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Abstract 

Inspired by recent advancements in the synthesis and design of hetero-nanoparticles, 

Janus particles have become the focus of scientific attention due to their outstanding properties. 

Novel optical, electronic, magnetic, and superficial properties emerge in inorganic Janus 

particles from their unique morphology at nanoscale, as they exhibit two physically and 

chemically distinct surfaces, which are interconnected by solid state interfaces: (i) their 

multifunctionality arises from the different surface chemistry of the chosen components, 

enabling separate and selective surface functionalization in addition to the intrinsic 

multifunctionality, (ii) directed self-assembly is achieved by orthogonal functionalization of the 

surfaces, and (iii) their efficient interaction across the solid state interface facilitates the 

emergence of synergistically enhanced or even additional characteristics, which would not be 

accessible using single-component materials.  

The present work focusses on multifunctional Janus particles and is as multi-faceted as 

the nanoparticles of interest. It combines the synthesis and comprehensive analysis from a 

chemist’s viewpoint with initial results on biomedical applications. The synthesis of a variety of 

monodisperse multifunctional Janus particles was designed as a seed-mediated nucleation and 

growth process. The heterodimer nanoparticles were built up from a metal and a metal oxide 

domain. Here, Au, Pt, and their alloy were each chosen due to their high X-ray attenuation, 

making them useful for applications as computed X-ray tomography (CT) contrast agents. The 

unique magnetic behavior of MnO and Fe3O4, which leads to a shortening of the longitudinal 

and transverse relaxation time in magnetic resonance imaging (MRI), respectively, motivated 

their use. In particular, size and morphology of the individual domains, which were analyzed by 

means of (HR) TEM, DLS, UV-VIS and FT-IR spectroscopy, as well as magnetic 

measurements, could be precisely controlled by adjustment of the synthetic parameters. High 

resolution synchrotron powder diffraction was used for quantitative phase analysis of the 

heterodimer nanoparticles. Further, the metal oxide domains could be selectively coated with a 

thin silica layer, leaving the metal domain untouched. This coating enabled the efficient 

incorporation of fluorescent dyes and provided solubility as well as colloidal stability in polar 

solvents, as confirmed by dynamic light scattering. Time-resolved fluorescence spectroscopy 

negated an electronic interaction of the metal domains with the incorporated dyes, while 

confocal laser scanning microscopy revealed the particles to be highly two-photon active. These 

results suggest our multifunctional Janus particles to be efficient vehicles for theranostics, which 

is addressed in the second part.   
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The investigation of the amphiphilic character of inorganic Janus particles included an 

analysis of their self-assembly behavior at interfaces as well as of their impact on artificial lipid 

membranes, which served as a model system for the interaction with the cellular membrane. 

We were able to provide experimental evidence for Janus particles inducing membrane 

tubulation, a passive, artificial endocytotic uptake pathway, in tension-free membranes. By 

virtue of the intrinsic materials’ characteristics, the potential of Janus particles for biomedical 

applications was analyzed regarding their use as multimodal contrast agents for simultaneous 

diagnosis by MRI and CT. Their contrast-enhancing potential as compared to spherical metal 

oxide nanoparticles was confirmed in several studies. As a last point, their impact on the cellular 

metabolism of Caki-1 and HeLa cells as well as HMEC-1 was analyzed by determination of 

cellular ATP levels, subsequent to investigation of the composition of their hard protein corona 

by labelfree-liquid chromatography mass spectrometry (LC-MS) and their performance in 

enzyme-mimicking reactions. We show a significant impact of the chemical composition and the 

corresponding amphiphilic surface functionalization on the protein corona, as well as on the 

enzyme-like activity in peroxidase tests. Further, surface charge, size, and composition were 

demonstrated to affect the cell viability, though no increased cytotoxic potential was observed 

for Janus particles over spherical nanoparticles.  

 

Zusammenfassung  

Die gezielte Weiterentwicklung der Synthese von Hetero-Nanopartikeln führte zur 

intensiven Erforschung der faszinierenden Eigenschaften von Janus-Partikeln. Ihre besondere 

Morphologie hinsichtlich der Kombination zweier chemisch oder physikalisch unterschiedlicher 

Komponenten mit definierter Phasengrenzfläche im Nanometerbereich bietet exzellente 

Möglichkeiten für die Erschaffung neuartiger optischer, elektronischer, magnetischer 

Eigenschaften: (i) ihre Multifunktionalität entsteht durch die Realisierbarkeit einer selektiven 

Adressierung der Oberflächen aufgrund unterschiedlicher chemischer Funktionalität, 

Reaktivität oder Polarität zusätzlich zur intrinsischen Funktionsvielfalt, (ii) die Kontrolle der 

Selbstorganisation von Janus-Partikeln kann durch orthogonale Oberflächenfunktionalisierung 

erzielt werden, und (iii) synergistisch verstärkte sowie neuartige Phänomene, die durch 

homogene Nanopartikel nicht zu erreichen sind, entstehen durch die effiziente Grenzflächen-

wechselwirkung der unterschiedlichen Komponenten.  

Die vorliegende Arbeit beschäftigt sich mit multifunktionalen Janus-Partikeln und ist 

ebenso ambivalent wie die genannten Nanopartikel; sie kombiniert die Synthese und 

umfassende Charakterisierung aus chemischer Sicht mit vielversprechenden Ergebnissen 
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erster biomedizinischer Anwendungen. Zur Darstellung monodisperser Janus-Partikel, 

bestehend aus einer Metall- und einer Metalloxidkomponente, wurde eine Saat-Keim-

vermittelte Methode entwickelt. Hierbei konnten sowohl die Größe als auch die Morphologie der 

einzelnen Domänen durch gezielte Anpassung der Syntheseparameter variiert werden. Dies 

wurde durch (HR) TEM, DLS, UV-VIS und FT-IR Spektroskopie und durch magnetische 

Messungen bestätigt. Dabei wurden Au, Pt, sowie AuPt aufgrund ihrer starken Absorption von 

Röntgenstrahlung verwendet, um eine Anwendung als Kontrastmittel für Computertomographie 

(CT) zu ermöglichen. MnO und Fe3O4 wurden im Hinblick auf ihre besonderen magnetischen 

Eigenschaften auf Nanometerebene genutzt, die eine Verkürzung der Relaxationszeiten in der 

Magnetresonanztomographie (MRT) ermöglichen. Rietveld Verfeinerungen hochauflösender 

Synchrotron-Röntgendiffraktionsdaten wurden zur quantitativen Phasenanalyse verwendet. 

Aufgrund ihrer chemisch unterschiedlichen Oberflächen konnte die Metalloxidkomponente 

selektiv mit SiO2 umhüllt werden, wobei die Funktionalisierung der Metalldomäne unverändert 

blieb. Die Umhüllung mit SiO2 ermöglichte die stabile Anbindung von Fluoreszenzfarbstoffen 

und stellte die Löslichkeit sowie kolloidale Stabilität in polaren Lösungsmitteln sicher, eine 

grundlegende Voraussetzung für spätere biomedizinische Anwendungen. Zeitaufgelöste 

Fluoreszenz-Spektroskopie widerlegte eine mögliche elektronische Wechselwirkung zwischen 

inkorporierten Fluorophoren und den Metalldomänen, während eine starke 2-Photonenaktivität 

unter Verwendung konfokaler Lasermikroskopie nachgewiesen werden konnte. Dies sind 

vielversprechende Ergebnisse im Hinblick auf eine Anwendung der multifunktionalen Janus-

Partikel als effiziente Trägermaterialien für therapeutische und diagnostische Zwecke, die im 

zweiten Teil der Arbeit näher untersucht wurden. 

Schließlich wurde der amphiphile Charakter der Janus-Partikel einschließlich ihrer 

Selbstorganisation an Phasengrenzflächen sowie ihr Einfluss auf synthetische Lipidmembranen 

untersucht. Diese dienten als Modell für die Wechselwirkung mit Zellmembranen. Hierbei 

konnten wir zeigen, dass Janus-Partikel in spannungsfreien Membranen Tubulationen als 

künstlichen passiven, endozytotischen Aufnahmeweg hervorrufen. Im Hinblick auf ihre 

intrinsischen Materialeigenschaften wurde die Eignung der Janus-Partikel als multimodale 

Kontrastmittel für simultane MRT und CT Untersuchungen analysiert. Verschiedene Studien 

zeigten eine deutliche Signalverstärkung im Vergleich zu sphärischen Metalloxidnanopartikeln. 

Die Interaktion mit biologischen Systemen wurde unter drei Aspekten untersucht: die chemische 

Zusammensetzung der einzelnen Komponenten, sowie die orthogonale Oberflächen-

funktionalisierung erwiesen sich als entscheidend (i) für die Zusammensetzung der 

Proteincorona nach Inkubation mit Blutplasma sowie (ii) für die Aktivität der Partikel in Tests 

bezüglich ihrer Enzym-ähnlichen Reaktivität. (iii) Darüber hinaus konnte gezeigt werden, dass 

Oberflächenladung, Größe und chemische Zusammensetzung entscheidende Faktoren für die 

Zellvitalität und die Beeinflussung des Zellmetabolismus von Caki-1, HeLa und HMEC-1 sind.  



 
 

IX 

List of Publications 

[1] J.J. McDowell, I. Schick , A. Price, D. Faulkner, G. Ozin, “Pure Blue Emitting Poly(3,6-

dimethoxy-9,9-dialkylsilafluorenes) Prepared via Nickel-Catalyzed Cross-Coupling of 

Diarylmagnesate Monomers“, Macromolecules 2013, 46, 6794 ‒ 6805. 
 

[2] J. Rother, A. Pietuch, K. Koll, T.D. Schladt, O. Köhler, I. Schick , W. Tremel, 

A. Janshoff, “Enhanced motility of alveolar cancer cells induced by CpG-ODN-functionalized 

nanoparticles“, Journal of Nanoparticle Research 2013, 15, 2107. 
 

[3]  I. Schick , S. Lorenz, D. Gehrig, A.-M. Schilmann, H. Bauer, M. Panthöfer, K. Fischer, 

D. Strand, F. Laquai, W. Tremel, “Multifunctional Two-Photon Active Silica-Coated Au@MnO 

Janus Particles for Selective Dual Functionalization and Imaging“, Journal of the American 

Chemical Society, 2014, 136, 2473 ‒ 2483. 
 

[4]  L. Landgraf, P. Ernst, I. Schick , O. Köhler, H. Oehring, W. Tremel, I. Hilger, 

“Anti-oxidative effects and harmlessness of asymmetric Au@Fe3O4 Janus particles on human 

blood cells“, Biomaterials 2014, 35, 6986 ‒ 6997. 
 

[5] I. Schick , S. Lorenz, D. Gehrig, S. Tenzer, W. Storck, K. Fischer, D. Strand, 

F. Laquai, W. Tremel, “Inorganic Janus Particles for Biomedical Applications“, Beilstein Journal 

of Nanotechnology, 2014 submitted. 
 

[6]  L. Landgraf, I. Müller, P. Ernst, M. Schäfer, C. Rosman, I. Schick , O. Köhler, 

H. Oehring, V.V. Breus, T. Basché, C. Sönnichsen, W. Tremel, I. Hilger, “Comparative 

evaluation of the impact on endothelial cells induced by different nanoparticle structures and 

functionalization“, Beilstein Journal of Nanotechnology, 2014 submitted.  
 

[7] J. Rother, I. Schick , W. Tremel, A. Janshoff, “Janus particles induced tubulation of 

lipid bilayers”, 2014 in preparation. 
 

[8] I. Schick , D. Gehrig, B. Balke, M. Panthöfer, F. Laquai, W. Tremel, “Composition-

Dependent Communication Across Solid State Interfaces in Dumbbell-like Hetero-

Nanoparticles”, 2014 in preparation. 
 

[9]  I. Schick , S.E. Noll, W. Tremel, “Enhanced Peroxidase-Like Activity of Multi-

functional Silica-Coated Janus Particles”, 2014 in preparation.



 
 

X 

Acknowledgment 

 

  



 

XI 

 

  



 

XII 

List of Contents 

ABSTRACT  ........................................................................................................ VI 

ZUSAMMENFASSUNG ......................................................................................... VII 

LIST OF PUBLICATIONS  ...................................................................................... IX 

ACKNOWLEDGMENT  ............................................................................................ X 

LIST OF CONTENTS ........................................................................................... XII 

LIST OF FIGURES ............................................................................................. XV 

LIST OF TABLES  .............................................................................................. XX 
 

1  INTRODUCTION ................................................................................................ 1 
 

2  SYNTHESIS OF PLASMONIC NANOPARTICLES  .................................................... 5 

2.1 Introduction  ...................................................................................................... 5 

2.2 Gold Nanoparticles  .......................................................................................... 8 

2.2.1 Size Control in Gold Nanoparticle Synthesis ............................................. 9 

2.2.2 Optical Characteristics of Gold Nanoparticles ......................................... 12 

2.2.3 Formation of Gold Nanoparticles ............................................................ 14 

2.2.4 Self-Assembled Superlattices of Gold Nanoparticles .............................. 19 

2.3 Platinum Nanoparticles  ................................................................................. 22 

2.3.1 Morphology of Pt Nanoparticles .............................................................. 22 

2.3.2 Optical Properties of Pt Nanoparticles .................................................... 24 

2.4 Gold-Platinum Alloy Nanoparticles  ............................................................... 25 

2.4.1 Synthesis of Gold-Platinum Alloy Nanoparticles ...................................... 25 

2.4.2 Compositional Analysis of Gold-Platinum Alloy Nanoparticles ................ 27 

2.4.3 Optical Properties of Gold-Platinum Alloy Nanoparticles ......................... 29 

2.5 Conclusion  ..................................................................................................... 30 

2.6 Experimental Section  ..................................................................................... 31 

 

 

 



 

XIII 

3  SYNTHESIS OF HETERODIMER NANOPARTICLES  ............................................... 33 

3.1 Introduction  .................................................................................................... 33 

3.2 Au@MnO Heterodimer Nanoparticles  .......................................................... 36 

3.2.1 Synthesis of Au@MnO Heterodimer Nanoparticles ................................ 37 

3.2.2 Domain Size Control ............................................................................... 40 

3.2.3 Mechanism of Growth ............................................................................. 44 

3.2.4 Morphology of Au@MnO Heterodimer Nanoparticles ............................. 47 

3.2.5 Magnetic Properties ................................................................................ 49 

3.3 Au@Fe3O4 Heterodimer Nanoparticles  ......................................................... 50 

3.3.1 Synthesis of Au@Fe3O4 Heterodimer Nanoparticles ............................... 51 

3.3.2 Shape Control ........................................................................................ 54 

3.3.3 Domain Size Control ............................................................................... 56 

3.3.4 Mechanism of Growth ............................................................................. 58 

3.3.5 Magnetic Properties ................................................................................ 61 

3.4 Schottky Junctions in Heterodimer Nanoparticles  ...................................... 62 

3.5 Variation of Metal Domain  ............................................................................. 67 

3.6 Conclusion  ..................................................................................................... 72 

3.7 Experimental Section  .................................................................................... 73 

4  SURFACE MODIFICATION OF HETERODIMER NANOPARTICLES  ........................... 77 

4.1 Introduction  .................................................................................................... 77 

4.2 Silica Encapsulation of Heterodimer Nanoparticl es .................................... 81 

4.2.2 Colloidal Stability of Au@MOx@SiO2 Nanoparticles ............................... 85 

4.2.3 Optical Imaging ...................................................................................... 89 

4.3 Conclusion  ..................................................................................................... 93 

4.4 Experimental Section  .................................................................................... 94 

4.4.1 Instrumental Details ................................................................................ 95 

5  HARNESSING THE JANUS CHARACTER OF HETERODIMER NANOPARTICLES  ....... 99 

5.1 Introduction  .................................................................................................... 99 

5.2 Assembly of Janus Particles  ...................................................................... 101 

5.2.1 Molecular Assembly of Janus Particles ................................................. 103 

5.2.2 Assembly of Janus Particles at Interfaces ............................................ 105 

5.3 Interaction Between Janus Particles and Artific ial Membranes  ............... 109 

5.3.1 Introduction ........................................................................................... 109 

5.3.2 Interaction of Janus Particles with GUVs .............................................. 110 

5.4 Conclusion  ................................................................................................... 116 



 

XIV 

5.5 Experimental Section  ................................................................................... 117 

6  JANUS PARTICLES FOR  MULTIMODAL BIOIMAGING ........................................ 121 

6.1 Introduction  .................................................................................................. 121 

6.2 Tailoring Janus Particles for Bioimaging Applic ations  ............................. 125 

6.3 Janus Particles as CT Contrast Agents  ...................................................... 131 

6.4 Janus Particles as MRI Contrast Agents  .................................................... 134 

6.5 Conclusion  ................................................................................................... 136 

6.6 Experimental Section  ................................................................................... 138 

7  THE TWO FACES OF JANUS PARTICLES FOR BIOMEDICAL APPLICATIONS  ........ 141 

7.1 Introduction  .................................................................................................. 141 

7.2 Protein Corona of Janus Particles  .............................................................. 144 

7.3 Janus Particles as Enzyme Mimics  ............................................................. 146 

7.3.1 Peroxidase-Like Activity of M@Fe3O4 Janus Particles .......................... 147 

7.3.2 Peroxidase-Like Activity of M@MnO Janus Particles ............................ 153 

7.4 In Vitro Cytotoxicity of Janus Particles  ...................................................... 155 

7.5 Conclusion  ................................................................................................... 162 

7.6 Experimental Section  ................................................................................... 163 

8  CONCLUSION AND OUTLOOK  ........................................................................ 167 

9  SUPPORTING INFORMATION ......................................................................... 173 

10 BIBLIOGRAPHY  .......................................................................................... 177 

CURRICULUM VITAE ........................................................................................ 193 

 



 
 

XV 

 

List of Figures 

 

Figure 1.1: Schematic illustration of the transition from isotropic to anisotropic nanoparticles, which are 

superior for their outstanding characteristics. 2 

Figure 1.2: Schematic illustration of the seed-mediated synthesis of inorganic heterodimer nanoparticles 

and subsequent surface modification, outlining the structure of the first part of this doctoral 

thesis. 3 

 

Figure 2.1: The dichroic Lycurgus Cup changes color from opaque green to translucent red when light 

is shown through it.[57] Reproduced from [58]. 5 

Figure 2.2: Average size of Au nanoparticles as a function of reaction temperature. 9 

Figure 2.3: TEM images of Au nanoparticles prepared at different reaction temperatures resulting in 

different core sizes. 10 

Figure 2.4: HR TEM images of 4.5 nm ± 0.6 nm Au nanoparticles. 10 

Figure 2.5: Refined synchrotron powder diffraction data for Au nanoparticles. 11 

Figure 2.6: TEM images of Au nanoparticles showing the increased diameter upon application of a 

seeding-growth process. 12 

Figure 2.7: UV-VIS spectra of Au nanoparticles of different core diameters, namely 4, 7, and 17 nm. 14 

Figure 2.8: Photographs taken from the reaction flask equipped with temperature control and reflux 

condenser a) prior and b) subsequent to swift injection of the reduction solution. 15 

Figure 2.9: LaMer plot showing the monomer concentration as a function of the reaction time and, 

therefore, illustrating the separation of nucleation and growth. Based on [72,120]. 16 

Figure 2.10: UV-VIS spectra of reaction snapshots of the synthesis of Au nanoparticles at room 

temperature after a reaction time of 30 min, 45 min, 60 min, 75 min, and 90 min. 17 

Figure 2.11: TEM micrographs of reaction snapshots of the formation of Au nanoparticles at room 

temperature showing the temporal evolution. 18 

Figure 2.12: TEM images of self-assembled Au nanoparticles. 20 

Figure 2.13: TEM images of self-assembled 3D superlattices of assorted samples of oleylamine-

functionalized 4 nm Au nanoparticles formed spontaneously upon drying a colloidal solution 

in hexane on TEM grids. 21 

Figure 2.14: HR TEM images of Pt nanoparticles showing their uniform size distribution. 23 

Figure 2.15: Electron diffraction of Pt nanoparticles referred to simulated pattern of Pt. 23 

Figure 2.16: TEM images of truncated Pt nanocubes. 24 

Figure 2.17: UV-VIS spectrum of 5.6 nm ± 0.5 nm Pt nanoparticles. 25 

Figure 2.18: HR TEM images of AuxPt1-x nanoparticles. 26 



 

XVI 

Figure 2.19: TEM images of AuxPt1-x nanoparticles displaying the increase in diameter as well as the 

focusing effect upon seeding growth. 27 

Figure 2.20: TEM images and compositional analysis of AuxPt1-x nanoparticles by SEM EDS with 

corresponding SEM images as insets. 27 

Figure 2.21: Electron diffraction of Au0.55Pt0.45 nanoparticles as compared to simulated Au and Pt 

pattern. 29 

Figure 2.22: UV-VIS spectra of AuxPt1-x nanoparticles showing the composition-dependent damping of 

the surface plasmon resonance. 29 

 

Figure 3.1: Schematic diagram showing the mechanism of formation of heterodimer nanoparticles in a 

non-polar solvent (top) and "flower-like" hetero-nanoparticles in a polar solvent (bottom). 35 

Figure 3.2: TEM images of Au@MnO hetero-nanoparticles showing the impact of various reaction 

parameters. 38 

Figure 3.3: FT-IR spectra of oleylamine, oleic acid, manganese(II) oleate, and Au@MnO heterodimer 

nanoparticles. 39 

Figure 3.4: Refined synchrotron powder diffraction data for Au@MnO heterodimer nanoparticles. 40 

Figure 3.5: TEM images of Au@MnO heterodimers with tunable sizes of Au and MnO domains. 41 

Figure 3.6: a) TEM image of Au@MnO heterodimers, b) UV-VIS spectra of Au seeds as well as 

sequencing Au@MnO heterodimers. 42 

Figure 3.7: UV-VIS spectra of Au@MnO heterodimers as a function of their domain sizes. 43 

Figure 3.8: Dynamic light scattering results of Au and Au@MnO dispersed in n-heptane. 44 

Figure 3.9: UV-VIS spectra of reaction snapshots of a typical Au@MnO synthesis. 45 

Figure 3.10: TEM images of reaction snapshots of a typical Au@MnO synthesis. 46 

Figure 3.11: Analysis of the UV-VIS spectra of the growth of Au@MnO heterodimers. 47 

Figure 3.12: a) HAADF STEM image and b) Au and Mn elemental profiles of Au@MnO heterodimer 

nanoparticles. 47 

Figure 3.13: TEM tomography of Au@MnO heterodimers. 48 

Figure 3.14: HR TEM images of a single Au@MnO heterodimer nanoparticle. 48 

Figure 3.15: Magnetic data of 4@25 nm Au@MnO heterodimer nanoparticles. 50 

Figure 3.16: TEM images of Au@Fe3O4 nanoparticles, which were prepared using Fe(CO)5 as the iron 

oxide precursor. 52 

Figure 3.17: FT-IR spectra of oleic acid, iron oleate, spherical Fe3O4, and Au@Fe3O4 heterodimer 

nanoparticles. 53 

Figure 3.18: Refined synchrotron powder diffraction data of Au@Fe3O4 heterodimer nanoparticles. 54 

Figure 3.19: TEM images of Au@Fe3O4 heterodimers prepared with iron(III) oleate as iron oxide 

precursor. 55 

Figure 3.20: HR TEM images of Au@Fe3O4 heterodimers. 55 

Figure 3.21: Dynamic light scattering results of Au and Au@Fe3O4 dispersed in n-heptane. 56 

Figure 3.22: TEM images of Au@Fe3O4 heterodimers with different domain sizes of Au and Fe3O4. 57 

Figure 3.23: UV-VIS spectra of Au@Fe3O4 heterodimers with different domain sizes of Au and Fe3O4.58 

Figure 3.24: UV-VIS spectra of reaction snapshots of a typical Au@Fe3O4 synthesis. 59 



 

XVII 

Figure 3.25: TEM images of reaction snapshots of a typical Au@Fe3O4 synthesis. 60 

Figure 3.26: Magnetic data of 4@20 nm Au@Fe3O4 heterodimer nanoparticles in comparison to 

spheroidal Fe3O4 nanoparticles. 62 

Figure 3.27: Schematic representation of the interface communication of Au and Fe3O4 within the 

heterodimers. 63 

Figure 3.28: Comparison of the optical characteristics of Au nanoparticles, Au@MnO, as well as 

Au@Fe3O4 heterodimers dissolved in hexane. 64 

Figure 3.29: TR-PL measurements of pure Au nanoparticles as well as Au@Fe3O4 and Au@MnO 

heterodimers. 66 

Figure 3.30: TEM images of 4@18 nm Pt@Fe3O4 heterodimer nanoparticles. 67 

Figure 3.31: HR TEM images of Au0.55Pt0.45@Fe3O4 heterodimer nanoparticles. 68 

Figure 3.32: Electron diffraction pattern of Pt@Fe3O4 and Au0.55Pt0.45@Fe3O4 heterodimer nanoparticles 

referenced to simulated pattern of Fe3O4, Pt, and Au. 69 

Figure 3.33: Refined synchrotron powder diffraction data for AuxPt1-x@Fe2O3 and Pt@Fe2O3. 70 

Figure 3.34: Magnetic data of 8@16 nm AuxPt1-x@Fe2O3 heterodimer nanoparticles. 71 

Figure 3.35: UV-VIS spectra of AuxPt1-x@Fe2O3 heterodimer nanoparticles. 71 

 

Figure 4.1: Schematic illustration of interactions between nanoparticles in aqueous solution. 80 

Figure 4.2: Schematic diagram of the silica encapsulation of Au@MOx heterodimer nanoparticles using 

the reverse microemulsion indicating the impact of a long-chain alkane-thiol. 82 

Figure 4.3: TEM micrographs of silica-encapsulated heterodimer nanoparticles. 82 

Figure 4.4: TEM images of Au@MnO@SiO2 heterodimer nanoparticles with increasing thickness of the 

silica shell. 83 

Figure 4.5: Refined synchrotron powder diffraction data for Au@MnO@SiO2 and Au@MnO. 84 

Figure 4.6: FT-IR spectra of Au@MnO and Au@MnO@SiO2 nanoparticles. 85 

Figure 4.7: Photograph of nanoparticles in a two-phase system composed and dynamic light scattering 

results of Au, Au@MnO, and Au@Fe3O4 dispersed in n-heptane in comparison to 

Au@MnO@SiO2 and Au@Fe3O4@SiO2 dispersed in water. 85 

Figure 4.8: Dynamic light scattering results of Au@MnO and Au@MnO@SiO2 as well as Au@Fe3O4 

and Au@Fe3O4@SiO2 dispersed in n-heptane and water, respectively. 87 

Figure 4.9: TEM images of Au@MnO@SiO2 nanoparticles with varible surface charge 88 

Figure 4.10: TEM images of the degradation of MnO domains in sodium acetate buffer as a function of 

the incubation time. 88 

Figure 4.11: UV-VIS spectra of AuMnO@SiO2, fluorescent dyes, and dye-labeled Au@MnO@SiO2 

nanoparticles. 89 

Figure 4.12: Fluorescence images of TexasRed-Au@MnO@SiO2-ATTO 495. 90 

Figure 4.13: Two-photon fluorescence images of TexasRed-Au@MnO@SiO2-ATTO 495. 90 

Figure 4.14: Two-photon stability measurements of blue, green, and red regions of 

TR-Au@MnO@SiO2-ATTO 495 nanoparticles. 91 

Figure 4.15: TR-PL measurements of pristine Au nanoparticles, pure ATTO 495, 

MnO@SiO2-ATTO 495, and Au@MnO@SiO2-ATTO 495 nanoparticles. 92 



 

XVIII 

 

Figure 5.1: Summary of synthetic routes towards organic Janus particles. Reproduced from [31]. 100 

Figure 5.2: Synthetic routes towards inorganic Au@MnO Janus particles used within this work. 101 

Figure 5.3: Kaolinite as natural Janus-type materials. Reproduced from [293]. 102 

Figure 5.4: Schematic representation of surface activity of Au@Fe3O4 Janus particles self-assembled at 

the hexane-water interface. Reproduced from [299]. 103 

Figure 5.5: Scheme and TEM images of heterodimer nanoparticles and 1,4-benzenedimethanethiol 

used to link three individual particles into a trimeric colloid molecule. 104 

Figure 5.6: Surface-pressure area isotherms of amphiphilic Au@MnO Janus particles. 106 

Figure 5.7: Scheme of self-assembly of Janus particles at liquid interfaces depending on their 

functionalization. 107 

Figure 5.8: TEM images of self-assembled PEG-functionalized Au@MnO Janus particles at an oil-water 

interface. 108 

Figure 5.9: TEM images of amphiphilic ODT-Au@Fe3O4@SiO2 Janus particles stabilizing toluene 

droplets in water. 108 

Figure 5.10: Simulations of the interaction of membranes and Janus particles predict either the 

formation of tubes or the opening of pores, while the amphiphilic particles could also disrupt 

the bilayer structure due to detergent-like behavior. Adapted from Dr. Jan Rother.[314] 109 

Figure 5.11: Evolution of interaction of Janus particles with GUVs over time. 111 

Figure 5.12: Synthetic procedure for fabrication of PEG-conjugated SiO2-coated Janus particles. 112 

Figure 5.13: Dynamic light scattering results of PEG-conjugated spherical MnO@SiO2 as well as ODT-

Au@MnO@SiO2 Janus particles dispersed in water. 112 

Figure 5.14: CLSM images of DOPC/TR-DHPE GUVs. 115 

 

Figure 6.1: Left: in vivo X-ray images of mouse hind legs before injection and 2 min post tail injection of 

Au nanoparticles. Reproduced from [40]. Right: in vivo T1-weighted and T2-weighted image 

of mouse liver using ultra-small Fe3O4 nanoparticles as dual contrast agent for MRI. 

Reproduced from [332]. 124 

Figure 6.2: TEM images of Au@Au@Fe3O4 hetero-nanoparticles obtained by Au overgrowth. 126 

Figure 6.3: UV-VIS spectra of Au@Au@Fe3O4 hetero-nanoparticles as compared to Au@Fe3O4 seed 

particles and Ag@Au@Fe3O4 heterotrimer nanoparticles referred to Au@Fe3O4. 127 

Figure 6.4: Representative TEM images showing Au@MnO seeds and Au@Au@MnO hetero-

nanoparticles subsequent to Au overgrowth. 128 

Figure 6.5: Schematic illustration of Au overgrowth on Au@MOx heterodimer nanoparticles and 

corresponding TEM images of Au@Au@MnO hetero-nanoparticles. 128 

Figure 6.6: UV-VIS spectra of Au@Au@MnO hetero-nanoparticles. 129 

Figure 6.7: Dynamic light scattering results of Au@Au@MnO dispersed in n-heptane. 130 

Figure 6.8: TEM images of amphiphilic Au@Au@MnO@SiO2 hetero-nanoparticles. 130 

Figure 6.9: X-ray attenuation of hetero-nanoparticles. 132 

Figure 6.10: T1-weighted phantom MR images of aqueous solutions nanoparticles and corresponding 

T1 relaxivity plots. 135 



 

XIX 

 

Figure 7.1: Effects of the protein corona surrounding a nanoparticle. Adopted from [265]. 142 

Figure 7.2: Label-free LC-MS analysis of the hard protein corona of Fe3O4@SiO2, MnO@SiO2, and 

Au@MnO@SiO2 and corresponding TEM images. 145 

Figure 7.3: Picture and reaction scheme of progressive oxidation of 3,3',5,5'-tetramethylbenzidine. 147 

Figure 7.4: Absorption measurements revealing the catalytic activity of Fe3O4-based nanoparticles to 

not be caused by degradation of nanoparticles. 148 

Figure 7.5: Time-resolved UV-VIS spectra of the oxidation of TMB in the presence of H2O2 and 

Fe3O4-based nanoparticles. 149 

Figure 7.6: The reaction velocity of TMB oxidation in presence of Au@Fe3O4@SiO2 or Fe3O4@SiO2 

nanoparticles, respectively, as a function of the substrate concentration was monitored by 

UV-VIS spectroscopy. 149 

Figure 7.7: Steady-state kinetic assay of Au@Fe3O4@SiO2 and Fe3O4@SiO2 nanoparticles. 150 

Figure 7.8: Comparison of peroxidase-like activity of Fe3O4@SiO2-based nanoparticles with different 

chemical compositions. 152 

Figure 7.9: UV-VIS and TEM images of Au@MnO@SiO2 nanoparticles incubated with TMB w/o H2O2 in 

acetate buffer. 153 

Figure 7.10: Pictures and corresponding UV-VIS spectra of Au@Au@MnO@SiO2 and 

Au@AuPt@MnO@SiO2 nanoparticles incubated with TMB and H2O2 in acetate buffer. 154 

Figure 7.11: Effect of incubation and internalization of Au@MnO@SiO2 Janus particles on cell viability 

of Caki-1. 155 

Figure 7.12: Confocal laser scanning microscopy images of HeLa cells co-incubated with 

Au@MnO@SiO2-ATTO495. 156 

Figure 7.13: Effect of nanoparticle surface functionalization on cellular ATP level: HMEC-1 cells were 

incubated with increasing concentrations of Au@MnO@SiO2 Janus particles. 158 

Figure 7.14: Effect of incubation time on cellular ATP level and internalization of Au@MnO@SiO2-FITC 

Janus particles. 159 

Figure 7.15: Domain size effects of MnO-based nanoparticles on cellular ATP levels. 160 

Figure 7.16: Influence of chemical composition of the metal oxide domain of Janus particles on cellular 

ATP levels. 161 

 

 



 
 

XX 

List of Tables 

Table 2.1: Comprehensive analysis of Au snapshots by TEM and UV-VIS spectroscopy. 18 

Table 2.2: Compositional analysis of AuxPt1-x nanoparticles based on the molar ratio of metal precursors 

used in the synthesis and subsequent SEM EDS analysis. 28 

 

Table 3.1: Inverse decay rates τ and stretching exponent β obtained from fitting the fluorescence 

dynamics to a stretched-exponential decay. 66 

 

Table 4.1: Radii of Au and Au@MOx as intermediate stages as well as Au@MOx@SiO2 nanoparticles 

determined by TEM and DLS. 86 

Table 4.2: Inverse decay rates τ1 and τ2 obtained from fitting the fluorescence dynamics. 92 

 

Table 5.1: Characterization of PEG-functionalized silica-coated spherical and Janus particles. 113 

 

Table 6.1: X-ray mass attenuation constants µ/ρ in dependency of the photon energy E.[343] 131 

Table 6.2: Size-, concentration-, and composition-dependent X-ray attenuation of hetero-nanoparticles.

 133 

Table 6.3: Comparison of magnetic resonance properties of silica-coated Janus particles to spheroidal 

metal oxide nanoparticles. 136 

 

Table 7.1: Comparison of the steady-state kinetic parameter of Fe3O4@SiO2 and Au@Fe3O4@SiO2 

nanoparticles and literature data of Fe3O4 nanoparticles.[379] 151 

Table 7.2: Summary of domain sizes of Janus particles, core size of spherical control particles, and 

obtained zeta potentials ζ in aqueous solution as a function of surface functionalization. 157 

 

 



 
 

1 

 

 

1 
1 Introduction  

Nanoparticles have become an indispensable part of our everyday life, as they are 

superior to bulk materials regarding their application in catalysis,[1,2] electronics,[3] 

biotechnology,[4,5] and medicine.[6–8] In recent years, the focus of nanomaterials research has 

moved beyond the preparation of size- and morphology-controlled, single-component particles. 

The design, synthesis, and properties of multi-component hetero-nanostructures have attracted 

much attention owing to their sophisticated structure-property relationship.[9] The expansion 

from single-component to well-defined hybrid nanoparticles has been shown to be 

advantageous for several reasons. Considering the combination of optical, magnetic, and 

catalytic properties within one nanoparticle, hetero-nanoparticles facilitate an advanced 

approach toward today’s highly desired multifunctional nanoparticles used in research at the 

interface between materials’ science,[10–14] biotechnology,[4,15,16] and medicine.[5,7,17–20] They 

enable access to widespread technological scenarios, as they represent artificial platforms, 

generating synergistically enhanced, tunable chemical and physical characteristics, or even 

cause the emergence of phenomena, which would not be accessible using homogeneous 

nanomaterials. 

Janus particles are outstanding among the hetero-nanostructures owing to their 

asymmetry as an additional design module. Within the scope of his Nobel price lecture, Pierre 

Gilles de Gennes established the god Janus, who was depicted in Roman mythology as having 

two opposite and distinct faces, as their eponym.[21] They combine two or more components 

distinct in chemistry, properties, and morphology. Such particles exhibit many intriguing 

properties, including amphiphilic, magnetic, optical, and catalytic characteristics.[22] The interest 

in these particles arises from the fact that demanding problems in materials science, sensor 

specificity, and biomedicine can be approached, as the particles open a wide range of potential 

applications as catalysts,[2,10,23–25] surfactants,[26] and water-repellent coatings,[27] as well as in 
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drug delivery,[28] biological probing,[29,30] and biomedical imaging.[31] Moreover, the advanced 

surface-active properties of Janus particles with a segregated corona over particles with a 

uniform wettability makes them fascinating objects of current research.[32–34] 

Most inorganic nanoparticles have a core surrounded by organic surface ligands. When 

the inorganic core contains two or more chemical species, the composition and distribution of 

each of those phases are crucial in addition to crystal structure, size, and shape.[35] The 

synthesis of hetero-nanoparticles requires an even higher degree of synthetic control as 

compared to single-component nanoparticles due to the enlarged variety of achievable hybrid 

morphologies. The most commonly engineered morphological configuration of hetero-

nanoparticles is the so-called core/shell structure, where the inner nanoparticles are evenly 

embedded within a shell of different chemical composition, so that the overall interaction with 

the external environment is determined by the shell.[36] We placed emphasis on phase-

segregated anisotropic hetero-nanoparticles, so-called dumbbell-like Janus particles or 

heterodimers, composed of a metal and a metal oxide domain (Figure 1.1). Among the myriad 

of available hetero-nanostructures, dumbbell-like heterodimer nanoparticles are second to 

none, as their well-defined morphology enables an even higher degree of control over size- and 

shape-dependent properties and, thus, more sophisticated applications. Although, some major 

problems have been overcome by intelligent design of the synthetic procedure within the last 

decade, the synthesis of well-defined Janus particles, specially designed for applications, is a 

continuing endeavor.[37] 

 

Apart from each other, the chosen materials have been demonstrated to exhibit several 

unique advantages useful for biomedical applications. They are under current investigation as 

theranostic agents, which is commonly referred to as the combination of therapeutic and 

diagnostic features within a single nanoparticle. On the one hand, the metal domain, composed 

of gold, platinum, or their alloy, is chosen based on these metals’ chemical stability, strong 

plasmonic resonance[38], and multi-photon activity.[39] Further, the enhanced X-ray absorption 

together with the easiness of highly selective surface functionalization makes them nearly ideal 

contrast agents for computed X-ray tomography (CT).[40–44] On the other hand, magnetic metal 

Figure 1.1: Schematic illustration of the transition from isotropic to anisotropic nanoparticles, which are superior for 
their outstanding characteristics.  
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oxide nanoparticles are subject to ongoing research owing to their applications as contrast 

agents for magnetic resonance imaging (MRI). Here, the use of manganese oxide and iron 

oxide is investigated, as they are chemically congeneric but complementary regarding the 

underlying physical process of interaction with the analyzed tissue, which is responsible for the 

imaging process.[45–51] 

 

In principle, this doctoral thesis is divided into two parts. The first part, comprised of 

Chapters 2 through 4, will focus on the progressive synthesis toward selectively functionalized 

heterodimer nanoparticles (Figure 1.2). Here, underlying concepts are explained as they are 

needed. 

 

Chapter 2 is concerned with the synthesis of spherical, monodisperse, and size-tunable 

metal nanoparticles using Au nanoparticles as model system and followed by the establishment 

of composition-tunable AuxPt1-x alloy nanoparticles. The exceptionally narrow size distribution 

of all investigated metal nanoparticles was displayed by well-defined properties, for instance the 

characteristic surface plasmon resonance. The uniformity of size of polycrystalline metal 

nanoparticles, which enabled the fabrication of self-assembled superlattices, can be ascribed 

to a precise separation of nucleation and growth, as postulated by the fundamental LaMer 

model.  

Chapter 3 is devoted to the heteroepitaxial growth of metal oxide domains on preformed 

metal nanoparticles in a seed-mediated nucleation and growth technique. Here, Au@MnO 

heterodimer nanoparticles are introduced as novel dumbbell-like hetero-nanostructures, which 

were comprehensively analyzed and compared to Au@Fe3O4 heterodimer nanoparticles, a 

frequently used system. Independent of the chemical composition of the metal oxide domain, 

the facile control over morphology and domain sizes is demonstrated and exploited to adjust 

the particles’ characteristics. Owing to the strong coupling between the two components sharing 

a common interface in heterodimer nanoparticles, the distinct electronic structure of MnO and 

Fe3O4, respectively, is illustrated to bias the interfacial communication across the solid state 

interface and, thus, to control their intrinsic optical and magnetic characteristics. 

In Chapter 4, the advantageous potential of hetero-nanoparticles is explored by selective 

surface modification. In the present case, the metal oxide domains are coated with a silica shell 

of tunable thickness, which enables the efficient incorporation of fluorescent dyes and 

Figure 1.2: Schematic illustration of the seed-mediated synthesis of inorganic heterodimer nanoparticles and 
subsequent surface modification, outlining the structure of the first part of this doctoral thesis. 
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subsequent conjugation of functional groups. The distinguished wetting of the chemically 

different surfaces is exploited to leave the noble metal domain untouched and, thus, available 

for specific targeting. Au@MnO@SiO2 heterodimer nanoparticles are water-soluble, colloidally 

stable, and highly two-photon active. 

In the second part, comprised of Chapters 5 through 7, the intrinsic Janus character of 

dumbbell-like hetero-nanoparticles is demonstrated, and its impact on the interactions at the 

nano-bio interface is addressed. 

Chapter 5 presents initial results on the self-assembly of Janus particles at air-water and 

oil-water interfaces and highlights their impact on artificial membranes. Giant unilamellar 

vesicles function as model system for the cellular membrane to investigate membrane 

tubulations and vesiculations as passive, artificial endocytotic uptake pathways of Janus 

particles. This study provides experimental evidence of effects of amphiphilic Janus particles 

on lipid bilayers, which have been predicted by recent coarse-grained simulations.[52,53] 

Chapter 6 is an example of the application of Janus particles as multimodal contrast 

agents in biomedical applications. In the present case, sequential overgrowth of Au on 

preformed heterodimer nanoparticles is useful to adjust the domain size ratio, which is required 

due to the distinct sensitivity of different imaging techniques. However, the narrow size 

distribution, the selective addressability, and thus, the Janus character are maintained. By virtue 

of the X-ray attenuation of the noble metal domains and the magnetic properties of the metal 

oxide domains, Janus particles have great potential for simultaneous optical, CT, and MR 

bioimaging.  

Chapter 7 illustrates the two faces of Janus particles for biomedical applications, as their 

enhanced intrinsic reactivity, anisotropy, and sophisticated surface functionalization can be both 

advantageous and hazardous to living organisms. We provide insight into different stages of 

interaction between Janus particles and biological systems: the initial contact leads to the 

dynamic formation of a protein corona, and the reactivity and chemical stability determines the 

enzyme-like behavior, which finally contributes to the fate of cells after internalization. In order 

to assess the benefits of inorganic Janus particles over single-component particles, factors such 

as chemical composition of the core materials, particle morphology and size, surface charge 

and presence of amino groups, as well as incubation time are analyzed. 
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2 
Synthesis of Plasmonic 

Nanoparticles 

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 ‒ 2483,[54] reproduced with permission of the American 

Chemical Society Copyright 2014. 

2.1 Introduction 

The optical properties of metal nanoparticles have been studied for a long time, starting 

with Faraday’s investigations of colloidal gold.[55] But even prior to systematic examination, they 

were used in stained glass windows, ornaments, and pieces of jewelry for their beauty and 

resilience.[38] The most prominent example is likely the Lycurgus Cup, which was fabricated by 

Romans in the 4th century AD. This dichroic glass changes color depending on the viewing 

direction, i.e. reflection versus transmission, due to the incorporation of gold and silver colloids 

(Figure 2.1).[56] 

  

In 1908, this color variation of colloidal gold with size encouraged Gustav Mie to extend 

the theory of light extinction to small metal particles,[59] which is still of particular importance to 

Figure 2.1: The dichroic Lycurgus Cup changes color from opaque green to translucent red when light is shown 
through it.[57] Reproduced from [58]. 
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current research. Thus, even centuries after the focus of research first turned to metal colloids, 

there is no evidence of sagging interest due to the wide range of fascinating properties and the 

large variety of possible applications, for instance in catalysis,[1,14,60,61] electronics,[62] 

photonics,[63] sensing,[64–66] imaging,[39,67,68] and medicine.[40,69]  

The underlying principle of chemistry at nanoscale dimensions can be described in terms 

of a structure-property relationship, as the drastic changes in size and shape dictate the 

characteristics.[35] Since Faraday’s preliminary work on Au colloids, much progress has been 

made regarding the synthesis of metal nanoparticles with well-defined sizes and morphologies. 

They reveal a unique size- and shape-dependency of their optical properties and give 

significance to the control of their physical parameters including size, shape, composition, and 

structure. Thus, the preparation of uniformly sized nanoparticles has received considerable 

critical consideration. Regarding the precise control over the size and shape of nanoparticles, 

solution-phase colloidal chemistry is favored, though only small scale production is commonly 

workable. Generally speaking, nanoparticle synthesis can be divided into three phases, which 

are the nucleation, the evolution of nuclei into seeds, and, finally, the growth of seeds into 

nanoparticles. According to Skrabalak et al., seeds are defined as something larger than nuclei, 

so that structure fluctuation has to be considered no longer an option.[70] LaMer and co-workers 

pioneered the research on the preparation of uniform colloidal particles, although micron-sized 

particles were analyzed.[71] They revealed the separation of nucleation and growth to be crucial 

in order to obtain uniform particles. The formation mechanism of nanoparticles often closely 

resembles that of micron-sized nanoparticles, though the high surface-to-volume ratio brings an 

unknown factor to the mechanism.[72]  

As it is the heart of nanoparticle-based research, many synthetic techniques have been 

developed, where one of two approaches are commonly applied: the one-pot[73] or the hot-

injection method.[74] They differ according to their origin of nucleation. In the one-pot methods, 

the slow heating of a precursor mixture leads to thermal decomposition and subsequent 

nucleation, while for the hot-injection methods the rapid injection of a cold precursor into a hot 

reaction mixture causes a short nucleation event. The appropriate choice is strongly dependent 

on the chemical reaction behind the nanoparticle formation, as nowadays many pathways are 

known, including thermal decomposition, non-hydrolytic sol-gel processes, and reduction 

utilizing a multiplicity of reducing agents. More sophisticated shapes of nanoparticles are often 

obtained by a seeding-growth, whereby additional surfactants control the anisotropic growth on 

the seed particles. Generally, the synthetic tunability of noble metal nanoparticles stretches over 

the size range of 1 nm to more than 100 nm and enables the formation of various geometries 

including spheres, cubes, rods, prism, triangles, stars, and branched structures.[72,75,76] 

Of the various groups of noble metal nanomaterials, Au nanoparticles exhibit unique 

size- and shape-dependent optical properties, facile surface chemistry, and chemical 
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resistance.[17] They show an unusually high polarizability of optical frequencies arising from the 

excitation of localized surface plasmon resonances (SPR).[77,78] Au nanoparticles generate an 

intense optical signal, are durable, and apt to bind molecules of interest in a controlled fashion 

without photo-bleaching, a major drawback of common fluorescent dyes.[79] Furthermore, their 

strong X-ray absorption coefficient together with the easiness of thiol functionalization makes 

them nearly ideal contrast agents for computer tomography.[80] Additionally, gold nanoparticles 

have promising therapeutic properties as photo-thermal agents: being behind this is the 

effective conversion of absorbed light into localized heat. Thus, the local temperature around 

gold nanoparticles can be increased by laser illumination through the tunable surface plasmon 

bands in the near infrared region (NIR).[16,81–83]  

Moreover, gold rods showed strong two-photon activity in cellular imaging.[45,84–87] 

Generally speaking, multi-photon microscopy possesses some advantages over conventional 

confocal microscopy: (i) the fluorescence background is reduced because of the relatively low 

two-photon cross-section of most biomolecules responsible for autofluorescence, (ii) photo-

bleaching is decreased by selective excitation of the focal volume, and (iii) the penetration depth 

in scattering samples is increased by using excitation light within the optical transmission 

window of biological tissues (near-infrared (NIR) spectral range, 700 - 1000 nm).[78] 

In recent years, there has been an increasing interest in nanoparticles of platinum group 

metals due to their size- and shape-dependent catalytic properties.[35] In fact, the noble metals 

gold and platinum exhibit similar chemical properties at bulk scales, which is attributed to their 

neighboring relationship in the periodic system of elements. However, this affinity gets lost upon 

decreasing the crystal dimensions down to a few nanometers. For instance, the miscibility gap 

of bulk gold and platinum vanishes at nanoscale.[88] The most prominent characteristic of gold 

nanoparticles is their shape-dependent optical scattering process. Conversely, platinum 

nanoparticles show a rather featureless response to light excitation in the visible range.[89]  

Nanocrystalline intermetallic compounds and alloys are novel materials and emerge as 

potentially more important materials than monometallic nanoparticles.[90,91] Gold-Platinum alloy 

nanoparticles have stimulated increasing research interest based on their electronic 

properties[92] and enhanced catalytic activity as compared to gold and platinum nanoparticles.[93] 

They are discussed as next generation heterogeneous catalysts for their conceivably low-cost 

high performance. Even though many methods for preparing high quality monometallic 

nanoparticles are known, the controlled synthesis of bimetallic nanoparticles is much more 

difficult and remains challenging.[49,94] 

Here, we report the synthesis of gold, platinum, and their alloy nanoparticles as model 

system for metallic nanoparticles. Upon facile adjustment of a reported procedure, we were able 

to fabricate spherical Au nanoparticles with an exceptionally narrow size distribution leading to 

well-defined properties. Moreover, the uniformity was evidenced by the formation of self-
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assembled superlattices. We observed significant differences between Au, Pt, and AuxPt1-x at 

nanoscale regarding e.g. their optical properties and crystal structure, although some common 

features remain. Therefore, we separately discuss the preparation and comprehensive 

characterization of Au and Pt nanoparticles within the first and second part of this chapter and 

conclude with their combination in the form of alloy nanoparticles. 

2.2 Gold Nanoparticles 

Gold nanoparticles are chemically the most stable metal nanoparticles and are a major 

area of interest within the field of several materials science. Spheroidal gold nanoparticles can 

be taken as one extreme case of the even more studied gold nanorods. These are commonly 

prepared using a seed-mediated growth process in aqueous solution. Their anisotropic growth 

is triggered by rod-shaped micelles of detergents such as CTAB, thus dictating the shape of 

reaction templates.[95,96] Gold nanorods are especially widely used in colorimetric sensing,[97,98] 

diagnostics,[40,99] and cancer treatment,[100] known as hyperthermia.[101] 

Nowadays, a plethora of synthetic routes to spherical gold nanoparticles has been 

developed, although the preparation of small nanoparticles, i.e. core sizes below 10 nm, was 

challenging for a long time. The major fraction of synthetic procedures utilizes strong reducing 

agents (e.g. NaBH4, LiBH4) in aqueous media.[72] Introduced by Turkevitch et al. in 1951, the 

citrate reduction of HAuCl4 in water remained the most popular synthesis of ca 20 nm Au 

nanoparticles for many years.[102] A break-through regarding the preparation of small Au 

nanoparticles was reported in 1994 by Brust et al. subsequent to the detection of Schmid’s 

extraordinary cluster [Au55(PPh3)12Cl6] in 1981.[103] This so-called Brust-Schiffrin method 

facilitated the synthesis of stable nanoparticles of enhanced uniformity in the range between 

1.5 nm and 5.2 nm.[104] In fact, the synthesis was inspired by Faraday’s two-phase approach[55] 

and is performed as a reduction of AuCl4- by NaBH4 in toluene, subsequent to a phase-transfer 

reaction. 

