FULL PAPER

DOI: 10.1002/gjic.201100017

Synthesis of Well-Dispersed Aqueous-Phase Magnetite Nanoparticles and
Their Metabolism as an MRI Contrast Agent for the Reticuloendothelial
System

Yujun Song,*!?l Ruixue Wang,PlIl:l Rong Rong, !l Jie Ding,?I*! Jing Liu, I+
Runsheng Li,**! Zhenghua Liu,!! Hao Li,®! Xiaoying Wang,*!! Jue Zhang,*!’! and
Jing Fang!®!

Keywords: Nanoparticles / Magnetite / Aqueous phase / Metabolism / Magnetic resonance imaging / Magnetic properties /

Reticuloendothelial system

Aqueous-phase Fe;O, nanoparticles (NPs), with a size of
9.8 = 3.0 nm, are directly synthesized by a modified iron salt
coprecipitation process, stabilized by the synergistic effect of
a combination of poly(vinylpyrrolidone) (PVP), trisodium cit-
rate (TSC), and maleic anhydride (MAH). These NPs show
good aqueous-phase dispersion stability and excellent super-
paramagnetic properties with a saturation magnetization of
48.0 emu/qg at a low magnetic field of 0.5 T. Their biocompat-
ibility and metabolism for application in magnetic resonance
reticuloendothelial system examinations are investigated by

using rabbits as animal models for the determination of opti-
mized dosage and diagnosis time for the enhanced imaging
contrast for the early diagnosis of diseases. Results indicate
that a significant darkening effect on the liver epithelial net
lymph tissue can be observed in less than 30 min, with about
20 % reduction of the spin-spin relaxation time of T, after
injection. A metabolism study on the NPs indicates that they
show little toxicity to the living organs examined, and finally
enter into the spleen without obvious retention in any related
organs after recycling for more than 2 d.

Introduction

Over recent decades,' superparamagnetic NPs have
been intensively investigated as magnetic resonance (MR)
T, and T,/T>* spin—spin relaxation contrast agents. Various
clinical and new imaging applications have been developed
for these NPs, including the imaging of reticule endothelial
systems such as the liver and spleen, perfusion imaging of
the brain and brain tumors, myocardium and kidney, MR
angiography, tumor vascular imaging, improved tumor de-
lineration, imaging of thrombus, detection of lymph node
metastases, magnetically labeled cell probe imaging, and
tracking of cell migration.'"#1 Although some have been
commercialized (e.g. Feridex, y-Fe,O3), new NPs (e.g.
Fe;04, CoFe, MnFe,O,) are in development for their en-
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hanced magnetic properties and stability, which can be used
to provide a high signal-to-noise ratio at lower dosages.!

Recent research has focused on creating customized
shapes and sizes of these new biocompatible species, which
can be absorbed by human cellular structures for medical
applications. For medical applications such as magnetic res-
onance imaging (MRI), magnetic drug targeting, hyper-
thermia, anticancer treatments, and enzyme immobiliza-
tion, the effectiveness may rely on generating well-dispersed
NPs with a narrow size distribution in aqueous solution.>~"]
Fe;0,4 NPs have been most promising as new MRI contrast
enhancers by greatly improving alternations of proton re-
laxation in the tissue environment at a low cost.’l After
serving their purposes in clinical diagnosis, these NPs can
then be captured and disposed of by the liver without ad-
verse effects.!

