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magnetic fluid, a closed-end thermometry catheter (outside

diameter 1.0 mm) was placed in the target area.
Thereafter, the nanoparticle density was mapped using

CT imaging so that the treatment parameters for the

subsequent intratumoral thermotherapy could be planned
(Fig. 1). On the basis of the density distribution of the

nanoparticles, their known specific absorption rate (SAR),

and the estimated perfusion within the tumor area, the heat
generation within the target tissue could be determined as a

function of magnetic field strength using the bioheat
transfer equation. The aim was to establish the magnetic

field strength such that a temperature of 43!C was not

exceeded beyond a margin of 2 cm around the tumor.
Further details of this treatment planning process, referred

to as post-instillation analysis (PIA), have been described

by Gneveckow et al. [36].

The hyperthermia treatment generally consisted of six

semi-weekly sessions, and each thermotherapy session
lasted 1 h. During the first two sessions,the procedure was

monitored using direct temperature measurements from the

previously placed thermometry catheter. Since the maxi-
mum field strength of the remaining sessions did not

exceed that of the first two sessions, these were performed

without direct temperature measurement. The median peak
temperature measured within the tumor area during the

thermotherapy sessions was 51.2!C (maximum 82.0!C).

Adjunct radiotherapy

Stereotactic beam radiotherapy was performed immediately

before or after the intratumoral thermotherapy sessions

with a 6 MV Novalis system (Varian, Palo Alto, USA/

Fig. 1 Glioblastoma recurrence. a,b Pre-treatment brain MRI.
c,d Post-instillation CT showing magnetic nanoparticle deposits as
hyperdense areas. Isothermal lines indicate calculated treatment
temperatures between 40!C (blue) and 50!C (red). The brown line

represents the tumor area. e,f 3-D reconstruction of fused MRI and
CT showing the tumor (brown), magnetic fluid (blue) and thermom-
etry catheter (green)
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‘Quantum Con!nement’ Effekte
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TEM Aufnahmen von Gold Nanopartikeln

8184 dx.doi.org/10.1021/ja107934h |J. Am. Chem. Soc. 2011, 133, 8179–8190

Journal of the American Chemical Society ARTICLE

nanoparticles suggests that the growth of the particles follows a
classical diffusion controlledOstwald-ripeningmechanism.76 In a
recent report by Buhro and co-workers, two different growth
mechanisms for formation of thiol-protected AuNPs were de-
scribed: (i) aggregative and (ii) Ostwald ripening.77 An aggre-
gative growth mechanism produces primarily polycrystalline
AuNPs. On the other hand, single crystalline AuNPs are expected
if the growth process follows an Ostwald-ripening mechanism,
which appears to be the case for the 9-BBN-based AuNP
synthesis according to the HRTEM analysis.
The important role of diffusion-limited growth in the synthesis

of monodisperse nanoparticles with less than 10% size dispersion
is well established.75 During a diffusion-limited growth process,
molecular addition is facilitated where active nuclei adsorb on the
surfaces of larger particles. This growth mechanism generally
occurs for chemical reactions where the supply of growth species
is slow. In addition, the supply of capping ligand also is essential.
The surface-bound capping ligands form a diffusion barrier,
which hinders adsorption and further growth of the nanoclusters.
In this present investigation, the AuNPs grew from very poly-
disperse (32%) particles with an average size of 1.9 ( 0.6 nm to
monodisperse (9%) particles with an average size of 3.3 (
0.3 nm. The UV!vis spectroscopy analysis showed initial red

shifts followed by blue shifts of the LSPR !max of the AuNPs. The
red shifts are due to the increase of particle size from 1.9 to 3.2. In
the remaining 30 min of the reduction process, a very small
particle size increase (!0.1 nm) was observed, but the dispersity
decreased much more significantly from 28 to 9% with a final
AuNP size of 3.3 nm. Alivisatos and co-workers observed a
similar change in size dispersion, from highly polydisperse to
nearly monodisperse particles, over the time course of PtNP
formation using in situ HRTEM analysis.65 Their results indi-
cated that at the beginning of the reduction process a large
number of nanocrystals were formed which undergo parallel
nucleation and growth processes. The size distribution of parti-
cles was large at the beginning, followed by a bimodal distribution
during the nucleation/growth stage. At the end of the formation
process, the size distribution was narrow, and monodisperse
nanoparticles were observed. These observations may be ex-
plained by a classical diffusion-controlled growth mechanism,
and this is discussed more below. As discussed above, the
observations made for the gold nanoparticle formation process
based on 9-BBN as a reducing agent are similar to their findings.
Effects of StabilizingAgent Concentration.We investigated

the influence of the concentration of the stabilizing agent (ODT)
on the reaction rate and the size of the AuNPs. In these studies,

Figure 4. HRTEM images of particles at time points during synthesis of: (A) 2, (B) 5, (C) 30, and (D) 65min after adding 9-BBN. Insert in B!D shows
single nanoparticle image with a scale bar of 2 nm. The images clearly show single crystalline lattice planes.
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Fig. 1.2 Absorption spectra of a gold nanocrystal film which absorbs only above 1.8 eV like a
semiconducting material due to the quantum confinement effect and a thin, bulk gold metal film
of equivalent thickness which absorbs like a typical metal in the infrared energy region. ! is the
volume fraction of gold in the sample [10]

appears red because it transmits only the longer wavelengths and absorbs the shorter
ones [10].

1.2.2 Size Dependence

The aforementioned ability of gold as well as of other noble metals and semiconduc-
tors relies on quantum confinement which is a very successful model for describing
the size dependent electronic structure of nanometer sized materials According
to this theory electrons are confined in all three dimensions causing matter to
behave completely different in terms of its optical and electronic properties.
When the dimension of a material approaches the electron wavelength in one or
more dimensions, quantum mechanical characteristics of the electrons that are not
manifest in the bulk material can start to contribute to or even dominate the physical
properties of the material [11].