In this study, the particles were intended to be applied as seeds in nonpolar solvents to 

form metal-metal oxide Janus particles, so that the hydrophobic functionalization of the 

nanoparticles was one of the decisive factors for the choice of preparation technique. Moreover, 

a precise size control was desired in order to obtain highly uniform seed particles for the 

designated subsequent seeding-growth reaction. This was not achievable by the Brust-Schiffrin 

technique in due form. In previous studies, the use of amine borane complexes for the synthesis 

of monodisperse, thiol-functionalized gold particles was reported.[105] For instance, as a part of 

the detailed examination of the catalytic activity, Peng et al. demonstrated a facile aprotic 

synthesis of monodisperse size-tunable Au nanoparticles.[106] 
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2.2.1 Size Control in Gold Nanoparticle Synthesis 

The bottom-up synthesis of hydrophobic gold nanoparticles was adapted from the 

procedure reported by Peng and co-workers.[106] The authors report control over the particle 

diameter from 2 nm to 10 nm by adjusting the reaction temperature between 40 °C and 2 °C. 

Moreover, a certain loss of control is declared concerning the size distribution for the larger 

particles. This is attributed to solubility problems at low temperatures of the precursor 

tetrachloroauric acid in the reaction mixture containing tetralin and oleylamine.[106] Based on this 

reported chemical protocol, we obtained monodisperse Au nanoparticles in the range of 3 nm 

to 9 nm. However, the procedure was adjusted as the solubility problems started significantly 

above 2 °C. Additional problems due to the high melting point of oleylamine of 18 - 26 °C were 

observed, and, thus, the amount of stabilizing ligand available was decreased. Therefore, only 

syntheses above 8 °C were performed, where the solubility was sufficient to obtain 

monodisperse nanoparticles. The comparison of the obtained nanoparticle sizes with literature 

data shows a monotone decrease in diameter with increasing temperature (Figure 2.2). 

However, the slope for the obtained data was significantly steeper than in literature. This was 

ascribed to the difficulties of experimental execution at low temperatures. 

 

As nucleation requires a distinct amount of energy, the number of nuclei formed at lower 

temperatures is limited by the provided thermal energy. In fact, the critical free energy ∆Gc to 

form a stable nucleus correlates with the temperature in a T-2 dependence. The higher the 

temperature, the more nuclei that are formed, and, thus, the smaller the resulting nanoparticles 

will grow due to the restricted amount of precursor available. Moreover, the temperature 

dependence can also be ascribed to the reducing rate of gold cations by the amine-borane 

Figure 2.2: Average size of Au nanoparticles as a function of reaction temperature. The size was determined from 
the corresponding TEM images. The inset displays reported literature data.[106] 
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complex. Zheng et al. reported an increased reduction rate of AuPPh3Cl for various amine-

borane complexes upon raising reaction temperature.[105] 

Transmission electron microscopy, TEM, images show the uniform size distribution of 

the gold nanoparticles prepared at different reaction temperatures (Figure 2.3). Aside from the 

increase in diameter, crystal facets became much more distinct. Independent of their size, the 

particles tended to self-assemble into hexagonally-ordered arrays, which continued to the 

typical close packing upon increasing the concentration of gold particles.  

 

High-resolution TEM images confirmed the existence of clearly faceted, crystalline gold 

particles, even for the smaller core sizes (Figure 2.4a). The nanoparticles were multiply twinned, 

which was confirmed by two (or more) sets of peaks in electron diffraction. In fact, planar 

defects, i.e. twins or stacking faults, are commonly observed in Au nanoparticles. That is 

because Au has one of the lowest energy barriers to stacking faults among the fcc metals.[70] 

The structure of the particles was identified by electron diffraction as fcc structure with 

terminating, close-packed (111) and (100) planes, as known from literature.[107–109] 

 

Furthermore, HR TEM images of 3D self-assembled superlattices in Figure 2.4b and c 

showed the typical face-centered cubic packing of the particles oriented along the (111)SL-plane. 

Figure 2.3: TEM images of Au nanoparticles prepared at different reaction temperatures resulting in different core 
sizes: a) the reaction at room temperature obtained 3.8 ± 0.4 nm, b) at 16 °C the diameter was 7.2 nm ± 0.3 nm, and 
lowering the temperature even further to c) 9 °C resulted in a diameter of 8.9 nm ± 0.6 nm. All images were taken 
with the same magnification. 

Figure 2.4: HR TEM images of 4.5 nm ± 0.6 nm Au nanoparticles. a) High magnification showing the structure to be
mixed single- as well as polycrystalline; b) and c) self-assembled 3D fcc superlattices with corresponding FFT images 
as insets indicating the (111)SL-oriented array of Au nanoparticles. The FFT images are shown in pseudo-colors 
(ImageJ, look up table: gem). The HR TEM measurements were performed by Robert Branscheid. 
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This became evident in the sixfold symmetry in fast Fourier transformations (FFT) of the 

corresponding images (insets of Figure 2.4). Hereafter, the subscript “SL” designates the planes 

and directions in the superlattices. 

High resolution synchrotron diffraction data were collected at the beamline 11-BM at the 

Advanced Photon Source (APS) of the Argonne National Laboratory. The data provide the 

advantage of high resolution, low sample absorption, and no sample fluorescence. Figure 2.5 

displays the quantitative phase analysis by means of Rietveld refinement of room temperature 

synchrotron data of Au nanoparticles. Reflection profiles were modelled according to the 

fundamental parameter approach and a log normal distribution of spherical crystallites. The 

particle diameter was determined by TEM to 5.3 nm ± 0.5 nm, where the occurrence of contrast 

differences within individual particles indicated them to be composed of multiple crystallites 

(inset of Figure 2.5), which was in good accordance to HR TEM analysis. According to the 

synchrotron diffraction data the crystallite distribution refines an expectation value of 1.39(1) nm, 

a maximum of 0.516(5) nm, and a variance of 1.84(4) nm (see Table S1).  

 

Considering the difficulties in reproduction of literature descriptions regarding the 

preparation of large, i.e. > 10 nm, monodisperse gold nanoparticles, the synthesis was changed 

to a two-step procedure. Nonetheless, the room temperature synthesis was maintained as the 

first step. Subsequently, the as-prepared gold particles were used as seeds for a seeding-

growth process to enlarge the diameter of the particles. A key aspect of the seeding-growth 

technique is the usage of small nanoparticles as the center of nucleation to obtain the desired 

core size.[110] This concept has been applied to gold particles for a long time, however, it was 

only reported applying various experimental techniques in aqueous media so far.[74,110–112] In 

Figure 2.5: Refined synchrotron powder diffraction data for Au nanoparticles (red dots), including profile fit (black 
solid line), and profile difference (red solid line). The refined peak positions are indicated by black tick marks. Inset: 
corresponding TEM image. The data were refined by Dr. Martin Panthöfer. 
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terms of avoiding secondary nucleation, the seeding-growth technique is superior to a one-step 

seeding method regarding the uniformity of the resulting nanoparticles.[111] Similarly, this 

approach was successfully realized for hydrophobic gold nanoparticles in nonpolar solvents 

within this work. More precisely, the as-prepared, small gold particles were added to a solution 

of tetrachloroauric acid in a 1:1 mixture of toluene and oleylamine and, then, heated to reflux for 

2 hours. The reduction of the gold salt was achieved by oleylamine as weak reducing agent at 

elevated temperatures. Therefore, the reduction took place rather slowly facilitating the growth 

of the particles towards secondary nucleation. The increase in diameter was controlled by the 

ratio of tetrachloroauric acid to gold particles, while the seeding-growth process could be 

repeated until the desired diameter was obtained. Despite the enlargement of the diameter, the 

size distribution was narrowed. For instance, the enlargement reaction of 6.0 nm ± 0.6 nm 

(10.0 %) to 10.5 nm ± 0.5 nm (4.8 %) reduced the standard deviation by half (Figure 2.6).  

 

2.2.2 Optical Characteristics of Gold Nanoparticles  

The optical absorption intensity of Au arises from two contributions, the intraband and 

interband transitions. The intraband transitions are common to all metals and take place within 

the broad conduction band, mainly consisting of Au 6s1p hybridized atomic orbitals. The 

absorbance resulting from these transitions appears near 250 nm and is quite weak. The second 

contribution arises from the interband transitions between the 5d10 band and the conduction 

band. The crucial d → p character of this transition causes very intense absorption and is 

responsible for the brilliant colors of colloidal gold.[38] This feature of a broad and strong 

absorption band, which is absent in bulk spectra, is common to the spectra of many metallic 

nanoparticles. The giant dipole, or so-called surface plasmon resonance (SPR) band, is 

assigned to a collective oscillation of electrons in the conduction band, occupying energy states 

directly above the Fermi energy level, in response to interaction with light. The electron cloud is 

displaced relatively to the nuclei causing a strong restoring Coulomb attraction. This results in 

Figure 2.6: TEM images of Au nanoparticles showing the increased diameter upon application of a seeding-growth
process: a) original nanoparticles with a diameter of 6.0 nm ± 0.6 nm, b) nanoparticles subsequent to enlargement 
reaction with a diameter of 10.5 nm ± 0.5 nm. The images were taken with the same magnification. Inset: electron 
diffraction corresponding to image b) indicating the hcp arrangement of the nanoparticles due to the sixfold symmetry 
of the superlattices reflections. 
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an oscillation of the electron cloud with a distinct oscillation frequency. The frequency is a 

function of the density of electrons, the effective electron mass, and the shape as well as the 

size of the charge distribution. In 1908, Mie’s theory expressed substantial progress for classical 

physics. Gustav Mie presented a solution to Maxwell’s equation describing the extinction 

spectra, i.e. the sum of absorption and scattering, of spherical particles independent of their 

size.[59] Still, this theory is of vital significance, as it is the only simple, exact solution to the 

Maxwell’s equation material for particles.[113,114]  

The SPR band of Au nanoparticles is characterized by its position around 520 nm, while 

a strong dependency of the intensity on the nanoparticle size was observed (Figure 2.7). The 

relative spectral intensity decreased linearly with the mass (core size) of the as prepared gold 

nanoparticles, which is shown in the inset of Figure 2.7. Furthermore, the decreased intensity 

was accompanied by a broadening of the plasmon bandwidth. According to Mie’s theory, the 

position of the surface plasmon band is dependent on the size only for larger nanoparticles on 

the one hand, but on the other hand dependent on the ligands, the medium dielectric constant, 

and the temperature causing a change of the effective local dielectric function surrounding the 

particles. Therefore, only a slight bathochromic shift of the absorption maximum of 4 nm was 

observed upon increasing the core size from 4 nm to 17 nm (Figure 2.7), which was in 

accordance with literature. For instance, Kreibig et al. described a slight but distinct 

bathochromic shift accompanied by an increase in FWHM (full width at half maximum) upon 

decreasing the diameter.[115] 

Creighton et al. calculated the UV-VIS spectra of 10 nm nanoparticles of 52 metallic 

elements by means of Mie’s theory. Generally speaking, there is no strong dependence of the 

absorption spectrum on the core size of the nanoparticles according to Mie’s theory within the 

3 - 20 nm diameter range. This arises from the particle size being below the range at which 

higher-order terms than the dipole term in the Mie summation become significant.[89] However, 

the experimental data showed a significant size dependency. This so-called damping of the 

surface plasmon resonance is attributed to the reduction of the particle size below the electronic 

mean-free path of the conduction electrons, which is in the range of the Bohr radius of 17.4 nm 

for gold. It can be described in terms of a 1/radius dependency caused by enhanced scattering 

of the free electrons at the particle surface for core sizes below 3 nm.[38,116] 
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Coinciding with the increase in spectral intensity, the rising slope of the absorption band 

increased with the core size resulting in a sharper onset of spectral absorption for larger 

particles. This onset became less distinct for smaller nanoparticles of ca 3 nm, but was also 

observed in the spectra displayed in Figure 2.7. It is located near 1.7 eV, which is the energy of 

the interbandgap 5d → 6sp, and is evident for the electronic band structure of the nanoparticles 

owing to quantum-mechanical rules. This metal-to-insulator transition was reported to occur for 

particle sizes below 20 nm, which are small enough that the size-dependent quantization effect 

becomes important.[38] 

2.2.3 Formation of Gold Nanoparticles 

The formation of the nanoparticles took place immediately upon injection of reduction 

solution into a precursor solution of tetrachloroauric acid hydrate in tetralin and oleylamine. The 

reducing solution contained tert-butylamine borane complex as the active species. This 

nucleation could be easily followed due to the drastic color change from the orange precursor 

solution to the ruby-red nanoparticle dispersion (Figure 2.8).  

Figure 2.7: UV-VIS spectra of Au nanoparticles of different core diameters, namely 4 nm, 7 nm, and 17 nm, illustrating
the strong correlation between spectral intensity and core size. The inset shows the linear dependency of the 
maximum intensity of the SPR on the core diameter. The spectra were measured in hexane and normalized at
800 nm. 
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The synthesis can be explained with assistance of the classical “burst of nucleation” 

concept. This was originally developed to explain the formation of micron-sized, monodisperse 

particles, colloidal suspensions, and sulfur hydrosols by LaMer and co-workers in the 1940s.[71] 

One central statement of this model is the importance of the separation of nucleation and growth 

to ensure monodispersity of the particles. In the case of homogeneous nucleation, there is an 

energy barrier to be overcome for the spontaneous formation of nuclei, as the system changes 

from a homogeneous to a heterogeneous phase. This energy barrier consists of two terms: first, 

the Gibbs free energy of a spheroidal particle with a distinct radius r bearing the surface free 

energy γ per unit area, and, second, the energy change ∆Gν from the monomers in solution to 

the unit volume of a bulk crystal. ∆G is maximum for the critical radius rc, which determines the 

minimum radius of a nucleus to be stable against re-dissolution, and therefore, able to grow in 

the solution. 
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According to the classical nucleation theory, growth can only occur when the increase 

in interfacial energy vanishes compared to the decrease in chemical potential.[109] Based on the 

critical radius, the nucleation rate has to be sufficiently high to overcome the re-dissolution rate 

of the particles, which is the second central statement of LaMer’s as well as of the classical 

nucleation theory. However, the LaMer model was developed for micron-sized hydrosols, and, 

therefore, several parameters were assumed to be constant. On the contrary, parameters, such 

as γ and ∆Gν, are highly size-dependent for nanoparticles due to the strong increase in the 

surface-to-volume ratio. Thus, attention has to be paid to additional driving forces to reduce the 

surface free energy, for example by reconstruction of the surface,[60] formation of “magic 

number” metal clusters,[117] or change of the crystal structure.[118,119]  

The LaMer plot is commonly used to visualize the effect of the energy barrier with respect 

to homogeneous nucleation and how it induces the burst of nucleation (Figure 2.9).[71] Starting 

a synthesis, the concentration of the smallest subunit of the emerging crystal, the so-called 

monomer, increases above even the supersaturation S of the solution. Within this first stage of 

Figure 2.8: Photographs taken from the reaction flask equipped with temperature control and reflux condenser a) prior 
and b) subsequent to swift injection of the reduction solution. 
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reaction, no precipitation occurs due to the energy barrier to nucleation. In the second stage, 

the degree of supersaturation is above the critical supersaturation Sc and, therefore, stable 

nuclei are spontaneously formed. As a result of the nucleation, the monomer concentration 

decreases rapidly, below even the concentration needed for further nucleation. Hence, no 

additional nuclei are formed and the particles are growing only in size within the third stage of 

the reaction.[72] However, very little is known about nuclei present during synthesis due to their 

small sizes.  

 

Applying the LaMer model to the performed formation of gold nanoparticles, the burst of 

nucleation was actuated by swift injection of the reduction agent into the precursor solution 

containing tetrachloroaurate(III) complexes stabilized by oleylamine (Figure 2.8). The fast 

reaction consumed the major part of the monomers so that no further nucleation took place. 

Thus, the system proceeded to the third stage of the LaMer model, namely growth until depletion 

of reactants.[106] The reaction was monitored by reaction snapshots utilizing their surface 

plasmon resonance as well as TEM. The aliquots taken immediately after injection of the 

reduction solution until 30 minutes showed large, insoluble aggregates. Therefore, they are not 

discussed any further with respect to particle size and absorption intensity. Starting at 

30 minutes after injection of the reduction solution, aliquots were taken at 15-minutes intervals, 

and the associated UV-VIS spectra are shown in Figure 2.10. Within the first 90 minutes after 

the reaction was started, the surface plasmon absorption centered at 512 nm became 

significantly more distinct. No notable shift of the absorption maximum was observed. This 

suggested that the particles did not grow significantly in diameter, but the size distribution 

sharpened, resulting in a more pronounced surface plasmon resonance.  

Figure 2.9: LaMer plot showing the monomer concentration as a function of the reaction time and, therefore, 
illustrating the separation of nucleation and growth. Based on [72,120]. 
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In order to study the evolution of the particle size, the reaction snapshots were analyzed 

by TEM (Figure 2.11). At the early stages of the reaction, i.e. after 30 - 45 minutes, the particles 

were poorly crystalline as indicated by their shape. Furthermore, they showed a broad size 

distribution ranging from the sub-nanometer range to ca 30 nm (Figure 2.11a - b). Nonetheless, 

particles of similar sizes already started to order hexagonally upon drying on the TEM grid, so 

that a sorting according to size took place (Figure 2.11b). According to literature, the reaction is 

finished after a reaction time of 60 minutes.[106] This was displayed by the sharp size distribution, 

which promoted the formation of self-assembled 3D superlattices (Figure 2.11c). The size 

distribution was sharpened even more after a reaction time of 90 minutes (Figure 2.11d), as 

was indicated by the increase in spectral intensity. However, any further prolongation of the 

reaction time did not translate into continued growth of the particles. This became evident by 

the decrease in spectral intensity after 105 minutes and 120 minutes (inset of Figure 2.10) as 

well as by the decreased diameter and broadened size distribution determined by TEM analysis 

(Figure 2.11e - f).  

Within the first 90 minutes of the reaction, the kinetically driven focusing effect actively 

reduced the size distribution as confirmed by TEM and UV-VIS spectroscopy. This focusing 

effect was described for the first time by Peng and co-workers for CdSe nanocrystals.[121] In 

general, this process is valid for a high degree of supersaturation and is dominant as long as 

the growth is diffusion controlled. As soon as the degree of supersaturation decreases even 

further, Ostwald ripening becomes more prominent.[72] 

Figure 2.10: UV-VIS spectra of reaction snapshots of the synthesis of Au nanoparticles at room temperature after a 
reaction time of 30 min, 45 min, 60 min, 75 min, and 90 min. The inset shows the evolution of the spectral intensity 
as a function of the reaction time. The spectra were measured in hexane and scaled to unity at 800 nm. 
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The comparison of UV-VIS and TEM analysis summarizes the formation of the gold 

particles (Table 2.1). In addition to the diameter and its standard deviation determined by 

measuring TEM images, the absorption maximum of the surface plasmon resonance as well as 

the spectral absorption, normalized to the absorption after 90 minutes, illustrated the evolution.  

Reaction time Diameter / nm λmax / nm 
I(λmax) 

I(λmax(t = 90min)) 

30 min ---* 510 0.33 

45 min ---* 514 0.40 

60 min 4.0 ± 0.6 510 0.69 

75 min 4.4 ± 0.5 511 0.82 

90 min 4.4 ± 0.3 512 1.00 

105 min 4.1 ± 0.5 511 0.84 

120 min 4.1 ± 0.8 509 0.59 

Figure 2.11: TEM micrographs of reaction snapshots of the formation of Au nanoparticles at room temperature
showing the temporal evolution. The nanoparticles were purified from the reaction mixture after a) 30 min, b) 45 min, 
c) 60 min, d) 75 min, e) 90 min, and f) 120 min, respectively, subsequent to injection of the reduction solution. 

Table 2.1: Comprehensive analysis of Au snapshots by TEM and UV-VIS spectroscopy. *The determination of the
diameter by analysis of TEM images was not performed for the snapshots taken after 30 min and 45 min, as the 
samples were too polydisperse to give a meaningful result. 
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2.2.4 Self-Assembled Superlattices of Gold Nanopart icles 

Self-assembly on molecular size-scale, e.g. liposomes[122] or vesicles,[123] has attracted 

an enormous research interest. In recent years, it was extended to the assembly of 

nanoparticles, as the quality of the nanoparticle syntheses was tremendously improved. It 

reveals an important bottom-up technique to hierarchical structures with orders on different 

length scales. A key aspect of self-assembly is the organization of nanoparticles into ordered, 

macroscopic structures, which is determined by either direct interaction or directed by a 

template or an external field. The resulting structures are often described to be in 

thermodynamic equilibrium as the ordering displays a minimum in the system’s free energy. In 

fact, this becomes possible due to the large variety of syntheses yielding highly monodisperse 

nanoparticles.[124,125] Nanoparticles are taken as the atoms and molecules of prospective 

materials.[126,127] Thus, one of the new goals in current nanoscience is the development and 

understanding of the self-assembly of nanoscaled compounds.[128] Nanoparticle superlattices 

behave as isotropic bulk metamaterials, which is of particular interest, as the tunable properties 

of the nanoparticles can be applied to dictate the characteristics of the colloidal crystal. Ordered 

colloids or colloidal crystals have been the focus of research for more than 50 years, as they 

enable the investigation of new collective physical phenomena.[129,130] The most prominent 

example of colloidal crystals are opals, as they are found in nature. Their iridescence is caused 

by Bragg diffraction of light by 3D arrays of monodisperse SiO2 particles.[131] Further, coupling 

effects by plasmonic nanoparticles in close proximity have been shown to result in enhanced 

plasmonic heating,[132,133] hot spots for surface enhanced Raman scattering (SERS),[134,135] and 

fluorescence enhancement.[136,137] Self-assembled nanostructures enable the fabrication of 

plasmonic waveguides, focusing lenses, light generators, and optical switches, even though 

bottom-up self-assembly is rarely applied for industrial use.[138] 

Independent of their size scale, hydrophobic colloids show an inherent tendency to self-

organize, which supplies a general technique for new nanomaterials. Here, a concentration-

dependent drying pattern was observed, when a drop of a colloidal solution of the as-prepared 

monodisperse Au nanoparticles dried on a surface. High-quality, long-range ordering was 

obtained for oleylamine-functionalized nanoparticles (Figure 2.12a). The interparticle distance 

was determined to be 1.6 nm ± 0.5 nm, which was in good accordance with literature. The same 

behavior was reported by Bigioni et al. for low concentrations of gold nanoparticles 

functionalized with 1-dodecanethiol when the solution was not thoroughly cleaned of excess 

ligand.[139] The surface coating makes the particles softer and more deformable, such that the 

assembly can be manipulated.[140] The interparticle distance is controlled by the van der Waals 

attraction between the particles and the ligand coating. In addition, the steric repulsion gains in 

importance, when particles come into too close contact, thus, preventing further 

interdigitation.[141]  
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If the solution was thoroughly cleaned of excess ligands or the concentration of colloidal 

particles was significantly increased, no monolayer formation was observed. Bare nanoparticles 

have a higher surface energy as well as strongly attractive van der Waals forces leading to 

aggregation in solution.[140] The purification was performed by repeated precipitation with 

methanol, centrifugation, and dissolution in hexane. Consequently, the nanoparticles formed 

three-dimensional ordered nanoparticle assemblies, so-called superlattices (Figure 2.12b, c). 

This was reported in the same way for CdSe nanocrystals, resulting in 5 to 50 µm 3D quantum 

dot superlattices.[107] Thereby, a concentration-dependent behavior can be discussed in terms 

of the evaporation rate. The formation of a monolayer is controlled by rapid evaporation 

arranging the particles close to the air-liquid interface as well as attractive forces in between the 

particles.[139]  

 

Common to a large variety of nanoparticle superlattices is the sixfold symmetrical 

arrangement of the particles. Careful attention must be paid, as this configuration corresponds 

to either the fcc (111)SL or the hcp (0001)SL direction. In order to prove the stacking order, tilting 

of the TEM specimen to another low index zone axis is essential.[142] In previous studies the 

nanoparticle organization was observed to be affected by several parameters such as core 

structure or ligand chain length. Hexagonal close-packed nanocrystal superlattices are 

predominantly found for polycrystalline nanoparticles and when no directional ordering is 

induced by ligand coatings. Therefore, the superlattices formed by larger, polycrystalline 

particles synthesized within this work, especially when prepared using the seeding-growth 

technique, were found to be hcp ordered (Figure 2.6). Face-centered cubic structures with long-

range translational and orientational ordering is preferred by single-crystalline nanoparticles 

dictated by bundling and interdigitation of the ligand coating.[108,141] Thus, the gold nanoparticles 

with a core size of ca. 4 nm, which were determined to be mixed single- and polycrystalline, 

realized both stacking alternatives (Figure 2.13). 

The colloidal crystals formed upon stacking monolayers of hexagonally arranged uniform 

gold nanoparticles finally reached a hexagonal close-packed structure, as can be seen in Figure 

Figure 2.12: TEM images of self-assembled Au nanoparticles: a) high quality, long-range ordered monolayer of
6.4 nm ± 0.4 nm Au nanoparticles, b) faceted colloidal crystal, and c) 3D superlattice demonstrating the triangular 
shape contrast typical for hcp ordering. 
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2.13a - c. Further, the perfectly ordered A-B stacking of two hexagonal ordered monolayers is 

enlarged in Figure 2.13d. The triangular phase-contrast, clearly visible in Figure 2.13d and e, is 

characteristic for hcp ordering.[108] However, a small area of fcc packed nanoparticles showing 

the (100)SL-face was observed in Figure 2.13e as well.  

 

Aside from perfectly-ordered nanoparticle assemblies, all types of defects known for bulk 

crystals can be found for superlattices as well.[142] For instance, slip planes were observed as 

forming a perfect angle of 107° ± 1°, indicated by the green lines in Figure 2.13f. The resulting 

domains exhibited a twin relationship as was reported for fcc packed nanoparticles oriented 

along the (110)SL plane. Moreover, Moiré patterns are not only known in electron diffraction 

patterns, but can also be obtained in self-assembled nanoparticle superlattices. This “donut ring 

contrast”[142] surrounding the center of rotation emerged due to the rotation of a hexagonal 

packed layer by 30° and its stacking on another hexagonal packed layer. This was observed for 

Figure 2.13: TEM images of self-assembled 3D superlattices of assorted samples of oleylamine-functionalized 4 nm 
Au nanoparticles formed spontaneously upon drying a colloidal solution in hexane on TEM grids. 
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the stacking of two monolayers (Figure 2.13g) as well as for a higher degree of stacking (Figure 

2.13h - i). In the latter case, the Moiré pattern was observed as a delineation separating two 

differently oriented superlattices from each other, while the major part of the superlattices 

assumed the (110)SL face.  

2.3 Platinum Nanoparticles 

For industrial research, the underlying research interest behind fabrication of Pt 

nanoparticles was the optimization of the amount and activity of the expensive, but exceptionally 

well-performing catalyst material.[70] The commonly used approach for Pt nanoparticles is the 

polyol process: Pt nanoparticles are obtained by reduction of hydrogen hexachloroplatinate(IV) 

in various alcohols in the presence of polyvinylpyrrolidone (PVP) as stabilizing agent at elevated 

temperatures. This method enables the formation of various morphologies of Pt nanoparticles, 

ranging from spheres and star-shaped particles to branched multipods and nanowires, which 

have not been accessible for a long time.[143] Although various techniques have been developed, 

the synthesis of monodisperse, size- and shape-tunable Pt nanoparticles has rarely been 

reported. Substantial progress was accomplished by Wang et al., as they reported a general 

approach to size- and shape-controlled Pt nanoparticles by thermal decomposition of an 

organic-platinum precursor complex in hydrophobic solvents.[144]  

2.3.1 Morphology of Pt Nanoparticles 

Platinum nanoparticles were prepared according to an established procedure. Single-

crystalline nanoparticles formed upon thermal decomposition of platinum(II) acetylacetonate, 

where the nucleation was promoted by the hot-injection of Fe(CO)5 at 190 °C. This was reported 

to enhance control over the size distribution as well as the morphology of the particles. 

Furthermore, the temperature, at which the injection took place, was found to determine the 

morphology of the particles. The particles formed perfect cubes at elevated temperatures, 

whereby the shape gradually changed to truncated cubes and polyhedra upon decreasing 

temperature.[144] 

Here, the obtained Pt nanoparticles showed truncated cubic morphology (Figure 2.14). 

The size distribution was uniform with a core size of 5.6 nm ± 0.5 nm. Conversely, Wang et al. 

described the formation of 3 nm truncated cubes upon injection at 180 °C, while an increased 

core diameter was accomplished by lowering the injection temperature to 120 °C.[144] Thus, the 

obtained morphology was in good accordance with literature,[145] though the core sizes differed. 

The electron diffraction pattern (inset Figure 2.14c) displayed rather diffusive rings, 

characteristic for nanoparticles.[146] HR TEM proved the particles to be single crystalline. In 

contrast to the twinned structures of Au nanoparticles discussed earlier, these structures are 
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rarely known for Pt. This is attributed to the elevated internal strain energy corresponding to 

twinned Pt nanocrystals.[143,146,147] 

 

The slow evaporation of the solvent at preparation of the TEM grids resulted in a (100) 

textured assembly, as can be taken from the dominant (200) peak at 0.51 Å-1 (Figure 2.15) as 

well as the lattice fringes visible in HR TEM images (Figure 2.14c).[144] The large rings in electron 

diffraction covered the reflection of the (220), (311), and (222) planes.[146] The distance between 

two lattice fringes was 0.206 nm, corresponding to (200) spacing of 0.196 nm in fcc Pt. The 

severe conformity of the crystal structure of Pt nanoparticles with bulk Pt suggests a fcc 

structure for Pt nanoparticles as discussed in literature.[24,144,147]  

 

Converse to the observed superlattices of Au nanoparticles (see page 19), 

monodisperse Pt nanoparticles showed barely any tendency to form hexagonal monolayers, 

which can be attributed to the morphology of the particles. Instead, a square lattice of truncated 

nanocubes was observed according to the particles morphology, even though only short ranged 

Figure 2.14: HR TEM images of Pt nanoparticles showing their uniform size distribution (a) and the single-crystalline
character of the particles (b, c). Inset of c: HR TEM electron diffraction pattern corresponding to c). The FFT image 
is shown in pseudo-colors (ImageJ, look up table: 16 color). The HR TEM analysis was performed by Dr. Tatiana 
Gorelik. 

Figure 2.15: Electron diffraction of Pt nanoparticles (blue line) referred to simulated pattern of Pt (red line). The 
electron diffraction analysis was performed by Dr. Tatiana Gorelik. 



Design of Multifunctional Janus Particles for Biomedical Applications 
 

24 

(Figure 2.16). The perfect square lattice is commonly observed for highly faceted Pt nanocubes. 

As these truncated cubes represent the intermediate morphology between spheroidal and 

perfect cubes, so that a transition between the hexagonal fcc and the quadratic pattern was 

often observed. This is usually accompanied with the loss of long range order.[148] 

 

2.3.2 Optical Properties of Pt Nanoparticles 

Even more strikingly different than the crystal structure of Pt nanoparticles as compared 

to Au is their optical performance. According to dipole calculations utilizing Mie’s theory of 

Creighton and co-workers, spheroidal 10 nm Pt nanoparticles should exhibit a weak absorption 

band near 200 nm. In addition, the absorption spectra of prolate spheroidal Pt nanoparticles in 

water were calculated to show a faint longitudinal dipole resonance centered around 400 nm.[89] 

UV-VIS spectra of the as-prepared Pt nanoparticles were only recorded between 300 and 

800 nm due to experimental restrictions. Nevertheless, the absorption spectrum revealed the 

predicted faint shoulder of absorption at ca 400 nm (Figure 2.17). This was attributed to the 

cubic structure of the Pt nanoparticles, as their morphology was neither spheroidal nor perfectly 

square.  

Furthermore, the spectral intensity of the absorption of Pt was heavily reduced as 

compared to Au nanoparticles (inset of Figure 2.17). This was reported to be common to more 

than half of the metallic elements, which show no prominent absorption bands in the range 

between 200 and 900 nm. The observed absorption features for these elements were attributed 

to 5d → 6sp interband transitions of less free-electrons (compare with optical characteristics of 

Au nanoparticles, page 12). Caused by their dielectric function at visible wavelengths, the 

absorption spectrum is rather flat and featureless.[89]  

 

Figure 2.16: TEM images of truncated Pt nanocubes revealing their tendency to square superlattices accompanied 
with loose hexagonal order, as suggested by their morphology. 
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2.4 Gold-Platinum Alloy Nanoparticles 

Traditionally, intermetallics and alloys are prepared using metallurgical techniques, 

which are not suitable for nanoparticle synthesis. Among the solution-based chemical syntheses 

including co-reduction, thermal decomposition, seeding-growth, galvanic replacement, and 

noble-metal-induced-reduction, here, the co-reduction technique was chosen for the 

preparation of AuxPt1-x nanoparticles. Wang and co-workers reported a seeding-growth 

technique starting from Pt nanoparticles. They obtained various morphologies of composite 

nanoparticles such as pear-like, peanut-like, or clover-like Pt-Aun nanoparticles (n = 1, 2, 3-

4).[149] In general, a key issue for bimetallic nanoparticles is their morphology-controlled 

synthesis, which is even more challenging than for monometallic nanoparticles. Obviously, their 

structure is complicated and multiform due to the placement of a second element, ranging from 

core/shell, heterostructure, and intermetallic to alloyed arrangement.[90]  

2.4.1 Synthesis of Gold-Platinum Alloy Nanoparticle s 

The chemical analogy of gold and platinum was exploited to transfer the previously 

discussed synthetic procedure of Au to AuxPt1-x nanoparticles. This principle of transferring 

preparation techniques from Au nanoparticles to the AuxPt1-x alloy is known in literature for 

different chemical protocols. Further, the formation of AgxAu1-x alloy nanoparticles by reduction 

utilizing borane complexes similar to Au nanoparticle methods was reported.[105] Due to the 

extraordinary size control in the technique discussed for Au nanoparticles (see page 9), this 

protocol was transferred to the alloy nanoparticles. Furthermore, the co-reduction process in 

solution was shown to be very effective regarding the formation of high-quality and size-tunable 

Figure 2.17: UV-VIS spectrum of 5.6 nm ± 0.5 nm Pt nanoparticles. Inset: UV-VIS spectrum of Pt nanoparticles as 
compared to Au nanoparticles of comparable size. The spectra were measured in hexane and normalized at 800 nm.
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nano-alloys.[90] Thus, a precursor solution containing a mixture of tetrachloroauric acid and 

hexachloroplatinate in tetralin and oleylamine was prepared. Subsequently, a reduction solution 

of tert-butylamine borane complex was injected rapidly. The obtained particles were uniform in 

size (Figure 2.18a) and polycrystalline, as was identified by HR TEM images (Figure 2.18b - c). 

Similar to Au nanoparticles, fivefold twinning defects were observed, while a reduced tendency 

toward the formation of twins as compared to Au nanoparticles was observed. This was ascribed 

to the alloy formation as Pt nanoparticles nucleate preferably in the form of single crystalline 

nanoparticles due to their high twinning strain (compare page 22).  

 

The formation of the nanoparticles was observed by a color change in the precursor 

solution just as for pure Au nanoparticles, though the color of the colloidal solution was strongly 

dependent on the ratio of the metal precursors. The more hexachloroplatinate was used, the 

more obvious was the color change of the colloidal nanoparticle solution from ruby red to dark 

brown. Nevertheless, the precise size control was successfully transferred to the bimetallic 

system. As was discussed earlier, the core diameter of the nanoparticles could be increased by 

seeding-growth, but not only the core size was increased, also the uniformity of the size 

distribution was enhanced due to the size-focusing effect (Figure 2.19a - b).  

Aside from the fivefold twinning of the nanoparticles, the characteristics of Au 

nanoparticles dominated the formation of self-assembled monolayers and superlattices of 

AuxPt1-x as well (Figure 2.19b - c). This became obvious as the particles formed hexagonally-

ordered monolayers in the case of sufficiently sharp size distributions. Increasing the 

concentration further resulted in the self-assembled 3D superlattices with hcp structure as 

discussed for large, polycrystalline Au nanoparticles.    

Figure 2.18: HR TEM images of AuxPt1-x nanoparticles showing the uniformity of the size distribution (a). The
polycrystallinity is evident due to the typical fivefold defects known for Au nanoparticles (b, c). Inset of c): Electron 
diffraction pattern of corresponding HR TEM image. The FFT image is shown in pseudo-colors (ImageJ, look up 
table: 16 color).The HR TEM analysis was performed by Dr. Tatiana Gorelik. 
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2.4.2 Compositional Analysis of Gold-Platinum Nanop articles 

A composition-controlled synthesis is of particular importance as the physical and 

chemical properties of alloy nanoparticles are strongly dependent on the composition aside from 

the known dependency on the core size. Thus, the composition was adjusted by changing the 

molar ratio of the two metal precursors. Nevertheless, attention had to be paid as the 

composition of the final product is not necessarily exactly consistent with the used molar ratio 

of metal precursor. In order to examine the actual amount of gold and platinum within the 

nanoparticles, SEM EDS measurements were performed (Figure 2.20).   

 

Figure 2.19: TEM images of AuxPt1-x nanoparticles displaying the increase in diameter as well as the focusing effect 
upon seeding growth. a) Primary nanoparticles with a core size of 4.0 nm ± 0.6 nm, b) subsequent to enlargement 
with a core size of 8.0 nm ± 0.5 nm; c) the nanoparticles showed an enhanced tendency to form hexagonally-ordered 
monolayers and superlattices due to the sharpened size distribution.  

Figure 2.20: TEM images and compositional analysis of AuxPt1-x nanoparticles by SEM EDS with corresponding SEM 
images as insets: a), b) Au0.55Pt0.45 and c), d) Au0.88Pt0.12. The SEM EDS measurements and analysis were performed 
by Patrick Leidich. 
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The results of the compositional analysis are shown in Table 2.2 in comparison to the 

molar ratio of metal precursors applied to two exemplary measurements. It was obvious that 

tetrachloroauric acid was preferentially reduced, as was expected by its higher redox potential 

of 1.498 eV for Au3+/Au over 1.180 eV for Pt2+/Pt. Therefore, the content of platinum was 

significantly decreased as compared to the molar ratio. Nevertheless, upon increasing the molar 

ratio, a substantial increase in the platinum content was obtained.  

 
Molar ratio of 

metal precursors 

Composition according 

to SEM EDS 

Au0.88Pt0.12 1.00 : 0.42 1.00 : 0.14 

Au0.55Pt0.45 1.00 : 1.20 1.00 : 0.82 

 

According to LaMer and co-workers, monodisperse particles are obtained upon effective 

separation of nucleation and growth (see page 14).[71] This condition is even more challenging 

for bimetallic nanoparticles. The nucleation behavior of two different metals varies based on 

their redox potentials and chemical behavior, as can be seen from the differences in Table 2.2. 

Thus, the formation of core/shell structures becomes feasible by the successive nucleation of 

the different precursors. In order to distinguish between an alloy and a core/shell structure within 

the nanoparticles, HR TEM electron diffraction was applied to Au0.55Pt0.45 nanoparticles (Figure 

2.21). In the case of a core/shell structure, a peak splitting would be observable due to the 

formation of separate crystal lattices. As this was not the case, this observation in combination 

with the reduced tendency of twinning defects can be taken as an indication for alloy 

nanoparticles. The comparison of the electron diffraction pattern to the one of gold particles 

showed only slight differences (inset Figure 2.21). As the morphology of the alloy nanoparticles 

was dominated by the twinning of gold, a preference of the orientation similar to gold particles 

was observed. The diffraction peak at lowest reciprocal distance, ascribed to the (111) plane, 

was the most intense. Thus, Au as well as AuxPt1-x nanoparticles tended to align with the (111) 

plane facing the TEM grid. This was unlike the alignment of Pt nanoparticles, where (100) 

textured orientation was observed (compare with Figure 2.15). As reported in previous studies, 

the bimetallic nanoparticles showed alloy-like behavior across the whole compositional range, 

which is in sharp contrast to the miscibility gap of the analogous bulk alloy.[88]  

Table 2.2: Compositional analysis of AuxPt1-x nanoparticles based on the molar ratio of metal precursors used in the 
synthesis and subsequent SEM EDS analysis. 
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2.4.3 Optical Properties of Gold-Platinum Alloy Nan oparticles 

Alloy nanoparticles are known for their tunability of surface plasmon resonance 

frequency by the composition of the alloy. This was reported for AuxAg1-x alloy nanoparticles by 

Wang et al., as the maximum of absorption was gradually shifted from 520 nm to 400 nm.[150] In 

the case of AuxPt1-x nanoparticles, we observed a different effect of the compositional changes 

(Figure 2.22). As the content of platinum was increased, the spectral intensity of the absorption 

maximum was significantly decreased (inset of Figure 2.22).  

 

Figure 2.21: Electron diffraction of Au0.55Pt0.45 nanoparticles as compared to simulated Au and Pt pattern. Inset: 
Electron diffraction of Au nanoparticles and Au0.55Pt0.45 nanoparticles revealing a slight shift of the diffraction pattern.
The electron diffraction analysis was performed by Dr. Tatiana Gorelik. 

Figure 2.22: UV-VIS spectra of AuxPt1-x nanoparticles showing the composition-dependent damping of the surface 
plasmon resonance. Inset: Spectral intensity at the absorption maximum as a function of the composition of the 
AuxPt1-x alloy nanoparticles. The spectra were measured in hexane and normalized at 800 nm. 
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This corresponded to the strong blue shift of the surface plasmon resonance for pure Pt 

nanoparticles. Upon increasing the Pt content, more energy was needed for the excitation of 

the giant dipole oscillation. Thus, the spectral absorption in the visible range decreased. The 

results further confirmed that AuxPt1-x alloy nanoparticles were obtained, rather than core/shell 

structured or a mixture of Au and Pt nanoparticles. 

2.5 Conclusion 

In conclusion, we investigated the synthesis of spherical Au nanoparticles by reduction 

in an aprotic solvent with precise size control in the range between 3 nm and 9 nm, where the 

particle size increased with decreasing temperature. The mechanism of formation was 

presented to be in accordance with LaMer’s model of homogeneous nucleation, as the 

separation of nucleation and growth was well defined. In order to obtain larger Au nanoparticles, 

we developed a seeding-growth technique, which led to monodisperse, high-quality 

nanoparticles with diameters up to 20 nm. The surface plasmon resonance with its central 

absorption maximum at ca 520 nm altered the optical properties size-dependently: the spectral 

intensity was observed to increase with size and coincided with diminution of damping effects. 

Further, the high quality of Au nanoparticles was demonstrated by the formation of self-

assembled superlattices. The amount of excess ligands present in the colloidal solution 

controlled the preference for 2D hexagonally-ordered layers over 3D self-assembled 

superlattices (or vice versa) in conjunction with the concentration of nanoparticles. 

Further, monodisperse, single-crystalline Pt nanoparticles were obtained by a hot-

injection method. In accordance with their truncated cubic shape, square superlattices were 

predominantly formed with only loose hexagonal arrangements. In comparison to Au 

nanoparticles, Pt nanoparticles revealed a less intense response to visible light due to the 

hypsochromic shift of the surface plasmon resonance.  

We transferred the synthetic procedure of Au nanoparticles to composition-tunable 

AuxPt1-x alloy nanoparticles, where precise control over size and shape were retained. The 

characteristics of the alloy nanoparticles were observed to present the synergy of both Au and 

Pt. This was obvious for the optical properties as well as the structure of the nanoparticles. The 

alloy nanoparticles showed a reduced twinning tendency as compared to the typical fivefold 

twinning of Au nanoparticles, which was weakened by the high twinning strain of Pt. 

In conclusion, the size- and composition-tunable synthesis of plasmonic nanoparticles 

was demonstrated, which allowed their sophisticated application as seed particles for the 

formation of heterodimer nanoparticles in a seed-mediated process.  
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2.6 Experimental Section 

Materials.  All reactions were carried out under argon atmosphere using commercially 

available reagents without any further purification: Tetrachloroauric(III) acid hydrate (99.9 %-Au, 

HAuCl4·(H2O)x), dihydrogen hexachloroplatinate(IV) (99.9 % metal basis, H2PtCl6), and 

platinum(II) acetylacetonate (98 %, Pt(acac)2) were purchased from ABCR. Tetralin (1,2,3,4-

tetrahydronaphthalene, anhydrous, 99 %), tert-butylamine borane complex (97 %, TBAB), 

1-octadecene (technical grade, 90 %), and iron(0) pentacarbonyl (>99.99 % trace metal basis,  

Fe(CO)5) were purchased from Sigma Aldrich. 2-Propanol, acetone, ethanol, methanol, 

heptane, hexane, oleic acid (reagent grade), and oleylamine (80 - 90 %) were purchased from 

Fisher Scientific.  

In order to control the heating rate, self-built heating controllers were used. These were 

composed of a control unit (KS40, type 9404 407 40001, Philips) and a temperature sensor 

(type S/S-316RS Components GmbH) connected to a heating mantle (neoLab-Pilz© standard 

heating mantle, 230 V, 150 W, Tmax = 450 °C). 

 

Synthesis of Au NPs.  Monodisperse Au nanoparticles were prepared according to 

Peng et al.[106] with some modifications. A precursor solution containing 0.25 mmol 

HAuCl4·(H2O)x, 10 mL tetralin, and 10 mL oleylamine was prepared at room temperature and 

stirred for 15 min under a gentle argon stream. 0.5 mmol TBAB was dispersed in a mixture of 

1 mL oleylamine and 1 mL tetralin by ultrasonication (5 min) and quickly added to the precursor 

solution under vigorous stirring. Stirring was continued for 1 h before the particles were 

precipitated by addition of methanol and collected by centrifugation (9000 rpm, 10 min). The 

particles were washed twice using hexane and ethanol:methanol (1:1).  

By lowering the reaction temperature to 10 °C, the diameter of the nanoparticles was 

increased from 4 nm at room temperature to 8 nm.  

Further increase in the diameter was obtained by a seeding-growth procedure. A growth 

solution containing 0.5 mmol HAuCl4·(H2O)x, 10 mL toluene, and 20 mL oleylamine was 

prepared at room temperature. Au nanoparticles were dissolved in 10 mL toluene and added to 

the growth solution under a gentle stream of argon. The reaction mixture was rapidly heated to 

111 °C, held at reflux for 2 h, and passively cooled to room temperature by removing the heating 

mantle. The nanoparticles were precipitated with methanol, collected by centrifugation 

(9000 rpm, 10 min), and redissolved in hexane. The particles were washed twice using hexane 

and ethanol:methanol (1:1). 

Synthesis of Pt NPs . Pt nanoparticles were prepared by thermal decomposition of 

platinum(II) acetylacetonate according to Wang and co-workers.[144] Briefly, 0.1 g Pt(acac)2 was 

dissolved in a mixture containing 10 mL 1-octadecene, 1 mL oleic acid, and 1 mL oleylamine by 

heating up to 90 °C under a gentle argon stream. Subsequently, the temperature was raised 
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with a heating rate of 5 °C/min up to 190 °C, where 0.1 mL Fe(CO)5 dissolved in 1 mL heptane 

was rapidly added. The reaction mixture was heated to 200 °C, and then cooled to room 

temperature after 1 h at 200 °C by removing the heating mantle. The nanoparticles were 

precipitated by 2-propanol, collected by centrifugation (9000 rpm, 10 min), and redissolved in 

hexane. The nanoparticles were washed twice using hexane and 2-propanol.  

Synthesis of Au xPt1-x NPs. Monodisperse AuxPt1-x alloy nanoparticles were prepared 

by adjusting the synthesis of Au NPs. For Au0.55Pt0.45 nanoparticles, a precursor solution 

containing 0.125 mmol HAuCl4·(H2O)x, 0.15 mmol H2PtCl6, 10 mL tetralin, and 10 mL oleylamine 

was prepared at room temperature and swiftly stirred for 15 min under a gentle argon stream. 

Subsequently, 0.5 mmol TBAB was dispersed in 1 mL oleylamine and 1 mL tetralin by 

ultrasonication (5 min) and quickly added to the precursor solution. The reaction was stirred for 

1 h at room temperature before precipitating and washing the particles as described for Au 

nanoparticles. 

 

Nanoparticle Characterization.  The nanoparticles were characterized employing (high 

resolution) transmission electron microscopy ((HR) TEM), UV-VIS spectroscopy, high resolution 

synchrotron powder diffraction, and SEM EDS. Further technical details on employed 

instruments are elaborated in Chapter 4.4.1.  
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3 
Synthesis of Heterodimer 

Nanoparticles 

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 ‒ 2483,[54] reproduced with permission of the American 

Chemical Society Copyright 2014, and of a manuscript submitted to the Beilstein Journal of 

Nanotechnology linked to the final report of the DFG priority program SPP 1313 “Biological 

Responses to Nanoscale Particles”.[151] 

3.1 Introduction 

In recent years, there has been an increasing interest in design, synthesis, and 

properties of multifunctional nanoparticles owing to their special structure-property 

relationship.[9] The focus of research was expanded from single-component nanoparticles to 

hetero-nanoparticles with discrete domains of different materials fused together in a controlled 

fashion.[152] The synthesis of hetero-nanoparticles requires an even higher degree of synthetic 

control as compared to single-component nanoparticles. As the formation takes place in the 

“twilight zone” of kinetic and thermodynamic control, a precise balance is needed for the 

formation of the desired size and shape. On top of this, the evolution is complicated by the 

interplay of atomic diffusion and exchange, facet-specific reactivity, and the influence of 

interfacial strain.[36] Although, some major problems have been overcome by intelligent design 

of the synthetic procedure within the last decade,[36] the synthesis of well-defined heterodimer 

nanoparticles, specially designed for applications, is an ongoing endeavor. 

