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During recent years, the synthesis of superparamag-
netic iron oxide nanoparticles coated with a thin shell
of organic polymeric wall has attracted a great deal of
research attention due to the potential biomedical
applications of these nanomaterials.! Because of anis-
tropic dipolar attraction, nanometer-sized iron oxide
cores intend to aggregate into larger clusters, losing the
specific properties associated with their nanometer
dimensions. A shell of coating materials, especially
organic polymers, are often needed to cover the super-
paramagnetic iron oxide core to prevent such a core
agglomeration. In addition, the coating materials will
also provide a platform for the attachment of the
functionalities such as biologically active peptide and
protein molecules to improve the biospecificity of nano-
particles for their interactions to specific cells and
tissues. Such core/shell nanocomposites can be used for
the site-specific magnetic resonance imaging for medical
diagnosis? and ac magnetic field-assisted cancer therapy.3
However, the in vivo biomedical applications usually
prefer these articles to have narrow size distributions
for uniform physical/chemical properties and possess an
overall dimension smaller than 20 nm for high tissue
penetration capability. Among many approaches for
coating the surface of nanoparticles with a shell of
organic polymers, the surface-initiated atom transfer
radical polymerization (ATRP) has become a method of
choice recently.> Several groups have reported the
synthesis of the polymeric core/shell nanoparticles such
as Si0,,% Au,” MnFe,0,4,8 and Fe,03° via ATRP. ATRP
can offer polymeric shells with low polydispersity and
this method is easy to control the molecular weight,
thereby, the thickness of the polymeric shell wall.1°
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However, as far as we know, previous ATRP studies
for the synthesis of the core/shell nanoparticles usually
yielded a shell of linear polymeric molecules protecting
iron oxide cores (Scheme 1A).8° For example, the
enlightening work recently reported by Wang et al.® has
utilized a solvent-free ATRP approach for the synthesis
of the core/shell nanoparticles in which iron oxide cores
were protected with a layer of non-cross-linked poly-
styrene shell. These linear polymers usually attach to
the surfaces of metal oxide cores through linker
molecules—the initiators via, for example, a —COOH
group. A simple noncovalent linkage between the iron
oxide core and the polymeric chain is not sufficient to
achieve a permanent linkage. Instead, a dynamic ex-
change between the polymeric chains and other compet-
ing molecules possessing a —COOH group such as
peptides and amino acids in the biological systems could
lead to the dissociation of the polymeric chains from the
core surfaces. The loss of the coating material and its
terminal functionalities could demolish the biospecificity
of these materials. In the present paper, we would like
to report our synthesis of the cross-linked polymeric
core/shell structure via an ATRP approach that em-
ployed divinylbenzene (DVB) for cross-linking the linear
polystyrene chains. The cross-linked polymeric shell will
serve as a cage, preventing the undesired site exchange
of the nanoparticle surface functionalities. Fluorescence
exchange experiments were used to test the stability of
our core/shell nanoparticles against the site-exchange
processes.

To synthesize the core/shell maghemite/polystyrene
nanoparticles, we first introduced the initiator 10-
carboxydecanyl 2-bromo-2-methyl-thiopropanoate onto
the surface of maghemite nanoparticles via a site-
exchange process. In a typical experiment, the mixture
of initiator 10-carboxydecanyl 2-bromo-2-methyl-thio-
propanoate (72 mg, 0.196 mmol) and the freshly pre-
pared maghemite nanocrystals coated with oleate (220
mg)!* in 20 mL of CHCI; was stirred at ambient
temperature for 24 h under Ar protection. The resulting
maghemite nanoparticles were collected magnetically
using an external permanent magnet (0.7 T) and
repeatedly washed with acetonitrile. Then, these nano-
particles were added into a 20-mL xylene solution of
CuBr (43 mg, 0.3 mmol), 4,4'-dinoyl-2,2'-dipyridyl (DNDP)
(450 mg, 1.1 mmol), CuBr; (3.4 mg, 0.015 mmol), styrene
(8 mL, 70 mmol), and variable amounts of DVB (Scheme
1). After 24 h at 135 °C under Ar, the solution was cooled
to room temperature and particles were magnetically
collected and repeatedly washed with toluene.

