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Abstract

Abstract in English: The present work is a contribution to the rapidly evolving

research fields of nano-biotechnology and nanomedicine. Itfocuses on the specific

design of magnetic nanomaterials for different biomedicalareas, ranging from ap-

plication as contrast agents for magnetic resonance imaging (MRI) to "theragnostic"

agents for simultaneous optical/MR detection and treatment via photodynamic ther-

apy (PDT).

A variety of magnetic nanoparticles (NPs) with distinct magnetic properties were

synthesized and thoroughly characterized. Additionally,a whole series of surface

modification strategies were developed to improve both, colloidal and chemical sta-

bility, and thus cope with the respective challenges presented byin vitro andin vivo

application. These strategies involve, not only, the use ofbi-functional and mul-

tifunctional polymeric ligands equipped with catechol anchorgroups for efficient

surface attachment, but also the condensation of suitable silane precursors to create

a robust, inert and hydrophilic silica shell around the magnetic NPs.

More precisely, the formation mechanism and the magnetic properties of monodis-

perse MnO NPs were extensively investigated. Due tor their unique magnetic be-

havior, these NPs serve as (positive) contrast agents to shorten the longitudinal re-

laxation timeT1, which leads to brightening in the corresponding MR image. In

fact, this contrast enhancing potential was confirmed in several studies using differ-

ent surface ligands. Au@MnO "nanoflowers", on the other hand, are representatives
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of another class of nanomaterials that has attracted considerable interest during the

last years and is often termed "nano-hetero-materials". They combine the individ-

ual physical and chemical properties of each component within one nanoparticulate

probe and, hence, increase the diversity of possible applications. Both, magnetic

features of MnO and optical characteristics of Au, offer thepossibility to use these

"nanoflowers" for combined MR and optical imaging. In addition to that, two chem-

ically unique surfaces permit the selective attachment of catechol ligands (on MnO)

and thiol ligands (on Au) at the same time. Furthermore, the therapeutic potential

of magnetic NPs was demonstrated in the case of MnO NPs functionalized with the

photosensitizer protoporphyrin IX (PP). PP initiates the production of highly cyto-

toxic reactive oxygen upon illumination with visible light. We show that kidney

cancer cells incubated with PP-functionalized MnO NPs die after irradiation with

laser light, whereas they remain unharmed, when no laser light was applied. In a

comparable study we investigated the characteristics of silica coated MnO NPs. For

this purpose a novel silica coating procedure was developed, that allows further at-

tachment of various ligands and the incorporation of fluorescent dyes via common

silane sol-gel chemistry. The particles show excellent stability in a whole range of

aqueous solutions, including physiological saline, buffers and human blood serum,

and are less prone to manganese ion leaching compared to simply PEGylated MnO

NPs. Besides, the presence of a thin silica shell on the MnO NP surface does not

change the magnetic properties significantly and, hence, still enables their use as

T1 contrast agents. Finally, we synthesized FePt@MnO nano-hetero-particles that

combine the individual magnetic properties of a ferromagnetic (FePt) and an antifer-

romagnetic (MnO) material. We were able to tune the corresponding particle sizes

and, therefore, the resulting magnetic behavior of the system by adjustment of the

experimental parameters during the synthesis. The magnetic interaction between

both materials can be ascribed to spin communication at the interface between both

types of NPs.

Kurzfassung in Deutsch: Diese Arbeit ist ein Beitrag zu den schnell wach-

senden Forschungsgebieten der Nano-Biotechnologie und Nanomedizin. Sie be-

handelt die spezifische Gestaltung magnetischer Nanomaterialien für verschiedene

biomedizinische Anwendungsgebiete, wie beispielsweise Kontrastmittel für die

magnetische Resonanztomographie (MRT) oder "theragnostische" Agenzien für si-
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multane optische/MR Detektion und Behandlung mittels photodynamischer Thera-

pie (PDT).

Eine Vielzahl magnetischer Nanopartikel (NP) mit unterschiedlichsten magnetis-

chen Eigenschaften wurden im Rahmen dieser Arbeit synthetisiert und erschöpfend

charakterisiert. Darüber hinaus wurde eine ganze Reihe von Oberflächenmodi-

fizierungsstrategien enwickelt, um sowohl die kolloidale als auch die chemische

Stabilität der Partikel zu verbessern, und dadurch den hohen Anforderungen der

in vitro und in vivo Applikation gerecht zu werden. Diese Strategien beinhalteten

nicht nur die Verwendung bi-funktionaller und multifunktioneller Polymerliganden,

sondern auch die Kondensation geeigneter Silanverbindungen, um eine robuste,

chemisch inerte und hydrophile Siliziumdioxid- (SiO2) Schale um die magnetsichen

NP auszubilden.

Genauer gesagt, der Bildungsmechanismus und die magnetischen Eigenschaften

monodisperser MnO NPs wurden ausgiebig untersucht. Aufgrund ihres einzigarti-

gen magnetischen Verhaltens eignen sich diese NPs besonders als (positive) Kon-

trastmittel zur Verkürzung der longitudinalen RelaxationszeitT1, was zu einer Auf-

hellung im entsprechenden MRT-Bild führt. Tatsächlich wurde dieses konrast-

verbessernde Potential in mehreren Studien mit unterschiedlichen Oberflächenli-

ganden bestätigt. Au@MnO "Nanoblumen", auf der anderen Seite, sind Vertreter

einer weiteren Klasse von Nanomaterialien, die in den vergangenen Jahren erhe-

bliches Interesse in der wissenschaftlichen Welt geweckt hat und oft "Nano-hetero-

materialien genannt wird. Solche Nano-hetero-partikel vereinen die individuellen

physikalischen und chemischen Eigenschaften der jeweiligen Komponenten in ei-

nem nanopartikulärem System und erhöhen dadurch die Vielseitigkeit der mögli-

chen Anwendungen. Sowohl die magnetischen Merkmale von MnO, als auch die

optischen Eigenschaften von Au bieten die Möglichkeit, diese "Nanoblumen" für

die kombinierte MRT und optische Bildgebung zu verwenden. Darüber hinaus er-

laubt das Vorliegen zweier chemisch unterschiedlicher Oberflächen die gleichzeit-

ige selektive Anbindung von Katecholliganden (auf MnO) undThiolliganden (auf

Au). Außerdem wurde das therapeutische Potential von magnetischen NPs an-

hand von MnO NPs demonstriert, die mit dem Photosensibilisator Protoporhyrin

IX (PP) funktionalisiert waren. Bei Bestrahlung mit sichtbaren Licht initiert PP die

Produktion von zytotoxischen reaktivem Sauerstoff. Wir zeigen, dass Nierenkreb-
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szellen, die mit PP-funktionaliserten MnO NPs inkubiert wurden nach Bestrahlung

mit Laserlicht verenden, während sie ohne Bestrahlung unverändert bleiben. In

einem ähnlichen Experiment untersuchten wir die Eigenschaften von SiO2 be-

schichteten MnO NPs. Dafür wurde eigens eine neuartige SiO2-Beschichtungsme-

thode entwickelt, die einer nachfolgende weitere Anbindung verschiedenster Lig-

anden und die Einlagerung von Fluoreszenzfarbstoffen durch herkömmliche Silan-

Sol-Gel Chemie erlaubt. Die Partikel zeigten eine ausgezeichnete Stabilität in einer

ganzen Reihe wässriger Lösungen, darunter auch physiologische Kochsalzlösung,

Pufferlösungen und humanes Blutserum, und waren weniger anfällig gegenüber

Mn-Ionenauswaschung als einfache PEGylierte MnO NPs. Des weiteren konnte

bewiesen werden, dass die dünne SiO2 Schicht nur einen geringen Einfluss auf das

magnetische Verhalten der NPs hatte, so dass sie weiterhin als T1-Kontrastmittel

verwendet werden können. Schließlich konnten zusätzlich FePt@MnO NPs her-

gestellt werden, welche die individuellen magnetischen Merkmale eines ferromag-

netischen (FePt) und eines antiferromagnetischen (MnO) Materials vereinen. Wir

zeigen, dass wir die jeweiligen Partikelgrößen, und damit das resultierende mag-

netische Verhalten, durch Veränderung der experimentellen Parameter variieren

können. Die magnetische Wechselwirkung zwischen beiden Materialien kann dabei

auf Spinkommunikation an der Grenzfläche zwischen beiden NP-Sorten zurückge-

führt werden.
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CHAPTER 1

Introduction

The evolution of nanotechnology during the past decades hashad an enormous im-

pact on our modern world. Looking back over major discoveries and taking a look

around today, it is undeniable, that nanotechnology has found its way into our every

day life. Whether it is news reports that warn us of possible health risks ema-

nating from airborne nanoparticles, or newspaper ads and television commercials

that praise car polish, sun screen lotion or tooth paste thathas been improved by

nanoparticles.

Today, the development of nanomaterials has moved beyond the discovery of totally

new materials and compositions. Instead the focus has shifted to the investigation of

more complex, composite systems, in which the recombination of known materials

into structures of higher complexity opens new possibilities of functionality.[1–5]

While scientific diligence of designing new composite or hybrid materials is speed-

ing up, industrial producers have begun merchandising the earliest discovered nano-

materials, and, in fact, are developing novel applicationsfor them to fit the desired

needs. Besides other commercial applications, magnetic nanoparticles (NPs) are in-

tensively being investigated for utilization in many different scientific and industrial

fields, ranging from catalysis to mass data storage.[6, 7]

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

tween nanotechnology, biology and medicine. It has been stated by numerous ex-

perts, that the application of nanotechnology in medicine,which is often referred

to as "nanomedicine", offers many exciting possibilities forhealthcare in the fu-

ture, and may revolutionize the areas of targeted drug delivery, disease detection

and tissue engineering.[8–11] An often used catchphrase inthis context is "therag-

nostics", which, as this word construction implies, comprehends the combination of

both, therapy and diagnostics into one powerful tool. In fact, the concept of using

magnetic nanoparticles to target tumor cells inside the human body, and applying

them to treat cancer, was first conceived in the late 1970’s.[12, 13] The key idea was

to attach common anticancer drugs to small magnetic spheresoutside the body be-

fore administering them to the patient. After injection into the blood stream strong

external magnetic fields should concentrate the drug-loaded particles inside the tu-

mor tissue. The authors predicted that by this approach the drug payload would

be reduced significantly, and thereby the unwanted side effects associated with the

systemic distribution of chemotherapeutic agents, including nausea, hair loss and

compromised immune system could be avoided. Although not yet fully in clinical

use, nanomedicine has come a long way since these initial ideas and is proceeding

with remarkable speed.

The present dissertation is an attempt to contribute to these proceedings by explor-

ing the potential of different magnetic nanomaterials for apossible use in nano-

biotechnology and nanomedicine. It comprises not only state of the art strategies

for the synthesis of magnetic nanoparticles but also different efficient ways to tailor

their surfaces in order to address the difficult requirements of biomedical applica-

tions.

In principle, this doctorate thesis is divided into two parts. In the first part (chap-

ters 2 through 6) basic principles concerning physical properties, synthesis, surface

modification, and biomedical application of magnetic nanoparticles are reviewed.

More precisely:

• Chapter 2 introduces a set of physical phenomena that provide the basis for

the use of magnetic NPs in biotechnology and medicine. It briefly explains

how different processes lead to the evolution of new magnetic properties in

nanoscale materials and, furthermore, focuses on how magnetic NPs can en-

2



hance the contrast in magnetic resonance imaging (MRI).

• Chapter 3surveys the most common synthetic approaches for the preparation

of magnetic NPs and explains the basic physico-chemical laws associated

with the formation of nanocrystals.

• Chapter 4 is devoted to a new class of nanomaterials which has lately re-

ceived considerable attention in the scientific community -nano-hetero-ma-

terials. Different preparation techniques, as well as new physical properties

which arise from the combination of different materials at the nanoscale, are

presented.

• Chapter 5 gives a review of the most applied surface modification strategies

to provide magnetic NPs with a high degree of functionality.It comprises

simple approaches involving the micellar encapsulation ofhydrophobic NPs

with amphphilic molecules, but also more sophisticated procedures, in which

the NPs are coated with specifically tailored multifunctional polymeric lig-

ands.

• Chapter 6 gives an overview of how magnetic NPs behave inside living or-

ganisms. It introduces basic concepts concerning the application of magnetic

NPs in biomedicine and addresses, among other subjects, themost common

design considerations, different delivery processes to designated sites inside

living organisms, and shows how magnetic NPs have improved MRI during

the past years and how they will help to increase the sensitivity and efficiency

of this diagnostic method.

The second part (chapters 7 through 11), on the other hand, demonstrates specific

examples for the concepts introduced in part 1. That means inparticular:

• Chapter 7 illustrates the concepts introduced in chapters 2 and 3 using MnO

nanoparticles as an example. Besides the synthesis and characterization, the

nucleation and growth processes of monodisperse MnO NPs arethoroughly

investigated by different techniques. It reveals that the formation of monodis-

perse MnO NPs can be understood as a process in which, according to the
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LaMer concept, nucleation and growth are separated from each other. More-

over, MnO NPs show an increase in magnetic moment when the particle size

is reduced.[14]

• Chapter 8 on the other hand, addresses several issues of part 1. It is not only

an example for a representative of nano-hetero-particles, the new class of ma-

terials introduced in chapter 4, but it also shows how the individual surfaces

of the materials can selectively be functionalized by different methods men-

tioned in chapter 5. In the present case, Au@MnO "nanoflowers"were gen-

erated by anin situ seed-mediated growth technique and subsequently func-

tionalized with two different ligands, which selectively addressed the Au and

MnO domains, respectively. Additionally, the potential ofthese "nanoflow-

ers" as imaging agents for both, optical imaging and MRI is presented.[15]

• Chapter 9 is a further example for an efficient surface modification strat-

egy (chapter 5) and, in addition to that, demonstrates the use of MnO NPs

as "theragnostic" agents (chapter 6). The NPs were functionalized with hy-

drophilic bi-functional ligand that contained a catechol as anchor group and

protoporphyrin IX (PP) as photosensitizer conjugated via apoly(ethylene gly-

col) (PEG) linker. PP initiates the production of reactive singlet oxygen (1O2),

a molecular entity that is highly toxic for cells, once it is excited with visible

light. We demonstrate that PP-functionalized MnO NPs can induce apoptosis

in kidney cancer cells upon laser illumination, whereas non-irradiated cells

containing MnO-PP NPs show no toxic response. Additionally, by virtue

of their magnetic properties, MnO NPs exhibit a strongT1 contrast in MRI.

Consequently, PP functionalized MnO NPs have a great potential as "therag-

nostic" probes for photodynamic therapy (PDT) and MRI (diagnosis).[16]

• Chapter 10 is a further example for the principles covered in chapter 5 and

6. It reveals how surface modification of MnO NPs with a shell of silica

(MnO@SiO2) can improve the stability of the magnetic NPs in aqueous envi-

ronments. A novel synthetic approach was developed to, not only coat MnO

NPs with a thin and uniform silica shell, but also to permit further functional-

ization with different ligands. The resulting particles exhibit almost unaltered
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magnetic properties compared to "naked" MnO NPs, making themideal can-

didates as MRI contrast agents. Moreover, the use of silica ascoating material

allows the incorporation of fluorescent dyes and, therefore, offers an exten-

sion of their biomedical imaging potential. Additionally,the MnO@SiO2
NPs have a negligible toxic effect on bone marrow-derived dendritic cells

(BMDCs) making them suitable candidates forin vivo applications. Another

interesting feature, that can be attributed to the excellent stability of SiO2,

is the minor liability of MnO@SiO2 NPs towards Mn leaching, compared to

simply PEGylated MnO NPs.

• Chapter 11, on the other hand, illustrates the concepts introduced in chapters

2 and 4. FePt@MnO NPs, as a further example for a nano-hetero-material,

were synthesized with different sizes and morphologies by atwo-step seed-

mediated growth procedure, in which monodisperse FePt NPs acted as seeds

for the nucleation of MnO domains. The size and morphology were control-

lable according to the synthetic principles explained in chapter 4. Further-

more, the spin interactions between two different magneticmaterials sharing

a common interface lead to interesting magnetic properties, e.g. an exchanged

biased magnetic hysteresis.

Finally, chapter 12 summarizes the results of this doctorate work and gives conclu-

sions and an outlook to future projects.
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CHAPTER 2

Nanomagnetism

Magnetic nanoparticles are among the most investigated nanomaterial systems, ow-

ing to the fact that their magnetic properties dramaticallydepend upon their size and

their morphology. Several issues are responsible for theseunique properties: finite-

size effects, which result from the quantum confinement of the electrons inside the

material, and surface effects caused by symmetry breaking of the crystal structure

at the boundaries of the particles.[1–4]

Concerning finite-size effects, the magnetic properties of (ferro-) magnetic nano-

particles are dominated by two key features: (1) The single domain limit and (2) the

superparamagnetic limit, which both lead to individual material-dependent length

scales, i.e. the single domain size and the superparamagnetic size. Both features

will be discussed briefly.

2.1 Single-Domain Limit

A ferromagnetic bulk material usually consists of many separate areas, in which

all magnetic moments of the constituent atoms are pinned in the same direction

(see Figure 2.1). The reason for such an arrangement arises from the fact, that the
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H H H

M M M

Figure 2.1: Illustration of the single domain limit.

magnetostatic energy (∆EMS) of the materials is lowered once a large domain is

broken up into several smaller domains. However, the formation of new domain

walls requires energy (ED), and therefore, there is a size limit, below which the

energy needed for the creation of a smaller domain exceeds the amount of energy

gained from decreasing the magnetostatic energy. Consequently, this means, that

a magnetic nanoparticle with a diameter comparable to, or lower than the size of

the smallest possible magnetic domain, could only consist of a single domain. This

critical diameter (Dc) is dependent on the regarding material, but usually lies inthe

range of a few tens of nm. It can be derived by considering:

∆EMS ≈ ED (2.1)

Since the magnetostatic energy is proportional to the particle volume (i.e.D3), and

the energy density inside a magnetic field followsB2 (and therefore,M2
s ), ∆EMS
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scales withM2
sD

3. On the other hand, the domain wall formation energy is strongly

dependent on the surface area of the domain walls (i.e.D2) and the effective surface

energyγ.[5] This leads to:

M2
sD

3 ≈ γD2 (2.2)

which results in:

Dc ≈
γ

M2
s

≈ 18

√
AexKa

µ0M2
s

(2.3)

in which Aex is the exchange constant,Ka is the anisotropy constant,µ0 is the

vacuum permeability andMs is the saturation magnetization.[3, 6, 7]

2.2 Superparamagnetic Limit

To understand the super-paramagnetic effect the magnetic anisotropy energy per

particle (E(Θ)) which pins the magnetic moments of a single domain particlein a

certain direction, has to be considered.E(Θ) is proportional toKaV (V is the par-

ticle volume), the energy barrier which stops the magnetic moment flipping from

one direction to the opposite.KaV is usually much higher than the thermal energy

kbT , however, with decreasing particle sizeKaV decreases to values equal to, or

below kbT . As a result, the magnetic moments are able to overcome the energy

barrier and freely flip in any direction, i.e. forkbT ≥ KaV the system behaves

like a paramagnet. Since the individual atomic moments add up to one (super) mo-

ment for every particle, this phenomenon is called superparamagnetism. On the

other hand, if the temperature is lowered for a given superparamagnetic particle,

the thermal energy of the particle decreases untilkbT is lower than the energy bar-

rier KaV (kbT ≤ KaV ), i.e. the particle undergoes a magnetic transition from a

super-paramagnetic to a blocked state, in which the magnetic moments cannot flip

freely. The temperature at whichkbT = KaV is therefore called magnetic blocking

temperatureTB.[3, 6, 7]

Experimentally,TB can be determined by measuring the magnetization of a nano-

particle sample versus increasing temperature under an applied external magnetic

field. More precisely, in a so called zero-field-cooled/field-cooled (ZFC/FC) exper-

iment, the sample is first cooled down to a temperature well below the expected
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blocking temperature (usually 5 K). Then, an external field (generally 100 Oe) is

applied and the sample is slowly heated up while simultaneously measuring the

magnetization. Since the particles were "frozen" from room temperature, their mag-

netic moments are distributed homogeneously, and therefore the net magnetization

is zero. However, as the temperature, increases the particles are able to move their

moments in the direction of the external field. As a result, the net magnetization

rises. As mentioned before, aboveTB the thermal energy exceedsKaV , leading to

a decline of the magnetization. As a result, the ZFC curve passes a maximum atTB.

2.3 Surface Effects

Surface effects are directly dependent on the ratio of surface spins to bulk spins.

Therefore, surface effects become more pronounced with increasing surface to vol-

ume ratio, i.e. decreasing particle size. The symmetry breaking at the particle

boundary can lead to variations in the electronic band structure, lattice constant,

and atom coordination and, as a direct result, change the magnetic properties.[6, 7]

Furthermore, surface effects can lead to a decrease of the magnetization of small

particles, for instance ferromagnetic oxide nanoparticles, with respect to the bulk

value. This reduction has been associated with different mechanisms, such as the

existence of a magnetic dead layer on the particle surface, or the existence of canted

surface spins.[2] Additionally, Bødker etal. reported, that the magnetic anisotropy

Ka of iron NPs increases with decreasing particle size, due to ahigher contribu-

tion of the surface anisotropyKaS.[8] As an example, antiferromagnetic NiO and

MnO nanoparticles exhibit increasing net magnetization values and higher mag-

netic blocking temperatures with decreasing particle size, the reason being the larger

number of uncompensated surface spins (see Figure 2.2).[1,9, 10]

2.4 Nanomagnetism in Magnetic Resonance Imaging

(MRI)

Their unique physical properties make magnetic NPs especially appealing for bio-

medical purposes, such as the diagnosis and treatment of diseases or bioanalytical
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size

magnetic moment

uncompensated
surface spins

Figure 2.2: Antiferromagnetic materials have a net magnetization of zero, however,
uncompensated spins on the particle surface contribute to ameasurable magnetic
moment. With decreasing particle size the surface-to-volume ratio increases, which
leads to higher magnetic moments.

processes. However, this section will solely focus on theirutilization as contrast

agents for magnetic resonance imaging (MRI).

MR imaging is one of the most powerful non-invasive imaging techniques in clin-

ical use today.[11–13] Just as NMR spectroscopy, it is basedon measuring the re-

laxation of protons in an external magnetic field after they have been excited with

a radio-frequency pulse. To be more specific, if a strong magnetic field (B0) is

applied, water protons will align along the main field axis and precess with a field-

dependent frequency (the Lamor-frequencyω0). However, they can align either

parallel or anti-parallel to the external field, the latter being energetically a little less

favorable. Therefore, there is a slightly larger number of proton spins pointing in

field (z-) direction, which leads to a measurable longitudinal magnetizationMz (see

Figure 2.3a). Since the energy difference between the parallel and anti-parallel state

depends on the strength of the magnetic field, a higherB0 yields a better signal in-
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tensity. By applying an electromagnetic pulse whose frequency corresponds to the

Lamor frequency, the spins can be tilted from thez-direction into thexy plane (see

Figure 2.3b). As a resultMz becomes zero and a transverse magnetizationMxy

arises. However, this condition is energetically not stable and the system slowly

returns to its initial state.

The process by which this occurs is called relaxation. Basically, there are two dif-

ferent types of relaxation depending on the nature of the corresponding interactions:

• T1: Longitudinal relaxation. After excitation with a 90◦ radio frequency

pulseMz is zero andMxy is maximal (see Figure 2.3c). Over time, the mag-

netization returns to thez-direction andMxy decreases. This process is asso-

B0 Mz

z

yx

z

yx

Mz
Mxy

RF-pulse

T1 Relaxation

T2 Relaxation

M   =xy 0

a

b

c

M =z 0

M =z max

M   =xy max

d

Figure 2.3: (a) Parallel and anti-parallel alignment of proton spins in an external
magnetic fieldB0, (b) by applying a 90◦ RF-pulse the spins are tilted into thexy-
plane, (c)T1 relaxation mechanism: over time, energy is transmitted to the environ-
ment (lattice),Mz increases, (d)T2 relaxation mechanism: dephasing of the spins
leads to depletion ofMxy.[11]
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ciated with a release of energy to the environment (the "lattice"), therefore,

it is also calledspin-lattice(or longitudinal) relaxation. The time constant,

at which the energy is depleted (andMz increases)T1, depends on different

factors, includingB0, or the nature of the observed tissue.[11, 13]

• T2: Transverse relaxation. The loss of the transverse magnetizationMxy

is also associated with a dephasing of the spins precessing in thexy-plane

(see Figure 2.3d). Directly after excitation all spins are in phase andMxy is

maximal. In principle, two components determine the dephasing process: On

the one hand, an energy exchange between the spins induced bylocal mag-

netic field interferences among the spins themselves (spin-spinor transverse

relaxation), leads to a faster and slower precession in thexy-plane. The time

constantT2, with whichMxy is depleted is therefore independent ofB0. On

the other hand, inhomogeneities of the external magnetic field, arising from

the magnetic coils of the MRI scanner itself or the body of the patient, lead

to an additional dephasing and a faster decay ofMxy with a time constant

T ∗
2 .[11–13]

The contrast in MR images is mainly determined by three different features: the

proton density, theT1 time and theT2 time of the regarding tissue. While the proton

density is given by the chemical and physical nature of the tissue, the use of contrast

agents can greatly enhance bothT1 andT2 contrast. Basically it is desired to shorten

the relaxation times because this leads to a greater difference in signal intensity and

thus to a better contrast in the MR image. Figure 2.4 demonstrates the basic princi-

ples of contrast enhancement. InT1-weighted images, the signal intensity relies on

how fastMz is restored. Curve A in Figure 2.4a shows the normalT1 relaxation of a

tissue without a contrast agent. After a certain time periodt′ the longitudinal mag-

netization has recovered to a valueM
′

z. Curve B corresponds to aT1 relaxation of

the same tissue but using a suitable contrast agent. After the same time period more

longitudinal magnetization (M
′′

z ) is restored, and sinceM
′′

z > M
′

z more intensity is

measured in the scanner. Therefore,T1 enhancement leads to a brighter (positive)

contrast in the image. On the other hand, inT2-weighted images the signal intensity

is determined byMxy. Curve A in Figure 2.4b shows the originalT2 relaxation of a

tissue. After a timet′ the transverse magnetization has dropped to a valueM
′

xy. By
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Figure 2.4: (a) Evolution of longitudinal magnetizationMz over time: A without, B
with T1 contrast agent, (b) evolution of the transverse magnetizationMxy, A without
and B withT2 contrast agent.

use of a contrast agent the relaxation is accelerated (curveB) and aftert the in-plane

magnetization isM
′′

xy. SinceM
′′

xy < M
′

xy, the area in the concerning image appears

darker (negative contrast).

In general, the effect of MRI contrast agents is based on influencing the reso-

nance properties of the tissue by changing the local magnetic field inside the body.

This change depends on interactions between the protons of the tissue (water, fat,

proteins) and the unpaired electrons, and therefore, the magnetic moment of the

contrast agent. Consequently, most commercially availablecontrast agents con-

sist of paramagnetic substances with a high number of unpaired electrons and high

magnetic moment (e.g. solutions of metal ions, like Gd3+, Mn2+ or Fe3+). Super-

paramagnetic nanoparticles (see section 2.2) have a much higher magnetic moment

(compared to free ions 100-10,000-fold), making them promising candidates for

contrast enhancing purposes. In fact, iron oxide NPs are already in clinical use as
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T2 contrast agents.[11]

Unlike X-ray contrast agents for computer tomography, thatrely on the direct ab-

sorption of X-ray radiation, the effect of (super)paramagnetic substances in MRI

is oblique. For example, paramagneticT1 contrast agents withdraw the excess en-

ergy after proton excitation, and hence, lead to a faster recovery ofMz (see above).

However, this effect is strongly related to the ability of water molecules to enter the

periphery of the agent. The impact ofT2 agents, on the other hand, arises from the

creation of local magnetic fields, which results in increased field-fluctuations, and

thus in a faster dephasing of the in-plane spins. As a consequence,T2 agents need

to have a much larger magnetic moment thanT1 agents. The measure, by which

the performance of MRI contrast agents is evaluated, is called relaxivity (r1 = 1/T1

andr2 = 1/T2, per mol of agent). Additionally, the ratio ofT2 to T1 relaxivity

(r2/r1-ratio) can also be used to estimate the contrast enhancing potential (e.g.T1

agents require a lowr2/r1 ratio, whereas forT2 agents it should be large). The de-

gree of performance is strongly dependent on the size, size distribution, composition

and crystallinity of the NPs.[14–16] As already stated in the previous sections the

particle size and composition mainly determines the magnetization and, therefore,

a narrow size distribution is necessary to efficiently exploit the magnetic proper-

ties for MRI. Furthermore, it was shown by Weller and coworkers, that the surface

characteristics of magnetic NPs (i.e. nature of surface ligands, degree of ligand

loading) also play a crucial role for the MRI contrast enhancing abilities.[17] The

authors demonstrated that the transverse relaxivity, in particularr∗2, is greatly higher

for micellar coated compared to polymer-functionalized particles using same-sized

nanoparticles.

Although superparamagnetic iron oxide NPs (SPIONs) show a strong T2 effect,

there are numerous reports in which they can also be applied as effective agents

for the shortening of theT1 relaxation time, either by applying special measure-

ment techniques, by reducing the particle diameter, and thus the magnetic moment,

or by labeling Fe3O4 NPs with Gd-complexes.[18–21] Apart from iron oxide NPs,

other nanomaterials are also objects of increasing scientific interest as MRI contrast

agents. In this respect, gadolinium-based NPs have been extensively investigated as

positive (T1) contrast agents. [22–30] However, superparamagnetic MnOnanopar-

ticles have recently attracted considerable attention as positive (T1) contrast agents
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(see also section 6.4).[31–36]
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CHAPTER 3

Synthesis of Magnetic NPs

For more than 30 years, the preparation of nanocrystals, i.e. crystalline materials

with dimensions in the range between 1-100 nm, has been intensively investigated,

not only for their fundamental scientific interest, but alsofor their many possible

technological applications. As mentioned in chapter 2, nanomaterials exhibit phys-

ical and chemical properties, that are quite different fromtheir bulk counterparts.

However, since these properties are strongly dependent on the dimensions of the

nanocrystals, the synthesis of uniformly-sized NPs (i.e. monodisperse with a stan-

dard deviation of the size distributionσ ≤ 5%) is of key importance. Especially,

nanocrystals composed of semiconductor (so called quantumdots (QDs)) or mag-

netic materials have attracted considerable interest, in this respect. For applica-

tions in optical devices, size uniformity of the QDs is critical for achieving a sharp

colored emission at a specific wavelength. On the other hand,monodisperse mag-

netic nanocrystals are essential for next-generation multiterabite (Tbit in−2) mag-

netic storage media.[1–5]

In principle, there are two major approaches for the preparation of nanomaterials.

The first one is based on physical methods to break down a bulk material, until the

crystallite size reaches nano-dimensions.[6, 7] Therefore, it is generally referred to

as "top-down" approach. The second strategy is based on the atomic assembly of
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Chapter 3. Synthesis of Magnetic NPs

Figure 3.1: Illustration of the "top-down" and "bottom-up" approaches.

individual elements to create nanoparticles of the desiredmaterial, hence the name

"bottom-up" approach (see Figure 3.1). For industrial, and other large-scale produc-

tion pathways, physical "top-down" methods are beneficial, since they guarantee the

preparation of large quantities of NPs in a short time. The major drawback, how-

ever, is the poor control over size, size distribution, and morphology of the result-

ing particles.[5, 8–10] A better control is achieved by solution-based "bottom-up"

strategies, although the yields are comparably low. Since the research interest in the

development of magnetic nanomaterials for biomedical applications is focused on

nanoparticles with homogeneous size distribution and morphology, only solution-

based "bottom-up" methods will be considered in the following.

As magnetic nanoparticles have played a major role in materials research over the

past decades, numerous strategies have been developed to synthesize them with dif-

ferent compositions and homogeneous size distributions. The most favorable syn-

thetic approaches usually comprise co-precipitation, hydrothermal synthesis, syn-

thesis in (reverse) micelles, and thermal decomposition and/or reduction of appro-

priate metal-organic precursors. Simple metal nanoparticles such as iron,[11–13]

cobalt[14] and nickel,[15] as well as metal oxides, like Fe3O4,[16–18]γ-Fe2O3,[11]

MnO,[19–25] Mn3O4,[26] CoO,[27–30] or NiO,[31, 32] mixed metal oxides with

spinel-type structure, such asMFe2O4 (M = Mn, Co, Zn),[16, 33–35] or inter-

metallics such as FePt,[36–41] NiPt,[42, 43] and CoPt3[44, 45] have been prepared

by these methods.
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Figure 3.2: LaMer plot illustrating the separation of nucleation and growth dur-
ing the synthesis of monodisperse NPs.S andSc are supersaturation and critical
supersaturation, respectively.

3.1 General Considerations

A key issue for the preparation of monodisperse magnetic nanoparticles is to un-

derstand the basic formation mechanism of nanocrystals in solution. It is in fact

surprising, that, although many different synthetic strategies are known today (see

above), the comprehensive understanding of nanoparticle generation is still very

limited. However, the main factors that determine this process, i.e. nucleation and

growth, will be discussed briefly. [23, 46]

The first research efforts associated with the formation of monodisperse colloidal

particles were carried out in the 1940’s. LaMer and coworkers revealed, that a short

nucleation burst followed by slow controlled growth, without further nucleation, is

essential to produce colloids with a narrow size distribution.[47, 48] Although this

model was actually developed for sulfur hydrosols and oil aerosols, it can easily be
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transferred to nanoparticulate systems. According to the LaMer model, the whole

nucleation and growth process can be divided into three phases (see Figure 3.2). In

the first phase, the monomer concentration increases gradually until it reaches the

point of supersaturation (S). If no seeds (like dust particles or small crystallites) are

present, which would initiate heterogeneous nucleation, only homogeneous nucle-

ation is possible. However, since the energy barrier for theinitiation of a homoge-

neous nucleation event is considerably high, the monomer concentration can further

increase (phase II). The energy barrier can be expressed as the Gibbs free energy of

spherical crystal formation with radiusr:

∆GK = 4πr2γ +
4

3
πr3∆Gν (3.1)

Herein,γ is the surface free energy per unit area and∆Gν is the change of free lat-

tice energy during the generation of the crystallites. Since γ is always positive and

∆Gν is negative, a plot of∆GK versusr passes a maximum at the critical radiusrc

(see Figure 3.3). Forr ≤ rc the nucleus is too small and will dissolve away. Only

for r ≥ rc the formed nucleus is stable and able to grow.

The requirements for homogeneous nucleation to occur can bederived by calcu-

lating the critical radius:
∂(∆GK)

∂r
= 0 (3.2)

considering∆GK = (−RT lnS)/Vm with supersaturationS andVm being the molar

volume of the bulk crystal, this leads to:

rc =
−2γ

∆Gν

=
2γVm

RT lnS
(3.3)

As a consequence, equation 3.3 emphasizes the necessary condition for the initia-

tion of homogeneous nucleation, without premature heterogeneous nucleation tak-

ing place: only ifS is sufficiently high,rc will be small enough, so that the system

can surmount the energy barrier for spontaneous homogeneous nucleation.[49] In

phase II, the supersaturation finally reaches a critical value (Sc), which means that

the system contains enough energy to overcome the energy barrier (see Figure 3.2

and Figure 3.3). Therefore, homogeneous nucleation throughout the entire reaction

solution can take place any time. The critical free energy (∆GKc) needed to create
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Figure 3.3: Plot of the Gibbs free energy for crystal formation (∆GK) versus the
nuclei radius (r). Since the surface free energy term scales withr2 and the free lat-
tice energy term scales with−r3, ∆GK passes a maximum with the corresponding
critical radiusrc.

a stable nucleus can be obtained by combining equations 3.1 and 3.3:

∆GKc =
16πγ3

3(∆Gν)2
=

16πγ3V 2
m

3(RT lnS)2
(3.4)

Eventually, a large number of nuclei are formed simultaneously in a process, that

can best be described as a nucleation "burst". As a consequence, the monomer con-

centration drops drastically below a point where no furthernucleation is possible.

The rate dN/dt, at which these nuclei are formed, can be expressed in an Arrhenius

form:
dN
dt

= Aexp

[

−∆GKc

kT

]

= Aexp

[

16πγ3V 2
m

3(kT )3(NAlnS)2

]

(3.5)
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Finally, in phase III, all nuclei grow at the same time, and, since their growth histo-

ries are identical, the NPs will end up having an exceptionally narrow size distribu-

tion.

However, it should be noted at this point, that this theory has been derived for mi-

croparticle systems and, although it is feasible to apply most of these considerations

to nanoparticle models, caution must be taken and the statements must be judged

critically, since the surface free energyγ is much higher in this size range, and there-

fore, cannot be considered to be constant.[50] In fact, the high ratio of surface atoms

to bulk atoms in small NPs leads to a extremely high driving force of these particles

to minimize the surface energy, which, consequently, results in uncontrolled growth

and particle agglomeration.