Generally, hetero-nanoparticles are obtained by anisotropically-centered sequential 

growth of another component on one specific crystal plane of the seeding nanoparticle. In this 

case, it is crucial to suppress homogeneous nucleation of the second or third component, a 

competitive reaction to heterogeneous nucleation on the preformed or in situ formed seeds. 
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However, controlling synthesis at nanoscale remains challenging, as several aspects contribute 

to the product quality, which may differ significantly from bulk synthesis. Following classical 

theory of heterogeneous nucleation, this can be achieved by decreasing the concentration of 

the precursor below supersaturation, at which point the homogeneous nucleation would be 

favorable.[71] Furthermore, the additional Gibbs free energy term for the adhesive energy at the 

interface between the seeds and the overgrown particles has to be negative, as given for 

epitaxial growth.[37,153] Aside from that, seed particles often act as catalysts in the reaction, thus, 

lowering the energy for heterogeneous nucleation. This is caused by a charge transfer between 

the seeds and the newly nucleated components.[152] 

An essential condition for the occurrence of heterogeneous nucleation is the matching 

of the lattice spacing of the components.[152] Heteroepitaxy has been used in gas-phase 

deposition to prepare functional hetero-structures for a long time, but has only recently been 

transferred to solution phase chemistry.[70] However, lattice mismatch is not only responsible for 

the preference of a hetero-nanostructure, it also controls the product’s morphology through the 

extent of lattice mismatch. Nucleation and epitaxial growth are non-restricted for small 

differences in lattice constants. For large differences, however, the growth is confined to distinct 

crystal planes in order to minimize the lattice mismatch, which in turn leads to the formation of 

anisotropic structures.[154,155] At the same time, despite lattice match, it is possible to distinguish 

between phase-separated hetero-nanostructures and ternary phases, if a sufficient level of 

molecular control during synthesis can be exerted and the ternary phases exist according to the 

phase diagrams.[156–158]  

Amongst the myriads of achievable hetero-nanostructures, dumbbell-like nanoparticles 

are second to none, as their well-defined morphology enables an even higher control over size- 

and shape-dependent properties and, thus, more sophisticated applications. The main synthetic 

routes for obtaining inorganic dumbbell-like heterostructures include heterogeneous 

nucleation,[145,159] asymmetric modification at interfaces,[160] and non-epitaxial deposition on the 

full surface of the first nanoparticle followed by thermal dewetting of the shell into a single 

domain.[154] Nevertheless, dumbbell-shaped heterodimer nanoparticles provide enormous 

advantages over spherical, desymmetrized nanoparticles due to the combination of intrinsic 

different surfaces with distinct reactivity. In recent years, non-hydrolytic approaches have been 

used to overcome the problems appearing in hydrolytic syntheses such as poor crystallinity, 

polydispersity in size, and little control over the morphology. The studies presented in the 

literature so far provide evidence of an enormous progress regarding the efficient synthesis of 

a plethora of pseudobinary metal-metal oxide hetero-nanoparticles[159,161] such as Pt@Fe3O4,[24] 

Pd@Fe3O4,[162] Au@Fe3O4,[153,163–166] Ag@Fe3O4,[167] Cu@Fe3O4,[156] FePt@MnO,[12] 

Au@MnO,[54,168] Ni@Fe2O3,[158] and Co@Fe2O3.[157]  
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Heterodimers with two nanoparticles sharing a common interface are synthesized in a 

very similar manner to core/shell type hetero-nanoparticles. However, in both cases the 

heterogeneous nucleation of a second or third component is taking place, limiting these 

techniques to material combinations where epitaxial growth is possible.[37,152] They are obtained 

via a seed-mediated route either using preformed or in situ formed seeds. A key step is the 

preparation of monodisperse seeding nanoparticles with distinct size and surface 

functionalization (see Chapter 2). For this purpose, separate preparation of seed particles is 

superior to a one-pot synthesis. However, the surface functionalization of the seeds is crucial, 

as it has to be compatible with the subsequent growth conditions. Furthermore, the binding 

strength can control epitaxial overgrowth of metal oxides on noble metal nanoparticles.[169] Aside 

from many experimental parameters such as temperature, heating profile, concentration, and 

precursor ratio, the solvent choice is a smart option to control the morphology. Yu et al. proposed 

an electronic transfer between the domains, once nucleation took place. Further heterogeneous 

nucleation is prevented, as the metal seed becomes electron deficient upon conjugation to an 

electron deficient metal oxide.[153] This is correct for non-polar solvents, but changes upon 

switching to polar solvents (Figure 3.1). In the majority of cases, they act as π-donors and 

contribute their electrons to the metal seeds. Thus, the electron deficiency is partially 

compensated for and additional nucleation is possible. 

 

Inspired by potential applications reported in literature and initial results from our group 

regarding several hetero-nanoparticle systems,[12,156–158,168] we chose Au@MnO and Au@Fe3O4 

heterodimer nanoparticles as the central focus of our research. There are three primary aims of 

this study: first, to establish a synthesis of Au@Fe3O4 as well as Au@MnO heterodimer 

nanoparticles, which has not yet been reported in the latter case, second, to investigate the 

differences between the single component nanoparticles and the heterodimers, and, third, to 

examine the impact of the chemical composition. The epitaxial interaction of two components 

across a solid state interface is superior to single-component nanoparticles in three aspects: 

Figure 3.1: Schematic diagram showing the mechanism of formation of heterodimer nanoparticles in a non-polar 
solvent (top) and "flower-like" hetero-nanoparticles in a polar solvent (bottom). 
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(i) different functionalities can be included, whereby the sizes and parameters of the individual 

components are independently optimized; (ii) the intimate contact enhances characteristics and 

is even able to break natural constraints of single-phase materials; (iii) novel functions emerge, 

which are not available otherwise. The conjugation of two nanoparticles enables the 

maintenance of many material properties, which have critical length scales in the order of 

nanometers. On the other hand, the strong interaction of the two nanoparticles at the nanometer 

scale modulates physical and chemical characteristics from each individual component. Thus, 

the first two sections of this chapter will separately examine the synthesis and comprehensive 

characterization of Au@MnO as well as Au@Fe3O4 heterodimers. It will then go on to analyze 

the two systems in terms of interaction between the two components across the interface. 

Therefore, our study contributes to the understanding of the nature of heterodimer nanoparticle 

interfaces, which is substantial, as they affect many physical and chemical properties. The final 

section demonstrates the general applicability of the as-described synthetic procedure to 

various metal nanoparticles, which enables the tailored design of heterodimer nanoparticles for 

various applications.  

3.2 Au@MnO Heterodimer Nanoparticles 

Gold-containing hetero-nanoparticles have become an active frontier of research based 

on their intense optical signal, chemical resistance, and their promising materials’ 

characteristics for biomedical applications. For instance, their strong X-ray absorption 

coefficient makes them an ideal contrast agents for computed X-ray tomography.[40,41,80] 

Furthermore, they are under ongoing investigation for in vivo  photo-thermal cancer 

therapy[16,17,81,82] and as contrast agents for multi-photon microscopy.[39] 

Magnetic nanoparticles, on the other hand, constitute a class of nanomaterials that has 

attracted much research effort for biomedical applications.[84,85,170] They are the basis for 

magnetic nanoparticle-based therapeutics for hyperthermia, drug delivery, and 

diagnostics.[19,171,172] Unlike iron oxide (Fe3O4) nanoparticles, which are mostly used as T2 

contrast probes by creating hypointensities in magnetic resonance imaging (MRI),[173] 

superparamagnetic manganese oxide (MnO) nanoparticles induce hyperintensities on T1-

weighted MRI maps, and, therefore, can be diagnostically more informative.[174] 

Initial results from our group on the combination of these promising materials resulted in 

Au@MnO “flowerlike” hetero-nanoparticles.[168] The lack of morphology control during 

heterogeneous nucleation translated into multiple MnO domains per Au nanoparticles. 

Nevertheless, subsequent to selective functionalization of the individual components, their 

application as multimodal contrast agent was demonstrated based on their enhanced 

paramagnetic and optical properties. Inspired by these results, we decided to further investigate 

means to control morphology in order to tap the full potential of this powerful hetero-nanoparticle 
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system. The formation of heterodimer nanoparticles was desired, as it enabled asymmetric 

surface functionalization as another point of control, leading to Janus particles with even more 

elaborated characteristics. The successful synthesis and comprehensive analysis of Au@MnO 

heterodimer nanoparticles are presented here, whereby the subsequent surface modification 

and further applications exploiting their intrinsic Janus character will be addressed within the 

following chapters (see Chapter 4 and Chapter 5). 

3.2.1 Synthesis of Au@MnO Heterodimer Nanoparticles   

Using a typical seed-mediated nucleation and growth technique, Au@MnO 

nanoparticles were prepared by thermal decomposition of a manganese oxide precursor. 

Manganese(II) oleate was chosen as precursor based on the strategy of direct employment of 

a metal-surfactant complex.[72,175] Thus, the complex composed of the desired ligand and the 

metal ion was prepared prior to the proper hetero-nanoparticle synthesis. The thermal 

decomposition of the metal oleate complex in 1-octadecene without any further additives led to 

monodispere MnO nanoparticles.[176,177] Oleylamine-functionalized Au nanoparticles, highly 

uniform in size and shape, were used as seeds (see Chapter 2.2). 

Upon adapting the procedure of thermal decomposition of manganese oleate toward the 

desired heterogeneous nucleation, the first results of the seeding-growth were “flower-like” 

Au@MnO nanoparticles. That means multiple nucleation of MnO occurred on one Au 

nanoparticle (Figure 3.2a). Similar results were obtained by Schladt et al., who applied a one-

pot-synthetic approach by in situ preparation of the Au seeds.[168] We selected the step-by-step 

preparation of Au nanoparticles and their purification prior to the decomposition of the metal 

oxide precursor to enhance the control over their size and functionalization. Thus, the multiple 

nucleation of MnO was efficiently suppressed by functionalization of the Au nanoparticles with 

a long-chain alkanethiol, namely 1-octadecanethiol. Due to the higher binding affinity of thiols 

for gold, the surface protection of Au was stronger as compared to amines. Thus, heterodimer 

formation was promoted, as the heterogeneous nucleation remained energetically favored 

under applied reaction conditions.  

Further, in contrast to the preparation of spheroidal MnO nanoparticles, oleic acid as 

well as oleylamine were necessary as additional ligands to optimize two aspects of the hetero-

nanoparticles: first, suppression of free Au nanoparticles was aspired, and, second, the MnO 

domains required further additives to control their shape. The use of oleic acid as the only ligand 

led neither to heteroepitaxial growth nor to well-defined MnO nanoparticles. Thus, oleylamine 

was also added to the reaction mixture. Excessive oleylamine caused free Au nanoparticles to 

remain in solution, as their surface was passivated by surplus amines. Further, the obtained 

heterodimer nanoparticles appeared shapeless (Figure 3.2b). On the other hand, strongly 

aggregated, deformed hetero-nanoparticles were obtained when the amount of additional 
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ligands was too low (Figure 3.2c). Similarly, this vital synergy of both ligands was also observed 

for spherical ferrite nanoparticles, as oleic acid or oleylamine alone led to a brown, viscous 

product or a very low yield of iron oxide nanoparticles, respectively.[178]  

Here, the optimal molar ratio of oleylamine to oleic acid was determined to be 1:1, and 

the molar ratio of the manganese oleate precursor to the ligands to be 1:0.3. Regardless of the 

ratio of gold seeds to manganese oleate, no isolated MnO particles were observed. 

 

The intermediate species of the seeding-growth of Au@MnO heterodimers were 

characterized by FT-IR spectroscopy. Figure 3.3 displays FT-IR spectra of the two surfactants, 

oleylamine and oleic acid, the manganese oleate complex, as well as that of the final Au@MnO 

nanoparticles. As oleic acid acts as a chelating ligand to metal ions, the stretching mode of the 

carbonyl group at 1710 cm-1 of pure oleic acid was shifted as well as split to two broad bands 

upon formation of the oleate complex. These were assigned to the asymmetric stretching mode 

centered at 1556 cm-1 and the symmetric stretching mode at ca 1423 cm-1. The position and 

separation are characteristic for the carboxylation coordination mode. A splitting of ca 145 cm-1 

has been seen in the case of bidentate coordination.[177,179] Moving on to Au@MnO heterodimer 

nanoparticles, the uniform mode at 1710 cm-1 was again observable with comparable intensity 

as the split carbonyl stretching modes. In the range of 1600 cm-1 to 1000 cm-1, the FT-IR 

spectrum of Au@MnO was dominated by the CH3 bending vibration at 1461 cm-1. Furthermore, 

the C=C bending mode of oleylamine appeared at 1634 cm-1, and the N-H stretching mode of 

oleylamine at 3320 cm-1.[178] These results provide further support for the hypothesis that both 

ligands were bound to the surface of the Au@MnO heterodimer nanoparticles. 

Figure 3.2: TEM images of Au@MnO hetero-nanoparticles showing the impact of various reaction parameters: a) 
"flower-like" particles were obtained using oleylamine-functionalized Au nanoparticles; b) and c) thiol functionalization 
of the Au nanoparticles suppressed multiple nucleation of MnO, while the morphology and existence of free Au 
nanoparticles had to be adjusted by addition and ratio of further stabilizing ligands. Generally, the Au domains appear 
darker in the images than MnO due to the larger Z-contrast. 
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In accordance with the synthesis of spheroidal MnO nanoparticles, 1-octadecene was 

used as the solvent.[177] Changes of the solvent to less polar, i.e. electron depleted solvents, or 

to more polar, electron rich solvents, enhanced neither shape nor size control. This was 

observed to be the case for diphenyl ether and tri-n-octylamine, which were tried amongst other 

electron donating solvents. They promoted the formation of “flower-like” particles. Once 

nucleation took place, the electron depletion of the Au domain was compensated for by 

interaction with the solvent, thus, enabling additional nucleation. For non-polar solvents, e.g. 

heptadecane, solely the formation of heterodimers was observed, and polysized particles were 

obtained.  

The heating rate, the reaction temperature itself, and the reaction time were all 

examined. First, the heating rate was optimized to 2 °C/min. A faster heating rate resulted in 

polydisperse nanoparticles due to the inhomogeneous temperature distribution within the 

reaction flask. Therefore, the conditions of growth were not identical for all nanoparticles, and 

different processes occurred at the same time. Second, the reaction temperature was screened 

between 280 °C and 320 °C, but only the reflux temperature of the solvent, 1-octadecene, led 

to a uniform size distribution. Third, the influence of reaction time was analyzed. Within the first 

30 minutes after reaching 320 °C, the MnO domain grew in size and the size distribution became 

narrower. No change of the heterodimer nanoparticles was observed for a prolonged reaction 

time up to 90 minutes. However, if the reaction was heated for an even longer period of time, 

the uniformity of the nanoparticles was lost, as the MnO domains underwent Ostwald ripening. 

In short, the optimal reaction time was determined to be 30 minutes at 320 °C after applying a 

heating ramp of 2 °C/min. 

Figure 3.3: FT-IR spectra of oleylamine, oleic acid, manganese(II) oleate, and Au@MnO heterodimer nanoparticles, 
from top to bottom. The spectra were measured in CHCl3 solution. 
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The phase composition of the as-prepared Au@MnO heterodimer nanoparticles was 

investigated by high resolution synchrotron powder diffraction data collected at 11-BM of the 

Advanced Photon Source (APS) of the Argonne National Laboratory. Figure 3.4 displays 

quantitative phase analysis by means of Rietveld refinement of room temperature synchrotron 

data. The reflection profiles were modelled according to the fundamental parameter approach. 

The positions and relative intensities were in good accordance with expected pattern for fcc-

type Au and rock-salt-type MnO. The crystallite sizes were determined to 6.4(2) nm for Au and 

22.3(7) nm for MnO, while the profile of the Au reflections was broader than of the MnO 

reflections due to their crystallite sizes. These results corresponded to the domain sizes of 6.5 

± 0.3 nm and 19.3 ± 1.8 nm, respectively, determined by TEM analysis (see Table S2). 

Unfortunately, the sample was contaminated by a crystalline silicate-type compound, which 

occurred most likely during sample preparation. 

 

3.2.2 Domain Size Control 

Moreover, the facile two-step technique allowed the fine tuning of the metal oxide domain 

size, which had no impact on the size distribution of the resulting heterodimers. For Au 

nanoparticles of a given size, the diameter of the MnO domains was varied between 10 nm and 

30 nm, depending on the amounts of manganese oxide precursor. To synthesize heterodimer 

particles with different MnO sizes, the ratio of manganese oleate to gold seeds was varied 

between 0.2 mmol and 0.4 mmol manganese oleate per 10 mg Au nanoparticles. 

Representative TEM images of the particles with various domain sizes are shown in Figure 3.5. 

Figure 3.4: Refined synchrotron powder diffraction data for Au@MnO heterodimer nanoparticles (red dots), including 
profile fit (black solid line), and profile differences (red solid lines). The refined peak positions are indicated by black 
and blue tick marks for Au (top) and MnO (bottom), respectively. Contaminations are marked by asterisks. The inset 
displays a corresponding TEM image of Au@MnO heterodimer nanoparticles. The data were refined by Dr. Martin 
Panthöfer. 
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However, the synthesis of heterodimer nanoparticles with equally sized domains did not 

succeed, as larger Au seeds led to multiple heterogeneous nucleation of MnO. In reverse, the 

diminishment of the MnO domain simply by using less manganese oleate led to polydisperse 

samples with a high number of remaining Au nanoparticles. 

Upon drying colloidal solutions on TEM grids, the self-assembly of heterodimers with 

small Au domains was determined by the pseudo-spherical shape of the MnO domains. Due to 

their low polydispersity, below 10 %, the heterodimers formed well-ordered hexagonally close-

packed layers (Figure 3.5 d - f). Upon increasing the size ratio rAu/rMnO, a tendency to a side-on 

arrangement was observed (Figure 3.5 a - c).  

 

The sensitivity of Au nanoparticles to changes in the dielectric environment of the surface 

plasmon resonance (SPR) is well known. For this reason, Au nanoparticles are used as sensors 

based on the shift of the resonance frequency, for example to surface binding of 

biomolecules.[180,181] Furthermore, the absorption characteristics are modified upon changes in 

the particle morphology and composition.[153,163,182] Consequently, the morphological and 

compositional change from spheroidal Au nanoparticles to Au@MnO heterodimers was 

reflected in the optical properties of the particles (Figure 3.6). The heteroepitaxial growth of MnO 

domains on gold seeds changed the local dielectric function of their surrounding medium, and, 

therefore, the position of the maximum of the plasmon absorption band (Figure 3.6b).[113]  

Figure 3.5: TEM images of Au@MnO heterodimers with tunable sizes of Au and MnO domains: a) 7@12 nm, 
b) 7@15 nm, c) 9@16 nm, d) 8@20 nm, e) 3@20 nm, and f) 4@24 nm. All images were taken with the same 
magnification. 
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The observed shift can be explained by means of classical Mie theory, whereas this 

model failed to describe the drastic decrease in intensity and broadening of the absorption band. 

Wei et al. ascribed this damping to tunneling of the conduction band electrons of the Au domains 

into the projected density of states of the metal oxide domain, while investigating a related 

system. This so-called interface decay channel was attributed to change the relaxation behavior 

of the SPR electrons, and, thus, the intensity and widths of the absorption band.[183] 

Consequently, the magnitude of the bathochromic shift was found to be a function of the 

domain size of the MnO proportion. Figure 3.7 shows the shift by about 30 nm to 70 nm as 

compared to the absorption of pristine Au nanoparticles. The observed correlation might be 

explained as an interplay of concomitant factors. A common approach in literature, aside from 

Mie’s theory, associates the observed shift with the core charge.[152] The position of the 

absorption band is directly proportional to the so-called number of free electrons N following an 

N-1/2 dependency. In other words, excess electronic charge induces hypsochromic shifts, 

whereas electron deficiency results in bathochromic shifts.[113] Here, the reported Au@MnO 

heterodimers illustrate this relation. As the electron deficient material MnO nucleated 

heterogeneously on the Au nanoparticles, the induced charge arising from the polarization at 

the interface was compensated for by the free electrons from the Au nanoparticles. Therefore, 

the number of free electrons within the plasmonic nanoparticles was reduced causing a 

bathochromic shift. This reduction of the free electrons was suggested to contribute to the 

observed shift. However, it was not the only contributing change: for instance, a shift of 50 nm 

from 520 nm to 570 nm would require a 20 % decrease in the total number of free electrons, 

which was barely reasonable. 

For Au@MnO heterodimer nanoparticles, a linear dependency of the absorption 

maximum and the ratio of domain sizes rMnO/rAu was obtained (Figure 3.7b). Linear extrapolation 

of this trend to infinitesimal MnO proportions, showed an offset of ca 20 nm as compared to 

pristine Au nanoparticles. A similar result was reported by Kelly and co-workers for the gradual 

Figure 3.6: a) TEM image of Au@MnO heterodimers, b) UV-VIS spectra of Au seeds as well as sequencing Au@MnO 
heterodimers. The spectra were measured in hexane and scaled to unity at 800 nm. 
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embedding of Ag nanoparticles into mica shells.[114] Likewise, the nucleation can be regarded 

as stepwise embedding of Au into MnO, where not the core/shell architecture but rather the 

heterodimer morphology was the final structure. This congruousness could be attributed to the 

refractive index change of the surrounding medium upon decomposition of manganese oleate. 

In fact, the Drude Model describes the dependency of the resonance frequency from the 

dielectric constant of the surrounding medium, so that a shift of ca 100 nm is expected per 

refractive index change. However, this relationship is not accurate for nanoparticles, as neither 

the interband transitions nor the size of the nanoparticles are considered as two of the main 

simplifications.[14] 

 

To conclude, several aspects were discussed to contribute to the modification of the 

optical characteristics of the investigated heterodimer nanoparticles: (i) the dielectric constant 

of the surrounding medium, (ii) its refractive index, as well as (iii) the net charge of the Au 

domains. These parameters were dependent on the size of the MnO domain, though the 

diameter of the Au domain had to be considered as well. 

Dynamic light scattering was applied as a complementary characterization technique to 

TEM. The solution behavior of heterodimer particles Au@MnO as well as the precursor Au 

nanoparticles was investigated in view of the size distribution, aggregation, and stability in 

solution (Figure 3.8). Both types of particles were highly monodisperse, as can be seen from 

the constancy of the apparent diffusion coefficients as a function of the scattering vector q2 

(Figure 3.8a) and the amplitude of the autocorrelation function fits (Figure 3.8b). The 

hydrodynamic radii were extracted from the Stokes-Einstein equation to Rh(Au) = 6.5 nm 

± 0.1 nm and Rh(Au@MnO) = 14.1 nm ± 0.2 nm. This was in good accordance with the diameter 

measured from TEM images, which were d(Au) = 9.3 nm ± 0.5 nm and d(Au@MnO) = 21.9 ± 

1.5 nm. The increase in radii from TEM to DLS derived from the ligand shell and the solvation. 

No correction term was applied to make allowance for the anisotropy of the heterodimers. This 

Figure 3.7: UV-VIS spectra of Au@MnO heterodimers as a function of their domain sizes revealed the significant
bathochromic shift of the absorption maximum upon increasing the MnO proportion: a) spectra stacked along the y-
axis, b) absorption maximum as a function of the domain sizes in comparison to pristine Au nanoparticles showing 
the linear dependency as well as an offset of ca 20 nm. The corresponding UV-VIS spectra were measured in hexane.



Design of Multifunctional Janus Particles for Biomedical Applications 
 

44 

assumption of pseudo-spheroidal particles was reasonable due to the small aspect ratio of 

d(Au@MnO)/d(MnO) = 1.1. These results in combination with TEM data confirmed the precise 

size control of the domain sizes and the uniformity of the size distribution. 

 

3.2.3 Mechanism of Growth 

As an in situ observation of the nucleation by common techniques remains challenging, 

aliquots of a typical synthesis of Au@MnO heterodimers were taken to monitor the mechanism. 

The aliquots were first taken at 260 °C, thus 90 minutes after the heating ramp was started. 

According to the heating rate of 2 °C/min, a 5-minute-increment was equal to 10 °C. The reaction 

snapshots were analyzed without any purification, because the usually applied centrifugation 

and re-dissolution procedure could have an influence on the composition. As the position as 

well as the spectral intensity were determined to be directly related to the MnO domain size 

(see Figure 3.7), UV-VIS spectroscopy was used as a powerful technique to examine the 

evolution of the heterodimer nanoparticles. Within the first 110 minutes after the start of heating, 

only a slight decrease in the absorption intensity was observed (see Figure 3.9). Starting at 

310 °C, after 115 minutes, the spectral intensity dropped drastically indicating sudden 

nucleation of the electron deficient material on the Au nanoparticles. For the remaining reaction 

time of 25 minutes, the absorption intensity varied little. Coinciding with the drop in intensity, the 

absorption maximum showed a significant bathochromic shift confirming the sudden 

heterogeneous nucleation.  

Figure 3.8: Dynamic light scattering results of Au and Au@MnO dispersed in n-heptane. a) Apparent diffusion 
coefficients as a function of scattering vector q² in the range of scattering angle 30° ≤ θ ≤ 150°, b) universally-scaled 
and normalized field autocorrelation functions measured at scattering angle 30° together with bi-exponential fitting 
functions and appendant residues, and c) corresponding TEM image of Au@MnO heterodimer nanoparticles. The 
diameter of the nanoparticles was measured from TEM images as indicated by the green arrow. 
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At first glance, this observation contradicted the nucleation behavior of manganese 

oleate forming spheroidal MnO nanoparticles. Schladt et al. reported the decomposition to have 

already started at 215 °C forming poorly crystalline particles, which were about 4.5 nm in 

diameter.[177] However, upon closer examination, this discrepancy could be attributed to the 

differences concerning the nature of nucleation: the formation of MnO nanoparticles occurred 

as a homogeneous nucleation, whereas Au@MnO nanoparticles formed heterogeneously. 

Compared to the formation of pure MnO nanoparticles, the concentration of manganese oleate 

was lowered in order to suppress homogeneous nucleation. Thus, even though the same 

precursor was used, the reaction kinetics were designed to differ according to the morphology 

of the nanoparticles.  

Further, TEM analysis of the reaction snapshots confirmed the suggestion of sudden 

nucleation at 310 °C. The temporal evolution is shown in Figure 3.10, where no indication of 

heterogeneous nucleation was observed up to 300 °C. Then, abrupt nucleation of MnO domains 

took place at 310 °C, justifying the drastic decrease in spectral intensity. Further temperature 

increase and prolonged reaction time at reflux temperature of 320 °C sharpened the size 

distribution, but no further nucleation was observed.  

Figure 3.9: UV-VIS spectra of reaction snapshots of a typical Au@MnO synthesis. The spectra were recorded without 
further purification to retain the composition of the reaction mixture and normalized to absorption at 800 nm. 
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In conclusion, these findings suggested this synthetic approach to proceed according to 

the LaMer model for heterogeneous nucleation. The crucial separation of nucleation and growth 

was achieved by smart design of the reaction conditions. The narrow size distribution of the 

obtained nanoparticles was ascribed to a single nucleation event at 310 °C. This became 

evident upon analysis of the UV-VIS spectra in terms of evolution of the absorption maximum 

and the spectral intensity (Figure 3.11). Both correlations showed a drastic change upon 

trespassing 310 °C. This offset represented the sudden change in the local dielectric function of 

the medium surrounding the gold nanoparticles. Subsequent to the nucleation event, the 

absorption maximum shifted nearly linear with the reaction time, indicating further growth of the 

MnO domains. Further, the spectral intensity recovered slightly after the nucleation event. In 

contrast to the absorption wavelength, the absorption remained constant rather than showing a 

linear behavior. This indicated that the spectral intensity was insensitive to the proportion of 

electron deficient material, once conjugation took place.  

 

Figure 3.10:  TEM images of reaction snapshots of a typical Au@MnO synthesis. The aliquots were taken at a) 
260 °C, b) 300 °C, c) 310 °C, while d), e), and f) were all taken at 320 °C. This corresponded to reaction times of a) 
90 min, b) 110 min, c) 115 min, d) 120 min, e) 130 min, and f) 140 min. The specimen were prepared without further 
purification from the reaction mixture.  
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3.2.4 Morphology of Au@MnO Heterodimer Nanoparticle s 

Upon drying nanoparticle solutions on TEM specimen, Au@MnO particles with smaller 

MnO domains were observed to lie flat on one side, showing the morphology of the 

heterodimers (see Figure 3.5). However, particles with larger MnO domains, typically > 20 nm, 

ordered in a hexagonal fashion with respect to the MnO domains. Thus, TEM EDX line scans 

were performed in order to clarify the particle morphology of these larger hetero-nanoparticles 

(Figure 3.12).  

 

The spatially resolved element mapping of manganese and gold showed the hetero-

nanoparticles to be composed of separate nanoparticles joined together along a common 

interface. For instance, it became obvious from the elemental profile plot between 30 nm and 

Figure 3.11: Analysis of the UV-VIS spectra of the growth of Au@MnO heterodimers showing the evolution of the
position of the absorption maximum λmax and of the spectral intensity as a function of reaction time as well as 
temperature. The corresponding UV-VIS spectra were measured without further purification of the aliquots. 

Figure 3.12: a) HAADF STEM image and b) Au and Mn elemental profiles of Au@MnO heterodimer nanoparticles
corresponding to the green line in image a). The TEM EDX analysis was performed by Robert Branscheid. 
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50 nm that the supposed core/shell particle was caused by an Au@MnO heterodimer lying 

upright on the MnO domain.  

Further, the anisotropy was confirmed by TEM tomography: the tilting of the xy-plane 

revealed the heterodimer character, as the position of the metal domains changed relatively to 

the MnO domains upon increasing the rotation angle. For instance, this effect was obvious for 

the nanoparticle highlighted in Figure 3.13. 

 

Moreover, HR TEM analysis showed the MnO domains to be single crystalline, while the 

Au domains retained the mixed single crystalline and fivefold-twinned structure (Figure 3.14a 

and b). The lattice constant of MnO was determined to 4.4 Å by electron diffraction, which was 

in good accordance with bulk manganosite. As shown in Figure 3.14a, the lattice fringes of both 

particles were clearly visible, which corresponded to atomic planes within each particle. This 

indicated both domains to be single crystalline. The distance between adjacent planes was 

determined to 0.2495 nm. This coincided perfectly well to be midway between the plane 

distances of MnO and Au nanoparticles. The interplanar distance of the (111) planes in the 

cubic rock salt structure of MnO was ascertained to be 0.256 nm for 14 nm MnO 

nanoparticles.[184] On the other hand, the distance between adjacent (111) planes of fcc 

structured Au nanoparticles was reported to be 0.24 nm.[153]  

 

 

Figure 3.13: TEM tomography of Au@MnO heterodimers with tilting angles of the xy-plane of a) 0°, b) 25°, c) 45°, 
and d) 65°. All images were taken with the same magnification. 

Figure 3.14: HR TEM images of a single Au@MnO heterodimer nanoparticle: a) lattice fringes reveal both domains 
to be single crystalline, and b) typical image of heterodimer particle indicating the fivefold twinning of the Au domain. 
The HR TEM measurements were performed by Robert Branscheid. 
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3.2.5 Magnetic Properties 

Detailed examination of spheroidal MnO nanoparticles by Schladt and co-workers 

showed weak size-dependent superparamagnetic behavior.[177] In contrast, bulk MnO is known 

to be antiferromagnetic with a Néel-temperature of TN = 122 K. According to Lee et al., the non-

compensated surface spins of MnO nanoparticles cause ferromagnetic behavior, while the core 

remains antiferromagnetic.[185] These disordered spins emerge due to the change in metal 

coordination on the surface.[186] As the number of uncompensated surface spins increased with 

the surface-to-volume ratio, smaller MnO nanoparticles showed a higher blocking temperature 

and higher magnetization values.[187] However, it has conclusively been shown that the 

communication of the individual components across the interface of hetero-nanoparticles 

modifies the magnetic properties of hetero-nanoparticles. For instance, an exchange bias effect 

was observed for FePt@MnO heterodimers, as the spins of the antiferromagnetic MnO domain 

pinned down the magnetic moments of the ferromagnetic FePt domains.[12]  

In fact, even the conjugation of magnetic nanoparticles to a diamagnet was reported to 

influence the magnetic behavior. Comparing the magnetic data of Au@MnO to spheroidal MnO 

nanoparticles demonstrated the impact of the Au domain. Au@MnO heterodimers showed 

superparamagnetic behavior as well, but had an 11 K higher blocking temperature of TB = 22 K 

(Figure 3.15a). A similar trend was observed for Au@MnO “flower-like”[168] as well as for 

Au@Fe3O4 “dumbbell-like”[153] nanoparticles. In literature, these effects are ascribed to thermal 

fluctuations as well as to surface spin canting of the nanoparticles, which is even more 

pronounced for hetero-nanoparticles.[177,188] Furthermore, the FC and ZFC data (Figure 3.15a) 

diverged at low temperatures, as it has been reported for several oxide nanoparticles.[184] In 

contrast, the temperature-dependent magnetization measurements showed no indication of the 

Néel temperature, which was observed as a weak feature for 25 nm MnO nanoparticles.[177] 

The nanoparticles showed a hysteresis loop below their blocking temperature, where no 

saturation of the magnetization occurred (Figure 3.15b). This was observed in the same way for 

pristine MnO nanoparticles.[184] Furthermore, the magnetization value of heterodimer 

nanoparticles of M(T = 5 K) = 4.9 emu/g was ca 30 % lower than reported for “nanoflowers”.[168] 

This is reasonable as the proportion of MnO was significantly decreased for heterodimers as 

compared to nanoparticles bearing multiple MnO domains per Au seed. Thus, the coercivity 

was concurrently lowered to 320 Oe (µ0H = 0.03 T). A similar trend was reported for the 

coercivity of Au@MnO “nanoflowers” in comparison to pristine MnO nanoparticles.[168] To 

conclude, Au@MnO heterodimer nanoparticles exhibited magnetic characteristics, which were 

in between those of spherical MnO and “flower-like” Au@MnO multimers, and demonstrated a 

significant impact of the solid state interface. 
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3.3 Au@Fe3O4 Heterodimer Nanoparticles 

In recent years, magnetic nanoparticles have attracted much research effort due to their 

tunable intrinsic magnetic properties. Among a great variety of magnetic nanoparticles, Fe3O4 

nanoparticles combine several characteristics that make them ideal for biomedical applications 

such as a high, tunable magnetic moment,[189] large-scale synthesis of monodisperse 

nanoparticles,[190] low cytotoxicity,[7] and controlled surface modification.[191] Nowadays, 

superparamagnetic iron oxide nanoparticles, so-called SPIONs, are even clinically used for 

improving magnetic resonance contrast serving as T2 contrast agents.[173] Initially, the 

combination with plasmonic Au nanoparticles to form Au@Fe3O4 hetero-nanoparticles was 

inspired by their use as dual contrast agent for CT and MRI,[192] which will be addressed further 

in Chapter 6. However, they emerged as a powerful nanoparticle system and, therefore, are 

under investigation concerning their use for catalysis[11,159], drug delivery,[28] bimodal 

bioimaging,[163,192–194] and biomedical applications[181,195] such as cancer treatment.[196]  

One of the best-known examples of dumbbell-like hetero-nanoparticles are Au@Fe3O4 

heterodimers. We chose Au@Fe3O4 as the reference system for Au@MnO heterodimer 

nanoparticles for several reasons. On the one hand, the adjacent metal in the periodic system 

of elements was shown to behave similarly concerning the synthesis of metal oxide 

nanoparticles. On the other hand, large changes were determined with regard to their 

properties, especially the magnetic properties and their use as MRI contrast agents. Thus, this 

study provided an important opportunity to advance understanding of the synthesis, the 

characteristics, and the communication across the interface of heterodimer nanoparticles as a 

function of their metal oxide composition.  

Here, we describe a procedure that allows precise control over the domain sizes and 

morphology of Au@Fe3O4 heterodimer nanoparticles. It was developed by adapting the 

parameters of the preparation of Au@MnO heterodimers. This technique extends and modifies 

Figure 3.15: Magnetic data of 4@25 nm Au@MnO heterodimer nanoparticles: a) temperature-dependent 
magnetization curves (ZFC-FC) under an applied field of 100 Oe, b) corresponding magnetic hysteresis loops; the 
inset enlarges the view of the hysteresis loops. The measurement was performed by Oskar Köhler. 
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the methods known in literature, as it differs regarding the metal oxide precursor,[153] heating 

profile, and the amount of additional ligand.[165]  

3.3.1 Synthesis of Au@Fe 3O4 Heterodimer Nanoparticles 

As there is no ternary Au-Fe-O phase or a gold oxide present under the experimental 

conditions, there is no need to pay attention to achieve phase-separation when synthesizing 

Au@Fe3O4 heterodimers, though the morphology control remains a challenge. In 2005, Yu and 

co-workers demonstrated the formation of Au@Fe3O4 heterodimer nanoparticles for the first 

time. Both synthetic options, namely the one-pot technique and the seed-mediated growth, were 

demonstrated.[153] The last-named approach became state of the art for the synthesis of 

Au@Fe3O4 heterodimer nanoparticles, as it was commonly adapted by other groups. We 

therefore used this procedure as a starting point. However, only poor control over domain size 

and morphology was obtained when the synthetic protocol was reproduced: The hetero-

nanoparticles were prepared in a seed-mediated synthesis starting with monodisperse 

oleylamine-functionalized Au nanoparticles (see Chapter 2.2). Heterogeneous nucleation was 

induced by hot-injection of iron(0) pentacarbonyl Fe(CO)5 into the seed solution at 120 °C. 

Nonetheless, several problems occurred, which have not been addressed in literature. Due to 

the immediate decomposition of Fe(CO)5 upon injection, multiple nucleation of iron on the seeds 

took place, no matter which precursor ratio, concentration, or ligand concentration were used. 

Thus, core/shell type nanoparticles rather than heterodimers were obtained due to subsequent 

growth of the Fe3O4 domains forming a closed shell (Figure 3.16a). To overcome this problem, 

thiol-functionalized Au nanoparticles were used to suppress multiple nucleation in analogy to 

the formation of Au@MnO heterodimer nanoparticles. But this did not facilitate the heterodimer 

formation. In contrast, it promoted homogeneous nucleation of Fe3O4 due to the passivation of 

the Au surface. By adjusting the ligand concentration as well as the precursor ratio, the 

formation of peanut-like particles or heterodimers was facilitated (Figure 3.16b and c, 

respectively). Moreover, homogeneous nucleation of Fe3O4 occurred for elevated ligand 

concentrations. As the last choice to optimize this protocol, the addition of long-chain 1,2-

alkyldiols, such as 1,2-hexadecanediol or 1,2-tetradecanethiol was tested. In literature, they 

were associated with an improved formation of heterodimer nanoparticles. Sheng et al. 

proposed a delay in nucleation of Fe3O4 due to the interaction of the intermediate iron species 

with the adjacent hydroxyl groups, and, thus, a slow-down in reaction kinetics promoting 

anisotropic growth.[197] Conversely, no impact of any long-chain 1,2-alkyldiol independent of 

their concentrations was observed. Thus, no precise control regarding the formation of 

Au@Fe3O4 heterodimers was obtained using Fe(CO)5 as precursor, although it is most 

commonly employed in literature. 
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Aside from Fe(CO)5, various precursors are discussed in literature. For instance, iron(III) 

acetylacetonate is applied, but only in combination with 1,2-hexadecandiol to slow down the 

kinetics.[198] Furthermore, iron(III) oleate is the second most used, where various heating 

protocols and compositions of the reaction mixture are reported. In this case, the role of long-

chain 1,2-alkyldiols is controversial, whether they are needed to control the morphology[192] or 

not.[165,199] Iron(III) oleate was developed to be thermally decomposed in a large scale synthesis 

of 40 g to yield monodisperse Fe3O4 nanoparticles.[190] In contrast to Fe(CO)5, it enables precise 

control over the nucleation process, as its decomposition temperature is substantially higher, at 

240 - 280 °C. It is reported to depend on the degree of purification from weakly bound oleic acid.  

The chemical protocol of Au@MnO heterodimers was used as the starting point and 

modified as suggested by Lin and co-workers.[165] The reaction parameters were optimized 

regarding the precursor ratio and heating protocol to obtain monodisperse Au@Fe3O4 

heterodimer nanoparticles with precise control over the morphology. Briefly, the synthesis was 

performed as a seed-mediated nucleation and growth technique in 1-octadecene with 

oleylamine-functionalized Au nanoparticles as seeds and oleylamine as well as oleic acid as 

ligands. In other words, multiple nucleation was successfully suppressed by a slow heating rate 

of 2 °C/min and stabilization by the ligands. As was discussed for Fe(CO)5 as precursor, thiol-

functionalized Au nanoparticles inhibited heterogeneous nucleation, which led to spheroidal 

Fe3O4 nanoparticles.  

The intermediate stages of the growth of Au@Fe3O4 heterodimers were investigated by 

FT-IR spectroscopy. Spectra of the precursors oleic acid, oleylamine, and iron oleate were 

analyzed in comparison to Fe3O4 as well as Au@Fe3O4 nanoparticles (Figure 3.17). The 

spectrum of iron oleate indicated a significant fraction of oleic acid apart from oleate chelating 

iron ions, which did not correlate to the manganese oleate complex (see page 39). The 

absorption band of the carbonyl stretching mode of free oleic acid at 1710 cm-1 was maintained, 

although additional absorption bands of higher intensity occurred at 1525 cm-1 and 1425 cm-1. 

This splitting of 100 cm-1 is characteristic for a bidentate coordination of the carboxyl group. 

Figure 3.16: TEM images of Au@Fe3O4 nanoparticles, which were prepared using Fe(CO)5 as the iron oxide 
precursor. The morphology changed gradually from a) core/shell type hetero-nanoparticles, to b) more peanut-like, 
and, finally, to c) heterodimer-like nanoparticles, while homogeneous (black arrows) and multiple heterogeneous 
nucleation (white arrows) of Fe3O4 occurred as well. 
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Bronstein et al. observed that this additional amount of oleic acid modifies the decomposition 

process and acts as a stabilizer during nanoparticle formation.[179] Upon thermal decomposition 

of the iron oleate complex to Fe3O4 nanoparticles, the vibrational modes of oleic acid changed. 

First, the absorption due to free oleic acid centered at 1710 cm-1 disappeared, and, second, the 

splitting of the afore mentioned bands was increased to 133 cm-1. Thus, the coordination 

changed most likely to a bridging ligand, as a separation of 140 - 200 cm-1 was found to be 

characteristic. Moving on to Au@Fe3O4 heterodimer nanoparticles, the uniform mode at 

1710 cm-1 was of moderate intensity and significantly reduced as compared to iron(III) oleate. 

The absorption band of the carbonyl stretching mode was in between the two split bands 

observed for spherical Fe3O4 nanoparticles. The presence of oleylamine bound to the surface 

of Au@Fe3O4 heterodimer nanoparticles was confirmed by its broad N-H stretching mode 

centered at 3390 cm-1. These results provide further support for the binding of both oleic acid 

and oleylamine to the surface of Au@Fe3O4 heterodimer nanoparticles and, thus, their impact 

on the formation and morphology. 

 

High resolution synchrotron data collected at room temperature at the beamline 11-BM 

at the Advanced Photon Source (APS) of the Argonne National Laboratory were used for 

quantitative phase analysis of Au@Fe3O4 nanoparticles by means of Rietveld refinement 

(Figure 3.18). Reflection profile modelling according to the fundamental parameter approach 

led to crystallite sizes of 7.7(1) nm for the Au domain and 18.4(1) nm for the iron oxide domain. 

This was in good accordance to the domain sizes of 9@16 nm as determined by TEM analysis, 

although the crystallite size of the metal oxide domain was slightly larger (see Table S3). The 

phase composition was approximated to Fe0.733(9)O by refinement of the site occupancy, which 

corresponded to magnetite as main component. The slightly reduced iron content indicated a 

Figure 3.17: FT-IR spectra of oleic acid, iron oleate, spherical Fe3O4, and Au@Fe3O4 heterodimer nanoparticles, 
from top to bottom. The spectra were measured in CHCl3 solution. 



Design of Multifunctional Janus Particles for Biomedical Applications 
 

54 

contamination by Fe2O3, which could originate from partial oxidation at the surface. Due to the 

structural resemblance and, thus, the similarity of their diffraction pattern, Fe3O4 and γ-Fe2O3 

are barely distinguishable from each other. Especially for small crystallite sizes, the phase 

analysis has to be treated with caution. 

 

3.3.2 Shape Control 

The synthesis of iron(III) oleate was performed as described by Park and co-workers,[190] 

where only sodium oleate with a higher amount of impurities was available. Aside from a 

spherical morphology, this also resulted in triangular or bi-pyramidal iron oxide domains of 

Au@Fe3O4 heterodimers. However, precise control of the hetero-nanoparticle morphology was 

achieved (Figure 3.19a): further purification of the iron(III) oleate complex prior to thermal 

decomposition enabled the synthesis of Au@Fe3O4 heterodimers with solely spheroidal oxide 

domains (Figure 3.19b). Similarly, this shaping effect has been observed for single component 

Fe3O4 nanoparticles. The purity of the iron(III) oleate complex is known to be crucial for the 

obtained morphology of the nanoparticles. In literature, residues of fatty acid salts, such as the 

precursor sodium oleate, were associated with the formation of cubic Fe3O4 instead of spherical 

nanoparticles. This is discussed in terms of a facet-selective ligand adsorption on the (100) 

facets, whose growth, thus, is significantly slowed down. Furthermore, bi-pyramidal, twinned 

Fe3O4 nanoparticles have been reported upon addition of sodium oleate and slight adjustment 

of the reaction parameters by Kovalenko and co-workers.[200] 

Figure 3.18: Refined synchrotron powder diffraction data of Au@Fe3O4 heterodimer nanoparticles (red dots), 
including profile (black solid line), and profile difference (red solid line). The refined peak positions are indicated by 
black and blue tick marks for the Au (top) and Fe3O4 (bottom) component, respectively. The inset displays a 
corresponding TEM image of Au@Fe3O4 heterodimer nanoparticles. Contaminations are marked by an asterisk. The 
data were refined by Dr. Martin Panthöfer. 
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In order to examine the directional relation of the two domains, HR TEM analysis was 

performed. The central question behind this study was whether the affinity for certain crystal 

planes is responsible for exclusive formation of heterodimer nanoparticles. However, owing to 

the fivefold twinning of the Au nanoparticles, no clear statement was possible concerning the 

anisotropic morphology in relation to lattice match or mismatch of the various crystal facets of 

gold and iron oxide (Figure 3.20). Furthermore, not all of the Fe3O4 domains were single 

crystalline, as they partially showed twinning defects (Figure 3.20b). The interplanar distances 

of adjacent lattice fringes were determined to be 0.482 nm for Fe3O4 and 0.240 nm for Au 

domains. These spacings corresponded to the (111) facets of the inverse spinel Fe3O4 and fcc 

Au, which are 0.485 nm and 0.24 nm, respectively. Thus, the heteroepitaxial match occurred 

across the (111) facet of Fe3O4 and twice the (111) facet of Au. In addition to the reported 

distance of lattice fringes for Au@Fe3O4 (Figure 3.20a - b), an interplanar distance of 0.312 nm 

was measured for the Fe3O4 domains (Figure 3.20c). This corresponded to the (220) facet of 

Fe3O4.[153,201] 

 

Furthermore, the nanoparticles were analyzed by means of dynamic light scattering to 

investigate the uniformity of the size distribution as well as the colloidal stability. Dynamic light 

scattering is a powerful technique, as it allows the analysis of size and polydispersity of an 

Figure 3.19: TEM images of Au@Fe3O4 heterodimers prepared with iron(III) oleate as iron oxide precursor: a) 
contamination of iron oleate with sodium oleate led to triangular shaped iron oxide domains, b) thorough purification 
of the precursor resulted in spheroidal metal oxide domains.  

Figure 3.20: HR TEM images of Au@Fe3O4 heterodimers showing the typical fivefold twinning defects of the Au 
domains (a, b), the twinning defects of Fe3O4 as well as the lattice fringes of Au (b), and Fe3O4 (c). HR TEM analysis 
was performed by Dr. Tatiana Gorelik. 
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ensemble of nanoparticles in solution. In contrast, TEM displays a very restricted amount of 

nanoparticles, which also relies critically on the sample preparation.[202] Solutions of Au@Fe3O4 

heterodimers dissolved in n-heptane were compared to those of pristine Au nanoparticles 

(Figure 3.21). Both samples were highly monodisperse, which was indicated by two 

observations: first, the apparent diffusion coefficients showed no dependency on the scattering 

vector q² (Figure 3.21a), and, second, the amplitude of the autocorrelation functions decayed 

single-exponentially (Figure 3.21b). The hydrodynamic radii were extracted from the Stokes-

Einstein equation to be Rh(Au) = 6.5 nm ± 0.1 nm and Rh(Au@Fe3O4) = 12.8 nm ± 0.2 nm. This 

was in good accordance with the diameter measured from TEM images, which were d(Au) = 

9.3 nm ± 0.5 nm and d(Au@Fe3O4) = 16.4 ± 1.1 nm. The increase in radii from TEM to DLS 

derived from the ligand shell and the solvation. Furthermore, the rather slight extent of 

anisotropy was displayed by the aspect ratio of d(Au@Fe3O4)/d(Fe3O4) = 1.1. Consequently, 

the DLS data were analyzed assuming a pseudo-spherical morphology of the heterodimer 

nanoparticles. In other words, no correction term was added in order to consider the anisotropy. 

 

In conclusion, the optimization of the Au@Fe3O4 synthesis led to highly monodisperse 

heterodimer particles using iron(III) oleate as precursor. As there was no indication of any 

aggregates in DLS measurements, the nanoparticles remained stable in solution after the 

purification. Therefore, solely this approach was applied for the supplementary analysis and 

succeeding applications. 

3.3.3 Domain Size Control 

Like the control over domain sizes that was demonstrated for Au@MnO (see Chapter 

3.2.2), a precise control was achieved for Au@Fe3O4 as well. The domain sizes were adjusted 

independently from each other. The size of the Au nanoparticles was controlled by the reaction 

Figure 3.21: Dynamic light scattering results of Au and Au@Fe3O4 dispersed in n-heptane. a) Apparent diffusion 
coefficients as a function of scattering vector q² in the range of scattering angle 30° ≤ θ ≤ 150°, b) universally-scaled 
and normalized field autocorrelation functions measured at scattering angle 30° together with bi-exponential fitting 
functions and residues, and c) corresponding TEM image of Au@Fe3O4 heterodimer nanoparticles. The diameter of 
the nanoparticles was measured from TEM images as indicated by the green arrow. 
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temperature as described earlier (see Chapter 2.2.1). For Au nanoparticles of a given size, the 

diameter of the Fe3O4 domain was determined to be between 8 and 30 nm depending on the 

amount of iron oleate. In order to obtain heterodimer nanoparticles with different Fe3O4 sizes, 

the ratio of iron oleate to Au seeds was varied between 0.2 mmol to 0.5 mmol oleate per 30 mg 

Au nanoparticles. The ratio of iron oleate to oleic acid and oleylamine as ligands remained 

constant. The precise size control obtained in this seed-mediated growth process is displayed 

by TEM images in Figure 3.22. Upon drying a colloidal solution, the orientation of heterodimer 

nanoparticles on the TEM grid was dictated by the ratio of the domain sizes of the heterodimers. 

A tendency for a side-on arrangement was clearly visible for Au@Fe3O4 with large size ratios 

rAu/rFe3O4 (Figure 3.22a - b). Upon increasing the size of the metal oxide domain, the alignment 

was dominated by their hexagonal arrangement. An upright orientation led to hexagonal close-

packed layers, when the local concentration of nanoparticles was increased (Figure 3.22c).  

 

The morphological change from Au nanoparticles to Au@Fe3O4 heterodimers was 

reflected by the optical properties, which were analyzed by UV-VIS spectroscopy (Figure 3.23). 

