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a b s t r a c t

Monodispersed Fe–Ni nanoparticles (NPs) with the diameter around 9 nm were synthesized by high tem-
perature pyrolysis of iron(III) acetylacetonate and nickel(II) acetylacetonate. Ligand exchange method
with a bifunctional bisphosphonate was adopted to improve the water solubility. To prevent their bio-
fouling and aggregate in the biological system, the prepared NPs were further covalent conjugated with
ccepted 29 September 2010
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eywords:
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the PEG acid. Their morphology and structure were confirmed by TEM, XRD and FTIR. NPs showed good
magnetic properties with the saturation magnetization (Ms) of about 40 emu/g and the transverse relax-
ivity (r2) of about 43.1 mM−1 s−1 in aqueous solutions. Furthermore, Fe–Ni NPs showed low cytotoxicity
in living cells. They can be uptaken by HeLa cells effectively and result in the obvious effect of T2-weighted

inter
e–Ni nanoparticles
ransverse relaxivity
ytotoxicity

MRI of labeled cells after

. Introduction

Magnetic resonance imaging (MRI) is currently one of the
ost powerful in vivo imaging technologies due to its noninvasive

roperty and multidimensional tomographic capabilities coupled
ith high spatial resolution [1–4]. To obtain the high contrast

nd information-rich images for disease detection, contrast agents
CAs) play a prominent role in magnetic resonance imaging. The
urrent MRI contrast agents are in the form of T1-positive agents
f paramagnetic species and T2-negative agents of superparam-
gnetic nanoparticles (NPs). Generally, complex-based CAs have
relatively short residence time in the vascular system and dis-

lay toxicity due to the existence of free metal ions, which limits
heir clinical applications [5]. Therefore, superparamagnetic NPs
re extremely popular and they have shown outstanding results
n the field of imaging in vitro and in vivo [6–13]. Transition metal
lloy NPs are considered to be of great potential for their applica-
ion because of their relatively high saturation magnetizations (Ms)
xcept conventional superparamagnetic iron oxide (e.g., Fe2O3 and
e3O4) and ferrite NPs [14].

Recently, Dai and co-workers reported FeCo NPs stabilized with

ingle graphitic carbon shells for integrated diagnosis and thera-
eutic (photothermalablation) applications [15]. Maenosono et al.
repared water-soluble superparamagnetic FePt NPs with a mean
iameter of 9 nm and indicated that they might be superior nega-

∗ Corresponding author.
E-mail address: shipingy@shnu.edu.cn (S. Yang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.191
nalization, making them potential contrast agents for MRI study.
© 2010 Elsevier B.V. All rights reserved.

tive CAs for magnetic resonance imaging [16]. Recently, our group
developed monodispersed amphiphilic FePt NPs via a one-step
pyrolysis reaction in the presence of tetraethylene glycol and oleic
acid that could serve as an effective MR cell-labelling agent [17].
To the best of our knowledge, there have been a few reports about
the application of water-soluble Fe–Ni NPs as MRI contrast agents
[18].

In this work, we developed a high temperature thermal decom-
position approach to synthesize oleylamine-capped Fe–Ni NPs
(Fe–Ni@OA NPs). They can only be dispersed in nonpolar organic
solvents because of the long alkyl chain of the capping molecules.
But for biomedical applications, it is indispensable to transfer these
NPs to an aqueous phase. Therefore, to transform Fe–Ni@OA NPs
into the hydrophilic NPs, ligand exchange method was adopted
with a bifunctional bisphosphonate ligand [(4-amino-1-hydroxy-
1-phosphono-butyl)-phosphonic acid sodium salt, abbreviated as
APAS in the text]. Bisphosphonates cannot only stabilize inorganic
core efficiently due to the strong fixation moiety and but also have
an interesting biological activity [19–21]. To prevent the biofouling
of nanoparticles in blood plasma and formation of aggregates that
are quickly sequestered by cells of the reticular endothelial system
(RES) such as macrophages, the NPs were further covalent conju-
gated with the PEG acid reacted by reaction with primary amine
units on the surface of Fe–Ni@APAS NPs (Scheme 1).
2. Experimental

