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The surface modification of various nanoparticles with silica has been exploited to increase their utility
for bioapplications. However, silica encapsulation through conventional methods requires long
reaction times (hours to days). Herein, we demonstrated that uniform and spherical silica encapsulation
of magnetic nanoparticles can be achieved within 10 min via microwave irradiation after phase
transferring monodisperse magnetic nanoparticles from organic to water phase. In addition, we showed
that silica shell addition through microwave synthesis is more effective than conventional heating
methods, such as a hot plate. The approach that we propose may be useful in preparing multifunctional
nano-probes, particularly for radiolabeling, which requires fast preparation times.

Introduction

Nanoscale materials have become an important platform in
biological applications, due to their unique magnetic and/or
optical properties' and drug loading ability.? Among nano-
materials, iron oxide based nanoparticles have been extensively
studied for many applications, due to their well-established
synthesis methods,** therapeutic properties (hyperthermia)® and
ability to enhance magnetic resonance imaging (MRI) contrast
for diagnostic applications.® For biomedical application of the
nanoparticles, however, they must be dispersible in aqueous
media and stable in physiological environments; this is generally
achieved by coating the particles with inert materials such
as silica.”

The coating of nanomaterials with silica has the advantages of
high biocompatibility, lack of toxicity, and facile surface modi-
fication. Silica encapsulation of nanomaterials can usually
be attained by two approaches; a microemulsion method or
a sol-gel approach. Because organic ligand-capped nanoparticles
in organic solvent can be miscible with aqueous solutions to form
an emulsion in the presence of surfactants, silica encapsulation
through a microemulsion method, using surfactants, is useful for
the coating of organic-based nanoparticles, and can produce
particles which are highly monodisperse. Silica coating of
superparamagnetic iron oxide (SPIO)® and magnetic nano-
particles (MNs)/quantum dots (QDs),® synthesized in organic
phase, has been achieved through a water-in-oil microemulsion
technique. However, for these particles to be used for biological
applications, excess surfactant, used to make the nanoparticles
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miscible, must be removed. In comparison, the sol-gel approach,
based on the Stober procedure,'® requires no surfactant and has
a shorter silica encapsulation time, making it a more favorable
method for biological applications. There have been several
reports that describe silica based core/shell structures with silver
nanowires'' and water-based MNs,'? grown by the sol-gel
process. However, the sol-gel process is only applicable for water
dispersible nanoparticles. Further, MNs prepared in water have
poor crystallinity and polydispersity,"* compared to the nano-
particles generated in organic solvent.

To overcome these issues, it has been demonstrated that
monodisperse MNs could be prepared in organic phase first, then
transferred into water using surface modification with cetyl-
trimethylammonium bromide (CTAB) and subsequently encap-
sulated with silica through sol-gel method. This procedure often
trapped multiple iron oxide cores in a single core/shell particle.™*
Recently, a supercritical-fluid-assisted one pot synthesis
method" and a single-step process to coat CTAB-transferred Au
nanorods and QDs with silica were also demonstrated via the
sol-gel method.'® Tetramethylammonium hydroxide (TMAOH),
another excellent phase transfer agent, has been widely used to
transfer hydrophobic MNs from organic solvent to water
medium.'”*® However, these conventional methods require
rather long silica encapsulation times, ranging from hours
to days.

Microwave technology has been extensively employed in
organic synthesis'*?” and nanomaterial fabrication®"* due to its
many advantages, such as increased reaction rates, ability to use
mild reaction conditions, and high product yield."” In recent
years, microwave approaches have been employed for silica
encapsulation of bare non-magnetic nanomaterials that are
water dispersible originally.?**” However, it is still a challenge to
achieve a uniform silica coating of monodisperse MNs with a fast
encapsulation rates. To the best of our knowledge, there is no
report on silica coating of organic solvent based MNs through
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microwave irradiation. In this work, we report that silica
encapsulation of monodisperse MN cores generated in organic
phase can be achieved within minutes with the aid of microwave
irradiation after TMAOH mediated phase transfer, leading to
uniform and spherical core/shell architecture.

Experimental
Materials

Chemicals and reagents were purchased from Sigma-Aldrich or
Fisher Scientific and used without further purification, unless
otherwise noted.

Fabrication of nanoparticles

The mixture of 1 mmol of Fe(acac);, 5 mmol of 1,2-hex-
adecanediol, 3 mmol of oleic acid, 3 mmol of oleylamine and
10 mL of benzyl ether was stirred under Ar gas and heated to
200 °C for 2 h, and then 310 °C for 1 h. Cooled reaction mixture
was added to 35 mL of ethanol and centrifuged at 4,400 rpm for
15 min to give black precipitates. The product was dispersed in
25 mL of hexane.

