresis curves for bargCgeNPs and Au@F¢O,
nano-dimers.[5] (b) Magnetic exchange bias at an ferromtgantiferromagnetic
interface.[20]

4.2.1 Magnetic Properties

The magnetic properties of multicomponent particles can significantly depend-
ing on the particular interphase interactions. Sun and daeve reported on the
properties of bimagnetic FePt@J&® core-shell NPs and revealed a direct mag-
netic coupling through the particle interface.[12, 19] Toenbination of a magnet-
ically hard material (FePt) and a magnetically soft mat¢Fie;O,) leads to a strong
interphase exchange coupling and, therefore, coopenaagnetization switching
of the two phases. Furthermore, the authors demonstraa¢dhdn nanocomposite
exhibited a higher magnetic energy product than the bulleras.

Additionally, the group of Prasad showed that Au@®Bgcore-shell nanostruc-
tures exhibited higher saturation magnetization and cagrevalues compared to
common FgO, NPs of the same size.[8] It can be assumed that this behavior i
due to a higher surface anisotropy caused by the Al@Feterface. As a result
the surface spins in the magnetic;Bg domain are canted, which requires a higher
magnetic field for the material to become saturated.[11]wilar behavior was ob-
served for Au@F¢O, nano-hetero-dimers (see Figure 4.8a).[5] Additionalhg t
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authors observed an increase in the magnetic blocking textyse with increasing
Au domain size. This phenomenon can be explained with a higjfective mass of

nanocomposites having larger Au components. A higher neagsgres more ther-
mal energy for the magnetic moments to freely flip in an exdkmagnetic field,

thus the blocked state is already reached at higher tenypesatin fact, the same
phenomenon can also be observed in Au@MnO nanoflowers.[9]

Another interesting feature is observed if ferromagnetatemnals are combined
with antiferromagnetic compounds, as was demonstratedNdggués and cowork-
ers for Co-CoO core-shell NPs.[21] At the interface betweeth loaterials, the

spins of the antiferromagnetic shell (CoO) pin the magngtreof the ferromag-

netic core and increase the magnetic anisotropy, a pheramehich is called

exchange bias and can be observed by a horizontal shift im#gmetic hysteresis
curve (see Figure 4.8b).[22]

4.2.2 Optical Properties

One of the most intriguing features of gold NPs is their cbemastic color in so-
lution. Depending on the particle size, Au NP solutions bikhabsorption max-
ima ranging from approximately 500 - 550 nm. This can belattad to quan-
tisized oscillations of conduction electrons, excitedeman external electromag-
netic field, a phenomenon which is called surface plasmamneaexe (SPR).[23—-25]
However, the combination of Au NPs with other materials nm® of nanoheterc
structures leads to a significant red-shift in the regartingvis spectrum (see also
section 4.1.1). Such a behavior is reasonable, taking icdoumnt that the SPR is
sensitive to dielectric environments.[26] Since the resme frequency is propor-
tional to N'/2, with N being the number of free electrons in a particle, an electron
deficiency will shift the absorption to longer wavelengjps-29] This effect be-
comes even more pronounced with increasing size of the rogi@¢ domain. In
fact, we showed that the absorption maximum in Au@MnO nan&te shifts from
525 nm (for bare Au NPs) to 555 nm and 585 nm for a MnO domainafid® and
18 nm, respectively (see also chapter 8).[9]
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4.3 Potential Application

Nanohetereparticles have been proposed to draw great interest iowsffields,
ranging from spintronics to nanobiotechnology.[11] Theremous application po-
tential of nanohetereparticles arises, not only from the integration of theafiéint
physical properties of the individual domains, but alsafrihve presence of differ-
ent selectively addressable surfaces.

Indeed, many reports have recently stated the possilmlitgé multicomponent NPs
for biomedical applications.[30—32] As an example, the boration of the unique
optical and magnetic properties in Au@Bg or Au@MnO nandheterastructures
make these particles promising candidates for simultameptical and MR imag-
ing. Sun and coworkers, developed bio-functionalized Ae@k nanodimers that
were able to attach to and visualize human epithelial carcancells (A431 cell
line).[33] The presence of two separate surfaces perntitiedelective functional-
ization with different ligands. A thiol containing poly{etlene glycol) (PEG) lig-
and was used to modify the Au domain, whereas a PEG chain viaticéional cate-
chol endgroup was attached to theg®g surface. Furthermore, a epidermal growth
factor receptor antibody (EGFRA) was conjugated to the taieBEG. A431 cells
are known to overexpress EGFR and, therefore, the multitbmal Au@FgO,
nanodimers could selectively attach to the receptors orcéhiesurface. Another
interesting example on how the combination of the individuraperties of nano-
hetereparticles can improve the diagnostic and therapeuticniaieof common
NPs was demonstrated by Hyeon and coworkers in 2006.[34&Uiters deposited
a uniform gold shell on silica NPs decorated with smalj@eNPs to create a mul-
tifunctional probe which acts, both as/a contrast agent for MRI and as activator
for photothermal therapy.

Recently, we showed that the individual domains on Au@MnQofiawers could
selectively be modified using suitable ligand moleculgs fnultidentate copoly-
mer containing PEG sidechains and several catechol amchupg/was used to func-
tionalize the MnO NPs, while a thiol-terminated oligonwatlde was conjugated to
the Au surface.

On the other hand, core-shell NPs are attractive multifanat systems for appli-
cations in catalysis, data storage, or as advanced perinaagnets.[11, 13, 35]
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Figure 4.9: (a) A nantreteredimer can act as a Janus NP when both surfaces are
functionalized with ligands of opposite polarity, thus atiag a giant amphiphile.
These amphiphiles can self-assemble at a polar/non-puknface to form e.g. a
monolayer (b) or micelles (c).

Another interesting feature concernihgteradimer NPs is the possibility to cre-
ate giant inorganic Janus particles. In this context the t&lanus particles” de-
notes asymmetric building blocks that possess two ends aviterent polarity

and/or chemistry. Janus particles are interesting for aymmaasons, e.g. their
self-organization into complex and well-defined assersljlB&—38] By attachment
of different ligands with opposite polarity giant amphilgsi can be created which
resemble large amphiphilic molecules that can be found tarea In biological

structures, self-assembled architectures formed by sughiphilic molecules are
often hierarchically organized and composed of smalletsuei.g. bilayers or mi-

celles). Synthetic Janus NPs may also exhibit a similaahiéhical self-assembly
process and thus provide a new and simple route for a cosdrsklf-assembly
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Chapter 4. Colloidal NanbeteroStructures

into one-, two-, or even three-dimensional structuresufegt.9a illustrates an ap-
proach, in which a hydrophobic alkyl thiol is used to attagliite gold domain of
a gold@metal oxide dimer, whereas a hydrophilic cateclidbRgand is grafted
onto the metal oxide domain, thus forming a giant amphiph#le a result, these
composite NPs would behave as amphiphiles which self-adsseah a polar/non-
polar interface to form monolayers or even micelles (seer€ig¢.9b and c).

No doubt, the toolbox of synthetic techniques for ndmaberestructures is quickly
expanding, leading to many fascinating new morphologies@mposite materi-
als, which will offer the possibility to create novel furmtial building block for
magnetic, electronic and optoelectronic devices, as ves¥l probes for biomedical
purposes.
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CHAPTER b

Surface Maodification of Magnetic NPs

Chapter 3 demonstrated that there have been numerous greakifly develop-

ments in the synthesis of magnetic nanoparticles over teedeades. However,
the most important issue, which needs to be accomplished thieir preparation,

is to provide the nanoparticles with a sufficient degree abitity. It was already

pointed out in chapter 3, that the use of surfactant molsaslessential to prevent
the particles from aggregation and rapid oxidation (seeRigure 5.1). Especially,
pure metal NPs, like Fe, Co and Ni (and their alloys) are extgraensitive to

air, and in fact, their vulnerability toward oxidation b@&ses more pronounced with
smaller particle sizes. Furthermore, the necessity of Aaierit coverage of the
nanoparticle surface becomes obvious when consideringeatwe use in biomed-
ical applications. The high chemical reactivity of the NPface could pose health
risk to patients, since the NPs could already influence i@apathways on the cel-
lular level.

Additionally, the colloidal stability of the NPs under phgiogical conditions is
another important issue, which needs to be addressed if @licagon in medi-
cal or biological respect is anticipated. As mentioned ictisa 3.5, the synthesis
of monodisperse and highly crystalline nanopatrticles iregunon-hydrolytic syn-
thetic routes and the use of hydrophobic surfactants, theieatly cover the parti-
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Chapter 5. Surface Modification of Magnetic NPs

oleic acid AAANANAA N\, COOH
oleylamine /ANANANAANNANA/NH,
octadecane- AANANANANANAANANSH

thiol

Figure 5.1: lllustration of an as-prepared hydrophobidasitant capped magnetic
NP. Typical surfactants comprise hydrocarbons with fural endgroups, such as
carboxylic acids, amines or thiols.

cle surface. Therefore, as-prepared nanoparticles avkibie in water and a direct
application of these unmodified particles into aqueoustgwris would inevitably
lead to particle aggregation and precipitation. All the segrif applied directly to
a living organism, these nanoparticle aggregates would ppsmmediate threat to
health, since they would clog up small blood vessels andwttsan unhampered
blood circulation. Furthermore, even if particle aggloatem could be prevented,
unprotected inorganic nanoparticles are prone to opstiooza defense process
initiated by the innate immune system, in which certain sepuoteins attach to the
particle surface and initiate phagocytosis. Therefolis,necessary to exchange the
hydrophobic protection shell by hydrophilic ligands, thaarantee, not only a high
colloidal stability in aqueous environment, but also préw@sonization by serum
proteins under physiological conditions.[1] The latteofi®en referred to as "stealth
effect".[2—4]

This section will focus on some of most common strategieshferprotection and
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5.1. Amphiphilic Micelles
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Figure 5.2: Different strategies for the surface modifmabf magnetic NPs.

S

stabilization of magnetic nanopatrticles (see Figure 518)erestingly, all known

surface modification approaches result in a core-shedldikucture, with the mag-
netic NPs being the core and some kind of inert organic ogiwac material being
the protecting/stabilizing shell. Apart from surface peaason, precious-metal or
carbon coating (which will not be discussed here), surfagdification with surfac-

tant micelles, bi-functional- or polymeric ligands or sdiare the most prevailing
methods.

5.1 Amphiphilic Micelles

As explained in section 3.5, as-prepared magnetic NPs arerexd with a shell
of hydrophobic surfactant molecules, such as oleic acidieylamine.[5, 6] The
functional group of these stabilizing agents are strongjpched to the particle sur-

63



Chapter 5. Surface Modification of Magnetic NPs

Surfactant

AANAAAANNAAAAA

Amphiphile

(cross\linker)

hydrophobic hydrophilic

Figure 5.3: Surface coating using amphiphilic moleculesie Bmphiphilic sur-
factant molecules can intercalate between the hydropheapping molecules on
the NP surface due to van-der-Waals interactions. Croksinof the surfactant
ligands can lead to more rigid structures and higher stgbili

face by a coordinative bond (see section 7.3 for more dgtailsereas the long
alkyl chains point into the periphery, creating an inertelaywhich offers, not
only colloidal stability, but also protection from oxidati and aggregation. Con-
sequently, one of the simplest approaches to enhance thiglgglof hydrophobic
NPs in aqueous solution, uses the molecular structure diyttieophobic layer for
the incorporation of additional surfactant moleculese lETAB or oleic acid (see
Figure 5.3). This surfactant addition strategy was firstetlgyved for the prepa-
ration of water-soluble quantum dots and was later alsoesstally applied for
dispersing magnetic NPs in agueous media.[7—-9] Duringgiosedure, the long
alkyl chains of the CTAB molecules are integrated in betwdenQG-chains of the
oleate/oleylamine molecules due to attractive van-deal8Vanteractions, and on
the other hand, the cationic trimethylammonium moietiestao the outside, cre-
ating repulsive forces and stabilizing the particles inpsusion. Unfortunately,
NPs prepared in this way exhibit only moderate long-ternbibti&s and tend to
agglomerate at higher salt concentrations.[10]

Many of the existing strategies for NP phase transfer, thatewdeveloped in
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5.1. Amphiphilic Micelles

the following years, use amphiphilic polymers as surfacatiog ligands.[7, 11]
The structure of these polymers usually consists of indi&idipophilic and hy-
drophilic polar components, such as poly(maleic anhydaitid -octadecene)-PEG
block copolymer, or amphiphilic PEG-phospholipids.[4;-18] Here, the lipids act
as the nonpolar constituent of larger amphiphiles. Theilréyhobic tails interact
with the nonpolar surface ligand of the nanoparticles (SgarE 5.4), which leads
to a complete encapsulation of the core and its originalegaf he hydrophilic end

3 AAAAAAAL 0
o I H
phospholipid >—0—1|> —O0\ Ny \(O ), OH
VVVAAAAY? 0 O PEG

(0]

hydrophilic

hydrophobic

b
\ -~ o,
=D _—
\"‘*«.‘ phase transfer
/1\

Figure 5.4: (a) Chemical structure of a PEG-phospholipid.Qdating procedure:
the hydrophobic lipid tails are incorporated between thgpoay molecules on NP
surface, whereas the hydrophilic PEG chains point to theideitcreating a hy-
drophilic shell.

group of the amphiphile makes the material polar and fullpdrsible in water. The
nanoparticles are assumed to remain encapsulated by theabprotecting ligand
shell that is never broken up, and particle aggregationppr@ssed by steric repul-
sion. Dai and coworkers recently developed a similar PE@ifmal phospholipid
surface coating for graphite-protected FeCo NPs with higgmaic moment.[16]
Again, the non-polar hydrocarbon chains are bound to theapyubbic graphite
shell to form a stable double layer, while the PEG chain appsed to the outside.
Another example, which uses a similar strategy for monaisgp MnO NPs, was
demonstrated by Hyeon at in 2007 and Lee ail. in 2009.[17, 18] Related meth-
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Chapter 5. Surface Modification of Magnetic NPs

ods used a variety of amphiphilic polymers, including polysne-poly acrylic acid
(PS-PAA) block copolymers, tetradecylphosphonate and-RE&radecyl ether, to
increase the hydrophilicity of various inorganic NPs.[20], Additionally, there
are many different amphiphilic polymers commercially #salie today, which of-
fer different functional groups, like carboxylic acidsidls, amines, and biotin, for
the immobilization of various biomolecules, such as pegstjgbroteins, or oligonu-
cleotides.

The presence of multiple surface bilayers, however, leadstich larger hydrody-
namic sizes than that of the starting material hamperingfasiemt application in
living organisms.[21-23] Furthermore, since the amphipHiilayer is only con-
nected to the NP core by considerably weak van-der-Waadsdctions, the surfac-
tant molecules are in a dynamic equilibrium with their unbdwounterparts, i.e.
by shifting the equilibrium they can be removed by washingd dituting, which
would result in particle agglomeration and precipitation.

5.2 Polymeric Ligands

One of the most established methods to stabilize magnesamMWwater or buffered
solutions is provided by the use of polymers. PEG, perhapsiibst common
representative biocompatible polymer, has received gantion due to its non-
fouling property, that supports a resistance to proteirogd®n and an ability to
bypass the RES and natural barriers, such as the nasal nj@gde2a] PEGs have
been extensively used as stabilizing materials for many d#esl on biomedical
applications, particularly in long circulatirig vivoimaging systems. In principle,
chemical attachment to the NP surface can be achieved by diierent functional
groups (see section 5.3). According to Pearsons conceptrdfand soft acids and
bases (HSAB), the nature of these groups depends on itsatimard the metal
constituent of the core material.[28] For example, goldapeanticles show a high
affinity towards thiol groups, whereas manganese and iristeaxanoparticles fa-
vor oxygen containing ligands. The use of polymers for thisppse is reason-
able, since they have the advantage that numerous functjongs can be applied
on a single macromolecule. In this context, "multidentatelymers, that possess
more than one anchoring group, offer much stronger attanhinehe nanoparti-
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polymer backbone

y X z

HN/\O N/\O O/\NH
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(N) )Of hydrophilic

\Ll?ker (PEG)
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Figure 5.5: Chemical structure of a typical multifunctiopalymeric ligand. The
copolymer contains 3-hydroxytyramine (dopamine) as ahana fluorescent dye
molecule, and functional amino groups for further funcétiration.

cle surface. Suitable polymers include poly(analine)y@ukthylidene malonate),
poly(pyrrole), poly(lactic acid), poly(glycolic acid)oby(ethylene imine) and their
copolymers.[29-34] In addition, the possibility of crdsg«ing between the poly-
mer chains leads to more rigid structures on the NP surfameeXample, dextran-
coated iron oxide nanoparticles can be cross-linked ugi@n®rohydrin, and sub-
sequently equipped with free amino groups to allow furthedification.[35] Other
examples for cross-linked polymer functionalized irondexnanoparticles include
the use of chitosan and poly(ethylene-glycol)-co-funefas, 37]

A variety of methods, that use special chelating ligandge lieen established in re-
cent years.[38] In fact, there are reports where partigidibg of polymeric ligands
on FgO, nanoparticles was achieved via carboxylic, phosphatesgitanate and
sulphate groups.[39—42] Dopamine is another anchoringpwhich shows a high
affinity towards metal and metal oxide surface (see secti®y[83], in fact, it has
evolved as a very popular binding ligand.[44, 45] Owing t® mhultidentate coordi-
nation of the chelating moieties, the bonding strength eé&polymers is generally
very high. Furthermore, the use of reactive ester polynsei) as poly(pentyfluoro
phenylacrylate) (PPFA), permits the successive subistitutf the pentafluorophe-
nol group by dopamine and other functional groups, inclgdgimines, (PEG), or
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@ anchor groups

@ functional endgroups

2

Figure 5.6: Magnetic NP functionalized using a multideafadlymeric ligand. The
polymer consists of several anchor groups, hydrophilikdis, and functional end-
groups, which permit further attachment of different liganolecules. Addition-
ally, fluorescent dyes can be conjugated to the polymer.

fluorescent dyes (see Figures 5.5 and 5.6). Metal oxide m@aticlps functional-
ized with such polymers containing several dopamine nesetiere used in dif-
ferent applications ranging from proteine separatiorl,teejeting and multimodal
imaging.[46-52]

A different approach to functionalize magnetic nanopletiavith polymers is en-
abled by atom transfer radical polymerisation (ATRP).[58] W/ith this method,
polymers are grown on the surface of nanoparticles afterique treatment with
an initiator.[55] As an example, Lattuada and coworkerslubes method to design
water-soluble FgO, nanoparticles. The NPs were coated with poly(lactic acid),
followed by esterification through acylation, which enabtbe addition of halide
moieties to transform the nanoparticle surfaces into maitiaors.[21] In that way,
different ligands could be used to grow polymer coatinghwaither cationic, an-
ionic or neutral endgroups.

A major drawback for the use of polymers for the surface modlifon of magnetic
nanopatrticles is the fact that the presence of multiple amct groups facilitates
the bonding to more than one nanoparticle at a time. Sincbititeng of the sur-
face ligands is an equilibrium process with continuouscatt@ent/detachment of
the chelating groups, there is a non-neglectable poggilfiat one polymer chain
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simultaneously covers several particles. As a consequtrepresence of large ag-
glomerates cannot be excluded, which impedes a suitablieajn for biomedical
purposes.

5.3 Bifunctional Ligands

A key factor forin vivo tracking and targeting applications is a high stability o t
bonding between functional molecules and the nanopadiaiface. An early re-
lease or uptake of the nanoparticle/molecule system duth& surface reactions,
could be detrimental to the application or possibly to thigod

One of the most often used methods for surface modificationagfnetic nanopar-
ticles is the exchange of the hydrophobic stabilizing ldmy hydrophilic bi-
functional molecules (see Figure 5.7). As the name imptie&jnctional molecules
are generally composed of two parts: an anchor group, wifcheatly binds to
the surface of the nanoparticle and a hydrophilic part whltdws stability in aque-

funct. group:

anchor: 0
- catechols - amines

- phosphonates - carboxylates

- thiols o MU O N
‘ o NH
Jo Y :
o 0 o)
catechol

N :’.—»??%—» HLLIH% AUVIPI
i\ /_1\\\ gg%%

exchange

amino group

Figure 5.7: Surface modification of magnetic NPs using befional ligands. The
ligands consist of an anchor group conjugated to a hydnaplmlker carrying a

functional endgroup. A key requirement for a successfuharge of the hydropho-
bic capping agents is the complete solubilization of NPs lagahds in the same
solvent.
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ous media. Compared to the amphphilic micelle coating, tHermstional ligand
exchange strategy principally provides much better cdélbstability of the mag-
netic NPs under physiological conditions, due to strongestly ionic) interactions
between the bidentate (or, in some cases, multidentatejidumal group and the
metal-/ metal oxide surface. Typical anchor groups for in@tade nanoparticles
include carboxylates,[56, 56, 57] phophonates,[58, 5€]@atechols,[44] whereas
thiols[60] are preferred for metallic and intermetallic \PHowever, the key re-
guirement for an efficient attachment on the surface, isanger binding strength
of the anchor group, than that of the former hydrophobicikzaig agent. Al-
though initial attempts to modify hydrophobic nanopagscivere carried out with
simple bi-functional molecules, like 2,5 dihydroxybernzacid,[56] or tetramethy-
lammonium hydroxide,[61] PEG has evolved as the most oftsd thydrophilic
linker, owing to its outstanding solubility, stability, dexcellent biocompatibility.
Among the above mentioned anchor groups, special focus é&s dddressed to
catechols. Especially, dopamine is one of the most coresidaigh affinity binding
groups to stabilize metal oxide NPs in water and physioligénvironment.[62—
65] It is a derivative of L-3,4-dihydroxyphenylalanine R©PA), an amino acid,
that occurs naturally in the adhesive protein of some marinssels.[43, 66—68]
Indeed, the binding interaction of dopamine with the swefatiron oxide NPs has
been thoroughly investigated in the past, and it was condlfrtieat the strong at-
tachment was due to an improved orbital overlap of the fiveabered ring and
a reduced steric effect on the iron complex which can be pbéthin a bidentate
coordination (see Figure 5.8).[62, 69, 70] Since the dopamanchor groups were
conjugated with a PEG linker, the functionalized iron oxidiés were readily solu-
ble in aqueous solution and stable over long periods of time.

An example, where two different anchor groups were usedherattachment of
bi-functional ligands was provided by Hongadt for intermetallic FePt NPs. Here,
the surface of the magnetic particles was functionalizeith &@idopamine- and a
thiol-containing PEG ligand.[71] The use of two differenbding groups is rea-
sonable, giving the fact, that both molecules on their owanld@nly ensure poor
binding strength on FePt. Based on Pearsons’ hard and saétad bases (HSAB)
concept, the reason for this behavior is simply the circams#, that catechols, as
well as other 1,2-diols, indeed show a high affinity toware tton sites,[72, 73]
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bidentate bridging mono

HO

Figure 5.8: Different possible binding coordinations ofecdols on metal oxide
surfaces. In the bidentate case the metal and the oxygers atbtine catechol are
arranged in a five-membered ring which leads to an improvbdabroverlap and,
therefore, higher binding strength. Adapted from ref. [70]

but only a weak attraction toward platinum, whereas the sippas the case for
the thiol group. Consequently, the application of both lggmshowed much bet-
ter results compared to studies, where only one of them wed. uBhe NPs were
stable in various aqueous media, including water, ioniatgms, and cell culture
medium.[71] In a similar way, FePt NPs coated with a protection oxide shell
were stabilized with a dopamine-PEG ligand.[74, 75] Theltesy particles exhib-
ited high cytoxicity due to the presence of the FePt core &otig7>; MR contrast
enhancement due to the presence of an iron oxide shell. Sain also reported
the modification of monodisperse iron/iron oxide core/cN&ls with a dopamine-
PEG (DOPA-PEG) ligand. The ligand was synthesized by a @fBpIC/NHS cou-
pling reaction of dopamine with a PEG-dicarboxylic acid.eThodified Fe/Fg),
core/shell NPs were stable in water and phosphate buffatieons.[76] The same
group investigated the influence of the PEG-chain lengthQ@<PEG,,)-COOH,
M, (PEG) =600, 3,000, 6,000, 20,000 g mblon uptake in macrophage cells.[65]
The authors revealed, that macrophage uptake decreaseidevitasing PEG chain
length (,,(PEG)). Additionally, the free carboxylic acid groups oétigands per-
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Chapter 5. Surface Modification of Magnetic NPs

mitted further conjugation of biomolecules. In a similaryw#/ang etal. coupled
chromones, a group of naturally occurring compounds thawvséintifungal, an-
tiviral, antinypertensive, and anticancer propertiesPEGylated FgO, NPs. In
this report the PEG chains were terminated with free amiooigs, to which the
drug molecules could easily be attached. Furthermore, utimes demonstrated
that the drug could be released by variation of the pH valig However, the use
of dopamine-PEG ligands can also be applied for more comméerostructures.
Cheng etal. reported a new approach for the targeted delivery and dtedrce-
lease of the anticancer drug cisplatin using PEGylatedysoemd hollow FgO,
NPs. The particles themselves were prepared by controketaion of Fe NPs,

—> Q\
o
" lom
compound 2
Fe? Fe?
Q b HO, s %
LW \F , mair 4 S\
Fe: ¢ 3t
[0 Y A R
0 0 F/e
HO
HO Spontaneous 0
OH
0/,/ & -f— O///,’ \S‘OH
Fe¥ [ g N "Fe NHs
compound 4 © compound 3

Figure 5.9: Proposed mechanism for the degradation of xaled\Ps by dopamine
(compound 1) in an aqueous solution. First a semiquinormagooind 2)complex is
formed via electron transfer from dopamine to the Fe(lltyiong Fe(ll),,. A sec-
ond electron transfer leads to the formation of a quinonenfamund 3) and further
fragmentation. Finally, Michael addition can yield an itelderivative (compound
4) and the oxidation of Fe(OK}o FeOOH. From ref.[70]
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Figure 5.10: Illustration of a multifunctional silica ceat magnetic NP.

followed by acid etching to create porous;Beg nanocrystals with spherical cavi-
ties in the middle. The presence of pores on the surface tieththe slow diffusion
of cisplatin inside the hollow structures, as well as thevsielease of the drug un-
der physiological conditions. Once coupled to the humahig&1l monoclonal
antibody Herceptin, the cisplatin-loaded hollow NPs webke do target SK-BR-3
breast cancer cells.[78]

However, there have also been critical remarks concermiagpplication of do-
pamine as anchor group for metal oxide NPs. Especially, saumtigors reported
on rather rapid degradation of dopamine due to a surfacdisaaonce it is at-
tached to the surface of iron oxide NPs (see Figure 5.9)19PAdditionally, cat-
echols are known to be liable to oxidation under aerobic tmm$, forming dark
and insoluble polymers.[80] Apart from dopamine, otheechol anchor groups
were also extensively investigated and found to be morabieifor biomedical
applications.[79, 81] Careful selection of the differemdtionalities allowed close
control of the hydrodynamic diameter and the interfaciarafstry of iron oxide
nanoparticles.
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Chapter 5. Surface Modification of Magnetic NPs

5.4 Silica Coating

The surface modification strategies presented in the pus\8ections relied on the
coordinative attachment, of organic ligands carrying fiomal groups, to the metal
atoms on the particle surface. However, it has to be assuhatdhis protecting
organic ligand shell around the nanoparticle is not dengatked, and therefore,
permits diffusion of water molecules to the surface, whieads to dissolution of
metal ions and, eventually, to the degradation of the namicfaitself (see chap-
ter 10). The advantage of using silica as a coating matexiaased on its excep
tional stability, especially in aqueous media.