The most common techniques to prevent these unwanted features use surfactant

molecules to stabilize even the smallest NPs in solution. These molecules usually

consist of a long hydrophobic hydrocarbon chain with a functional end group, that

strongly attaches onto the surface of the regarding nanomaterial. Typical functional

endgroups include phosphines, amines, thiols and carboxylates, and, as a result, a

hydrophobic shell is formed around each particle, providing, not only, protection

against oxidation, but also long-term stability in non-polar solvents.[3, 8, 16, 22,

51, 52]

3.2 Co-Precipitation

One of the most preferred methods to produce magnetite (Fe3O4), maghemite (γ-

Fe2O3), and mixed ferrite (MFe2O4) nanoparticles is the co-precipitation of

iron(II)-, iron(III), and other metal (M (II)) salts (e.g. chlorides, sulfates, nitrates)

in aqueous solution by addition of a base (see Figure 3.4).[8, 55–57] The products

of co-precipitation reactions, especially those performed at or near room temper-

ature, are usually poorly crystalline, or even completely amorphous, requiring a

subsequent annealing step, which makes particle agglomeration unavoidable. On

the other hand, conducting the co-precipitation reaction at higher temperatures (50-

100◦C) automatically leads to condensation of the precipitated metal hydroxides to

form crystalline metal oxides.[53, 58] Depending on the metals salts used as start-

ing materials, temperature, the Fe2+/Fe3+ ratio and the pH, particles of different
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a b

c
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Figure 3.4: Magnetic NPs synthesized by the co-precipitation of metal salts in ba-
sic aqueous solution. (a) Mn-ferrite NPs.[53] (b) Co-ferrite NPs.[54] (c) Fe3O4

NPs.[55]

size, morphology, and composition can be produced in a highly reproducible fash-

ion. Since Fe3O4 nanoparticles are subject to oxidation and dissolution in aqueous

environment, controlled oxidation to the more stable maghemite (γ-Fe2O3) is often

conducted as a follow-up step during nanoparticle synthesis. A better dispersibility

in water can be obtained by subsequent acidification of the particle surface with

nitric acid or by addition of tartrate ions, making the NPs stable in acidic and ba-

sic media over long periods of time.[54] The major advantages of this method are,

once all parameters are set, the high reproducibility and high yields that can easily

exceed multi kilogram amounts. Therefore, it is especiallyinteresting for industrial

scale applications.[9]

The major drawback, however, is a poor control of the size distribution. Since mag-

netization and blocking temperature strongly depend on nanoparticle size, a narrow

size distribution is essential to fully exploit these properties in subsequent appli-

cations. Partial control over the size distribution can be achieved by addition of

organic stabilizing agents, like polyvinyl pyrrolidone (PVP) or polyvinyl alcohol
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(PVA), which cover the surface of the nanoparticles during the synthesis. Other au-

thors have reported that the use of various organic salts like sodium citrate or tartrate

can control the dispersity of the product (see Figure 3.4b).[54] The effects of several

organic anions, such as carboxylate and hydroxy carboxylate ions, on the formation

of iron oxides or oxyhydroxides have been studied extensively.[59] However, oleic

acid is by far the most often used stabilizing agent for magnetic NPs.[60, 61]

3.3 Solvothermal/Hydrothermal Synthesis

a b

c d

100 nm

Figure 3.5: Magnetic NPs synthesized by hydro-/solvothermal reaction. (a)γ-
Fe2O3 nanoplates synthesized from iron nitrate precursors in ethanol[62], (b)
Mn3O4 NPs prepared from KMnO4 in ethanol/water[63], (c) ZnFe2O4 NPs syn-
thesized from zinc granules and ferric chloride in aqueous ammonia[64] and nearly
monodisperse NiFe2O4 NPs prepared from the metal nitrates at a water-toluene in-
terface with oleic acid as capping agent.[65]
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Solvothermal/hydrothermal strategies have been used to produce a large variety

of nanomaterials.[62–69] The key idea behind these processes is to bring the reac-

tion mixture to temperatures well above the boiling point ofthe respective solvent.

This is achieved by placing the mixture inside a sealed high-pressure reaction ves-

sel (autoclave). In some cases the solvent is heated above its critical point, where

it becomes a supercritical fluid. Supercritical fluids exhibit very high viscosities

and are able to dissolve compounds that have a very low solubility under ambient

conditions.[66] However, in most cases it is not necessary to heat the solvent above

its critical point, because the solubility and reactivity of metal salts and complexes

is high enough, even under more moderate subcritical conditions. In any event,

solvothermal processing allows many inorganic materials to be prepared at temper-

atures well below those required by traditional solid-state reactions. Similar to the

co-precipitation process, the addition of stabilizing molecules can control the parti-

cle morphology and significantly narrow the size distribution. The main advantage

compared to other "low-temperature" procedures, like co-precipitation and sol-gel

processing, are the very high crystallinity of the resulting nanomaterials. Detailed

descriptions of the theory of solvothermal/hydrothermal processes can be found in

recent review articles.[10, 66, 67, 70–72]

The solvothermal synthesis of magnetic metal oxide nanoparticles can be performed

starting from different metal precursors. Fe3O4 nanoparticles with tunable sizes

were prepared under hydrothermal conditions using FeCl2×4H2O and ammonia.

Here, the size of the NPs could be controlled by variation of the reaction condi-

tions.[73] On the other hand, Lu etal.[62] reported the solvothermal synthesis of

nearly monodisperseγ-Fe2O3 nanoplates (see Figure 3.5a) by reacting a solution

of Fe(NO3)3×9H2O in absolute ethanol with PVP as stabilizing agent at 240◦C.

Furthermore, monodisperse NPs ofMFe2O4 (M = Ni, Co, Mn) andγ-Fe2O3 were

obtained at the water/toluene interface under conventional and microwave-assisted

hydrothermal conditions using metal nitrates and chlorides and oleic acid as cap-

ping agent (see Figure 3.5d).[65] Monodisperse magnetite nanoparticles with an

average size of 39 nm were synthesized by co-precipitation of ferrous Fe2+ and

ferric Fe3+ ions in water with tetramethylammonium hydroxide (N(CH3)4OH) at

70 ◦C followed by hydrothermal treatment at 250◦C.[68] The use of hydrother-

mal techniques also allows the formation of unusual morphologies. Nanorings of
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α-Fe2O3, γ-Fe2O3 and Fe3O4 were prepared by hydrothermal treatment of FeCl3

with certain additives, like Na2HPO4 and Na2SO4, at 220◦C. The preformedα-

Fe2O3 nanorings could easily be converted intoγ-Fe2O3 and Fe3O4 by reduction

in a hydrogen/argon atmosphere.[69] As a further example, larger nanoparticles of

hausmannite (Mn3O4) and nanorods of manganese oxidehydroxide (MnOOH) were

synthesized using KMnO4 as precursor in a solution of water and ethanol (see Fig-

ure 3.5b).[53, 54, 58, 63, 69, 74–76] Among the metal complexes cupferronates

are the most frequently used compounds. Ghosh etal.[32] reported the successful

synthesis of 6-14 nm MnO and NiO nanoparticles by decomposing manganese cup-

ferronate Mn(C6H5N2O2)2 and nickel cupferronate Ni(C6H5N2O2)2 in the presence

of trioctylphosphine oxide (TOPO) as capping agent under solvothermal conditions.

3.4 Preparation within Micelles

Another strategy, that is often applied for the synthesis ofmagnetic nanoparticles,

uses micelles as "nanoreactors" in (reverse) microemulsions. By definition, and in

contrast to conventional emulsions, microemulsions are thermodynamically stable

isotropic dispersions of two immiscible liquids, in which amono-layered film of

surfactant molecules stabilizes each microdomain of both liquids.[77–79] A special

kind of dispersion is the water-in-oil microemulsion, where the aqueous phase is

dispersed as microdroplets (typically 1-50 nm in diameter)in a non-polar hydrocar-

bon phase (e.g. cyclohexane).

As shown in Figure 3.6, the aqueous droplets themselves are surrounded by a stabi-

lizing monolayer of surfactant molecules. Since the size and size distribution of the

synthesized nanoparticles strongly depends on the diameter of the micelles, efficient

control over the micelle radius is crucial to obtain high quality nanocrystals. It has

been shown in the past, that the size of the reverse microdroplets can be adjusted by

varying the molar ratio of water to surfactant:[80]

ω0 = [H2O]/[S] (3.6)
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N
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Br

SO3 Na
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b

D MeOH

Figure 3.6: (a) Different surfactant molecules, such as SDSor CTAB can be used
for the formation of reverse microemulsions. (b) Reaction scheme for the synthesis
of NPs inside the micelles of a water-in-oil microemulsion.The micelles act as
spatially confined "nanoreactors" in which the NPs are generated. Metal precursors
(grey) are reduced by suitable reducing agents (red) at elevated temperatures. The
micelles are subsequently disrupted by addition of polar solvents, such as methanol,
after which the NPs can be collected by centrifugation.

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

celle, given by:

V =
4πR3

M

3
= [S]VS + [H2O]VW (3.7)

in which,VS andVW are the volumes of surfactant and water, respectively. Conver-

sion of equations 3.6 and 3.7 gives:

RM =
3VS

ΣS

+
3VWω0

ΣS

(3.8)
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a b

dc

50 nm

Figure 3.7: Magnetic NPs synthesized using micelles as "nanoreactors". (a)fcc Ni
NPs prepared by reduction of nickel(II) chloride with hydrazine using a water-in-oil
microemulsion of water/CTAB/n-hexanol [81], (b) CoCrFeO4 NPs synthesized in
a water/NaDBS/toluene reverse microemulsion using CoCl2×6H2O, CrCl3×6H2O
and Fe(NO3)3×9H2O [82], (c) Fe3O4 NPs prepared in water/NaDBS/xylene with
FeCl2×4H2O and Fe(NO3)3×9H2O [83] and manganese-based nanoscale metal-
organic frameworks coated with silica prepared through a combination of reverse
microemulsion and microwave assisted techniques. [84]

Herein,ΣS is the effective surface area of the surfactant-terminatedmicelle. With

equation 3.8 a straight proportional relationship betweenthe effective micelle radius

RM and the molar water-to-surfactant ratioω0 is evident. With this understanding,

a precise control of the micelle size is possible.

In a stirred reverse microemulsion the micelles continuously collide, fuse, and

break up again. Therefore, a reaction system containing twoor more precursors

in individual aqueous droplets will eventually lead to intimate mixing of the reac-

tants and initiation of the reaction.[85] The nanoparticleformation itself is usually

conducted at room temperature, but it can also be accelerated by heating the or-
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ganic solvent to reflux.[81] After completion, the product can be isolated by break-

ing up the micelles with different solvents such as methanolor acetone followed

by filtration or centrifugation. Commonly used surfactant molecules are either

ionic, like cetyltrimethylammonium bromide (CTAB) or sodiumdodecylbenzene-

sulfonate (NaDBS), or non-ionic, like Igepal CO-520 or Triton-X 100. In some

cases an additional co-surfactant is also applied.

A vast variety of different nanoparticles have been synthesized using (reverse) mi-

celles, ranging from metallic or intermetallic materials to quaternary metal oxides.

Microemulsions, consisting of octane and hydrazine as reducing agent in water,

with CTAB as surfactant and 1-hexanol as co-surfactant, wereemployed to create

fcc-structured nickel nanoparticles (see Figure 3.7a).[81] Additionally, the large-

scale synthesis of uniform magnetite (Fe3O4) nanoparticles was achieved by precip-

itation from ethanolic FeCl2/Fe(NO3)3 solution in xylene with NaDBS under reflux

conditions (see Figure 3.7c).[83] Ternary 3d metal oxides,MFe2O4 (M = Mn, Co,

Ni, Cu, Zn, Mg, or Cd, etc.), of the spinel structure are among the most impor-

tant magnetic nanomaterials and have been widely used for various applications.

A common approach for the synthesis of spinel ferrites comprises the combination

of aqueous solutions of metal nitrates (e.g. Mn(NO3)2 and Fe(NO3)3) in toluene

with NaDBS as surfactant,[86] and, as mentioned before, the average size of the

resulting nanoparticles can be controlled by adjusting themolar ratio of water to

surfactant. As shown in Figure 3.7b, even more complex metaloxide systems, like

the quaternary CoCrFeO4 could be synthesized by a similar approach using aque-

ous solutions of CoCl2, CrCl3 and Fe(NO3)3 in toluene with NaDBS.[82] A more

exotic example was given by Xu etal., who prepared BaFe12O19 nanocrystals in a

microemulsion system consisting of CTAC, n-hexanol, water and cyclohexanol with

(NH4)2CO3 and NH4OH as precipitants.[87] In contrast to that, a combination of

reverse microemulsion and microwave assisted synthesis was recently used to pro-

duce manganese-based nanoscale metal-organic frameworks, which show promis-

ing properties for magnetic resonance imaging (MRI) (see Figure 3.7d).[84]
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a bb

bc

30 nm

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

3.5 Thermal Decomposition and/or Reduction

The by far best results, for the reproducible synthesis of highly crystalline magnetic

nanoparticles with a narrow size distribution, are obtained when metal-organic pre-

cursors are decomposed or metal salts are reduced in high-boiling non-polar sol-

vents and in the presence of surfactant molecules. The key issue for the production

of monodisperse nanoparticles, the separation of nucleation and growth according

to the LaMer concept (see section 3.1),[47] can easily be achieved by controlling the

basic experimental parameters like reaction temperature,heating time, heating rate,

and concentrations of precursors and surfactants.[3] The required short nucleation

burst can basically be initiated in two ways: either by injecting a cold precursor
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solution into a hot mixture of solvent and surfactants, or byheating up a mixture of

all components at the same time in a controlled fashion. The first method is based

on the simultaneous formation of many nuclei when the precursor is injected.[89]

In the second procedure, all reactants are mixed at room temperature and subse-

quently heated at a well defined heating rate, until the decomposition temperature

of the precursor is reached. A typical laboratory set-up forthe synthesis of monodis-

perse NPs is illustrated in Figure 3.8. Fortunately, this decomposition does not nec-

essarily lead to the formation of nuclei, because a precise separation of nucleation

and growth would be difficult, if not impossible. In some cases, the degradation of

the precursor molecules rather leads to the formation of molecular clusters, that can

be viewed as monomers for the generation of NPs. As the temperature rises, the

concentration of these clusters increases until it reachesa critical point of supersat-

uration (see section 3.1). As a result, a large number of nuclei are formed, how-

ever, since the temperature only increases slowly, no considerable growth occurs.

Once the reaction mixture has reached a temperature that allows sufficient growth,

all particles grow at the same leading to a homogeneous size distribution.[90] In

most cases particle growth can be stopped by rapidly reducing the temperature. For

nanoparticles synthesized in this way the standard deviation of the size distribution

(σ) is usually around 10%, however, further size selection techniques, like repetitive

precipitation, can lowerσ below 5%.[3, 90, 91] Some of the most popular precur-

sors and additives for the synthesis of magnetic nanoparticles will be discussed in

the following.

Among magnetic nanomaterials, metallic NPs show higher magnetization values

than metal oxides. For the synthesis of metal NPs, zero-valent precursors, such as

metal carbonyls are preferably used.[11, 92, 93] Fatty acids, long chain amines and

thiols are generally used as surfactants to stabilize the as-prepared particles from ox-

idation and agglomeration.[35, 94, 95] For instance, Alivisatos etal.[96] were able

to prepare monodisperseǫ-Co nanoparticles by rapid pyrolysis of dicobalt octacar-

bonyl ([Co2(CO)8]) in the presence of a surfactant mixture containing oleic acid,

lauric acid, and trioctylphosphine. The size of the particles could be controlled

from 3-17 nm by adjusting the precursor/surfactant ratio, the temperature and the

injection time. In fact, iron NPs were prepared by a similar method.[12] On the

other hand, the reduction of metal salts with suitable reducing agents, like hydrides
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or alcohols, can also lead to the formation of metal nanoparticles. Sun and Murray

were among the first to synthesize metallic nanoparticles bya variety of methods,

e.g. ǫ-Co NPs by injecting superhydride (LiBEt3H) into a hot solution of CoCl2
in octyl ether with oleic acid and trialkylphosphines as surfactants.[97] The size of

the particles could be controlled by varying the chain length of the alkyl group in

the trialkylphosphines. However, one of the most cited approaches for the synthesis

of intermetallic NPs, is the preparation of monodisperse FePt NPs and their self-

assembly into two- and three-dimensional superlattices (see Figure 3.9).

Precursors with cationic metal centers are preferably usedfor the synthesis of

magnetic metal oxide nanoparticles. Yet, the preparation of metal nanoparticles fol-

lowed by mild oxidation is also applied in some cases. For instance, monodisperse

maghemite nanoparticles have been synthesized by injecting iron pentacarbonyl

(Fe(CO)5) into a hot solution of oleic acid, oleylamine and 1,2-hexadecandiol in

octyl ether. The initially formed Fe nanoparticles were subsequently oxidized by

addition of trimethylamine oxide ((CH3)3NO) as mild oxidant.[11] However, metal

organic compounds, such as formates,[21] acetates,[20] and acetylacetonates[19]

Figure 3.9: (A) and (B) TEM images of three-dimensional assemblies of 6 nm
as-synthesized Fe50Pt50 NPs. (C) HRSEM image of a≈ 180 nm thick layer of as-
sembled 4 nm Fe52Pt48 nanocrystals. (D) HRTEM image of 4 nm Fe52Pt48 NPs.[36]
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have evolved as the most common precursors for the preparation of metal oxide

particles.

Inspired by the idea, that during the heating procedure a complex of the metal ion

and the surfactant is formed, a new strategy was recently proposed.[22, 25, 35] By

directly using a pre-prepared metal-surfactant complex, amuch better control over

the reaction process was obtained. In this way, highly crystalline nanoparticles of

different metal oxides with exceptionally narrow size distribution (σ ≤ 5%) were

synthesized. As an example, Figure 3.10 shows monodispersemanganese oxide

(MnO) NPs synthesized by decomposition of a manganese oleate precursor in 1-

octadecene. Due to their exceptionally narrow size distribution they self-assemble

to form two-dimensional and even three-dimensional superlattices.

20nm

a

20nm

b

Figure 3.10: (a) Two- and (b) three-dimensional superlattices of monodisperse MnO
NPs. the NPs were prepared by the decomposition of Mn oleate in 1-octadecene.
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CHAPTER 4

Colloidal Nano-hetero-Structures

One of the most exciting aspects of nanoparticle synthesis is the possibility to ex-

pand the preparation techniques from single-component NPsto multi-component

hybrid nano-hetero-structures consisting of several individual domains.[1]Com-

bining different materials on a nanometer length scale opens numerous new oppor-

tunities, e.g. the realization of multifunctionality, thecombination/enhancement of

individual physical and chemical properties, or the presence of separately address-

able surfaces, and therefore, directed self-assembly by binding different ligands to

the concerning surfaces. As an example, alternating nanoscale layers of metal and

magnetic domains gave rise to giant magnetoresistance (GMR), a property which is

now intensively employed in hard disk drive read heads.[2] Therefore, integrating

separate, intrinsically different, functionalities represents a exceedingly powerful

way to create novel functional materials with convergent properties found in neither

of the constituents.
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4.1 Synthesis of Colloidal Nano-hetero-Particles

There are many different ways to prepare nano-hetero-structures, including seed

mediated growth or heat-induced phase segregation. However, herein the focus will

be devoted to the formation of nano-hetero-particles through heterogeneous nucle-

ation on suitable seeds. Generally, there are two differentapproaches to prepare

these structures in solution:

• (1) either by a two-step technique, where one of the components is prepared

separately in advance and acts as seed material for the nucleation of the sec-

ond constituent in a second reaction step, or

• (2) by a one-step method, in which the seeds of the first component are gen-

eratedin situ followed by seed-mediated nucleation of the second material in

the same reaction solution.[3]

Dimer Core-
Shell

Multi-mer

Figure 4.1: By tuning the reaction conditions different morphologies of colloidal
nano-hetero-particles are possible.

However, the first technique is the most often applied approach. A variety of dif-

ferenthetero-morphologies is obtainable with these techniques. Depending on the

lattice match and the interfacial energy of the regarding materials the achievable

shapes range from symmetric core-shell NPs to non-symmetric hetero-dimers, and

other multicomponenthetero-structures (see Figure 4.1). Although it is generally
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{111} Au

MnO

{100}

{111}

(a) (b)

Figure 4.2: (a) The different crystal faces on a Au NP. (b) Epitaxial relationship
between Au and MnO along the{111} direction.

possible to create nano-hetero-particles with a considerable lattice mismatch be-

tween the individual constituents, the combination of two materials with sufficient

matching of the latticed-spacing is definitely preferred. As an example, Figure 4.2

displays the crystallographic relationship between Au andMnO. Basically, a Au

seed particle exhibits definite crystal faces on which a nucleation of MnO can oc-

cur, however, only faces with matchingd-spacing permit the formation and epitaxial

growth of a MnO domain. In the case of Au@MnO, the distance between the{111}
lattice planes are similar in both materials, allowing nucleation and growth in the

corresponding crystallographic direction.

A successful preparation of nano-hetero-particles depends substantially on promot-

ing heterogeneous nucleation while at the same time suppressing homogeneous nu-

cleation, since the latter would lead to the formation of separate NPs. Suppression

of homogeneous nucleation can be obtained by keeping the precursor concentra-

tion under the critical supersaturation value (see section3.1). This can be achieved

by precise control of the precursor ratio, amount of seed particles and the heating

profile. Although the exact mechanisms are not yet fully understood, it has to be

estimated that an approximate matching between the crystallattices of the individ-

ual constituents is necessary to ensure epitaxial growth ofthe second component.

Furthermore, the seed particles can act as catalysts for thegrowth of the second
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Figure 4.3: TEM images of (a) 3-14 nm and (b) 8-14 nm Au@Fe3O4 nano-hetero-
dimers. The HRTEM image in the sinset of (a) demonstraties the coherent interface
between Au and Fe3O4.[5]

domain when a transfer of electron density to the newly nucleated components is

involved, because in this case, the energy for heterogeneous nucleation is lowered.

The general prerequisites and possible reaction pathways leading to colloidal nano-

hetero-particles are depicted in Figures 4.4 and 4.6.

4.1.1 Dimer Nanoparticles

The simplest conceivable structure consisting of two individual materials is a dimer,

in which two joined NPs share a common interface. The question which automat-

ically arises is how to control the formation of only one domain on the seed NP,

i.e. how can additional nucleation on the surface of the seedbe prevented? In deed,

various reports describe the preparation of nano-hetero-dimers and emphasize the

importance of controlling the experimental parameters.[4–7] A typical example for

Au-Fe3O4 nanodimers is shown in Figure 4.3. However, the essence of all tech-

niques can be brought down to controlling the polarity of thesolvent. In this respect,

"polarity" must be equaled to the ability to provide electrondensity. As mentioned

above, a certain amount of electron density is necessary forthe heterogeneous nu-
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cleation of a second material on the seed NP. During the nucleation process electron

density is withdrawn from the metallic core and transferredto the growing nucleus

(see Figure 4.4). In fact, this phenomenon can be observed inAu@Fe3O4 nano-

hetero-particles, as a red-shift in the absorption maximum compared to bare Au

NPs (see section 4.2.2 for further explanation). As a result, the electron density

in the seed is depleted and no further nucleation is possible. This mechanism has

been proposed, not only for Au@Fe3O4, but also for Au@PbS and Au@MnO nano-

hetero-particles, where the authors suppose an electron transferfrom the Au to the

Fe3O4, PbS and MnO domain, respectively.[5, 8, 9] As demonstratedin Figure 4.4,

if a non-polar (i.e. electron-poor) solvent, such as 1-octadecene or dioctyl ether, is

used for the synthesis, the electron deficiency on the Au seedcannot be replenished

by the solvent, and therefore, additional nucleation events are prevented leading to

nano-hetero-dimer NPs. For example, Yu etal. prepared Au-Fe3O4 dimers by in-

jecting Fe(CO)5 into a hot solution of pre-synthesized Au seeds in 1-octadecene.[5]

The size-ratio between both domains could be varied by changing the amount of

iron precursor. In a similar way, we were able to producehetero-dimer NPs of

Pt@Fe3O4, Au@Fe3O4, Pt@MnO and FePt@MnO (see Figure 4.7).

Alternative approaches involve the preliminary formationof a metastable core-shell

NP structure followed by the generation of dimers by thermalannealing, as demon-

strated for FePt@CdShetero-dimers.[10] However, this procedure requires a con-

siderable lattice mismatch between both materials.

4.1.2 Core-Shell Nanoparticles

Although dimers constitute the simplest nano-hetero-structures, core-shell NPs are

the most extensively studied type of multicomponent NPs. They were initially in-

troduced for semiconductor nanocrystals in the 1990’s, by Bawendi, Alivisatos and

coworkers,[14–16] but also received a lot of interest for magnetic composites, e.g.

consisting of metal cores and metal oxide shells.[7]

The main synthetic principles mentioned above can also be applied for core-shell

NPs, however, with the difference that additional nucleation on the seed surface is

desired. For this purpose the preparation parameters must be varied to compensate

the electron deficiency in the metal seed. The most often usedapproach is to use a
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e
-

O

O

e
-

polar solvent

non-polar
solvent

e
-

Figure 4.4: The solvent effect during the synthesis of nano-hetero-particles. Non-
polar solvents cannot compensate the deficient electron density on the seed metal
NP, therefore no further nucleation is possible. Polar (electron rich) solvents can
transfer electron density to the metal particle permittingthe formation of additional
nuclei. Adapted from Ref.[11].

solvent which, by itself, carries a sufficient amount of electron density, that can be

transferred to the metal surface (see Figure 4.4). Ideal solvents for this purpose com-

prise high boiling point compounds with a vast delocalizedπ-electron system, such

as benzyl ether or phenyl ether. As soon as a nucleus is formedon the seed, the with-

drawn electron density can be compensated, which then allows further nucleation

on the surface. Subsequently, the growth of the nuclei leadsto the coalescence of the

metal oxide domains and finally to the formation of shell around the metal core.[11]

As an example, Zeng etal. created bimagnetic FePt@Fe3O4 core-shell NPs by de-

composing Fe(acac)3 in the presence of preformed FePt seeds using phenyl ether

as a solvent (See Figure 4.5a-c).[12] The authors showed, that the shell thickness

is tunable by varying the amount of the precursor. In a similar way Kang et al.
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were able to create FePt@MnO core-shell nanostructures (see Figure 4.5e-h).[13]

Other core-shell nanostructures with a variety of materialcombinations, ranging

from metallic-magnetic Pt@Fe2O3, metallic-semiconducting Au@PbS, Au@PbSe

and Au@CdS and semiconducting-magnetic PbS@Fe3O4, were also prepared by

similar approaches.[8, 17]

Alternatively, core-shell NPs with magnetic metal oxide cores and metallic shells

have also been prepared. For example, Sun and coworkers synthesized Fe3O4@Au

core-shell NPs by reducing HAuCl4 onto pre-synthesized Fe3O4 NPs in the pres-

ence of oleylamine. The key issue here is to prevent the spontaneous homogeneous

nucleation of Au. Therefore, the synthesis was carried out at room temperature and

oleylamine was used, both as surfactant and as a mild reducing agent.[18]

a b c d

e f g h

Figure 4.5: (a-d) TEM images of FePt@Fe3O4 core-shell NPs, (a) three-
dimensional superlattice, (b) two-dimensional self-assembly, (c) HR-TEM image
of a single core-shell NP, (d) corresponding EDX spectrum.[12] (e-h) TEM images
of FePt@MnO core-shell NPs with different shell thicknesses and shapes (scale bar
10 nm). The particles were prepared via seed mediated growthusing preformed
FePt NPs as seeds and by growing MnO shells by decomposition of Mn(acac)2.
By adjustment of the synthetic parameters the shell thickness and morphology is
tunable.[13]
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Figure 4.6: Possible reaction pathways leading to different nano-hetero-structures.
Non-polar solvents yieldhetero-dimers, whereas polar solvent lead to either core-
shell ormulti-mer structures, depending on the amount of stabilizing agent added.

4.1.3 Multi-mer Nanoparticles

As already addressed for core-shell NPs, using a polar solvent is essential to per-

mit additional nucleation on the surface of the seed particle. This approach can be

used to create more complex multifunctional nanocomposites that consist of more

than two domains. However, the key issue in this case is to avoid the formation

of a core-shell-type structure by preventing particle fusing the seed surface. This

can be achieved by providing extra stabilization to each nuclei so that it can grow

to one individual domain (see Figure 4.6). The most obvious way to accomplish

this is to increase the molar amount of surfactant. Indeed, Yu et al. reported for

Au@Fe3O4 NPs, that preferably "flowerlike" morphologies were obtained when

phenyl ether was the solvent and a higher amount of oleic acidwas used during

the synthesis to protect the Fe3O4 domains.[5] In a similar way, we were able to

prepare Au@MnO "nanoflowers" by decomposing Mn(acac)2 in the presence ofin

situ formed Au seeds, oleic acid and oleylamine in phenyl ether (see section 8.5 and

Figure 4.7a).[9]

Another method to prepare more complexmulti-mer structures was introduced by
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Shi etal.[8] In this approach preformed nano-hetero-dimers of Au@Fe3O4 were

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

nent. During heating of the reaction solution the sulphur isdeposited on the Au

surface, leading to an attractive interaction between the Au domains of neighbor-

ing Au@Fe3O4 NPs and eventually a dimerization of two or more hetero-dimers to

dumbbells or flowerlike particles.

Au@MnO

20 nm 10 nm

Pt@MnO

20 nm

Pt@Fe3O4

10 nm

FePt@MnO

20 nm

Au@Fe3O4

20 nm

FePt@MnO

Figure 4.7: Examples of various magnetic metal@metal oxidenano-hetero-
particles.

4.2 Properties of Nano-hetero-Particles

As already mentioned above, multicomponent nano-hetero-particles combine the

different functionalities and properties of their respective components. Since the

individual constituents are attached alongside coherent interfaces, a considerable

amount of interactions between both materials must be assumed.
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Fe O3 4

Au@Fe O3 4

a b

Figure 4.8: (a) Magnetic hysteresis curves for bare Fe3O4 NPs and Au@Fe3O4

nano-dimers.[5] (b) Magnetic exchange bias at an ferromagnetic/antiferromagnetic
interface.[20]

4.2.1 Magnetic Properties

The magnetic properties of multicomponent particles can vary significantly depend-

ing on the particular interphase interactions. Sun and coworkers reported on the

properties of bimagnetic FePt@Fe3O4 core-shell NPs and revealed a direct mag-

netic coupling through the particle interface.[12, 19] Thecombination of a magnet-

ically hard material (FePt) and a magnetically soft material (Fe3O4) leads to a strong

interphase exchange coupling and, therefore, cooperativemagnetization switching

of the two phases. Furthermore, the authors demonstrated that the nanocomposite

exhibited a higher magnetic energy product than the bulk materials.

Additionally, the group of Prasad showed that Au@Fe3O4 core-shell nanostruc-

tures exhibited higher saturation magnetization and coercivity values compared to

common Fe3O4 NPs of the same size.[8] It can be assumed that this behavior is

due to a higher surface anisotropy caused by the Au-Fe3O4 interface. As a result

the surface spins in the magnetic Fe3O4 domain are canted, which requires a higher

magnetic field for the material to become saturated.[11] A similar behavior was ob-

served for Au@Fe3O4 nano-hetero-dimers (see Figure 4.8a).[5] Additionally, the
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authors observed an increase in the magnetic blocking temperature with increasing

Au domain size. This phenomenon can be explained with a higher effective mass of

nanocomposites having larger Au components. A higher mass requires more ther-

mal energy for the magnetic moments to freely flip in an external magnetic field,

thus the blocked state is already reached at higher temperatures. In fact, the same

phenomenon can also be observed in Au@MnO nanoflowers.[9]

Another interesting feature is observed if ferromagnetic materials are combined

with antiferromagnetic compounds, as was demonstrated by J. Nogués and cowork-

ers for Co-CoO core-shell NPs.[21] At the interface between both materials, the

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

netic core and increase the magnetic anisotropy, a phenomenon which is called

exchange bias and can be observed by a horizontal shift in themagnetic hysteresis

curve (see Figure 4.8b).[22]

4.2.2 Optical Properties

One of the most intriguing features of gold NPs is their characteristic color in so-

lution. Depending on the particle size, Au NP solutions exhibit absorption max-

ima ranging from approximately 500 - 550 nm. This can be attributed to quan-

tisized oscillations of conduction electrons, excited under an external electromag-

netic field, a phenomenon which is called surface plasmon resonance (SPR).[23–25]

However, the combination of Au NPs with other materials in terms of nano-hetero-

structures leads to a significant red-shift in the regardingUV/Vis spectrum (see also

section 4.1.1). Such a behavior is reasonable, taking into account that the SPR is

sensitive to dielectric environments.[26] Since the resonance frequency is propor-

tional toN1/2, with N being the number of free electrons in a particle, an electron

deficiency will shift the absorption to longer wavelengths.[27–29] This effect be-

comes even more pronounced with increasing size of the metaloxide domain. In

fact, we showed that the absorption maximum in Au@MnO nanoflowers shifts from

525 nm (for bare Au NPs) to 555 nm and 585 nm for a MnO domain sizeof 10 and

18 nm, respectively (see also chapter 8).[9]
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4.3 Potential Application

Nano-hetero-particles have been proposed to draw great interest in various fields,

ranging from spintronics to nanobiotechnology.[11] The enormous application po-

tential of nano-hetero-particles arises, not only from the integration of the different

physical properties of the individual domains, but also from the presence of differ-

ent selectively addressable surfaces.

Indeed, many reports have recently stated the possibility to use multicomponent NPs

for biomedical applications.[30–32] As an example, the combination of the unique

optical and magnetic properties in Au@Fe3O4 or Au@MnO nano-hetero-structures

make these particles promising candidates for simultaneous optical and MR imag-

ing. Sun and coworkers, developed bio-functionalized Au@Fe3O4 nanodimers that

were able to attach to and visualize human epithelial carcinoma cells (A431 cell

line).[33] The presence of two separate surfaces permittedthe selective functional-

ization with different ligands. A thiol containing poly(ethylene glycol) (PEG) lig-

and was used to modify the Au domain, whereas a PEG chain with afunctional cate-

chol endgroup was attached to the Fe3O4 surface. Furthermore, a epidermal growth

factor receptor antibody (EGFRA) was conjugated to the catechol-PEG. A431 cells

are known to overexpress EGFR and, therefore, the multifunctional Au@Fe3O4

nanodimers could selectively attach to the receptors on thecell surface. Another

interesting example on how the combination of the individual properties of nano-

hetero-particles can improve the diagnostic and therapeutic potential of common

NPs was demonstrated by Hyeon and coworkers in 2006.[34] Theauthors deposited

a uniform gold shell on silica NPs decorated with small Fe3O4 NPs to create a mul-

tifunctional probe which acts, both as aT2 contrast agent for MRI and as activator

for photothermal therapy.

Recently, we showed that the individual domains on Au@MnO nanoflowers could

selectively be modified using suitable ligand molecules.[9] A multidentate copoly-

mer containing PEG sidechains and several catechol anchorgroups was used to func-

tionalize the MnO NPs, while a thiol-terminated oligonucleotide was conjugated to

the Au surface.

On the other hand, core-shell NPs are attractive multifunctional systems for appli-

cations in catalysis, data storage, or as advanced permanent magnets.[11, 13, 35]
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Figure 4.9: (a) A nano-hetero-dimer can act as a Janus NP when both surfaces are
functionalized with ligands of opposite polarity, thus creating a giant amphiphile.
These amphiphiles can self-assemble at a polar/non-polar interface to form e.g. a
monolayer (b) or micelles (c).

Another interesting feature concerninghetero-dimer NPs is the possibility to cre-

ate giant inorganic Janus particles. In this context the term "Janus particles" de-

notes asymmetric building blocks that possess two ends withdifferent polarity

and/or chemistry. Janus particles are interesting for a many reasons, e.g. their

self-organization into complex and well-defined assemblies.[36–38] By attachment

of different ligands with opposite polarity giant amphiphiles can be created which

resemble large amphiphilic molecules that can be found in nature. In biological

structures, self-assembled architectures formed by such amphiphilic molecules are

often hierarchically organized and composed of smaller units (e.g. bilayers or mi-

celles). Synthetic Janus NPs may also exhibit a similar hierarchical self-assembly

process and thus provide a new and simple route for a controlled self-assembly
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into one-, two-, or even three-dimensional structures. Figure 4.9a illustrates an ap-

proach, in which a hydrophobic alkyl thiol is used to attach to the gold domain of

a gold@metal oxide dimer, whereas a hydrophilic catechol-PEG ligand is grafted

onto the metal oxide domain, thus forming a giant amphiphile. As a result, these

composite NPs would behave as amphiphiles which self-assemble at a polar/non-

polar interface to form monolayers or even micelles (see Figure 4.9b and c).