Similarly, this was discussed earlier for Au@MnO heterodimers (see Chapter 3.2.2). The 

absorption maximum was red-shifted as compared to pristine Au nanoparticles, whereby the 

extent was proportional to the domain sizes: the larger the Fe3O4 domain, the more pronounced 

the red shift. This affiliation can be described in terms of the N-1/2 dependency of the wavelength 

of the absorption maximum from the so-called number of free electrons N.[113] From Mie’s theory, 

Shi and co-workers simulated quantitatively the absorption spectrum of Au/Fe3O4 core/shell 

particles as a function of the proportions. They were able to show that the shift in the maximum 

is represented by the impact of the change in the local dielectric function surrounding the Au 

nanoparticles.[203] This influence by the dielectric constant is commonly accepted to explain the 

alternation of the optical properties of Au@Fe3O4 hetero-nanoparticles of various morphologies 

in literature.[153,182,183,203]  

However, the influence of the charge state of the Au domains and the interface 

communication is controversially discussed. The classical Mie theory accounts for the shift of 

Figure 3.22: TEM images of Au@Fe3O4 heterodimers with different domain sizes of Au and Fe3O4 domains: 
a) 6@8 nm, b) 8@15 nm, and c) 4@17 nm. 
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the absorption band, but does not describe the damping, which was found to also be a function 

of the domain sizes (Figure 3.23). In literature, this damping has been associated with the 

electronic interaction of the components across the solid state interface. A feasible approach to 

explain the broadening of the absorption band as well as the decreased intensity is the so-called 

interface decay channel. The interface communication of the two components led to tunneling 

of electrons of the Au domains into the projected density of states of Fe3O4. As a consequence, 

the relaxation time of the SPR electrons was changed, which resulted in the observed damping 

of the absorption band. Wei et al. introduced this model to explain the observations of 

Au@Fe3O4 “flowerlike” nanoparticles.[183] 

 

3.3.4 Mechanism of Growth 

Kwon and co-workers analyzed the formation of spherical Fe3O4 nanoparticles by 

thermal decomposition of iron(III) oleate. At 230 °C, a slight decrease in the magnetic moment 

occurred, indicating some structural changes, although any nanoparticles were detectable 

below 310 °C. Thus, the existence of polyiron oxo clusters as the intermediate species was 

suggested, which act as monomers within the classical LaMer model.[204] As was demonstrated 

for Au@MnO as compared to spherical MnO nanoparticles, the reaction kinetics changed 

drastically for heterogeneous nucleation (see Chapter 3.2.3) so that the mechanism of growth 

of Au@Fe3O4 heterodimers was analyzed via reaction snapshots. Starting at 260 °C, aliquots 

were taken at an interval of 5 minutes until the reaction temperature of 320 °C was reached. 

Thereafter, the interval was prolonged to 10 minutes. As the reaction was heated up with a rate 

of 2 °C/min, 260 °C were reached after 90 minutes. The reaction snapshots were analyzed by 

UV-VIS and TEM as complementary techniques without any purification.  

Figure 3.23: UV-VIS spectra of Au@Fe3O4 heterodimers with different domain sizes of Au and Fe3O4. The inset 
shows the decreased spectral intensity of Au@Fe3O4 in comparison to Au nanoparticles. The spectra were measured 
in hexane and normalized to unity at 800 nm. 
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UV-VIS spectroscopy of the aliquots showed a continuous decrease in the spectral 

intensity over time (Figure 3.24). This observation corroborated the observation of Kwon et al., 

as they reported decomposition of the oleate complex starting at 230 °C. Since the formation of 

Au@Fe3O4 required only heterogeneous nucleation, the energy barrier for Fe3O4 was 

significantly lower and nucleation occurred below 320 °C. Moreover, the steep slope of intensity 

as a function of the reaction coordinate suggested a nucleation at the early stages of the 

reaction. Concurrent with the decline in spectral intensity, the position of the surface plasmon 

resonance was shifted (Figure 3.24b). The observed overall trend was a bathochromic shift of 

the absorption maximum from the resonance wavelength of 517 nm of the Au seeds. 

Nonetheless, the shift was not continuous for the analyzed aliquots. It showed a light maximum 

at 270 °C. This was ascribed to the decomposition of the iron oleate complex to form polyiron 

oxo clusters. These uniformly altered the local dielectric function surrounding the Au seeds. As 

a consequence, the bathochromic shift was more distinct than for the final anisotropic 

heterodimers. According to expectations, further growth of the oxide domain did not alter the 

position of the absorption maximum. The decomposition temperature of ca 270 °C coincided 

with the observation of weakly bound oleic acid in the iron oleate precursor, which was observed 

by FT-IR spectroscopy (see Figure 3.17). 

 

TEM was used to confirm the relationship of nucleation and growth to optical properties 

and representative images of the evolution of heterodimer nanoparticles are shown in Figure 

3.25. As suggested by UV-VIS spectroscopy, nucleation occurred below 320 °C, more precisely 

at 270 °C. However, no burst of nucleation was observed, as nucleation did not proceed 

simultaneously on all Au. Further increasing the reaction temperature led to heterogeneous 

nucleation on all Au seeds. Prior to the obvious nucleation of Fe3O4 between 270 °C and 280 °C, 

Figure 3.24: a) UV-VIS spectra of reaction snapshots of a typical Au@Fe3O4 synthesis, b) analysis of the UV-VIS 
spectra showing the evolution of the position of the absorption maximum λmax as well as of the spectral intensity as 
a function of reaction time and temperature. The corresponding UV-VIS spectra were measured without further 
purification of the aliquots and normalized to 800 nm. 
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an elongation of the Au seeds was visible, though it was dubious whether this can already be 

viewed as nucleation.   

 

Technically speaking, this nucleation cannot be described in terms of the LaMer model, 

as neither a burst of nucleation nor the separation of nucleation and growth was ensured. As 

was discussed in literature, the homogeneous formation of Fe3O4 nanoparticles was found to 

be subdivided into two steps: first, the thermal decomposition of the oleate complex, and, 

second, the nucleation and growth of the nanoparticles. For this system, the homogeneous 

nucleation was found to be finished after 2 minutes at 320 °C. Subsequently, a narrowing of the 

size distribution was observed, before Ostwald ripening started to defocus it again.[204] Due to 

the presence of Au seeds in the reaction mixture, the energy of intermediate species required 

for nucleation was significantly lowered. Therefore, the nucleation started at lower temperatures 

than for homogeneous nucleation, but continued until the final temperature of the heating rate. 

However, monodisperse Au@Fe3O4 heterodimer nanoparticles were obtained after refluxing for 

20 minutes at 320 °C. This was attributed to a size-focusing effect.[121] Further prolongation of 

the reaction time led to polydisperse hetero-nanoparticles, where multiple Fe3O4 oxide domains 

per Au seed were observed as well.  

Figure 3.25: TEM images of reaction snapshots of a typical Au@Fe3O4 synthesis. The aliquots were taken at 
a) 260 °C, b) 280 °C, c) 300 °C, d) 310 °C, and both e) as well as f) at 320 °C. This corresponded to reaction times of 
a) 90 min, b) 105 min, c) 115 min, d) 120 min, e) 130 min, and f) 140 min. The specimens were prepared without 
further purification of the reaction mixture. 
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3.3.5 Magnetic Properties 

Interactions across the solid state interface are known to determine the magnetic 

properties of multicomponent nanoparticles, as has been demonstrated for a plethora of 

nanoparticles. This ranges from retaining the magnetic properties of Co within Co/CdS[152] to 

significant interaction across the interface for FePt@MnO[12] or even further to tunable exchange 

bias in FeO/Fe3O4 nanoparticles.[205] Further, Au/Fe3O4 core/shell nanoparticles were shown to 

significantly alter the magnetic properties as compared to Fe3O4 nanoparticles.[203]  

Similar behavior was observed for the as-prepared Au@Fe3O4 heterodimer 

nanoparticles. The hysteresis loops revealed the nanoparticles to be superparamagnetic at 

room temperature, but ferrimagnetic at 5 K (Figure 3.26a). The saturation magnetization of 

4@20 nm Au@Fe3O4 was 37.0 emu·g-1, which was close to the maximum of 39.7 emu·g-1 for 

isotropic Fe3O4 nanoparticles of comparable size. The difference was attributed to the small 

weight percentage of Au nanoparticles. This conformance was reported for 3@14 nm 

Au@Fe3O4 heterodimers as well.[153] In contrast, the coercivity of Au@Fe3O4 was significantly 

decreased by a factor of 2.2 to 90.6 Oe as compared to Fe3O4 nanoparticles. This can be 

explained by the synergy of two effects: the thermal agitation of the small particles and an 

increased surface anisotropy.[203] The Fe3O4 domains can be described as core/shell particles 

composed of a magnetic core and a magnetically disordered shell.[206–208] In the case of 

Au@Fe3O4 heterodimers, the number of nearest neighbors for Fe atoms was decreased at the 

Au-Fe3O4 interface resulting in a heightened surface anisotropy. Therefore, the interatomic 

exchange coupling was lowered and the canted spins at the surface saturated only under very 

high fields. 

The superparamagnetic-to-ferrimagnetic transition behavior of Fe3O4 and Au@Fe3O4 

nanoparticles was observed in temperature-dependent magnetization curves as well (Figure 

3.26b). The magnetization of both systems dropped in the zero-field-cooled ZFC measurement. 

The run of the curves deviated from the field-cooled-magnetization FC due to the disabled 

orientation of the magnetic spins along the external field. For Fe3O4, this deviation occurred 

sharply at the blocking temperature, as was reported by Park et al.[190] For Au@Fe3O4, however, 

the deviation already started at room temperature, while a significant decrease was observed 

at the blocking temperature. The blocking temperature for Au@Fe3O4 of TB = 216 K was 

subtantially higher than for Fe3O4 at TB = 191 K. This effect is generally observed for magnetic 

hetero-nanoparticles and was associated with the surface spin canting.[153]  

Furthermore, both ZFC curves of Au@Fe3O4 and Fe3O4 nanoparticles showed an 

additional transition at ca 120 K, which was more pronounced for Au@Fe3O4.  This observation 

coincided with investigations of Au/Fe3O4 core/shell nanoparticles by Walz and co-workers.[209] 

This drop in magnetization was assigned to a Verwey transition, which typically occurs for Fe3O4 

near 125 K. It is characterized by an abrupt change in crystallographic structure at the critical 
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temperature. Consequently, resistivity increases by two orders of magnitude, but further 

anomalies in related parameters responsible for magnetic or electric interactions are induced. 

The structural transition is discussed as a change to an orthorhombic symmetry, although no 

reliable structural model is known.[207] 

 

3.4 Schottky Junctions in Heterodimer Nanoparticles   

A key aspect of hetero-nanoparticles is their communication across the solid state 

interface. The most prominent hetero-nanostructures are plasmonic photocatalysts, which 

combine two synergistic features: a Schottky junction enhancing charge separation and the 

surface plasmon resonance, which is responsible for strong absorption of visible light and the 

excitation of charge carriers within the photocatalyst. However, the emergence of a Schottky 

junction is not limited to plasmonic photocatalysts, but rather is an intrinsic feature of 

heterodimer nanoparticles.[14] To date, there are plenty of examples of interfacial interactions 

inducing new properties that are not present in the individual components. This is attributed to 

an electron transfer across the nanometer contact at the interface. Upon direct contact between 

a metal and a semiconductor metal oxide, electrons tend to diffuse from the Fermi level of the 

metal to the conduction band of the metal oxide. This results in a downward band bending of 

the metal oxide, which causes charge accumulation at the interface.[37] Nowadays, it is most 

prominently used to enhance catalytic properties. Regarding catalytic activity, the metal oxide 

domain acts as a charge reservoir, while the metal domain acts as the active component 

towards metal-organic reactions. For instance, this enhanced catalytic activity in comparison to 

the single component nanoparticles was demonstrated for several systems, such as 

Au@TiO2,[13,210–212] Ag@TiO2,[213] Pt@Fe3O4,[24] Au@ZnO,[13,25] Ni@Fe2O3,[158] Ag@Fe3O4,[167] 

and Au@Fe3O4.[10,11,214] Besides, an alternation of magnetic or optical properties was 

observed.[12,205,215,216] Due to the well-defined morphology and the tunability of the domain sizes, 

Figure 3.26: Magnetic data of 4@20 nm Au@Fe3O4 heterodimer nanoparticles in comparison to spheroidal Fe3O4

nanoparticles: a) temperature-dependent magnetic hysteresis loops, the inset enlarges the view of the hysteresis 
loops, b) corresponding magnetization curves (ZFC-FC) under an applied field of 100 Oe. The measurements were 
performed by Oskar Köhler. 
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heterodimers are an ideal system to analyze not only the properties that are caused by the 

intrinsic characteristics of the individual components, but also the communication between the 

two components.[37] 

At first glance, Au@MnO and Au@Fe3O4 heterodimer nanoparticles, which were 

introduced within the previous two subchapters, share many characteristics, e.g. synthetic 

method, optical properties, as well as tunability of their morphology and domain sizes. On closer 

investigation, Au@MnO and Au@Fe3O4 differ distinctly. For instance, both types of 

heterodimers were synthesized following a seed-mediated growth process starting from Au 

seeds. The subsequent functionalization of the Au nanoparticles with a surface-passivating thiol 

was found to be crucial to obtain Au@MnO heterodimers. In contrast, it inhibited the 

heterogeneous nucleation of Fe3O4 on the Au seeds. As the Au seeds were polycrystalline, this 

observation could not be ascribed to preferred nucleation on distinct crystal facets, which 

showed different affinity or binding strength to the ligands. Furthermore, nucleation was 

observed on the (111) facet for both systems. On the other hand, drastic changes in the 

characteristics of the individual components were observed, especially in the alternation of the 

surface plasmon resonance. This indicated a communication to take place across the interface, 

which was strongly dependent on the electronic structure of the two components, was taking 

place. Magnetite is known to be a semi-metal with a small direct band gap of ∆Edirect = 0.14 eV. 

In contrast, manganosite is a wide band gap semiconductor with an indirect band gap of 

∆Eindirect = 3.40 eV, while it is an insulator concerning its direct band gap of ∆Edirect = 4.44 eV. 

Consequently, communication with the Au domains across the interface was fundamentally 

changed. 

Upon contact of Au and Fe3O4, the energy levels of the conduction bands, valence 

bands, as well as the Fermi level equilibrated due to the electron transfer between the two 

components (Figure 3.27). Therefore, the electron density of the Au nanoparticles was 

decreased, which was directly reflected during synthesis by the inhibition of multiple nucleation 

of Fe3O4 on Au seeds.  

 
Figure 3.27: Schematic representation of the interface communication of Au and Fe3O4 within the heterodimers; on 
the left side before equilibration, on the right afterwards. ECB, EVB, and EF stand for the energies of the conduction 
band, valence band, and Fermi level, respectively. 
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In contrast, no charge equilibration took place upon direct contact of MnO as insulator 

or indirect semiconductor and Au as metal as the band gap was too large. Therefore, no electron 

transfer occurred in the case of Au@MnO, and the Au domains retained sufficient electron 

density for multiple nucleation. However, analysis of the surface plasmon resonance showed a 

broadening accompanied by a decreased spectral intensity in comparison to Au nanoparticles. 

This indicated a certain degree of polarization of the conducting electrons of Au toward the 

electron deficient metal oxide, although no electron transfer occurred. Figure 3.28 displays the 

direct comparison of the UV-VIS spectra, which were obtained from the kinetic studies at 320 °C 

after 140 minutes of total reaction time (see Figure 3.9 for Au@MnO and Figure 3.24 for 

Au@Fe3O4, respectively). The difference in spectral intensity was substantial, where Au@MnO 

displayed intermediate behavior in between Au and Au@Fe3O4. In contrast to the UV-VIS 

spectra discussed so far, the spectra were normalized to unity at 350 nm instead of 800 nm. 

This low-energy wavelength was usually chosen as the contribution to the absorption at 800 nm 

did not alter much upon changing the domain sizes, as long as only spectra of one nanoparticle 

system were compared. However, for different materials it is distinctly different. In comparison 

to Au nanoparticles, the heterodimers showed stronger absorption over the whole measuring 

range and less pronounced absorption maxima. This was strongest for Au@Fe3O4, which 

absorbed significantly at 800 nm as well. Thomann and co-workers observed a similar effect for 

Au@Fe2O3 nanoparticles and ascribed it to the enhanced absorption of visible light by low band 

gap materials upon conjugation to plasmonic nanoparticles.[217]  

 

 Furthermore, the differences were clearly visible subsequent to the synthesis as 

indicated by the colors of the colloidal solutions (Figure 3.28b). Their brilliance decreased upon 

heterodimer formation. The color of Au@MnO heterodimers as a function of the domain sizes 

Figure 3.28: Comparison of the optical characteristics of Au nanoparticles, Au@MnO, as well as Au@Fe3O4

heterodimers dissolved in hexane: a) UV-VIS spectra normalized to 350 nm and b) corresponding photograph of 
nanoparticle solutions.  



3 Synthesis of Heterodimer Nanoparticles 
 

65 

was a shading of purple. In contrast, the solutions of Au@Fe3O4 were brownish and their color 

showed only little size dependence. 

This result confirmed the suggested correlation between the optical properties of 

Au@Fe3O4 and two parameters: first, the variation of the local dielectric function, which was 

common between Au@MnO and Au@Fe3O4, and, second, the interface decay channel 

responsible for the electron transfer, which did not take place for Au@MnO. Wei et al. were able 

to explain the red shift of the SPR by classical Mie theory approximating the changes of the 

local dielectric environment as a combination of the solvent and Fe3O4.[183] The damping 

remained undeclared by means of Mie’s theory, though it was less pronounced for Au@MnO. 

Therefore, a polarization of the conducting electrons of the Au domains was suggested, which 

resulted in a slightly modified relaxation behavior. As UV-VIS spectroscopy enabled only 

statements regarding the steady-state behavior, transient absorption spectroscopy was applied 

to study the relaxation behavior. 

Electron dynamics of free-standing Au nanoparticles in solution have been thoroughly 

investigated, while drastic changes may appear upon heterodimer formation. They cannot be 

simply explained by changes in the dielectric medium. Prior studies have noted the importance 

of transient absorption spectroscopy in order to explain energy relaxation across the interface. 

However, the results are contradictorily discussed: Korobchevskaya and co-workers discussed 

the absence of electron transfer across the interface for Au@Fe2O3 heterodimer nanoparticles 

based on probing the Fe2O3 component.[218] However, probing at 800 nm might cause the photo-

induced absorption of the excited states, while the absorption of the ground state contributes as 

well. Further, George et al. reported a faster relaxation of Au@Fe2O3 heterodimer nanoparticles 

investigated by near-infrared transient absorption spectroscopy.[219] This was confirmed by 

significantly faster bleaching dynamics upon probing the gold domain of Au@Fe2O3 using white 

light, as reported by Comin and co-workers.[220] Generally, these reports confirmed the 

electronic interaction of the two components of a heterodimer. However, the nature of the 

interface of Au@Fe2O3 and Au@Fe3O4 heterodimer nanoparticles is supposed to vary due to 

the wide band gap of maghemite of 2.03 eV.  

Thus, the fluorescence spectra and decay dynamics of the pristine Au nanoparticles in 

comparison to Au@Fe3O4 and Au@MnO heterodimers were systematically investigated by 

time-resolved photoluminescence spectroscopy (TR-PL). The nanoparticles were dissolved in 

toluene, excited by a femtosecond laser pulse at 400 nm, and the subsequent emission was 

detected by a Streak Camera setup. The time-integrated fluorescence spectra showed a close 

resemblance between pristine Au nanoparticles and Au@Fe3O4 heterodimers, which had a 

maximum of photoluminescence at 481 nm and 475 nm, respectively. This was slightly shifted 

to 463 nm for Au@MnO. These heterodimers, however, displayed an additional peak at 632 nm 

(Figure 3.29a).  
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The analysis of the fluorescence dynamics confirmed the suggested prolonged 

relaxation time for the electrons of the conduction band of Au nanoparticles upon conjugation 

to Fe3O4 (Figure 3.29b). The fluorescence lifetime of Au@Fe3O4 was increased to more than 

2000 ps as compared to τ < 100 ps for Au nanoparticles. Further, the emission of Au@Fe3O4 

was described as stretched-exponential decay with an extremely decreased inverse decay rate 

of 249 ps as compared to 72 ps for Au nanoparticles. The fluorescence dynamics of Au@MnO 

affirmed the weak interaction with the electrons of the Au domain, as the inverse decay rates 

were slowed down to 147 - 187 ps. 

Sample τ / ps β / ps 

Au (480-500 nm) 72 0.55 

Au@Fe3O4 (480-500 nm) 249 0.55 (fixed) 

Au@MnO (450-470 nm) 187 0.55 (fixed) 

Au@MnO (625-645 nm) 147 0.55 (fixed) 

 

In contrast to earlier findings for Au@Fe2O3, however, a prolongation of relaxation times 

was observed. A possible explanation of this contrary trend may be the differences between the 

band gap of maghemite and magnetite. Due to the wide band gap of Fe2O3, no clear evidence 

of a charge transfer across the interface was reported. Thus, the alternation of the relaxation 

behavior was attributed to a spill-out of the gold electrons at the interface.[218,220] However, the 

prolongation observed upon conjugation to the semimetal Fe3O4 suggested an electron transfer. 

The interfacial communication is subject to ongoing investigation, which includes the 

Figure 3.29: (a) Time-integrated emission spectra of pure Au nanoparticles as well as Au@Fe3O4 and Au@MnO 
heterodimers. The samples were excited at 400 nm by a 100 fs laser pulse. (b) Fluorescence dynamics monitored 
at the emission peak wavelengths and stretched exponential fits according to the functions displayed in Table 3.1. 
TR-PL measurements were performed by Dominik Gehrig. 

Table 3.1: Inverse decay rates τ and stretching exponent β obtained from fitting the fluorescence dynamics to a 
stretched-exponential decay. 
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determination of the electronic structure of the domains by angular-resolved X-ray as well as 

ultraviolet photoelectron spectroscopy in dependency of the chemical composition of the 

heterodimer nanoparticles.  

3.5 Variation of Metal Domain  

Nowadays, many Fe3O4-based heterodimer nanoparticles, which are of particular 

interest due to their enhanced magnetic and catalytic properties over single-component and 

other morphologies of Fe3O4-based nanoparticles, have been developed. For instance, 

Pt@Fe3O4 nanoparticles were shown to enhance the catalytic activity for oxygen reduction over 

the individual component nanoparticles.[24] However, these approaches utilize Fe(CO)5 as iron 

oxide precursor, which has several disadvantages as discussed earlier (see page 51).  

Here, we demonstrated the general applicability of the iron(III) oleate-based synthetic 

procedure by the substitution of the gold seeds with various metal nanoparticles. This exchange 

enabled investigation of the impact of the metal domain on the properties of the heterodimer 

nanoparticles, as only the influence of metal oxide domain was investigated in the previous 

subchapters. Further, the conjugation of Fe3O4 to AuxPt1-x alloy nanoparticles, which are also in 

use for their enhanced properties, has not been seen in literature so far. Briefly, the iron oleate 

based procedure was extended to Pt as well as AuxPt1-x nanoparticles. Figure 3.30 shows 

monodisperse Pt@Fe3O4 heterodimer nanoparticles, which were prepared by exchanging only 

the seed particles and leaving all other reaction parameters unchanged. Therefore, besides the 

uniformity of the size distribution, the ability to tune the domain sizes was also maintained. Due 

to their uniform size distribution, a tendency toward a hexagonal arrangement with regard to the 

Fe3O4 domains was observed (Figure 3.30a). An increase in the ratio of domain sizes rPt/rFe3O4 

led to a side-on arrangement being preferred (Figure 3.30c).  

 

The truncated cubic Pt nanoparticles (see Chapter 2.3) triggered heteroepitaxial growth 

of Fe3O4 domains on their (111) plane, as was measured by HR TEM analysis. As a 

consequence of the single crystalline seed particles, no twinning defects were observed for 

Figure 3.30: TEM images of 4@18 nm Pt@Fe3O4 heterodimer nanoparticles showing the hexagonal arrangement of 
monodisperse particles (a, b), HR TEM micrographs of 6@13 nm Pt@Fe3O4 displayed the lattice fringes of the single 
crystalline domains (c). The HR TEM analysis was performed by Dr. Tatiana Gorelik. 
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Fe3O4. The interplanar distances of adjacent lattice fringes were determined to be 0.240 nm for 

Pt, which was close to the distance in bulk fcc Pt of 0.22 nm. As was found for Au@Fe3O4, the 

lattice fringes of the (111) plane of Fe3O4 domains were separated by 0.488 nm, which is in 

good accordance with literature.[24] 

Likewise, AuxPt1-x alloy nanoparticles were used as seed nanoparticles for 

heteroepitaxial growth. The obtained AuxPt1-x@Fe3O4 heterodimer nanoparticles were as 

uniform in size as Au@Fe3O4 or Pt@Fe3O4 nanoparticles, which was shown by HR TEM 

analysis (Figure 3.31). As the alloy nanoparticles showed fivefold twinning defects similar to Au 

nanoparticles, the orientational relationship could not be substantiated. Nevertheless, the 

distances of adjacent lattice fringes of 0.482 nm for Fe3O4 was found to coincide with the 

reported data for (111) facets. The interplanar distance of AuxPt1-x was marginally increased to 

0.249 nm as compared to 0.24 nm for (111) Au[153] and 0.22 nm for (111) Pt.[221] 

 

The comparison of the electron diffraction patterns revealed the slight, but distinct 

variation due to the alloy nanoparticles (Figure 3.32). The pattern of AuxPt1-x@Fe3O4 presented 

a single peak at 0.44 Å-1 for (111) AuxPt1-x indicating the maintenance of their alloyed structure. 

The alloying showed most significant impact on the two strongest reflections of the metal 

domain, which emerged upon interaction between the (111) and (200) planes. A shift to smaller 

reciprocal distances was observed, which confirmed the analysis of the HR TEM images. As a 

consequence, the less intense reflections of Fe3O4 were not clearly observable, but contributed 

to the shoulder of the peak at 0.48 Å-1. Furthermore, the ratio of the peak intensities for the 

peaks correlating to the (111) and (200) planes of Fe3O4 differed: as was described for pristine 

Pt nanoparticles in Chapter 2.3, the cubic morphology of Pt nanoparticles triggered a (200) 

textured assembly upon slow evaporation of the solvent on the TEM grid. This resulted in a 

pronounced (200) peak. This feature was observed in the same way for Pt@Fe3O4 

nanoparticles. In AuxPt1-x@Fe3O4, however, the properties of the metal domain were dominated 

by the Au proportion. 

Figure 3.31: HR TEM images of Au0.55Pt0.45@Fe3O4 heterodimer nanoparticles showing the uniformity of the sample 
(a) and the lattice fringes of the domains upon enlargement (b). The HR TEM analysis was performed by Dr. Tatiana 
Gorelik. 
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High resolution synchrotron diffraction data were collected at the beamline 11-BM at the 

Advanced Photon Source (APS) of the Argonne National Laboratory. Figure 3.33 displays the 

quantitative phase analysis be means of Rietveld refinement of the room temperature 

synchrotron data of AuxPt1-x@Fe3O4 (top) and Pt@Fe3O4 (bottom) nanoparticles. Interestingly, 

the refined site occupancy and approximated compositions of Fe0.689(1)O and Fe0.665(2)O for 

Pt@FeOy and AuxPt1-x@FeOy, respectively, revealed the iron oxide domains to be γ-Fe2O3 

(maghemite) rather than Fe3O4 (magnetite). This was in contrast to Au@Fe3O4 nanoparticles, 

although all heterodimer nanoparticles have been prepared under identical conditions. 

Nevertheless, attention has to be paid as the diffraction pattern of magnetite and maghemite 

are closely resembled due to their structural affinity, which becomes even more important for 

decreasing crystallite sizes. Reflection profiles were modelled according with the fundamental 

parameter approach. Refined crystallite sizes of the Fe2O3 domains of both samples as well as 

those of the Pt differ by a factor of 1.4 from the values determined in TEM analysis, which cannot 

be explained in terms of experimental and computational methods. The crystallite size of 

AuxPt1-x domains was determined to 4.8(1) nm, which was in good accordance to the observed 

twinning and the domain size of 8.0 ± 0.5 nm in TEM analysis (see Table S3). The chemical 

composition of AuxPt1-x domains was determined to Au0.73Pt0.27 assuming a Vegard’s type 

behavior of the lattice parameter, which was reported by Luo and co-workers.[88] 

Figure 3.32: Electron diffraction pattern of Pt@Fe3O4 and Au0.55Pt0.45@Fe3O4 heterodimer nanoparticles referenced 
to simulated pattern of Fe3O4, Pt, and Au. The electron diffraction analysis was performed by Dr. Tatiana Gorelik. 
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The quantitative phase analysis of high resolution synchrotron powder diffraction data 

was further confirmed by the magnetic properties. AuxPt1-x@Fe2O3 heterodimer nanoparticles 

showed superparamagnetic behavior at room temperature, but ferrimagnetic at 5 K (Figure 

3.34a). The saturation magnetization was determined to 52.7 emu·g-1, which was significantly 

higher as compared to Au@Fe3O4 heterodimer nanoparticles. On the other hand, it was 

substantially smaller than 80 emu·g-1 for bulk and Fe2O3 nanoparticles.[222] Further, their 

coercivity was increased to 328 Oe. These results confirmed the iron oxide domain to be 

composed of Fe2O3 rather than Fe3O4. The determination of the blocking temperature was 

complicated by the curve shape of FC and ZFC data (Figure 3.34b). The FC and ZFC curves 

deviated, starting below ca 175 K, whereby an additional feature was observed around 100 K, 

which might translate to two blocking temperatures.  

Figure 3.33: Refined synchrotron powder diffraction data for AuxPt1-x@Fe2O3 (red dots, top) and Pt@Fe2O3 (red dots, 
bottom), including profile fits (black solid lines), and profile differences (red solid lines). The refined peak positions 
are indicated by black and blue tick marks for the metal and Fe2O3 component, respectively. Contaminations are 
marked by asterisks. The data were refined by Dr. Martin Panthöfer. 
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The application of Au, Pt, and their alloy nanoparticles enabled the chemical tuning of 

the characteristics of the metal nanoparticle, which was reflected most obviously in the optical 

properties. The UV-VIS spectra of AuxPt1-x@Fe2O3 clearly showed the superposition of two 

effects (Figure 3.35): first, the damping, broadening, and shifting of the SPR due to the 

conjugation to an electron deficient metal oxide, which had been observed before, and, second, 

the spectral intensity and position of the SPR as a function of the composition of the metal 

domain. The higher the Pt content, the less pronounced was the absorption in the visible 

spectrum due to the hypsochromic shift of the absorption maximum as well as the less intense 

spectral absorption of Pt nanoparticles. 

 

Figure 3.34: Magnetic data of 8@16 nm AuxPt1-x@Fe2O3 heterodimer nanoparticles: a) temperature-dependent 
magnetic hysteresis loops, b) corresponding magnetization curves (ZFC-FC) under an applied field of 100 Oe. The 
measurements were performed by Dorothea Gömpel. 

Figure 3.35: UV-VIS spectra of AuxPt1-x@Fe2O3 heterodimer nanoparticles showing the damping and bathochromic 
shift of the surface plasmon resonance working in opposite direction as a function of the composition of the metal 
domain. The spectra were measured in hexane and normalized to unity at 800 nm. 
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3.6 Conclusion 

In summary, we have developed a facile method to fabricate Au@MnO heterodimer 

nanoparticles by a seed-mediated nucleation and growth technique with precise control over 

morphology and domain sizes. The size of the metal oxide domains for a given diameter of Au 

seeds was varied in the range of 10 nm to 30 nm by adjusting the molar ratio of the precursor. 

The investigation into the formation revealed the mechanism to comply with LaMer’s model of 

heterogeneous nucleation. Further, dynamic light scattering was employed as a complementary 

technique and confirmed the impressive uniformity of both, the Au seeds as well as the 

heterodimer nanoparticles. The morphology was conclusively determined by TEM tomography 

as well as TEM EDX line scans. Magnetic data as well as optical measurements revealed a 

significant interaction, as the properties of the heterodimer nanoparticles differed distinctly from 

the individual components.  

Moving on to the next step, we transferred this chemical protocol of heteroepitaxial 

growth to the related system of Au@Fe3O4 heterodimers, as efforts based upon procedures 

described in literature did not produce the desired nanoparticles. For both systems, the 

corresponding metal oleate complex was used as metal oxide precursor, as it enabled control 

of the decomposition kinetics and obtained nanoparticle morphology. In analogy to Au@MnO, 

both size and morphology of the individual domains could be controlled by adjustment of the 

synthetic parameters. The domain sizes were varied in the range of 8 nm to 30 nm. However, 

the heterodimer systems differed regarding their mechanism of growth: the formation of 

Au@Fe3O4 showed no indication of a separation of nucleation and growth, although 

monodisperse heterodimers were obtained anyhow due to a size-focusing effect.  

Moreover, the universal applicability of the chemical protocol was confirmed by the 

exchange of the metal nanoparticles used as seeds to Pt or AuxPt1-x alloy nanoparticles. 

Generally, an extremely high uniformity in size was obtained. Therefore, the comparison of the 

individual heterodimer systems with regard to their composition was possible. High resolution 

synchrotron diffraction data were used for quantitative phase analysis confirming the 

composition of Au@MnO as well as Au@Fe3O4, while AuxPt1-x@Fe2O3 was suggested by 

Rietveld refinement and corresponding magnetic data. 

The intrinsic heteroepitaxial linkage enabled interaction of the individual components 

across their interface, which was reflected by modulation of the optical, magnetic, and structural 

characteristics. It revealed distinct differences between Au@MnO and Au@Fe3O4 regarding the 

synthetic procedure as well as the properties to be altered by the variation of the electronic 

structure of the metal oxides. The chemically congeneric metal oxides differ significantly 

concerning their band gap, which regulates the formation of a Schottky junction at the interface 

of the two components in a heterodimer nanoparticle. For instance, transient absorption 

spectroscopy was utilized to analyze Au@MnO and Au@Fe3O4 with reference to Au 
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nanoparticles. We observed prolonged relaxation times for Au partially embedded in metal oxide 

domains as compared to free-standing Au nanoparticles in solution. This confirmed the 

interaction across the interface. Taken together, these results suggested an electron transfer 

between Au domains and the semi-metal Fe3O4, while only a polarization occurred at the 

interface to the insulator MnO. 

To summarize the optical characteristics, the surface plasmon resonance was found to 

be a function of several parameters: i) the electronic structure of the metal oxide controls the 

extent of interaction of the components, ii) the size of the domains, as well as the size ratio 

influences the position and the spectral intensity, and iii) the chemical composition of the metal 

domain is decisive for the native position and intensity of the SPR prior to the consideration of 

any influences and interactions. In fact, this set of composition- and size-tunable heterodimer 

nanoparticles enabled the shift of the optical resonance over a range of about 100 nm.  

In conclusion, these findings enhanced the understanding of the formation of 

heterodimer nanoparticles and enabled the ascription of the modulated characteristics to the 

elementary concept of solid state interfaces. In short, we presented a kind of LEGO schematic 

as the individual components can be seen as building blocks. Consequently, a variety of 

heterodimer nanoparticles was established, which exhibits promising characteristics for further 

applications. It would be interesting to expand this concept to heterodimers composed of 

materials with electronic structures in between the extreme cases of a semi-metal, Fe3O4, and 

an indirect wide-band gap semiconductor, MnO. This might facilitate the fine-tuning of 

characteristics, which is of particular interest for catalytic and biomedical implementation.  

3.7 Experimental Section 

Materials.  All reactions were carried out under argon atmosphere using commercially 

available reagents without any further purification: Manganese(II) chloride tetrahydrate 

(MnCl2·4H2O, Reagent Plus, > 99 %), iron(III) chloride hexahydrate (FeCl3·6H2O, Reagent Plus, 

98 %), sodium hydroxide (99 %), sodium oleate (> 82 % fatty acids (as oleic acid) basis), 1-

octadecene (technical grade, 90 %), and 1-octadecanethiol (ODT, 98 %) were purchased from 

Sigma Aldrich. 2- Propanol, acetone, ethanol, heptane, hexane, oleic acid (reagent grade), and 

oleylamine (80 - 90 %) were purchased from Fisher Scientific. 

In order to control the heating rate, self-built heating controllers were used. These were 

composed of a control unit (KS40, type 9404 407 40001, Philips) and a temperature sensor 

(type S/S-316RS Components GmbH) connected to a heating mantle (neoLab-Pilz© standard 

heating mantle, 230 V, 150 W, Tmax = 450 °C). 

 

Ligand Exchange of Au NPs.  The ligand exchange to 1-octadecanethiol was 

performed by addition of a solution of oleylamine-functionalized Au NPs to 10 mL toluene 
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containing 3 mmol ODT under argon atmosphere. The solution was stirred at room temperature 

overnight. The particles were precipitated by addition of methanol, collected by centrifugation 

(9000 rpm, 10 min), and washed using hexane/ethanol.  

Synthesis of Manganese(II) Oleate.  The chemical protocol was modified from Schladt 

and co-workers.[177] Briefly, 40 mmol MnCl2·4H2O and 80 mmol oleic acid were dissolved in 

200 mL methanol. A solution of 80 mmol sodium hydroxide (or potassium hydroxide) in 200 mL 

methanol was added dropwise to the vigorously stirring solution over a period of 2 h. The 

product precipitated in the form of a deep red, waxy solid. Stirring was continued for 1 h, after 

which the solvent was discarded. The precipitate was washed repeatedly with water, ethanol, 

and acetone. The oily residue was dissolved in hexane and washed again with a 1:1 mixture of 

ethanol:methanol. The solution was stirred over MgSO4 overnight before the solvent was 

removed. The final product was dried in fine vacuum (2·10-2 mbar) at 100 °C for 3 h.  

Synthesis of Au@MnO Heterodimers.  Heteroepitaxial growth of manganese oxide on 

ODT-functionalized gold particles was used for the preparation of monodisperse Au@MnO 

heterodimers with tunable size of the MnO domains. For 4@25 nm-heterodimers, 0.4 mmol 

manganese oleate was mixed with 20 mL 1-octadecene containing 6 mmol oleic acid and 

6 mmol oleylamine at 80 °C under argon atmosphere. 10 mg ODT-functionalized 

Au nanoparticles in 1 mL 1-octadecene were added to the mixture, which was degassed at 

80 °C for 1 h before being heated slowly up to 320 °C (heating rate: 2 °C/min). The reaction 

mixture was held at reflux for 30 min before cooling down to room temperature by removing the 

heating mantle. The particles were washed by repeated precipitation with acetone, 

centrifugation (9000 rpm, 10 min), and dissolution in hexane.  

Synthesis of Iron(III) Oleate.  The synthetic procedure was adapted from Park et al. 

with some modifications regarding the purification.[190] Briefly, 40 mmol FeCl3·6H2O and 

120 mmol sodium oleate were dissolved in a mixture containing 80 mL ethanol, 60 mL distilled 

water, and 140 mL hexane. Subsequently, the reaction mixture was heated up to 70 °C and 

kept at reflux for 4 h. After completion of the reaction, the organic layer was washed repeatedly 

with distilled water and methanol until no turbidity of the wash solution occurred. In the next 

step, the solvent was evaporated, and the iron(III) oleate complex was dried under fine vacuum 

(2·10-2 mbar) at 100 °C for 3 h. 

Synthesis of Fe 3O4 Nanoparticles. The synthesis was adapted from Hatakeyama and 

co-workers.[223] Briefly, 10 mmol iron(III) oleate were dissolved in 50 mL tri-n-octylamine at 80 °C 

under argon atmosphere. Next, the reaction mixture was degassed for 1 h, before heating to 

320 °C with a heating rate of 3.3 °C/min. The reaction temperature was maintained for 30 min. 

After cooling down to room temperature by removing the heating mantle, the particles were 

washed by precipitation with 2-propanol, centrifugation (9000 rpm, 10 min), and dissolution in 

hexane until a powdery precipitate was obtained. The particles were re-dissolved in hexane. 
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Synthesis of Au@Fe 3O4 Heterodimers. The synthetic protocol was developed in 

analogy to Au@MnO heterodimers based on reports by Lin et al. with modifications concerning 

the heating program as well as the ligand ratio.[165] For 7@20 nm heterodimers, 0.4 mmol iron(III) 

oleate was dissolved in a mixture composed of 30 mL 1-octadecene, 8 mmol oleylamine, and 

6 mmol oleic acid at 80 °C under argon atmosphere. 30 mg oleylamine-functionalized Au 

nanoparticles were added in 1 mL 1-octadecene. In the next step, the reaction mixture was 

heated slowly to reflux to 320 °C with a heating rate of 2 °C/min. It was held at reflux for 30 min 

before cooling down to room temperature by removing the heating mantle. The particles were 

washed twice by precipitation with 2-propanol, centrifugation (9000 rpm, 10 min), and 

dissolution in hexane.  

AuxPt1-x@Fe2O3 and Pt@Fe2O3 were prepared as described for Au@Fe3O4, except 

spheroidal AuxPt1-x or truncated cubic Pt nanoparticles were added as seeds.  

 

Nanoparticle Characterization.  The nanoparticles were characterized by means of 

(high resolution) transmission electron microscopy ((HR) TEM), UV-VIS spectroscopy, dynamic 

light scattering (DLS), Fourier transformed infrared spectroscopy (FT-IR), time-resolved 

transient photoluminescence spectroscopy (TR-PL), and high resolution synchrotron powder 

diffraction. The magnetic properties were investigated with a superconducting quantum 

interference device (SQUID). Further technical details on employed instruments are elaborated 

in Chapter 4.4.1.
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4 
Surface Modification of 

Heterodimer Nanoparticles 

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 ‒ 2483,[54] reproduced with permission of the American 

Chemical Society Copyright 2014, and of a manuscript submitted to the Beilstein Journal of 

Nanotechnology linked to the final report of the DFG priority program SPP 1313 “Biological 

Responses to Nanoscale Particles”.[151] 

4.1 Introduction 

As pointed out in the previous chapter, the synthesis of monodisperse, well-defined 

hetero-nanostructures requires non-hydrolytic reaction conditions. However, water-soluble, 

multifunctional nanoparticles are crucial for any biomedical application including sensing 

biomolecules, interaction with cells, diagnosis of diseases, and intracellular delivery.[5,7,224] 

Therefore, it is necessary to exchange the hydrophobic surface functionalization of the 

nanoparticles with hydrophilic coatings to secure colloidal stability in an aqueous environment. 

These coatings are applied in order to provide water-solubility and stabilization against 

aggregation as well as to introduce chemical functionalities on the surface, which is needed for 

subsequent linking of various (bio-)chemicals of interest.[44,225] In this context, the term “water-

soluble” refers to a physically and chemically stable colloidal suspension, in which nanoparticles 

do not aggregate, flocculate, dissociate, or chemically react.[226] 

There are several surface modification strategies based on conventional organic ligands, 

such as ligand exchange to bind bifunctional or multidentate ligands, the formation of 

amphiphilic bilayers by interdigitation with the original hydrophobic ligand shell, or a cross-linked 

coating. The ligand exchange is characterized by the substitution of the native surfactant by a 

bifunctional hydrophilic molecule. They are composed of an anchoring group at one end, which 
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coordinates to the nanoparticle surface via Lewis-base interactions, and hydrophilic groups at 

the other end in order to promote water solubility.[227] The fundamental problem of 

functionalization is often the weak interaction between the nanoparticle surfaces and the 

ligands.[225] Further, all these strategies suffer from the assumption that the ligand coating is 

neither densely packed nor static with regard to ligand exchange when the particle dispersions 

are diluted in biological media.[226] On the other hand, the encapsulation of isotropic 

nanoparticles in a silica shell has been established. Silica was demonstrated to be superior for 

several reasons: it is optically transparent, mechanically stable, and fairly biocompatible.[228] 

Most obvious, its extraordinary chemical stability and mature surface chemistry allow facile 

targeted functionalization.[48,229] Furthermore, the silica shell preserves the intrinsic materials’ 

properties such as magnetic or plasmonic characteristics.[230,231] It minimizes agglomeration,[232] 

flocculation,[233] release of toxic ions from the nanoparticle surface,[231] and the direct contact of 

the core material with cells.[234] Due to its higher packing density as compared to an organic 

ligand coating, it also diminishes the diffusion of water or solvent molecules to the surface of 

the underlying particle.  

In recent years, there has been substantial progress concerning silica encapsulation of 

nanoparticles.[48,180,230,235–243] Most commonly, two preparation techniques are applied, either the 

Stöber synthesis or the reverse microemulsion technique. Originally, both were developed for 

the fabrication of monodisperse silica spheres. In 1968, Stöber et al. described the synthesis of 

50 nm to 2 µm sized uniform SiO2 particles by hydrolysis of alkyl silicates and subsequent 

condensation of silicic acid in aqueous alcoholic solutions.[244] This technique was adjusted to 

the coating of nanoparticles, though it is restricted to rather large, hydrophilic nanoparticles and 

thick silica shells in the range of 30 to 100 nm.[180,235,245] Alternatively, the reverse microemulsion 

process is used, which can also be combined with a sol-gel process to prepare multifunctional 

nanocomposites in a one-pot procedure.[237] This technique is superior as it can be directly 

applied to hydrophobic nanoparticles, which are unstable under the conditions of a typical 

Stöber synthesis. Microemulsions are frequently used as a confined reaction medium, as they 

are a homogeneous mixture at macro-scale, but exhibit heterogeneous domains at the 

microscopic level. Generally, they are composed of water, an organic solvent, and a surfactant, 

which is responsible for the formation of micelles.[242] Water-in-oil microemulsions efficiently 

dissolve inorganic as well as organometallic precursors aside from the nanoparticles. They 

facilitate the design of silica-coated nanostructures of various size, shape, and functionalization. 

Further, they allow an even more facile tuning of the silica shell thickness and surface 

functionality.[229,239] Recently, this coating method of pre-synthesized hydrophobic nanoparticles 

was demonstrated to be suitable for a variety of metal,[246] semiconductor,[247,248] or magnetic 

nanoparticles,[237,249,250] and enabled their adjustment to different applications, for instance 

biocompatibility of CdSe/ZnS quantum dots for in vitro imaging,[251,252] colloidal stability in 
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aqueous solution for targeted magnetic resonance imaging using MnO or Fe3O4 nanoparticles 

as core material,[48,232,243,253] or FePt@SiO2 after heat treatment to obtain the compositionally-

ordered L10 phase.[230]  

Nanoparticles are frequently used for biomedical imaging. Therefore, their optical 

response is crucial for in vitro or in vivo application in order to label cellular proteins and track 

cells or nanoparticles themselves.[254] Multimodal imaging of nanoparticles by combination of 

intrinsic material properties with e.g. fluorophores is the cutting edge technology, as each 

imaging technique has its assets and drawbacks.[255] Further, multi-photon microscopy 

possesses some advantages over conventional confocal microscopy, such as a reduced 

fluorescence background because of the relatively low two-photon cross-section of most 

biomolecules responsible for autofluorescence, less photo-bleaching by selective excitation of 

the focal volume, and improved depth penetration in scattering samples by using excitation light 

within the optical transmission window of biological tissues (near-infrared (NIR) spectral range, 

700 - 1000 nm).[256] Preliminary work on fluorescent silica spheres by incorporation of covalently 

linked organic dyes into monodisperse, colloidally-stable silica spheres was undertaken by van 

Blaaderen and co-workers.[257] These incorporated dyes are advantageous as compared to their 

liquid solutions, as the photo-stability and fluorescence yield is increased.[258] Further, the dye 

molecules are isolated from each other, which inhibits energy transfer due to unwanted non-

fluorescent aggregates or complexes. This technique enables the visualization of silica-coated 

nanoparticles, which do not exhibit intrinsic fluorescence.[235,241,247,248,250] Further, leakage of the 

dye from the silica particles is negligible as they are covalently attached in addition to being held 

by strong electrostatic forces.[259] 

A crucial aspect of the surface modification for the subsequent binding of biomolecules 

is the controlled covalent attachment of desired functional groups. For silica, its well-known 

surface chemistry allows the effective functionalization by co- or subsequent hydrolysis of 

functional organo-silanes. In this context, amino-silanes are used most prominently, as they 

enable the conjugation of dyes and biomolecules, such as sugars, antibodies, and 

peptides.[48,232] Moreover, a challenge concerning the design of nanoparticle surfaces for 

biomedical applications is the balance of an inert surface with active functionalities in order to 

minimize the aggregation of nanoparticles as well as the nonspecific binding of biomolecules. 

This difficulty arises from the large surface area with excess functional groups, which are aimed 

to interact with distinct chemicals, but can also lead to false positive/negative signals in 

biological studies.[232] Previous research has reported a positive impact of poly(ethylene glycol) 

(PEG) based coatings on the biological performance of nanoparticles. PEG functionalized 

nanoparticles were demonstrated to suppress protein adsorption, to be highly biocompatible, 

and, further, to enhance the residence half-life in the bloodstream within in vivo studies, as they 

escaped the opsonization process.[7,233,260,261] Aside from commonly used ligand exchange 
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reaction to conjugate PEG or its derivatives to nanoparticles, PEG can also be covalently 

attached to the surface. This covalent binding prevents ligand exchange subsequent to 

incubation with biological media. For instance, this was demonstrated by initial results from our 

group: highly-soluble, colloidally-stable, and biocompatible MnO@SiO2-PEG nanoparticles 

were obtained by combining the benefits of a chemically-inert silica coating with subsequent 

PEG functionalization.[51] 

Generally, colloidal stability of nanoparticles is controlled by van der Waals interactions, 

electrostatic, solvation, solvophobic, and depletion forces. The most important forces regarding 

the interaction of SiO2 nanoparticles in aqueous solution are van der Waals attraction, 

electrostatic repulsion, and solvation forces, which are described by the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory of colloid science (Figure 4.1).[262–264] 

  

According to the DLVO theory, the interaction between nanoparticles can be divided into 

a repulsive electrostatic force as a consequence of the charged surfaces and an attractive van 

der Waals (VDW) force due to the solid particle cores. The VDW attraction becomes important 

for small interparticle distances, as it is caused by electron fluctuations in the core leading to a 

dipole moment, which may induce aggregation. This comes into account when the hydration 

shell of charged surfaces in water, the so-called electric double layer, is compressed by a high 

ionic strength, addition of surfactants, electrolytes, or influenced by changes in the pH value. 

On the other hand, the electrostatic repulsion outranges the VDW attraction. In the case of SiO2 

nanoparticles, the silanol groups at the surface dissociate when in contact with water, such that 

a negative surface charge emerges. The DLVO theory facilitates predictions of the colloidal 

stability in dependence of their potential at the hydrodynamic shear plane, the zeta potential ζ. 

For solely electrostatically-stabilized particles, stable colloids are obtained for ζ < -20 mV, 

whereby -11 mV < ζ < -20 mV is on the border of aggregation. Upon additional steric stabilization 

Figure 4.1: Interaction between nanoparticles in aqueous solution: a) schematic illustration of important forces for
colloidal stability such as van der Waals, electrostatic, and steric interactions; b) interaction potential Φ as a function 
of the separation distance considering repulsive electrostatic, attractive van der Waals, and depletion forces. a) In 
the style of and b) reproduced from [265].  
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this prediction becomes less stringent, as the inhibition of interdigitation of bulky ligands 

enhances the interparticle distances.[266] 

Inspired by initial results from our group,[47,51,168,267] we present here a facile method for 

the silica encapsulation of hydrophobic Au@MOx heterodimer nanoparticles in order to facilitate 

water-solubility, stability against aggregation, and tailor-made multifunctionality. Thereby, a 

precise control over the extent of the silica coating was realized: either only the metal oxide 

component or the whole particle has been coated with a thin silica layer. This is based on the 

reduced wetting of the chemically different surfaces, which leaves the noble metal component 

untouched and available for specific surface functionalization that allows a facile conjugation of 

biomolecules. Their fluorescence labeling as well as intrinsic two-photon activity makes 

Au@MOx@SiO2 hetero-nanoparticles not only advantageous for optical bioimaging 

applications, but also for multimodal detection, which will be addressed in Chapter 6. 

