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Abstract Obtaining small (<50 nm), monodi-
spersed, well-separated, single iron oxide core-silica
(S810,) shell nanoparticles for biomedical applications
is still a challenge. Preferably, they are synthesised
by inverse microemulsion method. However, sub-
stantial amount of aggregated and multicore core—
shell nanoparticles is the undesired outcome of the
method. In this study, we report on the production of
less than 50 nm overall size, monodispersed, free of
necking, single core iron oxide—SiO, shell nanopar-
ticles with tuneable shell thickness by a carefully
optimized inverse microemulsion method. The high
degree of control over the process is achieved by
understanding the mechanism of core—shell nanopar-
ticles formation. By varying the reaction time and
precursor concentration, the thickness of silica layer
on the core nanoparticles can be finely adjusted from
5 to 13 nm. Residual reactions during the workup
were inhibited by a combination of pH control with
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shock freezing and ultracentrifuging. These high-
quality tuneable core—shell nanocomposite particles
exhibit superparamagnetic character and sufficiently
high magnetization with great potential for biomed-
ical applications (e.g. MRI, cell separation and
magnetically driven drug delivery systems) either
as-prepared or by additional surface modification for
improved biocompatibility.
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Introduction

The necessity for synthesis of nanoparticles with
well-controlled size and morphology emerged with
the development in recent years of novel advanced
applications such as biomedical related fields (includ-
ing drug delivery (Douglas et al. 1987; Kaul and
Amiji 2002; Levy et al. 2002; Xu et al. 2008),
diagnostic (Rockall et al. 2005; Wheatley et al. 2006;
Farrar et al. 2008), biomolecule separation and
detection systems (Jing et al. 2007; Smith et al.
2007; Kist and Mandaji 2004; Fornara et al. 2008),
data storage devices (Tanase et al. 2007; Hyun et al.
2007), skin-care products and dermatological formu-
lations (Souto and Miiller 2008; Nohynek et al. 2007,
Popov et al. 2005), water purification systems (Li
et al. 2008) etc. These applications also call for
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nanoparticles with more complex architecture
obtained by synthesis or post-synthesis procedures
such as core—shell structures and multifunctional
nanoparticles that can carry several components with
different functionality.

Since the first article describing a method to
synthesise magnetic nanoparticles (Massart 1981)
was published, the interest in this type of nanopar-
ticles increased. Several synthetic routes have been
developed for their production including coprecipi-
tation, polyol and microemulsion methods, high
temperature decomposition of organic precursors,
and spray/laser pyrolysis (Tartaj et al. 2003; Lu et al.
2007a, b; Laurent et al. 2008; Gupta and Gupta 2005)
The thermal decomposition route based on iron oleate
as a precursor is a technically easy, nontoxic and
environmental-friendly route to produce high yield of
iron oxide nanoparticles capped with oleic acid and
with a finely tailored size from 5 nm to 22 nm (Park
et al. 2004).

For applications in biology, medical diagnostics
and therapy the superparamagnetic iron oxide nano-
particles (SPION) are desired (Tartaj et al. 2003; Rye
1996). Regardless of the application, in vivo or
in vitro, SPION have to possess some basic proper-
ties, specifically: a size of less than 20 nm; high
surface area with a larger platform for surface
functionalisation; high colloidal stability; and the
ability to pass the biological barriers (Kreyling et al.
2006). However, especially for the in vivo applica-
tions, the particles should adhere to more strict
requirements: non-toxicity, non— immunogenicity,
long-term retention within blood circulation, and
the ability to reach and pass through the endothelial
capillary membranes without embolism of the bigger
vessels (Tartaj et al. 2003). These additional require-
ments directed the research towards the development
of new preparation methods that produce magnetic
nanoparticles with well-defined size, shape and high
crystallinity.