No doubt, the toolbox of synthetic techniques for nano-hetero-structures is quickly

expanding, leading to many fascinating new morphologies and composite materi-

als, which will offer the possibility to create novel functional building block for

magnetic, electronic and optoelectronic devices, as well new probes for biomedical

purposes.
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CHAPTER 5

Surface Modification of Magnetic NPs

Chapter 3 demonstrated that there have been numerous groundbreaking develop-

ments in the synthesis of magnetic nanoparticles over the past decades. However,

the most important issue, which needs to be accomplished after their preparation,

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

pointed out in chapter 3, that the use of surfactant molecules is essential to prevent

the particles from aggregation and rapid oxidation (see also Figure 5.1). Especially,

pure metal NPs, like Fe, Co and Ni (and their alloys) are extremely sensitive to

air, and in fact, their vulnerability toward oxidation becomes more pronounced with

smaller particle sizes. Furthermore, the necessity of an efficient coverage of the

nanoparticle surface becomes obvious when considering a potential use in biomed-

ical applications. The high chemical reactivity of the NP surface could pose health

risk to patients, since the NPs could already influence reaction pathways on the cel-

lular level.

Additionally, the colloidal stability of the NPs under physiological conditions is

another important issue, which needs to be addressed if an application in medi-

cal or biological respect is anticipated. As mentioned in section 3.5, the synthesis

of monodisperse and highly crystalline nanoparticles requires non-hydrolytic syn-

thetic routes and the use of hydrophobic surfactants, that efficiently cover the parti-
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Figure 5.1: Illustration of an as-prepared hydrophobic surfactant capped magnetic
NP. Typical surfactants comprise hydrocarbons with functional endgroups, such as
carboxylic acids, amines or thiols.

cle surface. Therefore, as-prepared nanoparticles are insoluble in water and a direct

application of these unmodified particles into aqueous solutions would inevitably

lead to particle aggregation and precipitation. All the worse, if applied directly to

a living organism, these nanoparticle aggregates would pose an immediate threat to

health, since they would clog up small blood vessels and obstruct an unhampered

blood circulation. Furthermore, even if particle agglomeration could be prevented,

unprotected inorganic nanoparticles are prone to opsonozation, a defense process

initiated by the innate immune system, in which certain serum proteins attach to the

particle surface and initiate phagocytosis. Therefore, itis necessary to exchange the

hydrophobic protection shell by hydrophilic ligands, thatguarantee, not only a high

colloidal stability in aqueous environment, but also prevent opsonization by serum

proteins under physiological conditions.[1] The latter isoften referred to as "stealth

effect".[2–4]

This section will focus on some of most common strategies forthe protection and
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Figure 5.2: Different strategies for the surface modification of magnetic NPs.

stabilization of magnetic nanoparticles (see Figure 5.2).Interestingly, all known

surface modification approaches result in a core-shell-like structure, with the mag-

netic NPs being the core and some kind of inert organic or inorganic material being

the protecting/stabilizing shell. Apart from surface passivation, precious-metal or

carbon coating (which will not be discussed here), surface modification with surfac-

tant micelles, bi-functional- or polymeric ligands or silica are the most prevailing

methods.

5.1 Amphiphilic Micelles

As explained in section 3.5, as-prepared magnetic NPs are covered with a shell

of hydrophobic surfactant molecules, such as oleic acid or oleylamine.[5, 6] The

functional group of these stabilizing agents are strongly attached to the particle sur-
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hydrophilichydrophobic
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Figure 5.3: Surface coating using amphiphilic molecules. The amphiphilic sur-
factant molecules can intercalate between the hydrophobiccapping molecules on
the NP surface due to van-der-Waals interactions. Cross-linking of the surfactant
ligands can lead to more rigid structures and higher stability.

face by a coordinative bond (see section 7.3 for more details), whereas the long

alkyl chains point into the periphery, creating an inert layer, which offers, not

only colloidal stability, but also protection from oxidation and aggregation. Con-

sequently, one of the simplest approaches to enhance the solubility of hydrophobic

NPs in aqueous solution, uses the molecular structure of thehydrophobic layer for

the incorporation of additional surfactant molecules, like CTAB or oleic acid (see

Figure 5.3). This surfactant addition strategy was first developed for the prepa-

ration of water-soluble quantum dots and was later also successfully applied for

dispersing magnetic NPs in aqueous media.[7–9] During thisprocedure, the long

alkyl chains of the CTAB molecules are integrated in between the C-chains of the

oleate/oleylamine molecules due to attractive van-der-Waals interactions, and on

the other hand, the cationic trimethylammonium moieties point to the outside, cre-

ating repulsive forces and stabilizing the particles in suspension. Unfortunately,

NPs prepared in this way exhibit only moderate long-term stabilities and tend to

agglomerate at higher salt concentrations.[10]

Many of the existing strategies for NP phase transfer, that were developed in
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the following years, use amphiphilic polymers as surface coating ligands.[7, 11]

The structure of these polymers usually consists of individual lipophilic and hy-

drophilic polar components, such as poly(maleic anhydride-alt-1-octadecene)-PEG

block copolymer, or amphiphilic PEG-phospholipids.[4, 12–15] Here, the lipids act

as the nonpolar constituent of larger amphiphiles. Their hydrophobic tails interact

with the nonpolar surface ligand of the nanoparticles (see Figure 5.4), which leads

to a complete encapsulation of the core and its original coating. The hydrophilic end

hydrophobic

hydrophilic

O

O

O

O

O P O

O

O

N

O

O OH( )n

H

phospholipid

PEG

a

NP

b

phase transfer

NP

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

group of the amphiphile makes the material polar and fully dispersible in water. The

nanoparticles are assumed to remain encapsulated by the original protecting ligand

shell that is never broken up, and particle aggregation is suppressed by steric repul-

sion. Dai and coworkers recently developed a similar PEG-modified phospholipid

surface coating for graphite-protected FeCo NPs with high magnetic moment.[16]

Again, the non-polar hydrocarbon chains are bound to the hydrophobic graphite

shell to form a stable double layer, while the PEG chain are exposed to the outside.

Another example, which uses a similar strategy for monodisperse MnO NPs, was

demonstrated by Hyeon etal. in 2007 and Lee etal. in 2009.[17, 18] Related meth-
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ods used a variety of amphiphilic polymers, including polystyrene-poly acrylic acid

(PS-PAA) block copolymers, tetradecylphosphonate and PEG-2-tetradecyl ether, to

increase the hydrophilicity of various inorganic NPs.[19,20], Additionally, there

are many different amphiphilic polymers commercially available today, which of-

fer different functional groups, like carboxylic acids, thiols, amines, and biotin, for

the immobilization of various biomolecules, such as peptides, proteins, or oligonu-

cleotides.

The presence of multiple surface bilayers, however, leads to much larger hydrody-

namic sizes than that of the starting material hampering an efficient application in

living organisms.[21–23] Furthermore, since the amphiphilic bilayer is only con-

nected to the NP core by considerably weak van-der-Waals interactions, the surfac-

tant molecules are in a dynamic equilibrium with their unbound counterparts, i.e.

by shifting the equilibrium they can be removed by washing and diluting, which

would result in particle agglomeration and precipitation.

5.2 Polymeric Ligands

One of the most established methods to stabilize magnetic NPs in water or buffered

solutions is provided by the use of polymers. PEG, perhaps the most common

representative biocompatible polymer, has received greatattention due to its non-

fouling property, that supports a resistance to protein adsorption and an ability to

bypass the RES and natural barriers, such as the nasal mucosa.[24–27] PEGs have

been extensively used as stabilizing materials for many NPsused on biomedical

applications, particularly in long circulatingin vivo imaging systems. In principle,

chemical attachment to the NP surface can be achieved by using different functional

groups (see section 5.3). According to Pearsons concept of hard and soft acids and

bases (HSAB), the nature of these groups depends on its affinity toward the metal

constituent of the core material.[28] For example, gold nanoparticles show a high

affinity towards thiol groups, whereas manganese and iron oxide nanoparticles fa-

vor oxygen containing ligands. The use of polymers for this purpose is reason-

able, since they have the advantage that numerous functional groups can be applied

on a single macromolecule. In this context, "multidentate" polymers, that possess

more than one anchoring group, offer much stronger attachment to the nanoparti-
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Figure 5.5: Chemical structure of a typical multifunctionalpolymeric ligand. The
copolymer contains 3-hydroxytyramine (dopamine) as an anchor, a fluorescent dye
molecule, and functional amino groups for further functionalization.

cle surface. Suitable polymers include poly(analine), poly(methylidene malonate),

poly(pyrrole), poly(lactic acid), poly(glycolic acid), poly(ethylene imine) and their

copolymers.[29–34] In addition, the possibility of cross-linking between the poly-

mer chains leads to more rigid structures on the NP surface. For example, dextran-

coated iron oxide nanoparticles can be cross-linked using epichlorohydrin, and sub-

sequently equipped with free amino groups to allow further modification.[35] Other

examples for cross-linked polymer functionalized iron oxide nanoparticles include

the use of chitosan and poly(ethylene-glycol)-co-fumarate.[36, 37]

A variety of methods, that use special chelating ligands, have been established in re-

cent years.[38] In fact, there are reports where particle binding of polymeric ligands

on Fe3O4 nanoparticles was achieved via carboxylic, phosphate, phosphonate and

sulphate groups.[39–42] Dopamine is another anchoring group which shows a high

affinity towards metal and metal oxide surface (see section 5.3),[43], in fact, it has

evolved as a very popular binding ligand.[44, 45] Owing to the multidentate coordi-

nation of the chelating moieties, the bonding strength of these polymers is generally

very high. Furthermore, the use of reactive ester polymers,such as poly(pentyfluoro

phenylacrylate) (PPFA), permits the successive substitution of the pentafluorophe-

nol group by dopamine and other functional groups, including amines, (PEG), or
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Figure 5.6: Magnetic NP functionalized using a multidentate polymeric ligand. The
polymer consists of several anchor groups, hydrophilic linkers, and functional end-
groups, which permit further attachment of different ligand molecules. Addition-
ally, fluorescent dyes can be conjugated to the polymer.

fluorescent dyes (see Figures 5.5 and 5.6). Metal oxide nanoparticles functional-

ized with such polymers containing several dopamine moieties were used in dif-

ferent applications ranging from proteine separation, cell targeting and multimodal

imaging.[46–52]

A different approach to functionalize magnetic nanoparticles with polymers is en-

abled by atom transfer radical polymerisation (ATRP).[53, 54] With this method,

polymers are grown on the surface of nanoparticles after previous treatment with

an initiator.[55] As an example, Lattuada and coworkers used this method to design

water-soluble Fe3O4 nanoparticles. The NPs were coated with poly(lactic acid),

followed by esterification through acylation, which enabled the addition of halide

moieties to transform the nanoparticle surfaces into macroinitiators.[21] In that way,

different ligands could be used to grow polymer coatings with, either cationic, an-

ionic or neutral endgroups.

A major drawback for the use of polymers for the surface modification of magnetic

nanoparticles is the fact that the presence of multiple anchoring groups facilitates

the bonding to more than one nanoparticle at a time. Since thebinding of the sur-

face ligands is an equilibrium process with continuous attachment/detachment of

the chelating groups, there is a non-neglectable possibility that one polymer chain
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simultaneously covers several particles. As a consequence, the presence of large ag-

glomerates cannot be excluded, which impedes a suitable application for biomedical

purposes.

5.3 Bifunctional Ligands

A key factor forin vivo tracking and targeting applications is a high stability of the

bonding between functional molecules and the nanoparticlesurface. An early re-

lease or uptake of the nanoparticle/molecule system due to other surface reactions,

could be detrimental to the application or possibly to the patient.

One of the most often used methods for surface modification ofmagnetic nanopar-

ticles is the exchange of the hydrophobic stabilizing ligands by hydrophilic bi-

functional molecules (see Figure 5.7). As the name implies,bi-functional molecules

are generally composed of two parts: an anchor group, which efficiently binds to

the surface of the nanoparticle and a hydrophilic part whichallows stability in aque-

NP NPNP

N
O

O N

O O

NH2

O

O

catechol PEG amino group

anchor:
- catechols
- phosphonates
- thiols

funct. group:
- amines
- carboxylates

ligand
exchange

Figure 5.7: Surface modification of magnetic NPs using bi-functional ligands. The
ligands consist of an anchor group conjugated to a hydrophilic linker carrying a
functional endgroup. A key requirement for a successful exchange of the hydropho-
bic capping agents is the complete solubilization of NPs andligands in the same
solvent.
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ous media. Compared to the amphphilic micelle coating, the bi-functional ligand

exchange strategy principally provides much better colloidal stability of the mag-

netic NPs under physiological conditions, due to stronger (mostly ionic) interactions

between the bidentate (or, in some cases, multidentate) functional group and the

metal-/ metal oxide surface. Typical anchor groups for metal oxide nanoparticles

include carboxylates,[56, 56, 57] phophonates,[58, 59] and catechols,[44] whereas

thiols[60] are preferred for metallic and intermetallic NPs. However, the key re-

quirement for an efficient attachment on the surface, is a stronger binding strength

of the anchor group, than that of the former hydrophobic stabilizing agent. Al-

though initial attempts to modify hydrophobic nanoparticles were carried out with

simple bi-functional molecules, like 2,5 dihydroxybenzoic acid,[56] or tetramethy-

lammonium hydroxide,[61] PEG has evolved as the most often used hydrophilic

linker, owing to its outstanding solubility, stability, and excellent biocompatibility.

Among the above mentioned anchor groups, special focus has been addressed to

catechols. Especially, dopamine is one of the most considered high affinity binding

groups to stabilize metal oxide NPs in water and physiological environment.[62–

65] It is a derivative of L-3,4-dihydroxyphenylalanine (L-DOPA), an amino acid,

that occurs naturally in the adhesive protein of some marinemussels.[43, 66–68]

Indeed, the binding interaction of dopamine with the surface of iron oxide NPs has

been thoroughly investigated in the past, and it was confirmed, that the strong at-

tachment was due to an improved orbital overlap of the five-membered ring and

a reduced steric effect on the iron complex which can be obtained in a bidentate

coordination (see Figure 5.8).[62, 69, 70] Since the dopamine anchor groups were

conjugated with a PEG linker, the functionalized iron oxideNPs were readily solu-

ble in aqueous solution and stable over long periods of time.

An example, where two different anchor groups were used for the attachment of

bi-functional ligands was provided by Hong etal. for intermetallic FePt NPs. Here,

the surface of the magnetic particles was functionalized with a dopamine- and a

thiol-containing PEG ligand.[71] The use of two different binding groups is rea-

sonable, giving the fact, that both molecules on their own would only ensure poor

binding strength on FePt. Based on Pearsons’ hard and soft acids and bases (HSAB)

concept, the reason for this behavior is simply the circumstance, that catechols, as

well as other 1,2-diols, indeed show a high affinity toward the iron sites,[72, 73]
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Figure 5.8: Different possible binding coordinations of catechols on metal oxide
surfaces. In the bidentate case the metal and the oxygen atoms of the catechol are
arranged in a five-membered ring which leads to an improved orbital overlap and,
therefore, higher binding strength. Adapted from ref. [70]

but only a weak attraction toward platinum, whereas the opposite is the case for

the thiol group. Consequently, the application of both ligands showed much bet-

ter results compared to studies, where only one of them was used. The NPs were

stable in various aqueous media, including water, ionic solutions, and cell culture

medium.[71] In a similar way, FePt NPs coated with a protective iron oxide shell

were stabilized with a dopamine-PEG ligand.[74, 75] The resulting particles exhib-

ited high cytoxicity due to the presence of the FePt core and strongT2 MR contrast

enhancement due to the presence of an iron oxide shell. Sun etal. also reported

the modification of monodisperse iron/iron oxide core/shell NPs with a dopamine-

PEG (DOPA-PEG) ligand. The ligand was synthesized by a simple EDC/NHS cou-

pling reaction of dopamine with a PEG-dicarboxylic acid. The modified Fe/Fe3O4

core/shell NPs were stable in water and phosphate buffer solutions.[76] The same

group investigated the influence of the PEG-chain length (HOOC-PEG(n)-COOH,

Mw(PEG) = 600, 3,000, 6,000, 20,000 g mol−1) on uptake in macrophage cells.[65]

The authors revealed, that macrophage uptake decreased with increasing PEG chain

length (Mw(PEG)). Additionally, the free carboxylic acid groups of the ligands per-
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mitted further conjugation of biomolecules. In a similar way, Wang etal. coupled

chromones, a group of naturally occurring compounds that show antifungal, an-

tiviral, antihypertensive, and anticancer properties, toPEGylated Fe3O4 NPs. In

this report the PEG chains were terminated with free amino groups, to which the

drug molecules could easily be attached. Furthermore, the authors demonstrated

that the drug could be released by variation of the pH value.[77] However, the use

of dopamine-PEG ligands can also be applied for more complexnanostructures.

Cheng etal. reported a new approach for the targeted delivery and controlled re-

lease of the anticancer drug cisplatin using PEGylated porous and hollow Fe3O4

NPs. The particles themselves were prepared by controlled oxidation of Fe NPs,

Figure 5.9: Proposed mechanism for the degradation of iron oxide NPs by dopamine
(compound 1) in an aqueous solution. First a semiquinone (compound 2)complex is
formed via electron transfer from dopamine to the Fe(III) forming Fe(II)aq. A sec-
ond electron transfer leads to the formation of a quinone (compound 3) and further
fragmentation. Finally, Michael addition can yield an indole derivative (compound
4) and the oxidation of Fe(OH)2 to FeOOH. From ref.[70]
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Figure 5.10: Illustration of a multifunctional silica coated magnetic NP.

followed by acid etching to create porous Fe3O4 nanocrystals with spherical cavi-

ties in the middle. The presence of pores on the surface permitted the slow diffusion

of cisplatin inside the hollow structures, as well as the slow release of the drug un-

der physiological conditions. Once coupled to the humanized IgG1 monoclonal

antibody Herceptin, the cisplatin-loaded hollow NPs were able to target SK-BR-3

breast cancer cells.[78]

However, there have also been critical remarks concerning the application of do-

pamine as anchor group for metal oxide NPs. Especially, someauthors reported

on rather rapid degradation of dopamine due to a surface reaction, once it is at-

tached to the surface of iron oxide NPs (see Figure 5.9).[70,79] Additionally, cat-

echols are known to be liable to oxidation under aerobic conditions, forming dark

and insoluble polymers.[80] Apart from dopamine, other catechol anchor groups

were also extensively investigated and found to be more reliable for biomedical

applications.[79, 81] Careful selection of the different functionalities allowed close

control of the hydrodynamic diameter and the interfacial chemistry of iron oxide

nanoparticles.
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5.4 Silica Coating

The surface modification strategies presented in the previous sections relied on the

coordinative attachment, of organic ligands carrying functional groups, to the metal

atoms on the particle surface. However, it has to be assumed that this protecting

organic ligand shell around the nanoparticle is not denselypacked, and therefore,

permits diffusion of water molecules to the surface, which leads to dissolution of

metal ions and, eventually, to the degradation of the nanoparticle itself (see chap-

ter 10). The advantage of using silica as a coating material is based on its excep-

tional stability, especially in aqueous media.

From a technical point of view the easy regulation of the coating process, process-

ability combined with chemical inertness, controlled porosity, and optical trans-

parency are the most important factors.[82, 83] In addition, cations and positively

charged molecules can be linked covalently to the polymericsilica layer at silica-

water interfaces under basic conditions, i.e. the silica layer provides steric and

electrostatic protection for the cores, while acting simultaneously as a dispersing

agent for electrostatic colloids. These advantages make silica an ideal, low-cost

material to tailor the surface properties of various nanomaterials. Furthermore,

silica coatings can equip magnetic NPs with many additionally benefits, such as

NH OH4 TEOS MeOH

Figure 5.11: Silica functionalization of magnetic NPs in a water-in-oil microemul-
sion. The hydrophobic NPs and surfactant molecules are dispersed in cyclohexane.
Upon addition of aqueous NH4OH micelles are formed in which the NPs are en-
trapped. Subsequently, the condensation of tetraethoxysilane (TEOS) leads to the
formation of SiO2 on the NP surface. After complete reaction, the SiO2 encapsu-
lated magnetic NPs are retrieved by addition of methanol.
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20 nm 20 nm 20 nm 40 nm

a b c d

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

high biocompatibility and the possibility of subsequent functionalization (see Fig-

ure 5.10).[84, 85] Thus, the potential applicability increases significantly, and, as

an example, allows the use of these core@silica nanomaterials for diagnostic and

therapeutic purposes (e.g. MRI).[86, 87]

Over the years, various approaches have been exploited to fabricate silica coatings

for colloidal nanoparticles, e.g. the classical Stöber synthesis,[88–90] the formation

of biosilica coatings,[50, 91] or the use of silane couplingagents.[92] Although,

these strategies have shown good results with various nanomaterials, the downside,

however, is the limitation of these processes to aqueous solutions, and therefore, the

need to start from water-soluble NPs.

As already stated in chapter 3, high-quality monodisperse NPs are protected by

a hydrophobic surfactant layer, and thus, are only soluble in non-polar solvents.

Hence, the above mentioned strategies are not applicable onthese NPs. An alterna-

tive method, which has become quite popular recently, is based on microemulsion

synthesis (see also section 3.4), where micelles or inversemicelles are used to con-

fine and control the coating of silica on the core of the inner nanoparticle (see Fig-

ure 5.11).[93–96] Microscopically they consist of small heterogeneous domains of

water in a surrounding hydrophobic phase (oil) separated bya surfactant monolayer.

The great advantage of this approach is the possibility to dissolve as-prepared hy-

drophobic nanocrystals in the oil phase before entrapping them inside the micelles

(see Figure 5.11). By optimizing the synthetic conditions itis even possible to cap-

ture only one NP per micelle. Furthermore, the thickness of the silica shell can

75



Chapter 5. Surface Modification of Magnetic NPs

OH

COOH

OHO

N
CS

silane

N

fluorescent coreTEOS

FITC

TEOS

NH OH4

SiO2

Figure 5.13: Illustration of the synthetic procedure to prepare fluorescent core-silica
shell NPs. The fluorescent dye (in this case fluoresceine isothiocyanate (FITC)) is
previously conjugated to a reactive silane. Simultaneous condensation of the dye-
silane conjugate with TEOS results in a complete incorporation of the dye inside
the SiO2 matrix. Subsequently, further TEOS is added to grow a protecting SiO2

shell around the core. (Adapted from ref.[102])

easily be controlled, as can be seen in Figure 5.12. The silica coating procedure is

then initiated by adding the desired silanes as precursors.[97] As microemulsions

are thermodynamically stable systems (as opposed to emulsions), both the content

of the droplets and the surfactant molecules at the interfaces, are constantly and

rapidly exchanged between different droplets, thereby facilitating chemical reac-

tions involved in particle synthesis.[98]

An interesting feature of silica coating is the possibilityto incorporate fluorescent

dyes into the SiO2 matrix (see Figure 5.13). The advantage of this practice is apro-

longed stability and higher efficiency of the dye inside the shell compared to simple

attachment on the outside of the nanocomposite. The reason for this is an extremely

effective protection of the dye molecules towards oxidation and photobleaching, as

well as a reduction of quenching effects.[99–105]

Another advantage of silica coating magnetic NPs is the opportunity to create a

mesoporous shell. In fact, core-shell magnetic mesoporoussilica microspheres with
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Figure 5.14: Encapsulation of magnetic NPs with mesoporoussilica. (a) Scheme il-
lustrating the synthetic procedure to create mesoporous silica coated Fe3O4 NPs, or
hollow mesoporous silica partilces. (b,c) TEM images of hollow mesoporous silica
NPs. (d,e) TEM images of mesoporous silica coated magnetiteNPs. (from ref[9])
(f) Scheme depicting the experimental process to create Fe3O4@nSiO2@mSiO2

microspheres. (g) TEM image showing the thin nSiO2 layer between Fe3O4 and
mSiO2, (h) the porosity in the mSiO2 shell. (From ref.[106])

strong magnetic responsivity, orientated, accessible mesopores and high colloidal

stability are highly valuable for biomedical applications.[107–111] Hyeon and co-

workers designed magnetically separable high-performance biocatalysts by cross-

linking enzyme molecules on the surface of the Fe3O4@SiO2 nanoparticles.[112]

In a similar fashion, discrete and monodisperse mesoporoussilica nanoparticles

consisting of a single Fe3O4 nanocrystal core and a mesoporous silica shell were

prepared (see Figure 5.14a-e).[9] The integrated capability of the core-mesoporous-

shell structured NPs as MR and fluorescence imaging agents, along with their po-

tential use as a drug delivery vehicles, makes them promising candidates for fu-
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ture cancer diagnosis and therapy. However, the highly porous structure of the

silica shell permits an easy diffusion of water molecules tothe core particle, lead-

ing to a possible degradation through metal ion leaching. Animprovement of the

core-mesoporous-shell approach was reported by Deng etal., who incorporated a

thin non-porous silica layer between the magnetic core and the mesoporous shell

(Fe3O4@nSiO2@mSiO2) to provide additional protection.[106] The approach is

shown in Figure 5.14f-h. The nonporous silica interface layer (n) is thought to

protect the magnetite from leaching, whereas the outer mesoporous (m) silica shell

not only offers a high surface area for the derivation of numerous functional groups,

but also provides a large accessible pore volume for the adsorption and encapsula-

tion of various agents, like drugs, biomacromolecules or even functional nanopar-

ticles. Additionally, the authors demonstrated, that the Fe3O4@nSiO2@mSiO2 mi-

crospheres still showed superparamagnetic behavior.

Unfortunately, most synthetic routes for the preparation of mesoporous silica coated

NPs, are based on templating procedures in aqueous solution.[113] In most ap-

proaches, CTAB is used as templating agent to form long tubular structures, around

which the silica shell is polymerized. Subsequently, the template is removed either

thermally or by chemical treatment yielding highly orderedmesoporous matrices.

Since microemulsion techniques are not applicable in this case, Stöber-type meth-

ods have to be used, which limits the size of the nanocomposites to diameters larger

than 50 nm. This hampers a potentialin vivoapplication of these particles.
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CHAPTER 6

Biomedical Applications of Magnetic NPs

The use of nanotechnology in biology and medicine has led to tremendous break-

throughs in the past decades, and yet, since research activities in this scientific area

are proceeding with great speed, nano-biotechnology and nanomedicine are offer-

ing numerous exciting possibilities for the future. Already in the 1960’s, artifi-

cial liposomes were suggested as carriers of proteins and drugs for the treatment

of various diseases,[1] and since then nanotechnology has had a major impact on

the development of drug delivery systems. But the application of nanotechnology

is not only limited to drug delivery, various organic/inorganic nanostructures are

currently being applied or show promising potential in manydifferent biomedi-

cal areas includingin vitro diagnostics,in vivo imaging, therapy of various dis-

eases (like cancer, cardiovascular and neurological diseases), biomaterials, and tis-

sue engineering.[2–8] Up to now, there are over 40 FDA approved nanomedicine

products on the market and even more are currently in clinical trials,[2, 3] most

of them being used for drug delivery applications (see Figure 6.1). In fact, early

clinical results suggest that nanoparticle therapeutics can show enhanced efficiency

compared to conventional drugs, while at the same time, negative side effects can

be reduced significantly.[9, 10] This is due to a more targeted localization inside

the desired area of the body (e.g. tumor tissue), either by passive or active cell tar-
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Figure 6.1: Fractions of nanomedicine patents worldwide from 1993-2003. Taken
from ref. [2]

geting, followed by active cellular uptake of the nanoparticle probe. Moreover, the

utilization of magnetic nanoparticles for simultaneous real-time in vivo monitoring

of drug delivery is also an area of intense interest, owing totheir MR enhancing

properties (see section 2.4).

One of the greatest challenges associated with the use of magnetic NPsin vivo is the

ability to circumvent or overcome the different biologicalbarriers. As an example,

the targeting efficiency of nanoparticulate probes is oftenlimited by the precocious

recognition and elimination by the reticuloendothelial system (RES). In this respect,

the overall NP size, morphology, charge and surface chemistry are crucial properties

that determine, not only the circulation time inside the blood vessels, but also the

final distribution within in the body.[11–13] In the following, the basic principles of

nanoparticle design for biomedical applications, the fundamental interactions with

biological systems, as well as the biodistribution and clearance of magnetic NPs

from living organisms will be discussed briefly.
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6.1. Design Considerations

6.1 Design Considerations

As mentioned in chapters 3, 4 and 5, there have been remarkable advances in nano-

material synthesis and functionalization, which today allow a precise engineering

of the composition, size, size distribution, morphology, and surface chemistry of

magnetic NPs. Both, magnetic properties and surface features, can be tailored indi-

vidually to meet the particular challenges ofin vitro and in vivo biomedical appli-

cations.

Before magnetic NPs can be used for biomedical applications,they require thorough

consideration concerning the assembly of different components (see Figure 6.2).

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

ite probe, since they represent the platform, on which all other constituents

will be assembled, and, depending on their physical properties (magnetic, op-

tical), they are the key factor that ensures the detection ofdiseases inside the

body.

2. The NPs need an inert and hydrophilic shell, that protectsthem and offers

both, stability in biological systems and long circulationtimes in the cardio-

vascular system. However, this attribute was already thoroughly discussed in

chapter 5.

3. Certain fluorophores, that permit a later detection by optical methods may

also be included.

4. Additionally, specific targeting ligands, which recognize certain kinds of cells

inside the body, can be attached to the surface of the nanocomposite to ensure

a selective delivery to the target tissue.

5. Moreover, responsive moieties can also be included that will react to ex-

ternal excitation, e.g. photosensitizers to produce reactive oxygen species

(ROS) upon optical excitation, or gold NPs which produce heat upon NIR-

illumination.

6. Lastly, certain drugs may also be attached to the composite to allow a spe-

cific treatment in a spatially confined area. In this respect,special responsive
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Figure 6.2: Illustration of a multifunctional magnetic nanoparticle. Adapted from
ref. [14]

linker molecules, which will cleave under an external stimulus (e.g. heat, pH,

enzymatic cleavage), could guarantee a safe delivery of thepayload to the

desired region.

Additionally, the overall size of the multifunctional magnetic NPs must also be con-

sidered. Their hydrodynamic size, which is defined as the overall size of the particle

including the solvent shell, is strongly correlated to the ability of the nanoparticle to

overcome the initial biological defense system and penetrate through the vascular

barriers. On the one hand, the size of the NPs must be sufficiently small to avoid

rapid splenic filtration, on the other hand, they should be large enough to circum-

vent renal clearance.[14, 15] It has been shown, that particles with sizes larger than

200 nm are quickly attacked by phagocytotic cells of the spleen, whereas particles

with an average diameter below 5.5 nm are rapidly removed through the kidneys

(see Figure 6.3).[16–18] However, particles of the appropriate size range are sub-

ject to opsonization, resulting in recognition and elimination by Kupffer cells and
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other tissue macrophages, unless they are not protected by an inert hydrophilic shell

(see chapter 5).[14, 19] For these NPs, immediate opsonization and/or phagocytosis

is reduced.

Furthermore, the surface charge of the magnetic NPs also plays a crucial role in

cellular uptake and blood half-life.[13, 20–22] In fact, ithas been shown, that pos-

itively charged polymers and small particles tend to non-specifically stick to the

surface of cells.[23] How great the impact of this non-specific interaction actually

is, regarding the blood circulation time, was demonstratedby Papisov etal.[24] On

the other hand, strong negative charges on the particle surface are also unfavorable,

since they lead to increased liver uptake.[11] Therefore, it has to be estimated that

NPs with a near neutral surface charge exhibit prolonged blood circulation times.

6.2 Passive Cell-Targeting

After multifunctional NPs are intravenously injected, they travel along the blood

stream through the cardiovascular system. At this point, the surface chemistry can

change significantly by the adsorption of proteins, demonstrating the importance of

an efficient shielding of the NPs ("stealth effect", see chapter 5).[25] During blood

circulation, there is a constant exchange of blood substances through the capillary

microcirculation, which is regulated by concentration gradients. Since after injec-

tion the local NP concentration in the blood is very high, compared to th extravascu-

lar space, the NPs will slowly travel outside the blood vessels into the surrounding

extracellular matrix (ECM), as long as the gradient persists. Once in the extravas-

cular space, some NPs are taken up by the cells of the tissue and others are retained

in the interstitial fluid, eventually entering the lymphatic system.[26–28] However,

these processes are comparatively slow.

On the other hand, a faster diffusion of macromolecules and NPs into the ECM is

observed in tumor tissue, a feature commonly referred to as enhanced permeability

and retention (EPR) effect (see Figure 6.3).[29] This effectoriginates from the in-

trinsic vascular characteristics of tumor tissue and the lack of an efficient lymphatic

recovery system in solid tumors. In contrast to the vasculature in healthy tissue, the

blood vessels, that sustain a tumor, are leaky, with large fenestrations and without

an effective clearance by the lymphatic system. This leads to a preferred accumula-
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Figure 6.3: Illustration of passive tumor targeting with magnetic NPs: large par-
ticles and agglomerates are rapidly attacked by phagocytes, smaller particles can
ravel longer through the blood vessels to reach their targetsite. Once at the tu-
mor site, the magnetic NPs are accumulated inside the tumor tissue due to the EPR
effect.

tion of the NPs in the interstitial space inside the tumor, and eventually, the uptake

of the nanocomposites into the tumor cells.[30, 31]

Passive targeting can also be exploited through the clearance of NPs by the retic-

uloendothelial system (RES) (i.e. liver, spleen, lymph nodes and bone marrow).

Indeed, the first clinically approvedT2 contrast agents for MRI, based on magnetic

iron oxide NPs, benefited from the rapid uptake of the NPs by Kupffer cells of

healthy hepatic parenchyma. Thus, healthy tissue appeareddarker than diseased

tissue in the MR image, due to enhancedT2 contrast, leading to an improved diag-

nostic differentiation.[32–34]

However, a successful passive targeting of tumor tissue canonly be achieved, if the

blood circulation time of the NPs is reasonably long. This isanother reason, why
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efficient surface functionalization strategies are of supreme importance.

6.3 Active Cell-Targeting

There is no doubt about the fact, that the passive accumulation of magnetic NPs

in tumor tissue due to the EPR effect is a great benefit for the application of these

NPs in the diagnosis and treatment of cancer. Nevertheless,a longer residence time

and a more site-specific accumulation of the NP probes is desired in most cases.

For this reason, active targeting strategies have been developed, in which magnetic

NPs were further functionalized with specific targeting molecules that possess a

high affinity toward unique molecular signatures found on malignant cells (see Fig-

ure 6.4).[14, 34] The key issue in this case is the fact that cancer cells overexpress

certain kinds of receptors compared to healthy cells. Therefore, NPs carrying lig-

ands which will specifically bind to these receptors will preferably accumulate in

tumor tissue and , eventually, will be taken up by the cancer cells. Several targeting

ligands, including proteins, peptides, aptamers and smallmolecules, have been ex-

amined for this purpose.[35–42]

The first targeting agents, that were used for the specific delivery of magnetic NPs,

comprised monoclonal antibodies (mAbs).[43, 44] Up to the present day, mAbs

have evolved as one of the most popular targeting ligands, which is mainly due to

their extremely high specificity.[45, 46] During the last decade, the development of

HerceptinTM(trastuzumab), an FDA-approved mAb that binds to the HER2 /neure-

ceptor on the surface of certain cancer cells (overexpressed in breast, ovarian, stom-

ach cancer), has lead to various applications of magnetic NPs for selective targeting

of cancer cells.[47–49] However, a major drawback of mAbs istheir comparatively

large size and inherent immunogenicity, which impedes a sufficient circulation and

diffusion through biological barriers.[50]

Another popular technique for the targeted delivery of magnetic NPs to tumor cells,

is the use of short peptides or small molecules conjugated tothe NP surface. The

advantage, in these cases, is the possibility to attach several (hundreds, or even

thousands of) targeting ligands on each NP. As a result, morecell receptors can be

addressed simultaneously, leading to the formation of morebonding sites, and there-

fore, an increased binding affinity.[37] The most investigated ligand in this respect
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Figure 6.4: Illustration of active tumor trageting using magnetic NPs with cell-
specific ligands: (A) healthy cells carry a certain number ofspecific cell recep-
tors, which can be used for active targeting, (B) in cancer cells these receptors are
overexpressed, which leads to accumulation of the magneticNPs on the surface of
malignant cells. (C) Receptor-mediated endocythosis of the NPs, (D) formation of
an endosome carrying the NPs, (E) the endosome is internalized into the cell, (F)
endosomal acidification by proton pumps leads to elevated osmotic pressure and
swelling, (G) finally, the endosome ruptures, releasing themagnetic NPs.
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is folic acid, since the receptors of this vitamin can be found on the surface of many

human cancer cells, including breast, ovarian, lung, renal, and colon cancer.[51]

Indeed, folic acid modified magnetic NPs have been used in thepast, not only to

improve the MRI detectability of various tumorsin vivo[52–54] but also to destroy

cancer cells via hyperthermia treatment.[55] A great advantage of short peptides

and other small molecules is their high bonding strength once they are conjugated

to the NP surface. Compared to large peptides or proteins, there is a reduced risk

of bond breaking and loss of functionality after administration of the NPs into the

body.

