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One-Pot Synthesis and Bioapplication of Amine-Functionalized Magnetite
Nanoparticles and Hollow Nanospheres

Leyu Wang,™"! Jie Bao,! Lun Wang,™ Fang Zhang,'! and Yadong Li*"*

Abstract: To demonstrate their applica-
tions in biological and medical fields
such as in immunoassays, magnetic sep-
aration of cells or proteins, drug or
gene delivery, and magnetic resonance
imaging, the template-free syntheses of
water-soluble and surface functional-
ized magnetic nanomaterials have
become essential and are challenging.

tion of amine-functionalized magnetite
nanoparticles and hollow nanospheres
by using FeCl;:6H,0 as single iron
source. These magnetic nanomaterials
were characterized by TEM, SEM,
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XRD, and FTIR technologies. Their
magnetic properties were also studied
by using a superconducting quantum
interference device (SQUID) magneto-
meter at room temperature. Then the
amine-functionalized magnetite nano-
particles were applied to immunoassays
and magnetic resonance imaging in live
mice.

Herein, we developed a facile one-pot
template-free method for the prepara-

structures

Introduction

Water solubility and surface functionalization of nanomate-
rials are crucial for bioapplication.!! The development a
facile method for the preparation of water soluble and func-
tionalized (coupled with amino or carboxylic groups) mag-
netite nanomaterials, especially for the template-free synthe-
sis of amine-functionalized, hollow magnetite spheres, is still
an essential yet challenging step as they have much potential
in biological and medical fields, such as the immobilization
of proteins, peptides, and enzymes;>* bioseparation;>® im-
munoassays;’! drug or gene delivery;® magnetic resonance
imaging (MRI);*l and so on. With the rapid development
of nanostructured materials and nanotechnology in the
fields of biotechnology and biomedicine, in recent years,
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iron oxides (Fe;O, and Fe,0;), in particular, have received
considerable attention for their strong magnetic properties
and low toxicity.">*! The outstanding potential of these iron
oxide nanoparticles has stimulated extensive development
of the synthetic technology. To date, many technologies,
such as coprecipitation and microemulsion methods,"*!”
and ultrasound irradiation technology™® have been applied
to produce these magnetic nanoparticles. However, the rela-
tively poor size uniformity and crystallinity of the nanoparti-
cles obtained strongly affect their magnetic properties. Re-
cently, an alternative method has been developed to prepare
high-quality magnetic nanoparticles by thermal decomposi-
tion of different types of iron precursors, such as iron car-
bonyls  ([Fe(CO)s]),! iron triacetylacetonate  ([Fe-
(acac);]),?*?"1 cupferronates ([Fe(Cup)s]),?@ and iron ole-
ates™ in complex organic solvent. These as-prepared nano-
particles have good shape control, monodispersibility and
high crystallinity, which are suitable for various magnetic ap-
plications, such as data storage and advanced magnets. How-
ever, these monodisperse nanomaterials prepared by ther-
mal decomposition technology are only soluble in nonpolar
solvents before surface modification, and this greatly inhib-
its their applications in biotechnology and biomedicine.
Meanwhile, the widespread interest in hollow spheres po-
ssessing magnetic properties has not only been driven by
their broad applications in bioseparation, immunoassays,
and magnetic resonance imaging (MRI), but has also been
propelled by their nonparalleled advantages in catalyst carri-
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er and drug delivery. For instance, strong magnetism of mag-
netic hollow spheres facilitates immobilized catalyst separa-
tion and recyclization as well as product purification, while
their large specific surface area enhances catalytic perform-
ance. Some key properties of effective delivery vehicles,
such as long-term stability, high loading capacity and site se-
lectivity, which help reduce side effects, lower doses needed
and development of new therapies, are to be found in mag-
netic hollow spheres. However, to the best of our knowl-
edge, there is no report of the template-free preparation of
amine-functionalized, hollow magnetite nanospheres to
date. In this communication, we report on the development
of a facile one-pot method for the direct preparation of
amine-functionalized magnetite nanoparticles and hollow
nanospheres without templates. With highly magnetic prop-
erties and the amino groups on the outer surface of the
nanoparticles, we also demonstrated their magnetic separa-
tion and concentration implications in immunoassays based
on the scheme depicted in Figure 1 and magnetic resonance
imaging in live mice.
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Figure 1. Schematic illustration of the magnetic separation in a fluores-

cence immunoassay using the amine-functionalized magnetite nanoparti-
cles.
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Magnetic Separation