From a technical point of view the easy regulation of the ioggprocess, process
ability combined with chemical inertness, controlled mity) and optical trans-
parency are the most important factors.[82, 83] In addjtaations and positively
charged molecules can be linked covalently to the polynslica layer at silica-
water interfaces under basic conditions, i.e. the siligeelgrovides steric and
electrostatic protection for the cores, while acting stawously as a dispersing
agent for electrostatic colloids. These advantages mdika sin ideal, low-cost
material to tailor the surface properties of various nanems. Furthermore,
silica coatings can equip magnetic NPs with many additlgriaénefits, such as

|///

P

o/
\/\

' NH,OH

Figure 5.11: Silica functionalization of magnetic NPs in ater-in-oil microemul-
sion. The hydrophobic NPs and surfactant molecules arexdisgd in cyclohexane.
Upon addition of aqueous N}H micelles are formed in which the NPs are en-
trapped. Subsequently, the condensation of tetraethargs{TEOS) leads to the
formation of SiQ on the NP surface. After complete reaction, the SéQcapsu-
lated magnetic NPs are retrieved by addition of methanol.

74



5.4. Silica Coating

T

Figure 5.12: TEM images of silica coated MnO NPs synthesinea water-in-
oil microemulsion. The shell thickness is easily contioiaby adjustment of the
synthetic parameters: (a) 1 nm, (b) 2 nm, (c) 4 nm and (d) 10 nm.

high biocompatibility and the possibility of subsequemdtionalization (see Fig-
ure 5.10).[84, 85] Thus, the potential applicability ireses significantly, and, as
an example, allows the use of these core@silica nanomiatésiadiagnostic and
therapeutic purposes (e.g. MRI).[86, 87]

Over the years, various approaches have been exploitedriodte silica coatings
for colloidal nanoparticles, e.g. the classical Stobetlsysis,[88—90] the formation
of biosilica coatings,[50, 91] or the use of silane couplagents.[92] Although,
these strategies have shown good results with various reteoiads, the downside,
however, is the limitation of these processes to aqueousisas$, and therefore, the
need to start from water-soluble NPs.

As already stated in chapter 3, high-quality monodisperBs hre protected by
a hydrophobic surfactant layer, and thus, are only solublean-polar solvents.
Hence, the above mentioned strategies are not applicaltteesa NPs. An alterna-
tive method, which has become quite popular recently, isdhasm microemulsion
synthesis (see also section 3.4), where micelles or inveisglles are used to con-
fine and control the coating of silica on the core of the inreroparticle (see Fig-
ure 5.11).[93-96] Microscopically they consist of smaltdregeneous domains of
water in a surrounding hydrophobic phase (oil) separateddayfactant monolayer.
The great advantage of this approach is the possibility4salve as-prepared hy-
drophobic nanocrystals in the oil phase before entrappiamtinside the micelles
(see Figure 5.11). By optimizing the synthetic conditioris &ven possible to cap-
ture only one NP per micelle. Furthermore, the thicknesshefdilica shell can
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FITC
HO 0 OH
QL0

TEOS
@ COOH

SiO,

TEOS fluorescent core

Figure 5.13: lllustration of the synthetic procedure tggame fluorescent core-silica
shell NPs. The fluorescent dye (in this case fluoresceinkigytanate (FITC)) is
previously conjugated to a reactive silane. Simultaneauslensation of the dye-
silane conjugate with TEOS results in a complete incorpamatf the dye inside
the SiGQ matrix. Subsequently, further TEOS is added to grow a ptioigSiO,
shell around the core. (Adapted from ref.[102])

easily be controlled, as can be seen in Figure 5.12. Thesibating procedure is
then initiated by adding the desired silanes as precuf8@{sAs microemulsions
are thermodynamically stable systems (as opposed to ems)siboth the content
of the droplets and the surfactant molecules at the intesfaare constantly and
rapidly exchanged between different droplets, therebilit@ing chemical reac-
tions involved in particle synthesis.[98]

An interesting feature of silica coating is the possibitibyincorporate fluorescent
dyes into the Si@matrix (see Figure 5.13). The advantage of this practicgpi®a
longed stability and higher efficiency of the dye inside thelkscompared to simple
attachment on the outside of the nanocomposite. The reasthig is an extremely
effective protection of the dye molecules towards oxidaaad photobleaching, as
well as a reduction of quenching effects.[99-105]

Another advantage of silica coating magnetic NPs is the dppity to create a
mesoporous shell. In fact, core-shell magnetic mesopaitica microspheres with
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water transfer ;4
using CTAB .5'3'

Feao , in chloroform Fe,0,/ CTAB in water

mesoporous silica
coating

Removalof 8
Fe,0, cores

hollow mSiO, Fe,0,@msi0,

o, Fe,0,@nSi0, | El :;E:-r'g“s'n

G TAB

am:l TEOS

Figure 5.14: Encapsulation of magnetic NPs with mesopasigs. (a) Scheme il-
lustrating the synthetic procedure to create mesopordioa sbated FgO, NPs, or
hollow mesoporous silica partilces. (b,c) TEM images ofdwlmesoporous silica
NPs. (d,e) TEM images of mesoporous silica coated magnfite (from ref[9])
() Scheme depicting the experimental process to creat® f@nSiQ@mSiG
microspheres. (g) TEM image showing the thin nSi@yer between F©, and
mSiO,, (h) the porosity in the mSigOshell. (From ref.[106])

strong magnetic responsivity, orientated, accessibleopwes and high colloidal
stability are highly valuable for biomedical applicatiqdi®7-111] Hyeon and co-
workers designed magnetically separable high-performéimmcatalysts by cross-
linking enzyme molecules on the surface of thg@g® SiO, nanoparticles.[112]

In a similar fashion, discrete and monodisperse mesopailica nanoparticles
consisting of a single F®, nanocrystal core and a mesoporous silica shell were
prepared (see Figure 5.14a-e).[9] The integrated capabilthe core-mesoporous-
shell structured NPs as MR and fluorescence imaging agdotgy with their po-
tential use as a drug delivery vehicles, makes them progisamdidates for fu-
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ture cancer diagnosis and therapy. However, the highlyysostructure of the
silica shell permits an easy diffusion of water moleculeth®core particle, lead-
ing to a possible degradation through metal ion leaching.ifyprovement of the
core-mesoporous-shell approach was reported by Deal, etho incorporated a
thin non-porous silica layer between the magnetic core hadrtesoporous shell
(F&;0,@nSIG@mSIQ) to provide additional protection.[106] The approach is
shown in Figure 5.14f-h. The nonporous silica interfacestafn) is thought to
protect the magnetite from leaching, whereas the outer pogsas (m) silica shell
not only offers a high surface area for the derivation of ntous functional groups,
but also provides a large accessible pore volume for therptiso and encapsula-
tion of various agents, like drugs, biomacromolecules enewunctional nanopar-
ticles. Additionally, the authors demonstrated, that tagr@nSiG@mSiG, mi-
crospheres still showed superparamagnetic behavior.

Unfortunately, most synthetic routes for the preparatiomesoporous silica coated
NPs, are based on templating procedures in aqueous sojlfi8hIn most ap-
proaches, CTAB is used as templating agent to form long tulstdactures, around
which the silica shell is polymerized. Subsequently, tmegiate is removed either
thermally or by chemical treatment yielding highly orderadsoporous matrices.
Since microemulsion techniques are not applicable in thse cStdber-type meth-
ods have to be used, which limits the size of the nanocongsoitdiameters larger
than 50 nm. This hampers a potentralivo application of these particles.
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CHAPTER O

Biomedical Applications of Magnetic NPs

The use of nanotechnology in biology and medicine has lecetogndous break-
throughs in the past decades, and yet, since researchiastivithis scientific area
are proceeding with great speed, nano-biotechnology andmedicine are offer-
ing numerous exciting possibilities for the future. Alrgad the 1960’s, artifi-
cial liposomes were suggested as carriers of proteins argsdor the treatment
of various diseases,[1] and since then nanotechnology &&s major impact on
the development of drug delivery systems. But the applicationanotechnology
is not only limited to drug delivery, various organic/inargc nanostructures are
currently being applied or show promising potential in malifgerent biomedi-
cal areas includingn vitro diagnostics,n vivo imaging, therapy of various dis-
eases (like cancer, cardiovascular and neurological sksg¢abiomaterials, and tis-
sue engineering.[2—8] Up to now, there are over 40 FDA ammawanomedicine
products on the market and even more are currently in clinitas,[2, 3] most
of them being used for drug delivery applications (see Kdud). In fact, early
clinical results suggest that nanoparticle therapeuaosstiow enhanced efficiency
compared to conventional drugs, while at the same time,tivegside effects can
be reduced significantly.[9, 10] This is due to a more tadédealization inside
the desired area of the body (e.g. tumor tissue), either bgiyaor active cell tar-
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Figure 6.1: Fractions of nanomedicine patents worldwidenfl993-2003. Taken
from ref. [2]

geting, followed by active cellular uptake of the nanopdetprobe. Moreover, the
utilization of magnetic nanoparticles for simultaneous{téme in vivo monitoring
of drug delivery is also an area of intense interest, owinth&r MR enhancing
properties (see section 2.4).

One of the greatest challenges associated with the use ofegnaflPsn vivois the
ability to circumvent or overcome the different biologitelrriers. As an example,
the targeting efficiency of nanoparticulate probes is ofiteited by the precocious
recognition and elimination by the reticuloendotheliadteyn (RES). In this respect,
the overall NP size, morphology, charge and surface chgnaist crucial properties
that determine, not only the circulation time inside thedolowessels, but also the
final distribution within in the body.[11-13] In the followy, the basic principles of
nanoparticle design for biomedical applications, the amdntal interactions with
biological systems, as well as the biodistribution and releee of magnetic NPs
from living organisms will be discussed briefly.
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6.1. Design Considerations

6.1 Design Considerations

As mentioned in chapters 3, 4 and 5, there have been remar&didnces in nano-
material synthesis and functionalization, which todapwlb precise engineering
of the composition, size, size distribution, morphologyd aurface chemistry of
magnetic NPs. Both, magnetic properties and surface feattame be tailored indi-
vidually to meet the particular challengesiofvitro andin vivo biomedical appli-
cations.

Before magnetic NPs can be used for biomedical applicatibag require thorough
consideration concerning the assembly of different corepts1(see Figure 6.2).

1. First, of course, the NPs themselves act as the activepéds nanocompos-

ite probe, since they represent the platform, on which &léotonstituents
will be assembled, and, depending on their physical pragsefinagnetic, op-
tical), they are the key factor that ensures the detectiahsafases inside the
body.

. The NPs need an inert and hydrophilic shell, that protdetsn and offers
both, stability in biological systems and long circulatkimes in the cardio-
vascular system. However, this attribute was already tigiity discussed in
chapter 5.

. Certain fluorophores, that permit a later detection bycaptnethods may
also be included.

. Additionally, specific targeting ligands, which recaggcertain kinds of cells
inside the body, can be attached to the surface of the narmusita to ensure
a selective delivery to the target tissue.

. Moreover, responsive moieties can also be included thlareact to ex-
ternal excitation, e.g. photosensitizers to produce n&acxygen species
(ROS) upon optical excitation, or gold NPs which producet gmn NIR-
illumination.

. Lastly, certain drugs may also be attached to the congputsiallow a spe-
cific treatment in a spatially confined area. In this respgmcial responsive
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Figure 6.2: lllustration of a multifunctional magnetic mgoarticle. Adapted from
ref. [14]

linker molecules, which will cleave under an external stimsye.g. heat, pH,
enzymatic cleavage), could guarantee a safe delivery opdlyéoad to the
desired region.

Additionally, the overall size of the multifunctional magic NPs must also be con-
sidered. Their hydrodynamic size, which is defined as theativ&@ze of the particle
including the solvent shell, is strongly correlated to th#ity of the nanopatrticle to
overcome the initial biological defense system and peteetraough the vascular
barriers. On the one hand, the size of the NPs must be sufficemall to avoid
rapid splenic filtration, on the other hand, they should bgdanough to circum-
vent renal clearance.[14, 15] It has been shown, that pestiith sizes larger than
200 nm are quickly attacked by phagocytotic cells of theexplevhereas particles
with an average diameter below 5.5 nm are rapidly removealdir the kidneys
(see Figure 6.3).[16—18] However, particles of the appabprsize range are sub-
ject to opsonization, resulting in recognition and elintioa by Kupffer cells and
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other tissue macrophages, unless they are not protectedibgrahydrophilic shell
(see chapter 5).[14, 19] For these NPs, immediate opsaorizaatd/or phagocytosis
is reduced.

Furthermore, the surface charge of the magnetic NPs algs plarucial role in
cellular uptake and blood half-life.[13, 20—22] In facthds been shown, that pos-
itively charged polymers and small particles tend to noeedifrally stick to the
surface of cells.[23] How great the impact of this non-speanteraction actually
is, regarding the blood circulation time, was demonstrateBapisov eal.[24] On
the other hand, strong negative charges on the particlacaudre also unfavorable,
since they lead to increased liver uptake.[11] Therefdareas to be estimated that
NPs with a near neutral surface charge exhibit prolongeddirculation times.

6.2 Passive Cell-Targeting

After multifunctional NPs are intravenously injected, yhteavel along the blood
stream through the cardiovascular system. At this poietstirface chemistry can
change significantly by the adsorption of proteins, denratiag the importance of
an efficient shielding of the NPs ("stealth effect”, see chapt¢25] During blood
circulation, there is a constant exchange of blood substatiwough the capillary
microcirculation, which is regulated by concentrationdieats. Since after injec-
tion the local NP concentration in the blood is very high, paned to th extravascu-
lar space, the NPs will slowly travel outside the blood vessego the surrounding
extracellular matrix (ECM), as long as the gradient persi®isce in the extravas-
cular space, some NPs are taken up by the cells of the tissuatlaers are retained
in the interstitial fluid, eventually entering the lympltasiystem.[26—-28] However,
these processes are comparatively slow.

On the other hand, a faster diffusion of macromolecules aRsl iNto the ECM is
observed in tumor tissue, a feature commonly referred tmbareced permeability
and retention (EPR) effect (see Figure 6.3).[29] This efteiinates from the in-
trinsic vascular characteristics of tumor tissue and tble ¢d an efficient lymphatic
recovery system in solid tumors. In contrast to the vasatgah healthy tissue, the
blood vessels, that sustain a tumor, are leaky, with largedieations and without
an effective clearance by the lymphatic system. This leadgareferred accumula-
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Figure 6.3: lllustration of passive tumor targeting withgnatic NPs: large par-
ticles and agglomerates are rapidly attacked by phagqcstesller particles can
ravel longer through the blood vessels to reach their tesiget Once at the tu-
mor site, the magnetic NPs are accumulated inside the tussmetdue to the EPR
effect.

tion of the NPs in the interstitial space inside the tumod aventually, the uptake
of the nanocomposites into the tumor cells.[30, 31]

Passive targeting can also be exploited through the clearahNPs by the retic-
uloendothelial system (RES) (i.e. liver, spleen, lymph rsoded bone marrow).
Indeed, the first clinically approvet, contrast agents for MRI, based on magnetic
iron oxide NPs, benefited from the rapid uptake of the NPs bpft€u cells of
healthy hepatic parenchyma. Thus, healthy tissue appekde@r than diseased
tissue in the MR image, due to enhandgdcontrast, leading to an improved diag-
nostic differentiation.[32—34]

However, a successful passive targeting of tumor tissu@olrbe achieved, if the
blood circulation time of the NPs is reasonably long. Thiansther reason, why
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efficient surface functionalization strategies are of supg importance.

6.3 Active Cell-Targeting

There is no doubt about the fact, that the passive accuronlafi magnetic NPs
in tumor tissue due to the EPR effect is a great benefit for pipdication of these
NPs in the diagnosis and treatment of cancer. Nevertheldsager residence time
and a more site-specific accumulation of the NP probes igetksi most cases.
For this reason, active targeting strategies have beenap®d in which magnetic
NPs were further functionalized with specific targeting ewlles that possess a
high affinity toward unique molecular signatures found origmant cells (see Fig-
ure 6.4).[14, 34] The key issue in this case is the fact thateacells overexpress
certain kinds of receptors compared to healthy cells. TohezeNPs carrying lig-
ands which will specifically bind to these receptors will fierably accumulate in
tumor tissue and , eventually, will be taken up by the canelts.cSeveral targeting
ligands, including proteins, peptides, aptamers and smalibcules, have been ex-
amined for this purpose.[35-42]

The first targeting agents, that were used for the specifieadglof magnetic NPs,
comprised monoclonal antibodies (mAbs).[43, 44] Up to thespnt day, mAbs
have evolved as one of the most popular targeting ligandshat mainly due to
their extremely high specificity.[45, 46] During the lastdde, the development of
HerceptidM(trastuzumab), an FDA-approved mAb that binds to the HERRIVe-
ceptor on the surface of certain cancer cells (overexpdgad@east, ovarian, stom-
ach cancer), has lead to various applications of magneticfdifselective targeting
of cancer cells.[47-49] However, a major drawback of mAlbesr comparatively
large size and inherent immunogenicity, which impedes fcgeriit circulation and
diffusion through biological barriers.[50]

Another popular technique for the targeted delivery of nedigriNPs to tumor cells,
is the use of short peptides or small molecules conjugatdldetdNP surface. The
advantage, in these cases, is the possibility to attachradefleindreds, or even
thousands of) targeting ligands on each NP. As a result, celteeceptors can be
addressed simultaneously, leading to the formation of tnoneling sites, and there-
fore, an increased binding affinity.[37] The most invedighligand in this respect
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Figure 6.4: lllustration of active tumor trageting using gnatic NPs with cell-
specific ligands: (A) healthy cells carry a certain numbespécific cell recep-
tors, which can be used for active targeting, (B) in cancds tkeése receptors are
overexpressed, which leads to accumulation of the magN&tecon the surface of
malignant cells. (C) Receptor-mediated endocythosis of tg, kD) formation of
an endosome carrying the NPs, (E) the endosome is inteedaiito the cell, (F)
endosomal acidification by proton pumps leads to elevatetbtis pressure and
swelling, (G) finally, the endosome ruptures, releasingtlagnetic NPs.
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is folic acid, since the receptors of this vitamin can be fibon the surface of many
human cancer cells, including breast, ovarian, lung, resnadl colon cancer.[51]
Indeed, folic acid modified magnetic NPs have been used ipalsg not only to
improve the MRI detectability of various tumarsvivo[52—-54] but also to destroy
cancer cells via hyperthermia treatment.[55] A great athga of short peptides
and other small molecules is their high bonding strengthedhey are conjugated
to the NP surface. Compared to large peptides or proteinge the reduced risk
of bond breaking and loss of functionality after administna of the NPs into the
body.

Another important issue associated with the targetedelgliof magnetic NPs to tu-
mor cells is the internalization of the particles into thdigraant cell. In principle,
there are several possible mechanisms for the cellulakem&NPs. For exam-
ple, it has been shown, that small PEGylated NPs can eaffiigéeithrough the cell
membrane,[52, 56], on the other hand, permeation enharstetsas TAT peptides,
can significantly increase the degree of NP uptake.[57-4d8.typical pathway for
a receptor-mediated cellular uptake of NPs is shown in Eigut. After attachment
on the cell surface, the NPs are internalized by formaticamoéndosome.

Figure 6.4 also illustrates another common challenge gfetad (drug) delivery
that needs to be addressed for NP design, i.e. the contreliealse of the NPs, and
especially the loaded therapeutic agents, once the NPsemé@eed the interior of
the cell. Various strategies have been developed to actsimpiis task. The re-
lease mechanisms of most delivery systems depend on pescassh as diffusion,
dissolution, chemical and enzymatic reactions, or chamgesrious environmental
factors, including temperature, pH, solvent effects, amdc concentrations.[61—
65] As an example, an efficient release can be achieved bydmmgva positive
surface charge to the NP probe. The incorporation of catipolymers on NP sur-
faces has proved to be an appropriate method to induce asswudlling of the
endosome caused by the "proton sponge” effect.[14, 66, 6@]rAsult the endoso-
mal membrane is disrupted and the NPs are released intotthsotyThe downside
of this approach, however, is the possibility of unconedlfelease due to different
release mechanisms depending on the location in and thaatbaof the respective
cell. For this reason various methods have been develogeddly on physical
triggers, such as heat or radiation, to initiate payloagast.[68—71] For these pur-
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poses specific stimuli responsive chemical linkers canibméd and subsequently
inserted between the NP and the drug. These strategieswdwebond breaking

by radiative excitation, slow diffusion mediated procasfem hollow or meso-

porous NP structures, or by cleavage of the linker bond byeatiction inside the

lysosome.[72—-80]

6.4 MR Imaging Using Magnetic NPs
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Figure 6.5: Specifically engineered Fe,0O, NPs as MRI contrast agents. (A)
The magnetic properties can be tuned by varying the compoxf the NPs. A
higher magnetic moment leads to an increase in magnetiavigéyeand, therefore,
an enhanced; contrast effect. (B) In vivo MR detection of cancer cells gsin
Herceptin conjugated MnE®, NPs (left) and bare cross-linked iron oxide NPs
(CLIOs) (right), over time an increase in contrast enhancemhee to preferable ac-
cumulation of Herceptin-conjugates Mnfe® NPs in the tumor tissue is observed.
From ref. [86]
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Superparamagnetic iron oxide NPs (SPIONs) have been usé# esntrast
agents for over two decades.[33, 43, 81] Although enormaagrpss has been
achieved in the technological development of MRI, espgc&diphisticated pulse
sequences for image generation, there has hardly been angviement in the de-
velopment of the contrast agents which are in clinical uslayd82] Typical 75
contrast agents consist of polydisperse and aggregatedxide NPs, which show
a comparably weak performance. However, as mentioned jteisa3 and 5, there
have been tremendous advances in the synthesis and fualizadion of magnetic
NPs leading to new possibilities in the future design of MRittast enhancing
probes.[83-85]

The basic physical phenomena leading to an enhancement icdviRast were
presented in section 2.4. As already mentioned, the naticipamrmust be monodis-
perse, highly crystalline, and watersoluble to providerodpcible quality, high
magnetization values and good biocompatibility underdgalal conditions. In
this respect, magnetic NPs have been studied thoroughiggitive past years as
MRI contrast agents for applications, such as cancer imagglgmigration, gene
expression, angiogenesis, apoptosis, cardiovasculaasisimaging, or molecu-
lar imaging.[14, 87-94] Specially designed NPs with tatbproperties and cell-
specific surface ligands have a great potential to pinpoaidgical targets, such as
cancer, already in the early stages of the disease.

Concerning cancer imaging, the development of multifumaionagnetic NPs has
led to many improvements in the detection, diagnosis aratrirent of solid tu-
mors. Weissleder edl. demonstrated the transgene expression in gliosarcoma
cellsin vivo using dextran coated iron oxide NPs.[88] As example for netign
NPs being used as molecular sensors, Perat ateveloped biocompatible mag-
netic nanosensors that act as magnetic relaxation switohgstect molecular in-
teractions (e.g. DNA-DNA, or protein-protein interact®)rby the reversible self-
assembly of SPIONs.[95] The changes in the magnetic retaxathich are asso-
ciated with the particle self-assembly could then be deteby MRI. On the other
hand, Hu etl. showed that PEGylated @, NPs conjugated to the monoclonal
antibody rch 24, effectively targeted human colon carciac®enograft tumors im-
planted in nude mice.[96] Another example, in which magnhitPs were used to
detect cancer markers by MRl vivo, was given by Cheon and coworkers (see Fig-

97



Chapter 6. Biomedical Applications of Magnetic NPs

ure 6.5).[86] The authors developed novel magnetic nat@srdy systematically
tuning the spin, size and composition of metal ferrite NBgWed by conjugation
of different cancer specific antibodies, such as Hercepimese NPs showed en-
hanced MRI sensitivity for the detection of cancer and erdhtle visualization of
small implanted tumors in mice. Hultmanadt, on the other hand, created immuno-
targeted SPIONSs to investigate the MHC Class Il expressioanal medulla.[97]

For this purpose, monodisperse;Bg NPs were encapsulated in a phospholipid
shell and further conjugated to RT1 anti-MHC Class Il antieedhat are capa-
ble of targeting normal cells expressing specific targagans. Enhanced binding
of the RT1 functionalized SPIONs indicated a definitive $ipaty for the renal
medulla and thus potential for disease detection. Recerahpcomposite particles
consisting of silica spheres decorated withGeNPs were synthesized by Lee et
al. (see Figure 6.6).[98] Additionally, a fluorescent dye wasonporated into the
silica domain to permit both MRI and optical detection. The v$ mesoporous
silica furthermore offered the possibility to load, andvdiprelease, an anti-cancer
drug into the pores of the silica sphere.

Although the use of manganese oxide NPagontrast agents is not as common
yet, there is a number of reports dealing with the designféémdint manganese ox-
ide NPs and their application for MR contrast enhancemeyéeor and coworkers
were the first to prepare’g contrast agent based on monodisperse MnO NPs and
investigate its performanda vivo (see Figure 6.7).[99] The particles were coated
with an amphiphilic phospholipid, functionalized with Keptin and showed no
severe toxicity even after several weeks. The authors stholag the Herceptin-
functionalized NPs accumulated in breast cancer tissueresls un-functionalized
control NPs also illuminated the surrounding tissue. Imalar way, Shapiro eal.
showed that un-functionalized M@, and MNnCQ NPs can be internalized within
phagocytotic cells and subsequently shuttled to endosamd¥sr lysosomes.[100]
The following decomposition of the NPs inside the lysososak to the release
of Mn2?* ions which act ag} agent. It was also shown that a combination of SPI-
ONs and MnO NPs can be used to track transplanted cells.[91gWie SPIONSs
produced a negative contrast, the MNnO NPs generated aveosdntrast and by
combination of both imaging techniques, simultaneous intagith opposite con-
trast offers the possibility for MR "double labeling” of déffent cell populations.
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Figure 6.6: FgO,-decorated mesoporous Si€pheres as MRI imaging agents. (a)
Schematic illustration of the synthetic procedure for theparation of of Si@
Fe;O4 NPs. (b) TEM image of SiQFeO4 NPs. (c) MR images of different con-
centrations of SiggFe;O, NPs. (d)In vivo accumulation of Si@-Fe;O, NPs at
tumor site. From ref. [98]

Additionally, Yang etal. developed silica coated M@, NPs functionalized with
folic acid and contained Rhodamine B isothiocyanate (RBITC)wwdlscent dye
for optical detection.[101] These particles accumulatdddively in cancer cells
overexpressing folic acid receptors and could be traced BY. Mery recently, our
group reported on the development of highly watersolule NNH3 conjugated with
protoporphyrin 1X as multifunctional agents for MRI and pbdynamic therapy
(see chapter 9).[102] Protoporphyrin IX, as a photosemsitinitiates the produc-
tion of reactive oxygen species when irradiated with visimyht. We were able to
show, that the NPs not only showed excelelléntontrast, but also induced apop-
tosis in Caki-1 cells once illuminated with visible light.