Phase transfer

~6 mg of nanoparticles in hexane solution were evaporated to
remove organic solvent and 5 mL of 1 M TMAOH solution was
added. The mixture was stirred for 1 h and excess TMAOH
solution was discarded after collecting the magnetic nano-
particles using a permanent magnet. Ligand-exchanged nano-
particles were dispersed in 5 mL of pure water for silica coating
step.

Silica encapsulation of phase transferred nanoparticles

Silica encapsulation was conducted with four different sets of
samples. Each sample consisted of ligand-exchanged hydrophilic
nanoparticles (~6 mg) redispersed in 5 mL of water and 10 mL of
2-propanol. These solutions were sonicated for 10 min to make
them homogeneous. Different amounts (50, 150, 250 and 400 L)
of tetraethyl orthosilicate (TEOS) were added to the above
solutions, respectively, then the mixtures were irradiated using
a microwave (200 W, Explorer/Discover Hybrid, CEM Co.), for
10 min at 70 °C after adding 500 uL of ammonia solution (30%).
For polycondensation reaction of TEOS mediated by TMAOH,
hydrophilic nanoparticles were prepared with two samples,
dispersed in 15 mL of water:1 M TMAOH:2-propanol at
0:5:10 and 4:1: 10 ratios. After adding 400 pL (~366 mg)
TEOS solution, microwave irradiation was done for 10 min at
70 °C. To compare the microwave approach with the conven-
tional heating method, phase transferred nanoparticle solutions
were prepared in water/alcohol mixture. Each of the four solu-
tions was dispersed in 15 mL of water: 2-propanol mixture (5 : 10
ratio) containing hydrophilic iron oxide nanoparticles. The
solutions were heated and stirred on a conventional bench top
hot plate (Corning, Inc.) to maintain the temperature at 70 °C,
and then 50, 150, 250 or 400 uL of TEOS solution was added,
respectively. To these solutions 500 pL of ammonia solution
(30%) was added, and then reacted for an additional 10 min at

70 °C with a hot plate. After reactions were completed the
mixture was washed with ethanol (3 times) and water (2 times),
respectively, by applying the centrifugation method (4,400 rpm,
15 min).

Characterization of nanoparticles

Transmission Electron Microscope (TEM) analysis was done
with a CM-120 (Phillips Electronics) microscope at 80 or
120 keV. Nanoparticles were dropped on carbon coated 300
mesh copper grids (Pacific Grid Tech.) and dried at room
temperature for a while for TEM analysis. Hydrodynamic
diameter of hydrophobic nanoparticles was measured by
a Nanotrac particle size analyzer (Microtrac, Inc.). Magnetic
properties were measured using a Princeton Measurement Corp.
MicroMag vibrating sample magnetometer (VSM) at room
temperature.

Estimate for the number of MNs per core/shell structure

Before phase transferring and MN@SiO, composite MN were
shown to have maximum aligned moments of 73 emu/g and
2.8 emu/g, respectively, for the ones treated with 400 pL of
TEOS. Using a simple dilution model, each core/shell particle
can be determined to be composed of 3.8% MN and 96.2% silica
by mass. The diameter of as prepared MN was found to be
6.2 nm by X-ray diffraction, while the diameter of the composite
particle was determined to be 149 nm by TEM. Using these
values it is possible to estimate the number of MN cores in each
MN@SiO, composite particle:

MmN = pmnVun

Also, Mm~ = KM (psio, Vsio, + pmMnVYMN) = KM [psio, Vot —
Vmn) + pmnVunds

thus Viyn = (8" psio, Vrowa)/[(1 — EMpmn + 6 psio, ],

and NyN = VMN/VSingle MN

where M is mass, V is volume, p is bulk density—>5.175 g cm 3 for
magnetite and 2.648 g cm® for silica—and A™N is the mass
percent of iron oxide—0.038 for MN. Thus each core/shell
structure on average contains about 300 iron oxide
nanoparticles.

Results and discussion

The overall synthetic procedure is shown in Scheme 1. First,
organic ligand-capped MNs were prepared by a thermal
decomposition method.?> Transmission Electron Microscope
(TEM) analysis demonstrated monodisperse 5.3 4+ 0.6 nm iron
oxide particles, shown dispersed in organic solvent (hexane)
(Fig. 1a). Dynamic light scattering (DLS) gave a particle size of
8.6 nm, reflecting the organic outer layer (Supporting
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Scheme 1 Schematic illustration represents the preparation of silica
encapsulated magnetic nanoparticles via microwave heating (10 min
heating time).
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Fig. 1 TEM images (top) and photographs (bottom) of monodisperse
iron oxide nanoparticles produced by thermal decomposition method.
The nanoparticles were dispersed (a) in organic solution (hexane) before
phase transfer and (b) in water after phase transfer using TMAOH.