2.1. Reagents and characterization

Iron chloride, nickel chloride, acetylacetone and triethylamine were purchased
form Sinopharm Chemical Reagent Co., Ltd. Oleylamine was purchased from J&K

dx.doi.org/10.1016/j.jallcom.2010.09.191
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shipingy@shnu.edu.cn
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Peng et al. [23] The crystallography of the products was verified
by powder X-ray diffraction (XRD) (Fig. 1a). And all the diffrac-
tion peaks of the as-prepared Fe–Ni NPs can be clearly indexed as
an awaruite Fe–Ni (JCPDS card No.: 38-0419) phase. The broaden-
ing of the diffraction peaks distinctly indicates the nanocrystalline
Scheme 1. Surface modificatio

hemical Reagent Co., Ltd. PEG diacid (Mw: 600) was purchased form Aldrich Chem-
cals Inc.

X-ray diffraction (XRD) measurements were determined by a Rigaku DMAX
000 diffractometer equipped with Cu/K� radiation at a scanning rate of 4◦/min

n the 2� range from 20 to 80◦(� = 0.15405 nm) (40 kV, 40 mA). Transmission elec-
ron microscope (TEM), high-resolution TEM (HRTEM) images were obtained on a
EOL JEM 2010 electron microscope at an accelerating voltage of 200 KV. Samples
or TEM analysis were prepared by spreading a drop of as-prepared products dilute
ispersion on amorphous carbon-coated copper grids and then dried in air. Fourier
ransform infrared (FT-IR) spectra were recorded on a Perkin-Elmer Spectrum one
pectrometer. Hysteresis loop was measured with a vibrating sample magnetometer
SM-236 (LAKE SHORE, America). The metal ions concentrations were quantified
sing inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Perkin-
lmer Optima 5300 DV). The T1-weighted images were acquired with a conventional
pin echo acquisition (TR 3500 ms) with TE values of 1000 �s, section thickness of
.6 mm. T1 relaxivities were measured in a 0.5 T magnet (Shanghai Niumag Cor-
oration ration NM120-Analyst) at room temperature. Relaxivity values of r1 were
alculated through the curve fitting of 1/T1 relaxation time (s−1) vs. the Fe concentra-
ion (mM). The T2-weighted images were acquired with a conventional spin echo
cquisition (TR 1000 ms) with TE values of 6000 �s, section thickness of 0.6 mm.
2 relaxivities were performed in a 0.5 T magnet (Shanghai Niumag Corporation
ation NM120-Analyst) at room temperature. Relaxivity values of r2 were calcu-
ated through the curve fitting of 1/T2 relaxation time (s−1) vs. the Fe concentration
mM).

.2. Preparation of Fe–Ni@OA NPs

Ni(acac)2 and Fe(acac)3 were synthesized according to the literature [22].
In a typical synthesis procedure, 2.25 mmol of Ni(acac)2, 0.75 mmol Fe(acac)3,

nd 21 mL of oleylamine were added into a reaction flask and the mixture was heated
o 130 ◦C and kept at this temperature for 20 min, and then fast heated to 300 ◦C and

aintained for 30 min before cooling down to room temperature. After centrifuga-
ion at 10,000 rpm for 15 min, the supernatant was removed and a black precipitate
as obtained. The resulting black precipitate was washed with ethanol for several

imes to acquire Fe–Ni@OA NPs. Fe–Ni@OA NPs can be easily re-dispersed in various
rganic solvents such as hexane, toluene, and dichloromethane. Finally, they were
ried in vacuum before use.