However, even the new generation SPION with
size monodispersity and special magnetic properties
cannot be used as prepared, surface modification
being a necessity not only to avoid agglomeration but
also to increase the biocompatibility and the retention
time in the blood stream. Coating with an additional
layer is the most common approach to achieve these
goals. Surface-modified SPION are FDA approved
materials for biological applications (LaConte et al.
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2005; Sosnovik et al. 2008). Among the coating
materials studied are polymers including starch (Kim
et al. 2003a, b), polyethylene glycol (PEG) (Kim
et al. 2003a, b; Mikhaylova et al. 2004), dextran
(Berry et al. 2004; Raynal et al. 2003), metal layers
such as Au (Wang et al. 2005; Caruntu et al. 2005),
and Ag (Mandal et al. 2005; Lai et al. 2005) or other
inorganic materials such as silica. Silica is one of the
preferred materials for coating the magnetic nano-
particles because of its high bio-stability, very low
toxicity and versatile possibilities for surface func-
tionalisation due to the exposed silanol groups.
Silica coating of the iron oxide nanoparticles can
be performed by various synthetic routes among
which the two most common routes are the Stdber
method (Stoeber et al. 1968; Barnakov et al. 2005; Im
et al. 2005; Lu et al. 2002; Deng et al. 2005) and
microemulsion process (Santra et al. 2001; Lu et al.
2007a, b). The Stober method, used mainly for the
preparation of silica nanoparticles (Rao et al. 2005),
is also applied for the formation of core—shell
nanoparticles. The shell thickness can be controlled
by the parameters that are involved in the process
(temperature, concentration, time etc). Although the
method is relatively simple, the core—shell nanopar-
ticles synthesised by this method display multicored
architecture with a non-uniform thickness of the
silica, both important factors affecting their perfor-
mance. The microemulsion method is an alternative
to the Stober method. Water-in-oil microemulsion
(w/o), or inverse microemulsion, was studied and
used extensively for synthesis of monodisperse silica
nanoparticles (Yao et al. 2008; Osseo-Asare and
Arriagada 1990; Arriagada and Osseo-Asare 1992;
Arriagada and Osseo-Asare 1999; Arriagada and
Osseo-Asare  1999; Osseo-Asare and Arriagada
1999). This route is also becoming increasingly
favoured for the synthesis of core—shell complex
structures and has recently been used for the produc-
tion of core—shell iron oxide—silica nanoparticles (Lu
et al. 2007a, b; Yi et al. 2006; Zhang et al. 2008; Yi
et al. 2005; Narita et al. 2009). However, as for the
case of silica nanoparticles synthesis, the microemul-
sion method produces core—shell nanoparticles
strongly necked, due to the condensation reaction
continuing during the separation process. In addition
to this, an important part of the earlier reported
particles are multicored core—shell nanoparticles. The
formation of multicored nanoparticles and the strong
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necking and aggregation of the synthesised nanopar-
ticles result in increased overall size, decrease in the
surface area and decreased stability in liquids. These
drawbacks will hinder their potential use for in vivo
and in vitro applications where an overall size less
than 50 nm, high monodispersity, and non-aggre-
gated nanoparticles are essential. In conclusion, to the
best of our knowledge, until now the synthesis of
well-dispersed, perfectly separated (without the pres-
ence of interparticle bridging) and single core—shell
nanoparticles failed using either of the routes
described above.

In this study, we report on preparation of single
core iron oxide-silica shell nanoparticles with an
excellent control of the shell thickness, high degree of
separation and monodispersity, reaching up to a silica
shell thickness of ~13 nm (with the potential to
further increase the shell thickness). Understanding
the mechanism through which the process is taking
place allowed us to precisely control the synthesis
and obtain a very good reproducibility. The synthesis
is based on a two-step method: (i) synthesis of oleic
acid capped SPION core by thermal decomposition;
(ii) silica coating on the core by the inverse micro-
emulsion technique followed by new additional post
synthesis steps for a successful separation. The
influence of the stirring rate during the synthesis
and the condensation time are investigated in order to
finely tune the thickness of the silica shell of core-
shell nanoparticles.

Experimental section
Materials

Sodium oleate (82%), FeCl;-6H,O (99%), 1-octade-
cene (90%), Triton-X100 (analytical grade), cyclo-
hexane (99.5%) and hexanol (98%) were purchased
from Sigma Aldrich and hexane (98.5%), oleic acid,
tetraethyl orthosilicate (TEOS) (99.5%) and
NH;-H,O (28%) from Fluka. The water used was
MilliQ pure water with a resistivity of 18 MQ, and
ethanol was of 99.9% purity. All the chemicals were
used as received without further purification.
Transmission electron microscopy (TEM) analyses
of the nanoparticles’ size and morphology were
performed with JEOL 2100 at 200-kV acceleration.
Samples for TEM study were prepared by dipping a

carbon-coated TEM grid in sonicated particle sus-
pension and allowing to dry at room temperature over
night.