Results and Discussion

By using FeCl;6H,O as a single iron source, we prepared
the amine-functionalized magnetite nanoparticles with tuna-
ble size (from ~15 nm to ~50 nm) and high quality with the
1,6-hexadiamine as the ligand. By controlling the reaction
temperature and amount of 1,6-hexadiamine, amine-func-
tionalized, hollow magnetite nanospheres were also pro-
duced. In comparison with the previously prepared hydro-
philic magnetite microspheres,* the as-synthesized high-
quality magnetite nanoparticles in this work are more suit-
able for bioapplication as their size is more appropriate.
Second, the magnetic nanocrystals are functionalized with
amino groups in the facile one-pot synthetic process, which
makes them water soluble and able to bioconjugate with bi-
ological macromolecules, such as proteins, peptides, and nu-
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cleic acids, and cuts short the complicated and time-consum-
ing procedure for the functional modification of the surface
for biological applications. So, the amino groups on the
outer surface of the magnetic nanocrystals make them con-
venient for use in biological and biomedical applications.
Last, it is worth noting that the template-free-prepared,
amine-functionalized, hollow magnetite nanospheres will
find great potentials in catalysis and targeted drug delivery
owing to their high magnetization and hollow core; the
hollow cores could be used for the carrying of catalyst or
drug, and the magnetization would simplify the separation
of the catalyst and target the drug delivery.

In this work, the size and morphology of the nanoparticles
were observed by TEM images. Figure 2 shows the typical
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Figure 2. TEM images of the magnetic nanoparticles with different sizes.

TEM images of the as-prepared magnetite nanomaterials;
the electron-diffraction patterns revealed the single-crystal
nature of these nanocrystals. These images revealed that the
magnetic nanomaterials had good dispersibility and high
crystallinity. From these images, it can be seen that the aver-
age particle size can be easily tuned from ~15nm up to
~50 nm.

The morphology and crystallography of the as-prepared
hollow nanospheres were characterized by SEM, while the
hollow structure was clearly revealed by TEM images and
SEM images of partly broken, hollow Fe;O, nanospheres.
Figure 3a shows that hollow Fe;O, spheres are round in
shape and have a fine exterior surface, while contrast be-
tween the brightness of central areas and the darkness of
the periphery of such materials in TEM images (Figure 3b
and c), and bowl-shaped broken spheres in SEM images
(Figure 3d and e) proved their hollow structure. It could
also be observed from TEM image (Figure 3b) that those
Fe;O, hollow spheres were composed of some much smaller
particles rather than formed by homogeneous Fe;O, shells.
Compared with other such uniformly walled structures, the
nonsealed, somewhat loose nature of Fe;O, hollow spheres
facilitates their immobilization and subsequent encapsula-
tion of various substances of biological and medical use in a
similar way to that reported by Caruso et al.” Furthermore,
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Figure 3. SEM images: a) ~200 nm Fe;O, hollow nanospheres d,e) partly broken Fe;O, hollow nanospheres. TEM images: b) ~150 nm Fe;O, hollow

nanospheres, ¢) ~100 nm Fe;O, hollow nanospheres.

both SEM and TEM images demonstrated the narrow diam-
eter distributions of such hollow nanospheres.

More detailed structural information of hollow Fe;O,
nanospheres was obtained by high-resolution TEM
(HRTEM). Some representative HRTEM images of such
hollow nanospheres are shown in Figure 4. The boxed area

Figure 4. a) TEM image of ~120 nm hollow spheres; b) HRTEM image
of the boxed region of image a) and its electron-diffraction pattern;
¢) HRTEM image of an interregional area that helps to explain the struc-
ture of hollow nanospheres.

in Figure 4a was further magnified to investigate its crystal-
linity. The regularly paralleled lattice fringes in Figure 4b in-
dicate a single-crystal nature of the specific small particle in
the selected area, while multidirection lattice fringes in one
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hollow sphere, shown in Figure 4c, ascertained the assump-
tion that the agglomeration of plenty of small single-crystal
particles leads to the formation of bulky hollow nanosphere.