Besides quantum size effects, the nanomaterials behavior is different due to
surface effects which dominate as nanocrystal size decreases. Reducing the size
of a crystal from 30 to 3 nm, the number of atoms on its surface increases from 5%
to 50% beginning to perturb the periodicity of the “infinite” lattice. In that sense,
atoms at the surface have fewer direct neighbors than atoms in the bulk and as a
result they are less stabilized than bulk atoms [11]. The origin of the quantum size
effects strongly depends on the type of bonding in the crystal.

P. Mulvaney et al., MRS Bull. 26, 1009 (2001)
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Confinement-Effects

Fluoreszierende Halbleiternanopartikel
(Quantum-Dots)

Fluorescence quantum yield  (Efficiency) 85%

High Photostability
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Synthese von Metall-Clustern

Example: ligand stabilized 
Au55-Cluster

Prof. Dr. H. Weller, Universität Hamburg

Optische Eigenschaften von Nanopartikeln

In Halbleitern (ZnO, CdS, CdSe, CdTe, Si...) ist die Bandlücke 
abhängig von der Partikelgröße.

Prof. Dr. H. Weller, Universität Hamburg

We tested this by transiently expressing an endosome-specific marker,
pECFP-Endo (Clontech)14, in HeLa cells that were labeled with
orange-emitting QDs. The vesicles containing QDs (Fig. 1C, left,
pseudocolored red in the merged image) colocalized almost com-
pletely with those labeled by the endosomal marker (Fig. 1C, middle,
pseudocolored green in the merged image). This further indicates
that the QDs were internalized by endocytosis. Moreover, when endo-
cytosis was blocked by incubation at 4 °C, neither mammalian nor
D. discoideum cells were labeled by QDs even after extended (>6 hour)
incubation. After endocytic uptake of QDs, HeLa cells were stably
labeled for over a week with no detectable effects on cell morphology
or physiology (Fig. 1D). Even after continuous growth for 12 days
(beyond which the cells became too crowded to grow further), the
cells were still labeled (data not shown).

The second approach used is independent of endocytosis. Here we
biotinylated the cell surface using a membrane-impermeant, amino-
directed coupling agent, sulfo-NHS-SS-biotin. The cells were then
incubated for 10 minutes at 4 °C with 0.5–1 µM avidin-conjugated
QDs and washed to remove unbound QDs. Initially, we observed the
label only on the surface of cells (Fig. 2A). But when these cells were
maintained for 2 hours at 37 °C, the label was predominantly in a
juxtanuclear pool of vesicles (Fig. 2B). However, there was still some
residual label on the membrane and many apparently endocytic,

labeled vesicles moving inward from the cell surface (Fig. 2B,
arrows). This indicated that the QDs were internalized by endocyto-
sis and not as a result of compromised permeability of the plasma
membrane. As cells constitutively endocytose their cell surface pro-
teins, these results indicate that QD labeling did not have any delete-
rious effects on the normal endocytic physiology. It is important to
note, however, that this approach permits labeling of even those cells
that do not undergo endocytosis.

Having determined that QD labeling had no detectable effect on
cell growth, we tested whether it affected development. We exam-
ined the ability of QD-labeled D. discoideum cells to initiate and
undergo development. cAMP signaling is the basis for aggregation
in starving D. discoideum cells15. The starving cells respond to cAMP
by a characteristic cringing and relaxation response that results in a
net movement towards the source of cAMP16. We found that starved
Dictyostelium cells labeled with green-emitting QDs were able to
initiate and respond to cAMP signaling (Fig. 3; a time-lapse film is
also available online (see URL in Experimental protocol)). Cringing
and relaxation of cells, an indicator of the cAMP pulsing frequency,
occurred once every 6 ± 2 minutes, which is comparable to the val-
ues reported for unlabeled AX2 cells17. Thus, labeling the D. dis-
coideum cells with QDs had no deleterious effects on their cellular
signaling and motility during development.

We therefore concluded that these approaches can be used to
non-invasively label a variety of cells for long periods (over 12 days)
without affecting cell growth or development. This opens up the

RESEARCH ARTICLE
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Figure 1. Generalized labeling of living cells using QDs. Cells were incubated for 2 h in orange QDs, after which the free QDs were washed away.
(A, B) Confocal images of (A) HeLa and (B) D. discoideum cells. (C) Three-dimensional confocal projection of HeLa cells transiently transfected with the
plasmid pECFP-Endo (encoding an endosome-specific reporter) and labeled with QD orange as above. (D) Overlay of bright-field and epifluorescence
images of live HeLa cells labeled with orange QD and allowed to grow for the indicated period of time. Bar, 5 µm.

