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ABSTRACT 
 
Hybrid magnetic/plasmonic nanoparticles possess 

properties originating from each individual material. Such 
properties are beneficial for biological applications 
including bio-imaging, targeted drug delivery, in vivo 
diagnosis and therapy. Limitations regarding their stability 
and toxicity, however, challenge their safe use. Here, the 
one-step flame synthesis of composite SiO2-coated 
Ag/Fe2O3 nanoparticles is demonstrated. The hermetic SiO2 
coating does not influence the morphology, the 
superparamagnetic properties of the iron oxide particles and 
the plasmonic optical properties of the silver particles. 
Therefore, the hybrid SiO2-coated Ag/Fe2O3 nanoparticles 
exhibit desired properties for their employment in bio-
applications.  
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1 INTRODUCTION 
 
Plasmonic (Au or Ag) nanoparticles are superior 

markers for cell monitoring in bio-imaging, diagnosis [1] 
and therapy [2]. Such nanoparticles can be readily detected 
and traced by optical microscopy techniques such as dark-
field illumination [3], two-photon fluorescence imaging [4], 
photon illumination confocal microscopy [5]. Alternatives 
to plasmonic nanoparticles for bio-imaging are the 
commonly used fluorescent organic dyes and 
semiconducting nanoparticles [6]. Fluorescent organic dyes, 
however, exhibit the so-called photobleaching and degrade 
during bio-imaging [7]. Semiconducting nanoparticles, on 
the other hand, exhibit optical blinking [8] while concerns 
arise for their toxicity as most contain cadmium or lead [6]. 
Even though plasmonic nanoparticles also induce toxicity 
[9], they are functionally advantageous over fluorescent 
organic dyes and semiconducting nanoparticles because 
they have superior photostability [10] and can be used also 
as photothermal therapeutic agents (e.g. tumor treatment) 
[5], offering an extra functionality in bio-applications. 

When plasmonic nanoparticles are combined with 
another material, e.g. a magnetic component, 
multifunctional nanostructured materials are created [2], 

that can be detected and guided by multiple imaging and 
control techniques [11]. Magnetic resonance imaging 
(MRI) is an example of a traditional technique, with which 
small magnetic particles can be used as contrast agents [12] 
and for targeted drug delivery by directing them to organs, 
tissues or tumors using an external magnetic field or for 
magnetically-assisted cell sorting and separation [11]. 
Furthermore, a hermetic SiO2 coating on the surface of such 
magnetic nanoparticles facilitates their surface bio-
functionalization and prevents their magnetic particle-
particle interaction and flocculation or agglomeration 
[13,14]. 

Composite plasmonic-magnetic nanostructures are 
typically made by multi-step wet methods. Usually, the 
magnetic particles are made first and act as a seeds for 
subsequent synthesis of plasmonic particles [2]. Depending 
on synthesis route, core/shell [15] or heterodimer [4] 
plasmonic-magnetic materials are formed. These “as-
prepared” nanoparticles are often hydrophobic requiring a 
surface modification to suspend them in aqueous solutions 
[4]. Typically, the magnetic material is iron oxide (-Fe2O3 
or Fe3O4) for its high spontaneous magnetization in a 
superparamagnetic state [11]. Imaging of live cells 
specifically bound to labeled composite Ag/Fe3O4 
nanoparticles has been demonstrated [4], as they were 
magnetically manipulated by an external a magnetic field.  

There are limitations, however, that hinder the use of 
such materials in bio-applications [16]. First and foremost, 
their toxicity needs to be addressed before they can be 
employed safely [16]. Even though Ag has the lowest 
optical plasmonic losses in the UV-visible spectrum [17], 
the more expensive Au nanoparticles are preferred for their 
lower cytotoxicity [9]. The release of toxic Ag+ ions [18] 
when Ag nanoparticles are dispersed in aqueous solutions 
blocks their safe employment in bio-applications [19]. By 
coating Ag nanoparticles, however, with a nanothin, 
hermetic shell, this toxicity can be eliminated while their 
surface bio-functionalization can be enhanced by hindering 
also their flocculation [13] that poses another limitation in 
the use of plasmonic-magnetic nanomaterials [11,20] when 
dispersed in aqueous solutions. Overcoming these magnetic 
particle-particle interactions that result in their 
agglomeration or flocculation requires typically additional 
surface modification of these particles [2]. 
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Here, one-step synthesis of hybrid, silica-coated, 
plasmonic-magnetic nanomaterials [21] is explored by 
scalable [22] flame aerosol technology. The morphology of 
these composite nanoparticles and the the plasmonic and 
magnetic properties of these hybrid nanoparticles are 
investigated. 