The crystalline structure and phase purity were deter-
mined by powder X-ray diffraction (XRD) as shown in
Figure 5. The positions and relative intensities of all diffrac-
tion peaks matched well with those from the JCPDS card
(75-1610) for magnetite. The sharp, strong peaks confirmed

20/° —

Figure 5. Powder X-ray diffractograms of the as-prepared magnetic nano-
particles of different size: a) ~15 nm, b) ~25 nm, ¢) ~35 nm, d) ~50 nm,
and e) ~150 nm magnetic hollow nanospheres.
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the products were well crystallized. So, the XRD results fur-
ther revealed their high crystallinity.

To demonstrate their highly magnetic properties, the mag-
netic nanocrystals were studied by using a superconducting
quantum interference device (SQUID) magnetometer at
room temperature. The plots of magnetization versus mag-
netic field (M-H loop) at 25°C for the typical magnetic
nanoparticles and hollow nanospheres bound with 1,6-hexa-
diamine are illustrated in Figure 6. From the plots of M
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Figure 6. Room-temperature magnetization curves of obtained magnetite
nanoparticles. a) ~15nm, b) ~25nm, ¢) ~35nm, d) ~50 nm, and e)
~150 nm hollow nanospheres. The nanocrystals are easily dispersed in
water (j) and also can be drawn from the solution to the sidewall of the
vial by an assistant magnet field (k). With the ultrasonication, both the
amine-functionalized (f, h) and nonfunctional magnetite nanocrystals
were dispersed in water. After removing the ultrasonication, the nonfunc-
tional magnetite nanocrystals began to aggregate within 5 min (g) and
almost completely aggregated to the bottom of the vial within 20 min (i).
However, the amine-functionalized magnetite nanocrystals did not aggre-
gate, and even remained for more than one hour (h).

versus H, the saturation magnetization (M) was determined
to be 41.3-59.8 emug ' for the amine-functionalized mag-
netite nanoparticles with tunable size from ~15 to ~50 nm.
Meanwhile, the saturation magnetization of the ~150 nm
hollow nanospheres reached 71.2 emug™'. Figure 6 displays
the results of a study of the stability of aqueous solutions of
amine-functionalized Fe;O, nanocrystals and ordinary bare
Fe;O, particles; evidence was found that the Fe;O, nano-
materials functionalized with aminoalkyl groups had much
higher solubility and dispersibility than those of the unfunc-
tionalized magnetite nanoparticles. From Figure 6j and f, it
can be seen that the amine-functionalized magnetic nano-
particles can be dispersed in water to form a black solution.
The nanoparticles can be drawn to the sidewall from the so-
lution by applying a magnet besides the vial (Figure 6k).
However, the unfunctionalized magnetic nanoparticles could
not be easily dispersed in water and aggregated to the
bottom of the vial within 5 min if the ultrasonication was
stopped (see Figure 6g) and almost completely aggregated
20 min later (Figure 6i). The amine-functionalized magnetite
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nanomaterials, however, were stable and remained suspend-
ed in aqueous solution for more than one hour (Figure 6h).
The good water solubility may result from the formation of
hydrogen bonds between the amino groups and water. From
the experimental results, it is clear that the amine-function-
alized nanomaterials have highly magnetic properties and
good water solubility, which makes them possible to be used
in biotechnology and biomedicine.

