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Recently, the development of hybrid nanostructures consist-
ing of various materials 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.[1] Specifically tuning the structure and
interface interactions 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,[2] heterogeneous catalysis,[3]

and multimodal imaging in biomedicine.[4]

Of the various kinds of nanomaterials, gold nanorods
show an unusually high polarizability at optical frequencies
arising from the excitation of localized surface-plasmon
resonances (LSPRs).[5,6] Furthermore, gold nanorods have
promising therapeutic properties as hyperthermal agents
because the local temperature around the gold nanorods
can be increased by laser illumination through the tunable
surface plasmon bands in the near infrared (NIR) region.[7]

Using NIR radiation for hyperthermal therapy is beneficial
because of the low absorption and low scattering by blood and
tissue in this spectral range.[8]

Magnetic nanoparticles constitute another major class of
nanomaterials that have attracted much research effort over
the past decades.[9] In particular, exchange-coupled magnetic
nanocomposites, such as antiferromagnetic/ferromagnetic
core–shell nanoparticles, such as MnO/Mn3O4, have magnetic
properties that are quite different from those of the individual
components.[10] Concerning biomedical applications, super-
paramagnetic nanoparticles are attractive as contrast agents
for magnetic resonance imaging (MRI). The majority of
nanoparticles that have been investigated in this field
comprise iron oxides (Fe3O4, g-Fe2O3), which are known to
shorten the transverse (or spin–spin) relaxation time T2.

[11]

Recently, manganese oxide nanoparticles (MnO NPs) have
been shown to be interesting candidates as contrast agents for
shortening of the longitudinal (or spin-lattice) relaxation time
T1.

[12] Consequently, a nanoparticulate system containing both
an optically active plasmonic gold unit and a magnetically
active MnO component would be advantageous for simulta-
neous optical and MRI detection.

Although considerable research efforts have been put into
the chemical design of suitable surface ligands,[13] 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 surfaces for the attachment of different
kinds of molecules, thus increasing both diagnostic and
therapeutic potential.[14] 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 functionalization of both domains with
fluorescent ligands.

Scheme 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 nano-
flowers were synthesized by decomposition of manganese
acetylacetonate [Mn(acac)2] in diphenyl ether in the presence
of preformed Au NPs (“seeds”), with oleic acid and oleyl-
amine as surfactants, following a similar procedure for the
preparation of Au@Fe3O4 heteroparticles by Sun et al.[15] The
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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 1). The number 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 prop-
erties.

Figure 1 shows Au@MnO nanoflow-
ers prepared with different precursor
ratios. Increasing amount of mangenese
precursor leads to larger MnO petals (see
Supporting Information). In all cases the
MnO particles nucleate heterogeneously
on the gold seeds, and no unattached
MnO NPs were observed. Phase purity
was confirmed by powder X-ray diffrac-
tion (Supporting Information, Figure S1).

The magnetic properties of the nano-
composites were investigated to evaluate
the influence of the diamagnetic Au cores
on the MnO domains. Figure 2a shows
magnetic hysteresis loops recorded at 5 K
of Au@MnO nanoflowers with Au cores
of 7 nm and MnO petals of approximately
10 nm and 18 nm, respectively. The nano-
composites are superparamagnetic; how-
ever, 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 (Sup-
porting Information, Figure S2), in which
the magnetic blocking temperature
increases to 35 K compared to pure

MnO NPs.[16] A change in the magnetic behavior of the
Au@Fe3O4 dumbbells depending on the size of the Fe3O4

domain was also reported by Sun et al.; the authors explained
this behavior with thermal agitation of the nanoparticles and
canting of the surface spins.[15]

The interaction of MnO and Au NPs leads to a red-shift of
the gold plasmon resonance (Figure 2b). Pure Au NPs in the
size range of 5–20 nm have a characteristic collective oscil-
lation frequency (the plasmon resonance) at 520–525 nm,[17]

the exact position varying with particle morphology and
particle surface coating.[18] Attachment of the Au crystallites
to MnO NPs leads to a significant shift of the extinction
maximum to 555/585 nm (in the case of 7@10 nm and
7@18 nm Au@MnO particles, respectively). 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 quantitatively using the classical Mie theory[16,19–21]

using literature values for the optical constants for Au NPs[22]

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.[23] Both
experimental results confirm the assumption that the
Au@MnO nanoflowers are both magnetically and optically
active making them ideal candidates for multimodal biomed-
ical imaging.

In the further course of our experiments, we investigated
the addressability of both individual surfaces. First, the
surfactant molecules on the MnO surface were replaced by
a multidentate copolymer carrying catechol anchor groups
and poly(ethylene glycol) linkers (PEG; Mr� 800) with free

Scheme 1. a) Au@MnO nanoflowers separately functionalized using a
multifunctional 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 image of polymer-coated Au@MnO nanoflowers.