Figure 2. Generalized labeling of live cells using avidin-conjugated QDs.
HeLa cells were biotinylated using sulfo-NHS-SS biotinylating reagent and
then incubated for 15 min with the avidin-conjugated yellow-emitting QDs.
(A) Epifluorescence image of cells immediately after the unbound QDs were
removed; labeling is restricted to the cell surface. (B) Epifluorescence image
of a cell that was allowed to grow for 2 h after washing out of unbound QDs.
The QD-labeled vesicles are predominantly perinuclear; arrows point to the
vesicles that are being formed by the endocytosis of the residual label at the
plasma membrane. Bar, 10 µm.
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as a function of time after starvation20,21. Thus, the starved cells are
more likely to form aggregation centers when mixed with vegeta-
tively growing cells. However, it is not known whether this ability
increases continually with increased length of starvation or
whether this is an on-and-off phenomenon whereby the cell either
has or does not have the capability to form centers. The ability to
label and track multiple cells for long periods using QD labeling
provided us with an opportunity to address this question. Using
the endocytic labeling approach, we labeled AX2 amoebae that
had been starved for different periods of time with different QDs.
Cells that were not pre-starved were labeled with green QD
(emission maximum 520 nm; Fig. 5B, green line), cells starved
for 3 hours were labeled with yellow QDs (emission maximum
570 nm; Fig. 5B, yellow line), and cells starved for 6 hours were
labeled with red QDs (emission maximum 613 nm; Fig. 5B, red
line). These cells were then mixed with a tenfold excess of unla-
beled, non-starved cells (to allow easy resolution of the labeled
cells in a mass of aggregating cells), and the mixture was placed on
thin agar plates for development. We followed the QD labeled cells
beginning 1 hour after plating. The cells were illuminated with 2 s
pulses using a 470/40 nm excitation filter. Images corresponding
to each of the different QDs were collected sequentially. Each
image was taken once every 2 minutes for the entire period. The
cells starved for 3 hours (pseudocolored green) and 6 hours
(pseudocolored red) had equal propensity to form the aggregate
centers (Fig. 6B, 2.5 and 3.5 hour), whereas the cells that were not
pre-starved (pseudocolored blue, also indicated by arrows) were
not part of the aggregate centers (Fig. 6B; a time-lapse film is also
available on the authors’ website). These cells responded to signal-
ing by the aggregation centers formed by the pre-starved cells, by

chemotaxing towards them. Thus it appears that the ability to
form centers in D. discoideum is an all-or-none response rather
than a graded response. Notably, we saw no discernible fluores-
cence loss of the QD labels: brightly fluorescent cells were visible
during the entire imaging sequence (Fig. 6B and time-lapse film
online (see URL)).

The approaches presented here enable specific labeling of pro-
teins for live cell imaging with QDs. The manipulations did not
affect normal growth and development and had no obvious effect
on cellular signaling. These approaches thus create the possibility
of realizing the considerable potential of these inorganic fluo-
rophores, such as resistance to photochemical, chemical, and
metabolic damage and wide choice of excitation and emission
wavelengths, in living cells. These features make QDs suitable for
simultaneous tracking of multiple proteins and live cells for long
periods and, therefore, for investigating a range of phenomena in
cell and developmental biology that have been unexplored because
of the lack of suitable fluorescent labels.

RESEARCH ARTICLE
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Figure 5. Photostability and emission spectra of QDs. (A) Photodecay of
DHLA-capped CdSe–ZnS QDs. 500 µl of ∼1 µM yellow-emitting QDs
(emission max = 570 nm) dispersed in 10 mM sodium tetraborate buffer,
pH 9, was illuminated with 50 mW of a 488 nm laser (beam diameter at the
sample position was 1 mm). The peak fluorescence emission was
continuously recorded once every 3 min. (B) Solutions of various QDs 
(<1 µM in sodium tetraborate buffer, pH 9) were excited at 350 nm and
fluorescence emission spectra recorded from 420 nm to 680 nm.

Figure 6. Long-term, multiple color imaging of developing cells of 
D. discoideum. Growing AX2 cells were labeled with (A) red- (613 nm)
emitting QDs alone or (B) green- (525 nm), yellow- (570 nm), and red-
(613 nm) emitting QDs. (A) Labeled cells were mixed with a 100-fold
excess of unlabeled cells. The images show a developing aggregate of
cells starting 1 h after plating. (B) Yellow and red QD-labeled cells
(pseudocolored green and red) were starved for 3 and 6 h, respectively.
Subsequently, green QD-labeled cells (pseudocolored blue) and
unlabeled cells were resuspended in the starvation buffer, mixed with
other QD-labeled cells, and plated on non-nutrient agarose plates. The
bright-field and pseudocolored fluorescence images of a developing
aggregate of cells were overlaid. The time indicates the period elapsed
since the start of imaging—that is, 1 h after plating. Bar, 150 µm.
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possibility of using QDs to study the behavior of cells that are diffi-
cult to genetically engineer to express fluorescent reporter proteins.

Specific labeling of cells with QDs. To tag specific proteins or
specific cells, we assayed the utility of QD bioconjugates prepared
by attaching an antibody directed towards a specific membrane
protein6. In the present study, we used an antibody (clone 4E3) that
is specific for the extracellular epitope of the multidrug transporter
P-glycoprotein (Pgp). We used QD bioconjugates to label HeLa
cells that were transiently transfected with a plasmid encoding Pgp
fused to enhanced green fluorescent protein (EGFP). After tran-
sient transfection, only a subset of cells express Pgp-EGFP, with
levels of expression varying over 1,000-fold18. As both expressing
and non-expressing cells can be simultaneously visu-
alized in a given microscopic field of view, the non-
expressing cells serve as a good internal control for
any non-specific labeling18. Specific labeling using
QD bioconjugates should parallel the labeling by
EGFP. Comparing the fluorescence signals of QD
and EGFP thus provides a direct test of the specificity
of labeling.

We used two approaches for specific labeling of
live cells. In the first method, a biotinylated primary
antibody was incubated with cells and then, after
washing, an avidin-conjugated QD was used for
labeling (Fig. 4A, C). In the second method, before
incubation with cells, the primary antibody was con-
jugated with the QDs using either a recombinant
protein G (QD-PG-zb) (Fig. 4B) or avidin6,11.