To provide direct proof for the amine functionalization,
Fourier transform infrared (FTIR) spectroscopy was also
used to characterize the amine-functionalized magnetite
nanoparticles. Figure 7 shows the IR spectra of the amine-
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Figure 7. IR spectra of the a) unfunctionalized and b) amine-functional-
ized magnetite nanocrystals.

functionalized magnetic nanocrystals (Figure 7b) and the un-
functionalized magnetite nanoparticles (Figure 7a). The
strong IR band at 567 cm™! is characteristic of the Fe—O vi-
brations,” while the transmissions around 1626, 1485, and
874 cm™' in Figure 7b from the amine-functionalized nano-
crystals matched well with that from free 1,6-hexadiamine,
indicating the existence of the free —NH, group on the
amine-functionalized nanomaterials. No such bands were
observed for the magnetic nanoparticles prepared in the ab-
sence of 1,6-hexadiamine (Figure 7a). The results from
FTIR revealed that the magnetic nanocrystals have been
functionalized with amino groups in the synthetic process.
To demonstrate their potential of magnetic bioseparation
and concentration in immunoassays, ~25nm magnetite
nanoparticles were bioconjugated with human immunoglo-
bulin antigens (IgG-Ag) to form the antigen-labeled mag-
netic nanoparticle (MNP-Ag), and then used in the magnet-
ic separation of fluorescein isothiocyanate (FITC)-labeled
goat anti-human IgG antibodies (FITC-Abl). The magnetic
bioseparation process in the immunoassay is according to
the scheme depicted in Figure 1. In this bioconjugating ex-
periment, the antigens were attached to the surface of mag-
netic nanoparticles when activated carboxyl groups of the
antigens and the amino groups on the nanoparticle surface
formed covalent bonds.””?! Then the antigen-modified mag-
netic nanoparticles (MNP-Ag) were used in the magnetic
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separation and concentration of FITC-Abl. Based on the
specific interaction between human IgG antigen and FITC-
Abl, FITC-Abl was concentrated and separated from the
solution. Figure 8a shows the fluorescence spectra of both
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Figure 8. Fluorescence spectra of the immunoassay systems. a) Target ex-
periment based on the human IgG antigen and FITC-Abl system; 1)
FITC-labeled antibody solution; 2) MNP-Ag-Abl-FITC solution; 3) su-
pernatant solution after magnetic separation. b) Control experiment
based on the human IgG antigen and FITC-Ab2 system; 4) FITC-Ab2
solution; 5) supernatant solution after magnetic separation; 6) MNP-Ag—
ab2-FITC solution.

the MNP-Ag-Abl-FITC nanocomposite solution (curve 2)
and the supernatant after the magnetic separation (curve 3).
From Figure 8a, it can be seen that the fluorescence of the
supernatant is very weak; however, that of the nanocompo-
site solution is very strong, which means that FITC-Abl was
bound to the magnetic nanoparticles and separated. The se-
lectivity of the magnetic separation method has also been
testified by the control experiment following a similar strat-
egy (Figure 8b). In brief, the antibody used for magnetic
bioseparation in the control experiment is FITC labeled
goat anti-rabbit IgG antibody (FITC-Ab2) instead of the
anti-human FITC-Abl. The fluorescence intensity of the su-
pernatant was virtually unchanged before (curve 4) and
after (curve 5) the magnetic separation; meanwhile, the
magnetic nanoparticle solution has no fluorescence (curve
6), which revealed that FITC-Ab2 was not bound to the
human-IgG-antigen-modified magnetic nanoparticles. The
results demonstrated the good selectivity of the present
magnetic bioseparation technology based on the amine-
functionalized magnetite nanoparticles, which also further
verified the existence of the amino groups on the outer sur-
face of the magnetic nanocrystals.

The exciting results of the in vitro application inspired us
to test their in vivo potential. The in vivo potential applica-
tions were accomplished on MRI in live mice with ~25 nm
amine-functionalized magnetic nanoparticles as a contrast
agent. Figure S1 (in the Supporting Information) shows the
imaging patterns from the live mice. It can be seen that the
MRI signal decreases greatly from 293.52 (Figure Sla,
before microinjection of magnetic nanoparticle) to 169.49
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(Figure S1b, 30 min later); these results indicate that the
nanoparticles have been phagocytosed by the liver macro-
phages. Our preliminary MRI experimental results indicated
that the novel magnetite nanoparticles prepared by the cur-
rent synthetic approach possess very good water solubility
and highly magnetic properties, which makes them poten-
tially useful as MRI contrast agents. It should be mentioned
that the model mice removed from anaesthesia after the ex-
periment and lived normally for more than a month. This, to
some extent, demonstrated that the current sample has no
acute fatal toxicity. Investigations into the biocompatibility
and toxicity of the magnetic nanomaterials are currently in
progress.