4.2 Silica Encapsulation of Heterodimer Nanoparticl es 

The hydrophobic heterodimer nanoparticles were functionalized with silica using the 

reverse microemulsion technique adapted from spherical nanoparticles. Briefly, a stable water-

in-oil emulsion was obtained by mixing cyclohexane, aqueous ammonia, and a non-ionic 

surfactant. This mixture represents a thermodynamically stable single-phase system with 

spherical, size-tunable micelles due to the stabilization of the emulsion by a surfactant. Their 

size was adjusted by the ratio of surfactant to water, which controlled the thickness of the silica 

coating as well.[232] Nowadays, three different non-ionic surfactants are commonly used, 

TritonTM X-100,[232,268] Igepal® CO-520,[230] and Brij® 97.[237] Igepal® CO-520, polyoxy-

ethylene(5)nonyl-phenyl ether, is the only surfactant reported to be used at room temperature 

with comparably short reaction times. The quality of the resulting silica coating is independent 

of the non-ionic surfactant used, thus, we chose Igepal® CO-520.  

The reaction taking place can be described in terms of a hydrolysis and polymerization 

of silane monomers, here tetraethoxysilane, TEOS, inside the micelles of the water-in-oil 

microemulsion.[48,51,237] Aqueous ammonia was used for two reasons: water served as reactant 

and NH3 as catalyst for the hydrolysis of TEOS. Since water and TEOS are immiscible, the 

formation of the silica coating took place only at the oil-water interface (Figure 4.2). 
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Wu et al. suggested a ligand exchange to be the consequence of the interaction of 

ammonia with the metal oxide surface, which would invert its hydrophobic nature and facilitate 

the formation of silica on the metal oxide domain.[166] Further, due to the different chemical 

wetting behavior of gold and the metal oxide surface, only the metal domain was encapsulated, 

leaving the hydrophobic character of the gold domain untouched (Figure 4.3).  

 

This selectivity was enhanced by functionalization of the vitreophobic gold domain with 

a long-chain alkanethiol: it was performed either prior to the growth of manganese oxide or 

subsequent to the formation of the iron oxide component. The centrality of the thiol 

functionalization was demonstrated by complete encapsulation of Au@Fe3O4
[166] and 

Ag@Fe3O4 nanoparticles with a thin silica shell.[231] 

Figure 4.2: Schematic diagram of the silica encapsulation of Au@MOx heterodimer nanoparticles using the reverse 
microemulsion indicating the impact of a long-chain alkane-thiol. 

Figure 4.3: TEM micrographs of silica-encapsulated heterodimer nanoparticles: (a, b) Au@MnO@SiO2 (10@20 nm) 
and (c, d) Au@Fe3O4@SiO2 (9@15 nm). 
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Referring to Schladt and co-workers, the stability of silica-coated particles against 

aggregation due to Coulomb attraction was enhanced by surface modification using a PEG-

silane conjugate.[51] Likewise, Graf et al. demonstrated the colloidal stability of positively 

charged SiO2 nanoparticles to scale with the ionic strength of the media, while no indication of 

aggregation was observed for bare or PEG-coated nanoparticles.[228] 

The typical thickness of the silica shell of 3 - 5 nm was consistent with the results 

reported for pure MnO particles.[51] Figure 4.4 shows Au@MnO@SiO2 nanoparticles after the 

functionalization was completed. Aside from the amount of NH4OH, the thickness of the SiO2 

layer was adjusted by simply varying the ratio of nanoparticles to the silica precursor. Thus, it 

was tuned from ca 4 nm to more than 11 nm, as was demonstrated for spherical FePt 

nanoparticles.[230] However, a crucial shell thickness was also observed, above which the 

tendency of growing a closed silica shell outweighed the vitreophobic nature of the metal 

domain. This was true for a shell thickness in the range of or larger than the diameter of the 

metal oxide domain. 

 

High resolution synchrotron powder diffraction data were collected at the beamline 11-

BM at the Advanced Photon Source (APS) of the Argonne National Laboratory. Figure 4.5 

displays the quantitative phase analysis by means of Rietveld refinement of room temperature 

synchrotron diffraction data of Au@MnO@SiO2 Janus particles as compared to hydrophobic 

Au@MnO heterodimers.  Reflection profiles were modelled according to the fundamental 

parameter approach. The domain sizes of Au@MnO@SiO2 nanoparticles were 9.0 nm ± 0.6 nm 

for the Au domain and 18.8 nm ± 0.8 nm according to TEM analysis, while the thickness of the 

silica shell was ca 5 nm. Full profile analysis of the synchrotron data led to a crystallite size for 

Au of 9.4(3) nm and 6.1(5) nm for MnO, indicating the MnO domains to be composed of multiple 

crystallites (see Table S2). In comparison to the uncoated particles, the synchrotron data of 

silica-coated Janus particles exhibited a broad, structureless diffraction maximum at ca 

Q = 1.5 Å-1, which indicated the presence of SiO2 as an amorphous compound. 

Figure 4.4: TEM images of Au@MnO@SiO2 heterodimer nanoparticles with increasing thickness of the silica shell 
from a) 3.8 nm to b) 4.4 and, finally, to c) 11.4 nm. This was obtained by increasing the ratio of tetraethoxysilane to 
hydrophobic Au@MnO heterodimer nanoparticles from 112 µL to 224 µL per 10 mg. 
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The formation of the silica shell was monitored by FT-IR spectroscopy. Figure 4.6 

displays FT-IR spectra of Au@MnO nanoparticles prior to as well as after the silica 

encapsulation. The spectrum of oleylamine- and oleic acid-capped Au@MnO nanoparticles 

showed characteristic vibrational bands at 1377 and 1261 cm-1, assigned to the asymmetric and 

symmetric stretching modes of the carboxylate groups of oleic acid. Further, strong absorption 

bands at 2850, 2922, and 2958 cm-1 were assigned to the symmetric and asymmetric stretching 

modes of the CH2- and CH3-groups.[177] The attachment of the ligand oleylamine was identified 

by its characteristic N-H stretching mode at 3320 cm-1 and the C=C bending mode at 1634 cm-1. 

In the spectrum of the Au@MnO@SiO2 particles, the bands of the carboxylate groups vanished 

almost completely. A broad, split, and strong band system at 1105 and 1020 cm-1 appeared 

instead, which was ascribed to the Si-O-Si asymmetric stretching modes.[48] The stretching 

vibrations due to CH2- and CH3-groups remained, although less pronounced due to the 

conjugation of PEG-chains to the surface of the silica shell as well as the ligands of the Au 

domains.[51] Further, the symmetric stretching modes of PEG-chains were measured at 

1463 cm-1 and 1384 cm-1. 

Figure 4.5: Refined synchrotron powder diffraction data for Au@MnO@SiO2 (top; red dots) and Au@MnO (bottom; 
red dots), including profile fits (black solid lines), and profile differences (red solid lines). The refined peak positions 
are indicated by black and blue tick marks for Au (top) and MnO (bottom), respectively. Contaminations are marked 
by asterisks. The data were refined by Dr. Martin Panthöfer. 
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4.2.2 Colloidal Stability of Au@MO x@SiO2 Nanoparticles 

Independent of the thickness of the silica shell, the obtained nanoparticles appeared 

uniform and well separated, although they were orthogonally functionalized. The particles 

changed their solubility behavior upon encapsulation with silica: the primary hydrophobic 

particles were transferred from any non-polar solvent to polar solvents, such as acetone, water, 

or ethanol (Figure 4.7a).  However, the colloidal stability of the nanoparticles at all stages of 

their preparation was not influenced, as confirmed by dynamic light scattering measurements 

(Figure 4.7b, Figure 4.8).  

 

Figure 4.6: FT-IR spectra of Au@MnO and Au@MnO@SiO2 nanoparticles: the stretching modes of the carboxylic 
groups disappeared and strong O-Si-O modes emerged due to the encapsulation with silica. 

Figure 4.7: a) Photograph of nanoparticles in a two-phase system composed of water (top) and chloroform (bottom),
from left to right: Au, Au@MnO, Au@MnO@SiO2, Au@Fe3O4, and Au@Fe3O4@SiO2 nanoparticles indicating the 
reversal of solubility upon silica encapsulation, b) dynamic light scattering results of Au, Au@MnO, and Au@Fe3O4

dispersed in n-heptane in comparison to Au@MnO@SiO2 and Au@Fe3O4@SiO2 dispersed in water (λ = 632.8 nm, 
T = 293 K): apparent diffusion coefficients as a function of scattering vector q² in the range of scattering angle 
30° ≤ θ  ≤ 150°. 
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The constancy of the apparent diffusion coefficients as a function of the scattering angle 

indicated high uniformity of the size distribution of all analyzed nanoparticles, namely spherical 

Au seeds, hydrophobic Au@MnO and Au@Fe3O4 heterodimers, as well as hydrophilic 

Au@MnO@SiO2 and Au@Fe3O4@SiO2 nanoparticles. Hydrodynamic radii were obtained using 

the Stokes-equation and are summarized in Table 4.1. The progressive increase in the 

hydrodynamic radii of the hydrophobic nanoparticles corresponded to the increase in particles’ 

core diameter determined by TEM. Further, the approximately 7 nm increase in the 

hydrodynamic radius from hydrophobic to hydrophilic heterodimer nanoparticles was in good 

accordance with the thickness of the SiO2 shell detected by TEM of ca 5 - 6 nm and the expected 

contribution of the hydration shell in aqueous solution. The silica encapsulation of Au@MnO 

and Au@Fe3O4 differed regarding the wetting of the Au domain. As is indicated by brackets, the 

silica layer enclosed Au@Fe3O4 completely, as no thiol functionalization was applied 

beforehand (see also insets of Figure 4.8). However, the colloidal stability and uniformity of the 

two hydrophilic nanoparticles were indistinguishable.  

Sample RTEM / nm Rh / nm 

Au 4.8 ± 0.3  6.5 ± 0.5 

Au@MnO 10.8 ± 0.8 14.1 ± 0.2 

Au@Fe3O4 8.2 ± 0.6 12.8 ± 0.2 

Au@MnO@SiO2 15.8 ± 1.0 21.6 ± 0.2 

(Au@Fe3O4)@SiO2 14.6 ± 1.0 19.5 ± 0.2 

 

Further, the amplitude autocorrelation functions measured at a scattering angle of 

θ = 30°, which is most sensitive to aggregates, facilitated bi-exponential fitting for both 

hydrophobic and hydrophilic nanoparticles. This eliminated conceivable aggregation as a 

consequence of the orthogonal functionalization of Au@MnO@SiO2 (Figure 4.8). On the 

contrary, the selective wetting behavior of SiO2 on heterodimer nanoparticles would be expected 

to facilitate self-organization of orthogonally functionalized nanoparticles. Upon closer 

examination, the lack of self-organization was not contradictory, rather it was attributed to the 

experimental requirements of dynamic light scattering, namely the great dilution of colloidal 

dispersions in order to investigate the scattering from single particles instead of interacting 

ensembles. Thus, the self-aggregation was meant to be suppressed. 

Table 4.1: Radii of Au and Au@MOx as intermediate stages as well as Au@MOx@SiO2 nanoparticles determined by 
TEM and DLS. 
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Aside from the transfer from nonpolar to aqueous solutions, this synthetic route allowed 

precise control over the surface functionalization and, thus, surface charge. The silica coating 

of heterodimer nanoparticles was modified by subsequent addition of amino-silanes, such as 

(3-aminopropyl)triethoxysilane (APTES) to silica-coated nanoparticles in acetone. Zeta potential 

measurements in highly pure water confirmed the modification of surface functionalization, as 

the net surface charge was drastically changed. For Au@MnO nanoparticles coated with SiO2 

and subsequent PEG-functionalization, the surface charge at the hydrodynamic shear plane 

was determined to be ζ = -35 mV ± 1.8 mV. The negative charge originated from deprotonated 

silanol groups -Si-O- at the surface. Upon attachment of amino groups, the surface charge was 

shifted into the positive regime: depending on the molar ratio of amino silane to -Si-O- at the 

surface of Au@MnO@SiO2, the zeta potential ranged from ζ = -24 mV ± 0.8 mV to ζ = 21 mV 

± 0.5 mV. This resulted from the co-presence of protonated amine groups -NH3
+ and 

deprotonated silanol groups.[229] Aside from the shift in the zeta potential, a charge-dependent 

aggregation was observed: the less negative the surface charge, the more severe the 

aggregation that was measured became (Figure 4.9). This observation coincided with the 

prediction from the DLVO theory: ζ > -20 mV facilitates aggregation, even though the particles 

were stabilized not only electrostatically, but also by steric hindrance of the PEG ligands.[262,263]  

The charge-dependent aggregation was attributed to the strong electrostatic attraction 

of opposite charges on the surface between the particles. However, upon dissolution in buffer, 

cell media, or blood serum, which exhibit a significantly increased ionic strength, the colloidal 

stability of even amino-functionalized silica-coated nanoparticles was enhanced. The inset of 

Figure 4.9a shows a digital photograph of the nanoparticle solutions in water and different 

concentrations of human blood serum after incubation for 5 days at 22 °C. No indication of 

aggregation or flocculation was observed. 

Figure 4.8: Dynamic light scattering results of a) Au@MnO and Au@MnO@SiO2, b) Au@Fe3O4 and
Au@Fe3O4@SiO2 dispersed in n-heptane and water, respectively (λ = 632.8 nm, T = 293 K, viscosity η: 0.41 cP 
n-heptane, 1.005 cP water): universally-scaled and normalized field autocorrelation functions measured at scattering 
angle 30° together with bi-exponential fitting function lines and corresponding residues. The inset in each case shows 
a TEM image of the respective SiO2-encapsulated heterodimer nanoparticles.  
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In addition to the colloidal stability, the chemical stability of the nanoparticles was 

investigated by incubation of Au@MOx@SiO2 nanoparticles with buffer solutions of pH = 1 - 10. 

Here, Au@Fe3O4@SiO2 nanoparticles were observed to be chemically stable over the whole 

pH range investigated. In contrast, Au@MnO@SiO2 showed comparably fast degradation of 

the MnO domain upon incubation with buffer solution of low pH. This was visible e.g. in sodium 

acetate buffer by a color change from purple to red as well as by TEM. Even though the MnO 

core was etched, the silica shell remained intact and kept its shape so that hollow silica shells, 

hSiO2, attached to gold domains emerged (Figure 4.10). Similar behavior was reported by 

Schladt et al. for MnO@SiO2 nanoparticles.[51] A possible explanation for these results may be 

a certain porosity of the silica coating that permits the flow of protons, which cause the etching 

of MnO. However, this pH sensitivity of the MnO domains was used in order to obtain Au@hSiO2 

nanoparticles. An application that exploits this instability and the resulting void due to 

degradation of the MnO domain could be targeted drug loading and transport. As unwanted or 

non-specific release of drug loading has to be halted, a subsequent coating could be applied 

and specifically disrupted by photo-thermal treatment exploiting the strong absorption of light by 

the Au domain. 

 

Figure 4.9: TEM images of Au@MnO@SiO2 nanoparticles with varible surface charge: a) SiO2-PEG coating of 
Au@MnO nanoparticles led to non-aggregated stable nanoparticles with a negative zeta potential of ζ = -35 mV ± 
1.8 mV; inset: stability of particle solutions in water and increasing amount of human blood serum from left to right 
after 5 days. Upon attachment of amino groups the surface charge was shifted into the positive regime: b) ζ = -19 mV 
± 0.5 mV and c) ζ = 21 mV ± 0.5 mV, where the aggregation intensified. 

Figure 4.10: TEM images of the degradation of MnO domains in sodium acetate buffer, pH = 3.5, as a function of the 
incubation time: a) 1 h, b) 4 h, and c) 24 h. 
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4.2.3 Optical Imaging 

Generally, we investigated the individual addressability of both gold and silica surfaces. 

The SiO2 shell was labeled by embedding a green fluorescent dye, e.g. FITC or ATTO 495. The 

dyes were used in their active form as NHS ester or isothiocyanate and coupled to a silane 

conjugate, (3-aminopropyl)triethoxysilane according to a reported procedure.[257] The 

conjugation product was subsequently added in the SiO2 synthesis, where the position of the 

dye, either completely enclosed or at the surface, could be controlled by the moment of addition 

to the reverse microemulsion.  

On the other hand, selective functionalization of the Au domain was achieved by 

incubating an aqueous solution of Au@MnO@SiO2 nanoparticles with thiol-modified 24-mers, 

a customized oligonucleotide. The latter was tagged with the red dye, TexasRed (TR).[15] The 

dye-labeled nanoparticles were analyzed by means of UV-VIS spectroscopy (Figure 4.11). The 

spectrum of TR-Au@MnO@SiO2-FITC was well described by the superposition of the spectra 

of the single components, which confirmed the orthogonal functionalization as well as the 

selective addressability. 

 

The functionalized nanoparticles were analyzed using an epi-fluorescence microscope 

at different emission wavelengths to visualize the green fluorescence of silica-coated MnO 

domains and the red fluorescence of TexasRed-tagged Au domains (Figure 4.12a - c). The co-

localization of the green/red fluorescence signals in Figure 4.12c confirmed the effective 

labeling with both dyes. This result supported the idea that the heterodimer nanoparticles could 

be efficient cargo-specific carriers. However, the red signal was not as distinct as the green due 

to the partial quenching of the dye directly bound to the gold nanoparticles.[69,269] Interestingly, 

Figure 4.11: UV-VIS spectra of AuMnO@SiO2, fluorescent dyes, and dye-labeled Au@MnO@SiO2 nanoparticles 
indicating the orthogonal functionalization and individual addressability. The spectra were measured in n-hexane or 
water and stacked along the y-axis. 
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Au@MnO@SiO2-ATTO 495 nanoparticles without any red dye present also showed red 

fluorescence in addition to the expected green fluorescence. 

 

Furthermore, strong two-photon activity was observed for TR-Au@MnO@SiO2-

ATTO 495 using an excitation wavelength of 970 nm, where an emission on red, green, and 

blue channels was detected (Figure 4.13). This excitation wavelength was determined to yield 

the best emission within the investigated range of 690 nm to 1064 nm. The most striking result 

to emerge from this data was the emission in the range of 455 - 500 nm, as it could not be 

attributed to the emission of any dye. Thus, a fluorescence resonance energy transfer process 

was suggested from the dye incorporated in the silica shell (ATTO 495) to the gold particles. 

This might also explain the red fluorescence detected without the presence of any red dye.  

 

Further, the two-photon stability was studied upon exposure of selected areas of a 

sample to an intense laser radiation, 10 % of 30 mW, and measurement of the devolution of the 

emission intensity over time. As a control experiment, a different area of the sample was 

exposed to half of the laser power for the period of time (Figure 4.14). The control experiment 

showed a relatively stable emission for 120 s, as the decrease in intensity was 3.5 %, 4.1 %, 

and 5.5 % for the red, green, and blue region, respectively. On the area that was exposed to 

higher laser power, an initial decrease of 18 % - 28 % occurred within the first 8 s. Subsequently, 

the decay conformed to that of the control area. The initial drop revealed the acquired intrinsic 

Figure 4.12: Fluorescence images of TexasRed-Au@MnO@SiO2-ATTO 495: a) green channel, b) red channel, and 
c) overlay images. Excitation wavelength λex = 488 nm. Confocal laser scanning microscopy (CLSM) was measured 
by Dr. Steffen Lorenz. 

Figure 4.13: Fluorescence images of TexasRed-Au@MnO@SiO2-ATTO 495: a), b), and c) fluorescence images 
showing emission in the blue, green, and red region, respectively, and d) overlay image. Excitation laser wavelength: 
λex = 970 nm. Two-photon fluorescence analysis was performed by Dr. Filipe Natalio. 
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fluorescence to be directly related to the nanoparticle functionalization and not a reflection or 

refraction effect. Furthermore, even without any attached dye, the particles showed two-photon 

activity in the green region. This clearly attributed the Au domain of the heterodimer 

nanoparticles to be the origin of the two-photon activity, which superimposes with the two-

photon activity in the case of an encapsulated dye. 

 

In order to understand the emergence of the described effect of unexpected emission in 

the red region, time-resolved photoluminescence (TR-PL) spectroscopy was applied. The 

fluorescence spectra and decay dynamics of the dye ATTO 495, the nanoparticles incorporating 

ATTO 495, and the pristine Au nanoparticles were systematically investigated. Aqueous 

solutions of the nanoparticles were excited by a femtosecond laser pulse at 400 nm, and the 

subsequent emission was detected by a Streak Camera setup. Pristine ATTO 495 showed 

single-exponential fluorescence dynamics (Figure 4.15) with an inverse decay rate of 1.04 ns 

as specified by the supplier. In contrast, the emission of Au nanoparticles did not decay mono-

exponentially, but could be described by a stretched-exponential fitting function. A decay lifetime 

of 72 ps and a stretching exponent of 0.55 were obtained from the stretched exponential fit to 

the data. The necessity of a stretching exponent indicated a distribution of fluorescence lifetimes 

of the emitting species, which was attributed to the differences in size of Au nanoparticles, 

despite their monodispersity (σ ≤ 5 %). Attaching ATTO 495 to the surface of a SiO2-coated 

MnO nanoparticle changed the excited state dynamics of the dye from a single-exponential to 

Figure 4.14: Two-photon stability measurements of blue, green, and red regions of TR-Au@MnO@SiO2-ATTO 495 
nanoparticles: a) - c) prior to bleaching experiments, d) - f) selected areas were exposed to a laser λex = 970 nm with 
5 % (area 1, control experiments) or 10 % (area 2, bleaching experiments) of 30 mW laser power for 120 s. The 
bleaching experiments were performed by Dr. Filipe Natalio. 
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a bi-exponential decay. Fixing the longer decay component to the value found for pristine 

ATTO 495 resulted in a value for the shorter-lived decay component of 134 ps, as a 

consequence of the metal oxide-dye interaction. Thus, the fluorescence of ATTO 495 was 

partially quenched when incorporated into the silica shell of MnO@SiO2. The emission 

dynamics observed for Au@MnO@SiO2-ATTO 495 nanoparticles could be described by a 

simple superposition of the dynamics observed for the pristine Au nanoparticles and the 

MnO@SiO2-ATTO 495 nanoparticles.  

 

In fact, fixing the decay constants to the values obtained for the latter two yielded a fit 

that accurately described the emission dynamics of the Janus particles, which is summarized 

in Table 4.2. Consequently, there is no indication for any electronic interaction between the dye 

molecules (ATTO 495) attached to the MnO@SiO2 nanoparticles and the Au moiety within the 

same Janus particle. However, the TR-PL measurements revealed the continuation of the 

emission of ATTO 495 up to 650 nm, which explained the observation of red fluorescence 

without any red dye (see page 90). 

Sample τ1 / ps τ2 / ps β / s 

ATTO 495 1040 --- --- 

Au 72 --- 0.55 

MnO@SiO2-ATTO 495 134 1040 (fixed) --- 

Au@MnO@SiO2-ATTO 495 
134 (fixed) 

72 (fixed) 
1040 (fixed) 0.55 (fixed) 

Figure 4.15: a) Time-integrated emission spectra of pristine Au nanoparticles, pure ATTO 495, MnO@SiO2-
ATTO 495, and Au@MnO@SiO2-ATTO 495 nanoparticles. The samples were excited at 400 nm by a 100 fs laser 
pulse. b) Fluorescence dynamics monitored at the emission peak wavelength and fits according to the function 
displayed in Table 4.2. The TR-PL measurements were performed by Dominik Gehrig. 

Table 4.2: Inverse decay rates τ1 and τ2 obtained from fitting the fluorescence dynamics to a single-exponential 
(ATTO 495), a stretched-exponential (Au nanoparticles), a bi-exponential (MnO@SiO2-ATTO 495), and a 
combination of a bi-exponential and a stretched-exponential function (Au@MnO@SiO2-ATTO 495). 
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4.3 Conclusion 

To conclude, we demonstrated the selective silica coating of heterodimer nanoparticles 

dependent on their surface functionalization: previous thiol functionalization of the gold domain 

resulted in solely encapsulating the metal oxide domain with a thin silica layer, leaving the 

vitreophobic gold domain untouched. Without any thiol present, the hydrophobic heterodimers 

were completely covered by silica. Independent of the extent of the silica encapsulation, the 

obtained Au@MOx@SiO2 nanoparticles were colloidally stable in water, buffer solutions, and 

serum, showing no indication of aggregation. The net surface potential at the shear plane ζ was 

observed to be crucial to the colloidal stability, as ζ > -20 mV led to aggregation and flocculation. 

This coincided with the DLVO theory, although the stabilization was not solely provided by 

electrostatic repulsion. In addition, steric hindrance was exploited, as the silica layer was 

terminated with a PEG-modified organo-silane. However, the composition of the metal oxide 

domains was decisive for the chemical stability, where a distinct difference was observed for 

MnO and Fe3O4. Au@Fe3O4@SiO2 nanoparticles did not change after incubation with various 

buffer solutions in the range of 1 < pH < 10. In contrast, pH sensitive Mn2+-leaching was 

observed for Au@MnO@SiO2 nanoparticles, leading to hollow SiO2 shells attached to Au 

domains at low pH values. A prospective application of these nanoparticles that exploits the 

resulting void due to the degradation of MnO could be as drug loading and delivery system. 

The potential use of Au@MnO@SiO2 as Janus-type particles was then explored by 

selective surface functionalization, taking advantage of the affinity of the individual components 

for different functional molecules. Time-resolved fluorescence spectroscopy in combination with 

confocal laser scanning microscopy revealed the silica-coated Au@MnO@SiO2 heterodimers 

to be highly two-photon active based on the intrinsic properties of the Au domain. This feature 

makes them highly attractive for multimodal imaging. The comprehensive techniques revealed 

no indication of an electronic interaction between the dye molecules incorporated in the silica 

shell surrounding the MnO domains and the attached Au domains. In addition, fluorescence 

quenching was observed when dye molecules were directly bound to the Au domains. 

Overall, the selective silica coating of the metal oxide domain was demonstrated to be a 

highly effective technique to convert hydrophobic heterodimer nanoparticles into multifunctional, 

water-soluble, dye-labeled nanoparticles, which present an alternative to current bioimaging 

nanoparticle-platforms. Undoubtedly, subsequent selective surface functionalization of the 

individual domains remains possible, which is crucial for the prospective application of the 

heterodimers as Janus-type particles. 
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4.4 Experimental Section 

Materials.  All reactions were carried out under argon atmosphere and using 

commercially available reagents without any further purification: 1-Octadecanethiol (ODT,  

98 %), polyoxyethylene(5)nonylphenyl ether (Igepal® CO-520), ammonium hydroxide (NH4OH, 

25 % aqueous solution), (3-aminopropyl)triethoxysilane (APTES, > 99 %), tetraethoxysilane 

(TEOS, > 99 %), fluorescein 5(6)-isothiocyanate (FITC), and anhydrous N,N-dimethylformamide 

(DMF, 99.8 %) were purchased from Sigma Aldrich. 2-methoxy-(polyethyleneoxy)-propyl-

trimethoxysilane (PEG-silane, n = 9 - 12, 90 %) was purchased from ABCR, ATTO 495 NHS-

ester from ATTO-tec. Acetone, cyclohexane, hexane, hydrochloric acid (HCl, ≥  37 %, analytical 

grade), and nitric acid (HNO3, ≥ 65 %, analytical grade) were purchased from Fisher Scientific.  

 

Thiol Functionalization of Au@Fe 3O4 Heterodimer NPs.  The ligand exchange of the 

Au domain to 1-octadecanethiol was performed by addition of ca 50 mg Au@Fe3O4 heterodimer 

nanoparticles to 10 mL hexane containing 50 mg ODT under argon atmosphere. The solution 

was stirred at room temperature overnight. The particles were precipitated by addition of 

methanol, collected by centrifugation (9000 rpm, 10 min), and washed using hexane/ethanol.  

Synthesis of APTS-Dye Conjugate.  APTES-dye conjugates were prepared using 

either FITC or ATTO 495 NHS-ester according to a reported procedure.[51] Briefly, ca 2 µmol 

dye were dissolved in 1 mL of dry DMF. Subsequent to the addition of 100 µmol (23.5 µL) 

APTES, the mixture was shaken for 4 h at 20 °C under exclusion of light. 

Silica Encapsulation of Au@MO x Heterodimer NPs.  The metal oxide domains of 

hydrophobic Au@MOx heterodimers were encapsulated with SiO2 adapting the reverse 

microemulsion technique as reported for single-component nanoparticles.[51] Briefly, 2.0 g 

Igepal® CO-520 was dissolved in 35 mL cyclohexane and degassed for 15 min under vigorous 

stirring using a gentle stream of argon. Roughly 10 mg heterodimer nanoparticles in 1 mL 

cyclohexane were added, and the degassing procedure was continued for another 15 min. 

Subsequently, 200 µL aqueous NH4OH were added dropwise to induce micelle formation. After 

5 min, 112 µL TEOS and 100 µL APTES-dye conjugate were added, and the reaction was then 

stirred overnight under exclusion of light. Further functionalization of the shell was achieved by 

addition of 130 µL PEG-silane, which led to complete precipitation within 2 hours. The 

nanoparticles were collected by centrifugation (5000 rpm, 5 min) and washed by dissolution in 

acetone and precipitation with hexane until a powdery precipitate was obtained. 

Surface Modification of Au@MO x@SiO2 NPs. In order to control the zeta potential and 

the addressability of the nanoparticles for tailor-made surface modification, amino groups were 

introduced onto the surface of the silica encapsulated nanoparticles.[51] Subsequent to the silica 

encapsulation, the nanoparticles were dissolved in 20 mL of acetone. The amino groups were 

introduced by addition of 150 µL (0.64 mmol) APTES and 150 µL NH4OH. The mixture was 
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stirred under argon atmosphere for another 4 h. The product particles were precipitated using 

hexane, collected by centrifugation (5000 rpm, 5 min), and re-dissolved in acetone. The 

nanoparticles were washed several times using hexane/acetone. The obtained particles were 

easily soluble in acetone, ethanol, DMF/DMSO, and various aqueous media. 

 

Nanoparticle Characterization.  The nanoparticles were analyzed by means of 

transmission electron microscopy (TEM), Fourier transformed infrared spectroscopy (FT-IR), 

UV-VIS spectroscopy, atomic absorption spectroscopy (AAS), dynamic light scattering (DLS), 

time-resolved photoluminescence spectroscopy (TR-PL), confocal laser scanning microscopy 

(CLSM), and high resolution synchrotron powder diffraction. 

4.4.1 Instrumental Details 

Transmission Electron Microscopy.  Low resolution TEM data were measured using 

a Philips EM420 microscope equipped with a LaB6 cathode with an acceleration voltage of 

120 kV, a slow-scan CCD camera (1k · 1k), and a spacial resolution of 3.3 nm. Samples for 

(HR) TEM were prepared by dropping a dilute solution of nanoparticles in the appropriate 

solvent (hexane, acetone, or water) onto a carbon coated 300mesh copper grid (Science 

Services, Germany). 

High Resolution Transmission Electron Microscopy.  HR TEM data were obtained 

using a TECNAI F30 TEM equipped with a field emission gun operating at 300 kV. The images 

were recorded onto a GATAN US4000 CCD camera with a spatial resolution of 0.1 nm. A built-

in Si/Li-detector from Oxford Instruments was used for energy dispersive X-ray (EDX) line 

scans.  

Scanning Electron Microscopy.  The SEM images were taken using an FEI Nova 

NanoSEM630 equipped with an Everhart-Thornley detector (ETD) and a low-voltage high-

contrast detector (vCD) in high vacuum mode. The acceleration voltage was chosen to be 

between 15 kV and 30 kV. The samples were attached on an aluminum stub using adhesive 

conductive carbon tape. For energy dispersive X-ray-spectroscopy (EDX) a built-in EDAX-

Genesis detector was used.   

UV-VIS Spectroscopy.  UV-VIS spectra were recorded in the range between 300 nm 

and 800 nm by a Varian Cary 500 UV-VIS/NIR-spectrometer using 1 mL Hellma® QS-suprasil® 

quartz absorption cuvettes with a thickness of 10 mm. 

Dynamic Light Scattering.  DLS measurements were performed using a Uniphase 

He/Ne Laser (λ = 632.8 nm, 22 mW), a ALV-SP125 Goniometer, an ALV/High QE Avalanche 

photodiode with fiber optical detection, an ALV 5000/E/PCi-correlator, and a Lauda RC-6 

thermostat unit. Angular-dependent measurements were carried out in the range 30° ≤ θ ≤ 150°. 

For data evaluation, experimental intensity correlation functions were transformed into 
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amplitude correlation functions applying the Siegert relation, extended to include negative 

values after baseline subtraction by calculation g1(t) = SIGN(G2(t)) · SQRT(ABS((G2(t)-A)/A). 

g1(t) was evaluated by fitting a bi-exponential function g1(t)  = a·exp(-t/b)  + c·exp(-t/d) to take  

polydispersity into account. Average apparent diffusion coefficients Dapp were determined 

according to q2·Dapp = (a·b-1+c·d-1)/(a+c). The obtained data were extrapolated to Dapp(q=0). 

Hydrodynamic radii were then extracted from the Stokes-Einstein equation.  

For DLS measurements, sample concentrations were in the range of 5 < c < 100 mg/L. 

Low salt concentrations (10-5 M NaBr) were added in order to prevent fast/slow mode splitting 

in DLS due to Coulomb interaction of the silica-coated particles in water. All samples were 

filtered into dust free cylindrical scattering cells (Hellma, Suprasil, 2 cm diameter) using syringe 

filters (Millipore LCR 450 nm n-heptane solutions, PALL GHP 200 nm aqueous solutions). 

Filtration losses were checked to be well below 10 %. 

Fourier Transformed Infrared Spectroscopy.  FT-IR spectra were measured on a 

Bruker Tensor 27 spectrometer in the range of 4000 cm-1 to 400 cm-1. The samples were 

dissolved in CHCl3 or prepared in the form of a KBr pellet.  

Superconducting Quantum Interference Device-Magneto metry.  Magnetic 

measurements of powders by means of superconducting quantum interference were performed 

using a Quantum Design MPMS-XL. The ZFC, as well as FC analysis, was conducted with an 

applied field of 100 Oe.  

High Resolution Synchrotron Powder Diffraction.  High resolution synchrotron 

powder diffraction data were collected at the beamline 11-BM at the Advanced Photon Source 

(APS), Argonne National Laboratory using a calibrated average wavelength of 0.413715 Å. 

Discrete detectors covering an angular range from -6° to 16º 2θ are scanned over a 34º 2θ 

range, with data points collected every 0.001º 2θ and a scan speed of 0.1º/s. The samples were 

mounted in Kapton tubes with 0.4 mm radii. The 11-BM instrument uses X-ray optics with two 

platinum-striped mirrors and a double-crystal Si(111) monochromator, where the second crystal 

has an adjustable sagittal bend.[270] Ion chambers monitor incident flux. A vertical Huber 480 

goniometer, equipped with a Heidenhain encoder, positions an analyzer system comprised of 

twelve perfect Si(111) analyzers and twelve Oxford-Danfysik LaCl3 scintillators, with a spacing 

of 2º 2θ.[271] Analyzer orientation can be adjusted individually on two axes. A three-axis 

translation stage holds the sample mounting and allows it to be spun, typically at ~5400 rpm 

(90 Hz). A Mitsubishi robotic arm is used to mount and dismount samples on the 

diffractometer.[272] An Oxford Cryosystems Cryostream Plus device allows sample temperatures 

to be controlled to 295 K. The diffractometer is controlled via EPICS.[273] Data are collected while 

continually scanning the diffractometer 2θ arm. A mixture of NIST standard reference materials, 

Si (SRM 640c) and Al2O3 (SRM 676) is used to calibrate the instrument, where the Si lattice 

constant determines the wavelength for each detector. Corrections are applied for detector 
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sensitivity, 2θ offset, small differences in wavelength between detectors, and the source 

intensity, as noted by the ion chamber before merging the data into a single set of intensities 

evenly spaced in 2θ.  

Rietveld refinements of all diffraction data were performed with TOPAS Academic V5[274] 

applying the fundamental parameter approach. 

Time-Resolved Fluorescence Spectroscopy.  Transient emission spectra on a 

picosecond timescale were taken with a Streak Camera System (Hamamatsu C4742). The 

excitation wavelength was 400 nm provided by the frequency-doubled output of a Coherent 

MIRA Ti:Sapphire laser system. 

Confocal Laser Scanning Microscopy and Two-Photon A nalysis.  Two-photon 

analysis was carried out using a Zeiss LSM 710 NLO microscope equipped with Non 

Descanned Detectors (NDDs) and a Coherent Chameleon Ultra II Ti:Sapphire Laser. For image 

acquisition a LD C-Apochromat 40x/1.1 W Korr M27 objective was used and the samples were 

excited at 970 nm. 12 % laser power 30 mW was used for imaging while 10 % laser power was 

used for bleaching experiments (for 120 s) with 5 % laser power as reference. The emitted 

fluorescence was passed through 455 - 500 nm, 500 - 550 nm, and 610 - 656 nm band pass 

filters to NDDs. All data were acquired and processed using the Zen 2009 software (Carl Zeiss, 

Germany). 

Atomic Absorption Spectroscopy.  The manganese or iron concentration of aqueous 

nanoparticles solutions was determined by AAS using a Perkin-Elmer 5100 ZL spectrometer, 

as the respective lighting sources were missing. For sample preparation, aliquots of a volume 

of 50 µL were treated with 1 mL aqua regia (3:1 HCl:HNO3) at 90 °C for 10 minutes followed by 

adjusting the pH value using NH4OH and filling up to 5 mL using a measuring flask. 

Zeta Potential.  Zeta potential measurements were carried out in highly pure water using 

a Malvern Instruments Zetasizer Nano-ZS, where ten runs of triplicates at 25 °C were recorded.  
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5 
Harnessing the Janus Character 

of Heterodimer Nanoparticles 

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 ‒ 2483,[54] reproduced with permission of the American 

Chemical Society Copyright 2014, and of a manuscript submitted to the Beilstein Journal of 

Nanotechnology linked to the final report of the DFG priority program SPP 1313 “Biological 

Responses to Nanoscale Particles”.[151] 

5.1 Introduction 

In 1991, Pierre-Gilles de Gennes was one of the first to point out the significance and 

potential of Janus particles in his Nobel lecture “Soft Matter”.[21] Eponym for this class of hetero-

nanoparticles is the two-faced Roman god Janus, the god of beginning and ending, doors, and 

gates.[275] Janus particles can be purely inorganic, purely organic, or hybrid-type inorganic-

organic. Hence, they combine two or more components, which are distinct in chemistry, 

properties, and morphology. Such particles exhibit many intriguing properties, including 

amphiphilic,[192] magnetic,[276] optical,[277,278] and catalytic characteristics,[24] therefore opening a 

wide range of potential applications as catalysts,[211,279,280] in drug delivery,[28] and biomedical 

imaging.[281,282] Janus particles are outstanding among the hetero-nanoparticles owing to their 

asymmetry as an additional design module. Moreover, they are able to combine even very 

different chemical and physical properties within a single particle. In de Gennes’ vision, Janus 

particles would enable the fabrication of a “breathable skin”, a film with large interstices that 

allows chemical exchange between two phases.  

Initiated by de Gennes’ lecture, huge research effort was put into the design of Janus 

structures, though the first Janus particles were already synthesized by Casagrande and co-

workers in the early 1980s.[283] Their approach to “Janus pearls” was the deposition and 
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immobilization of particles onto a surface and subsequent functionalization of the exposed 

surface by a metal (Figure 5.1a). A major drawback is that the method is restricted to small 

amounts of nanoparticles and cannot easily be scaled up. Nevertheless, the method is still used 

because of its simplicity and has been extended to liquid-liquid interfaces of Pickering emulsions 

to obtain spatial control over functionalization.[284] A classic example for the directed 

functionalization of isotropic silica particles is the adsorption of nanoparticles on a solidified wax-

water interface, where they are selectively exposed to silane vapor. This principle can be applied 

to create amphiphilic or dipolar Janus particles.[285] The effectiveness of this selective 

functionalization technique was shown by Perro and co-workers by applying a Pickering 

emulsion of wax-in-water to obtain a large amount of Janus silica particles with a diameter under 

100 nm (Figure 5.1c).[286]  

Nevertheless, dumbbell-shaped nanoparticles provide enormous advantages over 

spherical, desymmetrized nanoparticles because of their combination of intrinsically different 

surfaces with distinct reactivity (Figure 5.1d). The design of hetero-structured Janus particles 

began with organic Janus particles composed out of two different polymers forming an 

amphiphilic particle. Nie et al. reported a microfluidic method for fast continuous synthesis of 

Janus particles, as well as three-phase particles, with narrow size distribution by emulsification 

of monomer liquids and in situ photo-initiated polymerization of multiphase droplets (Figure 

5.1e).[287] Another approach to polymer-based particles with two distinct phases is provided by 

the simultaneous electro-hydrodynamic jetting of polymer solutions under the influence of an 

electrical field (Figure 5.1f).[288] 

 

Here, we used inorganic dumbbell-like heterodimer nanoparticles, which were prepared 

as described earlier (see Chapter 3), as they are superior to their organic analogues in the 

Figure 5.1: Summary of synthetic routes towards organic Janus particles. (a) Directed functionalization after
immobilization, (b) ellipsoidal complex core coacervate micelle with an interpolyelectrolyte complex core (IPEC), (c) 
classical Pickering emulsion technique, (d) different topologies of Janus particles: snowman-, acorn-, and dumbbell-
like nanoparticles (top to bottom), (e) microfluidic photo-polymerization system, and (f) electro-spinning technique 
with a bi-phasic nozzle. Reproduced from [31]. 
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design of highly desired multifunctional nanoparticles. The Janus character was introduced 

exploiting the different chemical characteristics of the two domains, namely metal and metal 

oxide. More precisely, two synthetic routes were applied: first, the selective ligand exchange of 

the hydrophobic ligands of either the metal or the metal oxide domain to a α,ω-bifunctional PEG-

ligand, and, second, the silica encapsulation of the metal oxide domain with optional subsequent 

conjugation to PEG-ligands, leaving the metal domain untouched (Figure 5.2). 

 

Based on their detergent-like morphology, Janus particles may also find use as 

surfactants,[26,289,290] water-repellent coatings,[27] or building blocks for supramolecular 

structures,[126,291] as soon as the formation process and the interparticle forces are understood. 

Thus, the present study of the Janus character has been divided into two parts. The first part 

deals with the assembly of orthogonal functionalized heterodimer nanoparticles, both on 

pseudo-molecular scale as well as at air-water and oil-water interfaces. Inspired by the structural 

analogy to the building blocks of natural lipid bilayers and the importance for biomedical 

applications, the impact of Janus particles on artificial membranes is analyzed within the second 

part.  

5.2 Assembly of Janus Particles 

Janus particles are interesting for a variety of reasons, one of them being their self-

organization into complex and well-defined assemblies.[32] The advanced surface-active 

properties of particles with a segregated corona are superior to particles with a uniform 

Figure 5.2: Synthetic routes toward inorganic Au@MnO Janus particles used within the scope of this work: the
hydrophobic heterodimer nanoparticles, coated with 1-octadecanethiol and oleic acid, were transformed into Janus 
particles either by ligand exchange (top) or by selective silica encapsulation (bottom). 
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wettability. Moreover, the theme of self-assembled Janus building blocks is inspired by nature, 

where it is most commonly present in the form of organic materials such as lipids or proteins, 

for instance a class of fungal proteins called hydrophobins. In nature, self-assembled 

architectures formed by amphiphilic molecules are often hierarchically organized and composed 

of smaller units, e.g. micelles and bilayers. In many cases, the final micrometer-sized structures 

have been observed to result of a higher level aggregation process involving smaller units. 

Recently, Hirsemann et al. demonstrated the native Janus character of the natural mineral 

kaolinite [Al2Si2O5(OH)4], which is a dioctahedral layered silicate found in the form of anisometric 

platelets with large aspects ratios (Figure 5.3). Due to the hydrophilic nature of both surfaces, 

the Janus character remains hidden until the octahedral (OS) and tetrahedral surfaces (TS) are 

selectively modified by cation exchange and covalent grafting of catechol ligands. Up to now, 

large technical applications of Janus particles are restricted by the lack of accessibility. 

Therefore, polymer-modified kaolinite provides the enormous advantage of being an abundant, 

ubiquitous, and inexpensive mineral, which can be used as a superior Pickering 

emulsifier.[292,293] 

 

More than 100 years ago, Ramsden and Pickering inhibited the coalescence of the 

emulsion drops of two immiscible liquids by adding micron-sized particles.[294,295] The stable 

fluid-fluid interfaces within these so-called Pickering emulsions emerge upon self-assembly of 

colloidal particles. This is ascribed to the high desorption energy of the particles from the 

interface as well as to the decrease of total free energy.[296] However, this amount of energy is 

much larger for micron-sized particles than for nanoparticles, for which it is in the range of the 

thermal energy. Thus, nanoparticles are able to reach their equilibrium structure at interfaces 

due to continuous particle exchange. Aside from the particle size and the interaction between 

Figure 5.3: a) SEM top view image of a typical kaolinite platelet (left), schematic picture of kaolinite platelets (center),
and crystal structure of three kaolinite lamellae with the specific chemical functions at the basal TS and OS (right). 
(b) Schematic picture of a) pristine kaolinite, b) modified with PDPS on the tetrahedral surface (TS), c) further modified 
with PCM on the opposite octahedral surface (OS), and d) embedding of the final hybrid particle at the interface in a 
PS-PMMA blend. Reproduced from [293]. 
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particles and phases, the interfacial tension, which is controlled by the wettability of the particle 

surface, is crucial. It is described by the contact angle of the particle and the interface. In 

general, the less wetting liquid is found to be the dispersed phase. Janus particles exhibit two 

contact angles, as they are both surface active as well as amphiphilic. Thus, they unify the 

characteristics of a typical molecular surfactant with the Pickering effect.[297] According to Binks 

and co-workers, the maximum amphiphilicity is realized by an upright orientation of a Janus 

particle with equivalent polar and nonpolar regions, each of them completely wetted by the 

appropriate solvent. Further, they predicted that the surface activity of Janus particles is up to 

three times higher at an oil-water interface than that of uniform particles, which leads to a 

strengthened adsorption at the interface.[298] Recently, Glaser et al. confirmed Binks’ theoretical 

prediction by showing that Au@Fe3O4 Janus particles lead to a significant reduction of the oil-

water interfacial tension as compared to similar uniform particles (Figure 5.4). Furthermore, the 

interfacial activity was enhanced by increasing the amphiphilic character using long alkyl chain 

thiols.[299] 

 

5.2.1 Molecular Assembly of Janus Particles 

The current interest in the self-assembly properties of amphiphilic compounds brought 

out a new class of block-copolymers known as “superamphiphiles‟ or “giant amphiphiles”.[300] 

Examples are block-copolymers derived from polystyrene and polyacrylic acid, which were 

found to self-assemble into a variety of architectures. They followed principally the same 

assembly rules, namely the Israelachvili rules,[301] as those observed for their low molecular 

weight counterparts.[302] Amphiphilicity as a self-assembling principle can also be applied to 

inorganic particles to provide a new and simple route for a controlled self-assembly of such 

particles into one-, two-, and three-dimensional structures. 

If each component of an inorganic Janus particle is thought of as an artificial atom, the 

construction of artificial molecules is an important and complementary activity to the 

construction of artificial solids. The two components of a Janus particle can be taken as pseudo-

atoms. This allows the introduction of concepts of molecular chemistry to understand and control 

Figure 5.4: a) Schematic representation of surface activity of Au@Fe3O4 Janus particles self-assembled at the 
hexane-water interface. Here, the hydrophobic Au domains are represented in yellow, while hydrophilic Fe3O4

domains are depicted in gray. b) Interfacial tension vs time measured by pendant drop tensiometry for different 
homogeneous nanoparticles and Au@Fe3O4 Janus particles, where the Au domain was functionalized using either 
1-dodecanehtiol (DDT) or 1-octadecanethiol (ODT). Reproduced from [299]. 
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the interactions between functionalized nanoparticles. Wei et al. demonstrated this analogy 

between nanoscale and molecular synthesis and transferred the important concepts of bond 

strength and steric hindrance to primitive colloid molecules.[164]  

Likewise, we utilized Au@MnO heterodimer nanoparticles to investigate their 

applicability as molecular building blocks (Figure 5.5a). Following Wei et al., who studied the 

impact of the molecular structures of linking dithiols, we chose 1,4-benzenedimethanethiol as 

the molecular linker between the nanoparticles. It was found to bridge nanoparticles most 

efficiently due to its distinct length and flexibility. On the other hand, this flexibility had to be 

restricted in order to prevent divalent adsorption onto a single particle.[164] We investigated the 

concepts of bond strength and steric hindrance by variation of the domain sizes of the 

heterodimer nanoparticles as well as the concentration of the linking dithiol. For a given 

concentration of 1,4-benzenedimethanethiol, the impact of the relative domain sizes of the metal 

and the metal oxide component was clearly observable: large metal oxide domains introduced 

steric hindrance and strain at nanoscale, such that barely any colloid molecules were formed, 

independent of the concentration of the linking dithiol (Figure 5.5b). Decreasing the size of the 

unreactive metal oxide domain, the fraction of colloid molecules went up and the number of 

nanoparticles in these molecules simultaneously increased up to 3 (Figure 5.5d). Further, the 

fraction of dimeric colloid molecules was dominant for low concentrations of the linking dithiol 

(Figure 5.5c).  

 
Figure 5.5: a) Scheme of heterodimer nanoparticles and 1,4-benzenedimethanethiol used to link three individual
particles into a trimeric colloid molecule; b) - d) TEM images of colloid molecules obtained for different domain sizes 
of Au@MnO nanoparticles displaying the influence of steric hindrance and bond strength: b) for 3@20 nm Au@MnO 
(rAu/rMnO = 0.15) nanoparticles at a dithiol concentration of 0.16 µM barely any molecules were detected; increasing 
the domain size ratio to rAu/rMnO = 0.31 (4@13 nm Au@MnO) led to quantitative formation of colloid molecules 
composed of c) 2 or d) 3 heterodimer nanoparticles when the dithiol concentration was simultanously raised to 3.1 µM 
in the latter case.  
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As a consequence of the strong affinity of thiols for gold, any dissociation of the colloid 

molecules was noted. However, it was not possible to prepare suspensions consisting of the 

same colloid molecules, i.e. the same number of building blocks. Overall, these reactions were 

observed to progress with high selectivity and yields following analogous trends to metal-ligand 

complexes introduced for phosphorus ligands in organometallic chemistry by Tolman.[303] The 

impact of steric hindrance for large metal oxide domains confirmed Binks’ prediction of the 

Janus character to be strongest for dumbbell-like particles with domains of the same size. Thus, 

heterodimer nanoparticles with large domain size ratios rAu/rMnO were used for the following 

investigations. However, it was not possible to study Au@MOx Janus particles with identical 

domain sizes due to restrictions, which emerged during their fabrication (see Chapter 3.2.2).   

5.2.2 Assembly of Janus Particles at Interfaces 

Aside from their structural and chemical similarity to typical surfactants, Janus particles 

resemble their molecular counterparts in many aspects, as they self-assemble at interfaces as 

well as in bulk media. However, the enhanced topological control, irrespective of their 

amphiphilicity, allows superior governance of their surface activity. In reverse, the defined 

surface chemistry of inorganic dumbbell-like hetero-nanoparticles leads to distinct tuning of the 

Janus character.  

In order to investigate the surface activity of the heterodimer nanoparticles, we applied 

an orthogonal functionalization, which was based on the attachment of a PEG-ligand via a 

specific anchoring group to one of the two domains. Besides the well-known thiol-chemistry for 

Au, catechols have been established as a binding moiety for a large number of metal oxide 

nanoparticles. This results from their stable coordination to the oxide surface creating a five-

membered ring.[304–307] The catechol anchoring group attached via an amide coupling to any 

surfactant is commonly referred to as “dopa” due to its similarity to the amino acid L-dopa, 

although neither L-dopa nor dopamine are used as a building block. Here, we used a typical 

DCC/NHS-amide coupling of a terminal amino group of a α,ω-bifunctional PEG to 3,4-

dihydroxyhydrocinnamic acid in order to obtain a PEG-based ligand with a catechol anchoring 

group. The hydrophobic ligands of the respective other domain remained untouched. Thus, 

amphiphilic particles with precise control over their functionalization were obtained.  