 
2 EXPERIMENTAL 

 
Silica-coated Ag/Fe2O3 particles were made in one-step 

with an enclosed flame aerosol reactor, described in detail 
elsewhere [13]. In brief, the composite core Ag/Fe2O3 
nanoparticles were made by flame spray pyrolysis [23] of 
precursor solutions containing iron (III) acetylacetonate 
(Sigma Aldrich, purity ≥ 97%) and silver acetate (Sigma 
Aldrich, purity ≥ 99%) dissolved in 2-ethylhexanoic acid 
and acetonitrile (both Sigma Aldrich, purity ≥ 97%, volume 
ratio 1:1, stirring 100 °C for 30 minutes). The precursor 
solutions were fed at 5 mL/min to the FSP reactor and 
dispersed by 5 L/min O2 forming a spray. The spray of the 
precursor solution (pressure drop 1.5 bar at the nozzle tip) 
was ignited by a ring-shaped, premixed methane/oxygen 
flame (1.5/3.2 L/min) and sheathed by 40 L/min O2 (all 
gases Pan Gas, purity >99%). The Fe precursor 
concentration was kept constant at 0.5 M, while 
corresponding amounts of silver acetate were added to 
reach the nominal Ag wt%, which was defined as x = mAg/ 
(mAg + mFe2O3), and called as Ag-content x. The freshly-
formed composite Ag/Fe2O3 particles were coated in-flight 
by swirling injection of hexamethyldisiloxane (HMDSO, 
Sigma Aldrich, purity ≥99%) vapor along with 15 L/min 
nitrogen (PanGas, purity >99.9%) at room temperature 
through a metallic ring with 16 equidistant openings. The 
ring was placed on top of a 20 cm long quartz glass tube. 
The reactor was terminated by a 30 cm quartz glass tube. 
The HMDSO vapor was supplied by bubbling nitrogen 
through approximately 350 mL liquid HMDSO in a 500 mL 
glass flask. The SiO2 amount was kept constant in the 
product particles and was calculated assuming saturated 
conditions [24] (bubbler temperature 10 °C and nitrogen 
flow rate 0.5 L/min) corresponding to 23 wt% for pure 
Fe2O3 core particles [14] (SiO2 wt% = mSiO2/(mSiO2 + 
mFe2O3)). Silica-coated pure core Ag or Fe2O3 particles were 
made under identical conditions in the absence, however, of 
the corresponding precursor (Ag or Fe precursor). 

High resolution transmission electron microscopy 
(HRTEM) was performed with a CM30ST microscope 
(FEI; LaB6 cathode, operated at 300 kV, point resolution 
~2 Å) and scanning transmission electron microscopy 
(STEM) on a Tecnai F30 (FEI; field emission gun, operated 
at 300 kV). The electron beam could be set to selected areas 
to determine material composition by energy dispersive X-
ray spectroscopy (EDXS; detector (EDAX) attached to the 
Tecnai F30 microscope). Product particles were dispersed 
in ethanol and deposited onto a perforated carbon foil 
supported on a copper grid. X-ray diffraction (XRD) 
patterns were obtained with a Bruker AXS D8 Advance 

spectrometer (Cu Kα, 40 kV, 40 mA). The crystallite size of 
silver and iron oxide was determined using the TOPAS 3 
software and fitting only the main diffraction peaks. The 
optical properties of the composite particles were monitored 
with UV/vis spectroscopy (Cary Varian 500) of their 
aqueous suspensions. Magnetic measurements were made 
on a Princeton Measurements Corporation vibrating sample 
magnetometer (VSM), detailed elsewhere [25]. 