Examples of the tests for the specificity of the QD
labeling are shown (Fig. 4C, D). Each bright-field
image shows multiple cells, but only two cells in
each field are expressing Pgp-EGFP fusion protein.
After a 1-hour incubation with biotinylated anti-
Pgp antibody and a subsequent 15-minute incuba-
tion with QD-avidin conjugates, only cells expressing
Pgp-EGFP were labeled with QDs (Fig. 4C). Thus,
labeling with the QD-avidin conjugate was specific.
Similar specificity was seen when the cells were
incubated for 1 hour at 4 °C with preformed QD-
antibody bioconjugates prepared via PG-zb (Fig. 4D).
This correlation demonstrates the specific plasma
membrane labeling by QD-antibody bioconjugates
of only those cells that express the protein of inter-
est. This approach can thus be extended to specifi-

cally label multiple different proteins or cell types simultane-
ously to visualize their interactions in live cells and in situ in
whole organisms.

Use of QDs for long-term imaging of live cells. Unlike conven-
tional fluorophores, QDs are highly photostable. Even after contin-
uous illumination for 14 h by a 50 mW, 488 nm laser, there was no
loss in the emission intensity of an ensemble of DHLA-capped QDs
(Fig. 5A). The initial increase in emission intensity has been attrib-
uted to photo-induced healing of the surface states when the sur-
rounding environment is equivalent to an insulator with a very high
energy barrier, such as an organic matrix19. Thus the QDs not only
permit multicolor tagging of live cells but also make it possible to
track them for extended periods without any decline in the emission
intensity of the label.

HeLa cells were stably labeled with QDs for over 1 week without
harm to their growth (Fig. 1D). Similarly, QD labeling did not affect
the initiation of development of D. discoideum cells (Fig. 3). We next
tested if QDs could be used to continuously image D. discoideum
through development. D. discoideum cells labeled with red-emitting
QDs (emission maximum 613 nm) were mixed with a 100-fold
excess of unlabeled cells and plated on non-nutrient agar plates for
development. To track developing cells, we illuminated the cells
once per minute (500 ms exposures) during the entire period of
development (14 hours), using transmitted light from a halogen
lamp and excitation light (470/40 nm) from a 75 W xenon lamp. QD
labeled cells underwent aggregation and developed normally, par-
ticipating in slug formation and showing no obvious cell-type pref-
erence in the slug (Fig. 6A; a time-lapse film is also available on the
authors’ website (see URL)).

A characteristic feature of the development of D. discoideum is
that the number of cells capable of releasing cAMP autonomously,
and thereby acting as centers of incipient aggregates, rises steadily
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Figure 3. Aggregation of QD-labeled starved D. discoideum amoebae.
Growing AX2 cells were labeled with green-emitting QDs. After removal of
the excess QDs, cells were plated in the starvation buffer and starved for
4 h. The image shows a field of aggregating cells after 4 h of starvation.
Bar, 15 µm.

Figure 4. Specific labeling of live cells expressing Pgp-GFP using QD bioconjugates.
(A–D) Orange-emitting QDs were conjugated to either (A) avidin or (B) anti-Pgp antibody,
using the recombinant protein G–leucine zipper fusion protein (PG-zb). Confocal images of
HeLa cells transiently transfected with Pgp-EGFP were taken after (C) pre-incubation with
the biotinylated anti-Pgp antibody followed by a brief incubation with QD-avidin conjugates
or (D) incubation with QDs conjugated to anti-Pgp antibody via PG-zb. In both cases, the
QD bioconjugates labeled the cell membrane, and although many cells are visible in the
bright-field image, only those that are expressing detectable levels of Pgp-EGFP are
labeled with QDs. Bar, 10 µm.
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the reported hydrodynamic diameters of the molecules used for
calibration vary in the literature by as much as 10%, so too must
our confidence in the 5.5-nm cutoff. For this reason, it will be
important to test each nanometer-sized object independently
in vivo, and not rely solely on in vitro predictions. Second, our
study has not addressed the effect of nanoparticle shape on renal
filtration. For example, quantum rods6 and other nonspherical nano-
particles will need separate in vivo analyses. If eventual results correlate
with those from long rigid proteins, it is likely that the long axis of the
particle will dominate its in vivo behavior. Finally, our study suggests
that molecularly targeting quantum dots and other nanoparticles
requires careful attention to hydrodynamic diameter. Indeed, our
results suggest that only extremely small targeting molecules will be
of use for in vivo targeting if renal excretion is to be maintained.
Fortunately, the increased affinity associated with multimerization of
such ligands on the quantum dot surface7 may permit a small number
of targeting ligands to be used relative to coating ligands.

Thus far, few nanometer-sized objects are being actively translated
to the clinic. Our study suggests that to satisfy both patient safety and

regulatory review, nanoparticle biodistribution and clearance must be
carefully considered. We propose three criteria for distinguishing a
nanoparticle that has potential clinical utility: (i) a final HD r 5.5 nm
to permit complete elimination from the body and/or (ii) a formula-
tion with completely nontoxic components and/or (iii) biodegrad-
ability to clearable components. We suggest that metal-containing
nanoparticles that do not satisfy these criteria will have limited
clinical utility.

METHODS
Synthesis of CdSe/ZnS core/shells. CdSe/ZnS core/shell nanocrystals were
synthesized using the following methods: QD515 (ref. 8), QD534 (refs. 9,10),
QD554 (refs. 9,10), QD564 (refs. 9,10) and QD574 (refs. 9,10). See Supple-
mentary Methods online for detailed experimental methods.