The inset of Figure 5.6 displays a surface-pressure area isotherm cycle of ODT-

Au@MnO-Dopa-PEG500-NH2 measured using a Langmuir trough. Here, the surface area was 

repeatedly compressed until a pressure of 5 mN/m was reached and then fully expanded 

afterwards, while the surface area had to be compressed to a greater extent for each additional 

cycle. Due to a larger proportion of the 4@23 nm Au@MnO heterodimer nanoparticles being 

hydrophilic, the preferential complete wetting of the particle by the aqueous phase dominated 

over the amphiphilic character. Thus, the particles submerged in the bulk phase as soon as the 
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surface pressure was slightly increased. Several improvements were made in order to 

strengthen the stability of the particles at the interface. According to the prediction of Binks and 

co-workers, heterodimer particles having two domains of the same size would be favorable.[298] 

As the synthetic control over the morphology becomes even more challenging for same-sized 

domains, 7@15nm Au@MnO heterodimers were used. Further, the functionalization was 

reversed by using a thiol-conjugated PEG, leaving the hydrophobic ligands of the MnO domain 

untouched. Figure 5.6 shows the enhanced surface activity of these Janus particles, where a 

dependency on the chain length of the PEG ligands was observable. For high molecular 

weights, the surface pressure was strikingly increased. This might be a consequence of the 

stronger interaction of particles at the interface upon compression of the surface area, as the 

interdigitation of ligands started earlier. Further, the water solubility of PEG ligands is known to 

be roughly inversely proportional to their chain length.[260] Thus, these Janus particles, 

functionalized with high molecular weight PEG ligands, constitute intermediate amphiphilicity, 

which has been reported to form most stable monolayers.[308] Park et al. discussed two 

contributions to the interaction of Janus particles at oil-water interfaces: Janus particles attract 

each other via capillary interactions as a consequence of their intrinsic heterogeneity, whereas 

the repulsive forces originate from charged domains.[309] The capillary interactions were reported 

to depend on the interface distortion and, thus, the shape and wetting of the particles, but to be 

rather independent of the materials’ characteristics.[310] The repulsion is caused by the 

asymmetric distribution of counterions at the surface, leading to repulsive forces between the 

dipoles of adjacent particles.[308] 

 
Figure 5.6: Surface-pressure area isotherms of amphiphilic Au@MnO Janus particles with differing molecular weight,
i.e. chain length of the hydrophilic PEG ligands attached to the Au domain. Inset: Isotherm cycle of Au@MnO Janus 
particles functionalized with a catechol-PEG on the MnO domain revealing the preferential complete wetting of the 
aqueous phase. The measurements were performed by Martin Scherer. 
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The shape of the isotherm of PEG5000-Au@MnO Janus particles suggested a 

progressive compression of close-packed domains with diminishing void spaces at increasing 

surface pressure, as reported by Guo et al. for monodisperse γ-Fe2O3 nanoparticles.[311] In order 

to identify the orientation and packing, the Langmuir-Blodgett technique was used to transfer 

the particle film from the air-water interface to AFM or TEM specimen.[312,313] Subsequent 

analysis revealed no clear conclusion, as the film was only barely transferred to the substrates. 

It could not necessarily be assumed that the particles remained in their original orientation, as 

the interaction with the substrates might also have had an impact. For this reason, the self-

assembly of Janus particles was additionally studied at oil-water interfaces, which could be 

analyzed more easily by TEM. Thereby, the two possible orientations of amphiphiles were 

realized, as indicated in Figure 5.7. 

 

In the first step, Au@MnO Janus particles modified with a thiol-conjugated PEG 

dissolved in water were incubated with a small amount of toluene, and the resulting two-phase 

mixture was analyzed by TEM (Figure 5.8). After drying the sample on a TEM specimen, a 

micelle-like orientation was observed. Thereby, the orientation of the Janus particles fulfilled the 

expectations: the hydrophilic Au domains protruded into the aqueous phase, the hydrophobic 

MnO domains were included within the micelle. Further, the contact angle of the Janus particles 

was estimated from TEM images to be 90°. This has been reported to be the most stable 

configuration of Janus particles, as it maximizes the detachment energy. However, in order to 

exclude the micelle-like structures as an artifact caused by the drying process, cryo-TEM 

measurements were performed (Figure 5.8b). The process of sample preparation for these 

amphiphilic particles was challenging, as they self-assembled at both air-water as well as water-

oil interfaces. Prior to injection in liquid ethane, the specimen was blotted with filter paper to 

remove excess water, which stripped off a sensible fraction of Janus particles at the same time. 

Nevertheless, micelles of variable sizes were observed, thus confirming the self-assembly 

behavior to be an intrinsic characteristic of the Janus particle and not a drying artifact. 

Figure 5.7: Self-assembly of Janus particles at liquid interfaces depending on their functionalization; a) the
functionalization of the metal domain was changed to a hydrophilic coating, while the metal oxide component
remained hydrophobic; b) reverse orientation caused by the hydrophilic silica coating of the metal oxide domain, 
leaving the hydrophobic metal domain untouched.   
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As was pointed out in the previous chapter, the stability of Au@MnO@SiO2 heterodimer 

particles was strongly dependent on the pH value. This became even more pronounced when 

the protecting silica shell was replaced by a PEG-coating of the Au domain. These particles 

were not stable regarding dissolution of the MnO domain in aqueous solution. On the other 

hand, Au@Fe3O4@SiO2 nanoparticles were demonstrated to be stable, such that these were 

used for further self-assembly experiments. The selective wetting behavior of 1-octadecanthiol-

functionalized Au@Fe3O4 heterodimer nanoparticles was exploited to obtain Janus particles, 

bearing a silica shell only around the metal oxide domain. Their amphiphilic character was 

reversed as compared to PEG-Au@MnO, which was reflected in the orientation of the particles 

in micelles (Figure 5.7).  In contrast to the particles discussed earlier, the metal oxide domain, 

as the major component of Au@Fe3O4@SiO2, was hydrophilic, so that the particles were 

dissolved in water for the bulk phase. The Janus particles self-assembled at the oil-water 

interface, with the hydrophobic Au domain projecting into the toluene droplets (Figure 5.9).  

 

Overall, the as-prepared inorganic Janus particles were demonstrated to be a powerful 

tool for tuning the self-assembly at interfaces, even though the interparticle forces are not 

completely understood. Our investigations showed spontaneous arrangement of Janus 

particles, which is not observed for homogeneous particles.  

Figure 5.8: Self-assembled PEG-functionalized Au@MnO Janus particles at an oil-water interface: a) TEM as well
as b) cryo-TEM image of PEG5000-Au@MnO in water. The cryo-TEM measurements were performed by Dr. Markus 
Drechsler. 

Figure 5.9: TEM images of amphiphilic ODT-Au@Fe3O4@SiO2 Janus particles stabilizing toluene droplets in water. 
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5.3 Interaction Between Janus Particles and Artific ial Membranes 

This project was done in collaboration with Prof. Andreas Janshoff and Dr. Jan Rother, 

Georg-August-University Göttingen. Material synthesis and chemical characterization were 

conducted at the Johannes Gutenberg-University Mainz. Here, only a small excerpt of the 

comprehensive study concerning the interaction of Janus particles with membranes is 

presented in order to demonstrate the impact of the chemical structure. Further details on the 

interaction were reported by Dr. Jan Rother.[314] 

5.3.1 Introduction 

A fundamental understanding of the interactions of nanoparticles with cell membranes 

is crucial in order to master the cellular uptake, drug or gene delivery, and cytotoxic effects. The 

size, shape, and functionalization of nanoparticles is an important feature concerning their 

uptake into cells and, thus, their cytotoxicity.[315] Regarding isotropic nanoparticles, it has been 

shown that they are taken up into the cell via endocytotic pathways, such as pinocytosis, 

receptor-mediated endocytosis, or phagocytosis.[316,317] In addition to these common uptake 

pathways, the direct interaction of Janus particles with membranes is of great importance due 

to their amphiphilic character, which is similar to the natural structure of lipids.[318] Up to now, 

there are several calculations concerning the interaction of Janus particles and artificial 

membranes, which are schematically presented in Figure 5.10. Using coarse-grained 

simulations, Reynwar et al. were able to demonstrate long-ranged interactions between Janus 

particles placed onto a membrane. Once a minimal local bending occurred, two particles attract 

each other due to energy minimization of the deformed lipid bilayer when the local curvature 

induced by a single-particle overlaps with a second indentation. The resulting pair of Janus 

particles is trapped in a membrane tubule, attracting more and more particles, which eventually 

may lead to the formation of small, separate vesicles inside the membranes. This uptake can 

be described as a passive, artificial endocytosis, as it is purely caused by the particles 

themselves.[52] A similar mechanism seems to be involved in the uptake of Shiga toxin proteins 

into cells.[319]  

 
Figure 5.10: Simulations of the interaction of membranes and Janus particles predict either the formation of tubes or
the opening of pores, while the amphiphilic particles could also disrupt the bilayer structure due to detergent-like 
behavior. Adapted from Dr. Jan Rother.[314] 



Design of Multifunctional Janus Particles for Biomedical Applications  
 

110 

Moreover, Alexeev and co-workers reported coarse-grained simulations on the 

interaction of Janus beads and membranes, revealing the formation of controllable pores. Upon 

membrane rupture, the Janus particles were shown to diffuse to the edges, forming a stable 

pore. This pore is sensitive to small changes in the membrane tension and, thus, opens readily, 

allowing transport through the membrane.[53] Further, based on their amphiphilic, detergent-like 

functionalization, Janus particles could destruct the bilayer integrity, which would cause severe 

cytotoxic effects.[320] Nevertheless, there has been no experimental evidence for any proposed 

Janus particle-membrane interaction to be more likely. 

5.3.2 Interaction of Janus Particles with GUVs 

As model system for the interaction of Janus particles with membranes, we chose giant 

unilamellar vesicles (GUVs), which were obtained by electroformation. These GUVs were 

composed out of the natural lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and 

contained 0.5  % TexasRed® 1,2-hexadecanoyl-sn-glycero-phosphoethanolamine (TR-DHPE) 

as fluorescent dye in order to visualize the GUVs using a fluorescence microscope. Additionally, 

the impact of Janus character was investigated by varying their surface functionalization as 

compared to spherical control particles. We chose a PEG with a low molecular weight in order 

to obtain strong amphiphilic Janus particles, in which neither of the ligands of the two domains 

dominated over the other. The functionalization of the Au domain remained untouched. The 

time-resolved incubation of GUVs with ODT-Au@MnO-Dopa-PEG500-OMe Janus particles in 

comparison to spherical MnO-Dopa-PEG500-OMe nanoparticles revealed significant impact of 

the Janus character. Using an epi-fluorescence microscope, first indications of tubulation inside 

the GUVs were visible directly after addition, but only for vesicles incubated with Janus particles 

(Figure 5.11d - f). These tubes became more pronounced over time and, finally, smaller vesicles 

appeared inside the GUVs. Interestingly, these smaller vesicles were exclusively observed 

within the upper half of the GUVs (Figure 5.11f). This was attributed to the difference in densities 

of the surrounding medium (glucose) and the medium in GUVs (sucrose). Consequently, this 

observation confirmed that the smaller vesicles contained media with lower density, which is 

only possible if they have been taken up from the outside. The spherical nanoparticles did not 

show any impact on the GUVs over the investigated time of 30 minutes (Figure 5.11a - c).  
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The nanoparticle solutions were hypoosmolar in comparison to the medium inside the 

GUVs, so that the resulting membrane tension prevented thermal membrane undulations from 

being responsible for the observed effects. The interaction with Janus particles induced severe 

membrane deformations and vesiculation, though it was not strong enough to result in 

membrane wrapping of single particles, as was predicted by simulations of Ding and co-

workers.[318] This contradiction might originate from the repulsive forces between the 

hydrophobic Au domain and the polar membrane. However, Reynwar et al. proposed 

cooperative interactions of Janus particles with membranes.[52] The evolution of interaction of 

Janus particles with GUVs over time was found to comply extremely well with this simulation, 

although the procedure of particle interaction and, thus, cooperative effects could not be 

visualized, as the particles were invisible to the experiments. The attachment of fluorophores to 

the PEG-coating altered the interactions with the membranes, so that no comparable effects 

were observed. 

Aside from solely PEG-functionalized nanoparticles, silica-coated Janus particles were 

analyzed concerning their interaction with artificial membranes. As the tubulation and 

vesiculation after treatment with Janus particles might represent an additional entry route into 

living cells, the activity of silica-coated Janus particles was of peculiar importance, as these 

were designed for biomedical applications. Due to the facile surface chemistry of SiO2, the 

conjugation to various PEG ligands was possible via an amide coupling to an activated amino-

Figure 5.11: Evolution of interaction of Janus particles with GUVs over time, whereby incubation was started at 0 min. 
Epi-fluorescence images of DOPC/TR-DHPE GUVs in the equatorial plane treated with 1 µg Mn2+/mL of a) - c) MnO-
Dopa-PEG500-OMe nanoparticles and d) - f) ODT-Au@MnO-Dopa-PEG500-OMe. The inset of f) displays the upper 
half of the GUV shown in f). Scale bar: 20 µm. The measurements were performed by Dr. Jan Rother. 
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silane (Figure 5.12).[321] For this purpose, α,ω-bifunctional PEGs were used with either two 

terminal amino groups or a terminal amino and a methoxy group. 

 

The PEG-conjugated silica-coated Janus particles were analyzed in comparison to 

spherical MnO particles, which bore identical functionalization to the oxide component of the 

Janus particles, by means of dynamic light scattering (Figure 5.13). The Janus character had a 

large impact on the behavior in solution, which was evident due to the significant shift in the 

autocorrelation functions and the decreased correlation at larger lag times.  

 

Figure 5.12: Synthetic procedure for fabrication of PEG-conjugated SiO2-coated Janus particles, whereby the 
terminal group of the PEG chain was X = OMe or NH2. The functionalization of the Au domain remained untouched, 
i.e. 1-octadecanethiol was bound to the surface. 

Figure 5.13: Dynamic light scattering results of PEG-conjugated spherical MnO@SiO2 as well as ODT-
Au@MnO@SiO2 Janus particles dispersed in water: universally-scaled and normalized autocorrelation functions 
measured at scattering angle θ = 90° together with bi-exponential fitting function lines and corresponding residues 
(λ = 632.8 nm, T = 293 K, η = 1.005 cP). 
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The hydrodynamic radii (Table 5.1) confirmed the observation regarding the 

autocorrelation functions, namely a significant increase in the radius for the Janus particles. In 

contrast, the sizes of the spherical counterparts were in good accordance with TEM 

measurements. Thus, the Janus particles formed aggregates in aqueous solution due to their 

orthogonal functionalization, which are presumably of micellar shape as discussed earlier.  

The strength of interaction between a monolayer of DOPC and the nanoparticles was 

analyzed using surface plasmon resonance (SPR) spectroscopy in order to determine whether 

the nanoparticles could have an effect on the membranes of GUVs. Concentration-dependent 

measurements of the SPR signal allowed determination of the dissociation constant KD of the 

monolayer of small unilamellar vesicles (SUVs) and the nanoparticles with different 

functionalization and morphology. Langmuir adsorption kinetics were used for fitting the 

obtained equilibrium data, which are summarized in Table 5.1 together with the consequent 

Gibbs free energy ∆G° and the corresponding data obtained from TEM and DLS 

characterization. 

 
 

RTEM / nm Rh / nm KD / µg/mL ∆G° / kJ/mol 

ODT-
Au@MnO@SiO2-

PEG500-OMe 

Au: 5.0 ± 0.2 
MnO: 10.0 ± 1.0 

202 ± 6 10 ± 7 -50 

MnO@SiO2-
PEG500-OMe 

10.4 ± 0.9 12 ± 0.1 138 ± 34 -45 

ODT-
Au@MnO@SiO2-

PEG500-NH2 

Au: 5.0 ± 0.2 
MnO: 10.0 ± 1.0 

127 ± 2 90 ± 86 -46 

MnO@SiO2-
PEG500-NH2 

10.4 ± 0.9 15 ± 0.1 ---* --- 

 

The adsorption of all tested nanoparticles to DOPC monolayers prepared on the SPR 

chip led to an increase in the measured SPR signal in a concentration-dependent manner, 

whereby the binding to the lipids was completely reversible. However, the concentration-

dependent adsorption measurements did not reach the saturation, so the calculated 

dissociation constants only represent a rough estimation. Interestingly, the spherical 

MnO@SiO2-PEG500-OMe nanoparticles showed a weaker binding to the DOPC lipids than the 

Janus particles bearing the same functionalization of the MnO domain. Further, the terminal 

Table 5.1: Characterization of PEG-functionalized silica-coated spherical and Janus particles. RTEM denotes the radii 
of the nanoparticle cores and domains of Janus particles obtained from TEM. The hydrodynamic radius Rh was 
obtained from the apparent diffusion coefficients as a function of the scattering vector q2 in the range of the scattering 
angle 30° ≤ θ ≤ 120°. KD is the dissociation constant between the particles and SUVs obtained from SPR 
measurements fitting the data with a Langmuir adsorption isotherm. ∆G° was calculated using the relationship to the 
dissociation constant ∆G°=R·T·ln(KD·c0

-1). The SPR measurements and subsequent analysis were performed by Dr. 
Jan Rother. *The determination of the dissociation constant of MnO@SiO2-PEG500-NH2 nanoparticles was not 
reasonable, as the signal intensity of the SPR measurements could only be explained by superposition with a buffer 
effect. 
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amino group of the PEG ligand weakened the binding of the Janus particles to the membrane, 

so that the dissociation constant was in between that of the PEG500-OMe functionalized Janus 

particles and the spherical analogues. Based on the relationship between the dissociation 

constant and the Gibbs free energy ∆G°, the binding energy of the nanoparticles to the DOPC 

membranes was determined. The obtained values were 45 - 50 kJ/mol. In this context, Reynwar 

et al. calculated the binding energy per particle, which is necessary to form a spherical vesicle 

from a flat membrane, to be of the order of 500 kBT.[52] As the binding energies of all tested 

nanoparticles was roughly 20 kBT (50 kJ/mol / (NA·kB·T)), no vesiculation induced by a single 

particle was expected.  

Following the physical characterization of the interaction between DOPC and the 

nanoparticles, GUV experiments were performed and analyzed by confocal laser scanning 

microscopy. In addition to the staining of the vesicles with TexasRed®, the outer medium was 

dyed using pyranine, so that uptake of the surrounding medium into GUVs could be followed. 

The corresponding images of the time-dependent incubation of GUVs with ODT-

Au@MnO@SiO2-PEG500-OMe Janus particles are displayed in Figure 5.14. Starting as early as 

15 minutes after addition of the particles, small tubular structures appeared at the membrane. 

Over time, these membrane tubes grew larger in size and were observable throughout the 

complete vesicle after 60 minutes. The corresponding image in the pyranine channel also 

showed little uptake of outer medium into the tubular structure, as indicated by red circles, as 

well as no leakage of the dye into the interior of the vesicle. Nevertheless, in contrast to previous 

experiments using ODT-Au@MnO-Dopa-PEG500-OMe, no vesicles were found. Most likely, this 

resulted from the weaker interaction of the lipid bilayer and the Janus particles. The introduction 

of an intermediate silica shell increased the hydrophilicity of the MnO domain, which became 

dominant over the hydrophobic Au domain. The vesicle shown after 30 minutes was moving, 

which caused the ellipsoidal appearance in orthogonal view. Osmotic shrinking could not be 

responsible for the observed effects, as the GUVs retained their spherical shape throughout the 

whole experiment. 
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In comparison to spherical nanoparticles, the Janus particles led to a higher number of 

vesicles showing tubulations. Starting with only 10 % after 5 minutes, the proportion of vesicles 

with tubular structures increased exponentially up to 74 % after 50 minutes for ODT-

Au@MnO@SiO2-PEG500-OMe Janus particles. For the spherical analogue, 9 and 43 % of the 

vesicles showed an effect after 5 and 50 minutes, respectively. Janus particles bearing a 

terminal amino group induced tubulation in nearly 100 % of the vesicles as early as 10 minutes 

after addition. As expected from the similar change in Gibbs free energy, the induced effects on 

GUVs were comparable. However, no tubulation or vesiculation was observed for any tested 

nanoparticles when an increase in osmotic pressure was applied to create tension of the 

membrane. This might be an effect of the weak amphiphilicity and their low binding strength to 

the lipid bilayer.  

 

Figure 5.14: CLSM images of DOPC/TR-DHPE GUVs: a) untreated vesicles and b) GUVs treated with 5 µg Mn2+/mL 
ODT-Au@MnO@SiO2-PEG500-OMe Janus particles. The solution contained 2 mM pyranine. The images of single 
channels are displayed in grey scale, TR-DHPE is shown in pseudo-colors in the merged images. GUVs are shown 
in both directions, the equatorial and the meridian plane (orthogonal view). The experiments were performed by 
Dr. Jan Rother.  
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5.4 Conclusion 

To conclude, we prepared inorganic Janus particles starting from hydrophobic 

heterodimer nanoparticles either by directed ligand exchange or silica encapsulation of the 

metal oxide domain, leaving the respective domain untouched. The selectivity during surface 

modification reactions was ensured due to the distinct surface chemistry of each domain. Thus, 

specific anchoring groups were exploited, e.g. thiols for Au domains and catechols or silica for 

the metal oxide components. 

 We demonstrated the use of heterodimer nanoparticles as building blocks for composite 

materials of lower symmetry when coupled with a crosslinking dithiol, here 1,4-

benzenedimethanehiol. The concepts of steric hindrance and bond strength, known from metal-

organic complexes, were transferred to these pseudo-molecules. Thus, the formation of colloid 

molecules composed of two, three, or more heterodimer nanoparticles was realized, dependent 

on the ratio of domain sizes as well as the concentration of the crosslinking dithiol. 

Further, we studied the self-assembly behavior of Janus particles at the air-water 

interface using a Langmuir-Blodgett trough as well as in solvent mixtures by (cryo-)TEM. In 

measurements of pressure-surface area cycles of 4@23 nm ODT-Au@MnO-Dopa-

PEG500-NH2, the nanoparticles submerged into the bulk water phase, as their hydrophilic 

proportion dominated over their amphiphilic character. Thus, the ratio of domain sizes was 

increased in addition to a reversal of the amphiphilic character, so that the smaller Au domains 

became hydrophilic. These changes enabled the formation of Langmuir-films, although it 

remained challenging to clarify the orientation of the Janus particles within these films. However, 

the analysis of the Janus particles in solvent mixture clearly showed the expected upright 

orientation at the interface. This remained true upon reversal of the Janus character. 

Finally, we analyzed the interaction of Janus particles with DOPC lipid bilayers serving 

as a model system for the impact on cellular membranes. These experiments demonstrated the 

ability of Janus particles to induce membrane tubulation under isoosmotic conditions, which 

displays a passive, artificial endocytotic uptake pathway. Further, ODT-Au@MnO-Dopa-

PEG500-OMe Janus particles were taken up in vesicles, whereas spherical MnO nanoparticles 

showed no effect. The surface of the Janus particles was modified by an intermediate SiO2 shell 

in order to investigate nanoparticles suitable for biomedical applications. In SPR experiments, 

the dissociation constants and binding strength of these nanoparticles were determined to be 

able to cause tubulation, but no vesiculation, in tension free membranes. This was confirmed 

by time-resolved CLSM analysis of GUVs incubated with nanoparticles. Here, Janus particles 

induced the formation of membrane tubes in 74 % to 100 % of the GUVs, though spherical MnO 

nanoparticles induced in only up to 43 %. From these experiments, it was inferred that the 

introduction of the SiO2 shell changed the Janus character and consequently the interaction 

with the lipid bilayer. Presumably, the overall hydrophilic character of the Janus particles 
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became more pronounced, leading to less marked amphiphilic interaction with the membranes. 

Further, an increase of the membrane tension was applied. However, no effect was observed 

for nanoparticles added to membranes under tension. Consequently, it remains unclear whether 

the formation of membrane tubes or vesicles may serve as an additional uptake pathway in 

living cells. This has to be analyzed by cytotoxicity studies, as an increased uptake would be 

reflected by a higher cytotoxicity. In addition, no indication of pore formation or disruption of the 

lipid membrane due to interaction with Janus particles was observed. Overall, this is one of the 

first studies showing experimental evidence for Janus particles being able to induce tubular 

structures and vesicles in tension free membranes dependent on their amphiphilic 

functionalization.  

5.5 Experimental Section 

Materials.  All reactions were carried out under argon atmosphere using commercially 

available reagents without any further purification: 1,4-Benzenedimethanethiol (98 %), 3,4-

dihydroxyhydrocinnamic acid (98 %), ammonium hydroxide (NH4OH, 25  % aqueous solution), 

1-hydroxybenzotriazole (HOBt, 98 %, 12 % water), N,N’-dicyclohexylcarbodiimide (DCC, 99 %), 

N-hydroxysuccinimide (NHS, 97 %), succinic anhydride (> 99 %), polyethyleneglycol-

methyletherthiol-1000 (HS-PEG1000-OMe), O-[2-(3-mercaptopropionylamino)ethyl]-O’-methyl-

polyethylene glycol-5000 (HS-PEG5000-OMe), anhydrous N,N-dimethylformamide (DMF, 

99.8 %), O,O’-bis(2-aminopropyl)-polypropylene glycol-block-polyethylene glycol-block-poly-

propylene glycol-500 (NH2-PEG500-NH2), and O-(2-aminopropyl)-O’-(2-methoxypropyl)-poly-

propylene glycol-500 (NH2-PEG500-OMe) were purchased from Sigma Aldrich. [3-(2-amino-

ethylamino)]-propyltrimethoxysilane (EDAS, 97 %), 2-methoxy-(polyethyleneoxy)-propyltri-

methoxysilane (PEG-silane, n = 9 - 12, 90 %) were purchased from ABCR. 1-Ethyl-3-(3-di-

methylaminopropyl)carbodiimide (EDC, > 99 %) was purchased from ProteoChem. 1,2-dioleoyl-

sn-glycerol-3-phosphatidylcholine (DOPC) was purchased from Avanti Polar Lipids. 

TexasRed® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE) was 

purchased from Life Technologies. Acetone, chloroform, diethyl ether, hexane, magnesium 

sulfate, and toluene were purchased from Fisher Scientific.  

 

Synthesis of Dopa 500-PEG-OMe. The conjugation of the catechol anchoring group to a 

PEG-derivative was performed following Schladt and co-workers.[168] Briefly, 5 mmol 3,4-

dihydroxyhydrocinnamic acid and 5.1 mmol HOBt were dissolved in 10 mL DMF and stirred at 

room temperature for 10 min under a gentle stream of argon. Next, 5.1 mmol DCC dissolved in 

10 mL DMF were added. Stirring was continued for 10 min, after which 5.1 mmol NHS in 10 mL 

DMF were added dropwise over a period of 30 min. The precipitate was removed by 

centrifugation (9000 rpm, 15 min) after stirring at room temperature for 2 h, and the supernatant 
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was transferred to a dropping funnel. It was then added dropwise to a solution of 5 mmol NH2-

PEG500-OMe and stirred under argon atmosphere overnight. After removal of the precipitate by 

centrifugation (9000 rpm, 15 min), the solvent was removed, and the residue was dissolved in 

2 mL DMF. The product was precipitated by dropwise addition into 40 mL ice-cooled diethyl 

ether. The supernatant was discarded and the product was washed twice with 40 mL ice-cooled 

diethyl ether. Then, the residue was dissolved in 50 mL CHCl3, washed twice with saturated 

aqueous NaCl solution and ultrapure water. Finally, the solution was dried over MgSO4, filtered, 

and the solvent was completely removed by rotary evaporation and fine vacuum at the Schlenk 

line.  

Ligand Exchange of the MnO Domain of Au@MnO NPs.  300 mg Dopa-PEG500-OMe 

were dissolved in 15 mL CHCl3 at 50 °C under argon atmosphere. Next, 10 mg hydrophobic 

Au@MnO heterodimer nanoparticles were dissolved in 15 mL CHCl3 and added dropwise over 

a period of 1 h. The solution was stirred at 50 °C overnight. It was reduced to a volume of ca 

4 mL. Under vigorous stirring, equal volumes of ultrapure water and hexane were added 

(30 mL). After stirring for 2 h, the organic phase was washed twice with water, and the combined 

aqueous phases were concentrated. The resulting concentration of nanoparticles was 

determined by the Mn2+ concentration using AAS. 

Ligand Exchange of the Au Domain of Au@MnO NPs. In order to obtain Janus 

particles, the Au domain of hydrophobic Au@MnO heterodimer nanoparticles was 

functionalized using HS-PEG1000-OMe or HS-PEG5000-OMe. For this purpose, 10 mg Au@MnO 

nanoparticles were dissolved in 10 mL CHCl3 and added slowly to 20 mg HS-PEG5000-OMe in 

20 mL CHCl3. The solution was stirred under argon atmosphere overnight and concentrated to 

a volume of 5 mL. 

PEG-Functionalization of Au@MnO@SiO 2 NPs. The surface modification of silica-

encapsulated Au@MnO Janus particles was performed referring to Li and co-workers.[321] 

Subsequent to the encapsulation of 10 mg of Au@MnO nanoparticles, 100 µL NH4OH, 350 µL 

EDAS, and 75 µL PEG-silane were added to the nanoparticle solution in 10 mL acetone. The 

reaction mixture was stirred at room temperature for 4 h under argon atmosphere. 

Subsequently, the nanoparticles were precipitated by addition of hexane, centrifuged 

(5000 rpm, 5 min), and washed twice with acetone/hexane. Next, the nanoparticles were 

dissolved in 10 mL DMF and 0.2 mmol succinic anhydride were added. The solution was stirred 

overnight. Finally, 0.50 mg NHS and 0.25 mmol EDC were dissolved in 1 mL DMF and added 

to the reaction mixture. After stirring for 2 h, 0.1 g NH2-PEG500-X (X = NH2, OMe) was added. 

The reaction was stirred overnight, concentrated, and transferred to water. The product was 

dialyzed against water for 3 days (cellulose bag, MWCO = 3,500). The final concentration of 

nanoparticles was determined by the Mn2+ concentration using AAS. MnO@SiO2-PEG-X 

nanoparticles were prepared as described, except MnO@SiO2 nanoparticles were used. 
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Production of Small Unilamellar Vesicles (SUVs).  SUVs composed out of DOPC 

were prepared by dissolution of the lipid in chloroform, transfer to TrisHCl buffer, and sonication 

for 30 min subsequent to filtration through a porous 0.2 µm filter. For experimental details see 

[314]. 

Production of Giant Unilamellar Vesicles (GUVs).  GUVs were prepared by 

electroformation of a DOPC/TR-DHPE solution (99.5/0.5) in CHCl3 applied to an ITO-covered 

glass slide. After drying the lipid film in vacuum, the reaction chamber was filled with 100 mM 

sucrose in deionized water for Dopa-PEG-functionalized particles or 2 mM TrisHCl buffer, pH 7 

for SiO2-PEG-coated particles. The formation was performed for 2 h at a peak-to-peak voltage 

of 1.6 V and 12 Hz or 2.3 V and 70 Hz, respectively, for the different sets of nanoparticles. For 

experimental details see [314]. 

 

Nanoparticle Characterization.  The nanoparticles were characterized by TEM, DLS, 

and AAS as described in Chapter 4.4.1.  

In cooperation with Professor Zentel, the surface activity was measured using a NIMA 

611 Langmuir-Blodgett trough. The surface pressure was monitored using the Wilhelmy plate 

method. All measurements were performed at room temperature. Water was used as 

continuous phase, and CHCl3 as the ambient phase, in which the nanoparticles were dispersed. 

1.5 mg (46.5 µL) Janus particles dissolved in CHCl3 were spread out on the surface of the 

aqueous phase by using a micro syringe. The surface pressure approached an equilibrium after 

ca 15 min subsequent to the initial increase upon application of the Janus particle solution. 

During this time, CHCl3 evaporated and the Janus particles self-assembled at the air-water 

interface. Then, the surface area was compressed starting at 250 cm2 down to 35 cm2 

measuring isotherms or until a surface pressure of 5 mN/m was reached for isotherm cycles.  

Further, cryo-TEM measurements were performed in cooperation with Professor Müller 

at University Bayreuth. TEM images of nanoparticles in solution were taken under nitrogen 

cooling using a Zeiss EM922 Omega microscope (Carl Zeiss Microscopy GmbH) and a Zeiss 

cryo-Box (Carl Zeiss SMT GmbH) for sample preparation.  

The interaction of Janus particles with artificial membranes was analyzed in cooperation 

with Professor Janshoff by means of confocal laser scanning and epi-fluorescence microscopy 

as well as surface plasmon resonance spectroscopy (SPR). For details on the experimental 

procedure and data analysis see [314]. SPR experiments were carried out using a Reichelt 

SR7000DC-SPR setup. GUVs incubated with nanoparticle solutions were analyzed using either 

a Zeiss LSM 710 confocal laser scanning microscope equipped with an Argon Laser or an 

Olympus IX81 epi-fluorescence microscope.
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6 
Janus Particles for  

Multimodal Bioimaging  

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 ‒ 2483,[54] reproduced with permission of the American 

Chemical Society Copyright 2014, and of a manuscript submitted to the Beilstein Journal of 

Nanotechnology linked to the final report of the DFG priority program SPP 1313 “Biological 

Responses to Nanoscale Particles”.[151] 

6.1 Introduction 

In recent years, there has been an increasing interest in the large variety of bioimaging 

techniques not only for scientific research, but also for clinical diagnostics. Here, ultrasound, 

computed X-ray tomography (CT), magnetic resonance imaging (MRI), and positron emission 

tomography (PET) are commonly used on their own or in combination. Nowadays, this 

combination of comprehensive imaging techniques in diagnostics enables a faster, more 

accurate, and less physically demanding prognosis. All methods rely on the exposition of a 

sample or patient and its response to energy, i.e. sonic, X-rays, magnetic fields, or positrons, 

and where they differ distinctly in terms of spatial and temporal resolution, imaging depths, 

anatomical and molecular details, radiation load, as well as exposure times and damage.[322] 

Common to these methods is their improvement of the signal-to-noise ratio, their sensitivity, and 

resolution upon application of contrast agents, though each of them has its own requirements 

for the ideal contrast agent. Taken together, these developments have heightened scientific 

interest and clinical need for multimodal contrast agents, as they would be able to enhance 

safety and reduce adverse effects by limiting the amount and dose of different contrast agents, 

improve patient care, and at the same time lower costs. 
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Gold nanoparticles have been widely used for biomedical applications due to their 

extraordinary optical properties relying on the surface plasmon resonance (SPR). Their potential 

was demonstrated for instance in simultaneous cell-imaging and photothermal 

therapy,[16,20,79,81,82,323] multi-photon microscopy,[39,256] and colorimetric sensing of adsorbed 

biomolecules.[65,66,324] Moreover, they are emerging as next generation contrast agents for 

computed X-ray tomography (CT).[40–44,80]  

CT uses the X-ray absorption of the (human) body to obtain detailed images, which 

easily visualize a sharp contrast of electron-dense bones to soft tissue. However, due to the 

absence of natural contrast in different soft tissues, contrast agents are inevitably required to 

enhance or lower the density of the targeted structure as compared to the surrounding tissue. 

For instance, the vascular systems are imaged by CT, where blood vessels as fine as 100 µm 

could be distinguished upon application of a contrast agent (Figure 6.1a and b).[40] The 

attenuation of X-rays can be described by the Lambert-Beer law, I = I0·e-κχ, where I and I0 are 

the intensities of the incidental and resulting beam, and χ is the effective length through which 

the radiation passes. The absorption coefficient κ of the medium is defined as κ = µ·ρ-1. As it is 

inversely proportional to its electron density ρ, X-ray attenuation can be enhanced by increasing 

the density of the medium. The X-ray mass attenuation coefficient µ itself is an intrinsic 

elemental characteristic, but strongly dependent on the X-ray energy.[44] The basic requirements 

for an excellent CT contrast agent are manifold, as it has to be i) biocompatible, ii) cost effective, 

iii) small in size, and iv) long-term colloidally stable within the body. However, its high contrast 

efficiency combined with long circulation times is inevitable.[43] Water-soluble iodinated 

molecules based on 1,3,5-triodobenzene are commonly applied as clinical CT contrast agents, 

although they are not optimal candidates due their low contrast efficiency and substantial 

adverse effects. Initial studies have demonstrated Au nanoparticles to be superior to iodine-

based contrast agents, not only for their low cytotoxicity, unique SPR, and tailored surface 

chemistry, enabling e.g. passive tumor targeting, but also because Au exhibits a 2.7-fold higher 

X-ray absorption coefficient of 5.16 at 100 KeV. Preliminary work on size and concentration of 

Au nanoparticles affecting X-ray attenuation in comparison to the commonly applied iodine-

based contrast agent, OmnipaqueTM, was undertaken by Xu and co-workers.[325] Their analysis 

showed a high impact of small Au nanoparticles of a diameter of 4 nm and 20 nm, since the 

attenuation depends on the target area. Further, at elevated concentrations above 0.1 mol/L, 

the attenuation effect increased significantly as compared to OmnipaqueTM. However, Au 

nanoparticles as CT contrast agents are still in their infancy, while comprehensive research on 

their blood circulation characteristics, biological toxicity, and specifity for targeting e.g. tumors, 

including first in vivo applications are under current investigation.[43] 

On the other hand, tremendous advances in nanotechnology have introduced magnetic 

nanoparticles as MRI contrast agents. Magnetic resonance imaging is one of the most powerful 
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diagnosis techniques in current medicine and gives detailed images of soft tissue with 

extraordinarily high resolution when contrast agents are applied.[46] The underlying physical 

concept is nuclear magnetic resonance combined with the spin relaxation of protons in an 

external, powerful magnetic field. After excitation by a transverse radio-frequent (RF) pulse, the 

MR image is recorded from the relaxation process of the protons to their aligned orientation. 

There are two independent relaxation pathways: the longitudinal or T1 relaxation and the 

transverse or T2 relaxation. Longitudinal relaxation describes the process of equilibration of the 

initial magnetization after excitation, which takes place as an energy transfer from the proton 

spins to its surrounding medium. The chemical differences in the surrounding medium are 

responsible for distinct relaxation behavior and, thus, T1 contrast of MR images. The second 

pathway, the transverse relaxation, can be described as a spin dephasing process, which is the 

randomization of the transverse component of the magnetization of excited spins with identical 

phase, immediately after the RF pulse. The T2 contrast originates from differences in the 

magnetic field experienced by the protons due to local magnetic field gradients, which affect the 

rate of the dephasing process. In summary, contrast enhancement in MRI emerges from the 

interaction of the contrast agent and adjacent water protons. This process is strongly dependent 

on several parameters, such as proton density, their chemical surrounding, and magnetic pulse 

sequences.[45,46,326] 

Magnetic nanoparticles with well-defined magnetic properties are promising candidates 

for enhancing the sensitivity in T2-weighted MRI analysis, which has been under investigation 

for more than two decades. Since then, iron oxide nanoparticle-based therapeutics have been 

approved for clinical use, for instance for bowel (Lumirem®, Gastromark®) and liver/spleen 

(Endorem®, Feridex®) imaging, while Combidex® is at the late-stage clinical trials for its use in 

detecting lymph node metastases.[45] Magnetic nanoparticles exhibit a high magnetic 

susceptibility and are superior to paramagnetic complexes, as their magnetization is dependent 

on the number of magnetic ions.[46] Superparamagnetic iron oxide nanoparticles are used as T2 

contrast agents, as their high magnetic moment in the presence of an external field disturbs the 

relaxation process of surrounding water protons. The introduced field inhomogeneity facilitates 

the dephasing of spins, which equals a shortening of the spin-spin relaxation time T2. The 

images therefore show a decreased signal intensity, so that these contrast agents are 

commonly referred to as T2-negative agents.  

Nevertheless, T2 contrast agents suffer from several disadvantages, as the signal-

decreasing effect results in a darkening of the image, which can lead to artifacts. Moreover, they 

distort the magnetic field, known as susceptibility artifact or “blooming effect”. For this reason, 

T1 contrast agents are more commonly used in clinical diagnostics. The presence of 

paramagnetic ions shortens the longitudinal relaxation, as they withdraw excess energy after 

proton excitation. They are referred to as T1-positive contrast agents, as they increase the signal 
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intensity. Metal ions with a large number of unpaired electrons have been shown to be eminently 

suitable for this purpose, whereby Gd3+ complexes are state of the art for clinical diagnostics. 

Despite their lower number of unpaired electrons and magnetic moments, Mn2+, Fe3+, and Co2+ 

could be alternatively used. The evolution of contrast enhancing therapeutics dates back to 

1973, when Mn2+ in the form of aqueous MnSO4 solutions was the first contrast agent proposed 

for MRI.[327–329] Unfortunately, manganese-enhanced MRI (MEMRI) using MnCl2 solutions is 

restricted to animal studies, as Mn2+ ions cause hepatic failure and have cardiac toxicity.[46] 

However, MEMRI has attracted much research attention, since superparamagnetic MnO 

nanoparticles have been demonstrated as non-toxic T1 contrast agents.[47,51,174,330,331] Most 

recently, ultra-small Fe3O4 nanoparticles have come into the focus of research as T1 as well as 

dual contrast agent for MRI. Their small magnetic moment, together with an enhanced 

biocompatibility as compared to clinically used Gd3+ agents, enabled in vivo application for T1 

as well as T2 signal enhancement (Figure 6.1c and d).[332] 

 

Following the demand for multimodal contrast agents, we investigated the potential of 

inorganic Janus particles for multimodal bioimaging applications. Initial results from our group 

demonstrated the potential of Au@MnO “flowerlike” hetero-nanoparticles for simultaneous 

optical and magnetic imaging.[168] Recently, Au@Fe3O4 hetero-nanoparticles have been 

developed for multimodal imaging, including combinations of optical and MRI,[281,282,333] MRI and 

CT,[192,333,334] as well as optical, MRI, and PET.[335] In the study presented here, Au was chosen 

as material for the metal domain due to its promising performance as a CT contrast agent, while 

the magnetic metal oxide domain, responsible for contrast enhancement in MRI, was composed 

of either MnO or Fe3O4.  

On top of the qualification of the individual materials of Janus particles as contrast 

agents, careful attention has to be paid to their dose needed to obtain optimal imaging results. 

Preliminary work on Au nanoparticles as CT contrast agents was undertaken by Hainfeld and 

Figure 6.1: Left: in vivo X-ray images of mouse hind legs a) before injection and b) 2 min post tail injection of Au 
nanoparticles. The arrow points to leg with tumor and increased vascularity. Reproduced from [40]. Right: in vivo c) 
T1-weighted and d) T2-weighted image of mouse liver (selected area) using ultra-small Fe3O4 nanoparticles as dual 
contrast agent for MRI. Reproduced from [332]. 
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co-workers.[40] They reported the first use of Au nanoparticles, with a concentration of 10 mg 

per mL blood, applying them to mice to overcome fundamental restrictions of commonly used 

iodine-based X-ray contrast agents, such as short imaging times, occasional renal toxicity, poor 

contrast in large patients, and the need for catheterization in many cases. Further, AuroVistTM, 

a pre-clinical blood-pool X-ray contrast agent based on Au nanoparticles, is tested in vivo on 

mice in the range of 0.07 – 0.7 g/kg mouse. However, commercially available MRI contrast 

agents based on iron oxide nanoparticles are already used in concentrations as little as 

0.56 mg/kg for in vivo diagnostics in humans.[336,337] Recently, Zhu et al. applied Au@Fe3O4 

heterodimer nanoparticles for simultaneous in vivo MRI and CT imaging of a rabbit model and 

were able to resolve the rabbit ventricle by CT imaging.[338] They observed a saturation of the 

T2 contrast effect at a concentration of 0.12 mM Fe, whereas Au concentrations up to 0.2 M 

showed a continuous increase in signal intensity without saturation.  

Overall, efficient application of Janus particles as a dual contrast agent for simultaneous 

magnetic resonance imaging and computed X-ray tomography requires a higher load of the 

noble metal for X-ray attenuation as compared to the metal oxide responsible for the more 

sensitive magnetic resonance imaging. Herein, we describe the synthetic tailoring and 

comprehensive characterization of Janus particles together with initial results on their 

qualification as contrast agents in noninvasive bioimaging using CT and MRI phantom 

experiments. The well-defined morphology of the heterodimer nanoparticles enabled not only 

the precise control over their properties responsible for optical, magnetic resonance, and 

computed X-ray tomography imaging, but also facilitated a promising platform for selective 

surface functionalization and, thus, the combination of targeted imaging, drug delivery, and 

therapy.[5,254,255] 

6.2 Tailoring Janus Particles for Bioimaging Applic ations 

In order to optimize the domain proportions of Janus particles for simultaneous imaging, 

we needed to adjust the domain sizes of the small metal and the larger metal oxide component 

in heterodimer nanoparticles. As discussed earlier, the size of the Au seeds used for hetero-

epitaxial growth of the metal oxide was limited to ca 10 nm (see Chapter 3.2.2). Larger seeds 

led to multiple nucleation of the metal oxide, which was counterproductive regarding the 

required higher proportion of the noble metal. We chose de novo a seeding-growth technique 

in order to enlarge the metal domains subsequent to the formation of hydrophobic heterodimer 

nanoparticles. Initially, Wang et al. described this overgrowth of Au on Au@Fe3O4 heterodimer 

nanoparticles.[155] Then, Buck and co-workers transferred it to colloidal hybrid particles using 

Pt@Fe3O4 as seed particles and a variety of metals such as Au, Ag, Ni, or Pd as the third 

component.[145] Here, we report the synthesis of Au@Au@MnO hetero-nanoparticles for the first 

time and relate it to Au@Au@Fe3O4 particles for their subsequent use in biomedical imaging.  
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Briefly, the heterodimer nanoparticles were injected into a solution of tetrachloroauric(III) 

acid in 1-octadene and oleylamine at 90 °C and held at this temperature for 30 minutes. 

Independent of the chemical composition of the metal oxide, chemo-selective deposition of Au 

was observed on the Au domain. As described in literature, the overgrowth occurred de novo 

as a nucleation and epitaxial growth of Au on the Au@Fe3O4 heterodimer nanoparticles, 

resulting in a trimeric structure (Figure 6.2). 

 

Interestingly, a preference for a bent over a linear morphology was observed (Figure 

6.2c). Similar behavior was found in literature for Au@Pt@Fe3O4 heterotrimer nanoparticles, 

where the bent morphology was ascribed to the favorable nucleation at high-energy corner sites 

of Pt domains.[145] When comparing Au@Fe3O4 to Pt@Fe3O4, however, there was a distinct 

difference in the structure of the metal domains, as Pt preferentially forms single crystalline 

nanoparticles, while Au is known for its tendency toward twinning (see Chapter 2.3.1). 

Therefore, the bent morphology of Au@Au@Fe3O4 could not be attributed to specific corner 

sites of the Au domain, but rather to nucleation at high energy surface defects. Further, 

nucleation on distinct corners of pre-existing Au domains was expected to result in a constant 

bending angle of the Fe3O4 and the newly nucleated Au domains, which was not observed to 

be the case. 

The changes in morphology by increasing the Au proportion of the nanoparticles altered 

the optical characteristics. Figure 6.3a shows the comparison of the UV-VIS spectra of 

Au@Au@Fe3O4 heterotrimers and Au@Fe3O4 seed particles. The nucleation of Au on the pre-

existing Au domain led to rod-like behavior of both Au domains taken together: an additional 

absorption band emerged at low energy of ca 710 nm, which could be ascribed to a longitudinal 

dipole oscillation. Further, the absorption at 526 nm was observed even more pronounced than 

for Au@Fe3O4 heterodimer nanoparticles. As there was no direct contact of the second Au 

domain to Fe3O4, their optical properties, i.e. the position of the absorption band at higher energy 

and its spectral intensity, closely resembled those of pure Au nanoparticles. The low energy 

absorption band indicated strong interactions, such as electron translocation across the 

Figure 6.2: TEM images of Au@Au@Fe3O4 hetero-nanoparticles obtained by Au overgrowth: a) 9@15 nm 
Au@Fe3O4 heterodimer nanoparticles used as seeds, b) - c) Au@Au@Fe3O4 heterotrimer nanoparticles, where the 
angles in between Au and Fe3O4 domains indicated a preferred bent morphology.  
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interface of the two Au domains, which enabled the facile tuning of optical properties by variation 

of the metals used for subsequent overgrowth. When Ag instead of Au was used for the second 

metal domain, an additional absorption band at ca 410 nm was observed. The absorption band 

due to the Au domain was not altered, although the dielectric constant of its surrounding medium 

was changed (Figure 6.3b). The broad absorption of the Ag domains was due to their 

polydispersity (see inset of Figure 6.3b). In summation, the optical response of Ag@Au@Fe3O4 

could be described as superposition of those of Au@Fe3O4 and Ag nanoparticles. This 

observation revealed barely any electronic interaction across the interface, but further confirmed 

the longitudinal dipole oscillation as being responsible for the low energy absorption band in the 

case of Au@Au@Fe3O4.  

 

In general, the formation of anisotropic hetero-nanoparticles is explained in terms of 

lattice mismatch and preferential nucleation on distinct crystal planes.[92] Here, the nucleation of 

Au on Au@Fe3O4 heterodimers is epitaxial and, thus, conformal growth leading to an increased 

size of the Au domains would be expected. Wang et al. proposed a distribution of stress and 

strain across the seeding heterodimer nanoparticles, which was ascribed to be responsible for 

the preference for additional nucleation. The formation of heterodimer nanoparticles induces 

lattice distortion in both components. This distortion is most significant directly at the interface 

of the domains and dissipates with increasing distance. Thus, the epitaxial growth of Au takes 

place at the far end of the Au domain, where the strain energy is smallest.[155] For multiply-

twinned Au domains in Au@Fe3O4 heterodimer nanoparticles, this concept is ambiguous, as 

the lattice distortion must not to be the same for all crystallites, since only one of them is in direct 

contact with the metal oxide domain. Nevertheless, it contributes to a qualitative understanding. 

Interestingly, the overgrowth of Au on Au@MnO heterodimer nanoparticles led to 

Au@MnO heterodimer nanoparticles with larger Au domains (Figure 6.4), which was originally 

expected for epitaxial deposition of Au on Au@Fe3O4 as well. The Au domain size was enlarged 

Figure 6.3: UV-VIS spectra of a) Au@Au@Fe3O4 hetero-nanoparticles as compared to Au@Fe3O4 seed particles 
and b) Ag@Au@Fe3O4 heterotrimer nanoparticles with reference to Au@Fe3O4. The inset shows a TEM image of 
the corresponding Ag@Au@Fe3O4 nanoparticles. The spectra were measured in hexane and normalized at 350 nm.
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up to 15 nm, depending on the ratio of heterodimer seed particles and Au precursor. This was 

significant, as the formation of heterodimer nanoparticles with Au domain sizes above 10 nm 

was not realizable before. 

 

However, the size of the Au domains could only be increased to a certain extent, as 

further enlargement led to the disruption of the hetero-nanoparticles along the Au-MnO interface 

(Figure 6.5a). Here, we observed incipient cracking for prolonged reaction times or higher 

amounts of tetrachloroauric(III) acid (Figure 6.5b). It resulted in an extraction of the Au domains, 

leaving behind dented MnO nanoparticles (Figure 6.5c).  

