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Highly Magnetic Core—Shell Nanoparticles with a Unique

Magnetization Mechanism™**
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Magnetic nanoparticles (MNPs) with high magnetic moments
and very small size are under active development, since such
materials have growing uses in biotechnology and medicine.!"
Ferromagnetic metals, rather than their corresponding oxides,
have been suggested as an ideal constituent for MNPs for
their superior magnetization.”) Unfortunately, monometallic
MNPs typically require protective layers to prevent progres-
sive oxidation. To date, however, most core—shell approaches
have yielded sub-optimal magnetization, as the shell was
formed either by artificially oxidizing the core®* or by
coating it with non-magnetic materials.?

Here we present an approach to preparing highly
magnetic, monometallic MNPs for biomedical use. The
particles consisted of an elemental iron (Fe) core and an
artificial ferrite shell (Fe@MFe,0,, M =Fe, Mn, Co). The Fe
cores were enlarged into a thermally stable ferromagnetic
state to increase the overall magnetization. Subsequently,
protective ferrite shells were grown onto the cores and metal-
doped to further enhance magnetization. The resultant
particles displayed a unique magnetic feature, the presence
of hysteresis with negligible coercivity. Further analysis
revealed a novel magnetization process wherein the shell
effectively reduces the coercivity of the ferromagnetic cores
by leading the magnetization process at small magnetic fields.
The resulting MNPs attain high saturation magnetization but
with negligible remanence to prevent inter-particle aggrega-
tions. The utility of the particles was demonstrated through
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the highly sensitive detection of proteins in the picomolar
ranges and of single cancer cells. The mechanism and MNP
featured here could serve as a new strategy in preparing
stable, highly magnetic and yet dispersible nanoparticles from
ferromagnetic crystals.

We formed Fe MNPs by thermally decomposing iron
complex [Fe(CO);] in the presence of oleylamine (OY) under
air-free conditions (see Supporting Information). As previ-
ously reported,*® larger Fe MNPs could be obtained by
lowering the molar ratio of Fe and OY ([Fe]:[OY]). The
resulting particles, however, had irregular sizes and sponta-
neously aggregated with decreasing OY concentrations (Fig-
ure S1). The optimal value of [Fe]:{OY] for monodispersed
particles was approximately 12:1, which limited the particle
diameter (d) to <8nm. To overcome this problem, we
explored a new approach for increasing the particle size.
Based on the rationale that higher reactivity of the decom-
posed iron would lead to larger particles,”! we elevated the
reaction temperature. Indeed, it was possible to fine-tune the
particle size through temperature control (Figure l1a and
Figure S2). Furthermore, by fixing [Fe]:[OY]=12:1, all Fe
MNPs were highly soluble and monodisperse with relative
size variations of < 5% (Figure S2).

When exposed to air, Fe MNPs were rapidly oxidized and
formed a natural iron oxide shell (Fe@FeO; Figure 1b). This
shell had an amorphous structure as confirmed by electron
diffraction (Figure 1b, inset) and X-ray diffraction (XRD;
Figure 1d). The saturation magnetization (M,) of the shell,
estimated using shell-only particles (Figure S2), was very low
(8 emug '[Fe]). After adjusting for the shell portion, the M,
of the Fe core was measured at 206 emug ' [Fe], which is
close to that of bulk Fe (210 emug ' [Fe]). The overall M, for
Fe@FeO MNPs, however, was relatively small (92 emug !
[Fe]) due to the small portion of Fe core. Moreover, the M,
degraded over time (Figure 1e) as the cores were progres-
sively oxidized (Figure S3).

To prevent the core from oxidation, we next coated the as-
synthesized Fe MNPs with protective shells of the ferrite
structure. Figure 1c shows an example of Fe MNPs encased in
Fe;0, (Fe@Fe;0,). After synthesizing Fe MNPs, we added
Fe-oleate complexes and annealed the mixture at elevated
temperatures to initiate ferrite formation. The crystallinity of
the shell, characterized by XRD, gradually improved with
increasing annealing temperature; and after aging at 300°C
for 1h, the diffraction pattern matched that of the spinel
ferrite structure (Figure 1d). The ferrite shell was polycrys-
talline presumably to relieve geometrical strain (Figure S4).
The relative variation of the overall particle size, however,
was maintained at <7 %.
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Figure 1. New synthesis of Fe@ferrite MNPs. a) TEM images of a single Fe MNP prepared at different
reaction temperatures. The oxide shell was formed while transferring the particles for imaging. b) Fe MNPs
were rapidly oxidized to form an oxide shell (Fe@FeO MNPs). The amorphous nature of the shell was
confirmed using electron diffraction (ED) patterns (inset). The dotted circle indicates the estimated Fe MNP
size prior to oxidation. c) Fe MNPs were encased with crystalline ferrite to provide robust protection from
oxidation (Fe@Fe;O,). TEM images confirmed that Fe MNPs (dotted circles) were preserved during the
coating process. d) The formation of the ferrite shell in (c) was monitored using X-ray diffraction. A typical