DHLA and DHLA-PEG organic coatings. Dihydrolipoic acid (DHLA) and
DHLA conjugated to a polyethylene glycol spacer (n ! 8, DHLA-PEG) was
prepared using procedures from the literature3,11. Ligand exchange was
performed according to reported procedures3,11, with modifications. Briefly,
an aliquot of quantum dot growth solution (0.2 ml) was precipitated with the
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Figure 3 Blood clearance, biodistribution and total body clearance of nano-sized objects.
(a) Blood concentration (%ID/g) of 99mTc-labeled quantum dots after intravenous injection
into CD-1 mice. Each data point is the mean ± s.d. from N ! 5 animals. (b) Blood half-life
(mean ± 95% confidence intervals) as a function of hydrodynamic diameter calculated from
the data in Figure 3a. (c) Radioscintigraphic images of 99mTc-QD515 (4.36 nm) 4 h after
intravenous injection. Shown are the color video (left) and Anger camera gamma-ray images
(middle) of the intact animal immediately after it was killed (top row), and of organs after
resection (bottom row). Also shown are the merged color video and gamma images (top right)
and the quantitative distribution of 99mTc-QD515 in all organs after well counting (bottom
right). Abbreviations used are: Sk, skin; Ad, adipose; Mu, muscle; Bo, bone; He, heart; Lu,
lungs; Sp, spleen; Li, liver; Ki, kidneys; St, stomach; In, intestine; Br, brain; and Bl, bladder.
Each point represents the mean ± s.d. of N ! 5 animals. (d) In vivo analysis of 99mTc-QD574
(8.65 nm) as described for Figure 3c. (e) Urine excretion (blue curve) and carcass retention
(red curve) of 99mTc-QDs of various hydrodynamic diameters 4 h after intravenous injection
into CD-1 mice. Each point represents the mean ± s.d. of N ! 5 animals.
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purification steps. Advancement in the use of magnetic particles for biomedical
applications depends on new synthetic methods with better control over size dis-
tribution, magnetic properties, and particle surface characteristics. As a result, other
methods have been developed to synthesize nanoparticles with more uniform dimen-
sions.

20.3.2 Microemulsion

A microemulsion is a thermodynamically stable isotropic mixture of two immisci-
ble liquids and surfactant [141]. Microemulsions may be classified as water-in-oil
(w/o) or oil-in-water (o/w) emulsion, depending on the dispersed and continuous
phases. In both cases, the dispersed phase consists of monodispersed droplets rang-
ing from 10 to 100 nm in diameter. The main advantage is that microemulsions pro-
vide compartmentalized liquid structures with high surface area. These structures
then serve as versatile media for chemical reactions, where the resulting nanoparti-
cles of desired size reflect the shape and the environment of the aqueous/organic
droplets [141]. For biomedical applications, the water-in-oil approach is a more
common technique for preparing highly monodisperse iron oxide nanoparticles.

The general strategy involves enclosing “nanodroplets” of aqueous metal salts in
a surfactant coat that separates them from the surrounding organic solution to form
reverse micelles [49, 83, 116, 117, 120, 141, 162, 193]. An alkaline solution pre-
cipitates and oxidizes the SPIO within the micelle. For example, ferric and ferrous
salts are mixed with dioctyl sulfosuccinate sodium salt (AOT) and lecithin (phos-
phatidylcholine) in an organic hydrocarbon phase. After centrifugation to remove
impurities, ammonium hydroxide/AOT solution is added to the metal/AOT mixture
with stirring. The metal hydroxides are precipitated and are oxidized to ferrite within
the nanosized micelle. After stirring to achieve complete conversion, the solvent is
removed and the nanoparticles are re-dispersed in water (Fig. 20.1). The size of the
synthesized nanoparticles is relatively uniform and can be varied from 3 to 20 nm
by varying the iron salt or the surfactant concentrations.

LecithinDioctyl sulfosuccinate sodium salt 

1. Metal salt added 
to AOT/lecithin 
with stirring.

2. Centrifugation to 
remove impurities 
and insolubles.

3. Excess NH4OH 
in AOT solution  
added.

4. Removal of  
solvent  and 
excess AOT.

5. Nanoparticles 
re-dispersed in 
H2O.

Fig. 20.1 Scheme for preparing monodisperse SPIO inside w/o microemulsion droplets
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20.3 Syntheses of SPIO Nanoparticles

Several methods are generally used to produce iron oxide nanoparticles. Histori-
cally, physical grinding of bulk magnetite with a stabilizing surfactant produced
the first documented ferrofluids [136]. However, for biomedical applications, sev-
eral chemical methods were established to synthesize SPIOs. Some of the more
commonly used methods are co-precipitation, microemulsion, and thermal decom-
position, although numerous other methods exist. The main challenge is to produce
and reproduce monodisperse SPIO without any complex purification steps. Ideally,
the synthetic scheme should also yield highly crystalline nanoparticles with a high
saturation magnetization (Ms).

20.3.1 Co-precipitation

The most common method for producing SPIO nanoparticles is a one-step co-
precipitation reaction of Fe2+ and Fe3+ salts in an alkaline solution [22, 26, 40,
63, 67, 78, 97, 101, 115, 132, 177, 205]. The precipitate is recovered through mag-
netic isolation or centrifugation. The overall reaction may be written as shown in
Eq. (20.1) [67, 101].

Fe2+ + 2Fe3+ + 8OH! " Fe3O4 + 4H2O (20.1)

According to the thermodynamics for this reaction, a complete precipitation of
Fe3O4 should be expected between pH 7.5 and 14, while maintaining a molar ratio of
Fe2+:Fe3+ at 1:2 under a nonoxidizing, oxygen-free environment. Otherwise, Fe3O4

may also be oxidized to Fe(OH)3 (Eq. 20.2).