Apart from sole MRI contrast enhancement, magnetic NPs msy sgrve as
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Figure 6.7: MnO NPs as T1 contrast agents. (a) TEM images afodisperse
MnO NPs of different sizes. (K); weighted images of aqueous MnO NP solutions.
(c) Herceptin conjugated MnO NPs increased the contragtdrtee tumor tissue,
whereas bare MnO NPs (d) also led to an enhanced contrase isutihounding
tissue. From ref. [99]

probes for multimodal imaging. As described in chapter é,abmbination of dif-
ferent materials enables the selective utilization of tiavidual properties. For ex-
ample, Choi eal. reported that the incorporation &1 into the biocompatible shell
of manganese ferrite NPs, permitted the use of these hyl®&la¢ dual imaging
agents for MRI and positron emission tomography (PET) aretefore, combining
the benefits of MRI together with the high sensitivity of PE&g$-igure6.8).[103]
A similar approach was recently reported where the authegd MInO NPs coated
with human serum albumin (HSA) and which were further coafad with a8**Cu
containing complex.[104] With this method it was possilbl@isualize xenografted
U87MG glioblastoma cellen vivo, both by MRI and PET. Another example for
multimodal imaging was demonstrated by watersoluble Fef that were used
for in vitro andin vivoimaging by MRI and computer tomography (CT).[105] Dif-
ferent sized FePt NPs were functionalized with cysteanaremsure hydrophilicity
and the possibility for further bio-functionalization. tip conjugation with the an-
tibody Anti-Her2, the NPs preferably accumulated in Hev2rexpressing cancer
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Figure 6.8: Bimodal imaging using*l conjugated MnFg0; NPs. (a) TEM im-
age of monodisperse Mnk@; NPs. (b) Hydrodynamic size of MnE®; NPs. (c)
Aqueous solutions with different NaCl concentration and/vay pH. (d) Prepara-
tion scheme for the conjugation 61 onto MnFgO; NPs. (e) MRI and PET im-
ages of freé?!l, MnFe,O3; NPs, and**I-conjugated MnFgO; NPs. (f-k)In vivo
MRI/PET images of a tumor bearing rat after injectioridf-conjugated MnFg0;
NPs. From ref. [103]

cells, as confirmed by MRI and CT. On the other hand, we were alalerhbine the
properties of MNO NPs and Au NPs for simultaneous MRI and aptletection by
creating biocompatible Au@MnO "nanoflowers" (see chapt¢i@p, 107]

6.5 Toxicity of Magnetic Nanoparticles

The need to evaluate the possible risk of human exposurefferatit kinds of

nanomaterials has become a central issue in modern matandlbiomedical sci-
ence. Especially, as the number of different nanomateinal®ases with an un-
precedented speed, there is the predominant opinion anmthg groponents and
skeptics, that the vast potential of nanotechnology reguimmediate attention to
safety issues. Particularly, in the field of nano-biotedbgy direct exposure to
the human body is definitely intended, and therefore, utaieding the behavior
and properties of magnetic NPs on the organism after adiratien, is essential
before considering clinical use. Since these NPs are ioteaity designed to inter-
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act with cells, it is crucial to investigate the cellularpeases upon NP exposure,
to counteract any possible harmful effects, already duNRgdevelopment. How-
ever, since most research on the toxicology of nanomasehia$ focused on the
effects of nanoparticles that enter the body accidentaliable methodologies to
estimate the toxicological impact upon intended admiaigin are still lacking, al-
though there are already numerous studies on cytotoxicteftd# different kinds
of nanoparticles.[108] Despite the fact thatiawvivo application of any nanomate-
rial requires a thorough comprehension of the kinetic gses and the toxicolog-
ical impact this material exerts inside a living organishe most frequently used
screening studies are basediowitro cytotoxicity experiments, since they are sim-
pler, faster and less expensive compareith tavo studies.[109-112]

An often examined parameter to assess possible harmfuat®i¢ nanomaterials
inside living organisms is an inflammatory response.[118]ikstance, recent stud-
ies revealed that TIONPs, which are a common component in many commercially
available products, such as cosmetics or sun screen lptianscause inflamma-
tory responses and generation of reactive oxygen spec(@S)(Rading to DNA
damage.[114] Moreover, it was also shown timatitro incubation of single-walled
carbon nanotubes (SWNTs) with keratinocytes and broncipighaial cells, led
to lipid peroxidation, oxidative stress, mitochondrialsélynction, and changes in
cell morphology.[115, 116] Additionally, a size-depentd&wxicity was reported
for silver and gold NPs exposed to alveolar macrophages\emtive tissue fibrob-
lasts, epithelial cells, macrophages, and melanoma|[ddls-119]. On the other
hand, quantum dots can also initiate an inflammatory regpand the production
of ROS.[120]

Concerning magnetic metal oxide NPs (above all(hev-Fe, 05 and MnO), most
in vitro cytotoxicity studies revealed rather negligible toxiceefls. However, it was
stated by several authors that "naked" iron oxide NPs showlaehitoxic poten-
tial compared to those that were modified with an inert biogatible coating. For
example, Gupta &l. reported that PEGylated iron oxide NPs had almost no toxic
effect on fibroblast cells, even at concentrations as high ag mL™!, whereas
uncoated NPs caused a 50% decrease in cell viability alrabclymparatively low
concentrations (250g mL~1).[121] The low cytotoxicity of PEGylated &, NPs
was further confirmed by other authors using different KioidBEG.[122, 123] Be-
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sides PEG, iron oxide NPs with other surface coatings, diotyvarious polymers
or silica, also showed hardly any toxic effect.[124—-126¢Thason for the higher
cytotoxicity of "naked" iron oxide NPs was attributed to botlellular uptake of
the NPs and the production of ROS, caused by Fe-ion lea¢h#Wj.For instance,
Brunner etal. reported a significant reduction in cell viability in humaresothe-
lioma cells upon addition of only 3.75 ppm iron oxide.[128]eTauthors proposed
that this high toxicity was due to iron-induced free radaduction (e.g. hydroxyl
radicals) by Fenton or Haber-Weiss reactions. Howevesethesults further sub-
stantiate the importance of effective surface coatingriegtes for magnetic NPs in
biomedical applications.

On the other hand, the toxic properties of MnO NPs have hdrégn investigated
so far. However, most reports on the biomedical applicatbMnO NPs sug-
gest that the toxicity of this material is comparatively If94, 101] For instance,
Choi etal. investigated the toxic potential of @&, and MnO NPs coated with
a hydrophilic micellar phospholipid shell and revealedttr@though the MnO
NPs showed a slightly higher toxicity than the;Bg NPs, the overall toxic po-
tential is acceptable.[129] Furthermore, our group dermmatexd recently that both,
Au@MnO nanoflowers and PEGylated MnO NPs carrying protdpaip IX as a
photosensitizer, exhibited no cytoxic effect in CaKi-1 s@f concentrations as high
as 140ug mL~1.[102, 107] Concerning free manganese ions, literaturesiajgest
that, although minor concentrations of these ions are nwtidered to be harmful to
the human body, thermodynamically stable Mn compoundsiwéie not prone to
Mn ion-leaching should be preferred as NP platformdriarivo applications.[130]

6.6 Biodistribution and Clearance

An essential topic, that is often neglected in literatusehe long-term fate of mag-
netic NPs after they have fulfilled their duty inside the boBgr this purpose it is
not only important to understand the behavior and intevacif magnetic NPs with
living organisms, it is also crucial to determine where rzarticulate probes will
eventually end up and how they are finally excreted from thedybBlowever, to the
present day, no reliable experimental technique nor a tsavset of criteria have
been developed to address this critical aspect.[108]
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Synthesis of Monodisperse MnO Nanoparticles:

Evaluation of the Nucleation and Growth

Mechanism
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Chapter 7. Synthesis of Monodisperse MnO Nanoparticleslugtian of the
Nucleation and Growth Mechanism

7.1 Abstract

Magnetic nanoparticles of 3d transition metal oxides haieay enormous inter-
est for applications in various fields, such as data storageels, catalysis, drug-
delivery, and biomedical imaging. One major requiremenmnttfi@se applications
is a narrow size distribution of the particles. We have stddhe nucleation and
growth mechanism for the formation of MnO NPs synthesizeddgomposition of
a manganese oleate complex in high boiling nonpolar sadvesing TEM, FT-IR,
and AAS analysis. The exceptionally narrow size distrinuindicates that nucle-
ation and growth are clearly separated. This leads to aumi§powth with a very
narrow size distribution on the existing nuclei. The pégtsize can be controlled
by adjusting the reaction time, reaction temperature gstj\and heating rate. The
particle size increases with temperature, reaction timd,the chain length (boil-
ing point) of the solvent. FT-IR and NMR spectra revealed tha oleate capping
agent binds to the surface in a bidentate manner. In addiiB® measurements in-
dicate that MnO nanocrystals are air-stable, since nofsigni oxidation of MA™
to Mn** occurred even after several days.

7.2 Introduction

Magnetic nanoparticles of the 3d transition metal oxideglgained enormous in-
terest for applications in various fields such as data stodaygices, catalysis, drug
delivery, and biomedical imaging.[1-5] Especially naystals of simple binary
metal oxides like MnO, NiO, or CoO have served as model systenike detailed
description of magnetic properties in the nanometer redéw8] Different from
the antiferromagnetic bulk material, MnO exhibits ferrgnatic behavior when
the crystallite size is decreased to a few nanometers. plelittempts have been
made to explain this behavior. The common opinion today getan the pres-
ence of uncompensated spins on the crystal surface.[9] tDegrast years, several
different synthesis methods have been developed to pradageetic NPs in var-
lous sizes and shapes. However, a major requirement congdater application
in the above-mentioned areas is a narrow size distributidheoparticles, usually
with ¢ < 10%. On the basis of the LaMer model,[10] a separation ofeation
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and growth is necessary to achieve such a narrow size dittnb Therefore, a
detailed knowledge of the nucleation and growth processssrgial. A commonly
used approach is the "hot-injection" method, in which a ce&tprsor is injected
into a hot solvent leading to a fast increase in monomer curaton and a short
nucleation event. Both concentration and temperature lsagecrease, followed
by a simultaneous growth of all NPs as the precursor corgigonris depleted (see
chapter 3).
During the last years many "one-pot" methods have been deseltor the syn-
thesis of monodisperse NPs in which all components are thedthe same time.
MnO NPs have been synthesized starting from,(@®),[11] manganese acetyl-
acetonate,[12] acetate,[13] or formate[14] in trioctylae) with oleic acid as a sta-
bilizing agent and manganese cupferronate[8] complexésttyracid salts in high
boiling solvents.[15] Most of these methods use oleic asid aurfactant to control
nucleation and growth and it must be expected that a metateotmplex is gen-
eratedin situin the early stages of the reaction. Therefore, a metal®leanplex
seems to be an ideal precursor for the synthesis of monodespanocrystals.[16]
Detailed studies on the formation mechanism of MNO NPs byifga manganese
stearate complex in high boiling solvents have been acdshga by Chen et al.[17]
Here we report the synthesis of MNnO NPs by a related method@J6using the
decomposition of a manganese oleate complex at high tetapesan high-boiling
point solvents. We were able to produce MnO nanocrystals igh crystallinity
and exceptionally narrow size distribution (in some caséis av< 3%). In addition,
we observed that the heating rate has a major influence ongperslity of the final
product.

7.3 Results and Discussion

X-ray diffraction (XRD) data were acquired to characteribage purity of the final
product (see Figure 7.1). Particle sizes were estimate@byrtvolution of the peak-
broadening within the framework of the fundamental par@mapproach; they are
in good agreement with the values obtained from TEM analfesisrage values
from approximately 200 individual particles). The obserugtensities match well
with the cubic rock-salt structure of MN@{('8, F'm3m); no secondary phases were
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Figure 7.1: Size-dependent powder XRD patterns of MnO natiofgasamples.

detected.

Thermal Decomposition of Manganese OleateAs the MnO particles are formed
by thermal decomposition of the manganese oleate pregutsymogravimetric
analysis was performed to examine its decomposition behawsually, metal
carboxylates decompose at temperatures around@Gp@and it is known that this
process is accompanied by the formation of free radic&lsThese radicals can
undergo various reactions such as recombination, decagmaller fragments, or,
as desired here, propagate the decomposition by reactithgottier carboxylate
complexes. As a result, a variety of compounds are formegiiding CO, CQ,
free acids, ketones, hydrocarbons, and of course, metdédarget compounds.
However, a detailed and stoichiometric description of ghigcess has not yet been
established.
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Figure 7.2: TGA-curve of Mn-oleate.

Figure 7.2 shows the thermogravimetric traces (in Ar) of gaarese oleate. The
first step in the diagram can be associated with a mass loswéhascribe to two
molecules of CQ (Am, = 14.5% (0.5% loss, corresponding to a molar mass
of 89.5 g mot! (3.1 g mot?!). This decomposition is initiated between 220 and
230 °C. Around 400°C, there is a sharper fall in mass, that corresponds to the
remaining organic residues being stripped dfing,., = 74.2% (0.5% mass loss).
The remaining solid material\m,.., = 11.4% (0.5% of the starting material) with
a mass of 70.4 g mol (3.1 g mol* corresponds in good approximation to MnO
(molar mass 70.94 g mol).

Nucleation and Growth. A detailed understanding of the nucleation and growth
process is essential for the controlled synthesis of m@padse MnO NPs. Un-
fortunately, an observation of the nucleation event by comntechniques is very
difficult. We have used FT-IR spectroscopy, TEM, and AAS wsialto study the
decomposition of the precursor and to evaluate the meatarfishe MnO particle
formation.
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Figure 7.3: FT-IR spectra of aliquots taken at differengetaof the reaction after
the reaction solution had reached 2@(the variation of intensity of the-€C band
at 1645 cn! is due to varying amounts of solvent in the samples).

After having reached 20QC, the reaction mixture was heated with a constant heat-
ing rate of 1.5°C/min and aliquots of the solution were taken at differentem
and temperatures. Figure 7.3 shows FT-IR spectra of thesplas. Typical TEM
images of the resulting NPs at different stages of the sgigtage presented in Fig-
ure 7.4. At room temperature, the antisymmetric stretchibgation of the oleate
group is clearly detectable at 1555 th At temperatures above 20Q, the color of
the solution changed from light red to brown. Neverthelasgher a significant de-
pletion of precursor nor nanocrystals were detectableh@sdmperature increases,
the oleate complex starts decomposing, as concluded frerettuced intensities
of the RCOO bands of the samples heated at 205(10 min in Figure 7.4) and
230°C (20 min in Figure 7.3). In accordance with earlier obseove,[17] we
assume that during this decomposition process, free atedaad small MnO clus-
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ters are formed. This assumption is confirmed by the factahatbsorption band
appears at 1719 cm in the spectra, which can be assigned to the carbonyl stretch
ing mode of free oleic acid (see Figure 7.3). We expect th#henfurther course
of the reaction, the concentration of these MnO clusterseases until a critical
value of supersaturation is reached upon which spontanmeatisation is initiated.
Consequently, the MnO cluster concentration decreasediydy@low a level where
the net nucleation rate is zero; this is in agreement withcthrecept proposed by
LaMer.[10]
Figure 7.4a shows NPs isolated in these early stages ofdbgor. They are poorly
crystalline with an average diameter of 4.5 nm and a religtiveoad size distribu-
tion. Growth is very fast during this phase of the reacti@tause in samples taken
shortly afterward (Figure 7.4y 2.5 min after taking the first sample (230)) the
particles have not only grown to a diameter of 8.5 nm but ajgmear more uni-
form in size. Subsequently the nanocrystals grow furthecdaysuming precursor
molecules from solution without any new nuclei being formed

Because all particles emerge virtually at the same timer, grewth histories are
nearly identical and remain independent from the nucleati@nt. Therefore, their
size distribution is exceptionally narrow with standardidgon values below 5%.
This concept has often been used to describe the formatiamabdisperse NPs
in the past and is generally referred to as "separation ofeatioh and growth"
mechanism.[19-21] In contrast to the results presented ley €al.[17] for the
manganese stearate method, the oleate precursor wagtdtable in the reaction
solution by FT-IR spectroscopy and AAS even at higher teatpees and after pro-
longed reaction times (see Figures 7.3 and 7.5). This faatates that the growth
of the nanocrystals occurs by consumption of the dissolvedypsor.
Above 250°C, a light greenish precipitate appears that turns dark greéigher
temperatures and redissolves again at approximately G0fbrming a clear green
solution. After 60 min of reaction, the carboxylate band%63 cnt! (Figure 7.3)
has almost disappeared completely. The remaining intecait be attributed to the
carboxylate band of the oleate molecules which cover thiases of the NPs. The
carbonyl band at 1719 cm, on the other hand, shows strong absorbance, which
suggests a nearly complete conversion of the precursos i3t agreement with
the depletion of the concentration of free Mnas obtained from AAS measure-
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Figure 7.4. TEM images of MnO NPs at different stages of thectien. NPs
isolated (a) immediately after initiated precursor decositon, (b) after~ 2.5
min, (c) after 60 min of reflux in 1-hexadecene, (d) after 60 mof reflux in 1-
octadecene. Inset (b) HRTEM and FFT image of a single partidset (c) SAED
image corresponding to image (c).

ments (Figure 7.5). As a consequence, no further growtheNRs under con-
sumption of dissolved manganese oleate is possible. In@aged d in Figure 7.4
show particles isolated after 60 min of reflux from reactiolusons containing 1-
hexadecene and 1-octadecene, respectively. They hawsgawtiameters of 17 and
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Figure 7.5: Evolution of particle size and concentratiofreé M with reaction
time in 1-hexadecene (top), evolution of the standard dieviaf the mean particle
diameter with time (bottom).

22.5 nm, respectively.

The evolution of particle size with time was studied to derilie kinetics of the
MnO nanoparticle formation (see Figure 7.5). As mentionaolva the size of the
nanocrystals increases rapidly within the first minuteseaiction. After 30 min
their growth slows down and eventually stagnates in thé&urtourse of the exper-
iment.

The AAS results confirm a rapid conversion of the precursdah@initial phase
of the experiment. However, manganese oleate is still tiigras free Mn in the
solution even after 60 min and longer, suggesting once nhateparticle growth is
driven by a consumption of dissolved precursor moleculée dbserved depletion
of the manganese precursor matches well with the growthegb#nticles with time.
Figure 7.5 (bottom) shows the evolution of the relative dtad deviation of the par-
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Figure 7.6: MnO nanoparticle size as a function of tempeesand solvent.

ticles size as a function of time. A decreaserdfom 34.2% to 7.3% within 5 min
indicates a fast focusing of the size distribution. The d#ad deviation reaches a
minimum value of 2.7% after 40 min. Surprisingly, neithergngficant broadening
of the size distribution, nor changes in size or shape of #régbes occurred even
after the reaction was continued for 180 min. This behawa@typical for a classi-
cal Ostwald ripening process.

Figure 7.6 shows the evolution of particle size as a functibreaction tempera-
ture. The crystal size increases almost linearly with tewempee for all solvents
used. However, a correlation between size and solvent bexapparent when the
particle sizes at a fixed reaction temperature of 26(are compared. When the
reaction is heated to 25 in 1-octadecene (C18, bp. 318), the NPs grow to a
mean diameter of 14.6 nma € 9.7%), whereas in 1-hexadecene (C16, bp. Z7b
and 1-tetradecene (C14, bp. 252), they grow up only to 13.3 nnw(= 5.4%) and
12.1 nm ¢ = 4.4%), respectively, at this temperature. It also seeaidiie narrow-
est size distributions are achieved in the lower boilinysots 1-hexadecene and
1-tetradecene.

When trioctylamine (TOA) was used as a solvent, however, ékalts are signif-
icantly different. Figure 7.7 shows TEM micrographs of paes synthesized in
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Figure 7.7: TEM images of MnO NPs prepared in trioctylamifierga) 5 and (b)
60 min.

TOA. The particles appear randomly shaped, forming mutispand rods. At the
beginning of the reaction, the crystals are well-faceteth siharp edges. As the re-
action proceeds, the edges are smoothed out and the maltiséetheir shape. This
result is consistent with observations reported by Oulgdthl.[22, 23] who syn-
thesized MnO nanocrystals by decomposition of manganes®te in a mixture of
oleic acid and trioctylamine. The reason for this behawsgeresumably that TOA
itself, different from long-chained alkenes, has a strofiigity to the surface of
metal oxides.[24] In fact, it has often been used as stafgjiagent in the synthesis
of NPs.[13] Therefore, a competition reaction on the naysiat surface between
the surface ligands oleate and TOA seems likely that resudts additional growth
on partly uncovered surfaces of the crystals.

An interesting feature of the present system emerges wieesollition is cooled to
room temperature after the reaction was complete. Below €5€he initially clear
green mixture turns brown, and below 200, it turns dark brown while remain-
ing clear. However, the color changes to green again whemtkire is reheated
above 280C. This thermochromic effect can be repeated several times.
Surface Ligands of the NPs. A key aspect in the synthesis of NPs is to over-
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Figure 7.8: FT-IR spectra of oleic acid, manganese oleattyashed MnO NPs.

come the high surface energy and to stabilize their thermahycally unfavorable
state. In most synthetic methods, this task is accomplisii@diding certain organic
molecules, that are able to bind onto the surface of the als/aind stabilize them
against aggregation and oxidation. These stabilizing taggsao control nucleation
and growth and often comprise long-chain phosphines suctioasylphosphine,
long-chain thiols, or fatty acids like stearic acid or olaad.

We used different techniques to determine the coordinatidhe surfactant mole-
cules (oleic acid) on the surface of the NPs. Figure 7.8 shbe$-T-IR spectra
of oleic acid, manganese oleate, and washed MnO nano@y3ia¢ characteristic
bands of the oleyl group are present in all spectra. The wba&rption band at
2956 cn1! results from the asymmetric GHstretching mode, whereas two bands
at 2922 and 2852 cm can be assigned to the symmetric and asymmetric,-CH
stretching modes, respectively. Additionally, a small imaxm at 3005 cm!, due

to asymmetric stretching of the vinyl C—H bond, is also chinastic for the oleyl
group. The free carbonyl stretching mode of the acid is iésit 1711 cm*. In
comparison, the intensity of this band is reduced in therathenples, and strong
absorption bands that can be assigned to the asymmetrioyamdedric stretching
bands of the RCOOgroup, respectively, appear at 1555 and 1410 ‘crirurther-
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Figure 7.9:'HNMR spectra of oleic acid,manganese oleate, and washed WRED

more, the difference of 145 cm between both stretching modes is characteristic
for a bidentate coordination of the carboxylate to a metahaias has been observed
in zinc oleate complexes.[25-27] Maxima at 1462, 1410, 13n@ 1286 cm' in

the oleic acid spectrum can be assigned to deformationtidiisaof CH;- and CH-
groups of the alkyl chain, whereas the broad absorption B&a®30 cnt! can be
ascribed to the O—H- - O bending vibration of the carboxylic acid group.

In a simplistic view, spherical MNnO NPs are terminated byefaovhose struc-
ture contains fragments of the polgrl1l} surface. In contrast to nonpol&t00}
surfaces of rocksalt structured metal oxides, which arentbdynamically stable,
{111} polar surfaces of bulk single crystal oxides are unstabtbdf remain in
the bulk terminated structure because of the divergingasarpotential.[28] From
a theoretical point of view, it has been shown for crystallsurfaces that the com-
pensation of polarity occurs through an interplay of déf@rmechanisms, such as
changes in the surface electronic structure, structucangructions accompanied
by changes in the surface stoichiometry, and interactiadh tie residual atmo-
sphere adsorption, hydroxylation, etc.[29—32] Thus, tladibzation of spherical
NPs by the charged carboxylate ligands is compatible witimdilhg of the ligands
to the polar{111} surface. On the other hand, the uncharged amine ligand can-
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not stabilize the MnQ{111} surface sufficiently, and particles terminated by the
MnO {100} surface are formed. The presence of the very weak carboa\ gie
1710 cnm! suggests the presence of trace amounts of free oleic ackeiman-
ganese oleate complex. However, in the MnO NP sample, noolete acid is
detectable.

Nuclear magnetic resonance (NMR) spectroscopy is typicad to determine the
coordination and interactions of ligands on the surfacdarhdgnetic NPs.[33, 34]
NMR spectroscopy of paramagnetic nanocrystals is onlylyaeported due to
large broadening effects caused by the large magnetic moafgraramagnetic
materials.[35, 36] Figure 7.9 compares titNMR spectra of free oleic acid, the
manganese oleate complex and washed MnO NPs. The signdElning is clearly
visible in the MnO NP sample, which complicates a spectrsigasnent. Willis et
al.[35] reported a reduction of the double bond of oleic acidigheaction tem-
peratures (350C) during the synthesis of iron oxide NPs. Nevertheless, tind v
and allyl proton resonances appear at 5.34 and 2.01 ppmtime# samples, sug-
gesting that no loss of unsaturation (hydration of the debbihd) occurs during the
synthesis. This is presumably due to the relatively low tieademperatures used
in our synthesis.

Further characterization of the ligand-coated MnO narstety was performed us-
ing high-resolution XPS. Renaud and Barbier[37, 38] repatttatithe MnO{111}
single-crystal surface is nonstoichiometric, contairangixture of the MnQ{111}
and Mn,O, {111} phases; the latter was suggested to play a stabilizingnaemn-
pensating the polarity. Figure 7.10 shows a high-resaluk®S spectrum of the
Mn 2p region acquired on a MnO nanoparticle sample that waheaand stored
in air for several days. The Mn 2p and 2p,, signals are located at 653.4 and
641.4 eV, respectively. These values are in good agreem#éntitgrature values
of Mn2* in bulk MnQ.[39, 40] These results confirm, within the limftaetection,
that no significant oxidation of Mit to Mn®* on the surface of the NPs occurred
during the reaction and the subsequent purification andatel the importance of
surface coverage with the oleate ligand. However, it shbeldtated that a high-
resolution electron energy loss (HREEL) spectrum is morsitsea than XPS in
detecting cation surface defects leading to the formatfawverlayers from higher
oxides such as My©O; or Mn3O,.[41]
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Figure 7.10: High-resolution XPS scans of the Mn 2p region.

Finally, the amount of oleate on the nanoparticle surface dedermined by ther-
mogravimetric analysis. A typical TGA trace for MNO NPs w&tb nm diameter
is presented in Figure 7.11. The first step can again be a$sddo loss of CQ
The second step in the diagram is due to decomposition ofetimaining organic
residues. The oleate on the surface sums up to a fradtion,; = 34% (* 0.5%) of
the total mass.

Influence of the Heating Rate.It was found that the heating rate had a major influ-
ence not only on the size, but also on the dispersity of the NR&ges of nanocrys-
tals synthesized with different heating rates are disglaly&igure 7.12. Allimages
show particles formed in reaction mixtures heated to 3D0n 1-octadecene sol-
vent after 1 h of aging. It appears that the particle sizevsrsely dependent on
the heating rate, whereas the size distribution is narrowken the reaction solu-
tion is heated slowly. In Figure 7.12a (9Q min—1!), the particles have an average
diameter of 6.5 nmd = 12.5%), in Figure 7.12b (56C min~1) the particle size
is 8.5 nm ¢ = 19.3%). When slow heating rates are used, the nanocrygipésaa
more uniform in size and shape, as can be seen in Figure 73126 min—1)
with d = 12.5 nm ¢ = 5.3%) and Figure 7.12d (1% min~!) with d = 18.9 nm
(0 =5.5%).
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Figure 7.11: TGA curve of washed MnO nanocrystals{8.5 nm).

Magnetic Properties. It has been reported that MNO NPs show weak ferromag-
netic behavior at low temperatures although bulk MnO isfammbmagnetic with
Ty = 122 K.[42] The observed weak ferromagnetism was explamethe exis-
tence of noncompensated surface spins of the antiferrostiageore of the MnO
nanoparticle. These disordered spins originate from agdam the metal coor-
dination at the surface.[11] Figure 7.13 shows the fieldaxdFC) and zero-field
cooled (ZFC) magnetizations measured in an applied field @), yielding mag-
netic blocking temperatures ) of 18.0, 12.7, and 11.6 K for the 6, 16, and 25 nm
particles, respectively. The inverse proportionality/@fon the size is illustrated in
inset (i) in Figure 7.13. Smaller MnO patrticles exhibit almeg surface-to-volume
ratio and thus the higher number of noncompensated surféace. SThis leads to a
higher blocking temperature and to higher magnetizatidmegacompared to larger
particles. This result is in good agreement with a resufiented by Seo et al.[43]
The 16 nm MnO NPs show a weak feature at approximately 122&IN#el tem-
perature of bulk MnO(inset (ii) in Figure 7.14). Howeveretbusceptibility of a
MnO antiferromagnetic powder is expected to decrease b&lawBut in the case
of the 16 nm patrticles, a further increase in the suscejmilisl observed. The ex-
pected behavior is found for the 25 nm particles for whichrttegnetic transition
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Figure 7.12: TEM images of MnO NPs synthesized at differeyatimg rates: (a)
90, (b) 50, (c) 3.3, and (d) 15 min*.

at7Ty is considerably enhanced.

Hysteresis loops at 5 K of different sized NPs are shown infeéi§.14. An increase
in the magnetization and the width of the hysteresis loop d&creasing size is ob-
served. Inset (ii) displays the hysteresis loops of 12 nm NNE3 measured in a
ZFC and a FC state with an applied field of 2 T. The exchangelcmupetween
the antiferromagnetic core of the particle and the surfaagsdeads to a magnetic
behavior corresponding to two magnetic systems.[44] Thisses a loop shift along
the field axis in the FC state. Furthermof&; and H.,, increase in the field-cooled
hysteresis loop. These results demonstrate that the magngperties of MNnO NPs
strongly depend on the size of the particles.