 

Similar behavior was observed for Au@Au@Fe3O4 nanoparticles. Thereby, the size of 

the Au domain was suggested to be restricted by the increase in cohesive stress until it 

Figure 6.4: Representative TEM images showing a) 8@23 nm Au@MnO seeds and b) - c) 12@23 nm Au@Au@MnO 
hetero-nanoparticles subsequent to Au overgrowth. 

Figure 6.5: a) Schematic illustration of Au overgrowth on Au@MOx heterodimer nanoparticles: first, Au@Au@Fe3O4

heterotrimers or Au@Au@MnO heterodimers with enlarged Au domains are formed; second, detachment of the Au 
domains takes place leaving behind dented metal oxide domains. Corresponding TEM images of Au@Au@MnO 
hetero-nanoparticles: b) arrows point to the incipient cracking at the domain interfaces, and c) progressive extraction 
of Au domains resulted in dented MnO nanoparticles as indicated by the arrows. 
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outweighs the failure strength of the interface. Wang et al. reported the failure strength to 

depend on the initial Au domain size, as it has a high impact on the spatial distribution and the 

magnitude of strain energy within the heterodimer nanoparticles.[155] 

As was observed for Au@Au@Fe3O4 heterodimer nanoparticles, the enlargement of the 

Au domain within Au@MnO nanoparticles resulted in a hypsochromic shift of the absorption 

maximum of ca 15 nm to 529 nm. Further, its spectral intensity was increased (Figure 6.6). This 

shows that the electronic properties of the enlarged Au domains of Au@Au@MnO nanoparticles 

were less influenced by the electron-deficient MnO domain than in heterodimer nanoparticles: 

the damping of the surface plasmon and the prorated reduction in the number of free electrons 

became less distinct for larger Au nanoparticles. This observation was confirmed by reaction 

snapshots taken after 5 minutes subsequent to the injection of the heterodimer nanoparticles. 

The absorption band was already shifted to higher energies and increased in intensity. Reaction 

times up to 30 minutes amplified these effects, while further prolongation led to the described 

disruption of the hetero-nanoparticles and, thus, the strong surface plasmon resonance of pure 

Au nanoparticles centered at ca 520 nm.  

 

DLS measurements confirmed the intactness as well as the monodispersity of 

Au@Au@MnO nanoparticles suggested by TEM images (Figure 6.7). The autocorrelation 

function measured at small scattering angles showed no indication of any larger aggregates. 

Further, the apparent Diffusion coefficient was determined to be independent of the scattering 

vector q2. The hydrodynamic radius was determined to be Rh(Au@Au@MnO) = 17.4 ± 0.1 nm, 

which displayed an increase in radius of ca 3 nm as compared to Au@MnO heterodimer 

nanoparticles. This was in good accordance with TEM measurements, where an increase in 

diameter of the Au domain of ca 4 nm was observed. The enlargement of the Au domains 

Figure 6.6: UV-VIS spectra of Au@Au@MnO hetero-nanoparticles after 5, 30, and 90 min reaction time in 
comparison to Au@MnO seed particles. The spectra were measured in hexane and scaled to unity at 800 nm. 



Design of Multifunctional Janus Particles for Biomedical Applications 
 

130 

amplified the anisotropy and aspect ratio of the hetero-nanoparticles, which diminished the 

accuracy of the approximation of a pseudo-spherical morphology while analyzing DLS data. 

 

Moreover, the growth of a third domain and the enlargement, respectively, did not alter 

the behavior of the hetero-nanoparticles regarding subsequent surface modification, such as 

silica encapsulation. Interestingly, no additional thiol functionalization was necessary in order to 

passivate the Au surface. The silica shell formed exclusively on the metal oxide domain, leaving 

the hydrophobic Au domain untouched, as was discussed in Chapter 4.2. In fact, the 

amphiphilicity of Au@Au@MnO@SiO2 Janus particles was increased due to the larger 

hydrophobic portion, which was readily observable in TEM analysis (Figure 6.8): the Au domains 

congregated whenever the local concentration of nanoparticles was sufficiently high. On the 

other hand, the Janus character was small enough, such that the individual particles were easily 

soluble in polar media, e.g. water, acetone, ethanol, DMF, or DMSO. This was crucial as 

unwanted aggregation reduces the imaging precision due to changes in nanoparticle 

characteristics, and might cause thrombosis as an adverse effect.[325,339] 

 

Figure 6.7: Dynamic light scattering results of Au@Au@MnO dispersed in n-heptane (λ = 632.8 nm, T = 293 K, 
viscosity η: 0.410 cP n-heptane): a) universally-scaled and normalized field autocorrelation function measured at 
scattering angle θ = 30° together with bi-exponential fitting function line and residuum. Inset: corresponding TEM 
image; b) apparent diffusion coefficients as a function of scattering vector q² in the range of scattering angle 
30° ≤ θ  ≤ 150°. 

Figure 6.8: TEM images of amphiphilic Au@Au@MnO@SiO2 hetero-nanoparticles. The enlargement of the Au 
domains facilitated the Janus character, as was qualitatively observed by assembly upon drying colloidal solutions 
on the TEM grids. 
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In conclusion, the subsequent overgrowth of Au on Au@MOx heterodimer nanoparticles 

was established as an important technique to enhance the control over the domain proportions. 

Hereby, either heterotrimer nanoparticles due to separate nucleation or heterodimer 

nanoparticles with enlarged Au domain were obtained. This step was crucial for the potential 

use of Janus particles as multimodal contrast agents. The enlargement of the Au domains can 

further facilitate the subsequent binding e.g. of thiol-conjugated biomolecules, as the steric 

hindrance due to the bulky metal oxide domains was reduced with an increase in the surface 

area of the Au domains. 

6.3 Janus Particles as CT Contrast Agents  

Generally, X-ray attenuation is caused by interaction of the photons with the traversed 

matter, which includes coherent scattering, Compton scattering, and the photoelectron effect. 

As the contributions to X-ray attenuation of Compton scattering and coherent scattering are 

negligible at reasonable X-ray energies, the photoelectron effect determines the characteristics 

of a material. It increases with the atomic number and is strongest at the K-shell binding energy 

for a given substance.[43]  

Here, we investigated the X-ray attenuation of Au-containing Janus particles, dependent 

on their chemical composition, as compared to spherical metal oxide nanoparticles without any 

noble metal present. Table 6.1 displays the X-ray mass attenuation constants, characteristic for 

the elements used, as a function of the photon energy. To date, pre-clinical studies are 

performed using variable energies ranging from 44 keV up to 100 keV.[43,44,340] The attenuation 

is highest at the K-edge of each element and 60 keV is listed, as we performed radio density 

measurements at 65 keV. The measurements were conducted using a microCT imaging device, 

where iodine-based contrast agents are usually analyzed. Therefore, this energy was used, as 

it is slightly higher than the K-edge of iodine.  

Material Z 

 

µ/ρ / cm2·g-1 

 

E = 60 keV 

 

µ/ρ / cm2·g-1 

 

E = K-edge 

 

µ/ρ / cm2·g-1 

 

E = 100 keV 

Au 79 4.528 
8.904  

E = 80.72 keV 
5.158 

Pt 78 4.339 
9.301  

E = 78.34 keV 
4.993 

Fe 26 1.205 
8.176  

E = 30.00 keV 
0.372 

Mn 25 1.060 
7.141  

E = 30.00 keV 
0.337 

H2O --- 0.206 --- 0.171 

 

Table 6.1: X-ray mass attenuation constants µ/ρ dependent on the photon energy E.[341]
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In fact, a signal amplification can be obtained by choosing an X-ray source with an output 

energy just above the K-edge energy, independent of size and concentration of the contrast 

agents. This is attributed to the ionization of surface electrons, which results in resonance 

absorption from atoms in the medium.[342] Yusa et al. evaluated numerically the impact of the X-

ray energy on the effectiveness of Au nanoparticles as CT contrast agents and reported a 

significantly improved imaging capability for X-ray energies above 80.7 keV.[343] 

Figure 6.9 summarizes initial results on the X-ray attenuation of aqueous solutions of 

Janus particles, grouped together according to the chemical composition of the metal oxide 

domains. The color-coded CT phantom images of MnO-based nanoparticles (Figure 6.9a and 

b), together with the CT values (Figure 6.9d) revealed a gradual increase in X-ray attenuation 

with concentration of the same type of nanoparticles. This became even more pronounced for 

sequential enlargement of the Au domain, as was realized in Au@Au@MnO nanoparticles. The 

signal amplification was strongest for Au@Au@MnO nanoparticles due to the highest amount 

of Au. Further, Figure 6.9c and e show the corresponding data of Fe3O4-containing 

nanoparticles. Similarly, the introduction and progressive enlargement of noble metal domains 

significantly increased the X-ray attenuation as compared to pure Fe3O4@SiO2 nanoparticles. 

 

Table 6.2 correlates the CT values with the corresponding metal domain sizes. 

Interestingly, there was a notable difference for MnO-based and Fe3O4-based nanoparticles. 

Concerning the comparison of MnO@SiO2 and Au@MnO@SiO2, no effect was observed due 

Figure 6.9: X-ray attenuation of hetero-nanoparticles: a) - c) color-coded CT phantom images of aqueous solutions 
with a concentration of a) 10.0 mM Mn2+ and b) 15.5 mM Mn2+ with (1) MnO@SiO2, (2) Au@MnO@SiO2, and 
(3) Au@Au@MnO@SiO2; c) 10.0 mM Fe2+/3+ with (4) Fe3O4@SiO2, (5) Pt@Fe3O4@SiO2, (6) Au@Fe3O4@SiO2, and 
(7) Au@Au@Fe3O4@SiO2 nanoparticles; d) - e) CT values of hetero-nanoparticles as a function of the concentration 
of the metal oxide. The nanoparticle concentrations were determined with respect to Fe2+/3+ and Mn2+ instead of the 
Au or Pt due to technical restrictions. Radio density measurements were performed for 29 s at 65 keV by Lisa 
Landgraf and Susanne Kossatz.  
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to the introduction of a Au domain, independent of the nanoparticle concentration. However, the 

enlargement of the diameter of the Au domain by a factor of 1.5 led to a 7.8-fold increase in the 

CT signal for a concentration of 10.0 mM Mn2+, while an elevated concentration of 15.5 mM 

Mn2+ caused only an enhancement by a factor of 3.5. The observed concentration-dependent 

signal amplification suggested a threshold concentration of Au required for their use as CT 

contrast agents, as indicated by the trendline in Figure 6.9d for Au@Au@MnO@SiO2 

nanoparticles. Likewise, this was described by Yusa et al., as no effects were observable for Au 

nanoparticle solutions with mass percentages below 0.1 %.[343] Moving on to Fe3O4-based 

nanoparticles, this trend was also observed: the introduction of small Pt domains did not alter 

the CT values as compared to pure Fe3O4@SiO2 nanoparticles. However, the enlargement of 

the metal domain to roughly 9 nm caused a 3-fold increase in signal intensity. This became 

even more evident for Au@Au@Fe3O4 heterotrimer nanoparticles bearing additional Au 

domains of comparable size, which showed a 4.8-fold rise. 

 DTEM / nm 
Hounsfield unit 
c = 10.0 mM 

Hounsfield unit 
c = 15.5 mM 

MnO@SiO2 20.3 ± 1.4 8.1 ± 5.8 25.7 ± 7.6 

Au@MnO@SiO2 
Au: 8.3 ± 0.7 

MnO: 18.3 ± 1.6 
6.1 ± 10.8 21.7 ± 11.6 

Au@Au@MnO@SiO2 
Au: 13.0 ± 0.9 

MnO: 18.3 ± 1.6 
47.8 ± 15.2 75.1 ± 20.7 

Fe3O4@SiO2 15.9 ± 0.7 26.5 ± 8.3 --- 

Pt@Fe3O4@SiO2 
Pt: 5.6 ± 0.5 

Fe3O4: 12.9 ± 1.6 
25.1 ± 5.4 --- 

Au@Fe3O4@SiO2 
Au: 8.9 ± 0.4 

Fe3O4: 14.6 ± 1.9 
72.5 ± 21.3 --- 

Au@Au@Fe3O4@SiO2 
Au: 9.1 ± 1.3, 8.9 ± 0.4 

Fe3O4: 14.6 ± 1.9 
120.3 ± 28.5 --- 

 

Surprisingly, the comparison of CT values of Au@MnO@SiO2 and Au@Fe3O4@SiO2 

showed a 12-fold higher X-ray attenuation for the Fe3O4-containing Janus particles, although 

the Au domain sizes and the concentration of nanoparticles were the same. As the Fe3O4 

domains were slightly smaller than the MnO domains, the effective number of nanoparticles was 

larger for a given molar concentration of Fe or Mn, respectively, and the mass percentage of Au 

was slightly increased. However, the magnitude of X-ray attenuation could not only be attributed 

to the threshold concentration effect. Further, the impact of the metal oxide itself was expected 

to cause similar attenuation for both, MnO and Fe3O4, as the X-ray mass attenuation coefficients 

Table 6.2: Size-, concentration-, and composition-dependent X-ray attenuation of hetero-nanoparticles. The 
concentrations of aqueous nanoparticle solutions were determined by Mn or Fe AAS and are given as the molar 
concentrations of Mn2+ or Fe2+/3+, respectively. The radio density measurements were performed by Lisa Landgraf
and Susanne Kossatz. 
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differ by a factor of only 1.1. These results suggested an impact of the solid state interface on 

the electronic structure of the metal domain, which was observed to be an intrinsic characteristic 

of heterodimer nanoparticles (see Chapter 3.4). The electronic communication across the 

interface led to the formation of a Schottky junction for Au@Fe3O4, as Fe3O4 is a semi-metal, 

whereas MnO, as wide band gap semiconductor, only caused a polarization of the conducting 

electrons. For this reason, the electronic structure of the Au domain was changed upon 

conjugation to Fe3O4, which might also alter the X-ray attenuation. However, this hypothesis 

has not been discussed in literature before, but similar effects have been described. Recently, 

Au@Fe3O4 hetero-nanoparticles were reported to show significantly stronger X-ray attenuation 

than pure Au nanoparticles: an increase of ca 200 HU was observed at an Au concentration of 

100 mM.[192,333,334] The authors solely attributed this effect to the additional metal oxide 

component, although the strength of signal amplification was significantly above the expected 

contribution of the less X-ray attenuating Fe3O4. Thus, this study might also suggest an 

additional contribution of the electronic interaction of the domains. 

As was pointed out in the introduction to this chapter, a high contrast efficiency is 

inevitable, where a minimum signal amplification of 200 HU is required for clinical use. The 

Janus particles showed a distinct increase in X-ray attenuation, though the requirements for 

clinical applications disclose the need of further investigations. The X-ray attenuation can be 

increased by adjusting the X-ray energy to slightly above that of the K-edge, increasing the 

concentration, and altering the relative composition of the Janus particles, which is the subject 

of ongoing research.  

6.4 Janus Particles as MRI Contrast Agents 

In order to establish Janus particles as contrast agents for multimodal imaging 

techniques, their potential for signal enhancement in MRI was investigated. Recent reports on 

MnO nanoparticles as T1 contrast agents revealed a strong dependency of the measured 

relaxivities on their structure, size, and surface functionalization.[174] Here, isotropic MnO@SiO2 

were analyzed in comparison to Au@MnO@SiO2 nanoparticles using a clinical whole-body MRI 

scanner. Figure 6.10a displays their T1-weighted images, where the signal intensity was 

observed to increase with the concentrations for both types of nanoparticles. Interestingly, it 

was even stronger for Janus particles subsequent to enlargement of the Au domain, although 

little impact of the diamagnetic metal was expected. This effect was also observed for 

Au@Fe3O4@SiO2 Janus particles as compared to Fe3O4@SiO2 nanoparticles. Fe3O4 

nanoparticles have been introduced in literature for their potential use as T2 contrast agents, 

though recent reports highlighted the potential application of ultra-small Fe3O4 nanoparticles as 

T1 contrast agents.[206,332] The T1-weighted images of Fe3O4-based nanoparticles in Figure 6.10b 
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clearly showed a concentration-dependent signal enhancement, which was again more 

pronounced for Janus particles.  

 

Table 6.3 summarizes the magnetic resonance properties with the relaxivities being 

defined as r1 = 1/T1. The relaxivity r1 of MnO@SiO2 nanoparticles was determined to be 

0.12 mM-1s-1. This was in good accordance with the relaxation properties of 20 nm MnO reported 

by Na and co-workers.[174] As was observed from T1-weighted images, the relaxivity of 

Au@MnO@SiO2 Janus particles was substantially higher. This effect became even more 

pronounced for Au@Fe3O4@SiO2 Janus particles. The relaxivity of Au@Fe3O4 heterodimer 

nanoparticles was determined to 3.01 mM-1s-1, which was consistent with earlier reports by Xu 

and co-workers.[163] Thus, the surface spin canting due to the interfacial contact with a 

diamagnetic metal domain was suggested to have a positive impact on the aptitude of Janus 

particles in MRI. Previous results from our group on Au@MnO flowerlike hetero-nanoparticles 

showed a lower relaxivity of 0.224 mM-1s-1, which suggested an increase in the relaxivity upon 

enhancement of the Au/MnO proportion.[168] Likewise, this was reported for Au@Fe3O4 

nanoparticles, where an increase in the size of the Au domain led to an increase in r1 and 

reduction in r2.[163] 

Kim et al. demonstrated the potential use of Fe3O4 nanoparticles with a diameter of 3 nm 

as T1 contrast agents due to their near-complete spin canting reducing the magnetization. 

Similarly, the substantially increased relaxivity r1 observed for Au@Fe3O4@SiO2, as compared 

to Fe3O4@SiO2 of comparable Fe3O4-domain size, was ascribed to the spin canting. As the 

Fe3O4 domains were not single crystalline (see Chapter 3.3), this effect was suggested to be 

caused by the interplay of small crystallite sizes and surface spin canting arising from a junction 

effect due to the interface to the Au domain. 

 

Figure 6.10: T1-weighted phantom MR images of aqueous solutions of a) MnO@SiO2 and Au@MnO@SiO2 and b) 
Fe3O4@SiO2 and Au@Fe3O4@SiO2 nanoparticles with increasing concentrations operated in a 3.0 T MR system 
(top) and corresponding T1 relaxivity plots (bottom). The measurements were performed by Dr. Maxim Terekhov. 
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 DTEM(MOx) / nm DTEM(Au) / nm r1 / mM-1s-1 

MnO@SiO2 20.3 ± 1.4 --- 0.12 ± 0.02 

Au@MnO@SiO2 18.3 ± 1.6 8.3 ± 0.7 0.45 ± 0.09 

Fe3O4@SiO2 15.9 ± 0.7 --- 0.71 ± 0.08 

Au@Fe3O4@SiO2 14.6 ± 1.9 8.9 ± 1.9 3.01 ± 0.12 

 

Despite their acceleration of T1 relaxation, Fe3O4-based nanoparticles are basically 

inapplicable as T1 contrast agents, as their strong magnetic moment causes inhomogeneities 

of the magnetic field and leads to high r2 values. However, an ideal T1 contrast agent exhibits a 

small r2/r1 ratio, which equates to a large paramagnetic property with negligible magnetic 

anisotropy.[46] As was described by the model of Koenig and Keller, the spin-spin relaxation 

depends on the magnetic moment of the nanoparticles µ and their diameter D, which can be 

expressed as 1/T2 ∝ µ2·D-1. [344,345] Thus, nanoparticles with a large magnetization are suggested 

to be efficient T2 contrast agents. Magnetic measurements of hydrophobic Au@MnO 

heterodimer nanoparticles revealed a slight decrease in the magnetic moment as compared to 

spherical MnO nanoparticles (see Chapter 3.2.5),[177] while the magnetic moment of Au@Fe3O4 

heterodimer nanoparticles was close to that of isotropic Fe3O4 nanoparticles (see Chapter 

3.3.5). Based on the magnetic data of hydrophobic heterodimer nanoparticles, the transverse 

relaxation times of Janus particles are suggested to resemble those of isotropic metal oxide 

nanoparticles.  However, investigation of the impact of Janus particles on transverse relaxation 

is a focus of current research, as several studies described a dependency on the 

morphology.[333]  

6.5 Conclusion 

Here, we demonstrated progressive overgrowth of Au on pre-formed Au@MOx 

heterodimer nanoparticles to enable precise control over the domain proportions of Janus 

particles, which was found to be restricted to Au nanoparticles smaller than 10 nm in the case 

of the seeding-growth technique described earlier. The additional nucleation of gold occurred 

chemo-selectively on the metal domains of the heterodimers: no deposition was observed on 

the metal oxide domains, independent of their chemical composition. However, the progressive 

overgrowth enlarged the Au domains in the case of Au@MnO, while it led to separate Au 

domains on Au@Fe3O4, forming Au@Au@Fe3O4 heterotrimer nanoparticles. This effect might 

Table 6.3: Comparison of magnetic resonance properties of silica-coated Janus particles to spheroidal metal oxide 
nanoparticles. 
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be attributed to the distinct electronic interactions across the solid state interface within these 

heterodimer nanoparticles. The formation of a Schottky barrier in Au@Fe3O4 heterodimers 

causes the equilibrium of electronic states and withdraws excess energy from the Au domains. 

As a consequence of this passivation, the formation of separate Au domains was preferred over 

uniform enlargement of the preformed metal domains. In fact, this enlargement was observed 

for Au@MnO heterodimer nanoparticles, as the interfacial communication was restricted by the 

wide band gap of MnO.  

Independent of the morphology of the hetero-nanoparticles, the enlarged Au domain was 

demonstrated to significantly amplify the X-ray attenuation. Hereby, a threshold effect was 

observed, as small Au domains did not alter the signal of spherical MOx@SiO2 nanoparticles. 

The comparison of Au@Fe3O4@SiO2 and Au@MnO@SiO2 also suggested an impact of the 

interfacial communication, and, thus, the electronic structure on X-ray attenuation: the signal 

amplification was significantly higher for Fe3O4-based Janus particles, despite negligible 

differences in the X-ray attenuation of iron and manganese. This is a topic of ongoing research 

utilizing Mößbauer spectroscopy and photoelectron spectroscopy in order to analyze the 

electronic structure of heterodimer nanoparticles in more detail. 

Moreover, by virtue of the intrinsic materials’ characteristics of the metal oxide domains, 

Janus particles were exploited as contrast agents for magnetic resonance imaging.  Here, an 

acceleration of longitudinal relaxation processes was observed with increasing concentrations 

of Au@MOx@SiO2 Janus particles, as compared to spherical metal oxide nanoparticles. The 

increase in r1 indicated a junction effect in the dumbbell-structure, which allows facile tuning of 

the relaxation times by adjustment of the domain sizes. These initial results make 

Au@MnO@SiO2 Janus particles suitable as T1 MRI contrast agents, as we were able to 

demonstrate their positive contrast ability, in addition to their facile surface functionalization and 

efficient labeling for simultaneous optical imaging (see Chapter 4) or attachment of biomarkers. 

Further, the large magnetic moment of Au@Fe3O4@SiO2 Janus particles in combination with 

data reported in literature suggests them to be used as T2 contrast agents, which is under 

current investigation.  

To sum up, Janus particles are promising candidates with great potential in biomedical 

imaging. Janus particles are superior to traditional spherical nanoparticles for targeted imaging 

purposes, as they provide two surfaces, which can be independently modified for the ease of 

simultaneous diagnosis and therapy. This will be beneficial for the reduction of nanoparticles 

entering the body and, thus, the certainty of adverse effects, a key point of interest in research 

on nanoparticles for bioimaging applications. As not only the relation of size, shape, and surface 

functionalization to imaging effects is of particular importance, but also with pharmacokinetic 

properties, this will be addressed in the next chapter. 
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6.6 Experimental Section 

Materials.  All reactions were carried out under argon atmosphere and using 

commercially available reagents without any further purification: Tetrachloroauric(III) acid 

hydrate (99.9 %-Au, HAuCl4·(H2O)x) was purchased from ABCR. 1-Octadecene (technical 

grade, 90 %) was purchased from Sigma Aldrich. Anhydrous silver(I) acetate (99 %, Ag(OAc)) 

was purchased from Alfa Aesar. 2-Propanol, acetone, ethanol, heptane, hexane, methanol, 

oleylamine (80 - 90 %), oleic acid (reagent grade), and toluene were purchased from Fisher 

Scientific. 

 

Synthesis of Au@Au@MO x NPs. The synthetic procedure was adapted from Buck et 

al. with some modifications regarding the heating protocol.[145] Briefly, 0.03 mmol HAuCl4·(H2O)x 

was dissolved in 6 mL 1-octadecene and 0.2 mL oleylamine by heating to a temperature of 

60 °C (oil bath) using a gently stream of argon. The reaction flask was sealed with a rubber 

septum, and the temperature was further raised to 90 °C. Next, 10 mg Au@MOx heterodimer 

nanoparticles, dissolved in 1 mL hexane, were rapidly added via a syringe. The temperature 

was held at 90 °C for 30 min before cooling down to room temperature by removing the oil bath. 

The particles were washed by repeated precipitation with 2-propanol, centrifugation (9000 rpm, 

10 min), and dissolution in hexane. 

Synthesis of Ag@Au@Fe 3O4 Heterotrimer NPs.  The synthesis was performed 

following an adapted procedure of Buck and co-workers.[145] In short, 0.075 mmol Ag(OAc) were 

dissolved in 10 mL toluene and 0.74 mL oleylamine at room temperature under argon 

atmosphere. Then, 9 - 11 mg Au@Fe3O4 heterodimer nanoparticles were added, and the 

reaction mixture was heated up to 105 °C, where it was held for 3 h. After cooling down by 

removal of the oil bath, the nanoparticles were precipitated by addition of ethanol, separated by 

centrifugation (9000 rpm, 10 min), and dissolved in hexane. 

Silica Encapsulation of Au@Au@MO x NPs. The silica encapsulation of hetero-

nanoparticles was performed as described for Au@MOx heterodimer nanoparticles, except 

Au@Au@MOx were used without any further surface functionalization (see Chapter 4.4). 

 

Nanoparticle Characterization.  The nanoparticles were analyzed by means of TEM, 

UV-VIS spectroscopy, AAS, and DLS as described in Chapter 4.4.1.  

Further, they were tested for their use as contrast agents for computed X-ray 

tomography (CT) in cooperation with Professor Hilger. Radio density measurements of hetero-

nanoparticles were performed using a 29 s and 65 keV protocol by microCT imaging 

(TomoScope Synergy Twin, CT Imaging). Imalytics Research Software (Philips Technology) 

was applied for determination of the Hounsfield units (HU). 
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Magnetic resonance imaging (MRI) was recorded in collaboration with Dr. Maxim 

Terekhov. The magnetic resonance imaging (MRI) properties of aqueous solutions of Janus 

particles with different Mn2+ and Fe2+/3+ concentrations, respectively, determined by AAS were 

performed on a clinical 3.0 Tesla scanner (Magnetom Trio, Siemens Medical Solutions, 

Erlangen, Germany) by means of a T1 measurement using a spoiled gradient echo (SGRE) with 

variable repetition time. 
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7 
The Two Faces of Janus Particles 

for Biomedical Applications 

This chapter contains parts of an adapted reproduction of Journal of the American 

Chemical Society 2014, 136, 2473 – 2483[54] and Biomaterials 2014, 35, 6986 – 6997,[346] 

reproduced with permission of the American Chemical Society Copyright 2014 and Elsevier 

Copyright 2014, and of two manuscripts submitted to the Beilstein Journal of Nanotechnology 

linked to the final report of the DFG priority program SPP 1313 “Biological Responses to 

Nanoscale Particles”.[151,347] 

7.1 Introduction 

Inorganic Janus particles are highly versatile nanomaterials with great potential in 

biomedical application as theranostic agents.[28,163,199,333,338] Furthermore, hetero-nanoparticles 

are in focus of much research due to their exceptional chemical and catalytic reactivity.[10,24,37] 

However, on closer investigations, these applications already insinuate a fundamental problem 

of nanoparticles for biomedicine: the enhanced reactivity of nanoparticles, which is desirable for 

catalytic applications, is inextricably linked to unintended, harmful effects in biological 

systems.[348] Recent advances in knowledge and the wide field of potential applications make it 

necessary to identify general principles of interaction between nanoparticle design, including 

shape, surface, charge, and composition, and the resulting effects on internalization and cell 

metabolism.  

The analysis of the solid-liquid interface is a key challenge in bio-nano-research, as it is 

subjected to dynamic changes. When nanoparticles come into contact with body fluids, a variety 

of serum components binds to the surface of the nanoparticles, and the composition of this so-

called protein corona determines the fate of the nanoparticles in the organism.[349–351] Hence, 

specific or non-specific membrane interactions, receptor-mediated binding, and membrane 
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wrapping occur upon interaction of cells with nanoparticles. Further, the formation of a protein 

corona might induce structural and functional changes, oxidant injury and transfer of free energy 

to biomolecules, or damage the mitochondrial and lysosomal activity. Thus, the whole cell would 

be damaged due to a decreased ATP level.[265] Conversely, the coating of nanoparticles with 

proteins was demonstrated to cause conformational changes, exposure of new epitopes, and 

altered functions. The various effects resulting from dynamic interactions at the nano-bio 

interface are displayed in Figure 7.1. The formation of the protein corona is a dynamic process 

starting with spontaneous protein accumulation on the nanoparticles’ surface. The initial corona 

is composed of highly abundant proteins, which are then replaced by proteins showing a higher 

affinity for the nanoparticles’ surface in a process known as the Vroman’s effect.[352] Continuous 

substitution of adsorbed proteins leads to a “hard corona” of barely exchanging, tightly bound 

proteins and an outer, weakly adsorbed “soft corona”.[353–355] The typical lifetime of the hard 

protein corona was determined to be several hours. This duration is sufficiently long for many 

biological phenoma.[350,356] Beyond dispute, the protein corona plays a substantial role in 

shaping the surface functionalities for distinct applications, as the addressed cells will interact 

with the protein corona rather than a previously introduced synthetic surface coating. 

Furthermore, the corona was ascribed to be important for the in vivo organ distribution and 

clearance from circulation. Up to now, the formation and the composition of the protein corona 

are far from being understood, but their importance is obvious for any further application of 

nanoparticles in theranostics.[349] 

 

The large surface of nanoparticles enhances their contact area with the surrounding 

medium over that of bulk material of the same mass, leading to increased chemical reactivity. 

This activity, desired for catalytic applications, evolves into unintended, harmful reactivity in vivo, 

which is the subject of an emerging research area, known as nano-toxicology.  

Figure 7.1: Effects of the protein corona surrounding a nanoparticle. The corona forms immediately upon first contact 
with biological medium, though the composition changes continuously. On the one hand, it determines the fate of a 
nanoparticle, and on the other hand, it can cause severe effects on the interactive proteins. a) The intrinsic particle 
characteristics contribute to the constitution and formation of the corona, b) while interaction with proteins can also 
affect the protein structure and function, leading to a potential contribution to disease pathogenesis. Adopted from 
Nel and co-workers.[265] 
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Aside from using supported metal nanoparticles as catalysts, Kotov suggested their use 

as protein mimics. Nanoparticles resemble in their size, charge, as well as shape and, thus, the 

interactions with the surrounding medium, proteins, and cells are suggested to be closely 

related. Current research focuses on the molecular engineering of the nanoparticle surface to 

realize functions known to be crucial for the operation of proteins. Furthermore, a variety of 

nanoparticles has been demonstrated to exhibit enzyme-like behavior. Not only the core 

material, but also the surface functionalization was shown to enable the use as enzyme mimics, 

or so-called nanozymes.[357] Moreover, the formation of hetero-nanoparticles is a well-known 

alternative for synthetic tuning of catalytic properties, interfacial activation, and enhanced 

performance as reported amongst others for Ag@Fe3O4,[167,358] Au@Fe3O4,[11,214] Pt@Fe3O4,[24] 

Pd@Fe3O4,[162] Ni@Fe2O3,[158] Au@TiO2,[210] and Au@ZnO.[25]  

Janus nanoparticles are interesting candidates in view of the increased demand for 

nanoparticles with multiple imaging capabilities[193–195,231] (see Chapter 6) and their distinct 

features, allowing the combination of imaging and therapeutic applications.[28,196,359] Considering 

that spherical MnO and Fe3O4 nanoparticles have been successfully used in vivo after 

intravenous applications for imaging purposes,[46,336,360] asymmetric Janus particles made up of 

the same materials are predicted to exhibit a similar biocompatibility in living organisms. 

However, detailed data on their cytotoxicity in human cells are missing. So far, experiments 

assessing the impact of heterodimer nanoparticles on cells after only a short exposure were 

reported.[54,163] 

Within the scope of this work, we investigated the interactions of Janus particles 

composed of Au, Pt, MnO, and Fe3O4 with biological media and their biocompatibility against 

the background of their enzyme-like catalytic activity. To the best of our knowledge, this study 

represents the first analysis of the protein corona of Janus particles incubated with human blood 

plasma. Label-free liquid chromatography mass spectrometry enabled the quantitative analysis 

of its composition. Janus particles were tested regarding their activity as enzyme mimics, in this 

particular case for peroxidase reactions, in order to understand the chemical processes involved 

in biological responses. These results will help to distinguish between the intrinsic and extrinsic 

effects of nanoparticles on biological systems, and thus, to design nanoparticles with optimized 

properties concerning chemical stability and biocompatibility. In vitro experiments on human 

cancer as well as endothelial cells were performed, comparing Janus particles of different 

surface functionalization, domain size, and composition to their spherical counterparts. The 

multifactorial approach presented in this study can be taken as the first step toward unraveling 

the complexity of Janus particles at the nano-bio interface. 
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7.2 Protein Corona of Janus Particles 

This project was done in collaboration with Dr. Stefan Tenzer and Dr. Wiebke Storck, 

University Hospital, Johannes Gutenberg University, Mainz. Material synthesis and chemical 

characterization were performed at the Johannes Gutenberg University, Mainz. 

 

The majority of biomedical nanoparticle applications requires intravenous injection. That 

is why we analyzed the protein corona of nanoparticles when incubated with human blood 

plasma. Interactions of nanoparticles with cells will be distinctly influenced by the protein corona 

surrounding nanoparticles. The composition of the protein corona is in turn dependent on the 

intrinsic characteristics of the nanoparticles, such that it can be considered a fingerprint of the 

nanoparticles.[354] Therefore, nanoparticles differing with respect to their core materials, 

morphology, and surface functionalization were incubated for different time intervals with blood 

plasma. After extensive washing to remove loosely attached proteins, the so-called soft corona, 

and subsequent elution of the hard protein corona from the nanoparticles, trypsin was used for 

proteolysis. Label-free liquid chromatography mass spectrometry (LC-MS) enabled the not only 

qualitative, but also sensitive quantitative analysis of the hard protein corona. By doing so, 96 

proteins were reliably detected and quantified. The results were confirmed by measuring three 

technical replicates, which showed a high correlation coefficient (R2 ≥ 0.99). Figure 7.2 displays 

the compositional analysis of the hard protein corona of isotropic Fe3O4@SiO2 and MnO@SiO2 

nanoparticles as well as anisotropic Au@MnO@SiO2 Janus particles. The analysis of the 

protein corona of nanoparticles revealed that the binding profiles did not reflect the relative 

protein concentrations of the plasma. Irrespective of the core material and particle morphology, 

a significant enrichment with lipoproteins and proteins involved in coagulation as compared to 

plasma levels was measured. In contrast, the analysis revealed a lower level of tissue leakage 

proteins, a group of proteins with potential disease-relevant functions.  

Aside from these qualitative trends independent of the particle characteristics, the actual 

percentage composition was dependent on (i) core materials of isotropic nanoparticles, (ii) the 

particle morphology, and (iii) the incubation time. Interestingly, there was a significant and 

unexpected difference in the composition of the protein corona of isotropic silica-encapsulated 

MnO and Fe3O4 nanoparticles. Compared to the protein amount in plasma, both Fe3O4@SiO2 

and MnO@SiO2 particles showed an enrichment with immunoglobulins in their protein corona, 

which was even more pronounced for Fe3O4@SiO2 nanoparticles. Further, the low affinity for 

acute phase response proteins, which were present in high amounts in the plasma, was 

observed to be a common feature. However, the percentage composition of the corona differed 

concerning complement binding proteins, coagulation, and lipoproteins. Recently, it was found 

that small variations in size and surface functionalization of silica particles are sufficient to 

drastically change the affinity for peptides when studying the protein corona.[361–363] This 
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suggests that slight structural differences of the silica shell of MnO and Fe3O4 nanoparticles due 

to the underlying nanoparticles led to significant changes in protein interaction. Further 

investigations are underway to confirm these observations. 

 

Introducing another variable, the anisotropy of Janus particles, further increased the 

complexity of the protein corona. The amphiphilic Janus character was reflected in a specific 

protein adsorption pattern: it showed a distinct enrichment with lipoproteins and other plasma 

components as compared to the isotropic analogues. This was ascribed to the affinity of the 1-

octadecanethiol-capped Au-domains of the Janus particles for proteins with increased 

hydrophobicity. Likewise, Cedervall and co-workers observed the preferential binding of 

apolipoproteins and serum albumin to hydrophobic nanoparticles.[364]  

Aside from the core material or the morphology of the nanoparticles, incubation time was 

observed to be a crucial parameter for the composition of the protein corona.[355,365] This 

reflected the dynamic nature of the protein corona and suggested continuous changes to be a 

result of the adjustment of the equilibrium between protein adsorption and desorption for distinct 

binding constants and affinities. For instance, the percentage composition of the protein corona 

of Au@MnO@SiO2 Janus particles showed barely any changes for proteins involved in 

Figure 7.2: a) Label-free LC-MS analysis of the hard protein corona of Fe3O4@SiO2, MnO@SiO2, and 
Au@MnO@SiO2 nanoparticles showing a dependence on composition, morphology, and also incubation time. The 
measurements were performed by Dr. Wiebke Storck. b) - d) Corresponding TEM images of Fe3O4@SiO2 (16.1 ± 
0.9 nm), MnO@SiO2 (19.2 ± 1.6 nm), and Au@MnO@SiO2 (8.6 ± 0.6 @ 19.0 ± 1.9 nm), respectively. 
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complement activation and tissue leakage after 30 minutes and 2 hours, whereas lipoproteins 

and acute phase response proteins were significantly enriched. As a consequence thereof, the 

proportion of bound lipoproteins, immunoglobulins, and proteins involved in coagulation was 

decreased.  

These initial results implied an enormous complexity of the mechanism to be behind the 

formation and composition of the protein corona. This became even more obvious for Janus 

particles, which are of particular interest for biomedical applications. That is why further 

investigations on the early stages of the formation of the protein corona are the subject of our 

current research. The interplay of colloidal chemistry and biological interfaces constitutes a 

collective process, whose importance has been acknowledged for many years, even though it 

is still a long way from being understood. 

7.3 Janus Particles as Enzyme Mimics 

Recently, Au nanoparticles have been demonstrated to exhibit enzyme-like activity 

based on the catalytic activity of the functional groups attached to their surface. Tailored 

functionalization enabled their use in replacing enzymes such as nuclease,[366,367] esterase,[368] 

or silicatein.[369] For instance, the separate functionalization of Au nanoparticles with hydrogen-

bonding and nucleophilic patches recreated the active site of silicatein.[369] In contrast to the 

catalytic activity of attached functional groups, Au nanoparticles themselves have been 

observed to reveal extraordinary catalytic characteristics, which are not observed for bulk 

material.[370] The intrinsic catalytic activity was ascribed to the Au core, which was evidenced by 

mimicking glucose oxidase,[371–373] catalase,[374] superoxide dismutase,[374] and peroxi-

dase.[375,376] 

Since the discovery of Fenton’s reagent in 1876,[377,378] which is just a solution containing 

Fe2+/Fe3+ ions, iron has been known for its peroxidase-like activity. Moreover, Fe3O4 

nanoparticles are subject to ongoing research, as they revealed a higher activity than 

horseradish peroxidase, a natural enzyme frequently used for these studies. Here, the co-

presence of Fe2+ and Fe3+ at their surface was found to be vital.[379] Aside from Fe3O4, many 

nanoparticles composed of redox-active transition metal oxides including V2O5, Fe2O3, and MnO 

were demonstrated to possess intrinsic peroxidase-like activity. Peroxidases are an important 

class of enzymes, as they catalyze the oxidation of any substrate while reducing peroxides, in 

most cases hydrogen peroxide. Common to many natural peroxidases is a heme prosthetic 

group, where Fe3+ usually acts as the co-factor, even though manganese- and vanadium-based 

enzymes have also been reported.[348] Several substrates have been established in order to 

colorimetrically analyze peroxidase-like enzyme mimics of nanoparticles including 2,2’-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), diazoaminobenzene (DAB), o-phenylene-

diamine (OPD), and 3,3’,5,5’-tetramethylbenzidine (TMB), which was chosen for this study. The 
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progressive oxidation of TMB by hydrogen peroxide takes place as a two-step electron transfer 

reaction. TMB is advantageous for analysis, as not only the formation of the yellow diimine, but 

also the blue intermediate charge-transfer complex can be monitored by UV-VIS spectroscopy 

(Figure 7.3). The charge-transfer complex is composed of the parent diamine and the emerging 

diimine and exists in fast equilibrium with the radical cation.[380] Its absorption is commonly 

measured to determine the oxidation of TMB, as it is the first oxidation product and, thus, more 

sensitive than the formation of the completely oxidized diimine. 

 

7.3.1 Peroxidase-Like Activity of M@Fe 3O4 Janus Particles 

Recently, Gao et al. reported a comprehensive study of the peroxidase-like activity of 

Fe3O4 nanoparticles. The reaction parameters were optimized with regard to pH, substrate 

concentration, H2O2 concentration, and temperature.[379] According to this investigation, the 

peroxidase-like activity of Janus particles was analyzed in order to conceive the impact of the 

co-presence and interaction of two inextricably linked catalytically-active materials. First, the 

chemical stability was analyzed, as the degradation of transition metal oxide nanoparticles 

releases redox-active ions, which are known to exhibit peroxidase-like activity themselves. As 

discussed earlier (see Chapter 4.2.2), Au@Fe3O4@SiO2 were observed to be chemically stable 

over a wide pH range, as detected by TEM. Here, we confirmed the stability of the investigated 

nanoparticles by incubation with the substrate, TMB, at pH = 3.7. Figure 7.4a displays the 

stability of Fe3O4@SiO2 as well as Au@Fe3O4@SiO2, as indicated by the constancy of the 

absorption observed at 652 nm over a period of 10 minutes. In the case of degradation of the 

nanoparticles, the release of Fe2+/Fe3+ ions would have caused a peroxidase-like activity, 

resulting in an increased absorption. Upon addition of hydrogen peroxide as substrate, the 

nanoparticles showed a significantly increased oxidation of TMB. In fact, a ca 15-fold higher 

Figure 7.3: Picture of progressively oxidized 3,3',5,5'-tetramethylbenzidine (top) and corresponding reaction scheme 
(bottom). The first colored product is the blue charge-transfer complex, which is in fast equilibrium with the radical 
cation; complete oxidation by H2O2 leads to the yellow diimine.[380]  
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concentration of H2O2 was needed for the maximal reactivity of Fe3O4@SiO2 as compared to 

Au@Fe3O4@SiO2 nanoparticles. As a first result, this already indicated an enormous impact of 

the Janus character on the activity, which might be due to the intrinsic peroxidase-like activity 

of Au nanoparticles or the interfacial activation of at least one of the two components. The 

reaction in the absence of nanoparticles was negligible (Figure 7.4b).  

 

Further, the reactions were monitored by scanning kinetics. Figure 7.5a shows the 

temporal evolution of the oxidation products of TMB catalyzed by Fe3O4@SiO2 nanoparticles, 

whereby the spectral intensity increased gradually for the charge-transfer complex, measured 

at 370 nm and 652 nm as well as for the diimine at 450 nm. This indicated an equilibrium of the 

partially and completely oxidized species. The higher sensitivity afforded by measuring the 

absorption at 652 nm became obvious when comparing its significantly higher spectral intensity 

to the absorption band at 450 nm. In contrast, the oxidation in the presence of Au@Fe3O4@SiO2 

nanoparticles with a decreased amount of H2O2 showed only an increase in spectral intensity 

for all three products within the first 2 minutes (Figure 7.5b). Subsequently, the absorption of 

the diimine at 450 nm increased further at the expense of the intermediate complex. This 

confirmed the initial observation of an accelerated reaction of the Janus particles, as they 

promoted the complete oxidation of TMB, even at significantly lower H2O2 concentrations. 

Figure 7.4: Absorption measurements revealing the catalytic activity to not be caused by degradation of 
nanoparticles. a) The nanoparticles were stable in acetate buffer over a range of 10 min; b) Au@Fe3O4@SiO2 Janus 
particles showed a higher peroxidase-like activity than spherical Fe3O4@SiO2 nanoparticles under the same 
conditions. The oxidation of TMB by H2O2 without nanoparticles was negligible. Here, 100 µM TMB and 20 µg 
nanoparticles were dissolved in 1 mL acetate buffer, pH = 3.7; for activity measurements, the concentration of H2O2

was 500 mM for Fe3O4@SiO2 and 28.5 mM for Au@Fe3O4@SiO2. The measurements were performed by Sarah E. 
Noll. 
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In order to determine the mechanism of catalysis, the activity was measured as a 

function of the substrate concentration. With lower TMB concentrations, the substrate was used 

up and converted on to the final oxidized diimine product, which was observable by the color of 

the solution: high concentrations of TMB, above 200 µM, turned blue, midrange concentrations 

ranging from 75 µM to 150 µM were green, while lower concentrations became yellow. The 

green color emerged due to the co-presence of the blue charge-transfer complex and the yellow 

product. Figure 7.6 displays the reaction velocity as a function of the concentration of TMB. 

Hereby, especially for low concentrations in the presence of Au@Fe3O4@SiO2, the absorption 

declined after an initial increase. This was due to the fast oxidation to the completely oxidized 

diimine, such that the intermediate complex was only present within the first minutes, as was 

already seen in Figure 7.5b. 

 

The reaction velocity was calculated from the slope of the curves within the first 

30 seconds of each measurement shown in Figure 7.6, and is displayed in Figure 7.7a as 

Figure 7.5: Time-resolved UV-VIS spectra of the oxidation of TMB in the presence of H2O2 and Fe3O4-based 
nanoparticles. The reaction mixture contained 100 µM TMB, 525 mM H2O2, and 20 µg nanoparticles in 1 mL acetate 
buffer, pH = 3.7. a) Arrows indicate the increased absorption of all three observable species induced by Fe3O4@SiO2

nanoparticles; b) for Au@Fe3O4@SiO2 Janus particles, only the peak at 450 nm increased continuously over time, 
whereas the absorption bands at 370 nm and 652 nm started to decrease again after 2 min. The measurements were 
performed by Sarah E. Noll. 

Figure 7.6: The reaction velocity as a function of the substrate concentration was monitored by UV-VIS spectroscopy. 
a) 20 µg Fe3O4@SiO2 dispersed in 1 mL acetate buffer, pH = 3.7, 500 mM H2O2 and b) 20 µg Au@Fe3O4@SiO2

dispersed in 1 mL acetate buffer, pH = 3.7, 28.5 mM H2O2 were used. The measurements were performed by Sarah 
E. Noll. 
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function of the TMB concentration and in Figure 7.7b as a Lineweaver-Burk plot. Both types of 

nanoparticles, spherical and Janus particles, showed Michaelis-Menten behavior in the tested 

range of H2O2 and TMB. The data were fitted according to this model to obtain the kinetic 

parameters displayed in Table 7.1. This analysis confirmed the higher activity of 

Au@Fe3O4@SiO2 nanoparticles as compared to Fe3O4@SiO2. 

 

Moreover, in comparison to literature data on Fe3O4 nanoparticles, the apparent 

Michaelis constants Km of both types of nanoparticles were lower, actually by a factor of ca 3.7 

for Au@Fe3O4@SiO2 Janus particles. Thus, these nanoparticles showed the highest affinity to 

TMB, as Km is the substrate concentration at which the reaction reaches half of the maximum 

reaction velocity vmax.  The maximum reaction velocity was significantly increased in comparison 

to literature data, but on the same order of magnitude for the tested nanoparticles.[379] Wang et 

al. reported the impact of surface charge on the affinity of Au nanoparticles to peroxidase 

substrates.[375] For the silica-coated nanoparticles, a negative surface charge was determined 

(see Chapter 4.2.2), caused by the presence of deprotonated -Si-O- groups. As TMB is 

positively charged at the standard reaction conditions, the negatively charged nanoparticles 

were electrostatically attracted to the reaction substrate TMB, which was reflected by the high 

affinity. However, the comparison to literature data could not be completed, as Gao et al. 

specified neither the size nor the surface modification of the Fe3O4 nanoparticles used for their 

pioneering work of nanoparticles as peroxidase mimics.[379] Prima facie, the activity of 

Fe3O4@SiO2 was unexpectedly high, as the SiO2 shell inhibited direct contact of the peroxidase 

substrate TMB and the Fe3O4 core. However, as the amorphous silica shell is porous to a certain 

degree, the interaction with the surrounding medium is not as efficiently inhibited as estimated 

from the core/shell structure. 

 

Figure 7.7: Steady-state kinetic assay of Au@Fe3O4@SiO2 and Fe3O4@SiO2 nanoparticles. a) Hill plot and b) 
Lineweaver-Burk plot of the activity at a fixed concentration of Fe3O4@SiO2 and Au@Fe3O4@SiO2 nanoparticles with 
varying substrate concentration. The concentration of H2O2 was 500 mM for Fe3O4@SiO2 and 28.5 mM for 
Au@Fe3O4@SiO2. The measurements were performed by Sarah E. Noll. 
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 Substrate Km / mM vmax / M·s-1 

Fe3O4
[379] TMB 0.098 3.44·10-8 

Fe3O4@SiO2 TMB 0.071 1.43·10-7 

Au@Fe3O4@SiO2 TMB 0.027 1.67·10-7 

 

Several reports highlight synergistic effects for the enhanced catalytic activity of 

heterodimers as compared to single component nanoparticles. Recently, PtPd@Fe3O4 

heterodimer nanoparticles were demonstrated to have an even higher peroxidase activity than 

horseradish peroxidase, a natural enzyme frequently used in these studies.[381] However, the 

obtained data for Au@Fe3O4@SiO2 heterodimer nanoparticles also showed a stronger affinity 

and higher reaction velocity than was reported for PtPd@Fe3O4 nanoparticles. Thus, we 

examined the impact of the chemical composition as well as the size of the metal domain of 

Fe3O4-based heterodimer nanoparticles. Figure 7.8a displays pictures of initial results of TMB 

tests. An increased activity of heterodimer nanoparticles as compared to Fe3O4@SiO2 

nanoparticles was evident for all investigated chemical compositions. It was apparent from the 

color of the reaction mixture after 5 minutes of incubation that AuPt@Fe3O4@SiO2 heterodimer 

nanoparticles showed the highest affinity and reaction velocity. The green color indicated the 

co-presence of the yellow diimine, the final reaction product, and the blue intermediate charge-

transfer complex. This was confirmed by scanning kinetic measurements, where the absorption 

was maximal after 2.5 minutes and decreased again afterwards due to the progressive 

oxidation. More precisely, distinct differences were observed upon variation of the metal domain 

(Figure 7.8b and c). Aside from the increase in activity for AuPt domains over Au, the 

enlargement of the metal domain was beneficial with reference to Au@Fe3O4 nanoparticles. 

This was ascribed to a larger metal surface area being able to contribute to the heterogeneous 

catalysis. Surprisingly, the reaction velocity of Au@AuPt@Fe3O4 nanoparticles was lowered as 

compared to AuPt@Fe3O4 heterodimers.  