Another important issue associated with the targeted delivery of magnetic NPs to tu-

mor cells is the internalization of the particles into the malignant cell. In principle,

there are several possible mechanisms for the cellular uptake of NPs. For exam-

ple, it has been shown, that small PEGylated NPs can easily diffuse through the cell

membrane,[52, 56], on the other hand, permeation enhancers, such as TAT peptides,

can significantly increase the degree of NP uptake.[57–60].The typical pathway for

a receptor-mediated cellular uptake of NPs is shown in Figure 6.4. After attachment

on the cell surface, the NPs are internalized by formation ofan endosome.

Figure 6.4 also illustrates another common challenge of targeted (drug) delivery

that needs to be addressed for NP design, i.e. the controlledrelease of the NPs, and

especially the loaded therapeutic agents, once the NPs haveentered the interior of

the cell. Various strategies have been developed to accomplish this task. The re-

lease mechanisms of most delivery systems depend on processes such as diffusion,

dissolution, chemical and enzymatic reactions, or changesin various environmental

factors, including temperature, pH, solvent effects, and ionic concentrations.[61–

65] As an example, an efficient release can be achieved by providing a positive

surface charge to the NP probe. The incorporation of cationic polymers on NP sur-

faces has proved to be an appropriate method to induce osmotic swelling of the

endosome caused by the "proton sponge" effect.[14, 66, 67] Asa result the endoso-

mal membrane is disrupted and the NPs are released into the cytosol. The downside

of this approach, however, is the possibility of uncontrolled release due to different

release mechanisms depending on the location in and the character of the respective

cell. For this reason various methods have been developed that rely on physical

triggers, such as heat or radiation, to initiate payload release.[68–71] For these pur-
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poses specific stimuli responsive chemical linkers can be tailored and subsequently

inserted between the NP and the drug. These strategies can involve bond breaking

by radiative excitation, slow diffusion mediated processes from hollow or meso-

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

lysosome.[72–80]

6.4 MR Imaging Using Magnetic NPs

Figure 6.5: Specifically engineeredMFe2O4 NPs as MRI contrast agents. (A)
The magnetic properties can be tuned by varying the composition of the NPs. A
higher magnetic moment leads to an increase in magnetic relaxivity and, therefore,
an enhancedT2 contrast effect. (B) In vivo MR detection of cancer cells using
Herceptin conjugated MnFe2O4 NPs (left) and bare cross-linked iron oxide NPs
(CLIOs) (right), over time an increase in contrast enhancement due to preferable ac-
cumulation of Herceptin-conjugates MnFe2O4 NPs in the tumor tissue is observed.
From ref. [86]
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Superparamagnetic iron oxide NPs (SPIONs) have been used asT2 contrast

agents for over two decades.[33, 43, 81] Although enormous progress has been

achieved in the technological development of MRI, especially sophisticated pulse

sequences for image generation, there has hardly been any improvement in the de-

velopment of the contrast agents which are in clinical use today.[82] TypicalT2

contrast agents consist of polydisperse and aggregated iron oxide NPs, which show

a comparably weak performance. However, as mentioned in chapters 3 and 5, there

have been tremendous advances in the synthesis and functionalization of magnetic

NPs leading to new possibilities in the future design of MRI contrast enhancing

probes.[83–85]

The basic physical phenomena leading to an enhancement in MRcontrast were

presented in section 2.4. As already mentioned, the nanoparticles must be monodis-

perse, highly crystalline, and watersoluble to provide reproducible quality, high

magnetization values and good biocompatibility under biological conditions. In

this respect, magnetic NPs have been studied thoroughly during the past years as

MRI contrast agents for applications, such as cancer imaging, cell migration, gene

expression, angiogenesis, apoptosis, cardiovascular disease imaging, or molecu-

lar imaging.[14, 87–94] Specially designed NPs with tailored properties and cell-

specific surface ligands have a great potential to pinpoint biological targets, such as

cancer, already in the early stages of the disease.

Concerning cancer imaging, the development of multifunctional magnetic NPs has

led to many improvements in the detection, diagnosis and treatment of solid tu-

mors. Weissleder etal. demonstrated the transgene expression in gliosarcoma

cells in vivo using dextran coated iron oxide NPs.[88] As example for magnetic

NPs being used as molecular sensors, Perez etal. developed biocompatible mag-

netic nanosensors that act as magnetic relaxation switchesto detect molecular in-

teractions (e.g. DNA-DNA, or protein-protein interactions) by the reversible self-

assembly of SPIONs.[95] The changes in the magnetic relaxation which are asso-

ciated with the particle self-assembly could then be detected by MRI. On the other

hand, Hu etal. showed that PEGylated Fe3O4 NPs conjugated to the monoclonal

antibody rch 24, effectively targeted human colon carcinoma xenograft tumors im-

planted in nude mice.[96] Another example, in which magnetic NPs were used to

detect cancer markers by MRIin vivo, was given by Cheon and coworkers (see Fig-
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ure 6.5).[86] The authors developed novel magnetic nanoprobes by systematically

tuning the spin, size and composition of metal ferrite NPs, followed by conjugation

of different cancer specific antibodies, such as Herceptin.These NPs showed en-

hanced MRI sensitivity for the detection of cancer and enabled the visualization of

small implanted tumors in mice. Hultman etal., on the other hand, created immuno-

targeted SPIONs to investigate the MHC Class II expression inrenal medulla.[97]

For this purpose, monodisperse Fe3O4 NPs were encapsulated in a phospholipid

shell and further conjugated to RT1 anti-MHC Class II antibodies that are capa-

ble of targeting normal cells expressing specific target antigens. Enhanced binding

of the RT1 functionalized SPIONs indicated a definitive specificity for the renal

medulla and thus potential for disease detection. Recently,nanocomposite particles

consisting of silica spheres decorated with Fe3O4 NPs were synthesized by Lee et

al. (see Figure 6.6).[98] Additionally, a fluorescent dye was incorporated into the

silica domain to permit both MRI and optical detection. The use of mesoporous

silica furthermore offered the possibility to load, and slowly release, an anti-cancer

drug into the pores of the silica sphere.

Although the use of manganese oxide NP asT1 contrast agents is not as common

yet, there is a number of reports dealing with the design of different manganese ox-

ide NPs and their application for MR contrast enhancement. Hyeon and coworkers

were the first to prepare aT1 contrast agent based on monodisperse MnO NPs and

investigate its performancein vivo (see Figure 6.7).[99] The particles were coated

with an amphiphilic phospholipid, functionalized with Herceptin and showed no

severe toxicity even after several weeks. The authors showed that the Herceptin-

functionalized NPs accumulated in breast cancer tissue, whereas un-functionalized

control NPs also illuminated the surrounding tissue. In a similar way, Shapiro etal.

showed that un-functionalized Mn3O4 and MnCO3 NPs can be internalized within

phagocytotic cells and subsequently shuttled to endosomesand/or lysosomes.[100]

The following decomposition of the NPs inside the lysosome leads to the release

of Mn2+ ions which act asT1 agent. It was also shown that a combination of SPI-

ONs and MnO NPs can be used to track transplanted cells.[91] While the SPIONs

produced a negative contrast, the MnO NPs generated a positive contrast and by

combination of both imaging techniques, simultaneous imaging with opposite con-

trast offers the possibility for MR "double labeling" of different cell populations.
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Figure 6.6: Fe3O4-decorated mesoporous SiO2 spheres as MRI imaging agents. (a)
Schematic illustration of the synthetic procedure for the preparation of of SiO2-
Fe3O4 NPs. (b) TEM image of SiO2-Fe3O4 NPs. (c) MR images of different con-
centrations of SiO2-Fe3O4 NPs. (d)In vivo accumulation of SiO2-Fe3O4 NPs at
tumor site. From ref. [98]

Additionally, Yang etal. developed silica coated Mn3O4 NPs functionalized with

folic acid and contained Rhodamine B isothiocyanate (RBITC) as fluorescent dye

for optical detection.[101] These particles accumulated selectively in cancer cells

overexpressing folic acid receptors and could be traced by MRI. Very recently, our

group reported on the development of highly watersolule MnONPs conjugated with

protoporphyrin IX as multifunctional agents for MRI and photodynamic therapy

(see chapter 9).[102] Protoporphyrin IX, as a photosensitizer initiates the produc-

tion of reactive oxygen species when irradiated with visible light. We were able to

show, that the NPs not only showed excelellentT1 contrast, but also induced apop-

tosis in Caki-1 cells once illuminated with visible light.

Apart from sole MRI contrast enhancement, magnetic NPs may also serve as
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Figure 6.7: MnO NPs as T1 contrast agents. (a) TEM images of monodisperse
MnO NPs of different sizes. (b)T1 weighted images of aqueous MnO NP solutions.
(c) Herceptin conjugated MnO NPs increased the contrast inside the tumor tissue,
whereas bare MnO NPs (d) also led to an enhanced contrast in the surrounding
tissue. From ref. [99]

probes for multimodal imaging. As described in chapter 4, the combination of dif-

ferent materials enables the selective utilization of the individual properties. For ex-

ample, Choi etal. reported that the incorporation of124I into the biocompatible shell

of manganese ferrite NPs, permitted the use of these hybrid NPs as dual imaging

agents for MRI and positron emission tomography (PET) and, therefore, combining

the benefits of MRI together with the high sensitivity of PET (see Figure6.8).[103]

A similar approach was recently reported where the authors used MnO NPs coated

with human serum albumin (HSA) and which were further conjugated with a64Cu

containing complex.[104] With this method it was possible to visualize xenografted

U87MG glioblastoma cellsin vivo, both by MRI and PET. Another example for

multimodal imaging was demonstrated by watersoluble FePt NPs that were used

for in vitro andin vivo imaging by MRI and computer tomography (CT).[105] Dif-

ferent sized FePt NPs were functionalized with cysteamine to ensure hydrophilicity

and the possibility for further bio-functionalization. Upon conjugation with the an-

tibody Anti-Her2, the NPs preferably accumulated in Her2-overexpressing cancer
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Figure 6.8: Bimodal imaging using124I conjugated MnFe2O3 NPs. (a) TEM im-
age of monodisperse MnFe2O3 NPs. (b) Hydrodynamic size of MnFe2O3 NPs. (c)
Aqueous solutions with different NaCl concentration and varying pH. (d) Prepara-
tion scheme for the conjugation of124I onto MnFe2O3 NPs. (e) MRI and PET im-
ages of free124I, MnFe2O3 NPs, and124I-conjugated MnFe2O3 NPs. (f-k) In vivo
MRI/PET images of a tumor bearing rat after injection of124I-conjugated MnFe2O3

NPs. From ref. [103]

cells, as confirmed by MRI and CT. On the other hand, we were able to combine the

properties of MnO NPs and Au NPs for simultaneous MRI and optical detection by

creating biocompatible Au@MnO "nanoflowers" (see chapter 8).[106, 107]

6.5 Toxicity of Magnetic Nanoparticles

The need to evaluate the possible risk of human exposure to different kinds of

nanomaterials has become a central issue in modern materials and biomedical sci-

ence. Especially, as the number of different nanomaterialsincreases with an un-

precedented speed, there is the predominant opinion among both, proponents and

skeptics, that the vast potential of nanotechnology requires immediate attention to

safety issues. Particularly, in the field of nano-biotechnology, direct exposure to

the human body is definitely intended, and therefore, understanding the behavior

and properties of magnetic NPs on the organism after administration, is essential

before considering clinical use. Since these NPs are intentionally designed to inter-
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act with cells, it is crucial to investigate the cellular responses upon NP exposure,

to counteract any possible harmful effects, already duringNP development. How-

ever, since most research on the toxicology of nanomaterials has focused on the

effects of nanoparticles that enter the body accidentally,reliable methodologies to

estimate the toxicological impact upon intended administration are still lacking, al-

though there are already numerous studies on cytotoxic effects of different kinds

of nanoparticles.[108] Despite the fact that anin vivo application of any nanomate-

rial requires a thorough comprehension of the kinetic processes and the toxicolog-

ical impact this material exerts inside a living organism, the most frequently used

screening studies are based onin vitro cytotoxicity experiments, since they are sim-

pler, faster and less expensive compared toin vivostudies.[109–112]

An often examined parameter to assess possible harmful effects of nanomaterials

inside living organisms is an inflammatory response.[113] For instance, recent stud-

ies revealed that TiO2 NPs, which are a common component in many commercially

available products, such as cosmetics or sun screen lotions, can cause inflamma-

tory responses and generation of reactive oxygen species (ROS) leading to DNA

damage.[114] Moreover, it was also shown thatin vitro incubation of single-walled

carbon nanotubes (SWNTs) with keratinocytes and bronchial epithelial cells, led

to lipid peroxidation, oxidative stress, mitochondrial dysfunction, and changes in

cell morphology.[115, 116] Additionally, a size-dependent toxicity was reported

for silver and gold NPs exposed to alveolar macrophages, connective tissue fibrob-

lasts, epithelial cells, macrophages, and melanoma cells.[117–119]. On the other

hand, quantum dots can also initiate an inflammatory response and the production

of ROS.[120]

Concerning magnetic metal oxide NPs (above all, Fe3O4, γ-Fe2O3 and MnO), most

in vitro cytotoxicity studies revealed rather negligible toxic effects. However, it was

stated by several authors that "naked" iron oxide NPs show a higher toxic poten-

tial compared to those that were modified with an inert biocompatible coating. For

example, Gupta etal. reported that PEGylated iron oxide NPs had almost no toxic

effect on fibroblast cells, even at concentrations as high as2 mg mL−1, whereas

uncoated NPs caused a 50% decrease in cell viability alreadyat comparatively low

concentrations (250µg mL−1).[121] The low cytotoxicity of PEGylated Fe3O4 NPs

was further confirmed by other authors using different kindsof PEG.[122, 123] Be-
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sides PEG, iron oxide NPs with other surface coatings, including various polymers

or silica, also showed hardly any toxic effect.[124–126] The reason for the higher

cytotoxicity of "naked" iron oxide NPs was attributed to both, cellular uptake of

the NPs and the production of ROS, caused by Fe-ion leaching.[127] For instance,

Brunner etal. reported a significant reduction in cell viability in human mesothe-

lioma cells upon addition of only 3.75 ppm iron oxide.[128] The authors proposed

that this high toxicity was due to iron-induced free radicalproduction (e.g. hydroxyl

radicals) by Fenton or Haber-Weiss reactions. However, these results further sub-

stantiate the importance of effective surface coating techniques for magnetic NPs in

biomedical applications.

On the other hand, the toxic properties of MnO NPs have hardlybeen investigated

so far. However, most reports on the biomedical applicationof MnO NPs sug-

gest that the toxicity of this material is comparatively low.[91, 101] For instance,

Choi et al. investigated the toxic potential of Fe3O4 and MnO NPs coated with

a hydrophilic micellar phospholipid shell and revealed that, although the MnO

NPs showed a slightly higher toxicity than the Fe3O4 NPs, the overall toxic po-

tential is acceptable.[129] Furthermore, our group demonstrated recently that both,

Au@MnO nanoflowers and PEGylated MnO NPs carrying protoporphyrin IX as a

photosensitizer, exhibited no cytoxic effect in CaKi-1 cells in concentrations as high

as 140µg mL−1.[102, 107] Concerning free manganese ions, literature datasuggest

that, although minor concentrations of these ions are not considered to be harmful to

the human body, thermodynamically stable Mn compounds which are not prone to

Mn ion-leaching should be preferred as NP platforms forin vivoapplications.[130]

6.6 Biodistribution and Clearance

An essential topic, that is often neglected in literature, is the long-term fate of mag-

netic NPs after they have fulfilled their duty inside the body. For this purpose it is

not only important to understand the behavior and interaction of magnetic NPs with

living organisms, it is also crucial to determine where nanoparticulate probes will

eventually end up and how they are finally excreted from the body. However, to the

present day, no reliable experimental technique nor a universal set of criteria have

been developed to address this critical aspect.[108]
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Chapter 7. Synthesis of Monodisperse MnO Nanoparticles: Evaluation of the
Nucleation and Growth Mechanism

7.1 Abstract

Magnetic nanoparticles of 3d transition metal oxides have gained enormous inter-

est for applications in various fields, such as data storage devices, catalysis, drug-

delivery, and biomedical imaging. One major requirement for these applications

is a narrow size distribution of the particles. We have studied the nucleation and

growth mechanism for the formation of MnO NPs synthesized bydecomposition of

a manganese oleate complex in high boiling nonpolar solvents using TEM, FT-IR,

and AAS analysis. The exceptionally narrow size distribution indicates that nucle-

ation and growth are clearly separated. This leads to a uniform growth with a very

narrow size distribution on the existing nuclei. The particle size can be controlled

by adjusting the reaction time, reaction temperature, solvent, and heating rate. The

particle size increases with temperature, reaction time, and the chain length (boil-

ing point) of the solvent. FT-IR and NMR spectra revealed that the oleate capping

agent binds to the surface in a bidentate manner. In addition, XPS measurements in-

dicate that MnO nanocrystals are air-stable, since no significant oxidation of Mn2+

to Mn3+ occurred even after several days.

7.2 Introduction

Magnetic nanoparticles of the 3d transition metal oxides have gained enormous in-

terest for applications in various fields such as data storage devices, catalysis, drug

delivery, and biomedical imaging.[1–5] Especially nanocrystals of simple binary

metal oxides like MnO, NiO, or CoO have served as model systemsfor the detailed

description of magnetic properties in the nanometer regime.[6–8] Different from

the antiferromagnetic bulk material, MnO exhibits ferromagnetic behavior when

the crystallite size is decreased to a few nanometers. Multiple attempts have been

made to explain this behavior. The common opinion today is based on the pres-

ence of uncompensated spins on the crystal surface.[9] Overthe past years, several

different synthesis methods have been developed to producemagnetic NPs in var-

ious sizes and shapes. However, a major requirement concerning later application

in the above-mentioned areas is a narrow size distribution of the particles, usually

with σ < 10%. On the basis of the LaMer model,[10] a separation of nucleation
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and growth is necessary to achieve such a narrow size distribution. Therefore, a

detailed knowledge of the nucleation and growth process is essential. A commonly

used approach is the "hot-injection" method, in which a cold precursor is injected

into a hot solvent leading to a fast increase in monomer concentration and a short

nucleation event. Both concentration and temperature rapidly decrease, followed

by a simultaneous growth of all NPs as the precursor concentration is depleted (see

chapter 3).

During the last years many "one-pot" methods have been developed for the syn-

thesis of monodisperse NPs in which all components are heated at the same time.

MnO NPs have been synthesized starting from Mn2(CO)8,[11] manganese acetyl-

acetonate,[12] acetate,[13] or formate[14] in trioctylamine, with oleic acid as a sta-

bilizing agent and manganese cupferronate[8] complexes orfatty acid salts in high

boiling solvents.[15] Most of these methods use oleic acid as a surfactant to control

nucleation and growth and it must be expected that a metal oleate complex is gen-

eratedin situ in the early stages of the reaction. Therefore, a metal oleate complex

seems to be an ideal precursor for the synthesis of monodisperse nanocrystals.[16]

Detailed studies on the formation mechanism of MnO NPs by heating a manganese

stearate complex in high boiling solvents have been accomplished by Chen et al.[17]

Here we report the synthesis of MnO NPs by a related method[16, 18] using the

decomposition of a manganese oleate complex at high temperatures in high-boiling

point solvents. We were able to produce MnO nanocrystals with high crystallinity

and exceptionally narrow size distribution (in some cases with σ < 3%). In addition,

we observed that the heating rate has a major influence on the dispersity of the final

product.

7.3 Results and Discussion

X-ray diffraction (XRD) data were acquired to characterize phase purity of the final

product (see Figure 7.1). Particle sizes were estimated by deconvolution of the peak-

broadening within the framework of the fundamental parameter approach; they are

in good agreement with the values obtained from TEM analysis(average values

from approximately 200 individual particles). The observed intensities match well

with the cubic rock-salt structure of MnO(cF8, Fm3̄m); no secondary phases were
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Figure 7.1: Size-dependent powder XRD patterns of MnO nanoparticle samples.

detected.

Thermal Decomposition of Manganese Oleate.As the MnO particles are formed

by thermal decomposition of the manganese oleate precursor, thermogravimetric

analysis was performed to examine its decomposition behavior. Usually, metal

carboxylates decompose at temperatures around 300◦C, and it is known that this

process is accompanied by the formation of free radicals.[19] These radicals can

undergo various reactions such as recombination, decay into smaller fragments, or,

as desired here, propagate the decomposition by reacting with other carboxylate

complexes. As a result, a variety of compounds are formed, including CO, CO2,

free acids, ketones, hydrocarbons, and of course, metal oxide target compounds.

However, a detailed and stoichiometric description of thisprocess has not yet been

established.
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Figure 7.2: TGA-curve of Mn-oleate.

Figure 7.2 shows the thermogravimetric traces (in Ar) of manganese oleate. The

first step in the diagram can be associated with a mass loss that we ascribe to two

molecules of CO2 (∆mrel = 14.5% (0.5% loss, corresponding to a molar mass

of 89.5 g mol−1 (3.1 g mol−1). This decomposition is initiated between 220 and

230 ◦C. Around 400◦C, there is a sharper fall in mass, that corresponds to the

remaining organic residues being stripped off (∆mrel = 74.2% (0.5% mass loss).

The remaining solid material (∆mrel = 11.4% (0.5% of the starting material) with

a mass of 70.4 g mol−1 (3.1 g mol−1 corresponds in good approximation to MnO

(molar mass 70.94 g mol−1).

Nucleation and Growth. A detailed understanding of the nucleation and growth

process is essential for the controlled synthesis of monodisperse MnO NPs. Un-

fortunately, an observation of the nucleation event by common techniques is very

difficult. We have used FT-IR spectroscopy, TEM, and AAS analysis to study the

decomposition of the precursor and to evaluate the mechanism of the MnO particle

formation.
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Figure 7.3: FT-IR spectra of aliquots taken at different stages of the reaction after
the reaction solution had reached 200◦C (the variation of intensity of the C=C band
at 1645 cm−1 is due to varying amounts of solvent in the samples).

After having reached 200◦C, the reaction mixture was heated with a constant heat-

ing rate of 1.5◦C/min and aliquots of the solution were taken at different times

and temperatures. Figure 7.3 shows FT-IR spectra of these samples. Typical TEM

images of the resulting NPs at different stages of the synthesis are presented in Fig-

ure 7.4. At room temperature, the antisymmetric stretchingvibration of the oleate

group is clearly detectable at 1555 cm−1. At temperatures above 200◦C, the color of

the solution changed from light red to brown. Nevertheless,neither a significant de-

pletion of precursor nor nanocrystals were detectable. As the temperature increases,

the oleate complex starts decomposing, as concluded from the reduced intensities

of the RCOO− bands of the samples heated at 215◦C (10 min in Figure 7.4) and

230 ◦C (20 min in Figure 7.3). In accordance with earlier observations,[17] we

assume that during this decomposition process, free oleic acid and small MnO clus-
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ters are formed. This assumption is confirmed by the fact thatan absorption band

appears at 1719 cm−1 in the spectra, which can be assigned to the carbonyl stretch-

ing mode of free oleic acid (see Figure 7.3). We expect that inthe further course

of the reaction, the concentration of these MnO clusters increases until a critical

value of supersaturation is reached upon which spontaneousnucleation is initiated.

Consequently, the MnO cluster concentration decreases rapidly below a level where

the net nucleation rate is zero; this is in agreement with theconcept proposed by

LaMer.[10]

Figure 7.4a shows NPs isolated in these early stages of the reaction. They are poorly

crystalline with an average diameter of 4.5 nm and a relatively broad size distribu-

tion. Growth is very fast during this phase of the reaction, because in samples taken

shortly afterward (Figure 7.4b,≈ 2.5 min after taking the first sample (230◦C)) the

particles have not only grown to a diameter of 8.5 nm but also appear more uni-

form in size. Subsequently the nanocrystals grow further byconsuming precursor

molecules from solution without any new nuclei being formed.

Because all particles emerge virtually at the same time, their growth histories are

nearly identical and remain independent from the nucleation event. Therefore, their

size distribution is exceptionally narrow with standard deviation values below 5%.

This concept has often been used to describe the formation ofmonodisperse NPs

in the past and is generally referred to as "separation of nucleation and growth"

mechanism.[19–21] In contrast to the results presented by Chen etal.[17] for the

manganese stearate method, the oleate precursor was still detectable in the reaction

solution by FT-IR spectroscopy and AAS even at higher temperatures and after pro-

longed reaction times (see Figures 7.3 and 7.5). This fact indicates that the growth

of the nanocrystals occurs by consumption of the dissolved precursor.

Above 250◦C, a light greenish precipitate appears that turns dark greenat higher

temperatures and redissolves again at approximately 300◦C, forming a clear green

solution. After 60 min of reaction, the carboxylate band at 1555 cm−1 (Figure 7.3)

has almost disappeared completely. The remaining intensity can be attributed to the

carboxylate band of the oleate molecules which cover the surfaces of the NPs. The

carbonyl band at 1719 cm−1, on the other hand, shows strong absorbance, which

suggests a nearly complete conversion of the precursor. This is in agreement with

the depletion of the concentration of free Mn2+ as obtained from AAS measure-
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Figure 7.4: TEM images of MnO NPs at different stages of the reaction. NPs
isolated (a) immediately after initiated precursor decomposition, (b) after≈ 2.5
min, (c) after 60 min of reflux in 1-hexadecene, (d) after 60 min of reflux in 1-
octadecene. Inset (b) HRTEM and FFT image of a single particle. Inset (c) SAED
image corresponding to image (c).

ments (Figure 7.5). As a consequence, no further growth of the NPs under con-

sumption of dissolved manganese oleate is possible. Imagesc and d in Figure 7.4

show particles isolated after 60 min of reflux from reaction solutions containing 1-

hexadecene and 1-octadecene, respectively. They have average diameters of 17 and
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Figure 7.5: Evolution of particle size and concentration offree Mn2+ with reaction
time in 1-hexadecene (top), evolution of the standard deviation of the mean particle
diameter with time (bottom).

22.5 nm, respectively.

The evolution of particle size with time was studied to derive the kinetics of the

MnO nanoparticle formation (see Figure 7.5). As mentioned above the size of the

nanocrystals increases rapidly within the first minutes of reaction. After 30 min

their growth slows down and eventually stagnates in the further course of the exper-

iment.

The AAS results confirm a rapid conversion of the precursor inthe initial phase

of the experiment. However, manganese oleate is still detectable as free Mn in the

solution even after 60 min and longer, suggesting once more that particle growth is

driven by a consumption of dissolved precursor molecules. The observed depletion

of the manganese precursor matches well with the growth of the particles with time.

Figure 7.5 (bottom) shows the evolution of the relative standard deviation of the par-
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Figure 7.6: MnO nanoparticle size as a function of temperature and solvent.

ticles size as a function of time. A decrease ofσ from 34.2% to 7.3% within 5 min

indicates a fast focusing of the size distribution. The standard deviation reaches a

minimum value of 2.7% after 40 min. Surprisingly, neither a significant broadening

of the size distribution, nor changes in size or shape of the particles occurred even

after the reaction was continued for 180 min. This behavior is atypical for a classi-

cal Ostwald ripening process.

Figure 7.6 shows the evolution of particle size as a functionof reaction tempera-

ture. The crystal size increases almost linearly with temperature for all solvents

used. However, a correlation between size and solvent becomes apparent when the

particle sizes at a fixed reaction temperature of 250◦C are compared. When the

reaction is heated to 250◦C in 1-octadecene (C18, bp. 318◦C), the NPs grow to a

mean diameter of 14.6 nm (σ = 9.7%), whereas in 1-hexadecene (C16, bp. 275◦C)

and 1-tetradecene (C14, bp. 254◦C), they grow up only to 13.3 nm (σ = 5.4%) and

12.1 nm (σ = 4.4%), respectively, at this temperature. It also seems that the narrow-

est size distributions are achieved in the lower boiling solvents 1-hexadecene and

1-tetradecene.

When trioctylamine (TOA) was used as a solvent, however, the results are signif-

icantly different. Figure 7.7 shows TEM micrographs of particles synthesized in
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Figure 7.7: TEM images of MnO NPs prepared in trioctylamine after (a) 5 and (b)
60 min.

TOA. The particles appear randomly shaped, forming multipods and rods. At the

beginning of the reaction, the crystals are well-faceted with sharp edges. As the re-

action proceeds, the edges are smoothed out and the particles lose their shape. This

result is consistent with observations reported by Ould-Ely et al.[22, 23] who syn-

thesized MnO nanocrystals by decomposition of manganese formate in a mixture of

oleic acid and trioctylamine. The reason for this behavior is presumably that TOA

itself, different from long-chained alkenes, has a strong affinity to the surface of

metal oxides.[24] In fact, it has often been used as stabilizing agent in the synthesis

of NPs.[13] Therefore, a competition reaction on the nanocrystal surface between

the surface ligands oleate and TOA seems likely that resultsin an additional growth

on partly uncovered surfaces of the crystals.

An interesting feature of the present system emerges when the solution is cooled to

room temperature after the reaction was complete. Below 250◦C, the initially clear

green mixture turns brown, and below 200◦C, it turns dark brown while remain-

ing clear. However, the color changes to green again when themixture is reheated

above 280◦C. This thermochromic effect can be repeated several times.

Surface Ligands of the NPs. A key aspect in the synthesis of NPs is to over-
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Figure 7.8: FT-IR spectra of oleic acid, manganese oleate, and washed MnO NPs.

come the high surface energy and to stabilize their thermodynamically unfavorable

state. In most synthetic methods, this task is accomplishedby adding certain organic

molecules, that are able to bind onto the surface of the crystals and stabilize them

against aggregation and oxidation. These stabilizing agents also control nucleation

and growth and often comprise long-chain phosphines such astrioctylphosphine,

long-chain thiols, or fatty acids like stearic acid or oleicacid.

We used different techniques to determine the coordinationof the surfactant mole-

cules (oleic acid) on the surface of the NPs. Figure 7.8 showsthe FT-IR spectra

of oleic acid, manganese oleate, and washed MnO nanocrystals. The characteristic

bands of the oleyl group are present in all spectra. The weak absorption band at

2956 cm−1 results from the asymmetric CH3- stretching mode, whereas two bands

at 2922 and 2852 cm−1 can be assigned to the symmetric and asymmetric -CH2-

stretching modes, respectively. Additionally, a small maximum at 3005 cm−1, due

to asymmetric stretching of the vinyl C–H bond, is also characteristic for the oleyl

group. The free carbonyl stretching mode of the acid is visible at 1711 cm−1. In

comparison, the intensity of this band is reduced in the other samples, and strong

absorption bands that can be assigned to the asymmetric and symmetric stretching

bands of the RCOO− group, respectively, appear at 1555 and 1410 cm−1. Further-

126



7.3. Results and Discussion

8 7 6 5 4 3 2 1 0

 

 

In
te

ns
ity

 [a
rb

. u
ni

ts]

Chemical Shift [ppm]

 Oleic acid
 Mn-oleate
 MnO-NP

Figure 7.9:1HNMR spectra of oleic acid,manganese oleate, and washed MnONPs.

more, the difference of 145 cm−1 between both stretching modes is characteristic

for a bidentate coordination of the carboxylate to a metal atom, as has been observed

in zinc oleate complexes.[25–27] Maxima at 1462, 1410, 1379, and 1286 cm−1 in

the oleic acid spectrum can be assigned to deformation vibrations of CH2- and CH3-

groups of the alkyl chain, whereas the broad absorption bandat 930 cm−1 can be

ascribed to the O–H· · · O bending vibration of the carboxylic acid group.

In a simplistic view, spherical MnO NPs are terminated by facets whose struc-

ture contains fragments of the polar{111} surface. In contrast to nonpolar{100}
surfaces of rocksalt structured metal oxides, which are thermodynamically stable,

{111} polar surfaces of bulk single crystal oxides are unstable ifthey remain in

the bulk terminated structure because of the diverging surface potential.[28] From

a theoretical point of view, it has been shown for crystalline surfaces that the com-

pensation of polarity occurs through an interplay of different mechanisms, such as

changes in the surface electronic structure, structural reconstructions accompanied

by changes in the surface stoichiometry, and interaction with the residual atmo-

sphere adsorption, hydroxylation, etc.[29–32] Thus, the stabilization of spherical

NPs by the charged carboxylate ligands is compatible with a binding of the ligands

to the polar{111} surface. On the other hand, the uncharged amine ligand can-
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not stabilize the MnO{111} surface sufficiently, and particles terminated by the

MnO {100} surface are formed. The presence of the very weak carbonyl peak at

1710 cm−1 suggests the presence of trace amounts of free oleic acid in the man-

ganese oleate complex. However, in the MnO NP sample, no freeoleic acid is

detectable.

Nuclear magnetic resonance (NMR) spectroscopy is typicallyused to determine the

coordination and interactions of ligands on the surface of diamagnetic NPs.[33, 34]

NMR spectroscopy of paramagnetic nanocrystals is only rarely reported due to

large broadening effects caused by the large magnetic moment of paramagnetic

materials.[35, 36] Figure 7.9 compares the1HNMR spectra of free oleic acid, the

manganese oleate complex and washed MnO NPs. The signal broadening is clearly

visible in the MnO NP sample, which complicates a spectral assignment. Willis et

al.[35] reported a reduction of the double bond of oleic acid at high reaction tem-

peratures (350◦C) during the synthesis of iron oxide NPs. Nevertheless, the vinyl

and allyl proton resonances appear at 5.34 and 2.01 ppm in allthree samples, sug-

gesting that no loss of unsaturation (hydration of the double bond) occurs during the

synthesis. This is presumably due to the relatively low reaction temperatures used

in our synthesis.

Further characterization of the ligand-coated MnO nanocrystals was performed us-

ing high-resolution XPS. Renaud and Barbier[37, 38] reportedthat the MnO{111}
single-crystal surface is nonstoichiometric, containinga mixture of the MnO{111}
and Mn3O4 {111} phases; the latter was suggested to play a stabilizing role in com-

pensating the polarity. Figure 7.10 shows a high-resolution XPS spectrum of the

Mn 2p region acquired on a MnO nanoparticle sample that was washed and stored

in air for several days. The Mn 2p1/2 and 2p3/2 signals are located at 653.4 and

641.4 eV, respectively. These values are in good agreement with literature values

of Mn2+ in bulk MnO.[39, 40] These results confirm, within the limit of detection,

that no significant oxidation of Mn2+ to Mn3+ on the surface of the NPs occurred

during the reaction and the subsequent purification and indicates the importance of

surface coverage with the oleate ligand. However, it shouldbe stated that a high-

resolution electron energy loss (HREEL) spectrum is more sensitive than XPS in

detecting cation surface defects leading to the formation of overlayers from higher

oxides such as Mn2O3 or Mn3O4.[41]

128



7.3. Results and Discussion

670 660 650 640 630 620

  

 

 

In
te

ns
ity

 [a
rb

. u
ni

ts]

Binding Energy [eV]

Mn2p
3/2

Mn2p
1/2

Figure 7.10: High-resolution XPS scans of the Mn 2p region.

Finally, the amount of oleate on the nanoparticle surface was determined by ther-

mogravimetric analysis. A typical TGA trace for MnO NPs with8.5 nm diameter

is presented in Figure 7.11. The first step can again be associated to loss of CO2.

The second step in the diagram is due to decomposition of the remaining organic

residues. The oleate on the surface sums up to a fraction∆mrel = 34% (± 0.5%) of

the total mass.

Influence of the Heating Rate.It was found that the heating rate had a major influ-

ence not only on the size, but also on the dispersity of the NPs. Images of nanocrys-

tals synthesized with different heating rates are displayed in Figure 7.12. All images

show particles formed in reaction mixtures heated to 300◦C in 1-octadecene sol-

vent after 1 h of aging. It appears that the particle size is inversely dependent on

the heating rate, whereas the size distribution is narrowest when the reaction solu-

tion is heated slowly. In Figure 7.12a (90◦C min−1), the particles have an average

diameter of 6.5 nm (σ = 12.5%), in Figure 7.12b (50◦C min−1) the particle size

is 8.5 nm (σ = 19.3%). When slow heating rates are used, the nanocrystals appear

more uniform in size and shape, as can be seen in Figure 7.12c (3.3 ◦C min−1)

with d = 12.5 nm (σ = 5.3%) and Figure 7.12d (1.5◦C min−1) with d = 18.9 nm

(σ = 5.5%).
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Figure 7.11: TGA curve of washed MnO nanocrystals (⊘ = 8.5 nm).