The prepared
Fe@MFe, 0, MNPs (M=
Fe, Mn, Co) were made
water-soluble by coating
their surface with dimercap-
tosuccinic acid (DMSA).
The DMSA-treated MNPs
did not elicit acute cytotox-
icity when tested at diagnos-
tic concentrations on cancer
(HCT116, colon) or on
normal (3T3, fibroblast)
cells (Figure S5). To render
the particles target specific,
we  conjugated  affinity
ligands (e.g., biotin, anti-
body) to the particle surface.
The number of antibodies
per particle was approxi-
mately 10, and the hydro-
dynamic diameter was ca.
42nm after conjugation.
Note that DMSA coating
induced a negative zeta
potential on the particles,
enhancing the colloidal sta-
bility (see Table S1 for
details).

Figure 2a shows M, of
Fe@MFe, 0, MNPs (d=
16 nm), measured at 2h
after synthesis. For compa-
rative analysis, ferrite MNPs

spinel pattern with sharp peaks was observed at an annealing temperature of 300°C. Fe@FeO MNPs, in
contrast, displayed an amorphous pattern with three main dull peaks. e) Fe@MFe,O, MNPs showed small
changes (<10%) and stable saturation magnetization (M,) over time, whereas the M, of Fe@FeO MNPs

showed a large (>40%) and continuous decline.

This approach offers several advantages to improve the
magnetic properties of Fe MNPs. First, the ferrite shell
protects the Fe core from oxidation. The M, of the ferrite-
coated Fe MNPs were far more stable, reaching a steady value
over time (Figure 1e). Second, the ferrite shell could be
coated over existing Fe MNPs. Transmission electron micro-
scope (TEM) analysis showed that the size of the Fe core in
Fe@Fe;O, was similar to that of the initial diameter of the Fe
MNPs (dotted circles in Figure 1¢ and 1b, respectively).
Compared to an alternative method, which oxidizes the
surface of Fe MNPs to form a ferrite shell,®* the new
approach resulted in larger Fe cores and thereby higher M,
per particle. Third, the shell composition could be changed to
tailor the magnetic property of the particles. For example, by
co-injecting Mn-oleate or Co-oleate complexes with Fe-
oleate ([M]:[Fe]=1:2; M=Mn, Co), we could obtain
Fe@MnFe,O, or Fe@CoFe,O, MNPs (Figure S4). The
CoFe,0, shells rendered the particles magnetically hard;
whereas the highly magnetic MnFe,O, shells made Fe@Mn-
Fe,O, assume the highest M, among Fe core MNPs.
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with different compositions
were also synthesized (Fig-
ure S6). All  types of
Fe@MFe, O, MNPs had
larger M, than the ferrite
ones, with Fe@MnFe,O,
assuming the largest M, The ferrite shells on Fe@MFe,0O,
were found to have reduced magnetization compared to bulk
material, presumably because of the polycrystalline nature of
the shell (Table S2). Zero-field-cooled (ZFC) and field-
cooled (FC) magnetization (Figure2b) of Fe@MFe,O,
MNPs all displayed peaks at two different temperatures
(T, > Tp,), denoting the separate onset of superparamagnet-
ism in the Fe core (Tj) and the ferrite shell (T,)."! The
association of T, to the Fe core was further confirmed by
similar measurements with smaller Fe core MNPs, which
showed the shift of 7, toward a lower temperature. Note that
T, was ca. 290 K with 16 nm Fe@MFe,O, which indicated the
stable, ferromagnetic nature of the Fe core at room temper-
ature.