131



Chapter 7. Synthesis of Monodisperse MnO Nanoparticleslugtian of the
Nucleation and Growth Mechanism

0.06 ¢ a)| 6nm |
. oI5 |
2 004 S
\5 0 8 16 24 ]
E 0.02 Particle size [nm]
— 0.015
S
~—
2 ool
010F
= 0.010
o
E ((
°2 0.005 + : + : + :
N
O
a
an
s
0.007O : 5(-) . 10.0 , 15,0 S50

Temperature 7' [K]

Figure 7.13: Size-dependent ZFC (blue circles) and FC kidaangles) magneti-
zation measurements of MnO NPs in an applied field of 100 Ceetlfi) displays

the size dependency 6§, inset (ii) shows the temperature range from 50 to 200 K
of the 16 nm particles on an enlarged scale.

7.4 Conclusion

In summary, we have shown that MNnO NPs can easily be produgeddimple
one-pot heating-up method. The nucleation and growth piweeof the particles
was studied by TEM, FT-IR, and AAS analysis. Our results saggesingle nu-
cleation event followed by a growth on the existing nucleic&gse nucleation and
growth are clearly separated, the crystals grow uniforfelyging to a narrow size
distribution. The particle size can be controlled by adngsthe reaction time and
temperature, the solvent and the heating rate. The pasizdencreases with tem-
perature, reaction time, and chain length (boiling poirfithe solvent. We inves-
tigated the surface of the MnO nanocrystals by FT-IR and NM& demonstrated
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Figure 7.14: Hysteresis loops of different-sized MnO NPssoeed at 5 K. Inset
(i) shows enlarged view of the hysteresis loops. Inset [figvés hysteresis loops of
12 nm particles measured in a ZFC and a FC(2 T) state.

that oleate binds to the surface in a bidentate manner. Iiti@adXPS measure-
ments indicate that no significant oxidation of ¥Mrto Mn** occurred even after
several days. Magnetic measurements showed that the nagrogterties strongly
depend upon the size of the NPs. Both magnetic moment andib¢ptsknperature
increase when the patrticle size is decreased.

7.5 Experimental Section

All reactions were carried out using standard Schlenk d¢ardi. All syntheses
were carried out in a home-built metal bath heater equippid avtemperature
controller and monitoring unit. The heater was made out a®rand equipped
with two 180 W heating elements operating at 220 V and a Ptd@@pérature sen-
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sor. It was filled with 1.2 kg of Wood metal (Rotth,, = 70°C).

Materials. All syntheses were carried out under argon and using comatigrc
available reagents: 1-tetradecene (technical grade, #28fich), 1-hexadecene
(technical grade, 92%, Aldrich), 1-octadecene (techngrade, 90%, ACROS),
tri-n-octylamine (98%, Fluka), oleic acid (technical geadrisher), methanol, hex-
ane, acetone, ethanol, and manganese chloride tetradytaCl x4H,0O, 99%,
Aldrich) were used as received.

Synthesis of the Manganese Oleate PrecursoManganese oleate was prepared
according to a reported procedure[15, 16, 18] with some fivadions: 7.94 g
(40 mmol) of manganese chloride tetrahydrate and 22.60 gni®@l) oleic acid
were dissolved in 200 mL of methanol. A solution of 3.2 g (80 otinof sodium
hydroxide in 200 mL of methanol was added dropwise to theestiMn-/oleic acid
solution over a period of 1 h. The initially clear colorlesstuare turned pink, and
a deep red oily substance precipitated. After being stifwednother hour, the sol-
vent was discarded and the product washed with water, etheamd acetone. The
oily residue was dissolved in hexane and dried over MgSXier evaporating the
solvent the product was drigd vacuo(1x10-2? mbar) at 100-150C for 2 h to
produce a deep red waxy solid.

Synthesis of MNO NPs.In a typical reaction, 1.24 g (2 mmol) of the manganese
oleate were dissolved in 10 g of solvent and degassed atC7/On vacuo
(1x10-2 mbar) for 2 h and intermittently backfilled with argon to rera@ny mois-
ture and oxygen. The reaction mixture was subsequentljetiesith a definitive
temperature program. First of all the solution was rapiddated to 200C with
approximately C/min. For the further course of the reaction the heatingwai
fixed to 1.5°C/min and the temperature was held at reflux (3C3 for 1 h. The
as-prepared nanocrystals were easily soluble in nonpolrsts such as hexane or
toluene. The NPs were washed three times according to tloevinf procedure:
They were first dissolved in hexane, precipitated with aoetar ethanol, and sub-
sequently collected by centrifugation. The washed NPs weneupon redissolved
in hexane or toluene for storage. Depending on solventticgaitme, temperature,
and heating, rate different particle sizes and shapes vixaéned.

Nanoparticle Characterization. The particles were characterized by means of
powder X-ray diffraction (XRD), transmission electron nascopy (TEM), Fourier
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transformed infrared spectroscopy (FT-IR), atomic absamgpectroscopy (AAS),
nuclear magnetic resonance spectroscopy (NMR), thermiogetnc analysis
(TGA), and X-ray photoelectron spectroscopy (XPS). The me#ig properties of
the MnO NPs were investigated with a superconducting quarmterference de-
vice (SQUID). XRD measurements were performed on a Bruker D&Ade diff-
ractometer equipped with a Sol-X energydispersive deteectd operating with Mo
Ka radiation. Full pattern profile fits were performed with TCB?Academic V1.0
applying the fundamental parameter approach.[45] Sanfiptedsansmission elec-
tron microscopy were prepared by placing a drop of diluteoparticle solution
in hexane on a carbon coated copper grid. Low-resolution TiBkges and ED
patterns were recorded on a Philips EM420 microscope dpgrat an accelera-
tion voltage of 120 kV. High-resolution TEM data was obtairen a FEI Tecnai
F30 S-TWIN with a 300 kV field emission gun. FT-IR spectra wecquared on
a Nicolet 5DXC spectrometer. For AAS measurements ethaasladded to each
sample to precipitate any NPs. After centrifugation theesnatant was treated
with conc. HNQ to oxidize all organic components. Magnetic measuremeats w
carried out using a Quantum Design MPMS-XL SQUID magneteme{PS data
were acquired on a VG ECA-LAB MK2. AAS experiments were paried on a
Perkin-Elmer 5100 ZL.
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Au@MnO Nanoflowers: Hybrid Nanocomposites for
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Chapter 8. Au@MnO Nanoflowers: Hybrid Nanocomposites foe&ale Dual
Functionalization and Imaging

8.1 Abstract

A convenient strategy for preparing core-tunable multipoment Au@MnO nano-
crystals has been developed. The magnetic nanoflowers anlyoefficient as
cargo-specific carriers but also have excellent fluorequeterties resulting from
fluorophors bound to the Au and MnO domains.

8.2 Introduction

Recently, the development of hybrid nanostructures cangistf various materi-
als has attracted considerable interest. The assemblyffefedit nanomaterials
with specific optical, magnetic, or electronic propertiesriulticomponent com-
posites can change and even enhance the properties of teluradl constituents
(see chapter 4).[1, 2, 4-12] Specifically tuning the stmecand interface interac-
tions within the nanocomposites has resulted in novel giat$é of materials that
may lead the way to various future technologies, such assgnous biolabeling,
protein separation and detection,[13—-15] heterogenema$ysis,[16—18] and mul-
timodal imaging in biomedicine.[20-22, 24-26]

Of the various kinds of nanomaterials, gold nanorods showrarsually high po-
larizability at optical frequencies arising from the eatibn of localized surface-
plasmon resonances (LSPRs).[27, 28] Furthermore, goldradadave promising
therapeutic properties as hyperthermal agents becaukmtieemperature around
the gold nanorods can be increased by laser illuminatiautfir the tunable surface
plasmon bands in the near infrared (NIR) region.[29-31] Y$itR radiation for
hyperthermal therapy is beneficial because of the low alisorpnd low scattering
by blood and tissue in this spectral range.[32, 33]

Magnetic nanoparticles constitute another major classaobmaterials that have
attracted much research effort over the past decades8B4nr3particular, ex-
change-coupled magnetic nanocomposites, such as amifegnetic/ferromagne-
tic core-shell nanoparticles, such as MnO/@n, have magnetic properties that
are quite different from those of the individual compondR{s39-43] Concerning
biomedical applications, superparamagnetic nanopestitfe attractive as contrast
agents for magnetic resonance imaging (MRI). The majoritgasfoparticles that
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Figure 8.1: (a) Au@MnO nanoflowers separately functioealizising a multi-
functional polymeric ligand carrying catechol anchor greand a fluorescent dye
(NBD) tagged to PEG(800) side groups. The gold core is funatined with a
Texas-Red-tagged thiolated oligonucleotide. (b) TEM imaf@olymer-coated
Au@MnO nanoflowers

have been investigated in this field comprise iron oxides@rey—F&03), which
are known to shorten the transverse (or spin-spin) relaxaime75.[44, 45] Re-
cently, manganese oxide nanoparticles (MnO NPs) have lte®mso be interest-
ing candidates as contrast agents for shortening of thetlahgal (or spin-lattice)
relaxation timel;.[47, 48] Consequently, a nanoparticulate system contginath
an optically active plasmonic gold unit and a magneticatijve MnO component
would be advantageous for simultaneous optical and MRI tetec

Although considerable research efforts have been put h@achemical design of
suitable surface ligands,[49, 50, 52] one of the major abssafor biocompatible
applications remains the lack of surface addressabilitgréfore, a nanocomposite
made up of individually addressable Au and MnO domains sfteo functional
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surfaces for the attachment of different kinds of molecutkas increasing both
diagnostic and therapeutic potential.[21] Furthermdrne,dize of either of the two
components can be varied to optimize the magnetic and dpticperties. Herein
we present the successful synthesis of Au@MnO nanoconegasinsisting of both
paramagnetic MNnO NPs and Au crystallites followed by seeasarface function-
alization of both domains with fluorescent ligands.

8.3 Results and Discussion

Nanoparticle synthesis and characterizationFigure 8.1 depicts a functionalized
Au@MnO nanoflower with selective attachment of catechohang to the metal
oxide petals and thiol anchors to the gold core. The nanoftowere synthesized
by decomposition of manganese acetylacetonate [Mn(gdacjliphenyl ether in
the presence of preformed Au NPs ("seeds"), with oleic acidoéenydamine as sur-
factants, following a similar procedure for the prepanatd Au@FegO, heteropar-
ticles by Sun eal.[53] The gold "seeds" were generated in situ by decomposition
of gold acetate [Au(OAg]) at low temperature, which could be traced by a color
change to deep red. At higher temperatures, MnO petals fgrapliaxial growth
on the surface of the Au NPs. The size and morphology of theffamers can
be varied by changing the molar ratio of the precursors (€i@.2). The number

Figure 8.2 Au@MnO nanoflowers synthesized with different
[Mn(acac}]/[Au(OAc);] molar ratios: (a) 5:1, (b) 10:1, and (c) 20:1.
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Figure 8.3: Powder XRD pattern of 7@18 nm Au@MnO nanopasticlEhe po-
sitions and relative intensities of the reflections matchl wih those of standard
MnO and Au powder diffraction data, indicating that the $\yadis yielded a hetero-
nanocomposite consisting of rock-salt Mn€F-8, Fm3m) andfcc Au.

and size of the MnO petals increases with increasing [MmaZpAu(OAC);] ratio.
Furthermore, the variation in size and morphology is accamg® by a change in
the optical and magnetic properties.

Figure 8.2 shows Au@MnO nanoflowers prepared with diffepeatursor ratios.
Increasing the amount of manganese precursor leads to lehg® petals. In
all cases the MnO particles nucleate heterogeneously ogdlieseeds, and no
unattached MnO NPs were observed. Phase purity was confbyngowder X-ray
diffraction (see Figure 8.3).

Magnetic properties. The magnetic properties of the nanocomposites were inves-
tigated to evaluate the influence of the diamagnetic Au conghie MNnO domains.
Figure 8.4 shows magnetic hysteresis loops recorded at A @MnO nanoflow-
ers with Au cores of 7 nm and MnO petals of approximately 10 ma &3 nm,
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Figure 8.4: Magnetic hysteresis loops recorded at 5 K for Mr@ nanoflowers
with different petal sizes. The inset shows temperatureedéent magnetization
curves (FC—-ZFC) of pure MnO nanoparticles and Au@MnO nanoftawe

respectively. The nanocomposites are superparamagheti@ver, the saturation
magnetization increases with MnO particle size, whereagtercivity decreases.
A more dramatic change can be seen in the field-cooled/zeld-dboled (FC/ZFC)
curves (inset in Figure 8.4), in which the magnetic blockiegpperature increases
to 35 K compared to pure MnO NPs.[54, 55] A change in the maghethavior
of the Au@FgO, dumbbells depending on the size of thg®gdomain was also
reported by Sun dl.; the authors explained this behavior with thermal agitatb
the nanoparticles and canting of the surface spins.[53]

Optical properties. The interaction of MNO and Au NPs leads to a red-shift of
the gold plasmon resonance (Figure 8.5). Pure Au NPs in teeange of 5-20 nm
have a characteristic collective oscillation frequendye (plasmon resonance) at
520-525 nm,[56-60] the exact position varying with pagiciorphology and parti-
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Figure 8.5: UV/Vis spectra of Au NPs and of Au@MnO NPs of diffiet sizes.

cle surface coating.[61, 62] Attachment of the Au crystiadlito MnO NPs leads to a
significant shift of the extinction maximum to 555/585 nmttie case of 7@10 nm
and 7@18 nm Au@MnO patrticles, respectively, see Figure 8%g red-shift is
due to the MnO petals, which increase the effective locdédtac function around
the gold cores; this effect may be evaluated quantitatiusing the classical Mie
theory,[55, 63—68] using literature values for the optmahstants for Au NPs,[69]
and by approximating the local dielectric environment abthese particles as a
linear combination of the dielectric functions of the tateesolvent and the MnO
domains.[70] Both experimental results confirm the asswnpghat the Au@MnO
nanoflowers are both magnetically and optically active mgkhem ideal candi-
dates for multimodal biomedical imaging.

Selective surface functionalization. In the further course of our experiments,
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Figure 8.6: a) UV-vis spectra of the (a) as synthesized, ¢h)rper functionalized
and (c) NBD conjugated polymer functionalized Au@MnO NPsViblity assay

of Caki 1 cells incubated with Au@MnO NPs. The density of Cakiellscwere

105 cells/well. Cells were grown for 24 h before they were egabto different
concentrations of Au@MnO nanoparticle solutions for 24 he Toncentration of
the NPs is referred to the concentration of Mn as measuredAs. A

we investigated the addressability of both individual acefs. First, the surfactant
molecules on the MnO surface were replaced by a multidentgtelymer carrying
catechol anchor groups and poly(ethylene glycol) link®&8G; M, =~ 800) with
free amino groups for further surface conjugation (Figud®.g71, 73] To visual-
ize the polymer functionalization, the fluorescent dye ¥ 7-nitrobenzofurazan
(NBD) was conjugated to the amine groups of the polymer (sger€i8.6a).
Selective functionalization of the gold domain was achiety incubating an
aqueous solution of NBD-polymer- modified Au@MnO NPs withothmodified
24-mers customized oligonucleotide tagged with Texaq #épExcess reagents
were removed by centrifugation. The functionalizationraagh is shown in Fig-
ure 8.7. The polymer-functionalizeédP stability and cytotoxicity. The Au@MnO
NPs were stable against aggregation and precipitationioug aqueous media,
including deionized water and PBS buffer solution for selvdeys. Viability as-
says of nanocomposite solutions with the renal cell caromtine Caki-1 showed
negligible toxicity of the NPs even for concentrations aghhais 14QuigmL—! (see
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Figure 8.7: Surface functionalization of Au@MnO nanofloswetth a multidentate
copolymer and subsequent conjugation with NBD. The gold diomas selectively
functionalized with a Texas-Red-tagged thiolated oligdeotide.

Figure 8.6b).

Optical imaging. The NPs were analyzed under an epifluorescent microscope at
different emission wavelengths to visualize polymer-tiomalized MnO domains
(green fluorescence) and Texas-Red-tagged Au domains (cedstience). The co-
localization of the green/red fluorescence signals in E@u8a - ¢ supports the idea
that the nanoflowers are not only efficient as cargo-speafigars but can simul-
taneously be used as optical probes for multimodal targggédery and imaging.

The optical properties of Au@MnO NPs were further explorathvan optical
transmission microscope in darkfield mode using a high-migaleaperture con-
denser and a 4R air objective.[75] The particles were immobilized in a fléags
capillary with hexane as embedding medium (Figure 8.8d) aseseparated bright
colored spots, each corresponding to one single nanoledrtidMost of the spots
appear green- yellow to the eye, with minor variances inrcahal intensity demon-
strating a relatively low polydispersity. A few brightedrspots indicate a negligible
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Figure 8.8: (a) Fluorescence microscope images of NB&lymer-functionalized
7@18 nm Au@MnO nanoflowers (green fluorescence), (b) cotgdgeith Texas-
Red-tagged thiolated oligonucleotide (red fluorescence),(@) a co-localized im-
age. (d) Real color picture of immobilized Au@MnO nanoflowmensler dark-field
illumination (all scale bars: 10m). (e)7;-weighted MRI images of aqueous solu-
tions containing 7@18 nm Au@MnO nanoflowers (concentratioomM Mn).

number of aggregated particles with direct contact of tHd gores.
Investigation of a few dozen single particles shows a meson@ce wavelength
Ares = 584+ 9 nm and a mean spectral linewidth= 302 + 51 meV (see Fig-
ure 8.9). These data agree well with the ensemble extinspectrum of the sam-
ple (Figure 8.5). Pure gold spheres of comparable size tgdltecore (ca. 10 nm)
would be hardly detectable with this experimental setugydfore, surrounding
MnO panels enlarge the total particle volume and signifigantrease the ampli-
tude of the scattered light. Calculations within the quésiis approximation[76]
show an increase of the scattering cross-sections for a Mm@ layer (n = 2.16)
by a factor of 23 together with a red-shift of the resonanc&®ihm (see Fig-
ure 8.10).

Magnetic resonance imaging. For magnetic resonance imagirifj, relaxivity
measurements were performed on a clinical 3.0 Tesla scdMagnetom Trio,
Siemens Medical Solutions, Erlangen, Germany) by meansigfraeasurement
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Figure 8.9: Typical scattering spectrum of a single Au@Mmaflower, revealing
a resonance wavelength of approximatgly, ~ 580 nm and a spectral linewidth
of aboutl” ~ 300 meV.

using a centric reordered saturation recovery (SR) premrapshot fast low angle
shot (SR-TurboFLASH) pulse sequence with different prefgardimes (TI) rang-
ing from 20 ms up to 8000 ms (other pulse sequence parameggstition time
TR = 3.4 ms, echo time TE = 1.5 ms, flip angle = 208-igure 8.8e shows &; -
weighted MR image of seven different MNO@Au nanocompositecentrations
dissolved in water ranging from 0 to 42.5 mNI, measurement revealed/a re-
laxivity of 0.224 ms'mM ! for the Au@MnO nanocomposites.

8.4 Conclusion

In summary, we have described the synthesis and charattenzof a group of
flowerlike Au@MnO NPs. By taking advantage of their constitiigroperties, dif-
ferent functional molecules were loaded onto each comparfethe heterostruc-
ture. The NPs are magnetically and optically active, ang tre therefore useful
for simultaneous magnetic and optical detection. The fzat the nanoflowers are
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Figure 8.10: Theoretical scattering spectra based on tasi-gtatic approximation
for gold spheres (a) and MnO coated gold spheres (b). While gald spheres
of 10 nm size show a resonance wavelength of 531 nm, the sartielgpaoated

with a 10 nm MnO layer (n = 2.16) shows a resonance of 607 nnth&umore the

scattering cross-section,( increases about 23 times due to the shell.

capable of imaging the same tissue area with both MRI and acebpburce with-
out the fast signal loss observed in the common fluoresceetitg implies, that
they can be used to achieve high sensitivity in diagnosteimg applications. It
would be interesting to extend this synthetic method to flamers made of dif-
ferent materials, such as Cu@MnO, Ag@MnO, or Pt@MnO, andadhese mul-
tidomain particles as building blocks of higher-order stanes, the symmetries of
which would derive from "directional” interactions betwedeR petals (for example,
linear particle chains from nanoflowers having two leavé&)rk on attaching ther-
apeutic molecules to these dumbbell NPs for target-spewcifiging and delivery is
currently underway.

8.5 Experimental Section

Materials. Manganese (Il) acetylacetonate (97%, ABCR), gold(lll) aeetat
(>99.9%, Alfa Aesar), oleic acid (90%, Aldrich), oleylamirn&@0¢90%, ACROS),
phenyl ether £99%, Sigma Aldrich), dtert-butyl dicarbonate ((BogpD) (>99%,
Aldrich), dioxane (p.A., Fisher), IN-PEG(800)-NH (), ~ 800 g mof!, Ald-
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rich), triethylamine
(>99%, Aldrich), 3-hydroxy tyramine hydrochloride (dopamidCl) (98%, Ald-
rich), 4-chloro-7-nitrobenzofurazan (NBD) (98%, Aldrictijfluoroacetic acid
(TFA) (99%, Sigma-Aldrich), ethanol (99.8%, Roth), tolugxe€9%, Sigma-Ald-
rich), hexane (p.A., Fisher), DCM (p.A., Fisher), DMF (extirg, >99.8%, Acros),
diethyl ether (p.A. Fisher) were used as received withodhér purification.
Synthesis of Au@MnO Nanoflowers.All reactions were carried out using stan-
dard Schlenk techniques. 1 mmol of manganese (Il) acetylaate and 0.05 mmol
of gold (lll) acetate were added to a mixture of phenyletier ihL), oleic acid
(1 mL) and oleylamine (2 mL) under argon. The mixture was degd at 50C
(10-2 mbar) for 1 hour and repeatedly backfilled with argon to reenany traces of
air and moisture. The resulting solution was rapidly heabeflux (259-261C)
with approx. 20-25°Cmin~! and kept at this temperature for 60 minutes before
cooling to room temperature. The product was precipitateddulition of excess
ethanol and collected by centrifugation. The NPs were itepawashed by dis-
solving them in toluene, precipitating them with ethanal aantrifugation. Finally,
the product was dissolved in toluene, flushed with argon toréd in a fridge.
Nanoparticle Characterization. The particles were characterized by means of
powder X-ray diffraction (XRD), and transmission electroicrascopy (TEM).
The magnetic properties of the Au@MnO NPs were investigatgd a super-
conducting quantum interference device (SQUID). XRD meam@nts were per-
formed on a Bruker D8 Advance diffractometer equipped witho&>S energy-
dispersive detector and operating with Mar Kadiation. Samples for transmission
electron microscopy were prepared by placing a drop of elihgnoparticle solu-
tion in hexane on a carbon coated copper grid. Low-resaiufiBM images and
ED patterns were recorded on a Philips EM420 microscopeatipgrat an acceler-
ation voltage of 120 kV. Magnetic measurements were caoigdising a Quantum
Design MPMS-XL SQUID magnetometer.

Morphology of the Au@MnO NPs. In order to quantitatively investigate the mor-
phology we determined the ratroof the average diameter of MnO petals to Au
cores. In all samples the gold cores retained almost the asarage diameter (5-
10 nm), whereas the size and number of the MnO petals chafged. Mn(acac)

: Au(ac) ratio of R=5 : 1 (Figure 8.2a)r is 1.2 with the MnO domains hav-

151



Chapter 8. Au@MnO Nanoflowers: Hybrid Nanocomposites foe&ale Dual
Functionalization and Imaging

ing an average diameter of 10 nm and the composite particééslynconsisting
of dimers, trimers and only few "nanopansies”. Ror 10 : 1,r is 1.5 and more
and larger petals are visible on the Au cores (Figure 8.2imally, for R=20 : 1,
ris 2.1 and "nanopansies"” with 3 or more petals are the predgorhmorphology
(Figure 8.2c).

Synthesis of Boc protected Bis-Amine-PEG (NBoc-PEG-N§J. A solution of
(Boc) O (0.02 mol) in 30 mL of anhydrous dioxane was added drop vase go-
lution of NHy,-PEG-NH, (0.1 mol) in 50 mL anhydrous dioxane. The resulting
solution was stirred overnight at room temperature. Theesulwas evaporated,
and the oily product obtained was dissolved in 50 mL of watel extracted using
50 mL of CH,Cl; (three times). The combined organic phases were washed with
a conc. solution of NaCl and dried over anhydrous ;. The resulting organic
phase was concentrated by rotary evaporation to producgaus, colourless oil.
Further purification was achieved by flash chromatographsilma using a CHCl,

/ ethanol mixture (2:1) as eluent.

Preparation of the polymer. The poly (active ester) poly(pentafluorophenylacry-
late) (PFA) was prepared as reported earlier.[71, 72, 7/ @Ralysis of the ob-
tained polymer (THF, light scattering detection) gavéf,, = 16,390 gmot!,
PDI = 1.39, with an average of 70 repeating units.

For the synthesis of the multifunctional poly(acrylamigemly(active ester) poly-
(pentafluorophenylacrylate) (700 mg, 2.94 mmol repeatmitspwas dissolved in
a mixture of 9 mL dry DMF and 0.7 mL triethylamine. After th&;hydroxy-
tyramine hydrochloride (24 mg) dissolved in 3 mL DMF and 0.4 tmethylamine
was added and the reaction mixture was stirred for 3 hour@ &€ 5In the final step
the remaining active ester groups were substituted usirexeess of NBoc-PEG-
NH, (dissolved in 3 mL dry DMF) and stirring for 5 h at 5C. The solution was
concentrated to about 2 mL and the polymeric ligand was pitated by addition
of cold ethyl ether. The precipitated polymer was centefignd the solvent was
decanted. Upon drying, 286 mg of a colorless oil was obtained

Cleavage of the Boc groupThe polymer obtained above was dissolved in,CH
(30 mL). After that, trifluoroacetic acid (2.0 mL) was addedlahe mixture was
stirred at room temperature for 2 h. After that the reactmotgon was treated with
mixture of water and hexane (30 mL/50 mL) and vigorouslystifor 30 minutes.
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The aqueous phase containing the polymer was separatedmacehtrated to 2 mL
and dialysed against deionized water for 2 days (cellul@gg MWCO = 3,500).
Finally, the water was evaporated and the product was @des$in chloroform to
make a stock solution which was kept in a fridge.

Selective functionalization of MnO domains in Au@MnO nanoflovers. 10 mg
of Au@MnO nanoflowers dispersed in 15 mL of chloroform we@my added
over 1 h into the above synthesized polymer solution (20 rAghL, chloroform).
The reaction was continuously stirred at®®0) overnight under inert condition. The
functionalized NPs were precipitated by addition of hexane separated from un-
bound polymer and surfactants by centrifugation. The Au@NWPs were washed
twice by dissolving them in acetone and precipitating theith \Wwexane. Finally,
the particles were stored in acetone or DMF in a fridge.

Conjugation of NBD dye to free NH, groups of polymer functionalized
Au@MnO nanoflowers. 8 mg of 4-chloro-7-nitrobenzofurazan (NBD) dissolved
in 1 mL acetone along with 0.1 mL of triethylamine was addea teolution of
polymer functionalized Au@MnO NPs in acetone (10 mg in 10 nTlhe resulting
solution was stirred for 3 hours at 53CQ in the dark under argon protection. After
that, the dye modified NPs were precipitated and washed wihrie/acetone.
Transfer of Au@MnO-polymer-NBD into the aqueous phase. To transfer the
polymer-NBD functionalized nanoflowers into an agueoustgmiusame amounts
of water and hexane were added dropwise to a nanoflower @olutichloroform.
After complete addition, the solution was stirred for f@tf80 min. at room tem-
perature. Separation of the aqueous and the organic phasachk&éved with a
separatory funnel. The Au@MnO NPs were almost exclusivayé in the aque-
ous phase. The concentration was determined using atosoc@lon spectroscopy
(AAS, Perkin-Elmer 5100 ZL).