Magnetic Properties. It has been reported that MnO NPs show weak ferromag-

netic behavior at low temperatures although bulk MnO is antiferromagnetic with

TN = 122 K.[42] The observed weak ferromagnetism was explainedby the exis-

tence of noncompensated surface spins of the antiferromagnetic core of the MnO

nanoparticle. These disordered spins originate from a change in the metal coor-

dination at the surface.[11] Figure 7.13 shows the field-cooled (FC) and zero-field

cooled (ZFC) magnetizations measured in an applied field of 100 Oe, yielding mag-

netic blocking temperatures (TB) of 18.0, 12.7, and 11.6 K for the 6, 16, and 25 nm

particles, respectively. The inverse proportionality ofTB on the size is illustrated in

inset (i) in Figure 7.13. Smaller MnO particles exhibit a higher surface-to-volume

ratio and thus the higher number of noncompensated surface spins. This leads to a

higher blocking temperature and to higher magnetization values compared to larger

particles. This result is in good agreement with a results reported by Seo et al.[43]

The 16 nm MnO NPs show a weak feature at approximately 122 K, the Néel tem-

perature of bulk MnO(inset (ii) in Figure 7.14). However, the susceptibility of a

MnO antiferromagnetic powder is expected to decrease belowTN . But in the case

of the 16 nm particles, a further increase in the susceptibility is observed. The ex-

pected behavior is found for the 25 nm particles for which themagnetic transition
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Figure 7.12: TEM images of MnO NPs synthesized at different heating rates: (a)
90 , (b) 50, (c) 3.3, and (d) 1.5◦C min−1.

atTN is considerably enhanced.

Hysteresis loops at 5 K of different sized NPs are shown in Figure 7.14. An increase

in the magnetization and the width of the hysteresis loop with decreasing size is ob-

served. Inset (ii) displays the hysteresis loops of 12 nm MnONPs measured in a

ZFC and a FC state with an applied field of 2 T. The exchange coupling between

the antiferromagnetic core of the particle and the surface spins leads to a magnetic

behavior corresponding to two magnetic systems.[44] This causes a loop shift along

the field axis in the FC state. Furthermore,HC andHex increase in the field-cooled

hysteresis loop. These results demonstrate that the magnetic properties of MnO NPs

strongly depend on the size of the particles.
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Figure 7.13: Size-dependent ZFC (blue circles) and FC (black triangles) magneti-
zation measurements of MnO NPs in an applied field of 100 Oe. Inset (i) displays
the size dependency ofTB, inset (ii) shows the temperature range from 50 to 200 K
of the 16 nm particles on an enlarged scale.

7.4 Conclusion

In summary, we have shown that MnO NPs can easily be produced by a simple

one-pot heating-up method. The nucleation and growth procedure of the particles

was studied by TEM, FT-IR, and AAS analysis. Our results suggest a single nu-

cleation event followed by a growth on the existing nuclei. Because nucleation and

growth are clearly separated, the crystals grow uniformly,leading to a narrow size

distribution. The particle size can be controlled by adjusting the reaction time and

temperature, the solvent and the heating rate. The particlesize increases with tem-

perature, reaction time, and chain length (boiling point) of the solvent. We inves-

tigated the surface of the MnO nanocrystals by FT-IR and NMR and demonstrated
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Figure 7.14: Hysteresis loops of different-sized MnO NPs measured at 5 K. Inset
(i) shows enlarged view of the hysteresis loops. Inset (ii) shows hysteresis loops of
12 nm particles measured in a ZFC and a FC(2 T) state.

that oleate binds to the surface in a bidentate manner. In addition, XPS measure-

ments indicate that no significant oxidation of Mn2+ to Mn3+ occurred even after

several days. Magnetic measurements showed that the magnetic properties strongly

depend upon the size of the NPs. Both magnetic moment and blocking temperature

increase when the particle size is decreased.

7.5 Experimental Section

All reactions were carried out using standard Schlenk conditions. All syntheses

were carried out in a home-built metal bath heater equipped with a temperature

controller and monitoring unit. The heater was made out of brass and equipped

with two 180 W heating elements operating at 220 V and a Pt100 temperature sen-
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sor. It was filled with 1.2 kg of Wood metal (Roth,TM = 70 ◦C).

Materials. All syntheses were carried out under argon and using commercially

available reagents: 1-tetradecene (technical grade, 92%,Aldrich), 1-hexadecene

(technical grade, 92%, Aldrich), 1-octadecene (technicalgrade, 90%, ACROS),

tri-n-octylamine (98%, Fluka), oleic acid (technical grade, Fisher), methanol, hex-

ane, acetone, ethanol, and manganese chloride tetrahydrate (MnCl2×4H2O, 99%,

Aldrich) were used as received.

Synthesis of the Manganese Oleate Precursor.Manganese oleate was prepared

according to a reported procedure[15, 16, 18] with some modifications: 7.94 g

(40 mmol) of manganese chloride tetrahydrate and 22.60 g (80mmol) oleic acid

were dissolved in 200 mL of methanol. A solution of 3.2 g (80 mmol) of sodium

hydroxide in 200 mL of methanol was added dropwise to the stirred Mn-/oleic acid

solution over a period of 1 h. The initially clear colorless mixture turned pink, and

a deep red oily substance precipitated. After being stirredfor another hour, the sol-

vent was discarded and the product washed with water, ethanol, and acetone. The

oily residue was dissolved in hexane and dried over MgSO4. After evaporating the

solvent the product was driedin vacuo(1×10−2 mbar) at 100–150◦C for 2 h to

produce a deep red waxy solid.

Synthesis of MnO NPs.In a typical reaction, 1.24 g (2 mmol) of the manganese

oleate were dissolved in 10 g of solvent and degassed at 70◦C in vacuo

(1×10−2 mbar) for 2 h and intermittently backfilled with argon to remove any mois-

ture and oxygen. The reaction mixture was subsequently treated with a definitive

temperature program. First of all the solution was rapidly heated to 200◦C with

approximately 5◦C/min. For the further course of the reaction the heating ratewas

fixed to 1.5◦C/min and the temperature was held at reflux (318◦C) for 1 h. The

as-prepared nanocrystals were easily soluble in nonpolar solvents such as hexane or

toluene. The NPs were washed three times according to the following procedure:

They were first dissolved in hexane, precipitated with acetone or ethanol, and sub-

sequently collected by centrifugation. The washed NPs werethereupon redissolved

in hexane or toluene for storage. Depending on solvent, reaction time, temperature,

and heating, rate different particle sizes and shapes were obtained.

Nanoparticle Characterization. The particles were characterized by means of

powder X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier
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transformed infrared spectroscopy (FT-IR), atomic absorption spectroscopy (AAS),

nuclear magnetic resonance spectroscopy (NMR), thermogravimetric analysis

(TGA), and X-ray photoelectron spectroscopy (XPS). The magnetic properties of

the MnO NPs were investigated with a superconducting quantum interference de-

vice (SQUID). XRD measurements were performed on a Bruker D8 Advance diff-

ractometer equipped with a Sol-X energydispersive detector and operating with Mo

Kα radiation. Full pattern profile fits were performed with TOPAS Academic V1.0

applying the fundamental parameter approach.[45] Samplesfor transmission elec-

tron microscopy were prepared by placing a drop of dilute nanoparticle solution

in hexane on a carbon coated copper grid. Low-resolution TEMimages and ED

patterns were recorded on a Philips EM420 microscope operating at an accelera-

tion voltage of 120 kV. High-resolution TEM data was obtained on a FEI Tecnai

F30 S-TWIN with a 300 kV field emission gun. FT-IR spectra were acquired on

a Nicolet 5DXC spectrometer. For AAS measurements ethanol was added to each

sample to precipitate any NPs. After centrifugation the supernatant was treated

with conc. HNO3 to oxidize all organic components. Magnetic measurements were

carried out using a Quantum Design MPMS-XL SQUID magnetometer. XPS data

were acquired on a VG ECA-LAB MK2. AAS experiments were performed on a

Perkin-Elmer 5100 ZL.
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8.1 Abstract

A convenient strategy for preparing core-tunable multicomponent Au@MnO nano-

crystals has been developed. The magnetic nanoflowers are not only efficient as

cargo-specific carriers but also have excellent fluorescentproperties resulting from

fluorophors bound to the Au and MnO domains.

8.2 Introduction

Recently, the development of hybrid nanostructures consisting of various materi-

als has attracted considerable interest. The assembly of different nanomaterials

with specific optical, magnetic, or electronic properties to multicomponent com-

posites can change and even enhance the properties of the individual constituents

(see chapter 4).[1, 2, 4–12] Specifically tuning the structure and interface interac-

tions within the nanocomposites has resulted in novel platforms of materials that

may lead the way to various future technologies, such as synchronous biolabeling,

protein separation and detection,[13–15] heterogeneous catalysis,[16–18] and mul-

timodal imaging in biomedicine.[20–22, 24–26]

Of the various kinds of nanomaterials, gold nanorods show anunusually high po-

larizability at optical frequencies arising from the excitation of localized surface-

plasmon resonances (LSPRs).[27, 28] Furthermore, gold nanorods have promising

therapeutic properties as hyperthermal agents because thelocal temperature around

the gold nanorods can be increased by laser illumination through the tunable surface

plasmon bands in the near infrared (NIR) region.[29–31] Using NIR radiation for

hyperthermal therapy is beneficial because of the low absorption and low scattering

by blood and tissue in this spectral range.[32, 33]

Magnetic nanoparticles constitute another major class of nanomaterials that have

attracted much research effort over the past decades.[34–38] In particular, ex-

change-coupled magnetic nanocomposites, such as antiferromagnetic/ferromagne-

tic core-shell nanoparticles, such as MnO/Mn3O4, have magnetic properties that

are quite different from those of the individual components.[2, 39–43] Concerning

biomedical applications, superparamagnetic nanoparticles are attractive as contrast

agents for magnetic resonance imaging (MRI). The majority ofnanoparticles that
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Figure 8.1: (a) Au@MnO nanoflowers separately functionalized using a multi-
functional polymeric ligand carrying catechol anchor groups and a fluorescent dye
(NBD) tagged to PEG(800) side groups. The gold core is functionalized with a
Texas-Red-tagged thiolated oligonucleotide. (b) TEM imageof polymer-coated
Au@MnO nanoflowers

have been investigated in this field comprise iron oxides (Fe3O4, γ–Fe2O3), which

are known to shorten the transverse (or spin-spin) relaxation timeT2.[44, 45] Re-

cently, manganese oxide nanoparticles (MnO NPs) have been shown to be interest-

ing candidates as contrast agents for shortening of the longitudinal (or spin-lattice)

relaxation timeT1.[47, 48] Consequently, a nanoparticulate system containing both

an optically active plasmonic gold unit and a magnetically active MnO component

would be advantageous for simultaneous optical and MRI detection.

Although considerable research efforts have been put into the chemical design of

suitable surface ligands,[49, 50, 52] one of the major obstacles for biocompatible

applications remains the lack of surface addressability. Therefore, a nanocomposite

made up of individually addressable Au and MnO domains offers two functional
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surfaces for the attachment of different kinds of molecules, thus increasing both

diagnostic and therapeutic potential.[21] Furthermore, the size of either of the two

components can be varied to optimize the magnetic and optical properties. Herein

we present the successful synthesis of Au@MnO nanocomposites consisting of both

paramagnetic MnO NPs and Au crystallites followed by separate surface function-

alization of both domains with fluorescent ligands.

8.3 Results and Discussion

Nanoparticle synthesis and characterization.Figure 8.1 depicts a functionalized

Au@MnO nanoflower with selective attachment of catechol anchors to the metal

oxide petals and thiol anchors to the gold core. The nanoflowers were synthesized

by decomposition of manganese acetylacetonate [Mn(acac)2] in diphenyl ether in

the presence of preformed Au NPs ("seeds"), with oleic acid andoleylamine as sur-

factants, following a similar procedure for the preparation of Au@Fe3O4 heteropar-

ticles by Sun etal.[53] The gold "seeds" were generated in situ by decomposition

of gold acetate [Au(OAc)3] at low temperature, which could be traced by a color

change to deep red. At higher temperatures, MnO petals form by epitaxial growth

on the surface of the Au NPs. The size and morphology of the nanoflowers can

be varied by changing the molar ratio of the precursors (Figure 8.2). The number

Figure 8.2: Au@MnO nanoflowers synthesized with different
[Mn(acac)2]/[Au(OAc)3] molar ratios: (a) 5:1, (b) 10:1, and (c) 20:1.
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Figure 8.3: Powder XRD pattern of 7@18 nm Au@MnO nanoparticles. The po-
sitions and relative intensities of the reflections match well with those of standard
MnO and Au powder diffraction data, indicating that the synthesis yielded a hetero-
nanocomposite consisting of rock-salt MnO (cF8, Fm3̄m) andfccAu.

and size of the MnO petals increases with increasing [Mn(acac)2]/[Au(OAc)3] ratio.

Furthermore, the variation in size and morphology is accompanied by a change in

the optical and magnetic properties.

Figure 8.2 shows Au@MnO nanoflowers prepared with differentprecursor ratios.

Increasing the amount of manganese precursor leads to larger MnO petals. In

all cases the MnO particles nucleate heterogeneously on thegold seeds, and no

unattached MnO NPs were observed. Phase purity was confirmedby powder X-ray

diffraction (see Figure 8.3).

Magnetic properties. The magnetic properties of the nanocomposites were inves-

tigated to evaluate the influence of the diamagnetic Au coreson the MnO domains.

Figure 8.4 shows magnetic hysteresis loops recorded at 5 K ofAu@MnO nanoflow-

ers with Au cores of 7 nm and MnO petals of approximately 10 nm and 18 nm,
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Figure 8.4: Magnetic hysteresis loops recorded at 5 K for Au@MnO nanoflowers
with different petal sizes. The inset shows temperature dependent magnetization
curves (FC–ZFC) of pure MnO nanoparticles and Au@MnO nanoflowers.

respectively. The nanocomposites are superparamagnetic;however, the saturation

magnetization increases with MnO particle size, whereas the coercivity decreases.

A more dramatic change can be seen in the field-cooled/zero-field-cooled (FC/ZFC)

curves (inset in Figure 8.4), in which the magnetic blockingtemperature increases

to 35 K compared to pure MnO NPs.[54, 55] A change in the magnetic behavior

of the Au@Fe3O4 dumbbells depending on the size of the Fe3O4 domain was also

reported by Sun etal.; the authors explained this behavior with thermal agitation of

the nanoparticles and canting of the surface spins.[53]

Optical properties. The interaction of MnO and Au NPs leads to a red-shift of

the gold plasmon resonance (Figure 8.5). Pure Au NPs in the size range of 5-20 nm

have a characteristic collective oscillation frequency (the plasmon resonance) at

520-525 nm,[56–60] the exact position varying with particle morphology and parti-
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Figure 8.5: UV/Vis spectra of Au NPs and of Au@MnO NPs of different sizes.

cle surface coating.[61, 62] Attachment of the Au crystallites to MnO NPs leads to a

significant shift of the extinction maximum to 555/585 nm (inthe case of 7@10 nm

and 7@18 nm Au@MnO particles, respectively, see Figure 8.5). The red-shift is

due to the MnO petals, which increase the effective local dielectric function around

the gold cores; this effect may be evaluated quantitativelyusing the classical Mie

theory,[55, 63–68] using literature values for the opticalconstants for Au NPs,[69]

and by approximating the local dielectric environment around these particles as a

linear combination of the dielectric functions of the toluene solvent and the MnO

domains.[70] Both experimental results confirm the assumption that the Au@MnO

nanoflowers are both magnetically and optically active making them ideal candi-

dates for multimodal biomedical imaging.

Selective surface functionalization. In the further course of our experiments,
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Figure 8.6: a) UV-vis spectra of the (a) as synthesized, (b) polymer functionalized
and (c) NBD conjugated polymer functionalized Au@MnO NPs. b)Vitality assay
of Caki 1 cells incubated with Au@MnO NPs. The density of Caki 1 cells were
105 cells/well. Cells were grown for 24 h before they were exposed to different
concentrations of Au@MnO nanoparticle solutions for 24 h. The concentration of
the NPs is referred to the concentration of Mn as measured by AAS.

we investigated the addressability of both individual surfaces. First, the surfactant

molecules on the MnO surface were replaced by a multidentatecopolymer carrying

catechol anchor groups and poly(ethylene glycol) linkers (PEG;Mr ≈ 800) with

free amino groups for further surface conjugation (Figure 8.1).[71, 73] To visual-

ize the polymer functionalization, the fluorescent dye 4-chloro-7-nitrobenzofurazan

(NBD) was conjugated to the amine groups of the polymer (see Figure 8.6a).

Selective functionalization of the gold domain was achieved by incubating an

aqueous solution of NBD-polymer- modified Au@MnO NPs with thiol-modified

24-mers customized oligonucleotide tagged with Texas red.[74] Excess reagents

were removed by centrifugation. The functionalization approach is shown in Fig-

ure 8.7. The polymer-functionalizedNP stability and cytotoxicity. The Au@MnO

NPs were stable against aggregation and precipitation in various aqueous media,

including deionized water and PBS buffer solution for several days. Viability as-

says of nanocomposite solutions with the renal cell carcinoma line Caki-1 showed

negligible toxicity of the NPs even for concentrations as high as 140µgmL−1 (see
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Figure 8.7: Surface functionalization of Au@MnO nanoflowers with a multidentate
copolymer and subsequent conjugation with NBD. The gold domain was selectively
functionalized with a Texas-Red-tagged thiolated oligonucleotide.

Figure 8.6b).

Optical imaging. The NPs were analyzed under an epifluorescent microscope at

different emission wavelengths to visualize polymer-functionalized MnO domains

(green fluorescence) and Texas-Red-tagged Au domains (red fluorescence). The co-

localization of the green/red fluorescence signals in Figure 8.8a - c supports the idea

that the nanoflowers are not only efficient as cargo-specific carriers but can simul-

taneously be used as optical probes for multimodal targeteddelivery and imaging.

The optical properties of Au@MnO NPs were further explored with an optical

transmission microscope in darkfield mode using a high-numerical aperture con-

denser and a 40× air objective.[75] The particles were immobilized in a flat glass

capillary with hexane as embedding medium (Figure 8.8d, seen as separated bright

colored spots, each corresponding to one single nanoparticle). Most of the spots

appear green- yellow to the eye, with minor variances in color and intensity demon-

strating a relatively low polydispersity. A few brighter red spots indicate a negligible
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Figure 8.8: (a) Fluorescence microscope images of NBD−polymer-functionalized
7@18 nm Au@MnO nanoflowers (green fluorescence), (b) conjugated with Texas-
Red-tagged thiolated oligonucleotide (red fluorescence), and (c) a co-localized im-
age. (d) Real color picture of immobilized Au@MnO nanoflowersunder dark-field
illumination (all scale bars: 10µm). (e)T1-weighted MRI images of aqueous solu-
tions containing 7@18 nm Au@MnO nanoflowers (concentrations in mM Mn).

number of aggregated particles with direct contact of the gold cores.

Investigation of a few dozen single particles shows a mean resonance wavelength

λres = 584± 9 nm and a mean spectral linewidthΓ = 302± 51 meV (see Fig-

ure 8.9). These data agree well with the ensemble extinctionspectrum of the sam-

ple (Figure 8.5). Pure gold spheres of comparable size to thegold core (ca. 10 nm)

would be hardly detectable with this experimental setup; therefore, surrounding

MnO panels enlarge the total particle volume and significantly increase the ampli-

tude of the scattered light. Calculations within the quasi-static approximation[76]

show an increase of the scattering cross-sections for a 10 nmMnO layer (n = 2.16)

by a factor of 23 together with a red-shift of the resonance of76 nm (see Fig-

ure 8.10).

Magnetic resonance imaging.For magnetic resonance imaging,T1 relaxivity

measurements were performed on a clinical 3.0 Tesla scanner(Magnetom Trio,

Siemens Medical Solutions, Erlangen, Germany) by means of aT1 measurement
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Figure 8.9: Typical scattering spectrum of a single Au@MnO nanoflower, revealing
a resonance wavelength of approximatelyλres ≈ 580 nm and a spectral linewidth
of aboutΓ ≈ 300 meV.

using a centric reordered saturation recovery (SR) preparedsnapshot fast low angle

shot (SR-TurboFLASH) pulse sequence with different preparation times (TI) rang-

ing from 20 ms up to 8000 ms (other pulse sequence parameters:repetition time

TR = 3.4 ms, echo time TE = 1.5 ms, flip angle = 208◦). Figure 8.8e shows aT1-

weighted MR image of seven different MnO@Au nanocomposite concentrations

dissolved in water ranging from 0 to 42.5 mM.T1 measurement revealed aT1 re-

laxivity of 0.224 ms−1mM−1 for the Au@MnO nanocomposites.

8.4 Conclusion

In summary, we have described the synthesis and characterization of a group of

flowerlike Au@MnO NPs. By taking advantage of their constituent properties, dif-

ferent functional molecules were loaded onto each component of the heterostruc-

ture. The NPs are magnetically and optically active, and they are therefore useful

for simultaneous magnetic and optical detection. The fact that the nanoflowers are

149



Chapter 8. Au@MnO Nanoflowers: Hybrid Nanocomposites for Selective Dual
Functionalization and Imaging

Figure 8.10: Theoretical scattering spectra based on the quasi-static approximation
for gold spheres (a) and MnO coated gold spheres (b). While bare gold spheres
of 10 nm size show a resonance wavelength of 531 nm, the same particle coated
with a 10 nm MnO layer (n = 2.16) shows a resonance of 607 nm. Furthermore the
scattering cross-section Csca increases about 23 times due to the shell.

capable of imaging the same tissue area with both MRI and an optical source with-

out the fast signal loss observed in the common fluorescent labeling implies, that

they can be used to achieve high sensitivity in diagnostic imaging applications. It

would be interesting to extend this synthetic method to nanoflowers made of dif-

ferent materials, such as Cu@MnO, Ag@MnO, or Pt@MnO, and to use these mul-

tidomain particles as building blocks of higher-order structures, the symmetries of

which would derive from "directional" interactions betweenNP petals (for example,

linear particle chains from nanoflowers having two leaves).Work on attaching ther-

apeutic molecules to these dumbbell NPs for target-specificimaging and delivery is

currently underway.

8.5 Experimental Section

Materials. Manganese (II) acetylacetonate (97%, ABCR), gold(III) acetate

(≥99.9%, Alfa Aesar), oleic acid (90%, Aldrich), oleylamine (80-90%, ACROS),

phenyl ether (≥99%, Sigma Aldrich), di-tert-butyl dicarbonate ((Boc)2O) (≥99%,

Aldrich), dioxane (p.A., Fisher), H2N-PEG(800)-NH2 (Mw ≈ 800 g mol−1, Ald-
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rich), triethylamine

(≥99%, Aldrich), 3-hydroxy tyramine hydrochloride (dopamine·HCl) (98%, Ald-

rich), 4-chloro-7-nitrobenzofurazan (NBD) (98%, Aldrich)trifluoroacetic acid

(TFA) (99%, Sigma-Aldrich), ethanol (99.8%, Roth), toluene(≥99%, Sigma-Ald-

rich), hexane (p.A., Fisher), DCM (p.A., Fisher), DMF (extradry,≥99.8%, Acros),

diethyl ether (p.A. Fisher) were used as received without further purification.

Synthesis of Au@MnO Nanoflowers.All reactions were carried out using stan-

dard Schlenk techniques. 1 mmol of manganese (II) acetylacetonate and 0.05 mmol

of gold (III) acetate were added to a mixture of phenylether (12 mL), oleic acid

(1 mL) and oleylamine (2 mL) under argon. The mixture was degassed at 50◦C

(10−2 mbar) for 1 hour and repeatedly backfilled with argon to remove any traces of

air and moisture. The resulting solution was rapidly heatedto reflux (259-261◦C)

with approx. 20-25◦Cmin−1 and kept at this temperature for 60 minutes before

cooling to room temperature. The product was precipitated by addition of excess

ethanol and collected by centrifugation. The NPs were repeatedly washed by dis-

solving them in toluene, precipitating them with ethanol and centrifugation. Finally,

the product was dissolved in toluene, flushed with argon and stored in a fridge.

Nanoparticle Characterization. The particles were characterized by means of

powder X-ray diffraction (XRD), and transmission electron microscopy (TEM).

The magnetic properties of the Au@MnO NPs were investigatedwith a super-

conducting quantum interference device (SQUID). XRD measurements were per-

formed on a Bruker D8 Advance diffractometer equipped with a Sol-X energy-

dispersive detector and operating with Mo Kα radiation. Samples for transmission

electron microscopy were prepared by placing a drop of dilute nanoparticle solu-

tion in hexane on a carbon coated copper grid. Low-resolution TEM images and

ED patterns were recorded on a Philips EM420 microscope operating at an acceler-

ation voltage of 120 kV. Magnetic measurements were carriedout using a Quantum

Design MPMS-XL SQUID magnetometer.

Morphology of the Au@MnO NPs. In order to quantitatively investigate the mor-

phology we determined the ratior of the average diameter of MnO petals to Au

cores. In all samples the gold cores retained almost the sameaverage diameter (5-

10 nm), whereas the size and number of the MnO petals changed.For a Mn(acac)2
: Au(ac)3 ratio of R = 5 : 1 (Figure 8.2a),r is 1.2 with the MnO domains hav-
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ing an average diameter of 10 nm and the composite particles mainly consisting

of dimers, trimers and only few "nanopansies". ForR = 10 : 1, r is 1.5 and more

and larger petals are visible on the Au cores (Figure 8.2b). Finally, for R = 20 : 1,

r is 2.1 and "nanopansies" with 3 or more petals are the predominant morphology

(Figure 8.2c).

Synthesis of Boc protected Bis-Amine-PEG (NBoc-PEG-NH2). A solution of

(Boc)2O (0.02 mol) in 30 mL of anhydrous dioxane was added drop wise to a so-

lution of NH2-PEG-NH2 (0.1 mol) in 50 mL anhydrous dioxane. The resulting

solution was stirred overnight at room temperature. The solvent was evaporated,

and the oily product obtained was dissolved in 50 mL of water and extracted using

50 mL of CH2Cl2 (three times). The combined organic phases were washed with

a conc. solution of NaCl and dried over anhydrous Na2SO4. The resulting organic

phase was concentrated by rotary evaporation to produce a viscous, colourless oil.

Further purification was achieved by flash chromatography onsilica using a CH2Cl2
/ ethanol mixture (2:1) as eluent.

Preparation of the polymer. The poly (active ester) poly(pentafluorophenylacry-

late) (PFA) was prepared as reported earlier.[71, 72, 77] GPC analysis of the ob-

tained polymer (THF, light scattering detection) gave:Mn = 16,390 gmol−1,

PDI = 1.39, with an average of 70 repeating units.

For the synthesis of the multifunctional poly(acrylamides), poly(active ester) poly-

(pentafluorophenylacrylate) (700 mg, 2.94 mmol repeating units) was dissolved in

a mixture of 9 mL dry DMF and 0.7 mL triethylamine. After that,3-hydroxy-

tyramine hydrochloride (24 mg) dissolved in 3 mL DMF and 0.4 mL triethylamine

was added and the reaction mixture was stirred for 3 hours at 50 ◦C. In the final step

the remaining active ester groups were substituted using anexcess of NBoc-PEG-

NH2 (dissolved in 3 mL dry DMF) and stirring for 5 h at 50◦C. The solution was

concentrated to about 2 mL and the polymeric ligand was precipitated by addition

of cold ethyl ether. The precipitated polymer was centrifuged and the solvent was

decanted. Upon drying, 286 mg of a colorless oil was obtained.

Cleavage of the Boc group.The polymer obtained above was dissolved in CH2Cl2
(30 mL). After that, trifluoroacetic acid (2.0 mL) was added and the mixture was

stirred at room temperature for 2 h. After that the reaction solution was treated with

mixture of water and hexane (30 mL/50 mL) and vigorously stirred for 30 minutes.
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The aqueous phase containing the polymer was separated and concentrated to 2 mL

and dialysed against deionized water for 2 days (cellulose bag, MWCO = 3,500).

Finally, the water was evaporated and the product was redissolved in chloroform to

make a stock solution which was kept in a fridge.

Selective functionalization of MnO domains in Au@MnO nanoflowers. 10 mg

of Au@MnO nanoflowers dispersed in 15 mL of chloroform were slowly added

over 1 h into the above synthesized polymer solution (20 mg/ 10 mL, chloroform).

The reaction was continuously stirred at 50◦C, overnight under inert condition. The

functionalized NPs were precipitated by addition of hexaneund separated from un-

bound polymer and surfactants by centrifugation. The Au@MnO NPs were washed

twice by dissolving them in acetone and precipitating them with hexane. Finally,

the particles were stored in acetone or DMF in a fridge.

Conjugation of NBD dye to free NH2 groups of polymer functionalized

Au@MnO nanoflowers. 8 mg of 4-chloro-7-nitrobenzofurazan (NBD) dissolved

in 1 mL acetone along with 0.1 mL of triethylamine was added toa solution of

polymer functionalized Au@MnO NPs in acetone (10 mg in 10 mL). The resulting

solution was stirred for 3 hours at 50◦C in the dark under argon protection. After

that, the dye modified NPs were precipitated and washed with hexane/acetone.

Transfer of Au@MnO-polymer-NBD into the aqueous phase.To transfer the

polymer-NBD functionalized nanoflowers into an aqueous solution same amounts

of water and hexane were added dropwise to a nanoflower solution in chloroform.

After complete addition, the solution was stirred for further 30 min. at room tem-

perature. Separation of the aqueous and the organic phase was achieved with a

separatory funnel. The Au@MnO NPs were almost exclusively found in the aque-

ous phase. The concentration was determined using atomic absorption spectroscopy

(AAS, Perkin-Elmer 5100 ZL).

Selective modification of the Au cores in Au@MnO-polymer-NBD composites

using Texas Red-ODN-SH.For modification of the Au core a 24-mers customized

oligonucleotide with the following composition: TTTTTTTTTTTTTTTTTTTTT-

TTT-SH containing Texas red at the 5’ end and a thiol group on the 3’ end (Texas

Red-ODN-SH, Sigma Aldrich) was used. A stock solution with a concentration

of 75 mM was prepared in Tris-EDTA buffer (pH 7.5) and aliquots were kept at

-20 oC. For oligonucleotide functionalization, NBD-polymer modified Au@MnO
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nanoflowers (2 mg mL−1) were incubated with a 10 mM solution of Texas Red-

ODN-SH as described elsewhere.[30] After shaking for 24 h at20 ◦C, the sam-

ple was treated with phosphate buffer (10 mM, pH 7.0) containing NaCl (0.1 M)

followed by a centrifugation step (15 min at 10000 rpm, room temperature) to re-

move unbound oligonucleotides. Following removal of the supernatant, the NPs

were washed twice with phosphate buffer (10 mM, pH 7.0) + NaCl (0.1 M), re-

centrifuged (15 min, 10000 rpm, room temperature) and re-dispersed in the same

phosphate buffer solution. The fluorescence analysis of themulti-fluorescent la-

beled NPs was performed with an Olympus AHBT3 light microscope, together with

an AH3-RFC reflected light fluorescence attachment at the emission wavelength of

456 nm (filter U) and 565 nm (filter G) to visualize both, NBD on the MnO domains

and Texas Red labelled ODN-SH on the Au cores. The images were co-localized

using the software Analysis (Olympus, USA).

Cell culture and cytotoxicity-assay. The human renal cell carcinoma line (Caki

1) was kindly provided by the group of Prof. Dr. P Langguth, Institute for phar-

macy and biochemistry, Johannes Gutenberg-University, Mainz. Cells were grown

in McCoys 5A media (Sigma-Aldrich, Germany) supplemented with 10% fetal

bovine serum (FBS, Sigma-Aldrich, Germany), 1% Penicillin-Streptomycin (PEST,

10000 U mL−1 Penicillin and 10 mg mL−1 Streptomycin, Sigma-Aldrich) 2 mM L-

glutamine (Sigma-Aldrich, Germany), 1x Mycokill (PAA, Germany) and 1x MEM

non essential amino acids (Sigma-Aldrich, Germany). Cell cultures were routinely

grown in 75 cm2 sterile cell culture flask until and were contained at 37◦C, 95%

relative humidity and 5% CO2 until reaching the confluence of 2,1·106 cells mL−1.

The cytotoxicity assay was performed according to the supplier. Cells were grown

in 96 well plates under standard conditions in 90µL McCoys 5A. The density was

105 cells/well. In 6 wells only media was added to allow background subtraction.

After 24 h of cell growth, different concentrations of Au@MnO NPs functionalized

with polymer and NBD in McCoys 5A were added. NPs were sterile filtered using

a mixed ester 0,22µm filter (Sigma-Aldrich) prior to use. Incubation time was set

at 24 h. After this period of time, the media was replaced by 100 µL RPMI 1640

media without phenol red (Sigma-Aldrich, Germany) supplemented with 10% FBS,

1% PEST, 2 mM L-gluthamine and mycokill. 10µL MTT labelling reagent (WST

8, Sigma-Aldrich, Germany) was added. Cells were incubated at 37 ◦C, 5% CO2
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and 95% relative humidity for 1.5 h, followed by incubation at room temperature

on a shaker in the dark for further 2 h. The absorption of formazan which was

formed due to cellular activity was measured at 450 nm. Wellswithout cells were

used to allow background substraction. All results were normalized to wells that

did contain cells, but where media was added instead of NPs.
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Chapter 9. Protoporphyrin Functionalized MnO NPs for Optical/MR Imaging
and PDT

9.1 Abstract

Superparamagnetic MnO nanoparticles were functionalizedusing a hydrophilic lig-

and containing protoporphyrin IX as photosensitizer. By virtue of their magnetic

properties these NPs may serve as contrast enhancing agentsfor magnetic reso-

nance imaging (MRI), while the fluorescent target ligand protoporphyrin IX allows

simultaneous tumor detection and treatment by photodynamic therapy (PDT). Caki-

1 cells were incubated with these NPs. Subsequent exposure to visible light lead to

cell apoptosis due to photoactivation of the photosensitizer conjugated to the NPs.

This method offers great diagnostic potential for highly proliferative tissues, includ-

ing tumors. In addition, it is an efficient platform that combines the advantages of

a biocompatible photosensitizer with the possibility for MRI monitoring due to the

magnetic properties of the highly soluble functionalized manganese oxide NPs.

9.2 Introduction

Cancer "theragnostics", the ability to simultaneous diagnoseand treat cancer, has

become one of the major driving forces in nano-biotechnology. In this context, NPs

of 3d transition metal oxides have gained enormous attention in recent years due to

their unique magnetic properties which make them promisingcandidates for vari-

ous applications ranging from protein separation,[1–3] specific cell targeting, drug

delivery,[4, 5] and magnetic resonance imaging (MRI).[6–9]To date, most inter-

est in the clinical use of magnetic NPs (NPs) has focused on magnetite (Fe3O4) and

maghemite (γ-Fe2O3) NPs, which are known to shorten the transverse (or spin-spin)

relaxation timeT2.[9–11] Additionally, manganese oxide (MnO) NPs have recently

proved to be interesting candidates as contrast agents for shortening of the longi-

tudinal (or spin-lattice) relaxation timeT1.[12–15] However, a major requirement

for the successful application of magnetic NPs in biomedicine is in addition to sol-

ubility and colloidal stability in physiological environment a low toxicity. Efficient

strategies for surface modification have lead to a tremendous improvement of both,

biocompatibility and stability, in biological media.[16–20] Most of these strategies

employ poly(ethylene glycol) (PEG) as hydrophilic linker because it not only guar-

antees prolonged blood half-life and circulation, but alsoreduced opsonization and
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Figure 9.1: Experimental scheme: MnO NPs were first functionalized using a bi-
functional catechol-PEG-protoporphyrin IX (DA-PEG-PP) ligand. These MnO-
DA-PEG-PP NPs were then incubated in CaKi-1 cells. Subsequent irradiation with
visible light led to the photoactivation of protoporphyrinIX and, thus, production
of reactive singlet oxygen (1O2), which induced cell death by apoptosis.

non-specific uptake by macrophage cells.[21–27] In order toachieve sufficient sur-

face coverage of the magnetic NPs highly effective anchor molecules are neces-

sary. 3-Hydroxytyramine (dopamine), a derivative of the amino acid L-DOPA, a key

component in many marine adhesive proteins,[28–34] has proven to be a powerful

chelating ligand which strongly binds to metal and metal oxide surfaces.[35, 36]

Consequently, the conjugation of dopamine and PEG has evolved as a popular

method among the scientific community to functionalize magnetic NPs.[17, 37–40]

However, extensive studies on the surface modification and biomedical application

of manganese oxide NPs have only rarely been reported so far.

Photosensitizers, active compounds used for photodynamictherapy (PDT), have

the intrinsic advantage of distributing primarily in highly regenerative tissues after

intravenous or oral administration.[41] Their therapeutic effect is activated by pho-

toexcitation of the localized photosensitizer to generatecytotoxic species, e.g., sin-
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glet oxygen (1O2), free radicals, or peroxides. This leads to selective and irreversible

destruction of diseased tissues, without damaging adjacent healthy cells.[42–45]

Compared to other current cancer therapies such as surgery, radiotherapy or chemo-

therapy, PDT is an effective and selective means of suppressing cancer tissues

growth without affecting the surrounding healthy tissue. Since 1993, government

regulatory approval for photodynamic therapy involves theuse of a partially pu-

rified, commercially available hematoporphyrin derivative compound (Photofrin)

for patients suffering of early and advanced stages of cancer of the lung, digestive

tract, and genitourinary tract.[46] The application of PDTis now considered an al-

ternative solution for the treatment of tumors that eludes conventional chemo- and

radiotherapy methods.