Conclusion

In summary, a facile one-pot strategy was put forward to
prepare amine-functionalized magnetite nanoparticles and
hollow nanospheres with excellent magnetism, tunable sizes,
good monodispersibility, and crystallinity. These novel mag-
netite nanomaterials are water soluble because of their sur-
face amino groups; hence the nanoparticles are easily dis-
persed in water and bioconjugated to biological macromole-
cules, such as peptides, proteins, and nucleic acids. Both the
preliminary magnetic bioseparation in the immunoassay and
the MRI experiment results revealed that the amine-func-
tionalized magnetic nanocrystals prepared by this facile
method possess very good magnetism and water solubility.
We believe that these amine-functionalized magnetic nano-
crystals can be used in fields such as magnetic bioseparation,
immunoassay, MRI, and targeted drug delivery. With further
development, the amine-functionalized hollow magnetite
nanospheres may find excellent potentials in catalysis and
targeted drug delivery.

Experimental Section

Chemicals: All chemicals were analytical grade and used as received
without further purification. Deionized water was used throughout.
Human immunoglobulin antigen and fluorescein isothiocyanate (FITC)
labeled antibodies were purchased from Century Forlin-Biotechnology
Co. Ltd, Beijing, China. 1-Ethyl-3-(3-dimethlyaminopropyl)carbodiimide
(EDAC, Sigma) and N-hydroxysuccinimide (NHS, Acros) were used for
immunoassays. Other chemicals were all supplied by the Beijing Chemi-
cal Reagent Company.

Preparation of amine-functionalized magnetic nanoparticles: In the case
of ~25nm magnetic nanoparticles, a solution of 1,6-hexanediamine
(6.5 g), anhydrous sodium acetate (2.0 g) and FeCl;:-6H,0 (1.0g) as a
ferric source® *! in glycol (30 mL) was stirred vigorously at 50°C to give
a transparent solution. This solution was then transferred into a Teflon-
lined autoclave and reacted at 198°C for 6 h. The magnetite nanoparti-
cles were then rinsed with water and ethanol (2 or 3 times) to effectively
remove the solvent and unbound 1,6-hexanediamine, and then dried at
50°C before characterization and application. During each rinsing step,
the nanoparticles were separated from the supernatant by using magnetic
force. For other size particles, the experiment procedures are similar
except that the amount of the 1,6-hexanediamine was increased from 5.0
to 7.0 mL, the solvothermal temperature increased from 190 to 205°C,

www.chemeurj.org

—— 6345


www.chemeurj.org

CHEMISTRY—

Y. Li et al.

A EUROPEAN JOURNAL

and the particle size decreased from ~50 to ~15 nm. Although the tem-
perature and amount of 1,6-hexanediamine greatly influenced the parti-
cle size, the effects were not linear owing to the complex nature of the
growth process. Moreover, prolonging the reaction time had no evident
influence on the particle size. As shown by experiments that we repeated
many times, no single-crystal Fe;O, nanoparticles larger than 50 nm in di-
ameter were synthesized in the presence of 1,6-hexadiamine.

Preparation of amine-functionalized magnetic hollow nanospheres: Con-
trol experiments showed that adjusting 1,6-hexadiamine to a lower con-
centration and increasing the amount of anhydrous sodium acetate lead
to the preparation of hollow nanospheres. For example, the magnetite
hollow nanospheres of ~100 nm were prepared by dissolving FeCl;-6 H,O
(1.0 g) in ethylene glycol (30 mL), and then anhydrous sodium acetate
(4.0 g) and 1,6-hexadiamine (3.6 g) were added and stirred vigorously to
acquire a transparent solution. The mixture was sealed in a Teflon-lined
stainless-steel autoclave and was heated at 200°C for 6 h. The product,
which settled at the bottom of the autoclave, was washed with hot water
and ethanol (3 times) under ultrasonic conditions to remove the solvent
and unbound 1,6-hexanediamine effectively, and then dried at 50°C to
gain the black powder. The product was separated from various solvents
by using magnetic force during each step. Hollow nanospheres of differ-
ent sizes (100-200 nm) were prepared by changing the quantity of
FeCl;:6H,O from 0.4 to 1.0 g and the temperature from 190 to 205°C.