Selective modification of the Au cores in Au@MnO-polymer-NBD omposites
using Texas Red-ODN-SHFor modification of the Au core a 24-mers customized
oligonucleotide with the following composition: TTTTTTTITTTTTTTTTTT-
TTT-SH containing Texas red at the 5’ end and a thiol grouphenX end (Texas
Red-ODN-SH, Sigma Aldrich) was used. A stock solution withcaaentration
of 75 mM was prepared in Tris-EDTA buffer (pH 7.5) and aliquetere kept at
-20 °C. For oligonucleotide functionalization, NBD-polymer mied Au@MnO
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nanoflowers (2 mg mt!) were incubated with a 10 mM solution of Texas Red-
ODN-SH as described elsewhere.[30] After shaking for 24 B(aiC, the sam-
ple was treated with phosphate buffer (10 mM, pH 7.0) comtgiiNaCl (0.1 M)
followed by a centrifugation step (15 min at 10000 rpm, ro@mperature) to re-
move unbound oligonucleotides. Following removal of thpesnatant, the NPs
were washed twice with phosphate buffer (10 mM, pH 7.0) + N&ClL M), re-
centrifuged (15 min, 10000 rpm, room temperature) and spatsed in the same
phosphate buffer solution. The fluorescence analysis ofrthii-fluorescent la-
beled NPs was performed with an Olympus AHBT3 light microsgapgether with
an AH3-RFC reflected light fluorescence attachment at thestonisvavelength of
456 nm (filter U) and 565 nm (filter G) to visualize both, NBD oe tinO domains
and Texas Red labelled ODN-SH on the Au cores. The images weleralized
using the software Analysis (Olympus, USA).

Cell culture and cytotoxicity-assay. The human renal cell carcinoma line (Caki
1) was kindly provided by the group of Prof. Dr. P Langguthstitute for phar-
macy and biochemistry, Johannes Gutenberg-Universityniaells were grown
in McCoys 5A media (Sigma-Aldrich, Germany) supplementethwli0% fetal
bovine serum (FBS, Sigma-Aldrich, Germany), 1% Penici8ineptomycin (PEST,
10000 U mL-! Penicillin and 10 mg mL! Streptomycin, Sigma-Aldrich) 2 mM L-
glutamine (Sigma-Aldrich, Germany), 1x Mycokill (PAA, Geany) and 1x MEM
non essential amino acids (Sigma-Aldrich, Germany). Cétucess were routinely
grown in 75 cm sterile cell culture flask until and were contained at°87 95%
relative humidity and 5% CQuntil reaching the confluence of 217° cells mL!.
The cytotoxicity assay was performed according to the seppCells were grown
in 96 well plates under standard conditions in[20McCoys 5A. The density was
105 cells/well. In 6 wells only media was added to allow baokgpd subtraction.
After 24 h of cell growth, different concentrations of Au@MMPs functionalized
with polymer and NBD in McCoys 5A were added. NPs were sterilergd using
a mixed ester 0,22m filter (Sigma-Aldrich) prior to use. Incubation time wag se
at 24 h. After this period of time, the media was replaced by 40 RPMI 1640
media without phenol red (Sigma-Aldrich, Germany) suppatad with 10% FBS,
1% PEST, 2 mM L-gluthamine and mycokill. 2@ MTT labelling reagent (WST
8, Sigma-Aldrich, Germany) was added. Cells were incubat&¥ aC, 5% CQ
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and 95% relative humidity for 1.5 h, followed by incubationraom temperature
on a shaker in the dark for further 2 h. The absorption of fa@amawhich was
formed due to cellular activity was measured at 450 nm. Waeillsout cells were
used to allow background substraction. All results weremadized to wells that
did contain cells, but where media was added instead of NPs.
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CHAPTER 9

Highly Soluble Multifunctional MNO Nanoparticles
for Simultaneous Optical and MRI Imaging and
Cancer Treatment using Photodynamic Therapy
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Chapter 9. Protoporphyrin Functionalized MnO NPs for OptidR Imaging
and PDT

9.1 Abstract

Superparamagnetic MnO nanoparticles were functionalizaty a hydrophilic lig-
and containing protoporphyrin IX as photosensitizer. Bywarof their magnetic
properties these NPs may serve as contrast enhancing dgemtsgnetic reso-
nance imaging (MRI), while the fluorescent target ligand gootphyrin 1X allows
simultaneous tumor detection and treatment by photodyntmarapy (PDT). Caki-
1 cells were incubated with these NPs. Subsequent expasuisltle light lead to
cell apoptosis due to photoactivation of the photosermsittbnjugated to the NPs.
This method offers great diagnostic potential for highlglierative tissues, includ-
ing tumors. In addition, it is an efficient platform that coimds the advantages of
a biocompatible photosensitizer with the possibility foRMmonitoring due to the
magnetic properties of the highly soluble functionalizeahganese oxide NPs.

9.2 Introduction

Cancer "theragnostics”, the ability to simultaneous diagm@osketreat cancer, has
become one of the major driving forces in nano-biotechnpltgthis context, NPs
of 3d transition metal oxides have gained enormous atteirtioecent years due to
their unique magnetic properties which make them promisargdidates for vari-
ous applications ranging from protein separation,[1-8c€fr cell targeting, drug
delivery,[4, 5] and magnetic resonance imaging (MRI).[6F8]date, most inter-
est in the clinical use of magnetic NPs (NPs) has focused @natae (FgO,) and
maghemite{-Fe,O3;) NPs, which are known to shorten the transverse (or spm}-spi
relaxation timel;.[9-11] Additionally, manganese oxide (MnO) NPs have régen
proved to be interesting candidates as contrast agenthidotesing of the longi-
tudinal (or spin-lattice) relaxation timé,.[12—15] However, a major requirement
for the successful application of magnetic NPs in biomedics in addition to sol-
ubility and colloidal stability in physiological envirorent a low toxicity. Efficient
strategies for surface modification have lead to a tremenhaoprovement of both,
biocompatibility and stability, in biological media.[1B8] Most of these strategies
employ poly(ethylene glycol) (PEG) as hydrophilic linkexdawuse it not only guar-
antees prolonged blood half-life and circulation, but aksduced opsonization and
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incubate

Q DA-PEG-PP

MnO

Figure 9.1: Experimental scheme: MnO NPs were first funetiaad using a bi-
functional catechol-PEG-protoporphyrin IX (DA-PEG-PR)and. These MnO-
DA-PEG-PP NPs were then incubated in CaKi-1 cells. Subsddqguadiation with

visible light led to the photoactivation of protoporphyiiX and, thus, production
of reactive singlet oxygent ©,), which induced cell death by apoptosis.

non-specific uptake by macrophage cells.[21-27] In ordectoeve sufficient sur-
face coverage of the magnetic NPs highly effective anchdeomies are neces-
sary. 3-Hydroxytyramine (dopamine), a derivative of theramacid L-DOPA, a key
component in many marine adhesive proteins,[28—34] haseprto be a powerful
chelating ligand which strongly binds to metal and metaddexsurfaces.[35, 36]
Consequently, the conjugation of dopamine and PEG has el@sea popular
method among the scientific community to functionalize nedigrNPs.[17, 37—40]
However, extensive studies on the surface modification @mddxical application
of manganese oxide NPs have only rarely been reported so far.
Photosensitizers, active compounds used for photodyntmarapy (PDT), have
the intrinsic advantage of distributing primarily in higthiegenerative tissues after
intravenous or oral administration.[41] Their therapeefifect is activated by pho-
toexcitation of the localized photosensitizer to genecgtetoxic species, e.g., Sin-
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glet oxygen {O,), free radicals, or peroxides. This leads to selective arueérsible
destruction of diseased tissues, without damaging adjduadthy cells.[42—-45]
Compared to other current cancer therapies such as surgeigtherapy or chemo-
therapy, PDT is an effective and selective means of suppgesancer tissues
growth without affecting the surrounding healthy tissuéc8 1993, government
regulatory approval for photodynamic therapy involves tise of a partially pu-
rified, commercially available hematoporphyrin derivatsompound (Photofrin)
for patients suffering of early and advanced stages of casfdbe lung, digestive
tract, and genitourinary tract.[46] The application of P how considered an al-
ternative solution for the treatment of tumors that eludas/entional chemo- and
radiotherapy methods.

In recent years increased research effort has been deediktas novel platforms
to enhance the drug delivery efficiency to cancer cells.[@$ leads to applica-
tions not only as therapeutic drugs in non-invasive can@atment,[48, 49] but
also in clinical diagnostics,[50, 51] e.g. in the diagnagitumors and cardiovascu-
lar diseases.[52]

In this contribution we describe the synthesis of a novehlyigvater-soluble mul-
tifunctional MnO nanoparticle system carrying protopamph IX as photosensi-
tizer (see Figure 9.1). Monodisperse MnO nanocrystals wgnghesized by the
oleate route and subsequently functionalized with a dopesREG-protoporphyrin
IX (DA-PEG-PP) ligand. As fluorescent molecules are amentbphotodetection,
these protoporphyrin IX-functionalized magnetic NPs affer unique opportuni-
ties to simultaneously detect and treat tumor tissues byrdowtion of analytical
(MR, optical) and therapeutic (PDT) methods.

9.3 Results and Discussion

MnO NPs: Synthesis and Properties. Monodisperse spherical MnO NPs were
synthesized by decomposition of a manganese oleate poedard-octadecene
at 300°C. Figure 9.2a shows a representative transmission elentroscopy
(TEM) image of as prepared oleate capped MnO NPs with an geatimmeter of
14 nm. The particles have spherical shape; due to theirwagize distribution
they self-assemble into two dimensional superlatticesasPlpurity of the product
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Figure 9.2: (a-c) Transmission electron microscopic (TEMages of spherical
manganese oxide NPs: (a) as prepared, (b) functionalizédDdA-PEG-NH,, (c)
functionalized with DA-PEG-PP ((b) and (c) in water). (d) wepus solutions

of DA-PEG-NH, (odd numbers) and DA-PEG-PP (even numbers) functionalized
MnO NPs after more than two weeks: 1 & 2 in human blood seruanddtat 4 C),

3 & 4 in human blood serum (at 3T), 5 & 6 in deionized water (at 4C), 7 & 8

in deionized water (at 37C).

was confirmed by powder X-ray diffraction (XRD, see Figuregd.3ll reflections
can be indexed to the cubic rock-salt structure of MeB88; Fm3m) with (111),
(200), (220), (311), (222) and (400) as strongest reflestinrthe powder pattern.
No traces of other manganese oxide phases could be detected.

Size dependent magnetic properties of MNO NPs were repprésdbusly.[53, 54,
56—58] Due to super-exchange interactions between neigigolin®* cations bulk
MnO is a classical antiferromagnet.[59] MnO NPs, on the ohand, exhibit su-
perparamagnetic behavior, a phenomenon which is genevgilpined by the pres-
ence of uncompensated moments on the particle surfac&4580, 61] Magnetic
hysteresis loops of the MnO NPs used in this study were recoed 5 K and
300 K (Figure 9.3b). The NPs were superparamagnetic at reomperature but
showed weakly ferromagnetic behavior at 5 K. Temperatupeddent zero-field-
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Figure 9.3: (a) Powder XRD-pattern of as-prepared MnO NPsMgdgnetic hys-
teresis loops of MNO NPs recorded at 300 K and 5 K (the inset/sthemperature
dependent magnetization curves (ZFC-FC) of MnO NPs recordiédan applied
induction field of 100 Oe).

cooled/field-cooled (ZFC/FC) measurements at an applieddiel@0 Oe revealed
a magnetic blocking temperatuile; of 13 K, a value similar to those reported
before.[53, 54, 56-58]

Nanoparticle Functionalization. Ligand exchange of the hydrophobic oleate
layer by a hydrophilic DA-PEG-PP ligand yielded highly waseluble NPs. The
ligand contained a bisamine poly(ethylene glycol}NHPEG-NH;) with an aver-
age molecular weight of 800 g mdl (PEGy,) as a hydrophilic linker. PEG is used
in numerousn vivo applications to allow better body distribution and proledg
blood half-life of drugs.[62—65] However, sufficient suséacoverage of magnetic
NPs can only be accomplished by the introduction of strorgpangroups into the
ligand molecules. Catechols, like L-DOPA or dopamine, hagently evolved as
preferred components to efficiently bind onto the surfacmefal oxides.[66—69]
In order to ensure strong attachment to the MnO surface egloalt derivative 3,4-
dihydroxyhydrocinnamic acid (DA) was conjugated to the NB#eG-NH, linker
by a common DCC coupling technique. Deprotection of the DASH¥BoOC con-
jugate with TFA resulted in DA-PEG-NH The presence of a terminal primary
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Figure 9.4: (a) FT-IR spectra of oleate capped (black [ib&)},PEG-NH, function-
alized (blue line) and DA-PEG-PP functionalized MnO NPl (iee). (b) UV-Vis
spectra of naked MnO NPs, MnO-DA-PEG-MNblue), protoporphyrin IX (PP)
unbound (green) and MnO-DA-PEG-PP NPs (red).

amino group in DA-PEG-NKpermitted the covalent attachment of protoporphyrin
IX (PP) to form DA-PEG-PP. One crucial criterion for tivevivo applicability is
the solubility of the NPs in body fluids. After surface fumctalization in chlo-
roform, transfer into deionized water was possible and didrasult in particle
agglomeration as confirmed by TEM (see Figure 9.2b,c). Ei@2b displays NPs
functionalized with DA-PEG-NkK, whereas Figure 9.2c shows MnO NPs function-
alized with DA-PEG-PP. In both cases well separated NPs wigt@ned. This is
an important attribute for photosensitizers, becauseégbaeggregation tends to ex-
hibit poor PDT efficacy due to the deactivation of the excatte energy.[70] The
surface charges were determined to be -4.15 and -6.32 m\héoDA-PEG-NH
and DA-PEG-PP functionalized MnO NPs, respectively. Theyenstable against
aggregation in various aqueous solutions for several weElkgure 9.2d shows a
photograph of aqueous solutions containing DA-PEG;MHd DA-PEG-PP func-
tionalized MnO NPs. The particles were dispersed in wateriarhuman blood
serum and stored at€C and 37°C for more than two weeks. No particle agglom-
eration or precipitation was observed during this timequri

FT-IR analysis. Ligand exchange of the oleate group by DA-PEG-Nithd DA-
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PEG-PP was confirmed by FT-IR measurements. The corresppkdiIR spectra
are displayed in Figure 9.4a. As prepared MnO NPs (blackitiiégure 9.4a) ex-
hibit characteristic vibrational bands of the oleate grolMfmst notably, the asym-
metric and symmetric stretching bands of the RCOgdoup appear at 1555 and
1410 cnr!, respectively. It has been reported that the spectralrdiffee of
145 cnt! is typical for a bidentate coordination of the carboxylateup to the
metal ions on the surface.[53, 71-73] However, these bamdalsent in the spec-
tra of DA-PEG-NH and DA-PEG-PP functionalized MnO NPs, respectively, indi-
cating a complete replacement of the oleate layer by theopyulic ligands. Fur-
thermore, the appearance of vibrational bands at 1290, 4281107 cm' in the
MnO-DA-PEG-NH, and MnO-DA-PEG-PP spectra, which can be assigned to the
stretching modes of C—O—C ether groups in PEG, confirms teigwagtion. In ad-
dition, the partial disappearance of the stretching modéleofree amine groups
at 3219, 3064, 1653 and 1528 cthin the protoporphyrin IX modified sample
confirms the successful functionalization of the MnO-DA&EH, NPs with the
photosensitizer molecules.

UV-Vis analysis. The absorption properties of protoporphyrin IX were shbiaict
after binding to MnO as confirmed by UV/Vis spectroscopy toe DA-PEG-PP
sample (see Figure 9.4b). For comparison, the UV/Vis spatftprotoporphyrin
IX, as-synthesized MnO NPs, DA-PEG-NIEnd DA-PEG-PP functionalized MnO
NPs are presented in Figure 9.4b. The spectrum of as-peepém® NPs (black
line in Figure 9.4b) shows an increase in absorption for Enalavelengths. DA-
PEG-NH, shows an absorption maximum at 280 nm due to the presences of th
phenyl ring in the catechol moiety (Figure 9.4b, blue lingdr the protoporphyrin
IX (green line in Figure 9.4b), the well-known "stairs" forchby the absorption
maxima in the 500-630 nm region (Q band of protoporphyrindKyl an absorption
maximum at 400 nm also appear for the DA-PEG-PP functioedIMnO NPs (red
line in Figure 9.4b). Hence, UV/Vis spectroscopy confirmscassful binding of
DA-PEG-PP onto the MnO NPs.

Cell Studies: Cytotoxicity. For in vivo applications it is of utter importance,
that the toxicity of the NPs themselves is rather low. Fos fhirpose, a cytotox-
icity assay was performed based on the capacity of livings ¢el metabolically
reduce water soluble formazan to give an insoluble (typicalirple) formazan
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Figure 9.5: Vitality test of Caki 1 cells incubated with difémt concentration of
DA-PEG-NH, functionalized MnO NPs (P, dashed columns) for 24 h (dark)gra
and 48 h (light gray) as well as DA-PEG-PP modified MnO NPs (R&)bated for
24 h (dark gray) and 48 h (light gray). To estimate cell vigpWST-8 (Sigma-
Aldrich) was applied. The resulting absorbance was nomedlto the correspond-
ing control sample (medium was added).

product that can be quantified spectrophometrically. Fr dlssay, Caki-1 cells
(105 cells/well) were grown on a 96 well plate for 24 h undansfard conditions.
After this time, they were incubated with different conaatibns of sterile filtered
DA-PEG-NH, and DA-PEG-PP functionalized MnO NPs (resuspended in a&€orr
sponding medium) for 24 h and 48 h, respectively. To test &lr\dability, the
cells were washed, as well as the excess of non internaliRsdadd the medium
replaced by RPMI 1640 medium without phenol red supplementtd10% FBS,
1% PEST, 2 mM L-glutamine and mycokill in order to avoid mé&ldéeng values
obtained upon reading. Then, WST-8 was added to the cellreudtnd incubated
for an overall period of 3.5 h. However, when WST-8 is conwrteetabolically
by the dehydrogenases, it forms a water soluble orange acamalpcontrary to the
classical MTT assay where insoluble purple formazan clysi@ formed (M5655;
Sigma-Aldrich Chemie GmbH).[74] The presence of orangeratilon and an in-
tense absorption in the corresponding wavelength regis@ (n) is an indication
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for cell viability and can be referred to a control samples(Begure 9.5).

In general the toxicity was low, in respect to a maximum lossell viability of
6.4% (48 h incubation, 5@g/ml MnO particles functionalized with DA-PEG-
NH,). Neither MnO-DA-PEG-PP, nor MnO-DA-PEG-NHshowed a significant
difference, when the incubation times were compared. F®& Rt carried PP a
slight decrease in cell viability of 2% was observed whemubated at a concentra-
tion of 100g/mL. Cells that were incubated with MnO-DA-PEG-NExhibited a
decrease of 2% (100g/mL) and 10% (5Qug/mL) as well as an increase of 25%
(25 pg/mL). In comparison, MNnO-DA-PEG-PP shows slightly lowetl wiability
(3-6%) after 24 h and 48 h than MnO-DA-PEG-hHHowever, for both cases the
toxicity is low confirming the findings for other MnO NPs.[755]

Cell Studies: Photodynamic Activity. The internalization and photodynamic ac-
tivity of DA-PEG-PP functionalized MnO NPs were demonstdhivith Caki-1
cells. These cells were incubated with NPs for 48 h in the darkat 37°C, 95%
relative humidity and 5% C©as described in the experimental section. After the
incubation period, non-internalized NPs were washed dfi WBS-buffer solution
(pH 7.4) and the cells were kept in RPMI 1640 medium until tressbéxperiments
were carried out. The internalization of DA-PEG-PP funcéiized MnO NPs into
the Caki-1 cells was investigated via fluorescence microscop

Figure 9.6a shows an overlay of two different filters where-BPBG-PP function-
alized MnO NPs show the typical red fluorescence emissiomakignd the cell
nuclei, stained with DAPI, display a bright blue fluoresceticus indicating that
DA-PEG-PP functionalized NPs were internalized by thesceAdditionally, no
modification of cell morphology was observed. Simultanggulls were tested
for a potential cellular damage induced by the DA-PEG-PRtionalized MnO
NPs using FITC-labeled Annexin-V. This assay is based on dbethat during
the early stages of apoptosis phosphatidylserine (PS)npartant component of
cytoplasmic membranes, is redistributed to the externdhse of plasma mem-
branes, where it is accessible for Annexin-V, a phosphaliphding protein that
targets phosphatidylserine.[77, 78] Figure 9.6¢c showsreergfluorescent signal
indicating that the NPs do not induce apoptosis confirminjezabservations on
cell-nanoparticle toxicity assays. The fact that the aglise kept in the dark elicits
an inactivation of the photodynamic activity of bonded ppmirphyrins.
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Figure 9.6: Light microscopic images of human kidney camedlis (Caki-1). (a)
MnO-DA-PEG-PP NPs exhibit red fluorescence under a fluorescenicroscope
that can be co-localized to cell cores stained with DAP1.GBki-1 incubated with
MnO-PP, (c) labeling of Caki-1 incubated with MnO-DA-PEG-&#&l Annexin-V.

These cells were not irradiated and, therefore, show ncssimpoptosis. (d-f)
Caki-1 cells incubated with MNnO-DA-PEG-PP and irradiatethvight of a wave-
length of 630 nm. (d) Fluorescence of the NPs within the céd% Annexin-V

fluorescence of apoptotic cells, (f) overlay of (d) and (e).

However, when Caki-1 cells were incubated with DA-PEG-PRfiomalized MnO
nanoparticle for 48 h and subsequently irradiated with aNdelaser source at
630 nm wavelength with an adjusted intensity of 40 mWéneorresponding to an
incidental dose of 72 Jcm, protoporphyrin IX was photoactivated, leading to for-
mation of reactive oxygen species (singlet oxygem, randomly dispersed inside
cells, targeting proteins, nucleic acids, and membranepoments and ultimately
inducing cell death. The use of laser light for PDT bringsesal/advantages such as
monochromaticity which provides maximum irradiance to imize the therapeu-
tic exposure time, and finally, the application of fiberglagics coupling, enabling
light delivery to any organ.

In Figure 9.6d, the fluorescent microscope image shows sewedifications in
the cell morphology as distinct indicators of induced apsig Thus, the charac-
teristic features of apoptotic cells can easily be visealjancluding cytoplasmic
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blebbing and condensation, cell shrinkage, and formati@poptotic bodies. The
presence of protoporphyrin functionalized MnO NPs in thieplasm (Figure 9.6d,
red fluorescent signal) confirms that the cellular demiserectly associated with
the photoactivation of protoporphyrin functionalized MiNP's.

In order to further confirm apoptosis induction, Caki-1 célisubated with MnO-
DA-PEG-PP and exposed to a light source were incubated WiiG#abeled An-

nexin-V. Since Annexin-V was FITC-labeled, cell membranermb protein elic-

its a strong green fluorescence signal (Figure 9.6e and #raguvn Figure 9.6f).

In addition, cells treated in the same fashion (containingQvDA-PEG-PP NPs
and exposed to laser irradiation) were stained with propadiodine but no signal

fluorescence

idi
protoporph. Annexin V pr;) 0[:lli dl::m overlay

control
(no MnO)

before

irradiation
(with MnO)

after

irradiation
(with MnO)

Figure 9.7: Light microscopic images of human kidney camedis. (A-D) MnO
NPs functionalized with PEG as control. (A, E, ) Protopomih-functionalized
MnO NPs (red fluorescence signal) and control sample respBcinside of the
Caki-1 cells. (E) Caki-1 cells analyzed by the Nomarski ligygtem before ir-
radiation, (I) subjected to fluorescence light microscopsglgsis at an excitation
wavelength of 410 nm, respectively. After photoactivatadrihe protoporphyrin-
functionalized NPs (I, L) the Nomarsky light system showspjasmic blebbing
and condensation, cell shrinkage, and formation of apmpbatdies (J). The pres-
ence of Annexin-V-FITC labeled (green fluorescence, (J)fioms cell apoptosis.
(Scale bar: 2Qum). Absence of propidium iodine fluorescence (K) confirmg cel
apoptosis in favor of cell necrosis.
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Figure 9.8: MRI data for MnO-DA-PEG-PP NPs. Concentrationethejent evolu-
tion of longitudinal relaxation timé&7. Inset: T} weighted MRI images of aqueous
solutions containing DA-PEG-PP functionalized MnO NPs.

was observed (Figure 9.7), thereby supporting the fadtcéls undergo apoptosis
rather than necrosis during photodynamic therapy (PDT).

As controls, untreated Caki-1 cells and cells treated withBEEG-NH, function-
alized MnO NPs (48 h) were exposed to same laser source foiir88hawing no
signs of modified morphology or induced cell death (see E§uT.

Magnetic Resonance ImagingTo investigate the MR signal enhancement effects,
the aqueous solutions of functionalized MnO NPs at diffeMn concentrations
were measured on a clinical 3.0 T MRI scanner. MnO NPs shadnelonhgitudinal
relaxation (}), leading to a brightening in the MR image when compared to-sa
ples without contrast agent. This effect was shown for th&y&ted particles as
can be seen in Figure 9.8. DA-PEG-PP functionalized MnO NRarevdiluted in
water to give concentrations of 40 mM to 5 mM. The intensityswlaectly propo-
tional to the concentration of the NPs. This was not only shawy imaging but
was also confirmed by calculating the relaxation time (seeiplFigure 9.8). The
higher the Mn concentration, the shorter wids The step between 20 mM and
40 mM might be due to saturation effects.
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9.4 Conclusion

In summary, hydrophobic superparamagnetic MnO NPs weretiimalized us-
ing hydrophilic DA-PEG-NH and DA-PEG-PP ligands respectively. Efficient sur-
face binding of the ligand molecules was confirmed by FT-IR @N-Vis analysis.
We showed that the optical properties of protoporphyrin ¥ aot significantly
changed by binding to the MnO surface. Internalization of dispersed protopor-
phyrin functionalized MnO NPs by human renal cell carcind@aki-1) cells was
demonstrated by fluorescence microscopy. We further demnabed that laser light
radiation (PDT) irradiation (635 nm, incident dose of 72 Jéof Caki-1 cells
incubated with protoporphyrin IX-functionalized MnO NR=als to cell death by
apoptosis due to formation of reactive singlet oxygt,] initiated by photoac-
tivation of protoporphyrin IX. Furthermore, the presenégmtoporphyrin IX on
the MnO NPs permits detection of the particles by fluoreseenicroscopy due to
its intrinsic fluorescence. Finally, we demonstrated tlyatittue of their magnetic
properties functionalized MnO NPs exhibit a strafigcontrast enhancement ef-
fect for MRI. Hence, hydrophilic protoporphyrin IX functiaiized MnO NPs show
potential for application not only as imaging agents for MRtldluorescence mi-
croscopy but also as target systems for photodynamic tirerap

9.5 Experimental Section

Materials. Manganese (Il) chloride tetrahydrate (99%), oleic acidl{te 90%),
sodium hydroxide (p.A.), 1-octadecene (techn. 90%)O’-bis(2-aminopropyl)
polypropylene glycol-block-polyethylene glycol-blogolypropylene glycol 800
(HoN-PEG-NH,, M, ~ 800 g mof!), di-tert-butyl-dicarbonate ((BogD, 97%),
3,4 dihydroxyhydrocinamic acid (DA, 98%), 1-hydroxyhyesenzotriazol-hydrate
(HOBt, 98%), N,N‘-diiso-propylethyl-amine (DIPEA, 99%)icgclohexylcarbodi-
imide (DCC, 99%), and protoporphyrin IX (PP, 95%) were purelasom Sigma-
Aldrich (Germany). N-hydroxy-succinimide (NHS, 97%) wasrh Fluka. Ethanol,
hexane, chloroform, and dichloromethane were of analyyjcede and purchased
from Fisher. DMF (99.5%+, extra dry) was purchased from ACRBISchemi-
cals were used as received without further purification.dditon 4,6-diamino-2-
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phenylindole (DAPI, Invitrogen GmbH - Molecular Probes,riseuhe, Germany),
and Annexin-V (Annexin-V-FLUOS kit, Roche Applied Sciencggre used for
staining of cell compartments. McCoys 5A cell culture medwwith phenol red,
RPMI 1640 cell culture medium without phenol red, non-esaem@mino acids
(NEA), penicillin-streptomycin (PEST), L-gluthamine td bovine serum (FBS),
phosphate buffer saline (PBS, 1x) and cell counting kit 8 (V8pWere purchased
from Sigma-Aldrich (Germany). Mycokill was provided by PA&ermany.
Synthesis of MnO NPs.The synthesis of the manganese (Il) oleate precursor and
the synthesis of MnO NPs have been described elsewher&f&3ly, manganese
oxide NPs were synthesized by thermal decomposition of araegg (II) oleate
in 1-octadecene at elevated temperatures. Size and mogphof the naked and
surface functionalized manganese oxide NPs were invéstigesing transmission
electron microscopy (TEM, Philips EM 420 instrument withegoceleration voltage
of 120 kV). X-ray powder diffraction measurements were perfed on a Bruker D8
Advance powder diffractometer, operating with MexKadiation equipped with a
Sol-X energy-dispersive detector. The magnetic propedigowder samples were
measured with a superconductive quantum interferencee¢@QUID, Quantum
Design MPMS XL).