In recent years increased research effort has been devoted to NPs as novel platforms

to enhance the drug delivery efficiency to cancer cells.[47]This leads to applica-

tions not only as therapeutic drugs in non-invasive cancer treatment,[48, 49] but

also in clinical diagnostics,[50, 51] e.g. in the diagnosisof tumors and cardiovascu-

lar diseases.[52]

In this contribution we describe the synthesis of a novel highly water-soluble mul-

tifunctional MnO nanoparticle system carrying protoporphyrin IX as photosensi-

tizer (see Figure 9.1). Monodisperse MnO nanocrystals weresynthesized by the

oleate route and subsequently functionalized with a dopamine-PEG-protoporphyrin

IX (DA-PEG-PP) ligand. As fluorescent molecules are amenable to photodetection,

these protoporphyrin IX-functionalized magnetic NPs alsooffer unique opportuni-

ties to simultaneously detect and treat tumor tissues by a combination of analytical

(MRI, optical) and therapeutic (PDT) methods.

9.3 Results and Discussion

MnO NPs: Synthesis and Properties.Monodisperse spherical MnO NPs were

synthesized by decomposition of a manganese oleate precursor in 1-octadecene

at 300 ◦C. Figure 9.2a shows a representative transmission electronmicroscopy

(TEM) image of as prepared oleate capped MnO NPs with an average diameter of

14 nm. The particles have spherical shape; due to their narrow size distribution

they self-assemble into two dimensional superlattices. Phase purity of the product
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Figure 9.2: (a-c) Transmission electron microscopic (TEM)images of spherical
manganese oxide NPs: (a) as prepared, (b) functionalized with DA-PEG-NH2, (c)
functionalized with DA-PEG-PP ((b) and (c) in water). (d) Aqueous solutions
of DA-PEG-NH2 (odd numbers) and DA-PEG-PP (even numbers) functionalized
MnO NPs after more than two weeks: 1 & 2 in human blood serum (stored at 4◦C),
3 & 4 in human blood serum (at 37◦C), 5 & 6 in deionized water (at 4◦C), 7 & 8
in deionized water (at 37◦C).

was confirmed by powder X-ray diffraction (XRD, see Figure 9.3a). All reflections

can be indexed to the cubic rock-salt structure of MnO (cF8, Fm3̄m) with (111),

(200), (220), (311), (222) and (400) as strongest reflections in the powder pattern.

No traces of other manganese oxide phases could be detected.

Size dependent magnetic properties of MnO NPs were reportedpreviously.[53, 54,

56–58] Due to super-exchange interactions between neighboring Mn2+ cations bulk

MnO is a classical antiferromagnet.[59] MnO NPs, on the other hand, exhibit su-

perparamagnetic behavior, a phenomenon which is generallyexplained by the pres-

ence of uncompensated moments on the particle surface.[53,54, 60, 61] Magnetic

hysteresis loops of the MnO NPs used in this study were recorded at 5 K and

300 K (Figure 9.3b). The NPs were superparamagnetic at room temperature but

showed weakly ferromagnetic behavior at 5 K. Temperature dependent zero-field-
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Figure 9.3: (a) Powder XRD-pattern of as-prepared MnO NPs. (b) Magnetic hys-
teresis loops of MnO NPs recorded at 300 K and 5 K (the inset shows temperature
dependent magnetization curves (ZFC-FC) of MnO NPs recorded with an applied
induction field of 100 Oe).

cooled/field-cooled (ZFC/FC) measurements at an applied fieldof 100 Oe revealed

a magnetic blocking temperatureTB of 13 K, a value similar to those reported

before.[53, 54, 56–58]

Nanoparticle Functionalization. Ligand exchange of the hydrophobic oleate

layer by a hydrophilic DA-PEG-PP ligand yielded highly water soluble NPs. The

ligand contained a bisamine poly(ethylene glycol) (H2N-PEG-NH2) with an aver-

age molecular weight of 800 g mol−1 (PEG800) as a hydrophilic linker. PEG is used

in numerousin vivo applications to allow better body distribution and prolonged

blood half-life of drugs.[62–65] However, sufficient surface coverage of magnetic

NPs can only be accomplished by the introduction of strong anchor groups into the

ligand molecules. Catechols, like L-DOPA or dopamine, have recently evolved as

preferred components to efficiently bind onto the surface ofmetal oxides.[66–69]

In order to ensure strong attachment to the MnO surface, a catechol derivative 3,4-

dihydroxyhydrocinnamic acid (DA) was conjugated to the NBoc-PEG-NH2 linker

by a common DCC coupling technique. Deprotection of the DA-PEG-NBoc con-

jugate with TFA resulted in DA-PEG-NH2. The presence of a terminal primary
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Figure 9.4: (a) FT-IR spectra of oleate capped (black line),DA-PEG-NH2 function-
alized (blue line) and DA-PEG-PP functionalized MnO NPs (red line). (b) UV-Vis
spectra of naked MnO NPs, MnO-DA-PEG-NH2 (blue), protoporphyrin IX (PP)
unbound (green) and MnO-DA-PEG-PP NPs (red).

amino group in DA-PEG-NH2 permitted the covalent attachment of protoporphyrin

IX (PP) to form DA-PEG-PP. One crucial criterion for thein vivo applicability is

the solubility of the NPs in body fluids. After surface functionalization in chlo-

roform, transfer into deionized water was possible and did not result in particle

agglomeration as confirmed by TEM (see Figure 9.2b,c). Figure 9.2b displays NPs

functionalized with DA-PEG-NH2, whereas Figure 9.2c shows MnO NPs function-

alized with DA-PEG-PP. In both cases well separated NPs wereobtained. This is

an important attribute for photosensitizers, because particle aggregation tends to ex-

hibit poor PDT efficacy due to the deactivation of the excitedstate energy.[70] The

surface charges were determined to be -4.15 and -6.32 mV for the DA-PEG-NH2
and DA-PEG-PP functionalized MnO NPs, respectively. They were stable against

aggregation in various aqueous solutions for several weeks. Figure 9.2d shows a

photograph of aqueous solutions containing DA-PEG-NH2 and DA-PEG-PP func-

tionalized MnO NPs. The particles were dispersed in water and in human blood

serum and stored at 4◦C and 37◦C for more than two weeks. No particle agglom-

eration or precipitation was observed during this time period.

FT-IR analysis. Ligand exchange of the oleate group by DA-PEG-NH2 and DA-
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PEG-PP was confirmed by FT-IR measurements. The corresponding FT-IR spectra

are displayed in Figure 9.4a. As prepared MnO NPs (black linein Figure 9.4a) ex-

hibit characteristic vibrational bands of the oleate group. Most notably, the asym-

metric and symmetric stretching bands of the RCOO− group appear at 1555 and

1410 cm−1, respectively. It has been reported that the spectral difference of

145 cm−1 is typical for a bidentate coordination of the carboxylate group to the

metal ions on the surface.[53, 71–73] However, these bands are absent in the spec-

tra of DA-PEG-NH2 and DA-PEG-PP functionalized MnO NPs, respectively, indi-

cating a complete replacement of the oleate layer by the hydrophilic ligands. Fur-

thermore, the appearance of vibrational bands at 1290, 1251and 1107 cm−1 in the

MnO-DA-PEG-NH2 and MnO-DA-PEG-PP spectra, which can be assigned to the

stretching modes of C–O–C ether groups in PEG, confirms this assumption. In ad-

dition, the partial disappearance of the stretching modes of the free amine groups

at 3219, 3064, 1653 and 1528 cm−1 in the protoporphyrin IX modified sample

confirms the successful functionalization of the MnO-DA-PEG-NH2 NPs with the

photosensitizer molecules.

UV-Vis analysis. The absorption properties of protoporphyrin IX were still intact

after binding to MnO as confirmed by UV/Vis spectroscopy for the DA-PEG-PP

sample (see Figure 9.4b). For comparison, the UV/Vis spectra of protoporphyrin

IX, as-synthesized MnO NPs, DA-PEG-NH2 and DA-PEG-PP functionalized MnO

NPs are presented in Figure 9.4b. The spectrum of as-prepared MnO NPs (black

line in Figure 9.4b) shows an increase in absorption for smaller wavelengths. DA-

PEG-NH2 shows an absorption maximum at 280 nm due to the presence of the

phenyl ring in the catechol moiety (Figure 9.4b, blue line).For the protoporphyrin

IX (green line in Figure 9.4b), the well-known "stairs" formed by the absorption

maxima in the 500-630 nm region (Q band of protoporphyrin IX)and an absorption

maximum at 400 nm also appear for the DA-PEG-PP functionalized MnO NPs (red

line in Figure 9.4b). Hence, UV/Vis spectroscopy confirms successful binding of

DA-PEG-PP onto the MnO NPs.

Cell Studies: Cytotoxicity. For in vivo applications it is of utter importance,

that the toxicity of the NPs themselves is rather low. For this purpose, a cytotox-

icity assay was performed based on the capacity of living cells to metabolically

reduce water soluble formazan to give an insoluble (typically purple) formazan
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Figure 9.5: Vitality test of Caki 1 cells incubated with different concentration of
DA-PEG-NH2 functionalized MnO NPs (P, dashed columns) for 24 h (dark gray)
and 48 h (light gray) as well as DA-PEG-PP modified MnO NPs (PP)incubated for
24 h (dark gray) and 48 h (light gray). To estimate cell viability WST-8 (Sigma-
Aldrich) was applied. The resulting absorbance was normalized to the correspond-
ing control sample (medium was added).

product that can be quantified spectrophometrically. For this assay, Caki-1 cells

(105 cells/well) were grown on a 96 well plate for 24 h under standard conditions.

After this time, they were incubated with different concentrations of sterile filtered

DA-PEG-NH2 and DA-PEG-PP functionalized MnO NPs (resuspended in a corre-

sponding medium) for 24 h and 48 h, respectively. To test for cell viability, the

cells were washed, as well as the excess of non internalized NPs and the medium

replaced by RPMI 1640 medium without phenol red supplementedwith 10% FBS,

1% PEST, 2 mM L-glutamine and mycokill in order to avoid misleading values

obtained upon reading. Then, WST-8 was added to the cell culture and incubated

for an overall period of 3.5 h. However, when WST-8 is converted metabolically

by the dehydrogenases, it forms a water soluble orange compound contrary to the

classical MTT assay where insoluble purple formazan crystals are formed (M5655;

Sigma-Aldrich Chemie GmbH).[74] The presence of orange coloration and an in-

tense absorption in the corresponding wavelength region (450 nm) is an indication
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for cell viability and can be referred to a control sample (see Figure 9.5).

In general the toxicity was low, in respect to a maximum loss in cell viability of

6.4% (48 h incubation, 50µg/ml MnO particles functionalized with DA-PEG-

NH2). Neither MnO-DA-PEG-PP, nor MnO-DA-PEG-NH2 showed a significant

difference, when the incubation times were compared. For NPs that carried PP a

slight decrease in cell viability of 2% was observed when incubated at a concentra-

tion of 100µg/mL. Cells that were incubated with MnO-DA-PEG-NH2 exhibited a

decrease of 2% (100µg/mL) and 10% (50µg/mL) as well as an increase of 25%

(25 µg/mL). In comparison, MnO-DA-PEG-PP shows slightly lower cell viability

(3-6%) after 24 h and 48 h than MnO-DA-PEG-NH2. However, for both cases the

toxicity is low confirming the findings for other MnO NPs.[75,76]

Cell Studies: Photodynamic Activity. The internalization and photodynamic ac-

tivity of DA-PEG-PP functionalized MnO NPs were demonstrated with Caki-1

cells. These cells were incubated with NPs for 48 h in the darkand at 37◦C, 95%

relative humidity and 5% CO2 as described in the experimental section. After the

incubation period, non-internalized NPs were washed off with PBS-buffer solution

(pH 7.4) and the cells were kept in RPMI 1640 medium until the blast experiments

were carried out. The internalization of DA-PEG-PP functionalized MnO NPs into

the Caki-1 cells was investigated via fluorescence microscopy.

Figure 9.6a shows an overlay of two different filters where DA-PEG-PP function-

alized MnO NPs show the typical red fluorescence emission signal and the cell

nuclei, stained with DAPI, display a bright blue fluorescence thus indicating that

DA-PEG-PP functionalized NPs were internalized by the cells. Additionally, no

modification of cell morphology was observed. Simultaneously, cells were tested

for a potential cellular damage induced by the DA-PEG-PP functionalized MnO

NPs using FITC-labeled Annexin-V. This assay is based on the fact that during

the early stages of apoptosis phosphatidylserine (PS), an important component of

cytoplasmic membranes, is redistributed to the external surface of plasma mem-

branes, where it is accessible for Annexin-V, a phospholipid binding protein that

targets phosphatidylserine.[77, 78] Figure 9.6c shows no green fluorescent signal

indicating that the NPs do not induce apoptosis confirming earlier observations on

cell-nanoparticle toxicity assays. The fact that the cellswere kept in the dark elicits

an inactivation of the photodynamic activity of bonded protoporphyrins.
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Figure 9.6: Light microscopic images of human kidney cancercells (Caki-1). (a)
MnO-DA-PEG-PP NPs exhibit red fluorescence under a fluorescence microscope
that can be co-localized to cell cores stained with DAPI. (b)Caki-1 incubated with
MnO-PP, (c) labeling of Caki-1 incubated with MnO-DA-PEG-PPand Annexin-V.
These cells were not irradiated and, therefore, show no signs of apoptosis. (d-f)
Caki-1 cells incubated with MnO-DA-PEG-PP and irradiated with light of a wave-
length of 630 nm. (d) Fluorescence of the NPs within the cells, (e) Annexin-V
fluorescence of apoptotic cells, (f) overlay of (d) and (e).

However, when Caki-1 cells were incubated with DA-PEG-PP functionalized MnO

nanoparticle for 48 h and subsequently irradiated with a He-Ne laser source at

630 nm wavelength with an adjusted intensity of 40 mWcm−2, corresponding to an

incidental dose of 72 Jcm−2, protoporphyrin IX was photoactivated, leading to for-

mation of reactive oxygen species (singlet oxygen (1O2) randomly dispersed inside

cells, targeting proteins, nucleic acids, and membrane components and ultimately

inducing cell death. The use of laser light for PDT brings several advantages such as

monochromaticity which provides maximum irradiance to minimize the therapeu-

tic exposure time, and finally, the application of fiberglassoptics coupling, enabling

light delivery to any organ.

In Figure 9.6d, the fluorescent microscope image shows severe modifications in

the cell morphology as distinct indicators of induced apoptosis. Thus, the charac-

teristic features of apoptotic cells can easily be visualized, including cytoplasmic
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blebbing and condensation, cell shrinkage, and formation of apoptotic bodies. The

presence of protoporphyrin functionalized MnO NPs in the cytoplasm (Figure 9.6d,

red fluorescent signal) confirms that the cellular demise is directly associated with

the photoactivation of protoporphyrin functionalized MnONPs.

In order to further confirm apoptosis induction, Caki-1 cellsincubated with MnO-

DA-PEG-PP and exposed to a light source were incubated with FITC-labeled An-

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

its a strong green fluorescence signal (Figure 9.6e and the overlay in Figure 9.6f).

In addition, cells treated in the same fashion (containing MnO-DA-PEG-PP NPs

and exposed to laser irradiation) were stained with propidium iodine but no signal

Figure 9.7: Light microscopic images of human kidney cancercells. (A-D) MnO
NPs functionalized with PEG as control. (A, E, I) Protoporphyrin-functionalized
MnO NPs (red fluorescence signal) and control sample respectively inside of the
Caki-1 cells. (E) Caki-1 cells analyzed by the Nomarski light system before ir-
radiation, (I) subjected to fluorescence light microscopy analysis at an excitation
wavelength of 410 nm, respectively. After photoactivationof the protoporphyrin-
functionalized NPs (I, L) the Nomarsky light system shows cytoplasmic blebbing
and condensation, cell shrinkage, and formation of apoptotic bodies (J). The pres-
ence of Annexin-V-FITC labeled (green fluorescence, (J)) confirms cell apoptosis.
(Scale bar: 20µm). Absence of propidium iodine fluorescence (K) confirms cell
apoptosis in favor of cell necrosis.
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Figure 9.8: MRI data for MnO-DA-PEG-PP NPs. Concentration dependent evolu-
tion of longitudinal relaxation timeT1. Inset:T1 weighted MRI images of aqueous
solutions containing DA-PEG-PP functionalized MnO NPs.

was observed (Figure 9.7), thereby supporting the fact, that cells undergo apoptosis

rather than necrosis during photodynamic therapy (PDT).

As controls, untreated Caki-1 cells and cells treated with DA-PEG-NH2 function-

alized MnO NPs (48 h) were exposed to same laser source for 30 min showing no

signs of modified morphology or induced cell death (see Figure 9.7.

Magnetic Resonance Imaging.To investigate the MR signal enhancement effects,

the aqueous solutions of functionalized MnO NPs at different Mn concentrations

were measured on a clinical 3.0 T MRI scanner. MnO NPs shorten the longitudinal

relaxation (T1), leading to a brightening in the MR image when compared to sam-

ples without contrast agent. This effect was shown for the PEGylated particles as

can be seen in Figure 9.8. DA-PEG-PP functionalized MnO NPs where diluted in

water to give concentrations of 40 mM to 5 mM. The intensity was directly propo-

tional to the concentration of the NPs. This was not only shown by imaging but

was also confirmed by calculating the relaxation time (see plot in Figure 9.8). The

higher the Mn concentration, the shorter wasT1. The step between 20 mM and

40 mM might be due to saturation effects.
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9.4 Conclusion

In summary, hydrophobic superparamagnetic MnO NPs were functionalized us-

ing hydrophilic DA-PEG-NH2 and DA-PEG-PP ligands respectively. Efficient sur-

face binding of the ligand molecules was confirmed by FT-IR and UV-Vis analysis.

We showed that the optical properties of protoporphyrin IX are not significantly

changed by binding to the MnO surface. Internalization of well dispersed protopor-

phyrin functionalized MnO NPs by human renal cell carcinoma(Caki-1) cells was

demonstrated by fluorescence microscopy. We further demonstrated that laser light

radiation (PDT) irradiation (635 nm, incident dose of 72 Jcm−2) of Caki-1 cells

incubated with protoporphyrin IX-functionalized MnO NPs leads to cell death by

apoptosis due to formation of reactive singlet oxygen (1O2) initiated by photoac-

tivation of protoporphyrin IX. Furthermore, the presence of protoporphyrin IX on

the MnO NPs permits detection of the particles by fluorescence microscopy due to

its intrinsic fluorescence. Finally, we demonstrated that by virtue of their magnetic

properties functionalized MnO NPs exhibit a strongT1 contrast enhancement ef-

fect for MRI. Hence, hydrophilic protoporphyrin IX functionalized MnO NPs show

potential for application not only as imaging agents for MRI and fluorescence mi-

croscopy but also as target systems for photodynamic therapy.

9.5 Experimental Section

Materials. Manganese (II) chloride tetrahydrate (99%), oleic acid (techn. 90%),

sodium hydroxide (p.A.), 1-octadecene (techn. 90%),O,O’-bis(2-aminopropyl)

polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol 800

(H2N-PEG-NH2, Mw ≈ 800 g mol−1), di-tert-butyl-dicarbonate ((Boc)2O, 97%),

3,4 dihydroxyhydrocinamic acid (DA, 98%), 1-hydroxyhydro-benzotriazol-hydrate

(HOBt, 98%), N,N‘-diiso-propylethyl-amine (DIPEA, 99%), dicyclohexylcarbodi-

imide (DCC, 99%), and protoporphyrin IX (PP, 95%) were purchased from Sigma-

Aldrich (Germany). N-hydroxy-succinimide (NHS, 97%) was from Fluka. Ethanol,

hexane, chloroform, and dichloromethane were of analytical grade and purchased

from Fisher. DMF (99.5%+, extra dry) was purchased from ACROS. All chemi-

cals were used as received without further purification. In addition 4,6-diamino-2-
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phenylindole (DAPI, Invitrogen GmbH - Molecular Probes, Karlsruhe, Germany),

and Annexin-V (Annexin-V-FLUOS kit, Roche Applied Science)were used for

staining of cell compartments. McCoys 5A cell culture mediumwith phenol red,

RPMI 1640 cell culture medium without phenol red, non-essential amino acids

(NEA), penicillin-streptomycin (PEST), L-gluthamine, fetal bovine serum (FBS),

phosphate buffer saline (PBS, 1x) and cell counting kit 8 (WST-8) were purchased

from Sigma-Aldrich (Germany). Mycokill was provided by PAA, Germany.

Synthesis of MnO NPs.The synthesis of the manganese (II) oleate precursor and

the synthesis of MnO NPs have been described elsewhere.[53]Briefly, manganese

oxide NPs were synthesized by thermal decomposition of manganese (II) oleate

in 1-octadecene at elevated temperatures. Size and morphology of the naked and

surface functionalized manganese oxide NPs were investigated using transmission

electron microscopy (TEM, Philips EM 420 instrument with anacceleration voltage

of 120 kV). X-ray powder diffraction measurements were performed on a Bruker D8

Advance powder diffractometer, operating with Mo-Kα radiation equipped with a

Sol-X energy-dispersive detector. The magnetic properties of powder samples were

measured with a superconductive quantum interference device (SQUID, Quantum

Design MPMS XL).

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

NBoc-PEG-NH2. In a typical reaction, 10 mmol ofO,O’-bis(2-aminopropyl) poly-

propylene glycol-block-polyethylene glycol-block-polypropylene glycol 800 (H2N-

PEG-NH2) was dissolved in 100 mL of 1,4 dioxan under standard Schlenkcon-

ditions. 10 mmol of triethylamine was added and the solutionwas allowed to

stir vigorously for 30 min at room temperature. 10 mmol di-tert-butyl-dicarbonat

((Boc)2O) were dissolved in 50 mL of 1,4-dioxan and added dropwise tothe H2N-

PEG-NH2 solution (at a constant speed of one drop per second). The reaction was

allowed to proceed overnight at room temperature under an inert atmosphere. After

removal of the solvent the crude product was transferred into dichloromethane. The

organic phase was washed three times with aqueous saturatedNaCl solution and

subsequently dried over MgSO4. Further purification was achieved by flash chro-

matography using a silica column and a mixture of dichloromethane and ethanol

(ratio 2:1) as eluent. Evaporation of the solvent produced aviscous colorless oil.

DA-PEG-NH2. Conjugation of NBoc-PEG-NH2 to 3,4-dihydroxyhydrocinnamic
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acid (DA) was performed by a common DCC coupling reaction under inert con-

ditions. First, 3,4-dihydroxyhydrocinnamic acid (5 mmol)and HOBt (5.1 mmol)

were dissolved in 10 mL of dry DMF and stirred at room temperature. After 10

minutes DCC (5.1 mmol in 10 mL of dry DMF) were added, and the solution was

stirred for another 10 minutes before NHS (5.1 mmol in 10 mL ofdry DMF) was

added dropwise over a period of 30 minutes. The reaction was continued for 2

hours. The resulting DA-NHS ester was subsequently added toa stirred solution of

NBoc-PEG-NH2 (5 mmol) in 15 mL of dry DMF over a period of 45 minutes. The

solution was stirred overnight at room temperature. After removal of the urea side

product by filtration, the crude product was transferred to chloroform. The organic

solution was extracted several times with a saturated NaCl solution and washed

with deionized water. The solvent was evaporated and the oily residue redissolved

in dichloromethane. Cleavage of the BOC protection group was accomplished by

addition of trifluoroacetic acid and stirring at room temperature for two hours. Af-

ter removal of DCM the product was dissolved in 40 mL of chloroform and washed

with a saturated aqueous NaHCO3 solution and deionized water. The organic phase

was dried over MgSO4 and the solvent removedin vacuoto produce a light brown

oil.

DA-PEG-PP. Protoporphyrin IX was bound to DA-PEG-NH2 as NHS-ester. Pro-

toporphyrin IX (0.1 mmol) was dissolved in 10 mL of dry DMF under an argon

atmosphere in the dark. HOBt (0.24 mmol) was added and the solution was stirred

for 5 minutes before addition of DCC (0.3 mmol in 1 mL dry DMF). After 30 min-

utes NHS (0.3 mmol in 1 mL dry DMF) was added and the solution was stirred at

room temperature overnight in the dark. The solid urea side product was removed

by centrifugation, and the product was kept as DMF stock solution in the dark at

-40 ◦C.

DA-PEG-NH2 (0.1 mmol) was mixed with PP-NHS (0.05 mmol from the stock so-

lution) in 5 mL of chloroform, and the reaction was allowed toproceed for 24 hours

in the dark under argon. The final product was precipitated byaddition of hexane

and collected by centrifugation (9000 rpm for 10 minutes). The supernatant was

discarded and the residue redissolved in 5 mL chloroform. The washing cycle was

repeated twice and DA-PEG-PP was finally stored as chloroform solution in the

dark at -40◦C.
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Functionalization of the MnO NPs. The surface of the hydrophobic oleate capped

MnO NPs was modified by a ligand exchange reaction in chloroform. In a typi-

cal reaction 10 mg MnO NPs were dissolved in 40 mL of chloroform and added

drop wise to a solution of 30 mg DA-PEG-NH2 or DA-PEG-PP in 40 mL of chlo-

roform under argon. The solution was stirred overnight at room temperature and

subsequently concentrated to 10 mL by rotary evaporation. Phase transfer of the

functionalized hydrophilic particles into deionized water was achieved by adding a

mixture of 30 mL of hexane and 40 mL milli Q water under vigorous stirring. The

aqueous phase containing the MnO NPs was separated and the final Mn concen-

tration was estimated by atomic absorption spectroscopy (AAS, Perkin-Elmer 5100

ZL).

The functionalized MnO NPs were characterized by TEM and Fourier–transformed-

Infrared (FT–IR) spectroscopy (Mattson Instruments 2030 Galaxy− FT−IR spec-

trometer). Surface charges (Zeta potential) were determined with a Malvern Ze-

tasizer Nano ZS. Unless mentioned differently, all nanoparticle concentrations are

referred to the Mn concentration measured with AAS.

Cell culture and cytotoxicity-assay.The human renal cell carcinoma line (Caki-1)

was kindly provided by the group of Prof. Dr. Langguth, Institute for Pharmacy

and Biochemistry, Johannes Gutenberg-University, Mainz. Cells were grown in

McCoys 5A medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum

(FBS, Sigma-Aldrich), 1% Penicillin-Streptomycin (PEST, 10000 U/mL Penicillin

and 10 mg/mL Streptomycin, Sigma-Aldrich) 2mM L-glutamine(Sigma-Aldrich),

1x Mycokill (PAA) and 1x MEM non essential amino acids (Sigma-Aldrich). Cell

cultures were routinely grown in 75 cm2 sterile cell culture flask and were con-

tained at 37◦C, 95% relative humidity and 5% CO2 until reaching the confluence of

2,1 x 106 cells/mL. To assay the nanoparticle cytotoxicity, Caki-1 cells were grown

in 96 well plates in McCoys 5A medium with a cell density of 105 cells/well un-

der standard conditions. In 6 wells only medium was added to allow background

subtraction. After 24 h of cell growth, 10µl of sterile filtered [0.22µm filter (Sigma-

Aldrich)] MnO-DA-PEG-NH2 and MnO-DA-PEG-PP-NPs (concentrations ranging

from 25 - 100µg/mL) resuspended in McCoys 5A medium were co-incubated for

24 and 48 h. After this incubation time, excess NPs were washed off with sterile

PBS buffer (pH 7.4) and the medium was replaced by RPMI 1640 medium without
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phenol red (Sigma-Aldrich, Germany), supplemented with 10% FBS, 1% PEST,

2 mM L-glutamine and mycokill and finally MTT labeling reagent (WST 8, Sigma-

Aldrich) was added according to the supplier. The cells wereincubated at 37◦C,

5% CO2 and 95% relative humidity for 1.5 h, followed by incubation at room tem-

perature on a shaker in the dark for a further 2 h. The absorption of soluble orange

formazan which was formed due to cellular activity was measured at 450 nm using

an ELISA reader Titertek Plus MS 212 (ICN, Eschwege, Germany). For back-

ground subtraction, blank wells without cells but treated in parallel were used. The

measurements were performed in triplicate and data analyzed by using Origin. All

results were normalized to wells that did contain cells, butwhere media was added

instead of NPs.

Incubation of MnO-DA-PEG-PP NPs with CaKi-1 cells and laser exposure.

Sterile DA-PEG-PP functionalized MnO NPs (100µg mL−1 per well) were incu-

bated with confluent Caki-1 cells for 48 h at 37◦C, 5% CO2 and 95% relative

humidity, in the dark. In order to initiate photochemical reactions, the cells were

irradiated at 630 nm, and the intensity adjusted to 40 mW cm−2 for a period of 30

min, corresponding to an incidental dose of 72 J cm−2, using an excitation light

source He-Ne laser (635 nm). This wavelength range was chosen to match the long

wavelength part of the protoporphyrin IX absorption spectrum. Afterwards, the

cell culture was washed twice with sterile PBS buffer-solution (pH 7.4) and RPMI

medium supplemented with 10% FBS, mycokill, L-glutamine andPEST. As con-

trols, DA-PEG-NH2 functionalized MnO NPs (100µg mL−1) (e.g. without bound

protoporphyrin) were incubated in parallel under the same experimental conditions

and the untreated Caki-1 cells were exposed to the same light source for 30 min.

The cells nuclei were stained with DAPI and in order to assesscellular integrity

FITC-labeled Annexin-V (Annexin-V-FLUOS kit, Cat. No. 11 858777 001 Roche

Diagnostics GmbH, Penzberg, Germany). The fluorescence analysis was performed

with a light microscope, together with an AH3-RFC reflected light fluorescence at-

tachment. The images were co-localized using the software AnalySIS (Olympus,

USA). To exclude necrosis of the cells, staining with propidium iodine was per-

formed in parallel. The corresponding image is provided in the supporting informa-

tion (Figure 9.7).

Magnetic Resonance Imaging.MR signal enhancement effects were measured for
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the aqueous solutions of functionalized MnO NPs at different Mn concentrations

(measured with AAS) on a clinical 3.0 T MRI scanner (Magnetom Trio, Siemens

Medical Solutions, Erlangen, Germany). Signal reception and radio frequency (RF)

excitation was performed using 8-channel knee coil. ForT1-measurement, a satura-

tion prepared (SR) snapshot fast low angle shot (SR-TurboFLASH) pulse sequence

with repetition time (TR) / echo time / flip angle of 3.0 ms / 1.5 ms / 20◦ was used

with varying saturation times starting from 20 ms up to 8000 ms. For measuring the

T2 relaxation time, a multi-echo spin-echo pulse sequence (CPMG, Carr-Purcell-

Meiboom-Gill) with a total of 32 echos and TR = 5000 ms was used, the echo time

was varied from 7 ms to 224 ms. In a secondT2 measurementTE was varied from

15 ms up to 480 ms.
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10.1 Abstract

Highly biocompatible multifunctional nanocomposites consisting of monodisperse

manganese oxide nanoparticles with luminescent silica shells were synthesized by

a novel approach, involving a combination of w/o-microemulsion techniques and

common sol-gel procedures. The NPs were characterized by TEM analysis, powder

XRD, SQUID magnetometry, FT-IR-, UV/Vis- and fluorescence spectroscopy and

dynamic light scattering. Due to the presence of hydrophilic poly(ethylene glycol)

(PEG) chains on the SiO2 surface, the nanocomposites are highly soluble and stable

in various aqueous solutions, including physiological saline, buffer solutions and

human blood serum. As the quantification of the particle bound target molecules is

crucial for their drug loading capacity the number of surface amino groups avail-

able for ligand binding on each particle were determined using a colorometric assay

with fluorescein isothiocyanate (FITC). MnO@SiO2 NPs were less prone to Mn-

leaching compared to NPs coated with a conventional bi-functional dopamine-PEG

ligand. Interestingly, the presence of a silica shell did not change the magnetic prop-

erties significantly, and therefore, the MnO@SiO2 nanocomposite particles showed

aT1 contrast with relaxivity values comparable to those of PEGylated MnO NPs.

10.2 Introduction

The design of new multifunctional nanomaterials that combine different physical

and chemical properties has become a distinct driving forcein modern-day mate-

rials science. Especially the integration of magnetic nanomaterials with molecu-

lar biology and biomedicine has evolved into a new research area, which is now

widely called nano-biotechnology.[1] So far, magnetic NPshave been used in vari-

ous biomedical applications ranging from protein separation, targeted drug delivery,

magnetic hyperthermia, and magnetic resonance imaging (MRI).[2–8] MRI is one

of the most powerful non-invasive diagnostic techniques, since it provides unsur-

passed 3D soft tissue detail, without using ionizing radiation, deep tissue penetra-

tion and high resolution, and therefore, has been applied for the diagnosis of various

diseases. The method is based on the relaxation of protons inan external static mag-

netic field after transmission of an excitation pulse. This process occurs according
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to two different mechanisms: either by spin-lattice relaxation (with a relaxation

timeT1), or by spin-spin relaxation (with relaxation timesT2 andT ∗
2 ). Like in any

other imaging technique, contrast agents are used in MRI to shorten the respective

relaxation times, and thus enhance the visibility of pathological aberrations.[9]

The utilization of magnetic NPs for these purposes is quite reasonable, given the

fact, that their size, size distribution, and morphology are easily controllable, which

enables a precise tuning of their magnetic properties. Superparamagnetic iron oxide

NPs (SPIONs) (i.e. magnetite (Fe3O4) and maghemite (γ-Fe2O3)) are, by far, the

most intensively studied materials in this field, owing to their high saturation mag-

netization and low coercivity. They accelerate the spin-spin relaxation, and there-

fore, are used as negative (T2) contrast agents. In fact, some iron oxide nanoparticle

probes have been approved for clinical use by the Food and Drug Administration

(FDA) of the United States.[9–11] However,T2 (or MR negative) contrast agents

lead to a decrease in signal intensity, and thus to a darkening in the MR image. Pos-

itive MR contrast agents, on the other hand, are known to decrease the spin-lattice

relaxation timeT1, leading to a brightening in the corresponding MR image. These

agents usually comprise paramagnetic gadolinium complexes, such as Gd-DTPA

or Gd-DOTA. Unfortunately, these complexes exhibit low relaxivity (r1) values.

Higher,r1 values have recently been reported for Gd-based NPs, like Gd2O3,[12–

14] GdPO4, [15, 16] or GdF3, [17] however, they lack of a precise control over size

and morphology, which hampers their possible application.[18] Recently, super-

paramagnetic MnO NPs have also proven to be potential candidates asT1 contrast

agents.[19–23] In the case of MnO, the magnetic behavior results from the presence

of uncompensated magnetic moments on the surface of the NPs.[24]

Most synthetic approaches for size and shape controlled magnetic NPs are based

on the decomposition of metal-organic compounds at high temperatures and in the

presence of hydrophobic surfactant molecules.[25, 26, 28,29] In those cases, a

narrow size distribution is achieved by precise adjustmentof the individual syn-

thetic parameters. However, efficient surface modificationstrategies are needed

to enhance both, hydrophilicity and biocompatibility of the NPs and to prevent

both, agglomeration in physiological environment and non-specific uptake by the

reticuloendothelial system (RES).[30, 31] Most of these strategies employ poly-

(ethylene glycol) (PEG) as hydrophilic linker, since it notonly guarantees pro-
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longed blood half-life and circulation, but also reduced opsonization by serum

proteins.[32–37] Besides ligand exchange, with either bi-functional[38–41] or mul-

tifunctional polymers[3, 22, 43, 44] and micellar incorporation with functional am-

phiphilic polymers,[45–47] silica encapsulation is one ofthe most often used meth-

ods for surface functionalization of inorganic nanomaterials.[48]

Apart from excellent biocompatibility, the presence of a silica shell around metal

oxide NPs offers many advantages, such as chemical and physical protection from

the surrounding environment, stability in aqueous media and a vast and robust plat-

form for further modification. In fact, the well developed surface chemistry for

silica micro- and NPs provides the opportunity to specifically tune the particle prop-

erties for later applications.[11, 49–52] Additionally, the possibility to incorporate

fluorescent dyes inside the SiO2 shells has led to a wide extension of applicability,

owing to reduced photobleaching, blocked quenching effects and suppression of en-

ergy transfer through the silica matrix.[53–57]

In recent years, there has been a tremendous progress in the development of new

strategies for silica encapsulation of inorganic NPs.[54,58–64] However, the most

often applied procedures for the coating of hydrophobic NPsare based on the poly-

merization of silane monomers (usually tetraethyl orthosilicate (TEOS)) inside the

micelles of reverse (or water-in-oil (w/o)) microemulsions.[65–73] The micelles

comprise of basic aqueous droplets, which are stabilized bya nonionic surfactant

in a continuous non-polar phase. Their size can easily be tuned by varying the in-

dividual synthetic parameters, including the molar water/surfactant ratio. Since the

hydrolysis of silane monomer only occurs inside the micelles or at the water-oil

interface, the resulting silica coated NPs are very homogeneous in size and shape,

which is favorable compared to particles obtained by a Stöber-type approach.[74]

Inspired by these processes we have developed a novel one-pot encapsulation strat-

egy, which can be applied on various hydrophobic NPs, to create multifunctional

nanocomposites. It is based on a combination of w/o microemulsion techniques

and common sol-gel methods and involves the successive addition of different func-

tional silanes. We demonstrate that our multifunctional silica coated MnO NPs are

stable against aggregation in water, physiological saline, and human blood serum

over several weeks. Additionally, the incorporation of thefluorescent dye Atto 465

permits the detection duringin vitro studies. Besides colloidal stability, the quan-
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Figure 10.1: Experimental scheme for the preparation of multifunctional silica
coated MnO NPs.

tification of the particle bound target molecules is a matterof interest because the

drug loading capacity is decisive for the dose rate determination and a successful

application of the particles in drug delivery. Quantification of the particle bound

molecules is an analytical challenge, because either the lack (or the superposition)

of chromophores excludes direct spectrophotometrical detection by excitation of

fluorescence. For instance, several colorimetric assays have been developed for

quantifying the PEGylation.[75–78] An elegant method for quantifying the PEGy-

lation of nanoparticle drug carrier systems based on asymmetrical flow field-flow

fractionation was reported recently.[76–79] We have determined the number of sur-

face amino groups available for ligand binding on each particle using a colorometric

assay with fluorescein isothiocyanate (FITC).