4Fe3O4 + O2 + 18H2O " 12Fe(OH)3 (20.2)

This dramatically affects the physical and chemical properties of the nanopar-
ticles. In order to prevent possible oxidation and aggregation, Fe3O4 nanoparticles
are usually coated with organic or inorganic molecules during the precipitation pro-
cess. The resulting precipitate is reddish brown (maghemite) to brownish black
(magnetite) in color, depending on the oxidation state of iron. Maghemite is the
ferrimagnetic cubic form of Fe(III) oxide and differs from the inverse spinel struc-
ture of magnetite through vacancies on the cation sublattice. However, both possess
very similar lattice parameters at 8.346 and 8.396 Å for maghemite and magnetite
[27, 179], respectively, making chemical identification very difficult with techniques
such as x-ray diffraction. To prevent possible oxidation, the synthesis is carried out
in an inert environment by bubbling inert gas through the reaction solution.

Although co-precipitation methods are widely used due to its simplicity and abil-
ity to be scaled up for large reaction, the nanoparticles produced are fairly polydis-
perse. Another disadvantage of these bulk solution syntheses is that the pH value
of the reaction mixture needs to be adjusted during both the synthesis and the

11

12
Tuesday, 14 May, 13



Superparamagnetische Nanopartikel (Fe3O4)

Dalton Trans., 2013, 42, 196-206
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(magnetite) in color, depending on the oxidation state of iron. Maghemite is the
ferrimagnetic cubic form of Fe(III) oxide and differs from the inverse spinel struc-
ture of magnetite through vacancies on the cation sublattice. However, both possess
very similar lattice parameters at 8.346 and 8.396 Å for maghemite and magnetite
[27, 179], respectively, making chemical identification very difficult with techniques
such as x-ray diffraction. To prevent possible oxidation, the synthesis is carried out
in an inert environment by bubbling inert gas through the reaction solution.
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 Functionalized Gd(III)DTPA complexes 
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Figure 2.7 Qualitative picture of spins during excitation and relaxation. (a) Nuclear spin system in thermal 
equilibrium, showing the net magnetization vector (M0) along the direction of the static external magnetic 
field (B0). Since the individual spins have no phase coherence, there is no net magnetization in the x,y-plane. 
(b) Spin system after excitation with a 90° RF-pulse, illustrating the phase coherence of spins resulting in the 
magnetization vector in the x,y-plane (Mx,y). Additionally, no magnetization remains along the z-axis, due to a 
redistribution of nuclear spins over the high and low energy levels. 
 

There are two basic modes of relaxation available: spin-lattice relaxation and spin-spin 

relaxation. Spin-lattice relaxation is related to the z-component of the magnetization vector and is an 

enthalpic process. The z-component of the magnetization returns to its original orientation while the 

absorbed energy is transferred from the nuclei to the rotational and translational modes of the 

surrounding molecules (lattice). The spin-lattice relaxation is characterized by a time constant T1, 

also known as the longitudinal relaxation time (Figure 2.8a). 

In contrast to T1 relaxation, the transverse relaxation is an entropic process and describes the 

magnetization decay in the x,y_plane. The nuclear spins will lose their phase coherence, i.e. show 

dephasing, due to spin-spin interactions (Figure 2.7). As a result the transverse magnetization decays 

to zero. The spin-spin relaxation is characterized by a time constant T2, also known as the transverse 

relaxation time (Figure 2.8b). Both T1 and T2 are strongly affected by the temperature and the 

magnetic field.  
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Figure 2.8 Return of the longitudinal (a) and transverse (b) relaxation to its equilibrium value. 
 

Relaxation in the presence of paramagnetic MRI contrast agents 

Paramagnetic ions, such as Gd(III), decrease both the T1 and T2 of the water protons 

dramatically. The effect originates from dipole-dipole interactions between the nuclear spins of 

water molecules and the fluctuating local magnetic field caused by the spins of the unpaired 

electrons in the metal ion.33,34 The high magnetic moment (seven unpaired electrons) of Gd(III), 

coupled with its slow electronic relaxation makes it a very efficient relaxation agent; therefore, trace 

amounts of Gd(III) are sufficient to decrease the relaxation times of bulk water significantly. 

The ability of MRI contrast agents to lower the T1 and T2 is often expressed in terms of 

longitudinal (r1) and transverse (r2) relaxivities. In equation 3.1, (1/T1,2)observed is the observed 

relaxation rate in the presence of contrast agent, [Gd(III)] is the concentration of Gd(III), and 

(1/T1,2)diamagnetic  is the diamagnetic relaxation rate (in the absence of paramagnetic species).  

 
 

(1/T1,2)observed = (1/T1,2)diamagnetic + r1,2[Gd(III)]         (3.1)    

 

 

Inner sphere and outer sphere relaxation 

In this section, the most relevant parameters that contribute to the relaxivity will be addressed 

for Gd(III)DTPA. Coordination of Gd(III) to DTPA occurs in an octadentate fashion, leaving one 

site available for coordination of water to the paramagnetic centre, i.e. inner sphere water molecule, 

as illustrated in Figure 2.9. This inner-sphere water molecule exchanges rapidly with the bulk water. 

The contribution of the inner-sphere relaxation mechanism to the relaxivity of Gd(III)DTPA is 

approximately 60%.5,35 The remaining 40% arises from outer sphere relaxation referring to 
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contrast distribution throughout the bowel. If SPIO do aggregate, magnetic suscep-
tibility artifacts may result, especially at high field and when gradient echo pulse
sequences are used [32].