Information Figure S1).?® Phase transfer of hydrophobic MNs
(~6 mg) into water was performed by using TMAOH in
a modified literature procedure.!” As shown in Fig. 1b, the
transferred nanoparticles maintained spherical morphology with
aggregation (Fig. 1b, top) and dispersed well into water
(bottom). After phase transfer, the size of the particles as
measured by DLS increased to ~80 nm, indicating aggregation
had occurred (supporting information Fig S2). It has been sug-
gested that ligand exchange of hydrophobic MNs using
TMAOH takes place through formation of an electrostatic
double layer of tetramethylammonium cations and negative
hydroxide ions on the surface of the nanocrystals without
notable loss of crystallinity and monodispersity.'#

Silica encapsulation of phase transferred MNs was achieved in
15 mL of water/2-propanol mixture (5: 10 ratio) through the
sol-gel approach. Four different samples were prepared with
different amounts (50, 150, 250 and 400 uL) of TEOS. The
samples were irradiated by microwave (10 min, 70 °C) in the
presence of ammonia (30%) as a catalyst. The resulting MN/silica
core/shell nanoparticles (MN@SiO,) are shown in Fig. 2. X-ray

diffraction shows that the uncoated MNs are magnetite and/or
maghemite® (Fig. 3a). Using the Scherrer equation the particle
size is determined to be 6.2 nm. X-ray diffraction of MN@SiO,
(Fig. 3b) shows a strong amorphous peak around 23 degrees,
corresponding to the silica shell, and also illustrates that the
encapsulated MNs remained as magnetite and/or maghemite. As
the amount of TEOS is increased, the MN@SiO, became less
aggregated and better separated, however, the thickness of the
silica shell also increased, leading to larger overall size of core/
shell structure. Even if multiple magnetic cores (~300 iron oxide
nanoparticles per core/shell structure in some of the larger
encapsulations) were encapsulated, spherical and uniform sized
MN@SiO, were obtained through microwave synthesis with
dramatically reduced time (10 min) compared to conventional
approaches. The encapsulation of multiple cores in MN@SiO,
may be the result of the high density of iron oxide nanoparticles'?
and/or increased interactions between the cores after removal of
the organic capping groups from surface of MNs by
TMAOH.''*® MN cores were visible in low concentrations of
TEOS (Fig. 2a and b), however they became blurry when the
amount of TEOS was increased (Fig. 2c and d). Thus, we
increased the beam energy of TEM from 80 to 120 keV in order
to see the cores (Fig. 2e). Spherical SiO, nanoparticles without
MN cores were made through microwave heating and had
smaller sizes compared to MN@SiO, (Supporting information
Fig. S3). This might be due to a larger number of nuclei formed in
the absence of iron oxide. Given the avidity of TEOS for iron
oxide, the iron oxide nanoparticles could act as nucleation sites
for silica shell formation. In case of MN@SiO,, various types of
interconnected clusters were obtained at the lower concentra-
tions (50, 150 and 250 pL) of TEOS (Fig. 2a—). In particular, the
use of 50 pL of TEOS led to chain-like core/shell structures
(Fig. 2a); similar results were observed in a previous study done
by a conventional heating method with a hot plate, in which
polydisperse water-based ferrofluid was coated with lower
amounts of TEOS."> Compact spherical MN@SiO, (149 +
18 nm in diameter, n = 100) could be obtained using 400 pL of
TEOS under our experimental conditions (Fig. 2d) and they were
stable during one week in aqueous solution at room temperature
(Supporting information Fig. S4). Similar observations that
particle morphology grows from a fractal-like structure to
compact spherical shape has been shown by a computationally
simulated model®! and with SiO; particles generated by a diffu-
sion flame reactor.?® For comparison, silica coating of organic
ligand-capped MNs was performed by microwave synthesis
using a microemulsion method with Triton X-100 as a surfactant.
The resulting silica/MN particles showed significant aggregation,
resulting in ~600 nm diameter sized clusters instead of spherical
core/shell structures (data not shown).