The infrared spectroscopy of the dried product indi-
cates the presence of polystyrene on the surface of the
formed polystyrene core/shell nanoparticles. Character-
istic peaks of polystyrene at 2800—3100 and 1200—1600
cm~! were observed, which were not present in the
spectrum of maghemite nanoparticles coated with oleic
acid and the initiator (Figure 1). Formation of polysty-
rene molecules was also supported by the 'H NMR and
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Scheme 1. (A) ATRP Synthesis of Non-cross-linked Polystyrene/lron Oxide Nanoparticles; (B) ATRP
Synthesis of DVB-cross-linked Polymeric Core/Shell Nanoparticles Using DVB as the Cross-linking Agent?
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Figure 1. FT-IR spectra of iron oxide nanoparticles coated

with initiator (dotted line) and with 10% DVB-cross-linked
polystyrene (solid line).

gel permeation chromatography (GPC) analysis of the
organic polymeric shell of the nanoparticles after HCI
dissolution of the maghemite cores (Supporting Infor-
mation). Transmission electron microscopy (TEM) stud-
ies confirmed that these nanoparticles have very narrow
size distributions with an average core dimension of 11
nm (Figure 2A) surrounded with a 4.7-nm polystyrene
shell (Figure 2B).

To test the stability of these cross-linked core/shell
maghemite nanoparticles against the undesired site-
exchange processes, we placed 2.5 mg of the core/shell
maghemite nanoparticles protected with a 10% DVB-
cross-linked polystyrene shell into a CHCI; solution (10
mL) of 6-(1-pyrenyl)hexanoic acid (1 mg, 3.16 umol).
After the solution was stirred at ambient temperature
for about 96 h, nanoparticles were magnetically con-
centrated using a permanent magnet of 0.7 T.22 The

Figure 2. TEM micrographs of 10% DVB-cross-linked iron
oxide/polystyrene core/shell nanoparticles on (A) the Formvar/
carbon film coated copper grid (400 mesh); and (B) the lacey
carbon film coated copper grid (300 mesh) consisting of woven-
mesh-like holes. The polystyrene shells are visible at the edge
of a hole in (B).

solution was removed and nanoparticles were washed
three times with CHCI3 (20 mL). The organic solutions
were combined, dried over anhydrous sodium sulfate,
and concentrated to a final volume of 10 mL. The
fluorescence spectrum (Figure 3A) of the aforementioned
solution after the site-exchange reaction (line e, diluted
2500-fold) and the one of 6-(1-pyrenyl)hexanoic acid
measured before the introduction of maghemite nano-
particles (line a, diluted 2500-fold) suggest that pyrene
molecules were not adsorbed onto the surface of
maghemite particles protected with 10% DVB-cross-
linked polystyrene during the site-exchange reaction.
This conclusion was also supported by the absorption
spectra in Figure 3B (lines a and e). Presumably the
10% DVB-cross-linked polystyrene shell serves like a
cage, preventing the competitive binding of 6-(1-pyre-
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Figure 3. (A) Fluorescent spectra of 6-(1-pyrenyl)hexanoic
acid in CHCI; (a) before and after site-exchange reactions with
core/shell Fe,O; nanoparticles protected with (b) non-cross-
linked (0% DVB), (c) 2%, (d) 6%, and (e) 10% DVB-cross-linked
polystyrene, respectively. The excitation wavelength was 378
nm. (B) Absorption spectra of 6-(1-pyrenyl)hexanoic acid in
CHCI; (a) before and after site-exchange reactions with core/
shell iron oxide nanoparticles protected with (b) non-cross-
linked (0% DVB), (c) 2%, (d) 6%, and (e) 10% DVB-cross-linked
polystyrene, respectively.

nyl)hexanoic acid onto the surface of maghemite cores.
However, lighter DVB-cross-linked polystyrene shells
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are less effective at shielding the adsorption of the
pyrene probes onto the surface of metal oxide cores. The
calculations based on the fluorescent intensities at 378
nm in Figure 3A suggested that about 83%, 61%, and
31% of 6-(1-pyrenyl)hexanoic acid molecules were ex-
changed onto the surfaces of nanoparticles for the 0%,
2%, and 6% DVB-cross-linked polystyrene shells, re-
spectively. This was also supported by similar calcula-
tions from the absorption spectra in Figure 3B.

In summary, we reported an ATRP synthesis of
monodisperse core/shell maghemite nanoparticles pro-
tected with a thin layer of DVB-cross-linked polystyrene
molecules. The 10% DVB-cross-linked polymeric shell
could prevent the undesired site exchange of the coating
materials with competing ligands in solution, leading
to the improvement of the stability of core/shell nano-
materials. Nanoparticles coated with a thin shell offer
tremendous application potentiality in organic synthesis
and biological applications, and our progress for the
applications of the core/shell nanoparticles in these
areas will be reported in due course.
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