Synthesis of Dopa-PEG-Protoporphyrin (DA-PEG-PP).

NBoc-PEG-NH,. In a typical reaction, 10 mmol d,O’-bis(2-aminopropyl) poly-
propylene glycol-block-polyethylene glycol-block-pplppylene glycol 800 (kN-
PEG-NH,) was dissolved in 100 mL of 1,4 dioxan under standard Schtsmk
ditions. 10 mmol of triethylamine was added and the soluti@s allowed to
stir vigorously for 30 min at room temperature. 10 mmol di-tautyl-dicarbonat
((Boc),0O) were dissolved in 50 mL of 1,4-dioxan and added dropwigbed,N-
PEG-NH, solution (at a constant speed of one drop per second). Theaeavas
allowed to proceed overnight at room temperature underem amosphere. After
removal of the solvent the crude product was transferrexddighloromethane. The
organic phase was washed three times with aqueous satiNatéldsolution and
subsequently dried over MgQOFurther purification was achieved by flash chro-
matography using a silica column and a mixture of dichlortbraee and ethanol
(ratio 2:1) as eluent. Evaporation of the solvent produceid@ous colorless oil.
DA-PEG-NH,. Conjugation of NBoc-PEG-NHto 3,4-dihydroxyhydrocinnamic
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acid (DA) was performed by a common DCC coupling reaction uiert con-
ditions. First, 3,4-dihydroxyhydrocinnamic acid (5 mmabhd HOBt (5.1 mmol)
were dissolved in 10 mL of dry DMF and stirred at room tempeeat After 10
minutes DCC (5.1 mmol in 10 mL of dry DMF) were added, and thetsmh was
stirred for another 10 minutes before NHS (5.1 mmol in 10 midigf DMF) was
added dropwise over a period of 30 minutes. The reaction wasnued for 2
hours. The resulting DA-NHS ester was subsequently addadtiored solution of
NBoc-PEG-NH (5 mmol) in 15 mL of dry DMF over a period of 45 minutes. The
solution was stirred overnight at room temperature. Afggnoval of the urea side
product by filtration, the crude product was transferrediiormform. The organic
solution was extracted several times with a saturated NalGtiso and washed
with deionized water. The solvent was evaporated and tlygesidue redissolved
in dichloromethane. Cleavage of the BOC protection group waseraplished by
addition of trifluoroacetic acid and stirring at room tengdere for two hours. Af-
ter removal of DCM the product was dissolved in 40 mL of chlorai and washed
with a saturated aqueous NaHCsblution and deionized water. The organic phase
was dried over MgSQand the solvent removead vacuoto produce a light brown
oil.

DA-PEG-PP. Protoporphyrin IX was bound to DA-PEG-NHs NHS-ester. Pro-
toporphyrin IX (0.1 mmol) was dissolved in 10 mL of dry DMF werdan argon
atmosphere in the dark. HOBt (0.24 mmol) was added and thé@olvas stirred
for 5 minutes before addition of DCC (0.3 mmol in 1 mL dry DMF)itéY 30 min-
utes NHS (0.3 mmol in 1 mL dry DMF) was added and the solutions stared at
room temperature overnight in the dark. The solid urea siddyct was removed
by centrifugation, and the product was kept as DMF stocktgwiun the dark at
-40°C.

DA-PEG-NH, (0.1 mmol) was mixed with PP-NHS (0.05 mmol from the stock so-
lution) in 5 mL of chloroform, and the reaction was allowegtoceed for 24 hours
in the dark under argon. The final product was precipitateddyition of hexane
and collected by centrifugation (9000 rpm for 10 minuteshe Bupernatant was
discarded and the residue redissolved in 5 mL chloroforne vashing cycle was
repeated twice and DA-PEG-PP was finally stored as chlamof&wlution in the
dark at -40°C.
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Functionalization of the MnO NPs. The surface of the hydrophobic oleate capped
MnO NPs was modified by a ligand exchange reaction in chlenefoln a typi-
cal reaction 10 mg MnO NPs were dissolved in 40 mL of chlonof@nd added
drop wise to a solution of 30 mg DA-PEG-NKr DA-PEG-PP in 40 mL of chlo-
roform under argon. The solution was stirred overnight anrdemperature and
subsequently concentrated to 10 mL by rotary evaporatidras® transfer of the
functionalized hydrophilic particles into deionized wateas achieved by adding a
mixture of 30 mL of hexane and 40 mL milli Q water under vigasatirring. The
aqueous phase containing the MnO NPs was separated andah®firconcen-
tration was estimated by atomic absorption spectroscogys(Aerkin-Elmer 5100
ZL).

The functionalized MnO NPs were characterized by TEM andiEottransformed-
Infrared (FT-IR) spectroscopy (Mattson Instruments 203@&3a FT—IR spec-
trometer). Surface charges (Zeta potential) were deteunmth a Malvern Ze-
tasizer Nano ZS. Unless mentioned differently, all nantigdarconcentrations are
referred to the Mn concentration measured with AAS.

Cell culture and cytotoxicity-assay.The human renal cell carcinoma line (Caki-1)
was kindly provided by the group of Prof. Dr. Langguth, Ihge for Pharmacy
and Biochemistry, Johannes Gutenberg-University, Mainzlls@gere grown in
McCoys 5A medium (Sigma-Aldrich) supplemented with 10% Ilfetavine serum
(FBS, Sigma-Aldrich), 1% Penicillin-Streptomycin (PESTODO U/mL Penicillin
and 10 mg/mL Streptomycin, Sigma-Aldrich) 2mM L-glutamif@gma-Aldrich),
1x Mycokill (PAA) and 1x MEM non essential amino acids (Sigélrich). Cell
cultures were routinely grown in 75 énsterile cell culture flask and were con-
tained at 37C, 95% relative humidity and 5% GQuntil reaching the confluence of
2,1 x 10 cells/mL. To assay the nanoparticle cytotoxicity, Caki-llsceere grown

in 96 well plates in McCoys 5A medium with a cell density of 1G8Is/well un-
der standard conditions. In 6 wells only medium was addedldovdackground
subtraction. After 24 h of cell growth, 1d of sterile filtered [0.22:m filter (Sigma-
Aldrich)] MnO-DA-PEG-NH, and MnO-DA-PEG-PP-NPs (concentrations ranging
from 25 - 100ug/mL) resuspended in McCoys 5A medium were co-incubated for
24 and 48 h. After this incubation time, excess NPs were whslkfewith sterile
PBS buffer (pH 7.4) and the medium was replaced by RPMI 1640umediithout
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phenol red (Sigma-Aldrich, Germany), supplemented witho1BS, 1% PEST,
2 mM L-glutamine and mycokill and finally MTT labeling reagé/ST 8, Sigma-
Aldrich) was added according to the supplier. The cells wecebated at 37C,
5% CO, and 95% relative humidity for 1.5 h, followed by incubatidim@om tem-
perature on a shaker in the dark for a further 2 h. The absorpfi soluble orange
formazan which was formed due to cellular activity was meagat 450 nm using
an ELISA reader Titertek Plus MS 212 (ICN, Eschwege, Germarmgr back-
ground subtraction, blank wells without cells but treate@arallel were used. The
measurements were performed in triplicate and data archlyze@sing Origin. All
results were normalized to wells that did contain cells violoeére media was added
instead of NPs.

Incubation of MNO-DA-PEG-PP NPs with CaKi-1 cells and laser eyposure.
Sterile DA-PEG-PP functionalized MnO NPs (106 mL~! per well) were incu-
bated with confluent Caki-1 cells for 48 h at 3, 5% CQ and 95% relative
humidity, in the dark. In order to initiate photochemicahcgons, the cells were
irradiated at 630 nm, and the intensity adjusted to 40 mW?cfor a period of 30
min, corresponding to an incidental dose of 72 J€nusing an excitation light
source He-Ne laser (635 nm). This wavelength range was ohoseatch the long
wavelength part of the protoporphyrin IX absorption spetir Afterwards, the
cell culture was washed twice with sterile PBS buffer-solutjpH 7.4) and RPMI
medium supplemented with 10% FBS, mycokill, L-glutamine &&5T. As con-
trols, DA-PEG-NH functionalized MnO NPs (100g mL~1) (e.g. without bound
protoporphyrin) were incubated in parallel under the saxpeemental conditions
and the untreated Caki-1 cells were exposed to the same bghtes for 30 min.
The cells nuclei were stained with DAPI and in order to assedlslar integrity
FITC-labeled Annexin-V (Annexin-V-FLUOS kit, Cat. No. 11 8387 001 Roche
Diagnostics GmbH, Penzberg, Germany). The fluorescendgsaaas performed
with a light microscope, together with an AH3-RFC reflectghtifluorescence at-
tachment. The images were co-localized using the softwaysIS (Olympus,
USA). To exclude necrosis of the cells, staining with prayia iodine was per-
formed in parallel. The corresponding image is providedhengupporting informa-
tion (Figure 9.7).

Magnetic Resonance ImagingMR signal enhancement effects were measured for
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the aqueous solutions of functionalized MnO NPs at diffeMn concentrations
(measured with AAS) on a clinical 3.0 T MRI scanner (Magnetamo,TSiemens
Medical Solutions, Erlangen, Germany). Signal receptimhradio frequency (RF)
excitation was performed using 8-channel knee coil. Femeasurement, a satura-
tion prepared (SR) snapshot fast low angle shot (SR-TurboF)AfBIse sequence
with repetition time (TR) / echo time / flip angle of 3.0 ms / 1.5 h20° was used
with varying saturation times starting from 20 ms up to 80G0 For measuring the
T, relaxation time, a multi-echo spin-echo pulse sequence (GP®arr-Purcell-
Meiboom-Gill) with a total of 32 echos and TR = 5000 ms was ufieelecho time
was varied from 7 ms to 224 ms. In a secdndneasuremerit; was varied from
15 ms up to 480 ms.
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Chapter 10. Multifunctional MNO@ Si3Core-Shell NPs

10.1 Abstract

Highly biocompatible multifunctional nanocomposites sisting of monodisperse
manganese oxide nanoparticles with luminescent silichssivere synthesized by
a novel approach, involving a combination of w/o-microesmut techniques and
common sol-gel procedures. The NPs were characterized byartalysis, powder
XRD, SQUID magnetometry, FT-IR-, UV/Vis- and fluorescencecsmscopy and
dynamic light scattering. Due to the presence of hydroplpidily(ethylene glycol)
(PEG) chains on the Siurface, the nanocomposites are highly soluble and stable
in various aqueous solutions, including physiologicairegl buffer solutions and
human blood serum. As the quantification of the particle lbaianget molecules is
crucial for their drug loading capacity the number of suefaenino groups avail-
able for ligand binding on each particle were determinedgiaicolorometric assay
with fluorescein isothiocyanate (FITC). MNO@SiQPs were less prone to Mn-
leaching compared to NPs coated with a conventional bitfanal dopamine-PEG
ligand. Interestingly, the presence of a silica shell dila@ange the magnetic prop-
erties significantly, and therefore, the MNO@ Si@anocomposite particles showed
a1y contrast with relaxivity values comparable to those of P&y MnO NPs.

10.2 Introduction

The design of new multifunctional nanomaterials that caoraldifferent physical
and chemical properties has become a distinct driving forcaodern-day mate-
rials science. Especially the integration of magnetic magwerials with molecu-
lar biology and biomedicine has evolved into a new researeh,avhich is now
widely called nano-biotechnology.[1] So far, magnetic Ni@se been used in vari-
ous biomedical applications ranging from protein sepanatiargeted drug delivery,
magnetic hyperthermia, and magnetic resonance imaging @R8] MRI is one
of the most powerful non-invasive diagnostic techniqués;esit provides unsur-
passed 3D soft tissue detail, without using ionizing radmtdeep tissue penetra-
tion and high resolution, and therefore, has been appligthéodiagnosis of various
diseases. The method is based on the relaxation of prot@amsaxternal static mag-
netic field after transmission of an excitation pulse. Thiscpss occurs according
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to two different mechanisms: either by spin-lattice rete (with a relaxation
time 77), or by spin-spin relaxation (with relaxation timés and7’). Like in any
other imaging technique, contrast agents are used in MRIddesinthe respective
relaxation times, and thus enhance the visibility of padgmal aberrations.[9]

The utilization of magnetic NPs for these purposes is qutsonable, given the
fact, that their size, size distribution, and morphology easily controllable, which
enables a precise tuning of their magnetic properties. ipapgmagnetic iron oxide
NPs (SPIONSs) (i.e. magnetite (f&,) and maghemitey(-Fe,Os)) are, by far, the
most intensively studied materials in this field, owing teitthigh saturation mag-
netization and low coercivity. They accelerate the spim-splaxation, and there-
fore, are used as negativi,} contrast agents. In fact, some iron oxide nanopatrticle
probes have been approved for clinical use by the Food and Bdministration
(FDA) of the United States.[9-11] Howevél; (or MR negative) contrast agents
lead to a decrease in signal intensity, and thus to a dargeémithe MR image. Pos-
itive MR contrast agents, on the other hand, are known toedeerthe spin-lattice
relaxation timel, leading to a brightening in the corresponding MR image.séhe
agents usually comprise paramagnetic gadolinium comgplexach as Gd-DTPA
or Gd-DOTA. Unfortunately, these complexes exhibit lowareVity (r;) values.
Higher,r, values have recently been reported for Gd-based NPs, lik©{d2—
14] GdPQ, [15, 16] or GdR, [17] however, they lack of a precise control over size
and morphology, which hampers their possible applicdti&.Recently, super-
paramagnetic MnO NPs have also proven to be potential catedichs/; contrast
agents.[19-23] In the case of MnO, the magnetic behavioitsssom the presence
of uncompensated magnetic moments on the surface of th¢2MPs.

Most synthetic approaches for size and shape controllechet@gNPs are based
on the decomposition of metal-organic compounds at higlpézatures and in the
presence of hydrophobic surfactant molecules.[25, 26,298 In those cases, a
narrow size distribution is achieved by precise adjustnoérihe individual syn-
thetic parameters. However, efficient surface modificaitrategies are needed
to enhance both, hydrophilicity and biocompatibility oetiNPs and to prevent
both, agglomeration in physiological environment and spgeific uptake by the
reticuloendothelial system (RES).[30, 31] Most of thesatstzies employ poly-
(ethylene glycol) (PEG) as hydrophilic linker, since it raly guarantees pro-
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longed blood half-life and circulation, but also reducedsapzation by serum
proteins.[32—37] Besides ligand exchange, with eitheubefional[38—41] or mul-
tifunctional polymers[3, 22, 43, 44] and micellar incoraton with functional am-
phiphilic polymers,[45—47] silica encapsulation is onele most often used meth-
ods for surface functionalization of inorganic nanomaier[48]

Apart from excellent biocompatibility, the presence of lecaishell around metal
oxide NPs offers many advantages, such as chemical andcphpsotection from
the surrounding environment, stability in aqueous medthaawast and robust plat-
form for further modification. In fact, the well developedrfsice chemistry for
silica micro- and NPs provides the opportunity to specifydaine the particle prop-
erties for later applications.[11, 49-52] Additionalliietpossibility to incorporate
fluorescent dyes inside the SiGhells has led to a wide extension of applicability,
owing to reduced photobleaching, blocked quenching effastl suppression of en-
ergy transfer through the silica matrix.[53-57]

In recent years, there has been a tremendous progress ievbB®piment of new
strategies for silica encapsulation of inorganic NPs.EB+64] However, the most
often applied procedures for the coating of hydrophobic alfedased on the poly-
merization of silane monomers (usually tetraethyl ortlceie (TEOS)) inside the
micelles of reverse (or water-in-oil (w/0)) microemulssi65—73] The micelles
comprise of basic aqueous droplets, which are stabilized bgnionic surfactant
in a continuous non-polar phase. Their size can easily bedtby varying the in-
dividual synthetic parameters, including the molar watatactant ratio. Since the
hydrolysis of silane monomer only occurs inside the micete at the water-oil
interface, the resulting silica coated NPs are very homeges in size and shape,
which is favorable compared to particles obtained by a S$t6lpe approach.[74]
Inspired by these processes we have developed a novel oeegapsulation strat-
egy, which can be applied on various hydrophobic NPs, totersaultifunctional
nanocomposites. It is based on a combination of w/o micrd&omtechniques
and common sol-gel methods and involves the successiveaudi different func-
tional silanes. We demonstrate that our multifunctioniadaicoated MnO NPs are
stable against aggregation in water, physiological salmel human blood serum
over several weeks. Additionally, the incorporation of therescent dye Atto 465
permits the detection during vitro studies. Besides colloidal stability, the quan-
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Figure 10.1: Experimental scheme for the preparation oftifaattional silica
coated MnO NPs.

tification of the particle bound target molecules is a matfenterest because the
drug loading capacity is decisive for the dose rate deteaatiuin and a successful
application of the particles in drug delivery. Quantificatiof the particle bound
molecules is an analytical challenge, because either tke(ta the superposition)
of chromophores excludes direct spectrophotometricaatien by excitation of
fluorescence. For instance, several colorimetric assays been developed for
quantifying the PEGylation.[75—-78] An elegant method faaqtifying the PEGy-
lation of nanoparticle drug carrier systems based on asyroakflow field-flow
fractionation was reported recently.[76—79] We have aeiteed the number of sur-
face amino groups available for ligand binding on each glartising a colorometric
assay with fluorescein isothiocyanate (FITC).

Furthermore, we show that the silica shell has only a ndgéginfluence on the
magnetic properties, and that therefore, the MnO @ 8IPs still exhibit a consider-
ableT; MR contrast enhancement effect. Additonally, the siliceagrsulated MnO
NPs showed negligible cytotoxicity and are well taken up bgdmarrow-derived
dendritic cells (BMDCs) making them suitable candidatesriorivo applications.
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10.3 Results and Discussion

Particle synthesis and silica coatingThe synthesis scheme for the preparation of
the multifunctional silica coated MnO nanocompositedussttated in Scheme 10.1.
First, hydrophobic oleate capped MnO NPs are synthesizedrdiag to a pre-
viously published method.[24, 80] In the second step, the B coated with
a thin shell of SiQ by hydrolysis of tetraethylorthosilicate (TEOS) in a reseer
microemulsion. The shell thickness is easily adjustablevdnyation of the syn-
thetic parameters, including micelle size, amount of TEQ@Seaction time. Dur-
ing this procedure, a fluorescent dye (Atto 465) is addifignacorporated into
the silica shell, to allow optical detection of the NPs by fesxence microscopy.
In the following steps, further functionalization is ackee by condensation of a
PEG-silane conjugate (PEG-TES) and 3-aminopropyltrietbitane (APS) onto
the nanocomposite surface. The attachment of PEG groupsmniptincreases
the hydrophilic character, but also ensures biocompdtilolf the magnetic NPs
in physiological environment, whereas the presence of dre@o groups on the
particle surface enables for further conjugation. Consetlyjethe MNnO@SiG-
PEG/NH, nanocomposite particles are readily soluble in polar sag/esuch as
ethanol or acetone, which permits a simple purification @doce by repeated pre-
cipitation/centrifugation/resuspension with hexane etinédnol/acetone.
Nanoparticle characterization. The successive silane-functionalization steps of
the MnO NPs were monitored by transmission electron miagd TEM) and
Fourier-transformed infrared (FT-IR) spectroscopy. Regmestive TEM images of
the different synthesis stages are displayed in Figure. Fdgure 10.2a shows as-
prepared oleate capped MnO NPs before functionalizatitim 8i0,. The particles
are uniform in size and shape with an average diameter of 1Qpnrm5%). Af-
ter the first modification step the particles are covered bynan3hick silica shell
(Figure 10.2b) and retain their narrow size distributiorueldo the higher electron
density, MnO appears darker in the TEM images compared tg. 3iGhould be
noted, that no multiple MnO NPs per SiGhell are observed. This can be ascribed
to an ideal micelle size during the reverse microemulsiep,sh which each mi-
celle contains only one MnO nanoparticle. Figure 10.2c agdreé 10.2d show the
final MNO@SIQ-PEG/NH, NPs after complete functionalization. There is a slight
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Figure 10.2: TEM images of "naked" and silica functionaliaddO NPs. (a) As
synthesized MnO NPs with an average diameter of 10 nm. (b) MRS coated
with a uniform shell of silica after hydrolysis of TEOS. (c)lM@@SiQ NPs after
conjugation with PEG-silane and APS, no significant aggregds visible. (d)
Enlarged view of MNO@SIQPEG/NH, NPs in image (c).
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Figure 10.3: (a) FT-IR spectra of MNnO NPs recorded after dachtionalization
step during the synthesis (from top to bottom). (b) powder Xiern of "naked"
and silica coated MnO NPs. The red bars indicate the expeetiedtion positions.

increase in shell thickness to 4-5 nm, however, no signifiparticle aggregation is
observable and the NPs appear uniform and well separated.

The presence of the individual functionalities on the MnMayzarticle surface
was confirmed by FT-IR spectroscopy. Figure 10.3a display$RFspectra the
MnO@SiGQ, nanocomposites after each functionalization step (toptmhbn). The
spectrum of as-prepared oleate capped MnO NPs (black ipg,exhibits char-
acteristic vibrational bands at 1555 and 1410 ¢mwhich can be assigned to the
asymmetric and symmetric stretching modes of the carbtxgup of the oleate
molecules.[24] The weak absorption band at 2956 crasults from the asymmet-
ric CHs- stretching mode. Two bands at 2922 and 2852 'coan be assigned to the
symmetric and asymmetric Gkstretching modes of the alkyl chain, respectively.
After the first step (MNnO@SIiQ red line), the carboxylate bands have almost disap-
peared completely, however, strong and broad absorptiodso@ppear in the spec-
tral region between 1155 and 1020 thnthat can be associated with asymmetric
O-Si-0 stretching vibrations. This is a clear indicationttee successful exchange
of the oleate layer by SiO The coupling of PEG molecules on the surface of the
MnO@SiG, nanocomposites (MNO@SIEPEG, blue line) is accompanied by the
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appearance of two new bands at 1463 and 1377'crthey are due to the sym-
metric stretching vibrations of the C-O-C ether groups iegide PEG moieties.
Additionally, the asymmetric and symmetric gHand CH- stretching vibrations
at 2954, 2918, and 2869 crhappear more pronounced, owing to the PEG alkyl
structure. Finally, the presence of free amino groups on @80;,-PEG/NH,
(green line) was confirmed by the occurrence of a band at 1886 which can be
assigned to the H-N-H scissoring vibration, and an absamgdtiand at 800 cm,
that is due to the N wagging vibration. Unfortunately, the expected asymioetr
and symmetric Nkt stretching vibrations between 3300 and 3400 tare not vis-
ible among the broad OH-oscillation in the concerning sécegion. Moreover,
the CN-stretching vibration, which is expected around 1080'¢ is superimposed
by the strong absorption of S}OPhase purity of the silica coated MNnO NPs was
investigated by powder X-ray diffraction. For comparistre powder patterns of
pure MnO NPs and MnO@SKNPs are displayed in Figure 10.3b. In both cases
the observed intensities match well with the cubic rock salicture of MnO ¢F8,
Fm3m). Therefore, it has to be estimated that no significant diadao Mn;O,
has occurred during the synthesis. However, the presertbe sflica shell around
the NPs leads to a considerable increase in backgroundsitterhich impedes a
definite assignment.

Magnetic properties. As mentioned before, the magnetic behavior of MnO nano-
particles result from the presence of uncompensated spitiseoparticle surface.
Hence, it was expected, that the silica shell has a con$i#eirgfluence on the mag-
netic behavior of the NPs. The magnetic properties of "naledl' silica coated
MnO NPs with shell thicknesses of 2 and 5 nm were studied wsBperconduct-
ing quantum interference device (SQUID) (see Figure 1F#ld-dependent mag-
netization measurement revealed superparamagnetic ibelaa\800 K and weak
ferromagnetic behavior at 5 K. Interestingly, the effecths silica coating is by far
less pronounced as expected from literature reports om siliea coated magnetic
NPs, such as magnetite.[81] In contrast to Tan et al. we vbdeanly a slight de-
crease in magnetization at 5 T with increasing silica sitkiness. Temperature-
dependent magnetization curves of the corresponding sanfpée insets in Fig-
ure 10.4) further confirm the observed superparamagnefisemagnetic blocking
temperaturd s, which is located at the maximum of the zero-field-cooledesyis
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Figure 10.4: Magnetic hysteresis loops recorded at 300 &adffa) "naked" MnO
NPs, (b) MNnO@SiQNPs with a silica shell thickness of 2 nm, and (c) MNO@sSiO
NPs with a silica shell thickness of 5 nm. The insets display ¢orresponding
zero-field-cooled/field-cooled (ZFC/FC) curves recordedhait applied induction
field of 100 Oe.

a measure for the transition from the superparamagnetieetéetromagnetic state.

It indicates the temperature below which the thermal energysufficient to freely

flip the magnetic moments of the NPs, therefore, inducingofeagnetism. For
bare MnO NP5 was reported to be in the range between 10 to 20 K.[24, 82, 83]

Indeed, the observel; of 17 K for the uncoated MnO NPs (inset Figure 10.4) is in
good agreement with the literature values. Upon silica psigation, the magnetic
blocking temperature increases to 23 K for the sample witmenZSi0O, shell, and
to 24 K for the sample containing a 5 nm Si6Ghell, respectively. This circum-
stance can be explained by considering the larger effectags of the MNO@ SiO

NPs compared to pure MnO NPs. A larger mass leads to a higaen#h energy
which is necessary to randomly flip the magnetic momentsnilai behavior has
recently been reported for Au@MnO NPs.[22, 44]

UV/Vis and fluorescence spectroscopyAs mentioned above, the incorporation
of fluorescent dyes into a silica matrix offers many advagsagompared to their
attachment on the outside of the nanocomposites. Howeairffigient integra-
tion of free dyes into Si@can only be achieved after prior modification of the
dye molecules. For this purpose, the NHS-ester of the floeresdye Atto 465
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Figure 10.5: (a) UV-vis-spectra of pure MnO@Si@Ps (black line), pure Atto
465 dye (green line), and MNnO@ Si@tto 465 NPs (blue line) in water. (b) Photo-
luminescence spectra of pure Atto 465 dye (green line) an@®&~®BiG,:Atto 465
NPs (blue line) at room temperature in water (inset: fluaase microscopy image
of MNO@SIiG:A465 NPs, scale bar 0/am).

was reacted with APS in anhydrous DMF, to form a reactivensidye conjugate.
After that, TEOS and the APS-Atto 465 conjugate were ingdtdo the reverse
microemulsion at the same time. Since the hydrolysis of bothponents occurred
simultaneously inside the micelles, the dye was efficieintprporated into the sil-
ica shell, as confirmed by UV-vis and fluorescence spectms(feigure 10.5). The
UV-vis absorption spectra of pure MnO@ Si@ure Atto 465, and Atto 465 doped
MnO@SiG (MNO@SIiG,:A465) are displayed in Figure 10.5a. Pure MnO@sSIiO
nanocomposites containing no dye (black line) exhibit nonpnent absorption
characteristics, the absorbance increases graduallydedieasing wavelength. On
the other hand, Atto 465-doped MnO@SiBPs (blue line) show a maximum in
absorbance at 470 nm, even if the dye concentration is cemadity low (molar ratio
Atto 465/TEOS = 0.04%). However, the free dye (green lindjlgiis a sharp max-
imum at 460 nm, and therefore, it has to be assumed, that éisemce of the silica
matrix around the dye molecules leads to a red-shift in tledddance of approx-
imately 10 nm. This observation is in accordance with presiceports on silica
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NPs containing fluorescent dyes.[53, 54] Furthermore, therdlscence properties
of the nanocomposites (Figure 10.5b) revealed a similaa\ieh Free Atto 465
fluoresces with a maximum emission intensity at 508 nm (gliee, whereas for
MnO@SiG:A465 (blue line), the maximum is shifted to 512 nm. The insdtig-
ure 10.5b shows MnO@SiA465 NPs observed under a fluorescent microscope.
The particles are clearly visible as green dots and appeasepmarated. These re-
sults substantiate the potential to utilize these NPs assfbeent probes for optical
imaging.