Fourier Transform Infrared Spectroscopy (FTIR)
analysis of solid/liquid samples was performed using
Nicolet Avatar IR 360 E.S.P. spectrophotometer and
scans were performed in the range of 400-4,000 cm ™"

Atomic absorption spectroscopy (AAS) for con-
centration determination was performed with Varian
SpectrAA-220. Samples for AAS was prepared by
dissolving a known volume of solution in acid under
heating, and triplicate measurements were performed
for concentration determination of the analyte.

The magnetization measurements were performed
using a vibrating sample magnetometer, VSM (NU-
OVO MOLSPIN, UK) in the magnetic field range of
+1 Tesla.

Methods
Synthesis of SPION

SPION were prepared by thermal decomposition of
iron oleate in a high boiling point solvent (1-octa-
decene) through a two-step method described in detail
elsewhere (Park et al. 2004; Qin et al. 2007). In a
typical experiment, in the first step iron oleate was
produced by reacting 40 mmols of FeCl; - 6H,0 with
120 mmols of sodium oleate in a solvent mixture
composed of ethanol, distilled water and hexane in
ratios: 4:3:7 (v/v/v). In order to obtain the SPION
capped with oleic acid nanoparticles, the iron oleate
was then decomposed at 320°C in l-octadecene
using oleic acid as capping agent. The resulting
particles were washed by several cycles of precipi-
tation, centrifugation and resuspension, successively,
in ethanol and hexane to remove the unreacted
precursors and impurities. FTIR analysis were per-
formed on the SPION from cyclohexane to confirm
the presence of oleic acid on the surface. Finally, the
particles were resuspended in cyclohexane and kept
at 4°C until further use.

SPION-silica core—shell nanoparticles:
The SiO,-coated SPION were produced in an opti-
mised inverse microemulsion Triton-X100/hexanol/

water/cyclohexane system. In a typical experiment, the
microemulsion was formed by mixing the magnetic
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particles suspension in cyclohexane (0.89 mg Fe;O,4
per 7 ml cyclohexane) with Triton-X100, hexanol,
water, and NH; - H,O. After the formation of the
microemulsion, TEOS was added drop wise and
stirring continued for another 2 h. The formed core—
shell particles were collected by destabilising the
microemulsion via pH adjustment to ~ 2, alternating
cycles of shock cooling in liquid N,, centrifuging at
high rpm and redispersing the collected particles in
ethanol and finally in water. The particles in different
stages of reaction were analysed by FTIR to assess/
evidence the ligand exchange mechanism on the
surface of the magnetic core. The particles were finally
re-suspended in water and kept at 4°C until further use.

Results and discussions

The comprehension of the synthesis mechanism is
essential for developing a successful and reproducible
fabrication route with a high degree of control during
the formation of the core—shell nanoparticles. There-
fore, prior to detailing the results on the synthesis of
SPION and SPION-silica nanoparticles, we present
our findings on the mechanism.

Mechanism of silica coating on SPION

The oleic acid-coated SPION are easily dispersible in
nonpolar media. The phase transfer of the SPION
with hydrophobic ligands from the oil phase to the
water phase (Darbandi et al. 2005; Liao et al. 2007) is
essential for the formation of the core—shell archi-
tecture on the SPION core. This is a result of a ligand

exchange on the surface of the SPION where
hydrophobic ligands are replaced by the partially
hydrolysed species of alkoxysilane. The ligand
exchange mechanism has been proposed on a similar
system: quantum dots coated with silica layer by
inverse microemulsion method, first time by Darbandi
(Darbandi et al. 2005) and more recently by Koole
et al (Koole et al. 2008) but with no physical support
was provided for the proposed exchange mechanism.
FTIR spectra of oleic acid-capped magnetic nano-
particles before and after the addition of TEOS in the
nanoparticles suspension are presented in Fig. 1. As
seen, FTIR spectrum of oleic acid-capped nanopar-
ticles exhibit characteristic peaks of carboxylic acid
groups at 1380 cm™' that are assigned to COOH
group (Fig. 1, inset b) and at 2910 and 2840 cm ™'
which are stretching vibrations of CH; and CH,
groups in the carbon backbone (Fig. I, inset a).
SPION, after the addition of TEOS, exhibit new set of
peaks that belong to Si-O-Si and Si-OH at
1150 cm™" and 950 cm ™", respectively (Fig. 1, inset
b). The band observed at 2,345 cmfl, after TEOS
addition, is assigned to combination modes and
overtones of SiO, glass matrix. These are strong
evidences for the exchange of oleic acid ligands by
silica bearing groups.