The hysteresis loops of Fe@MFe,O, displayed an unusual
feature for MNPs: negligible remanence but the presence of
hysteresis loss (Figure 2 ¢ and Figure S7). For further analysis,
the magnetization of Fe@MFe,O, MNPs were calculated
using an extended Stoner—Wohlfarth model, which includes
the effects of non-zero temperature and cubic magneto-

Angew. Chem. Int. Ed. 2011, 50, 4663 —4666


http://www.angewandte.org

0 ge

Winternational Edition

a) 200~ Fe@MFe:04 (16 nm) _ Ferrite (16 nm) b} c) -

Relative contribution 7
T i T T Fe@MnFe204 —
= Iron oxide shell o 300K —
= 1504 _ © 10041
Q - Q
E Q T E
‘;;D 1004 E Fe core Tcn 0 JI /f
3 5 i E
5 £ MnFez0: shell o
=, 501 = = -1004
= - zFc =

Fe@MnFe:0s (16 nm) = FC
0- T T T -200 T T ]
6@3@ 0 100 200 300 -10 5 0 5 10
<« Temperature / K —> Hext / kOe —>

Figure 2. Magnetic properties of Fe@ferrite MNPs. a) All FF@MFe,O, MNPs (d=16 nm) had higher M, than similarly sized ferrite MNPs. Among
the Fe@MFe,O, MNPs, the overall M, was within the same order of magnitude as the shell magnetization. b) Temperature-dependent
magnetization curves of Fe@MnFe,0, MNPs showed distinct peaks at two different temperatures, Ty, and Tg,, indicating separate onset of
superparamagnetism in the core (Tg,) and the shell (Tg,). c) The field-dependent magnetization (M) of Fe@MFe,O, MNPs at 300 K showed an
unusual feature for MNPs: negligible remanent moments but the presence of hysteresis. ZFC, zero-field cooling; FC, field-cooling.

crystalline anisotropy (Figure $S8).”) The simulated magnet-
ization curve showed an excellent agreement with the
experimental data (Figure S9), and revealed a novel, cooper-
ative magnetization mechanism. In Fe@MFe,O, MNPs, the
shell magnetization (M) followed a typical superparamag-
netic curve, whereas the core portion (M,,,.) assumed stable
single-domain behavior with non-zero coercivity (H,=
350 Oe; Figure S9). The total magnetization of a particle
(M,,), which is the volume-weighted average of M, and
M., however, displayed considerably less coercivity (H,=
40 Oe): the superparamagnetic contribution (from the M)
rapidly saturated to overwhelm the relatively slow magnet-
ization of the core at low magnetic fields. The core contribu-
tion (M.,,.) then became dominant at higher magnetic fields
to increase the M,,,.. Note that this unique property rendered
the particles both highly magnetic and yet soluble in media.

To evaluate the utility of Fe@MFe,O, MNPs for magnetic
resonance(MR)-based sensing, we investigated their trans-
verse relaxivity (r,), the capacity of MNPs to shorten the
transverse relaxation time (7,) of water. Figure 3a shows the
r, values of Fe@MFe,O, MNPs along with those of ferrite
particles (see Table S3 for details). In general, the 7, rose with
increasing particle size (d), as can be seen among ferrite
MNPs. At the fixed size (d=16nm), the r, values were
proportional to M. Correspondingly, Fe@MFe,O, MNPs had
higher r, than similarly sized ferrite particles with Fe@Mn-
Fe,0, assuming the highest value (7 x 10™'* Ls™! per particle;
430 s'mm ' [metal]). When analyzed with an outer-sphere
model,"”! the observed r, values were highly compatible with
theoretical predictions, which validated our approach for
enhancing r, by increasing both d and M, A comparative
study of phantoms (Figure 3b) also confirmed the superiority
of Fe@MnFe,O, as a MR contrast agent; compared to the
widely used CLIO (cross-linked iron oxide), Fe@MnFe,O,
was able to produce the same signal changes at ca. 10 times
lower doses. The same trend was observed in the preliminary
in vivo imaging (Figure S10).

To demonstrate the biological applications of Fe@MFe,0O,
MNPs, we used the particles to sense biological markers with
the NMR-based diagnostic platform (DMR, diagnostic mag-
netic resonance).!"'! DMR sensing is based on the change of T,
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Figure 3. Characterization of transverse relaxivity. a) The transverse
relaxivity (r,) of various MNPs was measured at the fixed Larmor
frequency (f,=20 MHz; B,=0.47 T) and mapped as a function of both
the particle size (d) and the magnetization (M) at 0.47 T. Solid lines
are calculated using the outer-sphere theory. The r, values of ferrite
MNPs increased with larger d and M (squares), but were bounded by
the intrinsic M of the material (dotted line for bulk MnFe,O,). Because
of their stronger magnetization, Fe@MFe,O, MNPs passed the
boundary and attained higher r, relaxivities, with Fe@MnFe,O, assum-
ing the highest value. b) Phantom images (f,=300 MHz; By=7T)
further verified the superiority of Fe@MnFe,O, MNPs as imaging
agents in MRI. CLIO, cross-linked iron oxide nanoparticle; MION,
monocrystalline iron oxide nanoparticle.