Colloidal stability and quantification of NH , groups. A key requirement for later
biomedical application of different nanomaterials is,idbes a low toxicity, a suf-
ficient stability in physiological environments. For thiarpose, we investigated
the colloidal stability of our silica encapsulated MNnO NRsvarious aqueous so-
lutions, including deionized water, physiological salewed human blood serum.
Figure 10.6b shows photographs of the different nanoparsiolutions in water
and human blood serum, respectively, after 24h at@2Zeta-potential () mea-
surements, conducted on pure MNO@SIMNO@SIG-PEG and MNO@Si®
PEG/NH, NPs, revealed, that the net surface charges are alteredadultional
surface functionalization. For MnO NPs coated with bareaiithe determined sur-
face charge ig = -40 mV, whereas for MNO@ SIGPEG the value is -45 mV, which
both is due to the presence of deprotonated silanol gropsX-, pK, = 7.0).
Since, amino groups B, = 9.0) usually occur as protonated ammonium moieties
(-NH3) at ambient pH, the introduction of APS onto the silica scefahould be
accompanied by shift of the zeta-potential into the positegime.[84] In fact, the
expected alteration was observed, wijte -4,4 mV. Furthermore, dynamic light
scattering (DLS) measurements confirmed the excellenbidall stability of the
NPs (see Figure 10.6a)). The determination of surface baomdo groups by the
above mentioned colorimetric method (see Experimentai@gaevealed an aver-
age NH-group concentration of 2, 4mol per mg NPs.

Another interesting feature of the MNO@ SKHBEG/NH, NPs is the comparatively
fast degradation of the particles at lower pH values. Expents carried out in
citrate buffer solutions with a pH of 5 showed, that the Mn®@ecis rather rapidly
dissolved (see Figure 10.6c), which was visible by a deatilam of samples in cit-
rate/KOH buffer in comparison to NPs incubated in water #bh2at 22°C.
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Figure 10.6: (a) DLS size distribution of MNO@SHPEG NPs with an average
size of 12.5 nm. (b) Photograph of these NPs in (1) water indiublood serum
before (3) at 22°C for 24 h (image (2) shows pure human blood serum). (c)
MnO@SIiG-PEG NPs in (1) citrate/KOH buffer at pH 5 and (2) water.

MR imaging. To investigate the MR signal enhancement effects, aqueutians

of silica functionalized MnO NPs, at different Mn concetiwas, were measured
on a clinical 3.0 T MRI scanner. As mentioned above, MnO NPskamvn to
shorten the longitudinal relaxation tim&:{, which leads to a brightening in the
corresponding MR image, compared to samples without csirauigent. Prior to the
experiment, MNO@SIQPEG/NH, NPs were diluted in physiological saline solu-
tion yielding concentrations of 0 to 5.3 mM (with respect tanganese, determined
by AAS). Figure 10.7 display$;-weighted phantom MR images of these solutions.
It is clearly evident, that the brightness of the image iases with increasing man-
ganese (and therefore, MNO@ StPEG/NH, nanopatrticle) concentration. For an
exact quantification of the MR signal enhancing properties,relaxivitiesr; and

ro Were determined according to the general relation:

1 1
Tl:T—lo—f-Tl'C (101)
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Figure 10.7: T} weighted images of physiological saline solutions comtgn
MnO@SIiG-PEG/NH, NPs in different concentrations. The yellow circle indesat
an air bubble in the sample tube, which occurred during samlglcement into the
MRI scanner.

and
1 1

LT
in which T} and T, are the measured longitudinal and transverse relaxatioesti
respectively,I? andT? are the corresponding relaxation times in the pure media,
andc is the concentration of the contrast agent. Figure 10.8esipbots of1 /73
and1/T; versus the Mn concentration, in which a linear increase véoois in both
cases. The, andr;, values, derived from the slope of the curve, are 0.47 and 2.85
mM~! s7!, respectively, which is in good agreement with earlier repon man-
ganese oxide NPs.[19, 21, 73] Additionally, the relaxiviafio (~»/r; = 6.06) is
considerably low, which indeed suggests that the silicapsglated MNO NPs are
potential candidates &3 contrast agents.

Leaching experiments. Manganese leaching experiments were carried out to
evaluate the liability of the manganese oxide cores insidesilica shells for degra-
dation in aqueous solution. For this purpose, solutions 0O SiQ-PEG NPs in
water were transferred into dialysis membranes and didlggainst deionized wa-
ter (18 M2). The manganese content inside the membranes was moriipredlS
measurements over a period of four weeks. For comparisoagaeous solution

+7ry-cC (10.2)
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Figure 10.8: (a); (right) andT; (left) relaxation rates as a function of manganese
concentration. (b) Evolution of the manganese contennhduhe leaching experi-
ment for silica coated and dopamine-PEG functionalized NVR3.

of manganese oxide NPs, which were stabilized by a bi-fanatidopamine-PEG
ligand (DA-PEG), rather than a robust silica shell, wastedan the same way. The
results, presented in Figure 10.8b, show an obvious trerithowt the protection
of a SiG, shell, the Mn content decreased to almost 75% within 28 dalisreas
only a minor depletion o&1.5% was observed in the MNO@SHPEG sample,
over the same time period. These results elucidate the tay@of silica encap-
sulation of MNnO NPs for potential biomedical application&dditionally, TEM
measurements confirmed the expected degradation of theER{fBnctionalized
NPs. TEM images of both samples after the leaching expetsa@a shown in Fig-
ure 10.9. The Si@modified NPs retained almost their initial size and shapes Th
DA-PEG-MnO NPs, on the other hand, although not being draait reduced in
size, appear rougher and less homogeneous, which is a ctheation that disso-
lution has taken place on the particle surface.

Cytotoxicity. To evaluate the biocompatibility of silica encapsulated@/mano-
particles, we assessed the induction of apoptosis in twogrsi bone marrow-
derived phagocytic cell types that are relevant for innaig @daptive immune re-
sponses. Firstly, we examined the effects of MNO@S*E@G/NH, NPs on BM-
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Figure 10.9: TEM images of (a) DA-PEG functionalized andgjb¢a coated MnO
NPs after the leaching experiments (enlarged images avensindhe insets).

PMN as short lived cells that are highly sensitive to extefina microbial) stimuli
and undergo apoptosis rapidly in vitro unless adequatelyaded. Secondly, we
evaluated the rate of apoptosis in BMDCs as master regulaiotlé initiation of
adaptive immune responses. For the assessment of apoptesised two indepen-
dent assays. The staining with Annexin V and Pl identifiel/egroptotic events by
the detection of externalized phosphatidylserine on thiereambrane, while Nico-
letti staining of isolated nuclei detects fragmented DNAadsr apoptotic event.
As depicted in Figure 10.10, we were unable to detect a deereecell viability
for BM-PMN (Figure 10.10a, b) indicating that these NPs dolrete any signifi-
cant toxic effects on this cell type. For BMDC, a decrease ihviability was only
observed at the highest concentration of MNO@SWP's (30.9/mL) suggesting
that these NPs exert toxic effects only at high concentnatan primary cells. The
results indicate that these MNnO@Si@Ps can be expected to have an acceptable
toxicity profile and are suitable for the application in vivo
BM-PMN (Figure 10.10a, b) or BMDC (Figure 10.10c, d) 10 /well) were
incubated in the presence of the indicated concentratidirdd @ SiG, NPs and
assayed for the induction of apoptosis. Cycloheximide f@0nL) as strong in-
ducer of apoptosis[85] served as positive control for BM-Piiidl BMDC, while
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Figure 10.10: Induction of apoptosis by MnO@SiO2 NPs in jpriyrbone marrow
derived cells.
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Figure 10.11: Fluorescence microscopic images of BMDCs. BMCBewncu-
bated with Atto 465 doped MNnO@SIEPEG/NH, (green fluorescence (f)). Cell
nuclei were stained with DAPI (e) and the MHCII was stainethgsi combination
of biotinylated MHCII antibody and streptavidin coupledasxed (g), (h) shows
an overlay of the images (e - g). (a - d) show the control. Ia tlaise no NPs were
added, the cells were treated the same way as samples iadwiigt NPs.

the TLR4 agonist LPS (100 ng/mL), that is well known to delag tonstitutive
apoptosis in PMN, was used as an additional control for BM-PiH\yure 10.10a,
b) BM-PMN were harvested after 24 h of in vitro culture with thdicated stim-
uli and assayed for apoptosis by staining with Annexin-\(fRgure 10.10a) or by
Nicoletti staining (Figure 10.10b). BMDC (Figure 10.10c,w@re harvested af-
ter 72 h of culture with the indicated stimuli and assayedafooptosis by staining
with Annexin-V/PI (Figure 10.10c) or by Nicoletti stainir{&igure 10.10d). The
depicted data show the cumulative results of two indepenéeperiments each
assayed in duplicate wells (meanSD percentage of cell viability of one represen-
tative experiment assayed in duplicate wells). (*) indésad significant difference
(p <0.05) compared to the untreated control by student’s t test.

Uptake of silica coated NPs by BMDC.Since the silica-coated nanopatrticles
carry Atto 465 as fluorophore, they could be detected usingarescence micro-
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scope. To further confirm their uptake the cell nuclei weaengtd with DAPI and
the MHCII was stained with MHCII-bio. Texas-Red functionatizeith strepta-
vidin, which was then able to couple with the biotinylated RIHto result in a red
fluorescence, where MCHII was present. A control was perfdrimehich BMD-
CZs were incubated without NPs (see Figure 10.11a - d). Thengtaorescence
is due to the fact, that BMDCs show fluorescence in this chamné¢hémselves.
Despite this fact, a difference between the control samguhessamples with NPs
(Figure 10.11f) can be seen. When NPs were present, they beutlbtected as
small green dots. The majority was found in close proxinotyhie blue stained cell
nuclei (see overlay in figure 10.11h) indicating a succéssflular uptake.

10.4 Conclusion

In summary, we have demonstrated a novel way to prepare rjoaiible multi-
functional MNO@SIiQ nanocomposites. The procedure combines a water-in-oil
microemulsion, to create an initial silica shell around Mr@@d common Stober-
like processes to condense further functionalities, ssdREG or NH-groups, on

the silica surface. The silica encapsulated MnO NPs showeellent stability in
various aqueous solutions, including physiological aiolution and human blood
serum. Furthermore, by virtue of their magnetic propertiésO @ SiQ-PEG/NH,

NPs showed a consideraliie MR contrast enhancement, and, since a fluorescent
dye was also incorporated into the silica shell during thetsssis, our silica coated
MnO NPs may serve as multimodal imaging agents for bothcapéind MR imag-
ing. We also demonstrated that silica encapsulated MnO Né&$eas prone to
manganese leaching in aqueous solution, compared to sPijikylated NPs. Fi-
nally, the vast and well-established silane chemistry sradditional modification

of the NPs, which leads to numerous further application<iwvis also confirmed

by their low toxicity and their cellular uptake.
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10.5 Experimental Section

Materials. Manganese chloride tetrahydrate (Ma& 4H,0) (99.9%), oleic acid
(90%), sodium hydroxide (99%), 1-octadecene (90%), Ig&x520, ammonium
hydroxide (25%, aqueous solution), tetraethoxysilaneg$E(99.999%), 3-amino-
propyltriethoxysilane (APS)X99%), fluorescein isothiocyanate (FITC), and DMF
(>99.9%, extra dry) were purchased from Aldrich. Atto 465-NetS$er was from
Fluka, and 2-methoxy(polyethyleneoxy)propyltrimethsikgne (PEG-silane, n =
6-9) (90%) was from ABCR. Methanol, hexane, cyclohexane, aptbae were of
analytical grade (Fisher Scientific). All chemicals weredisvithout further purifi-
cation.

Synthesis of MNO NPsMonodisperse MnO NPs were prepared by the decomposi-
tion of manganese oleate in high boiling point solvents asieed previously.[24,
80] Briefly, 2 mmol of manganese oleate were mixed with 10 g ottadecene,
degassed at 7UC and slowly heated to reflux with a defined temperature progra
The patrticles were washed by repeated precipitation wigtoae, centrifugation
and dispersion in hexane.

Synthesis of APS-Atto 465. APS-Atto 465 was prepared by reacting 1 mg
(=~ 2 pmol) Atto 465-NHS-ester with 23.5L (100 zmol) APS in 500uL of dry
DMF for 4 hours in a shaker at 2@ in the dark. The solution was kept as a stock
solution at -20°C in the dark.

Silica encapsulation of MNO NPs.The hydrophobic MnO NPs were encapsulated
with SiO, by a w/o microemulsion technique using cyclohexane as thghaise,
aqueous NHOH solution as the water-phase and Igepal CO-520 as non-soimc
factant. For the encapsulation process, Igepal CO-520 (Rwag dissolved in
35 mL of cyclohexane and degassed by bubbling a gentle stoéangon through
the solution for 30 minutes. The NPs were added to the solatiwl the degassing
procedure was continued for another 15 minutes. Subsdguagtieous NHOH
(150 L) was added to initiate the micelle formation. This processld be ob-
served as a temporary cloudiness in the solution. After SueBTEOS (112:L,
0.5 mmol) and APS-Atto 465 were added and the reaction naxuas stirred un-
der argon protection over night. For further functionaiia of the silica shell,
PEG-silane was added to the solution. The covalent attachofePEG on the
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surface led to complete precipitation of the MNnO@SNIPs within 2 hours. The
NPs were collected by centrifugation (5000 rpm for five mas)tand washed thor-
oughly by repeated dispersion in acetone and precipitatitimn hexane. The fact
that the resulting particles were easily soluble in poldvesas, such as acetone or
ethanol, is a clear indication for the successful hydrepinilodification of the ini-
tially hydrophobic MnO surface. After complete removal olyainreacted silanes
and surfactant molecules, the MNO@SIPEG NPs were dissolved in 20 mL of
acetone. Amino groups were introduced by addition of AP® (415 0.64 mmol)
and 15QuL agueous NHOH. The reaction was continued for another two hours fol-
lowed by concentration of the solution to 2 mL and preciptabf the MNO@ SiG-
PEG/NH, NPs with 2 mL of hexane. Again, the resulting particles wamdoughly
washed by repeated dissolving and precipitating with aeetnd hexane accom-
panied by centrifugation (5000 rpm for five minutes). The MRGIO,-PEG/NH,
NPs obtained by this method were very easily soluble andestabarious aqueous
media, including deionized water, physiological salined aifferent buffer solu-
tions.

Nanoparticle Characterization. The particles were characterized by means of
powder X-ray diffraction (XRD), transmission electron nuscopy (TEM), Fourier
transformed infrared spectroscopy (FT-IR), atomic absamgpectroscopy (AAS),
UV-Vis and fluorescence spectroscopy, and dynamic lighttestiag (DLS). The
magnetic properties of the MNO@SIOIPs were investigated with a supercon-
ducting quantum interference device (SQUID, Quantum DesI§MS-XL). XRD
measurements were performed on a Bruker D8 Advance diffraster equipped
with a Sol-X energy-dispersive detector and operating WithK « radiation. Sam-
ples for transmission electron microscopy were preparquldiing a drop of dilute
nanoparticle solution in the appropriate solvent (hexaoetone, water) on a carbon
coated copper grid. Low-resolution TEM images and ED pastarere recorded on
a Philips EM420 microscope operating at an acceleratiotagelof 120 kV. FT-IR
spectra were acquired on a Mattson Instruments 2030 G&&®R spectrometer.
For AAS measurements (Perkin-Elmer 5100 ZL), aliquots afeqis nanoparticle
solutions were treated with conc. HN@t 90°C for 30 minutes followed by adjust-
ment of the pH-value to 3 with NHDH. UV-Vis spectroscopy was carried out on
a Perkin-Elmer Lambda 19 UV-vis/NIR spectrometer. Fluceese spectra were

205



Chapter 10. Multifunctional MNO@ Si3Core-Shell NPs

acquired on a Spex Fluorolog 1680/81. Determinations ofzeta-potential and
dynamic light scattering were performed on a Malvern ZetsNano ZS.

Mn leaching experiments.To evaluate the stability of the MnO NPs encapsulated
by SiO, in comparison to MnO NPs functionalized by a bi-functionapdmine-
PEG ligand, aqueous solutions of both kinds of particleseveBralized, in a cel-
lulose membrane with molecular weight cut-off (MWCOQO) of 35@péctra/Por
3, SpectrumLabs), against deionized water. The variatiothe Mn concentra-
tion over a period of four weeks was monitored by atomic gtitsmm spectroscopy
(AAS) on aliquots taken after definite time intervals. In pital experiment, 10 mg
of the concerning functionalized NPs were dissolved in 5 rhdeaonized water,
loaded into the dialysis tube, and placed in a 2000 mL glasd®sr filled with
deionized water. The cylinder was sealed to prevent anyacangtion. The dialy-
sis was carried out for four weeks with the surrounding waesng replaced every
second day. Aliquots of 50L were carefully extracted after fixed time intervals.
Quantification of surface amino groups. To determine the number of amino
groups on each particle, the MNO@ S{PEG/NH, NPs were treated with fluores-
cein isothiocyanate (FITC). After complete reaction, theant of unreacted FITC
in the supernatant was determined by UV-Vis spectroscaopg.typical experiment
the prepared MNnO@ SIGPEG/NH, particles were dissolved in 10 mL of acetone.
An aliquot of 1 mL of this stock-solution was treated with ajual amount of hex-
ane to completely precipitate the NPs followed by centatian (5 min, 9000 rpm).
Subsequently, the particles were resuspended and dilut@ceione by a factor of
1:100, before FITC was added according to the maximum plesaibount of APS
in the dilute sample. After completed reaction (one houe) plarticles were pre-
cipitated by adding exactly 1 mL of hexane followed by cdagation (10 min,
13300 rpm). The concentration of unreacted FITC in the swggant was deter-
mined using a calibration curve according to the Lambert-Be&. The difference
in the amount of FITC before and after the reaction was usedtimate the amount
of free amino groups in the sample. With this result, the ayemumber of free
amino groups on each particle can be calculated by comgl#tie total amount of
NH2-groups with the average number of NPs in the sample.

Generation of BMDCs. Bone marrow-derived DCs (BMDCs) were generated
from C57BL/6 mice as described previously.[86] Briefly, bonernma from 6-8
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week old mice was cultured in medium (IscoveZs medium supeiged with 5%
fetal calve serum (FCS), 1% glutamate, 1% sodium pyruvatd)sapplemented
with GM-CSF (50 ng/mL). These cells were typically >85% CD1#H2-A"" as
determined by flow cytometry. Furthermore, the cells were G®8nd CD86™.
Medium was changed on day 3 and 5. Cells were used for the expats at day 7
as immature BMDCs.

BM-PMN. Bone marrow-derived polymorphonuclear neutrophils (BM-PNére
purified by magnetic beads (MACS from Miltenyi, Bergisch Gladb, Germany)
using Ly6G/C specific antibodies (clone Gr-1) accordindh®rmanufacturer’s pro-
tocol. BM-PMN were cultured in medium (described above). @ellity (Ly6-
GMCD118%) was generally greater than 90% assessed by flow cytometry.
Determination of apoptosis.2 x 10° cells (BMDCs or BM-PMN) were cultured
in 96 well plates (Greiner) with the indicated stimuli angbkap to 3 days at 37C
with 7.5% CQ in air. At the indicated time points the cells were harvested an-
alyzed for apoptosis by Annexin-V (BD Pharmingen) /propmdiodide (PI, Fluka)
staining or Nicoletti staining for fragmented nuclear DNging established proto-
cols described.[85]

Fluorescence-Spectroscopy and immunostainingn a typical experiment 100I
cell suspension (2 10° cells) were diluted 1:1 with and without solution that con-
tained silica coated NPs, respectively, (final concemratif NPs 30u9/mL) and
were incubated in a-Slide 8 well (ibidi; Germany) at 37C; 5% CQG, for 18 h. Be-
fore staining, the cells were washed with Jd0FACS buffer (PBS supplemented
with 0.5% BSA (Roth, Germany), 5 mM EDTA (Roth, Germany) and @o04aN;
(Merck, Germany). 10QL solution of MHCII-bio in FACS buffer (dilution 1:1000)
was added for 20 min at room temp. After washing with FACS usteeptavidin
coupled texas red was added and incubated for 20 min at rer Aft additional
washing step, DAPI (4,6-diamidin-2-phenylindol), dildt@ PBS was added. After
a final incubation of 20 min as well as two final washing steph WiBS, the BM-
CDs were characterized using the fluorescence microscode(3gmpus).
Magnetic resonance imaging. MR signal enhancement effects of MNnO@$iO
nanocomposite particles were measured with different Mitentrations on a clin-
ical 3.0 T MRI scanner (Magnetom Trio, Siemens Medical Sohgj Erlangen,
Germany). Signal reception and radio frequency (RF) excitatvas performed
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using a 8-channel knee coil. For tlig-measurement, a saturation prepared (SR)
snapshot fast low angle shot (SR-TurboFLASH) pulse sequeiticeepetition time
(TR) / echo time / flip angle = 3.0 ms/1.5 ms?2@as used with varying saturation
times starting from 20 ms up to 8000 ms. For measuring/theslaxation time, a
multi-echo spin-echo pulse sequence with a total of 32 eehdd'R = 5000 ms was
used, the echo time was varied from 7 ms to 224 ms. In a s€éContkasurement
TE was varied from 15 ms up to 480 ms.
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Chapter 11. Synthesis and Magnetic Properties of FePt@MnO
NanohetercParticles

11.1 Abstract

Monodisperse FePt@MnO nahetereparticles with different sizes and morpholo-
gies were prepared by a seed-mediated nucleation and greetthique. Both, size
and morphology, could be controlled by adjustment of thelsstic parameters. The
FePt nandieteraparticles were thoroughly characterized by TEM- and XRD-ana
ysis and SQUID magnetometry. The surface spins of the ardifeagnetic MnO
domains pin the magnetic moments of the ferromagnetic FERtWhich leads to
an exchanged biased magnetic hysteresis.

11.2 Introduction

Recent efforts in nanoscale science and technology areddomis the develop-
ment of novel multifunctional materials which exhibit seslebeneficial properties
at the same time. In this context, the synthesis and desigglofd nanomaterials
which consist of two or more individual inorganic comporssimas attracted consid-
erable interest. The controlled combination of differeatenials, which themselves
exhibit distinct chemical and physical properties, offsesveral advantages.[1, 2]
In fact, the combination of magnetic NPs with optically eetmaterials, such as
gold[3-5], silver[6, 7] or semiconductor NPs[8], has ledntiany interesting dis-
coveries in recent years.[9, 10]

Magnetic NPs have been among the most intensively studigdrialaclasses for
more than two decades. Owing to their interesting propettiey have found ap-
plications in a vast range of different scientific areasludimg mass data storage,
catalysis,[11-14] protein separation,[15-17] specificll caargeting, drug
delivery,[18, 19] and magnetic resonance imaging (MRIR[222]

Among these magnetic nanomaterials, FePt NPs containirgpaagual atomic
percentage of Fe and Pt, play an outstanding role, not ordsiuse they were one
of the first nanomaterials which could be prepared with areptionally narrow
particle size distribution, but also because they haveastang magnetic properties
which are promising for a variety of applications.[12, 14F occurs in two dif-
ferent modifications, an orderdct (or L1,) phase, in which the Fe and Pt atoms
form alternating atomic layers in th@01} direction of the crystal lattice, and a
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disorderedcc phase, in which the atoms are randomly distributed.[23-A253¢h
research effort has been devoted in the preparation of enlder FePt NPs, since
they exhibit a high magneto-crystalline anisotropy)( high saturation magnetiza-
tion, as well as a high maximum energy product.[26—28] Thékes them ideal
candidates for many different applications ranging frorghhdensity data stor-
age devices,[12] nanocomposites for permanent magr@isfZven biomedical
probes.[30-34] However, since as-prepared FePt NPs ysxdlibit the disordered
fcc structure, their magneto-crystalline anisotropy andrséith magnetization are
reasonably low, leading to superparamagnetic behaviaoah temperature.[25]
MnO NPs, on the other hand, have served as a model compourpl&irethe mag-
netic properties of 3d transition metal oxides.[35, 36} Jiks other binary oxides,
including FeO, NiO and CoO, they are part of a special classagfimatic materials
in which the bulk phase exhibits antiferromagnetic prapsrtbut superparamag-
netic behavior is observed in nanoparticulate samples33J/This phenomenon is
often explained by the presence of uncompensated spinge®@utface of the crys-
tallites which leads to a measurable net magnetic mom@r#2] Since the surface
to volume ratio increases with decreasing particle sizeptagnetic moment of the
NPs grows when the particle size is reduced.[42] Thesermistances have lead to
a growing interest of MnO NPs for biomedical applicationspécially, they have
shown to shorten the spin-lattice relaxation tiifje and therefore, show strong po-
tential as positive contrast agents for magnetic resonamaging (MRI).[43—-49]
The combination of FePt and MnO on the nanolevel has so fgrlme#n reported
for FePt-MnO core-shell structures by Kanga¢{50] where the authors demon-
strated an enhancement of the magnetic coercivity and inig¢g&mperature. In this
contribution we report on the successful synthesis of F&R1@ nanocomposites,
which combine the individual properties of both materiasses. We were able to
selectively vary the size and morphology of the n&etereparticles from dimers
to flower-like by adjustment of the individual experimerpgarameters based on the
mechanisms presented in chapter 4. Furthermore, the niageétavior of the FePt
domains was significantly altered upon attachment to MnOré&¥eal, that the sur-
face spins of the antiferromagnetic MnO domains pin the raagmoments of the
ferromagnetic FePt NPs, which leads to an exchanged biaagdetic hysteresis.
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Figure 11.1: TEM images of monodisperse FePt NPs with arageesize of (a)
3 nm and (b) 6 nm.