The three-stage mechanism (Scheme 1) that we
suggest for the formation of iron oxide core—silica
shell nanoparticles by inverse microemulsion is
confirmed by the observed spectroscopical changes
on SPION surface and by FTIR analyses following
phase transfer of SPION for the formation of core—
shell nanoparticles. In the initial stage the formation
of the inverse microemulsion and stabilisation of

Fig. 1 FTIR spectra of the
SPION capped with oleic
acid before (grey line) and
after (black line) the
addition of TEOS
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Scheme 1 Schematic
description of mechanism
of the SPION core-silica
shell nanoparticle
architecture formation after
Darbandi (Darbandi et al.
2005)

Initially

Intermediate stage

Final stage

water droplets by hexanol and Triton-X100 takes
place. After the addition of TEOS, the hydrophobic
ligands on the surface of SPION is exchanged by
hydrolysed TEOS species. Consequently, the mag-
netic nanoparticles solubilized in oil phase are
transferred into water phase. In an intermediate stage,
the continuous association of the hydrolysed TEOS
molecules in excess from the oil phase (Arriagada
and Osseo-Asare 1999a, b) with the inverse micelles
produces the condensation and growth of silica shells
on the surface of the water phase-transferred SPION.

Fig. 2 TEM images of the
core iron oxide
nanoparticles synthesised
by thermal decomposition
method a low
magnification, and b
HRTEM of SPION. The
insert represents FFT
performed on a selected
area within the crystalline
region of SPION

@====_Triton X100
@~ Hexanol
L ] Magnetic nanoparticles (SPION)
©= Oleic acid
TEOS
5 Silica shell - SPION core
nanoparticles

In the final stage, core—shell nanoparticles with
different silica shell thicknesses are obtained.

The SPION core and core—shell nanoparticles
synthesis

SPION nanoparticles with an average particle size of
9.5 (£1.2) nm were successfully obtained by the
described procedure. TEM images, presented in
Fig. 2a, show that the particles have a narrow size
distribution and are highly crystalline as observed
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from the HRTEM image (Fig. 2b). The d spacing
from the HRTEM images correspond to the planes
{220}, {331} and {422} of magnetite (or maghemite)
crystal (ICDD#: 01-086-1358), also confirmed by
XRD analysis (Fig. Sla). The average crystallite size
was also calculated from XRD measurements, using
Scherrer’s equation and a value of 10.5 nm was
obtained. The oleic acid capping was confirmed by
the FTIR spectrum presented in Fig. 1.

The SPION were used as core for the fabrication of
core—shell nanocomposites in an inverse (w/0) micro-
emulsion Triton-X100/hexanol/water/cyclohexane sys-
tem. In this method, the continuous phase (oil phase)
consisted of cyclohexane and Triton-X100/hexanol is
the surfactant/co-surfactant couple. SPION are easily
dispersible in cyclohexane due to the hydrophobic oleic
acid capping. According to the mechanism presented
above, the oleic acid capping of the SPION is partic-
ularly important for the ligand exchange to take place on
the surface of the magnetic core. This will result in a
controlled phase transfer of the cores in the water
droplets of the dispersed phase and homogeneous silica
coating. The amount of magnetic particles in micro-
emulsion has to be adjusted to ensure the formation of
single core coated with silica layer with no silica
nanoparticles or multicored beads being formed. Sev-
eral experiments have been performed to obtain a
stability region where this microemulsion system can be
used reliably and reproducibly. Our survey of varying
concentrations yielded the following values for the
molar ratio of components: H,O/Triton-X100: 6.3;
Triton-X100/hexanol: 0.5; and TEOS/ H,O: 0.008.

A representative TEM image of core—shell nano-
particles is given in Fig. 3, showing that the magnetic
core is highly crystalline and the silica shell is
amorphous—as no regular crystallographic planes
were observed and electron diffractogram obtained
from the shell had no indication of crystallinity.

Fig. 3 a TEM and b
HRTEM images of a typical
sample of SPION core—
silica shell nanoparticles

@ Springer

In our study of optimising and controlling the
synthetic process for the formation of the silica layer,
we evaluated the influence of various experimental
parameters: the effect of the stirring rate, the reaction
time and the post-synthesis washing steps.