 
3 RESULTS AND DISCUSSION 

 
3.1 Plasmonic-magnetic nanoparticles 

morphology 

Figure 1a shows a high resolution TEM image of SiO2-
coated 10Ag/Fe2O3. There is a single Ag nanoparticle (dark 
spot) attached onto Fe2O3 particles (gray). This indicates 
that Ag and Fe2O3 particles are closely attached to each 
other forming dumbbell- or Janus-like particles. There is an 
amorphous (light gray) SiO2 shell or film encapsulating the 
core Ag/Fe2O3 particles of a couple of nm thickness [14]. 
EDX spectra measured over large areas of these samples 
reveal elemental compositions of Fe, Ag and Si that 
correspond to Fe2O3, Ag metal and SiO2, respectively 
(Figure 1b). All STEM and TEM images indicate that there 
is no significant trace of individual or separate Ag or Fe2O3 
particles, a pre-requisite for their bio-application. The 
average crystal size of the iron oxide nanoparticles was 
constant around 15 nm, while the silver varied from 10 to 
25 nm for an increasing Ag-content. 

 

 
Figure 1. (a) TEM image of the SiO2-coated 10Ag/Fe2O3 
nanoparticles. (b) EDX analysis showing the elemental 
composition over a large area of the sample. Adopted from 
[21]. 

 

3.2 Plasmonic-Magnetic performance 

Figure 2 shows the maximum magnetization of all 
hybrid plasmonic-magnetic particles (uncoated: triangles, 
SiO2-coated: circles) normalized to their Fe2O3 mass at 
various Ag-contents x at room temperature. The 
magnetization stays almost constant for Ag-contents for 
Ag-contents 0-35 wt% while the SiO2-coating does not 
influence their magnetic properties [14]. The highest 
magnetization (Ms = 39.4-46.1 emu/g) of the lower Ag-
content particles (x = 6-35 wt%) is similar to pure Fe2O3 
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core (38.4 emu/g). These Ms values are lower than that of 
bulk -Fe2O3 (63.6 emu/g) [26], as smaller crystallites [14] 
are employed here that contain -Fe2O3 (hematite) [26]. 
The slightly higher Ms for the low Ag-contents x = 6-35 
wt% may be attributed to the slightly larger Fe2O3 crystal 
sizes in the presence of Ag as estimated from the XRD. 
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Figure 2. The sensor response as a function of time for 
the fully-coated (circles, diamonds) and partially-coated 
(squares, triangles) nanosilver. Adopted from [21]. 

 
Figure 3 shows the UV/vis absorbance of the uncoated 

hybrid particles here in aqueous suspensions. For the 
10Ag/Fe2O3 the Ag-content is rather low and the Ag metal 
plasmon absorption band is not distinguishable. However, 
for an increasing Ag-content x > 10 wt% the plasmon band 
clearly emerges at ~400 nm and it is attributed to Ag metal 
[20]. This indicates that the optical properties of Ag 
nanoparticles are not influenced [27] by the presence of 
Fe2O3 nor SiO2. Similar absorption spectra were obtained 
also for SiO2-coated Ag/Fe2O3. Such particles could also be 
moved by a magnetic field. Therefore, these hybrid 
nanoparticles could be employed in bio-applications where 
both magnetic manipulation and optical monitoring are 
desired. 
 

4 CONCLUSIONS 
 
Hybrid, Janus- or dumbbell-like Ag/Fe2O3 nanoparticles 

are made and coated with a nanothin SiO2 shell or film by 
one-step, scalable flame aerosol technology. These “as-
prepared” nanoparticles were dispersible in water without 
any surface treatment. These particles exhibited near 
superparamagnetic behavior and their plasmon absorption 
band of Ag nanoparticles appeared clearly for an increasing 
Ag-content and size. This enables these nanoparticles to be 

employed in bioapplications where the optical properties of 
the plasmonic component as well as the magnetic properties 
of the iron oxide nanoparticles are desired, making them 
multifunctional probes.  
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Figure 3. Optical absorption spectra of the uncoated 
Ag/Fe2O3 samples. The Ag plasmon band appears for an 
increasing Ag-content x, similarly to the SiO2-coated 
Ag/Fe2O3 samples. Adopted from [21]. 
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