(AT,) when detection targets in samples are recognized by
MNPs. We first performed molecular detection, using biotin—
avidin interaction as a model system. When avidin was added
to the solution of biotinylated MNPs, the particles were cross-
linked to form nanometer-scale clusters, causing avidin dose-
dependent AT,.""" Among the other types of MNPs, Fe@Mn-
Fe,O, showed the highest sensitivity by detecting ca. 1.5 pm of
avidin (see Supporting Information); the DMR assay thus
could be as sensitive as ELISA but with the added advantage
of requiring much smaller samples (ca. 1 pL) and shorter
assay times (< 30 min).

For cellular detection, we tagged human cancer cells
(SkBr3) with MNPs conjugated with HER2/neu antibodies.
All conjugated MNPs (Fe@MnFe,0,, Fe;0,, CLIO) showed a
similar ligand density and a hydrodynamic size (Table S1).
Human cells were incubated with MNPs at saturating particle
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Figure 4. Biological applications of Fe@MFe,O, MNPs. a) The detection of small molecules was demonstrated using biotinylated MNPs. Upon
the addition of avidin, biotinylated MNPs aggregated, changing the T, of samples. Fe@MnFe,O, MNPs showed the best detection threshold

(1.5 pm), followed by ferrite (30 pM) and CLIO (2 nm). For each type of MNPs, avidin concentrations yielding AT,~5 % were used as detection
limits. For clarity, AT, was normalized against its maximum, and displayed as mean £ s.e.m from triplicate measurements. b) Cancer cells
(SkBr3) were targeted with MNPs conjugated with HER2/neu antibodies and the relaxation rate (R,=1/T,) was measured in a 1 uL sample
volume. Cellular relaxivities (R, per cell concentration) followed the same order of particle r,. Note that host cells (leukocytes) assumed negligible
cellular relaxivity. c) Synthetic clinical samples were prepared by spiking SkBr3 cells into human whole blood. After red blood cell lysis, the
samples were labeled with HER2/neu specific Fe@MnFe,O, MNPs. The detection limit was ca. 10 cancer cells even in the presence of abundant
host cells. All measurements were performed in triplicate, and the data were displayed as mean + s.e.m.

concentrations (50 pgmL™' [metal]) and for a short time
(10 min at 37°C). These conditions were previously shown to
minimize nonspecific MNP binding."? Following MNP-incu-
bation and removal of unbound MNPs, the T, values at
different cell concentrations were measured and the cellular
relaxivities, defined as the relaxation rate (R, =1/T,) per cell
concentration, were obtained (Figure 4b).['”! With the limited
numbers of binding sites per cell, cellular relaxivities were
found to be in the same order of the particle r,, with
Fe@MnFe,0, assuming the highest value (4x 107 uLs™).
Host cells (leukocytes) similarly incubated with HER2/neu-
specific Fe@MnFe,0,, however, showed ca. 10*-fold lower
cellular relaxivity (5 x 107° uLs™"), confirming highly selective
cell labeling. We next prepared artificial clinical samples by
spiking human cancer cells (SkBr3) into human whole blood
with erythrocyte lysed, and labeled the samples with HER2/
neu-specific MNPs. DMR measurements confirmed the
superiority of Fe@MnFe,O,, enabling the detection of ca. 10
cancer cells in the presence of abundant host cells (Figure 4c).
In summary, we have developed a synthetic process for
iron core and ferrite shell MNPs, wherein we achieved high
magnetization by increasing the core size and modifying the
shell composition. Most important, the novel magnetization
of the particles provided a new insight into implementing
highly magnetic nanoparticles; ferromagnetic cores can be
enlarged to enhance the overall magnetic moments, while
superparamagnetic shells can retain the core coercivity to
prevent inter-particle aggregations. The resulting MNPs
assumed high magnetic moments and commensurately high
transverse relaxivities, which was utilized in MR-based
diagnostics. The particles can also benefit other applications,

such as bio-separation (e.g., proteins, cells) and the direct
detection of biological targets using magnetometers.
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