The stirring rate was varied from 400 rpm to
1,200 rpm, and it was found that this only had a
minimum influence on the size dispersion and
homogeneity of core—shell nanoparticles. At all
stirring rates, the formation of single core SPION-
silica shell nanoparticles took place with no empty
silica particles being observed (Fig. S2). The stirring
rate plays an important role of keeping the micro-
emulsion system stable. At low stirring rate (from
400 up to 600 rpm), a high percentage of the core—
shell particles formed in the system were attaching to
the glass walls. At higher stirring rates, this fact was
not observed probably because the stirring speed was
high enough to overcome the physical interactions
between the newly formed particles and the reactor‘s
walls. Images of silica shell growth after 2 h of
stirring at different rates are presented in Fig. 4: at all
stirring rates, the overall size of SPION-silica nano-
particles remains constant with a slight increase in the
size and polydispersity at higher stirring rates.

For some high-end applications, including bio-
medical, it is very important to precisely control the
thickness of the silica shell. Therefore we investi-
gated the variation of silica shell thickness as a
function of time, where the amount of TEOS and the
SPION core size were maintained constant. Figure 5,
represents a series of TEM images of the particles
obtained after different reaction durations (from 2 to
26 h). A closer investigation of the TEM images
complemented by the SEM images of the same
particles (Fig. S3) reveals the fact that even after a
short reaction time of 2 h the silica shell has a
considerable thickness of 5.2+ 1.7 nm. The
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Fig. 4 Size dependence of the core—shell nanoparticles on the
stirring rate for reaction duration of 2 h (the continuous line
represents the data trend)

thickness of the silica shell for the adopted set of
initial conditions increases linearly with time and
reaches a value of 10.5 & 1.9 nm after 17 h, where-
after it remains almost constant even if the reaction
time is further increased. This is attributed to the slow
reaction kinetics due to the low amount of the
remaining TEOS. Measurements of the thickness of

the silica shell in time course experiments are
summarised in Fig. 6a. Furthermore, the core—shell
nanoparticles in microemulsion can still be active
nucleation sites for the formation of new silica layer.
Experiments performed by the addition of fresh
TEOS after the stabilisation of the size increase the
thickness of the silica shell (13.2 £ 1.92 nm) further,
without destabilising the microemulsion. Represen-
tative TEM image of the sample after extra addition
of TEOS is presented in Fig. S4.

Magnetic measurements of the SPION and core—
shell nanocomposites by VSM analysis is presented
in Fig. 6b which shows that the particles are super-
paramagnetic (SPION) with a saturation magnetisa-
tion (Ms) of 81 emu/g and no coercivity. The
magnetic core size calculated from VSM (9.5 nm)
is the same for all the samples in good agreement
with value obtained from TEM demonstrating that
iron oxide nanoparticles are single crystalline. This
also shows that surface of the SPION core is not
influenced during the coating process. The core-shell
nanocomposites retained the superparamagnetic char-
acter of the magnetic core particles, with the norma-
lised Ms values (expressed in emu per unit weight of
core—shell sample) of 17.6, 11.28, and 7.3 emu/g for

Fig. 5 TEM images of the SPION core-silica shell nanoparticles with various silica shell thickness: a 5.2 £ 1.7 nm; b
57+ 1.1nm; ¢ 6.1 £ 1.1 nm;d 9 + 1.8 nm; e 10.5 & 1.9 nm; and f 10.4 &+ 1.8 nm
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Fig. 6 a Silica layer thickness of SPION core-silica shell
nanoparticles as a function of time. The inset represents the
silica layer thickness as a function of unreacted TEOS in the
microemulsion (the continuous line represents the data trend).
The point * indicates the addition of extra TEOS after the

the samples coated with silica layer thickness of
~5.2 nm, ~8.6 nm and ~ 10.5 nm corresponding to
2, 6 and 17 h reaction time, respectively. Magneti-
sation per unit weight of sample decreases as the
thickness of the silica shell increased for the same
magnetic core size of SPION. These nanocomposite
structures are sufficiently magnetically responsive
for medical imaging or targeted drug delivery
applications.

In a further step to assess the density of silica
coating layer, we performed leaching experiments
where core—shell nanoparticles with different shell
thicknesses were treated with a concentrated solution
of HCI for 5 min. Resulting structures, presented in
Fig. 7, revealed that the silica layer is porous enough
to allow access of the acid to the SPION core and
enable it to be dissolved completely. Similar hollow
structures were reported earlier by Mornet et al
(Mornet et al. 2002) upon dissolving the core. The
porosity of the silica shell can be used as a matrix
on/in which therapeutics can be adsorbed and be
released via local heat generated in the core (due to