Furthermore, we show that the silica shell has only a negligible influence on the

magnetic properties, and that therefore, the MnO@SiO2 NPs still exhibit a consider-

ableT1 MR contrast enhancement effect. Additonally, the silica encapsulated MnO

NPs showed negligible cytotoxicity and are well taken up by bone marrow-derived

dendritic cells (BMDCs) making them suitable candidates forin vivoapplications.
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10.3 Results and Discussion

Particle synthesis and silica coating.The synthesis scheme for the preparation of

the multifunctional silica coated MnO nanocomposites is illustrated in Scheme 10.1.

First, hydrophobic oleate capped MnO NPs are synthesized according to a pre-

viously published method.[24, 80] In the second step, the NPs are coated with

a thin shell of SiO2 by hydrolysis of tetraethylorthosilicate (TEOS) in a reverse

microemulsion. The shell thickness is easily adjustable byvariation of the syn-

thetic parameters, including micelle size, amount of TEOS,or reaction time. Dur-

ing this procedure, a fluorescent dye (Atto 465) is additionally incorporated into

the silica shell, to allow optical detection of the NPs by fluorescence microscopy.

In the following steps, further functionalization is achieved by condensation of a

PEG-silane conjugate (PEG-TES) and 3-aminopropyltriethoxysilane (APS) onto

the nanocomposite surface. The attachment of PEG groups notonly increases

the hydrophilic character, but also ensures biocompatibility of the magnetic NPs

in physiological environment, whereas the presence of freeamino groups on the

particle surface enables for further conjugation. Consequently, the MnO@SiO2-

PEG/NH2 nanocomposite particles are readily soluble in polar solvents, such as

ethanol or acetone, which permits a simple purification procedure by repeated pre-

cipitation/centrifugation/resuspension with hexane andethanol/acetone.

Nanoparticle characterization. The successive silane-functionalization steps of

the MnO NPs were monitored by transmission electron microscopy (TEM) and

Fourier-transformed infrared (FT-IR) spectroscopy. Representative TEM images of

the different synthesis stages are displayed in Figure 10.2. Figure 10.2a shows as-

prepared oleate capped MnO NPs before functionalization with SiO2. The particles

are uniform in size and shape with an average diameter of 10 nm(σ ≤5%). Af-

ter the first modification step the particles are covered by a 3nm thick silica shell

(Figure 10.2b) and retain their narrow size distribution. Due to the higher electron

density, MnO appears darker in the TEM images compared to SiO2. It should be

noted, that no multiple MnO NPs per SiO2 shell are observed. This can be ascribed

to an ideal micelle size during the reverse microemulsion step, in which each mi-

celle contains only one MnO nanoparticle. Figure 10.2c and Figure 10.2d show the

final MnO@SiO2-PEG/NH2 NPs after complete functionalization. There is a slight
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Figure 10.2: TEM images of "naked" and silica functionalizedMnO NPs. (a) As
synthesized MnO NPs with an average diameter of 10 nm. (b) MnONPs coated
with a uniform shell of silica after hydrolysis of TEOS. (c) MnO@SiO2 NPs after
conjugation with PEG-silane and APS, no significant aggregation is visible. (d)
Enlarged view of MnO@SiO2-PEG/NH2 NPs in image (c).
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Figure 10.3: (a) FT-IR spectra of MnO NPs recorded after eachfunctionalization
step during the synthesis (from top to bottom). (b) powder XRDpattern of "naked"
and silica coated MnO NPs. The red bars indicate the expectedreflection positions.

increase in shell thickness to 4-5 nm, however, no significant particle aggregation is

observable and the NPs appear uniform and well separated.

The presence of the individual functionalities on the MnO nanoparticle surface

was confirmed by FT-IR spectroscopy. Figure 10.3a displays FT-IR spectra the

MnO@SiO2 nanocomposites after each functionalization step (top to bottom). The

spectrum of as-prepared oleate capped MnO NPs (black line, top) exhibits char-

acteristic vibrational bands at 1555 and 1410 cm−1 which can be assigned to the

asymmetric and symmetric stretching modes of the carboxylate group of the oleate

molecules.[24] The weak absorption band at 2956 cm−1 results from the asymmet-

ric CH3- stretching mode. Two bands at 2922 and 2852 cm−1 can be assigned to the

symmetric and asymmetric CH2-stretching modes of the alkyl chain, respectively.

After the first step (MnO@SiO2, red line), the carboxylate bands have almost disap-

peared completely, however, strong and broad absorption bands appear in the spec-

tral region between 1155 and 1020 cm−1, that can be associated with asymmetric

O-Si-O stretching vibrations. This is a clear indication for the successful exchange

of the oleate layer by SiO2. The coupling of PEG molecules on the surface of the

MnO@SiO2 nanocomposites (MnO@SiO2-PEG, blue line) is accompanied by the
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appearance of two new bands at 1463 and 1377 cm−1. They are due to the sym-

metric stretching vibrations of the C-O-C ether groups inside the PEG moieties.

Additionally, the asymmetric and symmetric CH3- and CH2- stretching vibrations

at 2954, 2918, and 2869 cm−1 appear more pronounced, owing to the PEG alkyl

structure. Finally, the presence of free amino groups on MnO@SiO2-PEG/NH2

(green line) was confirmed by the occurrence of a band at 1636 cm−1 which can be

assigned to the H-N-H scissoring vibration, and an absorption band at 800 cm−1,

that is due to the NH2- wagging vibration. Unfortunately, the expected asymmetric

and symmetric NH2- stretching vibrations between 3300 and 3400 cm−1 are not vis-

ible among the broad OH-oscillation in the concerning spectral region. Moreover,

the CN-stretching vibration, which is expected around 1080 cm−1, is superimposed

by the strong absorption of SiO2. Phase purity of the silica coated MnO NPs was

investigated by powder X-ray diffraction. For comparison,the powder patterns of

pure MnO NPs and MnO@SiO2 NPs are displayed in Figure 10.3b. In both cases

the observed intensities match well with the cubic rock saltstructure of MnO (cF8,

Fm3̄m). Therefore, it has to be estimated that no significant oxidation to Mn3O4

has occurred during the synthesis. However, the presence ofthe silica shell around

the NPs leads to a considerable increase in background intensity which impedes a

definite assignment.

Magnetic properties. As mentioned before, the magnetic behavior of MnO nano-

particles result from the presence of uncompensated spins on the particle surface.

Hence, it was expected, that the silica shell has a considerable influence on the mag-

netic behavior of the NPs. The magnetic properties of "naked"and silica coated

MnO NPs with shell thicknesses of 2 and 5 nm were studied usinga superconduct-

ing quantum interference device (SQUID) (see Figure 10.4).Field-dependent mag-

netization measurement revealed superparamagnetic behavior at 300 K and weak

ferromagnetic behavior at 5 K. Interestingly, the effect ofthe silica coating is by far

less pronounced as expected from literature reports on other silica coated magnetic

NPs, such as magnetite.[81] In contrast to Tan et al. we observed only a slight de-

crease in magnetization at 5 T with increasing silica shell thickness. Temperature-

dependent magnetization curves of the corresponding samples (see insets in Fig-

ure 10.4) further confirm the observed superparamagnetism.The magnetic blocking

temperatureTB, which is located at the maximum of the zero-field-cooled curves, is
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Figure 10.4: Magnetic hysteresis loops recorded at 300 and 5K of (a) "naked" MnO
NPs, (b) MnO@SiO2 NPs with a silica shell thickness of 2 nm, and (c) MnO@SiO2

NPs with a silica shell thickness of 5 nm. The insets display the corresponding
zero-field-cooled/field-cooled (ZFC/FC) curves recorded with an applied induction
field of 100 Oe.

a measure for the transition from the superparamagnetic to the ferromagnetic state.

It indicates the temperature below which the thermal energyis insufficient to freely

flip the magnetic moments of the NPs, therefore, inducing ferromagnetism. For

bare MnO NPsTB was reported to be in the range between 10 to 20 K.[24, 82, 83]

Indeed, the observedTB of 17 K for the uncoated MnO NPs (inset Figure 10.4) is in

good agreement with the literature values. Upon silica encapsulation, the magnetic

blocking temperature increases to 23 K for the sample with a 2nm SiO2 shell, and

to 24 K for the sample containing a 5 nm SiO2 shell, respectively. This circum-

stance can be explained by considering the larger effectivemass of the MnO@SiO2
NPs compared to pure MnO NPs. A larger mass leads to a higher thermal energy

which is necessary to randomly flip the magnetic moments. A similar behavior has

recently been reported for Au@MnO NPs.[22, 44]

UV/Vis and fluorescence spectroscopy.As mentioned above, the incorporation

of fluorescent dyes into a silica matrix offers many advantages compared to their

attachment on the outside of the nanocomposites. However, asufficient integra-

tion of free dyes into SiO2 can only be achieved after prior modification of the

dye molecules. For this purpose, the NHS-ester of the fluorescent dye Atto 465
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Figure 10.5: (a) UV-vis-spectra of pure MnO@SiO2 NPs (black line), pure Atto
465 dye (green line), and MnO@SiO2:Atto 465 NPs (blue line) in water. (b) Photo-
luminescence spectra of pure Atto 465 dye (green line) and MnO@SiO2:Atto 465
NPs (blue line) at room temperature in water (inset: fluorescence microscopy image
of MnO@SiO2:A465 NPs, scale bar 0.5µm).

was reacted with APS in anhydrous DMF, to form a reactive silane-dye conjugate.

After that, TEOS and the APS-Atto 465 conjugate were injected into the reverse

microemulsion at the same time. Since the hydrolysis of bothcomponents occurred

simultaneously inside the micelles, the dye was efficientlyincorporated into the sil-

ica shell, as confirmed by UV-vis and fluorescence spectroscopy (Figure 10.5). The

UV-vis absorption spectra of pure MnO@SiO2, pure Atto 465, and Atto 465 doped

MnO@SiO2 (MnO@SiO2:A465) are displayed in Figure 10.5a. Pure MnO@SiO2

nanocomposites containing no dye (black line) exhibit no prominent absorption

characteristics, the absorbance increases gradually withdecreasing wavelength. On

the other hand, Atto 465-doped MnO@SiO2 NPs (blue line) show a maximum in

absorbance at 470 nm, even if the dye concentration is considerably low (molar ratio

Atto 465/TEOS = 0.04%). However, the free dye (green line) exhibits a sharp max-

imum at 460 nm, and therefore, it has to be assumed, that the presence of the silica

matrix around the dye molecules leads to a red-shift in the absorbance of approx-

imately 10 nm. This observation is in accordance with previous reports on silica
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NPs containing fluorescent dyes.[53, 54] Furthermore, the fluorescence properties

of the nanocomposites (Figure 10.5b) revealed a similar behavior. Free Atto 465

fluoresces with a maximum emission intensity at 508 nm (greenline), whereas for

MnO@SiO2:A465 (blue line), the maximum is shifted to 512 nm. The insetin Fig-

ure 10.5b shows MnO@SiO2:A465 NPs observed under a fluorescent microscope.

The particles are clearly visible as green dots and appear well separated. These re-

sults substantiate the potential to utilize these NPs as fluorescent probes for optical

imaging.

Colloidal stability and quantification of NH 2 groups. A key requirement for later

biomedical application of different nanomaterials is, besides a low toxicity, a suf-

ficient stability in physiological environments. For this purpose, we investigated

the colloidal stability of our silica encapsulated MnO NPs in various aqueous so-

lutions, including deionized water, physiological salineand human blood serum.

Figure 10.6b shows photographs of the different nanoparticle solutions in water

and human blood serum, respectively, after 24h at 22◦C. Zeta-potential (ζ) mea-

surements, conducted on pure MnO@SiO2, MnO@SiO2-PEG and MnO@SiO2-

PEG/NH2 NPs, revealed, that the net surface charges are altered uponadditional

surface functionalization. For MnO NPs coated with bare silica, the determined sur-

face charge isζ = -40 mV, whereas for MnO@SiO2-PEG the value is -45 mV, which

both is due to the presence of deprotonated silanol groups (-Si-O−, pKa = 7.0).

Since, amino groups (pKa = 9.0) usually occur as protonated ammonium moieties

(-NH+
3 ) at ambient pH, the introduction of APS onto the silica surface should be

accompanied by shift of the zeta-potential into the positive regime.[84] In fact, the

expected alteration was observed, withζ = -4,4 mV. Furthermore, dynamic light

scattering (DLS) measurements confirmed the excellent colloidal stability of the

NPs (see Figure 10.6a)). The determination of surface boundamino groups by the

above mentioned colorimetric method (see Experimental Section) revealed an aver-

age NH2-group concentration of 2,4µmol per mg NPs.

Another interesting feature of the MnO@SiO2-PEG/NH2 NPs is the comparatively

fast degradation of the particles at lower pH values. Experiments carried out in

citrate buffer solutions with a pH of 5 showed, that the MnO core is rather rapidly

dissolved (see Figure 10.6c), which was visible by a decoloration of samples in cit-

rate/KOH buffer in comparison to NPs incubated in water for 24 h at 22◦C.
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(a) b

c

Figure 10.6: (a) DLS size distribution of MnO@SiO2-PEG NPs with an average
size of 12.5 nm. (b) Photograph of these NPs in (1) water in human blood serum
before (3) at 22◦C for 24 h (image (2) shows pure human blood serum). (c)
MnO@SiO2-PEG NPs in (1) citrate/KOH buffer at pH 5 and (2) water.

MR imaging. To investigate the MR signal enhancement effects, aqueous solutions

of silica functionalized MnO NPs, at different Mn concentrations, were measured

on a clinical 3.0 T MRI scanner. As mentioned above, MnO NPs areknown to

shorten the longitudinal relaxation time (T1), which leads to a brightening in the

corresponding MR image, compared to samples without contrast agent. Prior to the

experiment, MnO@SiO2-PEG/NH2 NPs were diluted in physiological saline solu-

tion yielding concentrations of 0 to 5.3 mM (with respect to manganese, determined

by AAS). Figure 10.7 displaysT1-weighted phantom MR images of these solutions.

It is clearly evident, that the brightness of the image increases with increasing man-

ganese (and therefore, MnO@SiO2-PEG/NH2 nanoparticle) concentration. For an

exact quantification of the MR signal enhancing properties,the relaxivitiesr1 and

r2 were determined according to the general relation:

1

T1

=
1

T 0
1

+ r1 · c (10.1)
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Figure 10.7: T1 weighted images of physiological saline solutions containing
MnO@SiO2-PEG/NH2 NPs in different concentrations. The yellow circle indicates
an air bubble in the sample tube, which occurred during sample placement into the
MRI scanner.

and
1

T2

=
1

T 0
2

+ r2 · c (10.2)

in which T1 andT2 are the measured longitudinal and transverse relaxation times,

respectively,T 0
1 andT 0

2 are the corresponding relaxation times in the pure media,

andc is the concentration of the contrast agent. Figure 10.8a shows plots of1/T1

and1/T2 versus the Mn concentration, in which a linear increase is obvious in both

cases. Ther1 andr2 values, derived from the slope of the curve, are 0.47 and 2.85

mM−1 s−1, respectively, which is in good agreement with earlier reports on man-

ganese oxide NPs.[19, 21, 73] Additionally, the relaxivityratio (r2/r1 = 6.06) is

considerably low, which indeed suggests that the silica encapsulated MnO NPs are

potential candidates asT1 contrast agents.

Leaching experiments. Manganese leaching experiments were carried out to

evaluate the liability of the manganese oxide cores inside the silica shells for degra-

dation in aqueous solution. For this purpose, solutions of MnO@SiO2-PEG NPs in

water were transferred into dialysis membranes and dialyzed against deionized wa-

ter (18 MΩ). The manganese content inside the membranes was monitoredby AAS

measurements over a period of four weeks. For comparison, anaqueous solution
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Figure 10.8: (a)T1 (right) andT2 (left) relaxation rates as a function of manganese
concentration. (b) Evolution of the manganese content during the leaching experi-
ment for silica coated and dopamine-PEG functionalized MnONPs.

of manganese oxide NPs, which were stabilized by a bi-functional dopamine-PEG

ligand (DA-PEG), rather than a robust silica shell, was treated in the same way. The

results, presented in Figure 10.8b, show an obvious trend: Without the protection

of a SiO2 shell, the Mn content decreased to almost 75% within 28 days,whereas

only a minor depletion of≈1.5% was observed in the MnO@SiO2-PEG sample,

over the same time period. These results elucidate the advantage of silica encap-

sulation of MnO NPs for potential biomedical applications.Additionally, TEM

measurements confirmed the expected degradation of the DA-PEG functionalized

NPs. TEM images of both samples after the leaching experiments are shown in Fig-

ure 10.9. The SiO2 modified NPs retained almost their initial size and shape. The

DA-PEG-MnO NPs, on the other hand, although not being dramatically reduced in

size, appear rougher and less homogeneous, which is a clear indication that disso-

lution has taken place on the particle surface.

Cytotoxicity. To evaluate the biocompatibility of silica encapsulated MnO nano-

particles, we assessed the induction of apoptosis in two primary bone marrow-

derived phagocytic cell types that are relevant for innate and adaptive immune re-

sponses. Firstly, we examined the effects of MnO@SiO2-PEG/NH2 NPs on BM-
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Figure 10.9: TEM images of (a) DA-PEG functionalized and (b)silica coated MnO
NPs after the leaching experiments (enlarged images are shown in the insets).

PMN as short lived cells that are highly sensitive to external (i.e. microbial) stimuli

and undergo apoptosis rapidly in vitro unless adequately activated. Secondly, we

evaluated the rate of apoptosis in BMDCs as master regulators for the initiation of

adaptive immune responses. For the assessment of apoptosis, we used two indepen-

dent assays. The staining with Annexin V and PI identifies early apoptotic events by

the detection of externalized phosphatidylserine on the cell membrane, while Nico-

letti staining of isolated nuclei detects fragmented DNA aslater apoptotic event.

As depicted in Figure 10.10, we were unable to detect a decrease in cell viability

for BM-PMN (Figure 10.10a, b) indicating that these NPs do nothave any signifi-

cant toxic effects on this cell type. For BMDC, a decrease in cell viability was only

observed at the highest concentration of MnO@SiO2 NPs (30µg/mL) suggesting

that these NPs exert toxic effects only at high concentrations on primary cells. The

results indicate that these MnO@SiO2 NPs can be expected to have an acceptable

toxicity profile and are suitable for the application in vivo.

BM-PMN (Figure 10.10a, b) or BMDC (Figure 10.10c, d) (2× 105 /well) were

incubated in the presence of the indicated concentration ofMnO@SiO2 NPs and

assayed for the induction of apoptosis. Cycloheximide (10µg/mL) as strong in-

ducer of apoptosis[85] served as positive control for BM-PMNand BMDC, while
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Figure 10.10: Induction of apoptosis by MnO@SiO2 NPs in primary bone marrow
derived cells.
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Figure 10.11: Fluorescence microscopic images of BMDCs. BMCDs were incu-
bated with Atto 465 doped MnO@SiO2-PEG/NH2 (green fluorescence (f)). Cell
nuclei were stained with DAPI (e) and the MHCII was stained using a combination
of biotinylated MHCII antibody and streptavidin coupled texas red (g), (h) shows
an overlay of the images (e - g). (a - d) show the control. In this case no NPs were
added, the cells were treated the same way as samples incubated with NPs.

the TLR4 agonist LPS (100 ng/mL), that is well known to delay the constitutive

apoptosis in PMN, was used as an additional control for BM-PMN. (Figure 10.10a,

b) BM-PMN were harvested after 24 h of in vitro culture with theindicated stim-

uli and assayed for apoptosis by staining with Annexin-V/PI(Figure 10.10a) or by

Nicoletti staining (Figure 10.10b). BMDC (Figure 10.10c, d)were harvested af-

ter 72 h of culture with the indicated stimuli and assayed forapoptosis by staining

with Annexin-V/PI (Figure 10.10c) or by Nicoletti staining(Figure 10.10d). The

depicted data show the cumulative results of two independent experiments each

assayed in duplicate wells (mean± SD percentage of cell viability of one represen-

tative experiment assayed in duplicate wells). (*) indicates a significant difference

(p≤0.05) compared to the untreated control by student’s t test.

Uptake of silica coated NPs by BMDC.Since the silica-coated nanoparticles

carry Atto 465 as fluorophore, they could be detected using a fluorescence micro-
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scope. To further confirm their uptake the cell nuclei were stained with DAPI and

the MHCII was stained with MHCII-bio. Texas-Red functionalized with strepta-

vidin, which was then able to couple with the biotinylated MHCII to result in a red

fluorescence, where MCHII was present. A control was performed in which BMD-

CŽs were incubated without NPs (see Figure 10.11a - d). The green fluorescence

is due to the fact, that BMDCs show fluorescence in this channel by themselves.

Despite this fact, a difference between the control samplesand samples with NPs

(Figure 10.11f) can be seen. When NPs were present, they couldbe detected as

small green dots. The majority was found in close proximity to the blue stained cell

nuclei (see overlay in figure 10.11h) indicating a successful cellular uptake.

10.4 Conclusion

In summary, we have demonstrated a novel way to prepare biocompatible multi-

functional MnO@SiO2 nanocomposites. The procedure combines a water-in-oil

microemulsion, to create an initial silica shell around MnO, and common Stöber-

like processes to condense further functionalities, such as PEG or NH2-groups, on

the silica surface. The silica encapsulated MnO NPs showed excellent stability in

various aqueous solutions, including physiological saline solution and human blood

serum. Furthermore, by virtue of their magnetic properties, MnO@SiO2-PEG/NH2

NPs showed a considerableT1 MR contrast enhancement, and, since a fluorescent

dye was also incorporated into the silica shell during the synthesis, our silica coated

MnO NPs may serve as multimodal imaging agents for both, optical and MR imag-

ing. We also demonstrated that silica encapsulated MnO NPs are less prone to

manganese leaching in aqueous solution, compared to simplePEGylated NPs. Fi-

nally, the vast and well-established silane chemistry permits additional modification

of the NPs, which leads to numerous further applications which is also confirmed

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

Materials. Manganese chloride tetrahydrate (MnCl2 × 4H2O) (99.9%), oleic acid

(90%), sodium hydroxide (99%), 1-octadecene (90%), IgepalCO-520, ammonium

hydroxide (25%, aqueous solution), tetraethoxysilane (TEOS) (99.999%), 3-amino-

propyltriethoxysilane (APS) (≥99%), fluorescein isothiocyanate (FITC), and DMF

(≥99.9%, extra dry) were purchased from Aldrich. Atto 465-NHS-ester was from

Fluka, and 2-methoxy(polyethyleneoxy)propyltrimethoxysilane (PEG-silane, n =

6-9) (90%) was from ABCR. Methanol, hexane, cyclohexane, and acetone were of

analytical grade (Fisher Scientific). All chemicals were used without further purifi-

cation.

Synthesis of MnO NPs.Monodisperse MnO NPs were prepared by the decomposi-

tion of manganese oleate in high boiling point solvents as described previously.[24,

80] Briefly, 2 mmol of manganese oleate were mixed with 10 g of 1-octadecene,

degassed at 70◦C and slowly heated to reflux with a defined temperature program.

The particles were washed by repeated precipitation with acetone, centrifugation

and dispersion in hexane.

Synthesis of APS-Atto 465. APS-Atto 465 was prepared by reacting 1 mg

(≈ 2 µmol) Atto 465-NHS-ester with 23.5µL (100 µmol) APS in 500µL of dry

DMF for 4 hours in a shaker at 20◦C in the dark. The solution was kept as a stock

solution at -20◦C in the dark.

Silica encapsulation of MnO NPs.The hydrophobic MnO NPs were encapsulated

with SiO2 by a w/o microemulsion technique using cyclohexane as the oil phase,

aqueous NH4OH solution as the water-phase and Igepal CO-520 as non-ionicsur-

factant. For the encapsulation process, Igepal CO-520 (2.0 g) was dissolved in

35 mL of cyclohexane and degassed by bubbling a gentle streamof argon through

the solution for 30 minutes. The NPs were added to the solution and the degassing

procedure was continued for another 15 minutes. Subsequently, aqueous NH4OH

(150µL) was added to initiate the micelle formation. This processcould be ob-

served as a temporary cloudiness in the solution. After 5 minutes TEOS (112µL,

0.5 mmol) and APS-Atto 465 were added and the reaction mixture was stirred un-

der argon protection over night. For further functionalization of the silica shell,

PEG-silane was added to the solution. The covalent attachment of PEG on the
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surface led to complete precipitation of the MnO@SiO2 NPs within 2 hours. The

NPs were collected by centrifugation (5000 rpm for five minutes) and washed thor-

oughly by repeated dispersion in acetone and precipitationwith hexane. The fact

that the resulting particles were easily soluble in polar solvents, such as acetone or

ethanol, is a clear indication for the successful hydrophilic modification of the ini-

tially hydrophobic MnO surface. After complete removal of any unreacted silanes

and surfactant molecules, the MnO@SiO2-PEG NPs were dissolved in 20 mL of

acetone. Amino groups were introduced by addition of APS (150 µL, 0.64 mmol)

and 150µL aqueous NH4OH. The reaction was continued for another two hours fol-

lowed by concentration of the solution to 2 mL and precipitation of the MnO@SiO2-

PEG/NH2 NPs with 2 mL of hexane. Again, the resulting particles were thoroughly

washed by repeated dissolving and precipitating with acetone and hexane accom-

panied by centrifugation (5000 rpm for five minutes). The MnO@SiO2-PEG/NH2

NPs obtained by this method were very easily soluble and stable in various aqueous

media, including deionized water, physiological saline, and different buffer solu-

tions.

Nanoparticle Characterization. The particles were characterized by means of

powder X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier

transformed infrared spectroscopy (FT-IR), atomic absorption spectroscopy (AAS),

UV-Vis and fluorescence spectroscopy, and dynamic light scattering (DLS). The

magnetic properties of the MnO@SiO2 NPs were investigated with a supercon-

ducting quantum interference device (SQUID, Quantum Design MPMS-XL). XRD

measurements were performed on a Bruker D8 Advance diffractometer equipped

with a Sol-X energy-dispersive detector and operating withMo Kα radiation. Sam-

ples for transmission electron microscopy were prepared byplacing a drop of dilute

nanoparticle solution in the appropriate solvent (hexane,acetone, water) on a carbon

coated copper grid. Low-resolution TEM images and ED patterns were recorded on

a Philips EM420 microscope operating at an acceleration voltage of 120 kV. FT-IR

spectra were acquired on a Mattson Instruments 2030 Galaxy-FT-IR spectrometer.

For AAS measurements (Perkin-Elmer 5100 ZL), aliquots of aqueous nanoparticle

solutions were treated with conc. HNO3 at 90◦C for 30 minutes followed by adjust-

ment of the pH-value to 3 with NH4OH. UV-Vis spectroscopy was carried out on

a Perkin-Elmer Lambda 19 UV-vis/NIR spectrometer. Fluorescence spectra were
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acquired on a Spex Fluorolog 1680/81. Determinations of thezeta-potential and

dynamic light scattering were performed on a Malvern Zetasizer Nano ZS.

Mn leaching experiments.To evaluate the stability of the MnO NPs encapsulated

by SiO2 in comparison to MnO NPs functionalized by a bi-functional dopamine-

PEG ligand, aqueous solutions of both kinds of particles were dyalized, in a cel-

lulose membrane with molecular weight cut-off (MWCO) of 3500 (Spectra/Por

3, SpectrumLabs), against deionized water. The variation of the Mn concentra-

tion over a period of four weeks was monitored by atomic absorption spectroscopy

(AAS) on aliquots taken after definite time intervals. In a typical experiment, 10 mg

of the concerning functionalized NPs were dissolved in 5 mL of deionized water,

loaded into the dialysis tube, and placed in a 2000 mL glass cylinder filled with

deionized water. The cylinder was sealed to prevent any contamination. The dialy-

sis was carried out for four weeks with the surrounding waterbeing replaced every

second day. Aliquots of 50µL were carefully extracted after fixed time intervals.

Quantification of surface amino groups. To determine the number of amino

groups on each particle, the MnO@SiO2-PEG/NH2 NPs were treated with fluores-

cein isothiocyanate (FITC). After complete reaction, the amount of unreacted FITC

in the supernatant was determined by UV-Vis spectroscopy. In a typical experiment

the prepared MnO@SiO2-PEG/NH2 particles were dissolved in 10 mL of acetone.

An aliquot of 1 mL of this stock-solution was treated with an equal amount of hex-

ane to completely precipitate the NPs followed by centrifugation (5 min, 9000 rpm).

Subsequently, the particles were resuspended and diluted in acetone by a factor of

1:100, before FITC was added according to the maximum possible amount of APS

in the dilute sample. After completed reaction (one hour) the particles were pre-

cipitated by adding exactly 1 mL of hexane followed by centrifugation (10 min,

13300 rpm). The concentration of unreacted FITC in the supernatant was deter-

mined using a calibration curve according to the Lambert-Beer-law. The difference

in the amount of FITC before and after the reaction was used toestimate the amount

of free amino groups in the sample. With this result, the average number of free

amino groups on each particle can be calculated by correlating the total amount of

NH2-groups with the average number of NPs in the sample.

Generation of BMDCs. Bone marrow-derived DCs (BMDCs) were generated

from C57BL/6 mice as described previously.[86] Briefly, bone marrow from 6-8
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week old mice was cultured in medium (IscoveŽs medium supplemented with 5%

fetal calve serum (FCS), 1% glutamate, 1% sodium pyruvate) and supplemented

with GM-CSF (50 ng/mL). These cells were typically >85% CD11c+H2-Ab+ as

determined by flow cytometry. Furthermore, the cells were CD80low and CD86low.

Medium was changed on day 3 and 5. Cells were used for the experiments at day 7

as immature BMDCs.

BM-PMN.Bone marrow-derived polymorphonuclear neutrophils (BM-PMN) were

purified by magnetic beads (MACS from Miltenyi, Bergisch Gladbach, Germany)

using Ly6G/C specific antibodies (clone Gr-1) according to the manufacturer’s pro-

tocol. BM-PMN were cultured in medium (described above). Cellpurity (Ly6-

GhiCD11bhi) was generally greater than 90% assessed by flow cytometry.

Determination of apoptosis.2 × 105 cells (BMDCs or BM-PMN) were cultured

in 96 well plates (Greiner) with the indicated stimuli and kept up to 3 days at 37◦C

with 7.5% CO2 in air. At the indicated time points the cells were harvestedand an-

alyzed for apoptosis by Annexin-V (BD Pharmingen) /propidium iodide (PI, Fluka)

staining or Nicoletti staining for fragmented nuclear DNA using established proto-

cols described.[85]

Fluorescence-Spectroscopy and immunostaining.In a typical experiment 100µl

cell suspension (2× 106 cells) were diluted 1:1 with and without solution that con-

tained silica coated NPs, respectively, (final concentration of NPs 30µg/mL) and

were incubated in aµ-Slide 8 well (ibidi; Germany) at 37◦C; 5% CO2 for 18 h. Be-

fore staining, the cells were washed with 150µL FACS buffer (PBS supplemented

with 0.5% BSA (Roth, Germany), 5 mM EDTA (Roth, Germany) and 0.01% NaN3

(Merck, Germany). 100µL solution of MHCII-bio in FACS buffer (dilution 1:1000)

was added for 20 min at room temp. After washing with FACS buffer streptavidin

coupled texas red was added and incubated for 20 min at rt. After an additional

washing step, DAPI (4,6-diamidin-2-phenylindol), diluted in PBS was added. After

a final incubation of 20 min as well as two final washing steps with PBS, the BM-

CDs were characterized using the fluorescence microscope IX81 (Olympus).

Magnetic resonance imaging. MR signal enhancement effects of MnO@SiO2

nanocomposite particles were measured with different Mn concentrations on a clin-

ical 3.0 T MRI scanner (Magnetom Trio, Siemens Medical Solutions, Erlangen,

Germany). Signal reception and radio frequency (RF) excitation was performed
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using a 8-channel knee coil. For theT1-measurement, a saturation prepared (SR)

snapshot fast low angle shot (SR-TurboFLASH) pulse sequencewith repetition time

(TR) / echo time / flip angle = 3.0 ms/1.5 ms/20◦ was used with varying saturation

times starting from 20 ms up to 8000 ms. For measuring theT2 relaxation time, a

multi-echo spin-echo pulse sequence with a total of 32 echosand TR = 5000 ms was

used, the echo time was varied from 7 ms to 224 ms. In a secondT2 measurement

TE was varied from 15 ms up to 480 ms.
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Chapter 11. Synthesis and Magnetic Properties of FePt@MnO
Nano-hetero-Particles

11.1 Abstract

Monodisperse FePt@MnO nano-hetero-particles with different sizes and morpholo-

gies were prepared by a seed-mediated nucleation and growthtechnique. Both, size

and morphology, could be controlled by adjustment of the synthetic parameters. The

FePt nano-hetero-particles were thoroughly characterized by TEM- and XRD anal-

ysis and SQUID magnetometry. The surface spins of the antiferromagnetic MnO

domains pin the magnetic moments of the ferromagnetic FePt NPs which leads to

an exchanged biased magnetic hysteresis.

11.2 Introduction

Recent efforts in nanoscale science and technology are focused on the develop-

ment of novel multifunctional materials which exhibit several beneficial properties

at the same time. In this context, the synthesis and design ofhybrid nanomaterials

which consist of two or more individual inorganic components has attracted consid-

erable interest. The controlled combination of different materials, which themselves

exhibit distinct chemical and physical properties, offersseveral advantages.[1, 2]

In fact, the combination of magnetic NPs with optically active materials, such as

gold[3–5], silver[6, 7] or semiconductor NPs[8], has led tomany interesting dis-

coveries in recent years.[9, 10]

Magnetic NPs have been among the most intensively studied material classes for

more than two decades. Owing to their interesting properties they have found ap-

plications in a vast range of different scientific areas, including mass data storage,

catalysis,[11–14] protein separation,[15–17] specific cell targeting, drug

delivery,[18, 19] and magnetic resonance imaging (MRI).[4,20–22]

Among these magnetic nanomaterials, FePt NPs containing a near-equal atomic

percentage of Fe and Pt, play an outstanding role, not only because they were one

of the first nanomaterials which could be prepared with an exceptionally narrow

particle size distribution, but also because they have interesting magnetic properties

which are promising for a variety of applications.[12, 14] FePt occurs in two dif-

ferent modifications, an orderedfct (or L10) phase, in which the Fe and Pt atoms

form alternating atomic layers in the{001} direction of the crystal lattice, and a
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disorderedfcc phase, in which the atoms are randomly distributed.[23–25]Much

research effort has been devoted in the preparation of ordered fct FePt NPs, since

they exhibit a high magneto-crystalline anisotropy (K), high saturation magnetiza-

tion, as well as a high maximum energy product.[26–28] This makes them ideal

candidates for many different applications ranging from high density data stor-

age devices,[12] nanocomposites for permanent magnets,[29] or even biomedical

probes.[30–34] However, since as-prepared FePt NPs usually exhibit the disordered

fcc structure, their magneto-crystalline anisotropy and saturation magnetization are

reasonably low, leading to superparamagnetic behavior at room temperature.[25]

MnO NPs, on the other hand, have served as a model compound to explain the mag-

netic properties of 3d transition metal oxides.[35, 36] Just like other binary oxides,

including FeO, NiO and CoO, they are part of a special class of magnetic materials

in which the bulk phase exhibits antiferromagnetic properties, but superparamag-

netic behavior is observed in nanoparticulate samples.[37–39] This phenomenon is

often explained by the presence of uncompensated spins on the surface of the crys-

tallites which leads to a measurable net magnetic moment.[40–42] Since the surface

to volume ratio increases with decreasing particle size, the magnetic moment of the

NPs grows when the particle size is reduced.[42] These circumstances have lead to

a growing interest of MnO NPs for biomedical applications. Especially, they have

shown to shorten the spin-lattice relaxation timeT1, and therefore, show strong po-

tential as positive contrast agents for magnetic resonanceimaging (MRI).[43–49]

The combination of FePt and MnO on the nanolevel has so far only been reported

for FePt-MnO core-shell structures by Kang etal.[50] where the authors demon-

strated an enhancement of the magnetic coercivity and blocking temperature. In this

contribution we report on the successful synthesis of FePt@MnO nanocomposites,

which combine the individual properties of both material classes. We were able to

selectively vary the size and morphology of the nano-hetero-particles from dimers

to flower-like by adjustment of the individual experimentalparameters based on the

mechanisms presented in chapter 4. Furthermore, the magnetic behavior of the FePt

domains was significantly altered upon attachment to MnO. Wereveal, that the sur-

face spins of the antiferromagnetic MnO domains pin the magnetic moments of the

ferromagnetic FePt NPs, which leads to an exchanged biased magnetic hysteresis.
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20 nm 10 nm

a b

Figure 11.1: TEM images of monodisperse FePt NPs with an average size of (a)
3 nm and (b) 6 nm.