A first agent, ferumoxsils are composed of approximately 10 nm nanoparti-
cles coated by a layer of inert silicon with a hydrodynamic diameter of 300 nm.
Ferumoxsils are also know as AMI-121 or have trade names “Gastromark R!”
and “Lumirem R!,” manufactured by Advanced Magnetics (US) and Guerbet
(EU), respectively. The reported T2 and T1 relaxivity for AMI-121 are 72 and
3.2 mM!1s!1, respectively [70, 92]. A second agent, oral magnetic particles (OMP),
trade name “Abdoscan R!” manufactured by Nycomed (EU), are composed of
polystyrene-coated (ferristene) particles below 50 nm with a total particle size of
3.5 µm [23, 24, 85, 124, 189]. The OMP concentration typically used is 0.5 g/L
with the particles containing 25% (w/w) SPIO. Oral SPIO are normally administered
over a 30–60 min period, with a volume of 400 mL for upper abdomen imaging, and
900 mL for contrast enhancement of the whole abdomen. Figure 20.3 illustrates the
proton density images of the rat abdomen before and after the oral administration
of OMP agents. Significant image darkening was observed after OMP ingestion,
leading to clear demarcation of the stomach in the axial images. Generally, GI con-
trast agents are well tolerated, with mild side effects, such as nausea and vomiting
occurring in 1–5% of patients [110].

Stomach Stomach
Liver Liver

(a) (b)

Fig. 20.3 Proton density-weighted MR imaging of rat abdomen: (a) no administration and
(b) administration of the suspension of fast dispersible OMP granules, 4 mL/rat. Copyright ©
(1998) Elsevier. All rights reserved

Liver and Spleen Imaging

In addition to GI tract imaging, SPIOs are frequently used in hepatic imaging. After
intravenous injection, SPIOs are nonspecifically taken up by the reticuloendothelial
system (RES) of the liver and spleen. With T2-weighted (T2-w) sequences, the pres-
ence of SPIO nanoparticles decreases signal intensity of normal parenchyma of liverJ.P. Liu, E. Fullerton O. Gutfleisch, D.J. Sellmyer, Nanoscale Magnetic Materials and Applications, Springer, 2009.

15

16
Tuesday, 14 May, 13



Results

Feasibility and toxicity

During intra-prostatic application of magnetic fluid, a total of 24 depots of 0.5 ml each were
injected into the prostate. The positioning of the depots was executed as intended according
to the treatment planning. Nevertheless, application of magnetic fluid proved slightly

Figure 2. AC magnetic field applicator (MFH300F, MagForce! Nanotechnologies GmbH, Berlin).
For cooling purposes, a closed loop of tubes with circulating cold water, which is connected to a water
pump, is placed around the patients inner thigh, perineum and the groin on both sides. An alternating
magnetic field with a frequency of 100 kHz and variable field strength (0–18 kA m!1) is used. Fibre-
optic thermometry probes are positioned in the prostate, urethra, rectum, perineum, scrotum and
left ear. Thermotherapy is monitored online with thermotherapy application software, so that the
AC magnetic field strength can be kept constant or be manually adjusted to the desired steady-state
temperature in the tumour.

Clinical hyperthermia of prostate cancer 641
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the shape anisotropy, anisotropy associatedwith the internal stress and
external impact, and the exchange anisotropy [65].

For MNP, the surface magnetic anisotropy plays a special role.
Unlike other kinds of magnetic anisotropy, surface anisotropy is
proportional to the surface area of the particle rather than to its
volume. Surface anisotropy appears due to the violation of the local
environment's symmetry and the change in the crystal's field, which
acts on magnetic ions located on the surface.

Uniaxial anisotropy is the simplest type of magnetic anisotropy. In
general, the equation for the energy of uniaxial magnetic anisotropy is
written as the sum of two contributions (Eq. (3)):

E θ! " = KVV + KSS! " sin2θ !3"

where KV is the volume anisotropy constant, V is the particle's volume,
KS is the surface anisotropy constant, S is the particle's surface and ! is
the angle between the vector of the particle's magnetic moment m
and the anisotropy axis.

When the surface makes no contribution to the anisotropy, the
angular dependence of the particle energy has the form given in
Eq. (4):

E θ! " = KVV sin2θ !4"

If no external magnetic field or surface anisotropy is present, the
minimum energy of the particle is attained at the orientation of the
magnetic moment M along the easy magnetocrystalline anisotropy
axis. In this case, two neighboring minima are separated by a barrier
with height KVV. In an external magnetic field H applied at the angle "
to the anisotropy axis, the particle's energy is defined by Eq. (5):

E θ! " = KVV sin2θ−MsVHcos θ−ψ! " !5"

Generally, in the presence of an external magnetic field, rotation of
the particle's magnetic moment to reach the orientation correspond-
ing to a minimum energy, requires overcoming an energy barrier,
ΔE~KVV. The relation for the characteristic time of thermal fluctua-
tions of the magnetic moment of a single-domain particle with
uniaxial anisotropy provided that ΔE/kBT≥1 was obtained by Néel
(Eq. (6)) [44]:

τ = τ0e
ΔE
kBT

! "

!6"

Later, Eq. (6) was extended by Brown [45] to the cubic anisotropy
case.

The pre-exponential factor #0, is an expression of the anisotropy
energy and depends on many parameters, including temperature,
gyromagnetic ratios, saturation magnetization, anisotropy constants,
the height of energy barrier, etc. [66–68]. However, for the sake of
simplicity #0 is often considered to be a constant in the range of 10−9 to
10−13 s [54]. Eq. (6) determines the characteristic time needed to
establish the thermal equilibrium in a system of non-interacting single-
domain magnetic particles. At higher temperatures, ΔE/kBT≪1, the
time required for system transition into a state with the minimum
energy is short compared to the characteristic time of measurements
#meas, and the system is not expected to show a magnetic hysteresis. In
the case of ΔE/kBT≫1, the system transition into an equilibrium state
may take a very long time depending appreciably on the particle. If
#meas≫#, the systemoccurs in the superparamagnetic state and rapidly
reaches an equilibrium magnetization on changing the temperature or
the external field. With a #meas≪#, however, after a change of the
externalmagnetic field, the systemdoes not arrive at a new equilibrium
state over the time τmeas and its magnetization does not change. The
case #=#meas in Eq. (6) corresponds to the blocking temperature Tb. If
#meas=100 s (characteristic time for the static magnetic measure-

ments) and #0=10−9 s, the condition #meas=τ in relation (6) gives
KVV~25.3 kBT.