To examine if TMAOH alone can facilitate the poly-
condensation reaction of TEOS to give a spherical core/shell
structure in the absence of ammonia, the ligand-exchanged
hydrophilic MNs were dispersed in 15 mL of water/IM
TMAOH/2-propanol (0:5:10 and 4:1:10 ratio). TEOS
(400 pnL) was added to the mixtures and irradiated by microwave
(70 °C, 10 min) without ammonia. TEM analysis of the resulting
products demonstrated that in both cases the silica layer was
spread throughout the TEM grid support and around the
aggregates of iron oxide nanoparticles (Supporting Information
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Fig.2 TEM analysis of silica encapsulated magnetic iron oxide nanoparticles. The silica coating was generated by microwave approach (70 °C, 10 min)
with increased amount [(a) 50, (b) 150, (c) 250, (d) 400 pL] of TEOS solution. Multiple magnetic cores can be observed in a and e (higher magnification at

120 keV). (f) DLS measurement of MN@SiO, done with 400 pL of TEOS.
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Fig. 3 X-ray diffraction patterns of (a) MN and (b) MN@SiO,, in
comparison with known iron-oxide phases.

Fig. S5).This result may have arisen from a fast and uncontrolled
polycondensation reaction induced by TMAOH as a strong
base.**

To compare the microwave approach with conventional
heating methods, the silica encapsulation process was carried out
on a commercially available hot plate. The phase transferred
MNs were dispersed in the water/2-propanol mixture and heated
to 70 °C with a bench top hot plate. Four samples were prepared
to which were added 50, 150, 250 or 400 puL of TEOS, and these
were reacted for 10 min. As shown in Fig. 4, irregular and
interconnected cluster networks were obtained for all TEOS
concentrations through the conventional heating method, even
at 400 pL of TEOS (Fig. 4d), compared to the uniform
MN@SiO, that were obtained by the microwave heating
approach. The beauty of the microwave approach is that silica
shells could be obtained rapidly as well as more uniformly, when
compared to conventional heating methods. This improvement
could be the result of improved volumetric heating, accurate
temperature control, selective or efficient heating of reagents
having different dielectric properties, and rapid heating rate of
microwave.'*-3*

Field dependent magnetization of the microwave-generated
MN@SiO, (400 pL TEOS) at room temperature exhibited
superparamagnetic characteristics (Fig. 5a), which is critical for
biomedical applications.?® Maximum aligned magnetization of
MN@SiO; at 20 kOe (~3 emu/g) is an order of magnitude less
than that of phase transferred MN (22 emu/g) or the as prepared
MN (73 emu/g) (Supporting Information Fig. S6), due to the
silica and TMAOH addition that lowers the magnetic material
content per nanoparticle. MN@SiO, (400 pL TEOS) demon-
strate magnetic response (Fig. 5b) to external fields, which
implies usefulness for various bioapplications including
magnetically assisted cell separation,®® drug delivery®” and
removal of micro-organisms.*® The size of our products is
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Fig. 4 TEM analysis of silica encapsulated magnetic iron oxide nano-
particles. The silica coating was generated using conventional heating
methods (70 °C, 10 min, heated by hot plate) using increasing amounts
((a) 50, (b) 150, (c) 250 to (d) 400 uL) of TEOS solution.

(a) 22 (O |
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€16 # = J
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Field (kOe)

Fig. 5 (a) Magnetization curve (at room temperature) and (b) picture
showing the response of silica encapsulated magnetic iron oxide nano-
particles (400 pnL. TEOS) produced by microwave approach toward
external permanent magnet.

comparable to commercially available magnetic nanoparticles
with silica surface, such as SIMAG (0.5 pm to 1 pm size,
Chemicell), BcMag™ (1 pm size, Bioclone) and MagPrep®
(0.1pm  size, Merck), having ~26,* 40* and 88 emu/g
composite,*' respectively, which are used for magnetic
bioseparation.

Conclusions

We have demonstrated that uniform silica encapsulation of iron
oxide nanoparticles originating from organic medium could be
achieved after phase transfer using TMAOH. The resulting core/
shell particles were highly spherical and monodisperse. Silica
shells were obtained rapidly by using an efficient microwave
irradiation method. Furthermore, the shells formed by micro-
wave irradiation were more monodisperse than by conventional
heating. The proposed approach here might be an effective
method to coat multifunctional nano-platforms with silica shells,
for many applications including bioseparation probes or

radiolabeling, which require rapid synthesis methods. In partic-
ular, the silica surface of magnetic responsive nanomaterials is
suitable for magnetic separation of biomolecules such as
proteins*> and DNA,* which could be efficiently adsorbed to the
silica. This method can be easily extended to other organic
ligand-capped nanomaterials including larger sized magnetic
cores bearing higher saturation magnetization or optical nano-
crystals to produce biocompatible multifunctional hybrid probes
with a short synthesis time.
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