11.3 Results and Discussion

Synthesis. FePt@MnO nanocomposites, consisting of an antiferrontagh®O
domain and a ferromagnetic FePt domain, were prepared lmgmestwo step pro-
cedure. In the first step monodisperse FePt NPs of 3 nm[12]ron[61] in size
were prepared by the decomposition of platinum acetylaegéoand iron pentacar-
bonyl as precursors. The size of the NPs could be controlle@tying the individ-
ual synthetic parameters, such as precursor ratio, tetuperar surfactant ratio.
Figure 11.1 shows representative TEM images of monodisgez®t NPs with an
average size of 3 nm and 6 nm. The 3 nm FePt particles are sphevhereas the
larger particles in Figure 11.1b have a cube-like shapehénsecond step, man-
ganese oxide domains were heterogeneously nucleated dreBteseeds by the
decomposition of a manganese oleate precursor.[42] Asiomeat in chapter 4, a
successful formation of nanweteraparticles can only be achieved by suppressing
homogeneous nucleation and simultaneously promotingdggaeous nucleation.
In fact, suppression of homogeneous nucleation can benalatdy keeping the pre-
cursor concentration under the critical supersaturatadues/(see section 3.1). This
can be achieved by precise control of the precursor ratiouaimof seed particles
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and heating profile. Dimeric FePt@MnO NPs with different fafl MnO domain
sizes are shown in Figure 11.2. Figure 11.2a, d and g show@&RO dimers
prepared with 3 nm FePt seeds, whereas the other imagesureFig.2 present

FePt@MnO nanodimers synthesized with 6 nm FePt seeds. eFidu? clearly
demonstrates that the size of the MnO domain can be cordrbiteadjusting the
molar ratio of Mn precursor to FePt seeds. For example, 6 neh@1FePt@MnO
NPs (Figure 11.2h) were prepared with 10 mg FePt and 0.25 muimaoleate, while
6 nm@9 nm FePt@MnO NPs (Figure 11.2i) were synthesized Withd FePt and
0.1 mmol Mn oleate.

By changing the "polarity” of the solvent different morphakegjcould be obtained.
Figure 11.3 shows TEM images of flowerlike FePt@MnO NPs witlitiple MnO
domains being attached to each FePt core. These particlesprepared in the
same way as the particles presented in Figure 11.2, howsezyl ether was used
as solvent instead of 1-octadecene. It is obvious that thegd of solvent had a
major influence on the particle morphology. A similar beloawas reported by Yu
etal. for Au@FgO, nanohetereparticles.[3] The authors proposed that the nu-
cleation of FgO, on the Au surface leads to a charge polarization at the niimtea
interface. However, the free electrons of the Au nanogartitust compensate the
electron loss at the interface and are, therefore, withdrfa@am the remaining sur-
face. On the other hand, further nucleation is only possfldesufficient number
of free electrons is available on the Au surface. Therefugher growth of the
metal oxide domain will lead to dimeric structures, if thectfon deficiency cannot
be compensated. By using a solvent which carries a consigeaaiount of elec-
tron density by itself, a charge transfer from the solventh® metal surface can
replenish the free electrons and, therefore, allow adtatioucleation. As a result,
multiple nucleation sites are can occur on each metal seelthig to the formation
of flowerlike nanohetereparticles.

The results shown in Figures 11.2 and 11.3 confirm these gd®ums in an im-

pressive way. Just as Au, FePt NPs possess free electrahayéhdepleted by the
nucleation of MnO on the seed surface. If 1-octadecene @ aseolvent during
the reaction, the electrons deficiency cannot be compeahaatéthe growth of the
MnO domain results in FePt@MnO dimers. Benzyl ether, on therdtand, is a
typical example for a "polar” solvent which contains a sudiitiamount of electron
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Figure 11.2: TEM images of monodisperse FePt@MnO NPs pedpaith differ-

ent precursor ratios (the ratios are indicated with mg kel Mn oleate).(a)

3 nm@17 nm, (b) 6 nm@17 nm, (c) 6 nm@15 nm, (d) 3 nm@15 nm, (e),
6 nm@12 nm, (f) 6 nm@9 nm, (g - h) enlarged images of (d - f).
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Figure 11.3: TEM images of flower-like FePt@MnO NPs prepandzenzyl ether.

density owing the delocalized-electron system in the benzyl ring. It can transfer
electron density to the FePt surface, leading to furtheteation of MnO on suit-
able crystal facets and, therefore, the formation of flolikerFePt@MnO NPs.

The FePt@MnO nanhbeterostructure is likely derived from the epitaxial growth
of MnO on the FePt seeds, as FePt has an disordecestructure with al-spacing

in {111} direction of 2.2002 A, while MnO has a cubic rock salt struetwith lat-
tice constant: = 4.44 A, which is within 1% of being exactly double the valife o
dg111y(FePt). Therefore, it has to be estimated that nucleatiavru® preferably
occurs onthd 111} crystal facets of the FePt seeds. This assumption beconaes ob
ous when larger FePt NPs are used as seeds (see Figure IieXample for larger
FePt (13 nm) NPs is shown in Figure 11.4a. The cubic strudiFePt is clearly
reflected in the nanoparticle morphology, although the esrappear rounded off,
displaying the{111} crystal surfaces. The cubic morphology of larger FePt NRs ca
be ascribed to a faster growth rate of {1é 1} facets compared to tHg.00} crystal
surfaces during the synthesis.[52] However, if these NBsised as seeds, flower-
like FePt@MnO structures are obtained even if strictly potar solvents, such as
1-octadecene or octyl ether, are used. The reason for thevhm is presumably
the presence of residual electron densities in the larget particles. Compared to
the smaller FePt seeds, the 13 nm nanocubes have a redufeeg gorvolume ratio
and, therefore, more electrons can be retained inside thielpa. Since the surface
areas of thg 111}-facets are considerably small (compared to{h@)} surfaces,

a relatively large amount of electron density is providedftother nucleation on
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Figure 11.4: (a) Larger FePt NPs with an average diameteB ol with a cube-
like shape. However, the remainiqd11} crystal facets permit the nucleation of
MnO. (b) Flower-like FePt@MnO NPs synthesized with FePtotabes from (a)
as seeds. The MnO domains are mostly located at the cornére ofibes, which
is in accordance with the proposed nucleation of MnO on{thie } surfaces of
FePt. Due to steric hindrance, not all corners are occupiedriO, they are rather
arranged in a tetrahedral manner.

the {111} surfaces. As result, FePt NPs with multiple MnO domains &tained.
However, not all corners of the FePt cubes are occupied by,MimOe due to steric
hindrance, a tetrahedral arrangement is preferred (seed-id..4b).

XRD analysis. The phase composition of the product was investigated with
powder X-ray diffraction. Figure 11.5 displays typical piev XRD patterns of
FePt@MnO nano-dimers with 3 nm FePt/17 nm MnO (Figure 11a5a) 6 nm
FePt/17 nm MnO (Figure 11.5b) domains. The positions arativel intensities of
all diffraction peaks match well with expected patternsftmr FePt and rock-salt
MnO. The peak broadness resembles the average particldisidbution of both
components: The shape of the FePt peaks is much broaderidiaof the MnO,
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Figure 11.5: Powder XRD pattern of FePt@MnO ndmaercparticles. (a)
3nm@17 nm FePt@MnO and (b) 6 nm@17 nm. The expected reflguigtions
of FePt and MnO are indicated by the blue and black bars, c&spk.

which is in accordance with the expected appearance ddrivedScherrer’s equa-
tion.

Magnetic properties. Magnetic measurements performed on 3 nm@17 nm,
6 Nm@17 nm and 6 nm@9 nm FePt@MnO NPs revealed superpardindmgie
havior at room temperature in all investigated sampleskspae 11.6). However,
the individual magnetic properties differ substantialigrh each other in measure-
ments carried out at 5 K which indicates a considerable magimteraction be-
tween the FePt and MnO domains. An explanation for this hehaan be derived
by considering two key contributions: (1) the magnetic woduof each sample, or
rather the ratio of magnetic volumes of both pants= Viepy/Vuno, and (2) the
ferromagnetic-antiferromagnetic (FM-AFM) interactioatlyeen the surface spins
of FePt and MnO. In sample (a),is comparatively small and the FM-AFM spin
interaction is low due to a small FePt-MnO interface area.aAssult, the mag-
netic hysteresis is mainly dominated by MnO and resemblgpiaal paramagnet
with low values for remanence magnetizatibf; = 0.28 emu g', coercitive field
Hs = 1700 Oe, as well as the magnetizatibf{5 T) = 5.01 emu g', and does not
reach saturation. In sample (b) larger FePt NPs are cortheztdnO domains of
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Figure 11.6: Magnetic data of FePt@MnO ndretereparticles. Magnetic hys-
teresis loops (a) 3 nm@17 nm, (b) 6 nm@17 nm and (c) 6 nm@?9 nt@dRO
NPs. The insets show the corresponding temperature dependegnetization
curves (ZFC-FC) under an applied field of 100 Oe.

the same size as in sample (a). Consequenitylarger leading to enhanced values
for My (1.27 emu g'), He (2500 Oe) andV/(5 T) (7.60 emu g'). Additionally,
the higher interface area between the FePt and MnO domasnksén increased
interactions between the corresponding surface spinsHigeiee 11.7). It was re-
ported previously, that such interactions can lead to ecéhmagnetic properties,
since the thickness of the magnetic dead layer in the FePaithofor "canted spin”
layer, which occurs due to broken symmetry at the FePt natiolgasurface) is
reduced.[50, 53, 54] Finally, in sample (c) FePt NPs of theesaize as in sample
(b) are used, but the domain size of MnO is reduced from 17 tm9 Hence,r
is largest of all samples and the magnetic hysteresis islyndogminated by FePt,
resembling almost that of a typical hard ferromagnet, wifh = 4.57 emu g,
He = 4509 Oe, and/s =12.10 emu g'.

The interaction of the ferromagnetic FePt and the antifeagnetic MnO domains
Is also observable in the magnetic blocking temperatiyref the FePt@MnO nano-
hetereparticles. For this purpose, temperature dependent niagtien (zero-
field-cooled/field-cooled (ZFC/FC)) measurements were pewd to establish a
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uncompensated
surface spins

Figure 11.7: lllustration of the pinning effect of the aatfomagnetic MnO domain
at the FePt-MnO interface. (a) For 3 nm FePt NPs the intedaea is small and
as a consequence the pinning effect of the AFM MnO domainvis Ib) The

interface are for 6 nm FePt NPs is larger and, therefore nthgence of the FePt-
MnO interface is greater. (c) With reduction of the MnO domsize the number
of uncompensated surface spins, and with that, the magmeticent of MnO is
increased. Consequently, the influence of the MnO NPs on tR¢ d@mains is
higher.

quantitative evaluation of these interactions. The resark displayed in the respec-
tive insets of Figure 11.6. The maximum in the ZFC curvesdatdis the tempera-
ture T’z above which the system behaves like a paramagnet. Abgvke thermal
energy of the systerhg T is sufficient to freely flip the particle moments. At lower
temperatures, on the other haigd;l" is too small and the magnetic moments of the
particles are aligned in direction of the external magnktic. Consequently, the
system behaves like a ferromagnet. The latter case is adferred to as "blocked"
state and, therefore, the temperature, at which the trandriom the superparam-
agnetic to the ferromagnetic state occurs, is called maghletcking temperature
Ts. The ZFC curve in the inset of Figure 11.6a revealbzaof 40 K. However,
"naked" FePt NPs of 3 nm in diameter were reported to halig af 25 K.[12] A
similar observation was reported for FePt-MnO core-sh&ls With FePt domains
of 3 nm in size.[50] The increase ifi in the FePt@MnO sample can be ascribed
to two factors. First, the larger effective mass of the FEt@ composite NPs
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compared to "naked" FePt NPs requires a higher thermal energyercome the
blocked magnetic state. Secondly, the presence of an AFM Nor@ain, which is
connected via a common interface, pins the magnetic monref&sPt resulting in
a higher stability against thermal fluctuations (see Fidur&).[55] In samples (b)
and (c),Ts has increased to 65 K and 66 K, respectively. This increaselearly
be ascribed to the higher magnetic moment of 6 nm FePt NPsar@afo FePt NPs
with an average size of 3 nm. Again, pinning effects inducgthke MnO domains
lead to a highet's than the expected value 8% ~ 50 K. Furthermore, the present
ZFC-FC plots exhibit considerably narrow shapes which igirg@ clear indication
for an exceedingly narrow particle size distribution.

Finally, the magnetic exchange bias, a phenomenon, whilre@ systems where
ferromagnetic and antiferromagnetic materials share aywaminterface, can also
be observed in the present system. In sample (a) the hyistereg at 5 K is shifted
by 200 Oe from the origin. This can be, again, explained byrttezaction between
FM FePtand AFM MnOQ, if the history of the sample is taken intoaunt. The hys-
teresis measurements were performed in a field cooled stdt@amapplied field of
100 Oe. Therefore, the magnetic moment of MnO is alignedlpata the external
field. The magnetic moment of the FePt domains points patalltne MNO mo-
ment, since the surface spins pin the magnetization of F&Ren the direction of
the applied field is reversed, the magnetization of the FeRiaghs remains pinned
until the external field exceeds the pinning field of the Mn@ndin. Consequently,
the magnetization flips at lower fields, compared to "nakedPtparticles if the ex-
ternal field points in the original direction. As a result thysteresis loop is shifted
from the origin. Increasing the size of the FePt domain (darflp), results in a
stronger exchange bias due to an increased common sur&d.ar a larger shift
of the hysteresis curve of 400 Oe. The size reduction of th©Momain (sam-
ple (c)), leads to an even stronger exchange b0 Oe). This is caused by the
enhanced magnetic moment of the reduced MnO particle 42e.[

11.4 Conclusion

In summary, we were able to prepare monodisperse FePt@MnO@hederopar-
ticles of different shapes and sizes by a two-step seedateetigrowth technique.
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The size of each domain could be controlled by adjustingnideszidual synthetic
parameters. Moreover, the particle morphology could bésgairom dimers to
flower-like particles by changing the "polarity” of the sawdérom non-polar to po-
lar. Additionally, FePt@MnO nanbetercparticles prepared with large (13 nm)
FePt nanocubes as seeds showed a predominant formation@foklthe corners
of the cubes, which suggests a preferential nucleation dd Mn the{111} crystal
facets of FePt. Furthermore, magnetic measurements egvetitbng interactions
between both magnetic domains resulting in increasled Ho, Ms andTs com-
pared to "naked" FePt NPs. Finally, a shift in the hysterearslwe attributed to
a magnetic exchange bias at the ferromagnetic-antifeigogtac FePt-MnO inter-
face.

11.5 Experimental Section

Materials. Manganese chloride tetrahydrate (MpG{ 4H,0O, 99%), oleic acid
(techn. 90%), sodium hydroxide (p.A.), platinum acetytanate (99%), iron pen-
tacarbonyl (99.999%), 1,2-hexadecanediol (techn. 90%gtylether (99%), ben-
zylether (99%), and 1-octadecene (techn. 90%) were puedhiasm Aldrich and
used without further purification. Oleylamine (80-90%) vitasn ACROS.

Synthesis of 3 nm FePt NPsThe preparation of monodisperse FePt NPs, with an
average size of 3 nm, was carried out according to the preedguSun et al.[12]
Under standard airless conditions platinum acetylacé¢o(Rt(acac) 196.7 mg,
0.5 mmol), 1,2-hexadecandiol (387.7 mg, 1.5 mmol), oleid &559..L, 0.5 mmol),
and oleylamine (16%L, 0.5 mmol) were mixed in dioctylether (20 mL) and de-
gassed at 70C for one hour with intermittent argon backfilling. After théhe mix-
ture was heated to 12@ and iron pentacarbonyl (Fe(CQL32 L, 1 mmol) was
added before raising the temperature rapidly to reflux (298 After 30 minutes
the reaction mixture was cooled to room temperature andribdupt was washed
by repeated cycles of precipitation with ethanol, cengigiion (9000 rpm for 10
minutes), resuspension in hexane. The final product wadisembwith 25 ;L of
oleic acid and 2%.L of oleylamine and stored in hexane in a fridge.

Synthesis of 6 nm FePt NPsFor the preparation of monodisperse FePt NPs with
an average size of 6 nm, a reported method by Chen et al. wasywsdgb1] In a
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typical reaction, Pt(acag)196.7 mg, 0.5 mmol) was mixed with 10 mL of benzyl
ether and 5 mL of 1-octadecene, and degassed &€ 70r one hour and regularly
backfilled with argon. Subsequently, the solution was letd 20°C and Fe(CQ)
(264 pL, 2 mmol) and oleic acid (1588L, 5 mmol) were added simultaneously.
After five minutes, oleylamine (1650L, 5 mmol) was injected and the mixture
was heated to 205C and kept at this temperature for one hour. After cooling to
room temperature, the product was washed and stored in the gay as men-
tioned above.

Synthesis of 13 nm FePt nanocubes.arger FePt nanocubes were prepared ac-
cording to a procedure by Chou a&t[52] Pt(acac) (40 mg, 0.1 mmol) was mixed
with 1,2-hexadecanediol (1033.8 mg, 4 mmol), oleic acid {4 2.6 mmol), oley-
lamine (4 mL, 12.1 mmol) and 4 mL dioctyl ether. The mixturesveegassed and
backfilled with argon at 80C for 45 minutes and subsequently heated to 125
Fe(CO) (66 L, 0.5 mmol) was injected and the reaction mixture was hetded
240 °C for 60 minutes. After cooling to room temperature, the Fefdtocubes
were isolated and washed with ethanol. Finally, the NPs wtered in hexane with
oleic acid and oleylamine (50L).

Preparation of manganese oleateManganese oleate was prepared according to
a published procedure.[42, 56] Briefly, 40 mmol of Mp&l4H,O and 80 mmol
oleic acid were dissolved in 200 mL methanol before 80 mmdla®H (in 200 mL
methanol) were added dropwise to precipitate Mn-oleate. grbduct was washed
with water, ethanol and acetone and subsequently driedyimvyacuum at 120C

to produce a waxy deep red solid.

Synthesis of 3 nm@17 nm FePt@MnO nanodimers. For the synthesis of
3@17 nm nanodimers, 3 nm sized FePt NPs (5 mg) were used a5 seeddis-
solved in 0.5 mL 1-octadecene with 25 of oleic acid and oleylamine. Manganese
oleate (309 mg, 0.5 mmol) was dissolved together with oleicd a
(953 L, 3 mmoal), oleylamine (198Q.L, 6 mmol), and the FePt nanoparticle so-
lution in 15 mL 1-octadecene and degassed/backfilled wibraat 80°C for 30
minutes. After that the reaction mixture was heated to ref85 °C) within 8
minutes and kept at this temperature for 30 minutes. Aftelicg to room temper-
ature, the product was washed by repeated precipitatidnaggtone, centrifugation
(9000 rpm for ten minutes), and redispersion in hexane.
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Synthesis of 6 nm@17 nm FePt@MnO nanodimerdgzePt@MnO nanodimers of
6 Nm@17 nm in size were prepared in the same way. However, e feePt NPs
(10 mg) were used as seeds instead.

Synthesis of 6 nm@17 nm FePt@MnO nanoflower#ccording to principle syn-
thetic mechanisms introduced in chapter 4 more nucleatiea sn the FePt seeds
can be obtained by increasing the polarity, i.e. the amolanailable electron den-
sity in the solvent. For this purpose the FePt NPs (10 mg) wissolved in benzyl
ether by ultra sonication and added to a Mn-oleate, oleid, ateylamine, benzyl
ether (15 mL) mixture. Subsequently, the reaction mixtuas weated in the same
way as described above.

Synthesis of 13 nm@9 nm FePt@MnO nanocubedhe preparation of
FePt@MnO nandwetercparticles follows the same rules as described above. 25 mg
of FePt nanocubes were dispersed in 1 ml 1-octadecene witllL28eic acid
and oleylamine and mixed with 0.1 mmol Mn oleate, 983 3 mmol oleic acid,
1980.L, 6 mmol oleylamine and 15 mL 1-octadecene. After degassir@p°C,
the mixture was refluxed for 30 minutes and the NPs were vetlien the same way
as mentioned above.

Nanoparticle Characterization. The particles were characterized by means of
powder X-ray diffraction (XRD) and transmission electrorcroscopy (TEM). The
magnetic properties of the MnO NPs were investigated witlhu@esconducting
quantum interference device (SQUID). XRD measurements wer®rmed on a
Bruker D8 Advance diffractometer equipped with a Sol-X egdrgpersive detector
and operating with Mo K radiation. Full pattern profile fits were performed with
TOPAS Academic V1.0 applying the fundamental parametercagmh.[57] Sam-
ples for transmission electron microscopy were preparquldiing a drop of dilute
nanoparticle solution in hexane on a carbon coated copper gow-resolution
TEM images and ED patterns were recorded on a Philips EM428ost0ope op-
erating at an acceleration voltage of 120 kV. Magnetic mesamsants were carried
out using a Quantum Design MPMS-XL SQUID magnetometer.
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CHAPTER 12

Conclusion and Outlook

The present dissertation demonstrated how magnetic netrcdgscan be designed
to meet the individual needs of future biomedical applaadi The first part covered
general considerations concerning the use of magnetic INRano-biotechnology
and nanomedicine. It showed how the unique physical priggeof the NPs can
be specifically tuned by variation of the corresponding lsgtit parameters. More-
over, a variety of efficient surface modification strategiese presented that allow
a precise control of the particle propertiasvitro andin vivo. Furthermore, the ba-
sic biological concepts that determine the fate and behavimagnetic NPs inside
living organisms, including blood half-life, passive aradige cellular targeting, and
NP toxicity were shortly addressed. Furthermore, nhetereparticles, a new class
of materials, were also introduced and the basic physicatiptes which lead to
the evolution of novel physical properties in these sysiemese briefly discussed.
The second part of this thesis covered specific examples ichvthe concepts of
part | were used to design nanoparticulate probes for bigrakapplications:

It was shown that MnO NPs can easily be synthesized by a siomgeot heating-
up method involving manganese oleate as a single sourcerpogcMoreover, the
nucleation and growth processes of the particles was stumielEM, FT-IR, and
AAS analysis and the results suggest a single nucleatiant &wed by uniform
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growth on the existing nuclei. Because nucleation and gramthclearly sepa-
rated, the crystals grow uniformly, leading to a narrow sidribution, which is
in accordance to the LaMer concept. The particle size caitydmescontrolled by
adjusting the reaction time and temperature, the solvehttaheating rate. It was
demonstrated that the particle size increased with teryrerareaction time, and
chain length (boiling point) of the solvent. Investigatiohthe surface of the MnO
nanocrystals by FT-IR and NMR revealed that oleate molediled to the surface
in a bidentate manner. In addition, XPS measurements itedibat no significant
oxidation of Mr¥* to Mn®* occurred even after several days. Magnetic measure-
ments showed that the magnetic properties strongly deppad the size of the
NPs. Both magnetic moment and blocking temperature incnehse the particle
size is decreased.

Furthermore, the synthesis and characterization of a grotipflowerlike
Au@MnO NPs was described. They are an example for meatercmaterial and
follow the synthetic principles explained in chapter 4. Wewed, that the size of
the MnO petals could be precisely tuned by variation of thewm of manganese
precursor. By taking advantage of their constituent proggrtdifferent functional
molecules were loaded onto each component of the hetecastey including a
catechol-containing ligand, that was attached to the Mn@alo, whereas a thiol-
modified oligonucleotide was used to functionalize the Atecdhe NPs are mag-
netically and optically active, and they are therefore ulskfr simultaneous mag-
netic and optical detection by MR and optical imaging. Thet that the nanoflow-
ers are capable of imaging the same tissue area with both MRAraoptical source
without the fast signal loss observed in the common fluorgdabeling, implies,
that they can be used to achieve high sensitivity in diagnastaging applica-
tions. It would be interesting to extend this synthetic noétto nanoflowers made
of different materials, such as Cu@MnO, Ag@MnO, or Pt@Mn@, taruse these
multidomain particles as building blocks of higher-ordeustures, the symmetries
of which would derive from "directional” interactions betreNP petals (for exam-
ple, linear particle chains from nanoflowers having two é&v Work on attaching
therapeutic molecules to these dumbbell NPs for targetHspénaging and deliv-
ery is currently underway.

Additionally, we showed the "theragnostic" potential of Rxdtionalized MnO
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NPs. For this purpose, hydrophobic superparamagnetic MR® Were function-
alized using a novel hydrophilic DA-PEG-PP ligand contagnprotoporphyrin IX
(PP) as photosensitizer. The presence of a dopamine maatyitped a strong at-
tachment on the MnO surface. Efficient surface binding oflidg@nd molecules
was confirmed by FT-IR and UV-Vis analysis. We showed thatdpcal prop-
erties of protoporphyrin IX are not significantly changedtbgding to the MnO
surface. Internalization of well dispersed protoporphytnctionalized MnO NPs
by human renal cell carcinoma (Caki-1) cells was demonstratefluorescence
microscopy. We further demonstrated that laser light texha(PDT) irradiation
(635 nm, incident dose of 72 Jcrd) of Caki-1 cells incubated with protoporphyrin
IX-functionalized MnO NPs led to cell death by apoptosis tuérmation of re-
active singlet oxygen'(,) initiated by photoactivation of protoporphyrin IX. Fur-
thermore, the presence of protoporphyrin IX on the MnO NRmie detection of
the particles by fluorescence microscopy due to its intiflsiorescence. Finally,
we demonstrated that by virtue of their magnetic propefisestionalized MnO
NPs exhibit a strond’ contrast enhancement effect for MRI. Hence, hydrophilic
protoporphyrin IX functionalized MnO NPs show potential &pplication not only
as imaging agents for MRI and fluorescence microscopy butelsarget systems
for photodynamic therapy.

Moreover, we have demonstrated a novel way to prepare bipabiobe multifunc-
tional MNO@SIQ core-shell NPs. The procedure combines a water-in-oil mi-
croemulsion technique, to create an initial silica shediusd MnO, and common
Stober-like processes to condense further functiongliteeich as PEG or NH
groups, on the preformed silica surface. The silica endafeiliMnO NPs showed
excellent stability in various aqueous solutions, inahgdphysiological saline solu-
tion and human blood serum. Furthermore, by virtue of theignetic properties,
MnO@SiO-PEG/NH, NPs showed a considerablie¢ MR contrast enhancement,
and, since a fluorescent dye was also incorporated into liba shell during the
synthesis, our silica coated MnO NPs may serve as multimodading agents for
both, optical and MR imaging. We also demonstrated thatsséncapsulated MnO
NPs are less prone to manganese leaching in aqueous spkdiopared to sim-
ple PEGylated NPs. Finally, the vast and well-establishiede chemistry permits
additional modification of the NPs, which leads to numerausher applications
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which is also confirmed by their low toxicity and their ceduluptake.

A further example for the exciting field of nareeterematerials was given by
FePt@MnO nandweteroparticles. Monodisperse FePt@MnO NPs could be pre-
pared in various shapes and sizes by alteration of the ohaisynthetic param-
eters according to the concepts introduced in chapter 4. Bygihg the solvent
from "non-polar” to "polar" the morphology of the resulting iBould be trans-
formed from dimeric to flower-like. Magnetic measurememtgealed a significant
influence of the MnO domains on the FePt NPs. Being an antifexgmetic mate-
rial, MnO is able to pin the magnetic moments in the ferronedignFePt cores, a
phenomenon generally referred to as magnetic exchangeAsasresult the mag-
netic hysteresis loop at 5 K is shifteed 500 Oe from the origin.

Future work comprises further studies of our functionalireagnetic NPs in dif-
ferent biomedical areas. Recent results suggest a potenparoxide dismutase
(SOD) biomimetic behavior of MNO NPs. Possible applicatiarh these parti-
cles in this context may include probes to measure and regoéiular oxidative
stress. Furthermore, the excellent stability, easy mdalifia and low toxicity of
MnO@SiG, NPs enable the opportunity for cell targeting and imagmgvo. Be-
sides, the use of silica also offers the possibility to @eaesoporous Sishells,
which can entrap certain reactive molecules (e.g. drugsjqes) and release them
at a designated site in a controlled manner due to conceEmtigitadients.

Another area for intensive work will be devoted to nareterestructures. In this
respect, not only the preparation of novel ndraerecombinations, but also the
selective functionalization of such particles is of greaportance. From a fun-
damental point of view, it will be interesting to selectiydlinctionalize the indi-
vidual surfaces of dimeric nanwetereparticles with hydrophilic and hydrophobic
ligands, respectively, and thus creating giant inorganganic amphiphiles and to
study their aggregation behavior. Additionally, combioas of metallic NPs of
heavy elements, such as FePt, Pt, or Au, and metal oxide NEls,as MnO or
Fe Oy, are interesting as dual contrast agents for both, CT and MRI.
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