.3. Preparation of Fe–Ni@APAS NPs

4 mL (15 mg/mL) of the Fe–Ni@OA NPs ethanol solution was mixed with APAS
1.1 g, 0.34 mmol), 2 ml tetramethylammonium hydroxide pentahydrate (TMAH)
nd 20 mL of water. The mixture was then stirred vigorously for 12 h at room tem-
erature, and the solution was centrifuged with distilled water for five times, and
e–Ni@APAS NPs were obtained.

.4. Preparation of Fe–Ni@APAS@PEG NPs

The PEG diacid (300 mg, 0.5 mmol) were activated with 1-ethyl-3-(3-dimethyl

minopropyl) carbodimide (EDC) (96 mg, 0.5 mmol) and N-hydroxysuccinimide
NHS, 143 mg, 1.25 mmol) in 40 mL DMSO solution for 2 h. Subsequently
e–Ni@APAS NPs (10 mL, 8 mM) in DMSO were added to the above solution and
tirred vigorously for 7 h at room temperature. The reaction mixture was centrifuged
nd washed with distilled water for many times to remove excess the PEG diacid.
hen Fe–Ni@APAS@PEG NPs were obtained.
cess of Fe–Ni@APAS@PEG NPs.

2.5. Cytotoxicity assay

A human cervical carcinoma cell line (HeLa cells) were provided by Shanghai
Institutes for Biological Sciences (SIBS), Chinese Academy of Sciences (CAS, China).
Cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) supplemented
with 10% FBS at 37 ◦C and 5% CO2. Cells were plated in tissue culture flask under the
100% humidity.

In-vitro cytotoxicity was evaluated by performing methyl thiazolyl tetrazolium
(MTT) assays on the HeLa cells. Cells were seeded into a 96-well cell culture plate
at 2 × 105/well in DMEM with 10% FBS at 37 ◦C and 5% CO2 for 24 h, then the cells
were incubated with Fe–Ni@APAS@PEG NPs with different concentrations (0, 5, 10,
20, 40, 60, 100 �g/mL diluted in DMEM) for 12 h at 37 ◦C under 5% CO2. Thereafter,
MTT (10 �L, 5 mg/mL) was added to each well and the plate was incubated for 4 h at
37 ◦C. The assays were carried out according to the manufacturer’s instructions. The
OD 490 value (Abs.) of each well was measured by Thermo Multiskan MK3-based
microplate reader.

3. Results and discussion

Fe–Ni@OA NPs were prepared by the high temperature pyrolysis
method via the precursors of Ni(acac)2 and Fe(acac)3 in oleylamine
under an inert atmosphere according to the method reported by
Fig. 1. X-ray diffraction pattern of Fe–Ni@OA NPs (a) and Fe–Ni@APAS@PEG NPs
(b).
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F in a: high resolution TEM image of Fe–Ni@OA NPs. Inset in b: the visual photograph of
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saturation magnetization (Ms), remanent magnetization (Mr), and
coercivity (Hc) values for the NPs are shown in Table 1.

To further investigate the contrast effect, the specific relax-
ivities (r1 or r2) were measured of Fe–Ni@APAS@PEG NPs. The
transverse relaxation (T2) and longitudinal relaxation time (T1) of
ig. 2. TEM micrograph of Fe–Ni@OA NPs (a) and Fe–Ni@APAS@PEG NPs (b). Inset
e–Ni@OA NPs (c) and Fe–Ni@APAS@PEG NPs in hexane/water mixture solvent (d).

ature of the materials. Fe–Ni@OA NPs was monodispersed and had
spherical shape with a diameter around 9 nm (Fig. 2a). High res-
lution TEM image (Fig. 2a inset) of the particles reveals the high
rystalline nature of Fe–Ni@OA NPs. The lattice spacing between
wo adjacent planes is 0.204 nm, which corresponds to the d spac-
ng for the (1 1 1) lattice plane very well. The stoichiometry of Fe–Ni

as determined to be 2.2 by dissolving the metal species in a mixed
cid solution, and measuring the Fe and Ni concentrations on the
asis of ICP.