Various methods have been reported for the synthesis of
Fe;04 NPs, such as sol-gel techniques, reduction of hema-
tite by H,, coprecipitation from a solution of ferrous/ferric
mixed salts, microemulsion methods, thermal decomposi-
tion of organometallic compounds, microwave hydrother-
mal synthesis, and microwave plasma synthesis.!®% 1] These
methods may be able to prepare magnetite with controllable
particle sizes and shapes. Thermolysis of iron compounds
in organic solvents at high temperatures has been well de-
veloped for monodispersed Fe;O, NPs.5:12-131 However te-
dious, the solvent replacement process has to be carried out
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to transfer these organic-phase NPs into the aqueous phase,
which usually results in size and shape variations and poor
dispersion and stability.[>-¢1214 To date, direct synthesis of
well-dispersed aqueous Fe;O4 nanoparticles on a large scale
has met with very limited success. Success of large-scale
synthesis is desired for economical clinical possibilities.
Chemical coprecipitation is a convenient and economical
method that has the potential to meet the increasing de-
mand for the direct preparation of well-dispersed Fe;Oy4
nanoparticles in the aqueous phase.['>"!”1 Chemical copre-
cipitation can produce ultrafine, high-purity, stoichiometric
particles of single and multicomponent metal oxides.
Furthermore, if the process conditions such as solution pH,
reaction temperature, stirring rate, solute concentration,
and surfactant concentration are carefully controlled, oxide
particles of the desired shape and size can be produced.!'8]
In the development of new contrast agents for the early
clinical diagnosis of diseases, the metabolism of the NPs in
the body is a primary factor in the determination of opti-
mized dosage and diagnosis time for the highest contrast
images as well as their biosafety. In this article, a modified
mixed iron salt coprecipitation process has been developed
for the synthesis of well-dispersed Fe;O, NPs by using PVP
as the dispersion agent with TSC and MAH as costabilizers.
The resulting spinel magnetite nanoparticles, with a size of
9.8 +3.0 nm, exhibit good aqueous stability and excellent
superparamagnetic properties. From the administration of
these NPs into rabbits, the kinetics of the imaging contrast
of MR T, relaxation in different organs was observed and
recorded to examine the biocompatibility and response time
of these NPs as MRI contrast agents. The histopathological
slices of related organs at different recycling times are fur-

ther investigated to identify the metabolism and cytotoxi-
city of these NPs in the living organism by using rabbits as
animal models.

Results and Discussion

The synthesis of well-dispersed Fe;O4 nanoparticles with
excellent aqueous stability is essential for their clinical ap-
plication as MRI contrast agents. The mixed iron salt pre-
cipitation process has been developed for the synthesis of
Fe;O4 NPs, whose dispersion and stability in solution de-
pend on their surface coating agents (Scheme 1).15-°]

PVP and TSC are good dispersion agents, well developed
for NP synthesis by using a wet chemical process, due to
their good biocompatibility and aqueous dispersing abil-
ity.['>211 TSC has been used in the synthesis of water-solu-
ble iron oxide (Fe;0,4, Fe;O3) NPs.??l Here we used them
to synthesize well-dispersed aqueous stable Fe;O4 NPs.
However, they were unable to produce well-dispersed Fe;O4
NPs with the desired stability. When only PVP or TSC is
used as the dispersion agent, the NPs obtained settled out
of solution in less than 1 d. When PVP and TSC are used
in the reaction system together, the stability of the NPs is
only slightly improved. This instability is probably caused
by the magnetic attraction among the large NPs and the
weak binding between these dispersion agents and the sur-
face of the Fe;O4 NPs, which cannot prevent aggregation.
Considering the stabilizing ability of multichelating agents
and the surface chemical properties of Fe;O, NPs,[%2?] hy-
drophilic MAH, with its two carboxylic acid groups, may
improve the water stability of the NPs. However, it was
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Scheme 1. Procedure for the preparation of Fe;O4 nanoparticles by a modified chemical coprecipitation method stabilized by the syner-

gistic effect of PVP, TSC, and MAH.
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Figure 1. FTIR spectra of (a) standard bare Fe;Oy, (b) Fe;04 NPs coated with PVP, (¢) Fe;s04 NPs coated with PVP and TSC, (d) Fe;0,

NPs coated with PVP, TSC, and MAH.

found that when only MAH was used, the stability was not
greatly increased, probably due to its small molecular vol-
ume. Therefore, the three stabilizing agents were used to-
gether to test if they could increase the stability of the
Fe;O4 NPs. The result shows that the stability of the formed
NPs in water solution was greatly enhanced without any
noticeable precipitation for at least four weeks. In order to
examine the coating effect of MAH to the NPs, FTIR spec-
tra of bare Fe;O4 NPs (a), Fe;O4 NPs coated with PVP (b),
Fe;04 NPs coated with PVP and TSC (¢), and Fe;O, NPs
coated with PVP, TSC, and MAH were recorded and are
summarized in Figure 1.