Bioconjugation of magnetic nanoparticles with IgG-Ag: The method for
the human IgG-Ag bioconjugation to the magnetite nanoparticles was
similar to that of the reported protocols.”?*! Briefly, ~25 nm amine-func-
tionalized magnetic nanoparticles (5 mg) was dispersed in phosphate-buf-
fered saline (PBS, Na,HPO, 8.0 mm, NaH,PO, 2mm, NaCl 0.15m,
Tween 20 0.05%, pH 7.4; 5.0 mL) by ultrasound irradiation technology,
followed by addition of human immunoglobulin antigen (IgG-Ag;
0.1 mmol) with stirring. Then 1-ethyl-3-(3-dimethlyaminopropyl)carbodi-
imide (EDAC; 0.1 mmol) and N-hydroxysuccinimide (NHS; 0.2 mmol)
were added. The reaction mixture was stirred at room temperature under
N, for 4 h. Excess IgG-Ag, EDAC, and NHS were removed by magnetic
field separation and rinsed with PBS solution (three times). The Ag-
modified magnetic nanoparticles were redispersed in PBS (5.0 mL) and
stored at 4°C for use.

Magnetic separation of target antibody: The antigen-modified magnetic
nanoparticles were used in the magnetic separation and concentration of
the target fluorescein isothiocyanate (FITC)-labeled goat anti-human
IgG antibody (FITC-Abl). In a typical experiment, a solution antigen-
modified magnetite nanoparticle in PBS (MNP-Ag, 100 uL, 1 mgmL™")
was added to a solution of FITC-Abl in water (200 pL. 2 mgmL™") with
stirring and the mixture was incubated at room temperature for 2 h. The
mixture was then thoroughly mixed and the fluorescence of the mixed
solution was recorded immediately before magnetic separation. The
MNP-Ag-Ab-FITC composite was separated by magnetic-field separa-
tion technology and washed with PBS buffer solution (3 times). The fluo-
rescence of the nanocomposite solution and the supernatant were meas-
ured. The selectivity of this magnetic separation method was accomplish-
ed by the control experiment following the same procedure described in
the target experiment.

In vivo magnetic resonance imaging: The in vivo magnetic resonance
imaging experiments were accomplished by intravenous microinjection of
the magnetite microfluid at a dose of 0.02 pmolkg ™" of body weight into
a tail trail vein of the live mice, before which the mice were anesthetized
by intraperitoneal injection of ketamine/xylazine hydrochloride (1:1) at a
dose of 1 mgkg™" of body weight. Then magnetic resonance imaging ex-
periments were performed.

Characterization: The TEM images were taken using a H-800 (Hitachi,
Japan) transmission electron microscope with a tungsten filament at an
accelerating voltage of 200 kV. Samples were prepared by placing a drop
of a dilute alcoholic dispersion of nanocrystals on the surface of a copper
grid. Electron diffraction was also performed to study the single-crystal
nature of the samples on a high-resolution transmission electron micro-
scope (HRTEM, JEM-200CX). The JSM-6301F scanning electron micro-
scope was applied to acquire the SEM image of the Fe;O, hollow nano-
spheres. XRD measurement was performed on a Bruker D8 Advance X-
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ray diffractometer by using Cuy, radiation (1=0.15418 A). The operation
voltage and current were kept at 40 kV and 40 mA, respectively. The 26
range used in the measurement of Fe;O, nanoparticles was 10-70° in
steps of 0.02° with a count time of 1s. A superconducting quantum inter-
ference device (SQUID) magnetometer (LakeShore 7307) was used in
the magnetic measurement. Fluorescence spectra were carried out on an
F-4500 fluorescence spectrophotometer (Hitachi, Japan). FTIR spectra
were conducted with a Nicolet 560 Fourier-transform infrared spectro-
photometer. MRI images were acquired using a GE VH/A™ 3.0T (GE,
USA) magnetic resonance imaging device.
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