Fe–Ni@OA NPs are only soluble in hexane and other nonpolar
r weakly polar organic solvents such as chloroform (Fig. 2c). For
iological application, water solubility of NPs is indispensable. By
he ligand exchange method, a bisphosphonate ligand (ASPS) was
rstly used to replace the original surfactant OA on the surface of
e–Ni NPs via strong coordination interaction to give Fe–Ni@APAS
Ps. At this stage, the surface of NPs is functionalized with amine
roups facilitating the hydrophobic Fe–Ni NPs’ dispersing in aque-
us media or further functionalization [6,24]. To prevent their
iofouling and aggregate in the biological system, the PEG was
ovalently anchored on the surface of the particles with one of the
arboxylic groups in the PEG diacid via the EDC/NHS coupling reac-
ion. After coating, NPs were able to disperse in water to form a
lear solution (See Fig. 2d). The XRD pattern (Fig. 1b) confirmed the
rystallography of NPs did not changed yet after surface modifica-
ion. From the TEM images, no obvious difference for the core size
f NPs was observed after surface coating as shown in Fig. 2b. The
e–Ni@APAS@PEG NPs had a narrow size distribution with an aver-
ge hydrodynamic size of 269 nm further checked using dynamic
ight scattering analysis.

The surface of Fe–Ni@APAS@PEG NPs was further character-
zed by Fourier-transform infrared (FTIR) spectroscopy (Fig. 3).
e–Ni@OA NPs showed some main absorption peaks in IR spec-
rum. Two broad bands at 3450 and 1635 cm−1 can be ascribed
o the N–H stretching vibration and NH2 stretching, and another
round 2900 cm−1 is referenced to the stretching vibration of C–H.
ll FTIR characterizations prove that the presence of oleylamine on

he Fe–Ni NPs surface. After the ligand exchange, the P–O stretching
bsorption arises between 1200 and 800 cm−1. After functional-
zed with PEG acid, Fe–Ni@APAS@PEG NPs exhibit a broad peak at
1100 cm−1, which is due to the characteristic stretching vibration

f C–O–C group of PEG.

The magnetic property of Fe–Ni@OA NPs, Fe–Ni@APAS NPs
nd Fe–Ni@APAS@PEG NPs was evaluated on a vibrating sample
agnetometer with an applied field of −5 kOe < H < 5 kOe at room

emperature. The hysteresis loop of the samples shown in Fig. 4
Fig. 3. FTIR spectra of Fe–Ni@OA NPs (a), Fe–Ni@APAS NPs (b) and
Fe–Ni@APAS@PEG NPs (c).

revealed that they are ferromagnetic at room temperature. The
Fig. 4. The room-temperature hysteresis loop of Fe–Ni@OA (�), Fe–Ni@APAS (©)
and Fe–Ni@APAS@PEG (�).
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Table 1
Magnetic Data of Obtained Fe–Ni NPs at room temperature.

Fe–Ni NPs Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)
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obtained by the quantitative analysis of the cellular iron and nickel
Fe–Ni@OA 63.0 9.6 0.15 203.7
Fe–Ni@APAS 42.6 7.8 0.18 177.3
Fe–Ni@APAS@PEG 36.9 5.9 0.16 172.3

e–Ni@APAS@PEG NPs were measured at 0.5 T in order to inves-
igate the MR signal effects. The MR assays of T1 and T2-weighted
maging show the imaging enhancement at various Fe ion concen-
rations of Fe–Ni@APAS@PEG NPs (Fig. 5a). The T2-weighted MR
ignals of Fe–Ni@APAS@PEG NPs decreased at Fe ion concentra-
ions of 0.427 mM, indicating that Fe–Ni@APAS@PEG NPs could be
sed as a T2 MR imaging contrast agent. In the T1-weighted imag-

ng sequences for Fe–Ni@APAS@PEG NPs, the MR imaging intensity
ubstantially become bright with increasing iron ion concentra-
ions up to a high concentration of 1.715 mM, showing a weak T1
ffect. The T relaxation rate (1/T1, 2) as a function of the Fe concen-
ration for Fe–Ni@APAS@PEG NPs (Fig. 5b) show that the relaxation
ate increases linearly with the Fe concentration according to the
ollowing equation:

1
T1,2

= 1

T0
1,2

+ r1,2[Fe]

Where 1/T1, 2 is the observed relaxation rate in the presence of
e–Ni@APAS@PEG NPs, 1/T0

1,2 the relaxation rate of pure water, [Fe]
he concentration of Fe–Ni@APAS@PEG NPs, and r1,2 the transverse
nd longitudinal relaxivity. The r1 and r2 value of Fe–Ni@APAS@PEG
Ps was calculated to be 0.7 and 43.1 mM−1 s−1, respectively. The
e–Ni@APAS@PEG NPs had a high r2/r1 value (61.6), suggesting a
otential use as a negative MRI contrast agent [25].

Generally, the cytotoxicity of nanoparticles is critical to
he biomedical application. Fig. 6 showed the cell viability

esults for HeLa cells incubated with different concentration
e–Ni@APAS@PEG NPs for 12 h by the MTT assay. No significant
ecrease in the proliferation of the HeLa cells could be observed
ith the studied concentration range of Fe–Ni@APAS@PEG NPs.

ig. 5. (a) T1-weighted MR images (upper part of Panel a) and T2-weighted
R images (lower part of Panel a) of Fe–Ni@APAS@PEG NPs in water contain-

ng 0.5% xanthan gum. (b) T1 and T2 relaxivity plot of aqueous suspension of
e–Ni@APAS@PEG NPs.
Fig. 6. Cytotoxicity profile of Fe–Ni@APAS@PEG NPs via MTT assay on HeLa cells.

Thus, the Fe–Ni@APAS@PEG NPs showed good biocompatibility
and little toxicity against the model cell lines, and it would be a
potential MRI contrast agent in vitro and vivo.

To validate the potential of the Fe–Ni@APAS@PEG NPs as an MRI
cell tracking probe, the T2-weighted imaging of the HeLa cells after
incubation for 7 h with the Fe–Ni@APAS@PEG particles at different
sample concentrations are shown in Fig. 7a. The resulting T2-
weighted MR images of the cells incubated with Fe–Ni@APAS@PEG
NPs at 0.5 T presented the clear contrast when comparing with that
of the control cells without treatment. Comparable results were
contents by ICP-MS (Fig. 7b). After 7 h the cellular iron contents
after incubation at 10 �g/mL, 40 �g/mL, 80 �g/mL and 100 �g/mL
were 1.73, 3.94, 7.21 and 10.3 pg/cell, respectively. These results
clearly show that Fe–Ni@APAS@PEG NPs can be uptaken by cells in

Fig. 7. (a) T2-weighted MR images of containing unlabeled control cells and
Fe–Ni@APAS@PEG NPs-labeled cells at different incubated sample concentrations
for 7 h. (b) Iron uptake content in HeLa cells treated at different incubation concen-
trations for 7 h.
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. Conclusions

In summary, superparamagnetic Fe–Ni NPs were synthesized
y high temperature pyrolysis. By use of the ligand exchange
ethod, water soluble NPs were obtained. The as-prepared Fe–Ni
Ps showed high saturation magnetization (Ms) of about 40 emu/g
nd the transverse relaxivity (r2) of about 43.1 mM−1 s−1 in aqueous
olutions. The cytotoxicity results showed that Fe–Ni NPs were of
ow cytotoxicity in living HeLa cells. They are intensely internalized
nto HeLa cells. Therefore, they can be used as a new nanoparticu-
ate MRI contrast agent.
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