Figure 1. Au@MnO nanoflowers synthesized with different [Mn(acac)2]/[Au(OAc)3] molar
ratios: a) 5:1, b) 10:1, and c) 20:1.

Figure 2. a) Magnetic hysteresis loops recorded at 5 K for Au@MnO nanoflowers with
different petal sizes. b) UV/Vis spectra of Au NPs and of Au@MnO NPs of different sizes.
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amino groups for further surface conjugation (Scheme 1).[24]

To visualize the polymer functionalization, the fluorescent
dye 4-chloro-7-nitrobenzofurazan (NBD) was conjugated to
the amine groups of the polymer (Supporting Information,
Figure S3).

Selective functionalization of the gold domain was
achieved by incubating an aqueous solution of NBD-poly-
mer-modified Au@MnO NPs with thiol-modified 24-mers
customized oligonucleotide tagged with Texas red.[25] Excess
reagents were removed by centrifugation. The functionaliza-
tion approach is shown in Scheme 2. The polymer-function-
alized Au@MnO NPs were stable against aggregation and
precipitation in various aqueous media, including deionized
water and PBS buffer solution for several days. Viability
assays of nanocomposite solutions with the renal cell carci-
noma line Caki-1 showed negligible toxicity of the nano-
particles even for concentrations as high as 140 mgmL�1

(Supporting Information, Figure S6).

The nanoparticles 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 3a–c supports the idea that the nanoflowers are not
only efficient as cargo-specific carriers but can simultaneously
be used as optical probes for multimodal targeted delivery
and imaging.

The optical properties of Au@MnO NPs were further
explored with an optical transmission microscope in dark-
field mode using a high-numerical aperture condenser and a
40 � air objective.[26] The particles were immobilized in a flat
glass capillary with hexane as embedding medium (Figure 3d,

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
demonstrating a relatively low polydispersity. A few brighter
red spots indicate a negligible number of aggregated particles
with direct contact of the gold cores.

Investigation of a few dozen single particles shows a mean
resonance wavelength lres = 584� 9 nm and a mean spectral
linewidth G = 302� 51 meV (Supporting Information, Fig-
ure S4). These data agree well with the ensemble extinction
spectrum of the sample (Figure 2b). Pure gold spheres of
comparable size to the gold core (ca. 10 nm) would be hardly
detectable with this experimental setup; therefore, surround-
ing MnO panels enlarge the total particle volume and
significantly increase the amplitude of the scattered light.
Calculations within the quasi-static approximation[27] show an
increase of the scattering cross-sections for a 10 nm MnO
layer (n = 2.16) by a factor of 23 together with a red-shift of
the resonance of 76 nm (Supporting Information, Figure S5).

For magnetic resonance imaging, T1 relaxivity measure-
ments were performed on a clinical 3.0 Tesla scanner (Mag-
netom Trio, Siemens Medical Solutions, Erlangen, Germany)
by means of a T1 measurement using a centric reordered
saturation recovery (SR) prepared snapshot fast low angle
shot (SR-TurboFLASH) pulse sequence with different prep-
aration times (TI) ranging 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 3e shows a T1-
weighted MR image of seven different MnO@Au nano-
composite concentrations dissolved in water ranging from 0 to
42.5 mm. T1 measurement revealed a T1 relaxivity of
0.224 mm

�1 ms�1 for the Au@MnO nanocomposites.
In summary, we have described the synthesis and charac-

terization of a group of flowerlike Au@MnO NPs. By taking
advantage of their constituent properties, different functional
molecules were loaded onto each component of the hetero-
structure. The nanoparticles are magnetically and optically
active, and they are therefore useful for simultaneous
magnetic and optical detection. The fact that the nanoflowers
are capable of imaging the same tissue area with both MRI

Scheme 2. 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. See Scheme 1 for definitions.

Figure 3. a) Fluorescence microscope images of NBD–polymer-func-
tionalized 7@18 nm Au@MnO nanoflowers (green fluorescence),
b) conjugated with Texas-Red-tagged thiolated oligonucleotide (red
fluorescence), and c) a co-localized image. d) Real color picture of
immobilized Au@MnO nanoflowers under dark-field illumination (all
scale bars: 10 mm). e) T1-weighted MRI images of aqueous solutions
containing 7@18 nm Au@MnO nanoflowers (concentrations in mm

Mn).
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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 appli-
cations. 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 multi-
domain particles as building blocks of higher-order structures,
the symmetries of which would derive from “directional”
interactions between NP petals (for example, linear particle
chains from nanoflowers having two leaves). Work on
attaching therapeutic molecules to these dumbbell nano-
particles for target-specific imaging and delivery is currently
underway.
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