11.3 Results and Discussion

Synthesis.FePt@MnO nanocomposites, consisting of an antiferromagnetic MnO

domain and a ferromagnetic FePt domain, were prepared by a simple two step pro-

cedure. In the first step monodisperse FePt NPs of 3 nm[12] or 6nm[51] in size

were prepared by the decomposition of platinum acetylacetonate and iron pentacar-

bonyl as precursors. The size of the NPs could be controlled by varying the individ-

ual synthetic parameters, such as precursor ratio, temperature, or surfactant ratio.

Figure 11.1 shows representative TEM images of monodisperse FePt NPs with an

average size of 3 nm and 6 nm. The 3 nm FePt particles are spherical, whereas the

larger particles in Figure 11.1b have a cube-like shape. In the second step, man-

ganese oxide domains were heterogeneously nucleated on theFePt seeds by the

decomposition of a manganese oleate precursor.[42] As mentioned in chapter 4, a

successful formation of nano-hetero-particles can only be achieved by suppressing

homogeneous nucleation and simultaneously promoting heterogeneous nucleation.

In fact, suppression of homogeneous nucleation can be obtained by keeping the pre-

cursor concentration under the critical supersaturation value (see section 3.1). This

can be achieved by precise control of the precursor ratio, amount of seed particles
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and heating profile. Dimeric FePt@MnO NPs with different FePt and MnO domain

sizes are shown in Figure 11.2. Figure 11.2a, d and g show FePt@MnO dimers

prepared with 3 nm FePt seeds, whereas the other images in Figure 11.2 present

FePt@MnO nanodimers synthesized with 6 nm FePt seeds. Figure 11.2 clearly

demonstrates that the size of the MnO domain can be controlled by adjusting the

molar ratio of Mn precursor to FePt seeds. For example, 6 nm@12 nm FePt@MnO

NPs (Figure 11.2h) were prepared with 10 mg FePt and 0.25 mmolMn oleate, while

6 nm@9 nm FePt@MnO NPs (Figure 11.2i) were synthesized with 10 mg FePt and

0.1 mmol Mn oleate.

By changing the "polarity" of the solvent different morphologies could be obtained.

Figure 11.3 shows TEM images of flowerlike FePt@MnO NPs with multiple MnO

domains being attached to each FePt core. These particles were prepared in the

same way as the particles presented in Figure 11.2, however,benzyl ether was used

as solvent instead of 1-octadecene. It is obvious that the change of solvent had a

major influence on the particle morphology. A similar behavior was reported by Yu

et al. for Au@Fe3O4 nano-hetero-particles.[3] The authors proposed that the nu-

cleation of Fe3O4 on the Au surface leads to a charge polarization at the nucleation

interface. However, the free electrons of the Au nanoparticle must compensate the

electron loss at the interface and are, therefore, withdrawn from the remaining sur-

face. On the other hand, further nucleation is only possibleif a sufficient number

of free electrons is available on the Au surface. Therefore,further growth of the

metal oxide domain will lead to dimeric structures, if the electron deficiency cannot

be compensated. By using a solvent which carries a considerably amount of elec-

tron density by itself, a charge transfer from the solvent tothe metal surface can

replenish the free electrons and, therefore, allow additional nucleation. As a result,

multiple nucleation sites are can occur on each metal seed leading to the formation

of flowerlike nano-hetero-particles.

The results shown in Figures 11.2 and 11.3 confirm these assumptions in an im-

pressive way. Just as Au, FePt NPs possess free electrons, that are depleted by the

nucleation of MnO on the seed surface. If 1-octadecene is used as solvent during

the reaction, the electrons deficiency cannot be compensated and the growth of the

MnO domain results in FePt@MnO dimers. Benzyl ether, on the other hand, is a

typical example for a "polar" solvent which contains a sufficient amount of electron
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Figure 11.2: TEM images of monodisperse FePt@MnO NPs prepared with differ-
ent precursor ratios (the ratios are indicated with mg FePt/mmol Mn oleate).(a)
3 nm@17 nm, (b) 6 nm@17 nm, (c) 6 nm@15 nm, (d) 3 nm@15 nm, (e),
6 nm@12 nm, (f) 6 nm@9 nm, (g - h) enlarged images of (d - f).
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100 nm 20 nm 20 nm

a b c

Figure 11.3: TEM images of flower-like FePt@MnO NPs preparedin benzyl ether.

density owing the delocalizedπ-electron system in the benzyl ring. It can transfer

electron density to the FePt surface, leading to further nucleation of MnO on suit-

able crystal facets and, therefore, the formation of flower-like FePt@MnO NPs.

The FePt@MnO nano-hetero-structure is likely derived from the epitaxial growth

of MnO on the FePt seeds, as FePt has an disorderedfcc structure with ad-spacing

in {111} direction of 2.2002 Å, while MnO has a cubic rock salt structure with lat-

tice constanta = 4.44 Å, which is within 1% of being exactly double the value of

d{111}(FePt). Therefore, it has to be estimated that nucleation ofMnO preferably

occurs on the{111} crystal facets of the FePt seeds. This assumption becomes obvi-

ous when larger FePt NPs are used as seeds (see Figure 11.4). An example for larger

FePt (13 nm) NPs is shown in Figure 11.4a. The cubic structureof FePt is clearly

reflected in the nanoparticle morphology, although the corners appear rounded off,

displaying the{111} crystal surfaces. The cubic morphology of larger FePt NPs can

be ascribed to a faster growth rate of the{111} facets compared to the{100} crystal

surfaces during the synthesis.[52] However, if these NPs are used as seeds, flower-

like FePt@MnO structures are obtained even if strictly non-polar solvents, such as

1-octadecene or octyl ether, are used. The reason for this behavior is presumably

the presence of residual electron densities in the larger FePt particles. Compared to

the smaller FePt seeds, the 13 nm nanocubes have a reduced surface-to-volume ratio

and, therefore, more electrons can be retained inside the particles. Since the surface

areas of the{111}-facets are considerably small (compared to the{100} surfaces,

a relatively large amount of electron density is provided for further nucleation on
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{100}

{111}

FePt FePt
MnO

20 nm 20 nm

a
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b

Figure 11.4: (a) Larger FePt NPs with an average diameter of 13 nm with a cube-
like shape. However, the remaining{111} crystal facets permit the nucleation of
MnO. (b) Flower-like FePt@MnO NPs synthesized with FePt nanocubes from (a)
as seeds. The MnO domains are mostly located at the corners ofthe cubes, which
is in accordance with the proposed nucleation of MnO on the{111} surfaces of
FePt. Due to steric hindrance, not all corners are occupied by MnO, they are rather
arranged in a tetrahedral manner.

the{111} surfaces. As result, FePt NPs with multiple MnO domains are obtained.

However, not all corners of the FePt cubes are occupied by MnO, since due to steric

hindrance, a tetrahedral arrangement is preferred (see Figure 11.4b).

XRD analysis. The phase composition of the product was investigated with

powder X-ray diffraction. Figure 11.5 displays typical powder XRD patterns of

FePt@MnO nano-dimers with 3 nm FePt/17 nm MnO (Figure 11.5a)and 6 nm

FePt/17 nm MnO (Figure 11.5b) domains. The positions and relative intensities of

all diffraction peaks match well with expected patterns forfcc FePt and rock-salt

MnO. The peak broadness resembles the average particle sizedistribution of both

components: The shape of the FePt peaks is much broader than that of the MnO,
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Figure 11.5: Powder XRD pattern of FePt@MnO nano-hetero-particles. (a)
3 nm@17 nm FePt@MnO and (b) 6 nm@17 nm. The expected reflectionpositions
of FePt and MnO are indicated by the blue and black bars, respectively.

which is in accordance with the expected appearance derivedfrom Scherrer’s equa-

tion.

Magnetic properties. Magnetic measurements performed on 3 nm@17 nm,

6 nm@17 nm and 6 nm@9 nm FePt@MnO NPs revealed superparamagnetic be-

havior at room temperature in all investigated samples (seeFigure 11.6). However,

the individual magnetic properties differ substantially from each other in measure-

ments carried out at 5 K which indicates a considerable magnetic interaction be-

tween the FePt and MnO domains. An explanation for this behavior can be derived

by considering two key contributions: (1) the magnetic volume of each sample, or

rather the ratio of magnetic volumes of both parts:r = VFePt/VMnO, and (2) the

ferromagnetic-antiferromagnetic (FM-AFM) interaction between the surface spins

of FePt and MnO. In sample (a),r is comparatively small and the FM-AFM spin

interaction is low due to a small FePt-MnO interface area. Asa result, the mag-

netic hysteresis is mainly dominated by MnO and resembles a typical paramagnet

with low values for remanence magnetizationMR = 0.28 emu g−1, coercitive field

HC = 1700 Oe, as well as the magnetizationM (5 T) = 5.01 emu g−1, and does not

reach saturation. In sample (b) larger FePt NPs are connected to MnO domains of
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Figure 11.6: Magnetic data of FePt@MnO nano-hetero-particles. Magnetic hys-
teresis loops (a) 3 nm@17 nm, (b) 6 nm@17 nm and (c) 6 nm@9 nm FePt@MnO
NPs. The insets show the corresponding temperature dependent magnetization
curves (ZFC-FC) under an applied field of 100 Oe.

the same size as in sample (a). Consequently,r is larger leading to enhanced values

for MR (1.27 emu g−1), HC (2500 Oe) andM (5 T) (7.60 emu g−1). Additionally,

the higher interface area between the FePt and MnO domains results in increased

interactions between the corresponding surface spins (seeFigure 11.7). It was re-

ported previously, that such interactions can lead to enhanced magnetic properties,

since the thickness of the magnetic dead layer in the FePt domain (or "canted spin"

layer, which occurs due to broken symmetry at the FePt nanoparticle surface) is

reduced.[50, 53, 54] Finally, in sample (c) FePt NPs of the same size as in sample

(b) are used, but the domain size of MnO is reduced from 17 to 9 nm. Hence,r

is largest of all samples and the magnetic hysteresis is mainly dominated by FePt,

resembling almost that of a typical hard ferromagnet, withMR = 4.57 emu g−1,

HC = 4509 Oe, andMS = 12.10 emu g−1.

The interaction of the ferromagnetic FePt and the antiferromagnetic MnO domains

is also observable in the magnetic blocking temperatureTB of the FePt@MnO nano-

hetero-particles. For this purpose, temperature dependent magnetization (zero-

field-cooled/field-cooled (ZFC/FC)) measurements were performed to establish a
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a) b) c)
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MnO
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uncompensated
surface spins

Figure 11.7: Illustration of the pinning effect of the antiferromagnetic MnO domain
at the FePt-MnO interface. (a) For 3 nm FePt NPs the interfacearea is small and
as a consequence the pinning effect of the AFM MnO domain is low. (b) The
interface are for 6 nm FePt NPs is larger and, therefore, the influence of the FePt-
MnO interface is greater. (c) With reduction of the MnO domain size the number
of uncompensated surface spins, and with that, the magneticmoment of MnO is
increased. Consequently, the influence of the MnO NPs on the FePt domains is
higher.

quantitative evaluation of these interactions. The results are displayed in the respec-

tive insets of Figure 11.6. The maximum in the ZFC curves indicates the tempera-

tureTB above which the system behaves like a paramagnet. AboveTB the thermal

energy of the systemkBT is sufficient to freely flip the particle moments. At lower

temperatures, on the other hand,kBT is too small and the magnetic moments of the

particles are aligned in direction of the external magneticfield. Consequently, the

system behaves like a ferromagnet. The latter case is often referred to as "blocked"

state and, therefore, the temperature, at which the transition from the superparam-

agnetic to the ferromagnetic state occurs, is called magnetic blocking temperature

TB. The ZFC curve in the inset of Figure 11.6a reveals aTB of 40 K. However,

"naked" FePt NPs of 3 nm in diameter were reported to have aTB of 25 K.[12] A

similar observation was reported for FePt-MnO core-shell NPs with FePt domains

of 3 nm in size.[50] The increase inTB in the FePt@MnO sample can be ascribed

to two factors. First, the larger effective mass of the FePt@MnO composite NPs
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compared to "naked" FePt NPs requires a higher thermal energyto overcome the

blocked magnetic state. Secondly, the presence of an AFM MnOdomain, which is

connected via a common interface, pins the magnetic momentsin FePt resulting in

a higher stability against thermal fluctuations (see Figure11.7).[55] In samples (b)

and (c),TB has increased to 65 K and 66 K, respectively. This increase can clearly

be ascribed to the higher magnetic moment of 6 nm FePt NPs compared to FePt NPs

with an average size of 3 nm. Again, pinning effects induced by the MnO domains

lead to a higherTB than the expected value ofTB ≈ 50 K. Furthermore, the present

ZFC-FC plots exhibit considerably narrow shapes which is, again, a clear indication

for an exceedingly narrow particle size distribution.

Finally, the magnetic exchange bias, a phenomenon, which occurs in systems where

ferromagnetic and antiferromagnetic materials share a common interface, can also

be observed in the present system. In sample (a) the hysteresis loop at 5 K is shifted

by 200 Oe from the origin. This can be, again, explained by theinteraction between

FM FePt and AFM MnO, if the history of the sample is taken into account. The hys-

teresis measurements were performed in a field cooled state with an applied field of

100 Oe. Therefore, the magnetic moment of MnO is aligned parallel to the external

field. The magnetic moment of the FePt domains points parallel to the MnO mo-

ment, since the surface spins pin the magnetization of FePt.When the direction of

the applied field is reversed, the magnetization of the FePt domains remains pinned

until the external field exceeds the pinning field of the MnO domain. Consequently,

the magnetization flips at lower fields, compared to "naked" FePt particles if the ex-

ternal field points in the original direction. As a result, the hysteresis loop is shifted

from the origin. Increasing the size of the FePt domain (sample (b)), results in a

stronger exchange bias due to an increased common surface area, i.e. a larger shift

of the hysteresis curve of 400 Oe. The size reduction of the MnO domain (sam-

ple (c)), leads to an even stronger exchange bias (≈800 Oe). This is caused by the

enhanced magnetic moment of the reduced MnO particle size.[42]

11.4 Conclusion

In summary, we were able to prepare monodisperse FePt@MnO nano-hetero-par-

ticles of different shapes and sizes by a two-step seed-mediated growth technique.
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The size of each domain could be controlled by adjusting the individual synthetic

parameters. Moreover, the particle morphology could be varied from dimers to

flower-like particles by changing the "polarity" of the solvent from non-polar to po-

lar. Additionally, FePt@MnO nano-hetero-particles prepared with large (13 nm)

FePt nanocubes as seeds showed a predominant formation of MnO on the corners

of the cubes, which suggests a preferential nucleation of MnO on the{111} crystal

facets of FePt. Furthermore, magnetic measurements revealed strong interactions

between both magnetic domains resulting in increasedMR, HC , MS andTB com-

pared to "naked" FePt NPs. Finally, a shift in the hysteresis can be attributed to

a magnetic exchange bias at the ferromagnetic-antiferromagnetic FePt-MnO inter-

face.

11.5 Experimental Section

Materials. Manganese chloride tetrahydrate (MnCl2 × 4H2O, 99%), oleic acid

(techn. 90%), sodium hydroxide (p.A.), platinum acetylacetonate (99%), iron pen-

tacarbonyl (99.999%), 1,2-hexadecanediol (techn. 90%), dioctylether (99%), ben-

zylether (99%), and 1-octadecene (techn. 90%) were purchased from Aldrich and

used without further purification. Oleylamine (80-90%) wasfrom ACROS.

Synthesis of 3 nm FePt NPs.The preparation of monodisperse FePt NPs, with an

average size of 3 nm, was carried out according to the procedure by Sun et al.[12]

Under standard airless conditions platinum acetylacetonate (Pt(acac)2, 196.7 mg,

0.5 mmol), 1,2-hexadecandiol (387.7 mg, 1.5 mmol), oleic acid (159µL, 0.5 mmol),

and oleylamine (165µL, 0.5 mmol) were mixed in dioctylether (20 mL) and de-

gassed at 70◦C for one hour with intermittent argon backfilling. After that, the mix-

ture was heated to 120◦C and iron pentacarbonyl (Fe(CO)5, 132µL, 1 mmol) was

added before raising the temperature rapidly to reflux (298◦C). After 30 minutes

the reaction mixture was cooled to room temperature and the product was washed

by repeated cycles of precipitation with ethanol, centrifugation (9000 rpm for 10

minutes), resuspension in hexane. The final product was stabilized with 25µL of

oleic acid and 25µL of oleylamine and stored in hexane in a fridge.

Synthesis of 6 nm FePt NPs.For the preparation of monodisperse FePt NPs with

an average size of 6 nm, a reported method by Chen et al. was employed.[51] In a
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typical reaction, Pt(acac)2 (196.7 mg, 0.5 mmol) was mixed with 10 mL of benzyl

ether and 5 mL of 1-octadecene, and degassed at 70◦C for one hour and regularly

backfilled with argon. Subsequently, the solution was heated to 120◦C and Fe(CO)5
(264µL, 2 mmol) and oleic acid (1588µL, 5 mmol) were added simultaneously.

After five minutes, oleylamine (1650µL, 5 mmol) was injected and the mixture

was heated to 205◦C and kept at this temperature for one hour. After cooling to

room temperature, the product was washed and stored in the same way as men-

tioned above.

Synthesis of 13 nm FePt nanocubes.Larger FePt nanocubes were prepared ac-

cording to a procedure by Chou etal.[52] Pt(acac)2 (40 mg, 0.1 mmol) was mixed

with 1,2-hexadecanediol (1033.8 mg, 4 mmol), oleic acid (4 mL, 12.6 mmol), oley-

lamine (4 mL, 12.1 mmol) and 4 mL dioctyl ether. The mixture was degassed and

backfilled with argon at 80◦C for 45 minutes and subsequently heated to 115◦C.

Fe(CO)5 (66 µL, 0.5 mmol) was injected and the reaction mixture was heatedto

240 ◦C for 60 minutes. After cooling to room temperature, the FePtnanocubes

were isolated and washed with ethanol. Finally, the NPs werestored in hexane with

oleic acid and oleylamine (50µL).

Preparation of manganese oleate.Manganese oleate was prepared according to

a published procedure.[42, 56] Briefly, 40 mmol of MnCl2× 4H2O and 80 mmol

oleic acid were dissolved in 200 mL methanol before 80 mmol ofNaOH (in 200 mL

methanol) were added dropwise to precipitate Mn-oleate. The product was washed

with water, ethanol and acetone and subsequently dried in high vacuum at 120◦C

to produce a waxy deep red solid.

Synthesis of 3 nm@17 nm FePt@MnO nanodimers. For the synthesis of

3@17 nm nanodimers, 3 nm sized FePt NPs (5 mg) were used as seeds, and dis-

solved in 0.5 mL 1-octadecene with 25µL of oleic acid and oleylamine. Manganese

oleate (309 mg, 0.5 mmol) was dissolved together with oleic acid

(953µL, 3 mmol), oleylamine (1980µL, 6 mmol), and the FePt nanoparticle so-

lution in 15 mL 1-octadecene and degassed/backfilled with argon at 80◦C for 30

minutes. After that the reaction mixture was heated to reflux(315 ◦C) within 8

minutes and kept at this temperature for 30 minutes. After cooling to room temper-

ature, the product was washed by repeated precipitation with acetone, centrifugation

(9000 rpm for ten minutes), and redispersion in hexane.
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Synthesis of 6 nm@17 nm FePt@MnO nanodimers.FePt@MnO nanodimers of

6 nm@17 nm in size were prepared in the same way. However, the 6nm FePt NPs

(10 mg) were used as seeds instead.

Synthesis of 6 nm@17 nm FePt@MnO nanoflowers.According to principle syn-

thetic mechanisms introduced in chapter 4 more nucleation sites on the FePt seeds

can be obtained by increasing the polarity, i.e. the amount of available electron den-

sity in the solvent. For this purpose the FePt NPs (10 mg) weredissolved in benzyl

ether by ultra sonication and added to a Mn-oleate, oleic acid, oleylamine, benzyl

ether (15 mL) mixture. Subsequently, the reaction mixture was treated in the same

way as described above.

Synthesis of 13 nm@9 nm FePt@MnO nanocubesThe preparation of

FePt@MnO nano-hetero-particles follows the same rules as described above. 25 mg

of FePt nanocubes were dispersed in 1 ml 1-octadecene with 25µL oleic acid

and oleylamine and mixed with 0.1 mmol Mn oleate, 953µL, 3 mmol oleic acid,

1980µL, 6 mmol oleylamine and 15 mL 1-octadecene. After degassingat 80◦C,

the mixture was refluxed for 30 minutes and the NPs were retrieved in the same way

as mentioned above.

Nanoparticle Characterization. The particles were characterized by means of

powder X-ray diffraction (XRD) and transmission electron microscopy (TEM). The

magnetic properties of the MnO NPs were investigated with a superconducting

quantum interference device (SQUID). XRD measurements wereperformed on a

Bruker D8 Advance diffractometer equipped with a Sol-X energydispersive detector

and operating with Mo Kα radiation. Full pattern profile fits were performed with

TOPAS Academic V1.0 applying the fundamental parameter approach.[57] Sam-

ples for transmission electron microscopy were prepared byplacing a drop of dilute

nanoparticle solution in hexane on a carbon coated copper grid. Low-resolution

TEM images and ED patterns were recorded on a Philips EM420 microscope op-

erating at an acceleration voltage of 120 kV. Magnetic measurements were carried

out using a Quantum Design MPMS-XL SQUID magnetometer.
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CHAPTER 12

Conclusion and Outlook

The present dissertation demonstrated how magnetic nanoparticles can be designed

to meet the individual needs of future biomedical applications. The first part covered

general considerations concerning the use of magnetic NPs in nano-biotechnology

and nanomedicine. It showed how the unique physical properties of the NPs can

be specifically tuned by variation of the corresponding synthetic parameters. More-

over, a variety of efficient surface modification strategieswere presented that allow

a precise control of the particle propertiesin vitro andin vivo. Furthermore, the ba-

sic biological concepts that determine the fate and behavior of magnetic NPs inside

living organisms, including blood half-life, passive and active cellular targeting, and

NP toxicity were shortly addressed. Furthermore, nano-hetero-particles, a new class

of materials, were also introduced and the basic physical principles which lead to

the evolution of novel physical properties in these systems, were briefly discussed.

The second part of this thesis covered specific examples in which the concepts of

part I were used to design nanoparticulate probes for biomedical applications:

It was shown that MnO NPs can easily be synthesized by a simpleone-pot heating-

up method involving manganese oleate as a single source precursor. Moreover, the

nucleation and growth processes of the particles was studied by TEM, FT-IR, and

AAS analysis and the results suggest a single nucleation event followed by uniform
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growth on the existing nuclei. Because nucleation and growthare clearly sepa-

rated, the crystals grow uniformly, leading to a narrow sizedistribution, which is

in accordance to the LaMer concept. The particle size can easily be controlled by

adjusting the reaction time and temperature, the solvent and the heating rate. It was

demonstrated that the particle size increased with temperature, reaction time, and

chain length (boiling point) of the solvent. Investigationof the surface of the MnO

nanocrystals by FT-IR and NMR revealed that oleate molecules bind to the surface

in a bidentate manner. In addition, XPS measurements indicate that no significant

oxidation of Mn2+ to Mn3+ occurred even after several days. Magnetic measure-

ments showed that the magnetic properties strongly depend upon the size of the

NPs. Both magnetic moment and blocking temperature increasewhen the particle

size is decreased.

Furthermore, the synthesis and characterization of a groupof flowerlike

Au@MnO NPs was described. They are an example for nano-hetero-material and

follow the synthetic principles explained in chapter 4. We showed, that the size of

the MnO petals could be precisely tuned by variation of the amount of manganese

precursor. By taking advantage of their constituent properties, different functional

molecules were loaded onto each component of the heterostructure, including a

catechol-containing ligand, that was attached to the MnO domain, whereas a thiol-

modified oligonucleotide was used to functionalize the Au core. The NPs are mag-

netically and optically active, and they are therefore useful for simultaneous mag-

netic and optical detection by MR and optical imaging. The fact that the nanoflow-

ers are capable of imaging the same tissue area with both MRI and an optical source

without the fast signal loss observed in the common fluorescent labeling, implies,

that they can be used to achieve high sensitivity in diagnostic imaging applica-

tions. It would be interesting to extend this synthetic method to nanoflowers made

of different materials, such as Cu@MnO, Ag@MnO, or Pt@MnO, and to use these

multidomain particles as building blocks of higher-order structures, the symmetries

of which would derive from "directional" interactions between NP petals (for exam-

ple, linear particle chains from nanoflowers having two leaves). Work on attaching

therapeutic molecules to these dumbbell NPs for target-specific imaging and deliv-

ery is currently underway.

Additionally, we showed the "theragnostic" potential of PP functionalized MnO
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NPs. For this purpose, hydrophobic superparamagnetic MnO NPs were function-

alized using a novel hydrophilic DA-PEG-PP ligand containing protoporphyrin IX

(PP) as photosensitizer. The presence of a dopamine moiety permitted a strong at-

tachment on the MnO surface. Efficient surface binding of theligand molecules

was confirmed by FT-IR and UV-Vis analysis. We showed that theoptical prop-

erties of protoporphyrin IX are not significantly changed bybinding to the MnO

surface. Internalization of well dispersed protoporphyrin functionalized MnO NPs

by human renal cell carcinoma (Caki-1) cells was demonstrated by fluorescence

microscopy. We further demonstrated that laser light radiation (PDT) irradiation

(635 nm, incident dose of 72 Jcm−2) of Caki-1 cells incubated with protoporphyrin

IX-functionalized MnO NPs led to cell death by apoptosis dueto formation of re-

active singlet oxygen (1O2) initiated by photoactivation of protoporphyrin IX. Fur-

thermore, the presence of protoporphyrin IX on the MnO NPs permits detection of

the particles by fluorescence microscopy due to its intrinsic fluorescence. Finally,

we demonstrated that by virtue of their magnetic propertiesfunctionalized MnO

NPs exhibit a strongT1 contrast enhancement effect for MRI. Hence, hydrophilic

protoporphyrin IX functionalized MnO NPs show potential for application not only

as imaging agents for MRI and fluorescence microscopy but alsoas target systems

for photodynamic therapy.

Moreover, we have demonstrated a novel way to prepare biocompatible multifunc-

tional MnO@SiO2 core-shell NPs. The procedure combines a water-in-oil mi-

croemulsion technique, to create an initial silica shell around MnO, and common

Stöber-like processes to condense further functionalities, such as PEG or NH2-

groups, on the preformed silica surface. The silica encapsulated MnO NPs showed

excellent stability in various aqueous solutions, including physiological saline solu-

tion and human blood serum. Furthermore, by virtue of their magnetic properties,

MnO@SiO2-PEG/NH2 NPs showed a considerableT1 MR contrast enhancement,

and, since a fluorescent dye was also incorporated into the silica shell during the

synthesis, our silica coated MnO NPs may serve as multimodalimaging agents for

both, optical and MR imaging. We also demonstrated that silica encapsulated MnO

NPs are less prone to manganese leaching in aqueous solution, compared to sim-

ple PEGylated NPs. Finally, the vast and well-established silane chemistry permits

additional modification of the NPs, which leads to numerous further applications
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which is also confirmed by their low toxicity and their cellular uptake.

A further example for the exciting field of nano-hetero-materials was given by

FePt@MnO nano-hetero-particles. Monodisperse FePt@MnO NPs could be pre-

pared in various shapes and sizes by alteration of the individual synthetic param-

eters according to the concepts introduced in chapter 4. By changing the solvent

from "non-polar" to "polar" the morphology of the resulting NPs could be trans-

formed from dimeric to flower-like. Magnetic measurements revealed a significant

influence of the MnO domains on the FePt NPs. Being an antiferromagnetic mate-

rial, MnO is able to pin the magnetic moments in the ferromagnetic FePt cores, a

phenomenon generally referred to as magnetic exchange bias. As a result the mag-

netic hysteresis loop at 5 K is shifted≈ 500 Oe from the origin.

Future work comprises further studies of our functionalized magnetic NPs in dif-

ferent biomedical areas. Recent results suggest a potentialsuperoxide dismutase

(SOD) biomimetic behavior of MnO NPs. Possible applications of these parti-

cles in this context may include probes to measure and regulate cellular oxidative

stress. Furthermore, the excellent stability, easy modifiability and low toxicity of

MnO@SiO2 NPs enable the opportunity for cell targeting and imagingin vivo. Be-

sides, the use of silica also offers the possibility to create mesoporous SiO2 shells,

which can entrap certain reactive molecules (e.g. drugs, peptides) and release them

at a designated site in a controlled manner due to concentration gradients.

Another area for intensive work will be devoted to nano-hetero-structures. In this

respect, not only the preparation of novel nano-hetero-combinations, but also the

selective functionalization of such particles is of great importance. From a fun-

damental point of view, it will be interesting to selectively functionalize the indi-

vidual surfaces of dimeric nano-hetero-particles with hydrophilic and hydrophobic

ligands, respectively, and thus creating giant inorganic/organic amphiphiles and to

study their aggregation behavior. Additionally, combinations of metallic NPs of

heavy elements, such as FePt, Pt, or Au, and metal oxide NPs, such as MnO or

Fe3O4, are interesting as dual contrast agents for both, CT and MRI.

238



List of Publications

1. E. S. Toberer, T. D. Schladt, R. Seshadri, "Macroporous Manganese Oxides

with Regenerative Mesopores",Journal of the American Chemical Society,

2006, 128, 1462-1463.

2. E. S. Toberer, M. Grossman, T. D. Schladt, F. F. Lange, R. Seshadri, "Epitax-

ial Manganese Oxide Thin Films with Connected Porosity: Topotactic Induc-

tion of Crystallographic Pore Alignment",Chemistry of Materials, 2007, 19,

4833-4838.

3. J. Li, U. G. Singh, T. D. Schladt, J. K. Stalick, S. L. Scott, R. Seshadri,

"Hexagonal YFe1−xPdxO3−δ: Non-Perovskite Host Compounds for Pd2+ and

Their Catalytic Activity for CO Oxidation",Chemistry of Materials, 2008, 20,

6567-6576.

4. T. D. Schladt, T. Graf, W. Tremel: "Synthesis and Characterization of Mono-

disperse Manganese Oxide Nanoparticles - Evaluation of theNucleation and

Growth Mechanism",Chemistry Materials, 2009, 21, 3183-3190.

5. T. D. Schladt, M. I. Shukoor, K. Schneider, M. N. Tahir, F. Natalio, I. Ament,

J. Becker, F. D. Jochum, S. Weber, O. Köhler, P. Theato, L. M. Schreiber,

C. Sönnichsen, H. C. Schröder, W. E. G. Müller, W. Tremel: "Au@MnO

Nanoflowers: Hybrid Nanocomposites for Selective Dual Functionalization

239



List of Publications

and Imaging",Angewandte Chemie, 2010, 122, 4068-4072;Angewandte Che-

mie International Edition, 2010, 49, (23), 3976-3980.

6. T. D. Schladt, K. Schneider, W. Tremel: "Magnetische Nanopartikel als Kon-

trastmittel in der MRT",Natur und Geist (Forschungsmagazin der Johannes

Gutenberg Universität Mainz), 2010, 26, 24-27.

7. T. D. Schladt, K. Schneider, M. I. Shukoor, F. Natalio, M. N. Tahir, S. We-

ber, L. M. Schreiber, H. C. Schröder, W. E. G. Müller, W. Tremel: "Highly

Soluble Multi-functional MnO Nanoparticles for Simultaneous Optical and

MRI Imaging and Cancer Treatment using Photodynamic Therapy",Journal

of Materials Chemistry, 2010, 20, DOI: 10.1039/c0jm01465f.

8. T. D. Schladt, K. Schneider, M. I. Shukoor, H. Schild, W. Tremel: "Engi-

neered Multifunctional Nanotools for Biological and Cancer Applications",

RSC Dalton Transactions, submitted.

9. T. D. Schladt, K. Schneider, S. Prüfer, H. Bauer, F. Natalio, O. Dumele,

R. Raidoo, S. Weber, L. M. Schreiber, M. P. Radsak, H. J. Schild, W. Tremel:

"Multifunctional Superparamagnetic MnO@SiO2 Core/Shell Nanoparticles

and their Application for Optical and Magnetic Resonance Imaging", Ad-

vanced Functional Materials, submitted.

10. J. K. Sahoo, M. N. Tahir, A. Yella, T. D. Schladt, E. Mugnaoli, U. Kolb,

W. Tremel: "Rational Reversible Self-Assembly of Heterogeneous Metal

Chalcogenide/ Metal Oxide Nanostructures Based on Pearson Hardness",An-

gewandte Chemie, 2010, 122, DOI: 10.1002/ange.201000774;Angewandte

Chemie International Edition, 2010, 49, DOI: 10.1002/anie.201000774.

11. M. I. Shukoor, M. Barz, M. N. Tahir, F. Natalio, T. D. Schladt, S. Weber,

R. Zentel, L. M. Schreiber, J. Brieger, W. E . G. Müller, W. Tremel, "Func-

tionalized Magnetic Nanoparticles for Selective Targeting of Cells",Materi-

als Research Society Symposium Proceedings, 2010, in press.

12. B. Nakhjavan, M. N. Tahir, H. Gao, T. D. Schladt, F. Natalio, I. Ament,

R. Branscheid, S. Weber, U. Kolb, C. Sönnichsen, L. M. Schreiber, W. Tre-

mel: "Cu@Fe3O4 Nanodimers as Contrast Agents for Magnetic Resonance

240



List of Publications

Imaging with Selective Dual-Functionalization Capability", Chemistry of Ma-

terials, submitted.

13. F. Natalio, T. D. Schladt, K. Schneider, W. Tremel: "MnO Nanoparticles

as Superoxide Dismutase (SOD) Biomimetic",Angewandte Chemie Interna-

tional Edition, submitted.

14. F. Natalio, K. Schneider, T. D. Schladt, S. Weber, J. Brieger, L. M. Schreiber,

W. Tremel: "Live Monitoring of the SOD Activity of MnO Nanoparticles in

Lymphatic Cells",in preparation .

15. T. D. Schladt, K. Schneider, F. Natalio, H. Bauer, S. Weber, J. Brieger,

L. M. Schreiber, W. Tremel: "In Vivo MR Imaging of Tumors Using Mul-

tifunctional and Highly Soluble MnO@SiO2 Core-Shell Nanoparticles",in

preparation.

16. T. D. Schladt, T. Graf, O. Köhler, H. Bauer, K. Schneider, C. Herold, J. Mer-

tins, W. Tremel: "Synthesis and Magnetic Properties of FePt@MnO Nano-

hetero-Particles",in preparation .

17. T. D. Schladt, H. Bauer, K. Schneider, F. Natalio, J. Mertins, S. Weber,

L. M. Schreiber, W. Tremel, "Multifunctional Pt@MnO@SiO2 Nano-hetero-

Particles as Novel Multimodal Agents for Optical, MR and CT imaging", in

preparation.

18. T. D. Schladt, K. Schneider, H. Bauer, R. Raidoo, F. Natalio, W. Tremel:

"Superparamagnetic Fe3O4 and MnO Nanoparticles Coated with a Multi-

functional Mesoporous Silica Shell for the Controlled Delivery of Reactive

Agents",in preparation .

19. J. Rother, A. Pietuch, T. D. Schladt, K. Schneider, W. Tremel, A. Janshoff:

"Impact of TLR9 agonistic Nanoparticles on Pulmonary Cancer Cells", ACS

Nano, in preparation .

20. J. Rother, A. Pietuch, K. Schneider, T. D. Schladt, W. Tremel, A. Janshoff:

"Effect of Immunostimulating MnO and Fe3O4 Nanoparticles on Human

Cancer Cells"in preparation .

241



List of Publications

21. T. D. Schladt, K. Schneider, H. Bauer, C. Mangold, M. Dietzsch, W. Steffen,

H. Frey, G. Fytas, W. Tremel: "Self-Assembly of Inorganic/Organic Janus

Nanoparticles with Orthogonal Polarity",in preparation .

242