Here, M@Fe3O4@SiO2 (M = Au, AuPt, Au@Au, Au@AuPt) hetero-nanoparticles were 

demonstrated to possess a significantly higher affinity for TMB as peroxidase substrate and a 

higher catalytic activity than spherical Fe3O4@SiO2 nanoparticles and the natural enzyme, 

horseradish peroxidase. However, this obvious enhancement could be caused by independent 

contributions, which are (i) the interfacial communication between the domains and (ii) the 

presence of metal nanoparticles. These are known for their intrinsic peroxidase-like activity, 

which was demonstrated to by highly dependent on the surface functionalization.[374–376] 

Table 7.1: Comparison of the steady-state kinetic parameter of Fe3O4@SiO2 and Au@Fe3O4@SiO2 nanoparticles 
and literature data of Fe3O4 nanoparticles.[379] Km is the Michaelis constant and vmax the maximal reaction velocity. 
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Therefore, a differentiation between the two possible contributions could not be provided by 

peroxidase-like activity tests of individual Au nanoparticles. As the surface of the Au domains 

within Janus particles was hydrophobic, a ligand exchange would have been necessary in order 

to perform the tests in aqueous solution, which could have an even higher impact on the activity 

of the Au particles. For this reason, a comparison to kinetic parameter of Au nanoparticles 

reported in literature is of relatively little informative value. Nevertheless, a dependence of the 

catalytic activity on the composition as well as the size of the metal domain was observed. The 

enlargement of the Au domain of Au@Au@Fe3O4 in comparison to Au@Fe3O4 nanoparticles 

increased the catalytic activity due to the larger surface area of the Au domain. Furthermore, 

the exchange of the Au domain with an alloy AuPt nanoparticle boosted the reaction velocity, 

which had already been observed in the context of heterogeneous catalysis, for instance 

electro-catalysis,[93] CO oxidation,[150] and methanol oxidation.[382] These results regarding 

peroxidase-like activity of Au@AuPt@Fe3O4 hetero-nanoparticles showed the competition of 

interdependent parameters: a higher affinity for TMB than Au@Au@Fe3O4 was determined to 

be a result of the alloy domain, though their activity was lower than that of AuPt@Fe3O4 

heterodimer nanoparticles, as the surface of the more active AuPt nanoparticles was partially 

covered by the second metal domain.    

 

 

Figure 7.8: Comparison of peroxidase-like activity of Fe3O4@SiO2-based nanoparticles with different chemical 
compositions. a) Pictures taken from reaction mixtures and b) corresponding UV-VIS spectra of reaction mixtures
5 min after the incubation of 100 µM TMB, 5 mM H2O2, and 10 µg nanoparticles in 0.5 mL acetate buffer, pH = 3.7; 
c) attendant scans of the peroxidase-like activity over a period of 5 min. The study was performed by Sarah E. Noll. 
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To conclude, we demonstrated the catalytic activity to depend on (i) the morphology, (ii) 

chemical composition, as well as (iii) size of the metal domain. Therefore, an interplay of the 

intrinsic catalytic activity and the interfacial activation of at least one of the two domains is 

suggested to be responsible for the significantly enhanced reactivity of Fe3O4-based Janus 

particles, while this aspect is subject to further investigation. 

7.3.2 Peroxidase-Like Activity of M@MnO Janus Parti cles 

In contrast to the peroxidase-like activity of Au@Fe3O4@SiO2 and related nanoparticles, 

which was caused by the intrinsic activity of the nanoparticle cores, a different mechanism had 

to be considered in the case of MnO-containing Janus or nanoparticles. As was discussed in 

Chapter 4, Au@MnO@SiO2 nanoparticles were prone to comparably fast degradation at low 

pH. This is of significant importance for biomedical applications as similar conditions are found 

in intracellular compartments, such as lysosomes or autophagosomes. Upon incubation of 

Au@MnO@SiO2 Janus particles with TMB in acetate buffer in the absence of H2O2, an 

immediate reaction was observed. The solution turned dark blue due to the formation of the 

partially oxidized charge-transfer complex (Figure 7.9a).  

 

In the presence of H2O2, the solution turned yellow without any temporary appearance 

of the blue intermediate, which was reflected by the single absorption band at 450 nm instead 

of the triplet at 370 nm, 450 nm, and 652 nm. The reaction could not be slowed down by 

increasing pH or adjusting the substrate concentration, so that the determination of steady-state 

kinetics was not possible. TEM revealed the reaction conditions to induce the degradation of 

the MnO domains (Figure 7.9b). Thus, the observed effects were due Mn2+ ions, which are 

known to cause peroxidase-like reactions. 

Surprisingly, the order of substrate addition was crucial for the reaction findings. The 

prompt oxidation was hindered when the nanoparticles were incubated with H2O2 prior to the 

Figure 7.9: a) UV-VIS spectra of 5 µg Au@MnO@SiO2 nanoparticles incubated with 50 µM TMB w/o 1 mM H2O2 in 
1 mL acetate buffer, pH = 3.7, and a control reaction without nanoparticles; b) corresponding TEM image of 
Au@MnO@SiO2 Janus particles incubated with TMB in absence of H2O2. The UV-VIS spectra were measured by 
Sarah E. Noll. 
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addition of TMB. This suggested a reaction of Mn2+ with H2O2. This became even more 

pronounced for hetero-nanoparticles, whose metal domain has been enlarged by subsequent 

overgrowth of Au (Figure 7.10a). For Au@Au@MnO@SiO2 particles, the UV-VIS spectra 

recorded 5 minutes subsequent to the incubation confirmed the initial observation: in the 

absence of H2O2 a significant amount of the completely oxidized diimine was formed, which was 

suppressed otherwise (Figure 7.10b). Moreover, Au@AuPt@MnO@SiO2 nanoparticles showed 

any oxidation of TMB at all in the presence of H2O2 (Figure 7.10c). 

 

These initial results concerning the pseudo-catalytic activity coming from degradation of 

MnO-based Janus particles issue a warning to their use in biomedical applications. Even though 

the MnO domain was protected from the surrounding medium by an amorphous silica shell, the 

leaching of Mn2+ ions was not efficiently suppressed. Thus, the cellular uptake of these particles 

might cause their degradation inside the cells and, thus, the release of Mn2+ ions, which are 

known to cause considerable stress.[46] In contrast, the inhibition of the peroxidase-like activity 

by incubation with H2O2 prior to the addition of TMB holds much promise that this issue can be 

overcome through further investigation. 

 

Figure 7.10: a) Pictures taken from reaction mixtures 5 min after incubation and corresponding UV-VIS spectra of b)
5 µg Au@Au@MnO@SiO2 and c) 5 µg Au@AuPt@MnO@SiO2 nanoparticles, respectively, incubated with 50 µM 
TMB and 1 mM H2O2 in 1 mL acetate buffer, pH = 3.7. The analysis was performed by Sarah E. Noll. 
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7.4 In Vitro Cytotoxicity of Janus Particles 

This project was performed in collaboration with Prof. Dennis Strand and Dr. Steffen 

Lorenz, University Hospital, Johannes Gutenberg University, Mainz, as well as Prof. Ingrid 

Hilger and Lisa Landgraf, University Hospital, Friedrich Schiller University, Jena. Nanoparticle 

design, material synthesis, and chemical characterization were performed at Johannes 

Gutenberg University, Mainz. 

 

A potential biomedical use of silica-coated Janus particles, based on their optical and 

magnetic characteristics, is for targeted drug delivery using immune-stimulatory 

oligonucleotides or for application as multimodal contrast agents as described in Chapter 6. 

However, only a few data are available on their biological impact in human cells, in particular 

for Au@MnO@SiO2 Janus particles, as they have not been reported before. Therefore, the 

cytotoxic behavior of Au@MnO@SiO2 Janus particles was studied for human renal carcinoma 

cells (Caki-1) and human cervical carcinoma cells (HeLa). Biocompatibility and potential 

biomedical applications of the Au@MnO@SiO2 Janus particles were assayed by co-incubating 

the Au@MnO@SiO2 Janus particles (8@16 nm Au@MnO, SiO2 shell approx. 4 nm) with Caki-

1 cells for 24 hours. A cell viability assay revealed the Au@MnO@SiO2 Janus particles to be 

non-cytotoxic, i.e. that in concentrations of 25, 50, and 100 µg Mn2+/mL the percentage of cell 

survival was 99.8 ± 5.0, 96.1 ± 4.8, and 94.4 ± 4.7, respectively (Figure 7.11). 

  

Furthermore, cell imaging was performed using confocal laser scanning microscopy. 

The instrumental background was set up so that cell self-fluorescence would not interfere with 

our measurements. Thus, Au@MnO@SiO2 Janus particles were co-incubated with HeLa cells 

at a concentration of 100 µg Mn2+/mL for 24 hours at 37 °C (Figure 7.12a and b). Figure 7.12c 

Figure 7.11:  Effect of incubation and internalization of Au@MnO@SiO2 Janus particles. Viability assay of Caki-1 
cells, which were incubated for 24 h with increasing concentrations of Au@MnO@SiO2 (referring to AAS 
determination). The viability assay was performed by Dr. Heiko Bauer. 
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shows a representative image of two-photon imaging, where the Au@MnO@SiO2 Janus 

particles display a green luminescence with central emission at λem = 535 nm. No significant 

auto-fluorescence was observed under similar experimental conditions or under even higher 

excitation laser power. This makes Au@MnO@SiO2 a promising candidate for multimodal 

diagnostic imaging combining MRI, CT, and multi-photon microscopy. 

 

These initial results assessing the viability of cells after only short exposure of 24 hours 

have to be treated with caution for two reasons: first, immortalized human carcinoma cell lines 

were used, which are known to be resilient to several toxins, and, second, metal nanoparticles 

have been shown to influence this kind of MTT/WST assay.[383,384] For this reason, the study 

was expanded to endothelial cells, as blood is the first contact point after intravenous injection 

of nanoparticles. Aside from the changes in the cell line, the surface of the applied Janus 

particles was varied, as the surface charge, size, and morphology are known to be crucial for 

internalization and impact on cellular metabolism. In most cases, nanoparticles are taken up via 

endocytosis, the process of uptake by enclosure into membrane vesicles.[265] Hence, a strong 

correlation between the interactions of nanoparticles with the cellular membrane at their uptake 

point is qualitatively observed. The incubation of nanoparticles with cell medium causes the 

formation of a protein corona, as described at the beginning of this chapter. This corona 

facilitates receptor-mediated endocytosis.[385] While neutral surface functionalization is 

commonly applied in order to prevent unwanted biological interactions, positively charged 

nanoparticles interact strongly with the negatively charged cell membrane. Cho et al. observed 

negatively charged and neutral nanoparticles to be taken up on much lower levels than 

positively charged particles.[386] Further, Villanueva and co-workers found uptake and toxicity 

dependent on the type of surface coating for negatively charged iron oxide nanoparticles, while 

neutral nanoparticles were not internalized.[387] In fact, the uptake of anionic nanoparticles is 

discussed to occur through nonspecific binding or clustering at cationic sites on the cellular 

membrane, which are scarcer than the negatively charged compartments. Cationic 

Figure 7.12: Confocal laser scanning microscopy images of HeLa cells co-incubated with 100 µg Mn2+/mL
Au@MnO@SiO2-ATTO495 (green) for 24 h. The cell nuclei (blue) were stained with DAPI. The sample was excited 
at λex = 488 nm. c) Two-photon image of the same sample, exited with a two-photon laser at λex = 970 nm, 30 mW. 
The concentration of the nanoparticles referring to the concentration of Mn2+ as measured by AAS. CLSM images 
were taken by Dr. Steffen Lorenz. 
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nanoparticles have been shown to bind to negatively charged groups on the cell surface, which 

enhances their translocation across the membrane.[388] Further, slight changes concerning 

structure or hydrophobicity showed a strong impact on the internalization.[389] This becomes 

even more important for Janus particles consisting of hydrophobic and hydrophilic domains. In 

order to investigate the impact of (i) surface charge, (ii) Janus character, and (iii) chemical 

composition, we designed Au@MOx@SiO2 Janus particles, where the surface charge was 

varied by introduction of amino groups attached to either the Au domain or the silica shell. 

Further, the Janus particles were compared to their spherical counterparts, namely MnO@SiO2 

and Fe3O4@SiO2. Finally, the metal oxide domain was either composed of MnO or Fe3O4. Table 

7.2 gives an overview of the variation of measured zeta potentials ζ as a function of the surface 

functionalization, domain sizes, and composition of the analyzed nanoparticles. 

 d(Au) / nm d(MOx) / nm ζ / mV 

ODT-Au@MnO@SiO2 8.0 ± 0.5 29.6 ± 3.0 -27.0 ± 1.8 

ODT-Au@MnO@SiO2 4.5 ± 0.3 14.5 ± 1.5 -28.0 ± 1.5 

ODT-Au@MnO@SiO2-NH2 4.5 ± 0.3 14.5 ± 1.5 19.0 ± 0.8 

NH2-Au@MnO@SiO2 4.5 ± 0.3 14.5 ± 1.5 -24.0 ± 0.1 

MnO@SiO2 --- 23.7 ± 1.8 -45.0 ± 0.7 

MnO@SiO2-NH2 --- 23.7 ± 1.8 17.0 ± 0.2 

ODT-Au@Fe3O4@SiO2 3.5 ± 0.8 18.1 ± 1.2 -35.0 ± 1.8 

ODT-Au@Fe3O4@SiO2-NH2 3.5 ± 0.8 18.1 ± 1.2 21.0 ± 0.5 

NH2-Au@Fe3O4@SiO2 3.5 ± 0.8 18.1 ± 1.2 -27.0 ± 0.4 

Fe3O4@SiO2 --- 16.1 ± 0.9 -38.0 ± 0.7 

Fe3O4@SiO2-NH2 --- 16.1 ± 0.9 11.0 ± 0.4 

 

Au@Fe3O4@SiO2 and Au@MnO@SiO2 Janus particles were taken up to a greater 

extent when amino-groups were introduced at the gold domain as compared to particles bearing 

no amino groups or amino groups at the silica shell.  This indicated an impact of the surface 

charge and also of the reduced hydrophobicity upon ligand exchange from 1-octadecanethiol 

to cysteamine. Figure 7.13 shows the influence of surface modification of Au@MnO@SiO2 

Table 7.2: Summary of domain sizes of Janus particles, core size of spherical control particles, and obtained zeta 
potentials ζ in aqueous solution as a function of surface functionalization. The zeta potential measurements were 
performed by Lisa Landgraf. 
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Janus particles on immortalized human microvascular endothelial cells (HMEC-1). The impact 

on the cell metabolism was determined in terms of relative changes in the cellular ATP level, as 

it is an evident physiological indication of cells undergoing apoptosis.[390,391] After incubation for 

72 hours, the ATP level was increased with low doses of up to 1 µg Mn2+/mL, irrespective of the 

surface functionalization. For higher concentrations, Janus particles bearing amino-groups 

showed a distinct cytotoxic effect, though it was slightly more pronounced for cysteamine-bound 

particles. For spherical Fe3O4@SiO2 and MnO@SiO2, a higher impact was also caused by 

amino-functionalization. Thus, the primary cause for the stronger impact on the cellular 

metabolism was the increased uptake of cationic nanoparticles. The position of the amino 

groups and, thus, the Janus character was only secondary. As discussed earlier, cationic 

nanoparticles are less colloidally stable and tend to agglomerate to a higher extent, which was 

also observed within this study. Consequently, the higher uptake might have also been caused 

by sedimentation of nanoparticle agglomerates onto the cell surface, which is equivalent to a 

locally increased concentration.  

 

As NH2-Au@MnO@SiO2 nanoparticles were taken up to the largest extent, their 

biological response was further investigated. Figure 7.14a shows a time-dependent, as well as 

concentration-dependent, reduction of the ATP level of HMEC-1. Incubation for 3 hours caused 

no significant changes for concentrations up to 50 µg Mn2+/mL, referring to concentrations 

determined by AAS. However, it dropped drastically for concentrations higher than 

1 µg Mn2+/mL after 24 hours. In contrast, lower concentrations induced an increased ATP level 

at all tested incubation times. This was explained in terms of hormesis, which is known as the 

stimulation of growth by a low dose of toxins.[392,393] Here, the critical cytotoxic concentration of 

NH2-Au@MnO@SiO2 nanoparticles was determined to be 5 µg Mn2+/mL. Further investigations 

by confocal laser scanning microscopy were performed using a non-toxic concentration of 

Figure 7.13: Effect of nanoparticle surface functionalization on cellular ATP level. HMEC-1 cells were incubated with 
increasing concentrations of Au@MnO@SiO2 Janus particles (referring to AAS determination). Relative cellular ATP 
levels were detected by ATPLite assay after 72 h. Data were normalized to control cells (without nanoparticle 
exposure). The measurements were performed by Lisa Landgraf. 
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1 µg/mL Mn2+. Figure 7.14b - d show the co-localization of dye-labeled nanoparticles and 

HMEC-1 cells after 3, 24, and 48 hours, respectively. After 3 hours of incubation, an adhesion 

of the Janus particles was observed in z-stacking analysis. This was indicated by the green dots 

above the red cell membrane (see arrow in Figure 7.14e), as well as a fluorescent signal close 

to the outer side of the cells (Figure 7.14b). After 24 hours of incubation, the particles were fully 

internalized, as confirmed by z-stacking (see arrows in Figure 7.14f). These findings suggested 

the uptake to occur between 3 hours and 24 hours incubation time, as is reflected by the 

reduction of cellular ATP level. Control experiments with spherical MnO@SiO2 nanoparticles 

revealed similar results, so that these effects were not specific to Janus particles. 

 

 

Figure 7.14: Effect of incubation time on cellular ATP level and internalization of Au@MnO@SiO2-FITC Janus 
particles. a) Cellular ATP level of endothelial cells after 3, 24, 48, and 72 h of co-incubation with different 
concentrations of NH2-Au@MnO@SiO2-FITC Janus particles. Data were normalized to untreated control cells. p* < 
0.05. Confocal fluorescence and bright field (overlay) images b) 3 h, c) 24 h, and d) 48 h after incubation with 
1 µg Mn2+/mL (referring to AAS concentration); e) and f) confocal image z-stacks showing the position of NH2-
Au@MnO@SiO2 Janus particles after 3 h and 24 h, respectively. The nuclei (blue) were stained with Hoechst 33258, 
the glycocalix (red) with lectin WGA-AlexaFluor633. The measurements were performed by Lisa Landgraf. 
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Moreover, a size-dependent cytotoxic potential was observed for Janus particles as well 

as spherical analogues (Figure 7.15). Here, the domain sizes of Au@MnO@SiO2 Janus 

particles were varied (5@15 nm vs. 8@30 nm), as were those of MnO@SiO2 (10 nm vs. 24 nm). 

For both types, the larger nanoparticles showed a stronger reduction of the cellular ATP levels 

as compared to the smaller ones. Hence, this effect was not exclusively caused by the Janus 

character, as this effect has been observed in other studies on size-dependent cytotoxicity. 

Generally, larger nanoparticles were shown to exhibit a higher toxic potential.[394–397]  

 

In contrast to Au@MnO@SiO2, the uptake of Au@Fe3O4@SiO2 Janus particles without 

amino-groups induced barely any changes in the ATP level (Figure 7.16), while the degree of 

uptake was comparable extent, as almost all cells internalized Janus particles. For both types 

of Janus particles a perinuclear location was observed (see arrows in Figure 7.14a - c).  

Figure 7.15: Domain size effects of MnO-based nanoparticles on cellular ATP levels. HMEC-1 cells were incubated 
with 0.1 - 50 µg Mn2+/mL (referring to the AAS concentration) for 24 h and the relative ATP levels were detected by 
the ATPLite assay for a) 5@15 nm and 8@30 nm Au@MnO@SiO2 Janus particles and b) 10 nm and 24 nm spherical 
MnO@SiO2 nanoparticles. Data were normalized to untreated cells. The measurements were performed by Lisa 
Landgraf. 
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Therefore, the stronger impact of the cellular metabolism cannot be ascribed to a higher 

uptake of Au@MnO@SiO2 Janus particles, but rather to a distinct intrinsic cytotoxic potential of 

MnO. The reduction in the ATP level was suggested to originate from lethal cytotoxic effects, 

which are known to be caused by production of reactive oxygen species (ROS) and reduced 

mitochondrial activity.[398] 

These results reflected the enhanced reactivity of Au@MnO@SiO2 and related 

compositions of Janus particles as compared to Fe3O4-based particles, which could be due to 

their decreased chemical stability. This was observed while testing the peroxidase-like catalytic 

activity. Mn2+ is a well-known neurotoxin involved in diminished motor skills and psychological 

disturbances similar to Parkinson’s disease.[399] However, the toxicity of MnO at nanoscale is 

controversially discussed in literature. Hussain et al. described the significant toxicity, 

neurotransmitter depletion, and ROS formation of MnO nanoparticles.[399] Further, Gilad and co-

workers investigated the use of MnO nanoparticles for MRI, although elevated concentrations 

needed for signal enhancement were found to be toxic.[400] In contrast, hollow MnO 

nanoparticles were reported not to show any significant toxicity.[360] Previous investigations by 

our group also confirmed the biocompatibility of polymer-coated MnO nanoparticles to Caki-1 

cells, as well as MnO@SiO2 nanoparticles to primary and bone marrow cells.[47,51,401] This 

controversy reveals the need for systematic studies of the cytotoxic potential of MnO-based 

nanoparticles. However, the impact of Mn2+ ions on the cell metabolism, along with the observed 

chemical instability at low pH, suggested a stealth effect contributing to the observed biological 

response. Natural cell membranes are an efficient barrier against uptake of metal ions, though 

functionalized nanoparticles are easily internalized. Slight changes of the intracellular pH to the 

acidic range may cause the degradation of MnO nanoparticles, which is consistent with the 

dose-dependent response observed here. The release of Mn2+ ions would cause biological 

Figure 7.16: Influence of chemical composition of the metal oxide domain of Janus particles on cellular ATP levels. 
a) HMEC-1 cells were incubated for 24 h with Au@Fe3O4@SiO2 and Au@MnO@SiO2, respectively. The relative 
ATP levels were measured by ATPLite assay. Data were normalized to untreated cells. b) Confocal fluorescence 
and bright-field (overlay) image of Au@Fe3O4@SiO2 (green) internalization. The cell nuclei (blue) were stained with 
Hoechst 33258. The measurements were performed by Lisa Landgraf. 
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responses, such as oxidative stress, reduced mitochondrial activity, and, finally, cell death by 

apoptosis. Likewise, Hussain et al. observed a 10-fold increase in ROS levels for internalization 

of MnO nanoparticles as compared to Mn2+ solutions, which could confirm this hypothesis.[399] 

The controversy about cytotoxicity of MnO nanoparticles might suffer from the relative chemical 

stability along with the storage conditions or age of the nanoparticles as potential progressive 

degradation, alternation, or aging prior to the incubation have to be kept in mind. Further 

experimental investigations are needed to examine the origin of the impact of MnO-based 

nanoparticles on cells, and whether it is an intrinsic characteristic or caused by degradation, 

which might be overcome by appropriate ligand protection. 

7.5 Conclusion 

Janus particles are emerging as a promising tool for future medical applications, as they 

combine two or more distinct components, which can be addressed independently from each 

other in order to be used for drug delivery, multimodal biomedical imaging, and biological 

probing. However, the combination of two inorganic nanoparticles enhances their chemical 

reactivity as well, such that the study introduced here is supposed to issue a warning. Aside 

from the desired functionalities of the Janus particles, they may activate, influence, or damage 

cellular metabolism as a consequence of their morphology, orthogonal surface functionalization, 

protein corona, and intrinsic reactivity.  

Here, we analyzed the hazardous as well as advantageous potential of Janus particles 

for biomedical applications from three aspects: the compositional analysis of the hard protein 

corona, the peroxidase-like activity as enzyme mimics, and their impact on the cellular 

metabolism. The formation of the protein corona was observed to depend on (i) the core 

materials of isotropic nanoparticles, (ii) the particle morphology, and (iii) the incubation time. 

The orthogonal functionalization of Janus particles was reflected by a significantly increased 

affinity for lipoproteins, other plasma components, and proteins involved in coagulation, such 

as fibrinogen.  

Nanoparticles serving as enzyme mimics are under current investigation, whereby the 

chemical stability has to be kept in mind. Here, we demonstrated chemically stable Fe3O4-based 

hetero-nanoparticles to exhibit a higher affinity for TMB as peroxidase substrate as compared 

to the single component nanoparticles. The kinetic parameters were calculated and showed an 

even higher catalytic potential than the natural enzyme, horseradish peroxidase. In contrast, 

MnO-based nanoparticles suffered from progressive degradation at reaction conditions. This 

has to be taken into account for any biomedical applications, as the reaction setup was designed 

to display physiological conditions. Despite encapsulation with an amorphous SiO2-shell, 

extremely fast oxidation of TMB in the absence of peroxide was ascribed to Mn2+ leaching, 
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though this was significantly slowed down upon addition of H2O2. These results foreshadowed 

an increased cytotoxic potential, which was the third subject of analysis. 

The impact of Janus particles on cells was mainly dependent on three factors: (i) the 

overall surface charge, (ii) the size of the nanoparticles, and (iii) the chemical composition of 

the metal oxide domain. The uptake was enhanced upon conjugation of amino groups to the 

surface of either the Au domain or the SiO2 shell, which was ascribed to the electrostatic 

interaction with anionic cell membranes. Generally, amino-functionalized Janus particles 

showed a lower biocompatibility. Larger nanoparticles also induced a stronger effect on the 

cellular ATP levels irrespective of the morphology and composition of the nanoparticles. 

However, the chemical composition of the metal oxide domain turned out to be crucial for the 

biocompatibility of Janus particles, as MnO-based Janus particles revealed a stronger 

concentration-dependent reduction of the cellular ATP level as compared to Fe3O4-based Janus 

particles. These distinct effects might be caused by progressive degradation and subsequent 

impact on the cellular metabolism, which was suggested by the test for peroxidase-like activity. 

To conclude, Janus particles were demonstrated to be promising candidates for 

biomedical applications as composition, morphology, and surface functionalization can be used 

to tailor their characteristics. Asymmetric Janus particles combine promising features for future 

biomedical applications, such as multifunctionality and biocompatibility. However, more 

information is needed in order to understand and control the interactions at the nano-bio 

interface, though these initial results hold a lot of promise that these issues can be overcome 

by further investigations. 

7.6 Experimental Section 

Materials.  All reactions were carried out using commercially available reagents without 

any further purification. Cysteamin (≥ 98 %), 3,5,3’,5’-tetramethylbenzidine (TMB, > 99 %), 

anhydrous sodium acetate (> 99 %), dimethyl sulfoxide (DMSO, 99.8 %), hydrogen peroxide 

(H2O2, ≥ 35 wt%), fetal bovine serum (FBS), penicillin-streptomycin (PEST, 1000 U/mL penicillin 

and 10 mg/mL streptomycin), L-glutamine, MEM non-essential amino acids, and cell counting 

kit-8 (CCK-8) were purchased from Sigma-Aldrich. Acetone, ethanol, chloroform, glacial acid, 

and hexane were purchased from Fisher Scientific. MycoKill AB was purchased from PAA. 

 

Surface Modification of Au@MO x@SiO2 NPs. In order to control the zeta potential of 

Janus particles, amino groups were introduced either on the surface of the silica-encapsulated 

nanoparticles as described in Chapter 4.4 or by ligand exchange of the Au domain. This was 

performed by addition of ca 20 mg cysteamin dissolved in a mixture of 5 mL chloroform and 

5 mL ethanol to Au@MOx@SiO2 particles in 5 mL ethanol. The reaction mixture was stirred at 
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room temperature overnight. The particles were precipitated by addition of hexane, collected by 

centrifugation (9000 rpm, 10 min), and washed using acetone/hexane. 

 

Characterization.  The peroxidase-like activity of Janus particles was investigated by 

means of UV-VIS spectroscopy after comprehensive analysis by TEM and AAS (see Chapter 

4.4.1). The interaction of nanoparticles with blood plasma was analyzed by capillary label-free 

liquid chromatography mass spectrometry (LC-MS). In order to determine the impact of Janus 

particles on the cell metabolism, cytotoxicity assays and ATPLite assays were used in 

combination with confocal laser scanning microscopy subsequent to thorough analysis of 

particle size by TEM and zeta potential measurements. 

Peroxidase-Like Catalytic Activity of NPs . The peroxidase-like catalytic activity was 

determined spectrophotometrically by measuring the formation of the charge-transfer complex 

of partially oxidized TMB+· at λ = 652 nm using a Varian Cary 500 UV-VIS/NIR-spectrometer. 

The TMB oxidation activity was typically measured in 0.2 M sodium acetate buffer (pH = 3.7) in 

the presence of nanoparticles (5 - 20 µg Mn2+ or Fe2+/3+, respectively, referring to AAS analysis) 

using 100 µM TMB. A 4.16 mM stock solution of TMB was prepared by 1:9 volumetric dilution 

with buffer of a stock solution of TMB in DMSO (10 mg/1 mL). The exact concentration was 

calculated from the absorption at 288 nm (ε = 21 mM-1cm-1). Hydrogen peroxide was added to 

start the reaction, unless stated otherwise. UV-VIS spectra were recorded after baseline 

correction to buffer. Buffer, aqueous nanoparticle solution, and TMB were mixed in the cuvette 

prior to addition of H2O2. The steady-state kinetics were performed by varying the concentration 

of TMB (0 - 500 µM). The reaction was carried out in 1 mL acetate buffer and monitored 

spectroscopically for 10 - 15 min for Au@Fe3O4@SiO2 and Fe3O4@SiO2. The kinetic curves 

were analyzed utilizing the Michaelis-Menten model and Lineweaver-Burk linearization. 

LC-MS Analysis of NP Protein Corona.  All experiments were conducted using 

technical triplicates of each sample to ensure reproducibility. Particle suspensions were 

incubated with 200 µL of human plasma for 30 min or 2 h at 37 °C. The proteins were eluted 

from the nanoparticles, digested by trypsin, and identified by label-free liquid chromatography 

mass spectrometry according to the protocol described by Tenzer and co-workers.[402] Data 

analysis was performed using the software tool ISOQuant.[403] 

Cell Culture. The human renal cell carcinoma line (Caki-1) and human cervical 

carcinoma cell line (HeLa) were kindly provided by Prof. P. Langguth (Institute for pharmacy 

and biochemistry, Johannes Gutenberg-University, Mainz). McCoys 5A medium was used as 

the culture medium and was modified by addition of 10 % FBS, 1 % PEST, 2 mM L-glutamine, 

MycoKill, and MEM non-essential amino acids. Cells were routinely grown in 25 cm² sterile cell 

culture flasks at 37 °C, 95 % relative humidity, and 5 % CO2 until confluence was reached.  
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Immortalized human microvascular endothelial cells (HMEC-1; Centre for Disease 

Control and Prevention, USA) were cultured as described by Landgraf and co-workers.[346]  

Cytotoxicity Assay. The cytotoxicity assay was performed according to the supplier in 

96 well cell plates used under standard conditions. The density was 15 000 cells/well. For 

background subtraction 6 wells were only filled with media and H2O. After 24 h of cell growth, 

different concentrations of silica-coated nanoparticles in McCoys 5A were added, and the 

incubation time was set to 24 h. The medium was then replaced by 100 µL of a cell counting kit 

solution, 5.4 mL culture medium was mixed with 600 µL CCK-8, and incubation was continued 

for another 3 h at 37 °C, 95 % relative humidity, and 5 % CO2. The absorption of formazan 

formed due to cellular activity was measured at 450 nm. All results were normalized to wells 

that contained media instead of cells, after background subtraction. 

Evaluation of Effects on Cell Metabolism (ATP).  The cellular levels were used as a 

marker for nanoparticles’ effect on the cell metabolism. After incubation of HMEC-1 with different 

nanoparticle concentrations (0.1 - 50 µg Mn2+/mL referring to AAS analysis) for 3 h, 24 h, 48 h, 

or 72 h and several washing steps, the ATPLite assay was performed according to 

manufacturer’s instructions. A LUMIStar Galaxy system (BMG LABATECH GmbH, Ortenberg) 

was used to detect the fluorescence signal of the transformation of D-luciferin to oxyluciferin. 

For detailed descriptions see [346]. 

Confocal Laser Scanning Microscopy.  In order to visualize nanoparticles after their 

cellular uptake, CLSM was performed using either a Zeiss LSM 710 NLO or a Zeiss LSM 510 

Meta microscope. Cell nuclei were stained with DAPI or Hoechst 33258, and the glycocalix with 

lectin WGA-AlexaFluor633.
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8 
Conclusion and Outlook 

The general aim of this work was the two-faceted examination of Janus particles as 

novel dimeric hetero-nanostructures. A key point was to control their morphology, size, and 

chemical composition, though their subsequent selective surface functionalization was in no 

way subordinate in order to obtain well-defined amphiphilic nanoparticles. We placed emphasis 

on dumbbell-like structures composed of a metal and a metal oxide domain. The utilized 

materials exhibit several unique advantages useful for biomedical applications, for instance as 

theranostic agents. The metal domain composed of gold, platinum, or their alloy was selected 

on the basis of these metals’ extraordinary optical characteristics and high contrast for 

computed X-ray tomography. Further, the materials of the metal oxide domain were either 

manganese or iron oxide, as they feature outstanding size-dependent magnetic behavior at 

nanoscale, which enables their use as contrast agents for magnetic resonance imaging. 

 

The first part of the present thesis covered the sophisticated synthesis and 

comprehensive characterization of water-soluble multifunctional Janus particles. It was 

designed to be a seeding-growth process of hydrophobic heterodimer nanoparticles using 

preformed metal particles as seeds. Subsequently, a selective surface modification was applied, 

as the synthesis of hetero-nanoparticles requires an even higher degree of synthetic control as 

compared to single-component nanoparticles.  

In the first step of the synthetic procedure, monodisperse, size-tunable Au nanoparticles 

were demonstrated to be easily synthesized by reduction in hydrophobic solvents, which thus 

met the requirements for their use as seeds for heteroepitaxial nucleation of a metal oxide 

domain. Their synthesis was in accordance with LaMer’s model of homogeneous nucleation, as 

nucleation and growth were clearly separated. By controlling the reaction temperature, the 

particle size was adjusted in the range between 3 nm and 9 nm, while an ensuing seeding-

growth technique was developed to enlarge the monodisperse nanoparticles up to 20 nm. 

Investigation of the structure of Au nanoparticles by HR TEM and high resolution synchrotron 
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powder diffraction demonstrated their polycrystallinity, which was ascribed to the tendency of 

Au toward twinning. Further, the high quality of Au nanoparticles enabled the formation of self-

assembled superlattices, where a preference for 2D hexagonally-ordered layers over 3D self-

assembled superlattices, or vice versa, was regulated by the concentration of excess ligands 

as well as the nanoparticle concentration itself. In order to investigate the impact of the chemical 

composition of the metal domain on Janus particles, we transferred the synthetic procedure to 

composition-tunable AuxPt1-x alloy nanoparticles, whose characteristics were observed to 

represent the synergy of both Au and Pt. 

Next, we established a facile synthetic approach to Au@MnO and Au@Fe3O4 

heterodimer nanoparticles with precise control over morphology and domain sizes, as 

investigated by (HR) TEM, DLS, and UV-VIS spectroscopy. The morphology was conclusively 

determined to be dumbbell-like by TEM EDX line scans as well as TEM tomography. The size 

of the metal oxide domains for a given diameter of Au seeds could be easily tuned in the range 

between 8 nm and 30 nm by variation of the amount of metal oleate used as precursor. 

Investigation of the reaction mechanism revealed a separation of heterogeneous nucleation and 

growth for Au@MnO, but a size-focusing effect for Au@Fe3O4 heterodimer nanoparticles to be 

responsible for their uniformity in size. The phase composition of the as-prepared heterodimer 

nanoparticles was investigated by high resolution synchrotron powder diffraction data collected 

at the beamline 11-BM of the Advanced Photon Source (APS) of the Argonne National 

Laboratory. The metal oxide domains were determined to be manganosite and magnetite, 

respectively. This result was confirmed by magnetic data, which further indicated a Verwey 

transition to occur in Au@Fe3O4 nanoparticles. The universal applicability of the chemical 

protocol was confirmed by its adaptation to Pt and AuxPt1-x nanoparticles used as seeds. 

Therefore, this study presented a kind of LEGO schematic, as the individual components 

can be combined like building blocks, while the characteristics of the heterodimers were strongly 

dependent on the actual chemical composition. This was found to originate from distinct 

interfacial communication of the individual domains across the solid state interface within the 

dumbbell-like nanoparticles. Aside from differences between Au@MnO and Au@Fe3O4 

regarding their synthetic procedure, UV-VIS and transient absorption spectroscopy discerned 

distinct interactions across the interfaces: the formation of a Schottky junction upon conjugation 

of Au to the semi-metal Fe3O4 was suggested, but only a polarization at the interface with the 

wide band gap semiconductor MnO was observed. 

Finally, a selective silica coating of the metal oxide domain was demonstrated to be a 

highly effective technique to convert hydrophobic heterodimer nanoparticles into multifunctional, 

water-soluble, and dye-labeled nanoparticles. Here, the synthetic approach of encapsulating 

spherical metal oxide nanoparticles was applied to heterodimer nanoparticles, as it combines 

the advantages of the reverse-microemulsion approach and the Stöber technique. The 
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subsequent introduction of additional surface functionalization, such as PEG- or NH2-groups, 

enhanced the colloidal stability and the control of surface charge, respectively. Previous thiol 

functionalization of the Au domain resulted in solely encapsulating the metal oxide domain with 

a thin silica layer, leaving the vitreophobic Au domain untouched. In the absence of any thiol, 

the hydrophobic heterodimers were completely covered by silica. Investigation of the solution-

phase behavior by dynamic light scattering revealed the amphiphilic nanoparticles to be 

colloidally stable in aqueous solution. Further, no indication of aggregation or flocculation was 

observed upon incubation in various buffer solutions and serum. Time-resolved fluorescence 

spectroscopy in combination with confocal laser scanning microscopy revealed 

Au@MnO@SiO2 heterodimers to be highly two-photon active, based on the intrinsic properties 

of the Au domain. As the ability of selective surface functionalization was preserved despite the 

silica encapsulation, these nanoparticles represent an encouraging alternative to current 

bioimaging nanoparticle-platforms and, further, enable the formation of well-defined Janus 

particles. 

The second part of this thesis covered specific examples of applications of Janus 

particles obtained by selective surface modification, exploiting their chemically distinct faces. 

Upon orthogonal functionalization, the Janus particles self-assembled at air-water and oil-water 

interfaces, minimizing the interfacial tension by an upright orientation at the interfaces. This was 

shown by surface area-pressure isotherms and cryo-TEM investigation, respectively. Further, 

we analyzed the interaction of Janus particles with DOPC lipid bilayers, which served as a model 

system for the interaction with cellular membranes. These experiments demonstrated the ability 

of Janus particles to induce membrane tubulation under isoosmotic conditions and their 

enclosure in membrane vesicles, which displays a passive, artificial endocytotic uptake 

pathway. However, no effect was observed for membranes under tension, so that it remains 

unclear from these pilot experiments whether the formation of membrane tubes or vesicles may 

serve as an additional uptake pathway in living cells, as was suggested by Reynwar et al. in 

coarse-grained simulations.[52] 

Furthermore, by virtue of their intrinsic materials’ characteristics, Janus particles were 

exploited as contrast agents for multimodal bioimaging, combining computed X-ray tomography 

(CT) and magnetic resonance imaging (MRI). For this purpose, their domain sizes were 

adjusted by subsequent overgrowth of Au on preformed heterodimer nanoparticles. This 

modification was necessary due to restrictions on the size of metal seeds for the synthesis of 

well-defined heterodimer nanoparticles on the one hand, and, on the other hand, due to the 

lower sensitivity of CT as compared to MRI. The additional nucleation occurred chemo-

selectively on the Au domains, independent of the chemical composition of the metal oxide 

domains, but a distinct difference was observed concerning the resulting morphology: in the 

case of Au@MnO, progressive overgrowth led to enlarged Au domains, whereas Au@Fe3O4 
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heterodimer nanoparticles facilitated the nucleation of additional Au domains, resulting in 

Au@Au@Fe3O4 heterotrimer nanoparticles. This effect might be attributed to distinct interfacial 

communication influencing the electronic structure of the Au domains. Independent of the 

morphology, the enlargement of the Au domain significantly amplified the X-ray attenuation. 

Here, a threshold effect was observed for low concentrations, and a linear increase in signal 

amplification for elevated concentrations of Janus particles. Likewise, Janus particles were 

demonstrated to be superior to spherical single-component metal oxide nanoparticles regarding 

their application as MRI contrast agents. Au@MnO@SiO2 heterodimer nanoparticles 

significantly accelerated longitudinal relaxation processes. The increase in r1 indicated a 

junction effect in the dumbbell-structure, which allows facile tuning of the relaxation times by 

adjustment of the domain sizes. In addition to high relaxivities T1 or T2 being inevitable for the 

respective imaging technique, their ratio of relaxivities is of particular importance regarding the 

application as contrast agents. Detailed studies on the effect of chemical composition and 

morphology on transverse magnetization are underway.  

 Aside from their intrinsic functionalities specially designed for imaging applications, 

Janus particles might activate, influence, or damage the cellular metabolism due to their 

morphology, multifunctionality, orthogonal surface functionalization, and enhanced intrinsic 

reactivity. For this reason, their hazardous and advantageous potential for biomedical 

applications was investigated highlighting their impact on (i) the composition of the hard protein 

corona, (ii) their enzyme-like reactivity, and (iii) their effect on cellular metabolism in in vitro 

studies. The formation of the protein corona was observed to depend not only on the core 

materials and the incubation time, but also on the surface functionalization and particle 

morphology. The increased affinity for lipoproteins, proteins involved in coagulation, and other 

plasma components reflected the orthogonal surface functionalization, as these proteins are 

known for their strong interaction with hydrophobic surfaces. This demonstrated a significant 

impact of the functionalization and morphology on “what the cell sees” upon incubation with 

Janus particles.  

The enhanced reactivity of Janus particles as compared to spherical metal oxide 

nanoparticles was addressed in enzyme-mimicking tests, investigating peroxidase-like activity 

in this particular case. Chemically stable Fe3O4-based hetero-nanoparticles showed an even 

higher catalytic potential than the natural enzyme horseradish peroxidase. Here, the intrinsic 

activity of the metal domains, as well as the interfacial activation of at least one of the two 

components, might contribute to the enhanced reactivity, but a differentiation remained 

challenging. In contrast, the high reactivity of MnO-based hetero-nanoparticles was caused by 

progressive degradation of MnO under reaction conditions. This has to be taken into account 

for any biomedical application, as the reaction setup was designed to display physiological 

conditions. In fact, this was confirmed by in vitro studies, as biocompatibility assays revealed a 
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significantly reduced ATP levels in HMEC-1 for MnO- as compared to Fe3O4-based 

nanoparticles. Further, surface charge, which was adjusted by subsequent amino-

functionalization, and size were demonstrated to affect the cellular metabolism independent of 

the core materials. However, no increased cytotoxic potential was observed for Janus particles 

over spherical nanoparticles, such that a passive endocytotic cellular uptake by membrane 

tubulation and vesiculation could be disregarded.  

 

Future work will comprise further examination of Janus particles for biomedical 

applications, as their tunable composition, morphology, and surface functionalization make 

them promising candidates for theranostic agents. Nevertheless, the interactions and reactions 

at the nano-bio interface are barely understood, which is a fundamental requirement for tailored 

cell targeting, drug delivery, and diagnostic imaging. These applications are cutting-edge 

technologies, where the advantages of Janus particles can be maximized: the distinct surface 

functionalization of the two components will be used for enhancing the target specificity of these 

particles as simultaneous imaging agents and drug transporters. For instance, rapidly growing 

tumor cells overexpress antigens, which can be targeted by a specific antibody bound to one 

domain of the nanoparticles surface, while the other domain of the Janus particle can be 

functionalized with cancer-specific chemotherapeutic agents. This is crucial in order to succeed 

with simultaneous imaging and therapy, while minimizing unintended accumulation and adverse 

effects due to high doses of nanoparticles and therapeutics. Finally, careful consideration of the 

intrinsic reactivity of hetero-nanoparticles is essential prior to their in vivo application and will be 

subject to comprehensive research.  

Another area for intensive work will be the analysis of the underlying interactions within 

heterodimer nanoparticles. As the components can differ in both chemical composition and 

morphology, a large library of Janus particles can be made in theory from the available building 

blocks, which represent a kind of LEGO schematic. Nevertheless, Janus particles cannot be 

reduced to the morphologic combination of two domains: they are irreducibly complex as 

highlighted in the present dissertation. From a fundamental point of view, it will be interesting to 

compare heterodimer nanoparticles with regard to their interaction across the solid state 

interface dependent on their chemical composition and domain size ratio. For instance, 

conjugation of metal oxide domains composed of TiO2 or ZnO to metal nanoparticles enables 

access to highly effective plasmonic photo-catalysts. Variation of the metal domains, on the 

other hand, is of particular interest for their interfacial activation upon contact with a metal oxide 

support. This approach will contribute to a fundamental understanding of the fascinating 

characteristics and widespread applications of Janus particles. 
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9 
Supporting Information  

 Au 
Particle size  
measured from TEM images 

5.3 nm ± 0.5 nm 

Diffractometer 11-BM at the Advanced Photon Source, 
Argonne National Laboratory 

Sample preparation Fine powder in 0.8 mm Kapton tube 
Measuring mode Transmission 
Wavelength / Å 0.413715 
Measuring range 0.5 ≤ 2Θ/° ≤ 46.5; 0.1 ≤ Q·Å ≤ 12.0 
Refinement range 3.3 ≤ 2Θ/° ≤ 40.5; 0.8 ≤ Q·Å ≤ 10.5 
Temperature / K 298 
Profile fit Rietveld refinement according to reported crystal structure 

models 
Background Chebyshev 
Profile function Fundamental parameters approach  

(WPPM, Ln_normal_sphere) 
Program TOPAS Academic V5 
Total No. of parameters / 
Background 

18 / 10 

Rwp 13.43 
GoF 2.30 
DW 0.20 
  
Au – Phase   
   Space group Fm-3m 
   Cell parameters / Å 4.07316(7) 
   Crystallite size - Max / nm 0.516(5) 
   Crystallite size - Expected / nm 1.39(1) 
   Crystallite size - Variance / nm 1.82(4) 
   Crystallite size - Skew / nm 3.82(2) 
   Fraction / %wt 100.0 
   Biso 0.706(4) 
   Preferred orientation -/- 

Table S.1: Measurement and refinement parameters of the synchrotron diffraction pattern of Au nanoparticles 
(see Figure 2.5). 
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 Au@MnO Au@MnO@SiO2 
Particle size measured 
from TEM images 

Au: 6.5 nm ± 0.3 nm 
MnO: 19.3 nm ± 1.8 nm 

Au: 9.0 nm ± 0.6 nm 
MnO: 18.8 nm ± 0.8 nm 

Diffractometer 11-BM at the Advanced Photon Source, 
Argonne National Laboratory 

Sample preparation Fine powder in 0.8 mm Kapton tube 
Measuring mode Transmission 
Wavelength / Å 0.413715 
Measuring range 0.5 ≤ 2Θ/° ≤ 46.5; 0.1 ≤ Q·Å ≤ 12.0 
Refinement range 3.3 ≤ 2Θ/° ≤ 40.5; 0.8 ≤ Q·Å ≤ 10.5 
Temperature / K 298 
Profile fit Rietveld refinement according to reported crystal structure 

models 
Background Chebyshev 
Profile function Fundamental parameters approach 
Program TOPAS Academic V5 
Total No. of parameters / 
Background 

33 / 20 33 / 20 

Rwp 8.52 6.65 
GoF 1.69 1.17 
DW 0.37 0.76 
  
Au – Phase    
   Space group Fm-3m 
   Cell parameters  / Å 4.0749(2) 4.0575(2) 
   Crystallite size / nm 6.4(2) 9.4(3) 
   Fraction  / %wt 15.43(8) 39.1(4) 
   Biso 1.43(3) 0.91(3) 
   Preferred orientation 0.7445(2) in (111) 0.769(2) in (111) 
   
MnO – Phase   
   Space group Fm-3m 
   Cell parameter  / Å 4.4301(1) 4.3703(6) 
   Crystallite size / nm 22.3(7) 6.1(5) 
   Fraction  / %wt 84.57(8) 64.8(4) 
   Biso 1.43(3) 0.91(3) 

 

 

  

Table S.2: Measurement and refinement parameters of the synchrotron diffraction pattern of Au@MnO 
(see Figure 3.4) and Au@MnO@SiO2 nanoparticles (see Figure 4.5). 
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 Au@Fe3O4 Pt@Fe2O3 AuxPt1-x@Fe2O3 
Particle size measured from 
TEM images 

Au: 9.0 ± 0.7 nm 
Fe3O4: 15.1 ± 1.6 nm 

Pt: 5.6 ± 0.5 nm 
Fe2O3: 12.9 ± 1.6 nm 

AuxPt1-x: 8.0 ± 0.5 nm 
Fe2O3: 16.1 ± 1.3 nm 

Diffractometer 11-BM at the Advanced Photon Source, 
Argonne National Laboratory 

Sample preparation Fine powder in 0.8 mm Kapton tube 
Measuring mode Transmission 
Wavelength / Å 0.413715 
Measuring range 0.5 ≤ 2Θ/° ≤ 46.5; 0.1 ≤ Q·Å ≤ 12.0 
Refinement range 3.3 ≤ 2Θ/° ≤ 40.5; 0.8 ≤ Q·Å ≤ 10.5 
Temperature / K 298 
Profile fit Rietveld refinement according to reported crystal structure models 
Background Chebyshev 
Profile function Fundamental parameters approach 
Program TOPAS Academic V5 
Total No. of parameters / 
Background 

22 / 11 21 / 11 22 / 11 

Rwp 11.4 8.98 11.8 
GoF 1.59 1.82 2.22 
DW 0.40 0.40 0.31 
  
M – Phase   
   Space group Fm-3m 
   Composition Au Pt Au0.73Pt0.27 
   Cell parameters / Å 4.0553(2) 3.8934(1) 4.0111(2) 
   Crystallite size / nm 7.7(1) 8.5(1) 4.8(1) 
   Fraction / %wt 49.6(3) 24.60(1) 32.8(1) 
   Biso 1 (fixed) 1 (fixed) 1 (fixed) 
   Preferred orientation 0.774(2) in (111) -/- 0.711(1) in (111) 
    
FeOx – Phase    
   Space group P4132 
   Cell parameter / Å 8.3709(4) 8.3627(2) 8.3684(3) 
   Crystallite size / nm 18.4(1) 18.4(3) 23.3(7) 
   Fraction / %wt 50.4(3) 75.40(6) 67.2(1) 
   Biso 1 (fixed) 1 (fixed) 1 (fixed) 
   Site occupation factor 8c 1 (fixed) 1 (fixed) 1 (fixed) 
   Site occupation factor 12d 0.99(2) 0.967(2) 0.905(4) 
   Site occupation factor 4a 0.89(5) 0.605(5) 0.602(1) 
   Approx. composition Fe0.733(9)O  

≈ Fe3O4 
Fe0.679(1)O  
≈ Fe2O3 

Fe0.665(2)O  
≈ Fe2O3 

 

 

  

Table S.3: Measurement and refinement parameters of the synchrotron diffraction pattern of Au@Fe3O4  
(see Figure 3.18), Pt@Fe2O3, and AuxPt1-x@Fe2O3 nanoparticles (see Figure 3.33). 
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