Fig. 7 TEM images of the
core —shell nanoparticles
with silica shell thickness of
a~9nm,b ~10.5 nm
after treatement with conc.
HCl
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maximum size is reached for the initially adopted conditions; b
Magnetic measurements on the core (diamond) and core-shell
nanocomposite spheres performed by VSM with a silica
thickness of ~5.2 nm (filled square), ~8.6 nm (circle) and
~10.5 nm (filled triangle)

SPION) using AC magnetic field or pH change in the
environment. We utilised the porous silica layer to
load pH sensitive dye molecules as model drug and
controlled their release with pH (data not shown).
Partially dissolved cores with different shapes were
also obtained when diluted HCI was used (Yi et al.
2006). Hollow, porous and intact silica spheres
obtained by HCI treatment are interesting structures
which could be used for confined zone synthesis
within silica capsules or for controlled drug release
induced by the thickness of the silica shell. Extended
exposure to acid had no effect on the hollow silica
structures.

Moreover, we addressed the problem of aggrega-
tion and agglomeration of the particles obtained by
microemulsion process. The microemulsion synthesis
process currently has limitations. Firstly, the yield of
the synthesis process is relatively low. Secondly, the
resulting core—shell nanocomposites are strongly
necked which indicates the existence of residual
reactions leading to formation of silica layer con-
necting particles together, as previous reports on
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core—shell nanocomposites (Santra et al. 2001; Lu
et al. 2007a, b; Yi et al. 2006; Zhang et al. 2008; Yi
et al. 2005; Narita et al. 2009) showed. While the
problem of low yield of the procedure is difficult to
solve, due to low concentration of the reactants,
eliminating the interparticle bridging is approachable.
Therefore, we investigated modifications to the post-
synthesis pathway which led to solve the necking and
irreversible agglomeration problems of nanoparticles
in the separation process. Processing methods like
already described (Lu et al. 2007a, b; Yi et al. 2006;
Zhang et al. 2008; Yi et al. 2005; Narita et al. 2009;
Mornet et al. 2002) such as alternating cycles of
ethanol or acetone addition for destabilising the
microemulsion and centrifuging or diluting the sys-
tem with an excess of solvent (cyclohexane) did not
produce separated nanoparticles. Introducing a com-
bination of two new steps in the separation process
resulted in dramatically improved quality of particles
with no aggregation or necking retention. (i) The pH
adjustment of the aqueous phase in the pH range of
1-2 (Brinker and Sherer 1990) minimised the
condensation rate of TEOS. (ii) The kinetic destabi-
lization of the microemulsion by shock cooling the
solution results in phase separation, thereby slowing
down the reaction and making the separation of
nanoparticles from the remaining unreacted precursor
much more easy. With this procedure, we success-
fully manufactured highly separated, non-aggregated
magnetic core—silica shell nanoparticles.

Conclusions

In this study, we presented an optimised inverse
microemulsion method for finely tuneable shell core—
shell nanoparticle synthesis intended for biomedical
applications. We successfully synthesised core—shell
nanoparticles having a narrow size distribution with a
crystalline magnetic core and a tuneable amorphous,
porous silica shell thickness (~5-13 nm silica shell
thickness) with possibility of increasing the size of the
overall particles by adjusting the amount of silica
precursor. The transfer of the SPION from the oil
phase to the water phase through a ligand exchange
mechanism is evidenced by FTIR spectra. The phase
transfer mechanism is experimentally confirmed by
the monodispersed size—single central core—silica
shell adjustable thickness core—shell nanoparticles

resulting from this synthesis. With the carefully
adjusted post-synthesis processing procedures (pH
adjustment to the region of minimum condensation of
TEOS and shock cooling the solution that results in
phase separation), the produced core—shell nanoparti-
cles are highly separated, with no residual aggregation.
Magnetic measurements performed on the fabricated
SPION core and core—shell nanoparticles showed a
superparamagnetic character with sufficiently high
magnetization, rendering them useful for biomedical
applications. Although the amount of material to be
synthesized in one batch of microemulsion process is
limited (a characteristic of the method as the initial
concentration of the reactants is low), for highly
specialized and high impact applications, such as
biomedical targeting and imaging (e.g. magnetically
driven drug delivery systems, MRI contrast agents,
cell separation, etc.), small quantities of samples with
very high quality are required. Most important
requirements for biomedical applications are very
well achieved by the characteristics of presented core—
shell nanoparticles: an overall size under 50 nm with a
controllable thickness of biocompatible silica shell in
the form of completely non-aggregated, single core
nanocomposites and stable suspension.
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