As the external magnetic field is enhanced, the blocking temper-
ature decreases by a power law (Eq. (7)):

Tb H! " = Tb 0! " 1− H
Hc

! "k
!7"

where k=2 (for low fields [69]) and k=2/3 (for high fields [70]), and
Hc=2K/Ms.

Fig. 1 shows the dependency of magnetic energy of a nanomagnet
upon the direction of its magnetization vector. The directions that
minimize this magnetic energy are called anisotropy directions or
easy axes. The magnetic energy increases with the tilt angle between
the magnetization vector and the easy directions. The variation
amplitude of this curve is called anisotropy energy [1].

For a dry powder of monodomain particles, the Néel relaxation time
is characterized by the time constant of the return to equilibrium of
the magnetization after a perturbation. In high anisotropy conditions,
the crystal magnetization is locked in the easy axes which favor the
direction of less magnetic energy. The Néel relaxation defines then the
fluctuations that arise from the jumps of themagneticmoment between
different easy directions. Brownian relaxation characterizes the viscous
rotation of entire particles [1]. Fig. 2 shows the two components of the
magnetic relaxation of a magnetic fluid.

To investigate the magnetic properties of samples containing MNP,
the magnetization curve is usually measured up to saturation [71]. In
order to determine the temperature dependence of the magnetic

Fig. 1. Evolution of the magnetic energy with the tilt angle between the easy axis.
Reproduced from Ref. [1].

Fig. 2. Illustration of the two components of themagnetic relaxation of a magnetic fluid.
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magnetic fluid, a closed-end thermometry catheter (outside

diameter 1.0 mm) was placed in the target area.
Thereafter, the nanoparticle density was mapped using

CT imaging so that the treatment parameters for the

subsequent intratumoral thermotherapy could be planned
(Fig. 1). On the basis of the density distribution of the

nanoparticles, their known specific absorption rate (SAR),

and the estimated perfusion within the tumor area, the heat
generation within the target tissue could be determined as a

function of magnetic field strength using the bioheat
transfer equation. The aim was to establish the magnetic

field strength such that a temperature of 43!C was not

exceeded beyond a margin of 2 cm around the tumor.
Further details of this treatment planning process, referred

to as post-instillation analysis (PIA), have been described

by Gneveckow et al. [36].

The hyperthermia treatment generally consisted of six

semi-weekly sessions, and each thermotherapy session
lasted 1 h. During the first two sessions,the procedure was

monitored using direct temperature measurements from the

previously placed thermometry catheter. Since the maxi-
mum field strength of the remaining sessions did not

exceed that of the first two sessions, these were performed

without direct temperature measurement. The median peak
temperature measured within the tumor area during the

thermotherapy sessions was 51.2!C (maximum 82.0!C).

Adjunct radiotherapy

Stereotactic beam radiotherapy was performed immediately

before or after the intratumoral thermotherapy sessions

with a 6 MV Novalis system (Varian, Palo Alto, USA/

Fig. 1 Glioblastoma recurrence. a,b Pre-treatment brain MRI.
c,d Post-instillation CT showing magnetic nanoparticle deposits as
hyperdense areas. Isothermal lines indicate calculated treatment
temperatures between 40!C (blue) and 50!C (red). The brown line

represents the tumor area. e,f 3-D reconstruction of fused MRI and
CT showing the tumor (brown), magnetic fluid (blue) and thermom-
etry catheter (green)
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Carbon-based nanomaterials: buckyball, nanotube, graphene
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Carbon-based nanomaterials: nanotubes
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Carbon-based nanomaterials: nanotubes

Eigenschaft einwandige Nanoröhren zum Vergleich

Größe 0.6-1.8 nm in Durchmesser makro

Dichte 1.33-1.4 g per cm3 Al: 2.7 g per cm3

Zugfestigkeit 45 Milliarden Pascal
Stahlegierung ca.

2 Milliarden Pascal

Verformbarkeit super elastisch Brechen an Korngrenzen

Strombelastbarkeit ca. ein Milliarde Ampere per cm2 Kuperdrähte brennen bei 1 Million 
Ampere per cm2

Feldemission 1-3 Volt für Leuchtstoffe 50 – 100 Volt

Wärmeleitung bis 6000 W/m.K. bei Raumtemperatur Diamant: 3320 W/m.K.

Wärmestabilität
bis 2800 K in Vakuum

bis 750 K an Luft
Metalldrähte in Mikrochips bei 

600-1000 K

http://www.nano-lab.com/

Prof. Dr. H. Fuchs, WWU Münster & CeNTech
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Kosten 1500 $/g Gold 10 $/g
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Controlled	  Self-‐Assembly
of	  Supramolecular	  Soft	  Materials

pH#
3.8# 5.5# 7.4# 8.0#

4	  nm

HRTEM

pH	  or	  ionic	  strength
trigger

Supramolecular	  Biomedical	  Materials	  (SupraBioMat)

Tuning the Aqueous Self-Assembly of Multistimuli-Responsive Polyanionic Peptide Nanorods
M. von Gröning, I. de Feijter, M.C.A. Stuart, I.K. Voets, P. Besenius*,
J. Mater. Chem. B 2013, 1, 2008-2012.

cryoTEM
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