The FTIR absorption for the bare Fe;O4 shows features
observed by other researchers, with characteristic peaks at
around 578 and 3411 cm™!, which can be assigned to the
lattice absorption of the Fe-O bond vibration and the
stretching vibrations of OH groups on the surface of the
Fe;04 NPs (Scheme 2A), respectively (Figure 1).2324 Some
peak position and width shifts are observed in different
samples, indicating the different binding effects of these sta-
bilizers on the surface of the Fe;04 NPs.[>*27] When using
PVP as the dispersing agent (Figure 1b), some new absorp-
tion peaks typical for PVP appear besides the peaks from
the Fe;0, (a sharp peak at 580 cm™' for Fe—O bonds and a
broad peak at 3417 cm™!' for OH groups) (Figure 1a). The
sharp peak at 1650 cm™ is from C=0O stretching in PVP,
and the peak at 1292 cm™! can be attributed to the stretch-
ing vibrations of the C-N bond in the amide group and the
two other C—N groups.?328-3% Peaks appearing at 2947 and
1439 cm™! can be attributed to the asymmetric stretching
vibration and the scissoring bending vibration, respectively,
of CH, groups in PVP2¥ Compared to the FTIR spectra
for pure PVP (Figure S1) and bare Fe;0,, the peak shifts
of the vibration bands of the carbonyl group, the vibrations
of OH, and the suppressed vibrations at 2947, 1439, and
1292 cm™! in the spectrum of the PVP-coated NPs suggest
that PVP is modified on the surface of the FesO, NPs by a
coordination interaction through the C=0 groups.?”! How-
ever, the similarity of these FTIR spectra in the 580-
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582 cm! region suggests that the coordination interaction
through the carbonyl groups is not very strong. There are
only some physical interactions (such as van der Walls
forces) and/or hydrogen bonds between PVP and the Fe;04
NPs. The redshift of the C=O stretch from 1682cm™! to
1651 cm™! in PVP (Figure Sla) is probably either due to the
reduced electron density from the interaction between the
C=0 bonds in PVP and the OH groups in the Fe;O, NPs
or the formation of hydrogen bonds between the C=0O
bonds and the OH groups, as shown in the stabilizing
mechanism of the synergistic effect by the three compounds
(Scheme 2B).

When TSC is added to the PVP-coated NPs (Figure 1c),
the FTIR spectrum has obvious differences to that of the
bare Fe;0,4 and the PVP-dispersed Fe;O4 NPs. The typical
peak for Fe-O vibration at about 578 cm™!' shifts to
621 cm™! due to the enhanced electron density from the in-
teraction of the COO  groups in TSC and the Fe d or-
bital.3!l The interaction is suggested by the replacement of
some OH groups in Fe;O, NPs by COO™ groups from TSC
(Scheme 2C). The two peaks at 1712 and 1757 cm™! in pure
TSC (Figure S1b) redshift to 1593 cm™!, with enhanced in-
tensity, and 1666 cm™!, with suppressed intensity, in the
NPs (Figure lc), respectively, suggesting the formation of a
complex between the carboxylate in TSC and the Fe;O,
NPs, as shown in the dashed circles in Scheme 2C; alterna-
tively, an oxygen atom in TSC could exchange with an oxy-
gen atom in Fe;O,4 to form an Fe;0;0CO complex. Com-
paring the corresponding peaks in pure TSC and PVP (Fig-
ure S1b), variations in the peaks, the enhanced peaks at
1281 and 1420 cm™!, and the suppressed peaks from 756—
1157 cm™! in the spectrum of the PVP-TSC-coated NPs can
be interpreted by a coordination interaction between TSC,
PVP, and Fe;0,.23-28-3%321 Peaks at 1281 and 1420 cm ™! are
due to stretching vibrations of C-O bonds and deformation
vibrations of COH bonds in TSC,*3 respectively, which are
increased in intensity by the interaction between TSC and
Fe;0, NPs and mixed with the peak at 1420 cm™' due to
the scissoring bending vibration of CH, groups and
3305
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Fes04 NPs

Scheme 2. Proposed synergistic stabilizing mechanism by the three compounds; (a) proposed bare Fe;O, NPs coated with hydroxy groups,
(b) proposed surface groups of PVP-coated Fe;O4 NPs, (c) proposed surface groups of PVP-TSC coated Fe;O4 NPs, (d) proposed surface

groups of PVP-TSC-MAH coated Fe;04 NPs.

1292 cm™! for the stretching vibrations of the C-N bonds
in PVP-coated Fe;O4 NPs. The low-intensity peak at
1081 cm™! is attributed to the stretching vibration of C—C
or C-O groups in TSC and the C-C backbone in the
PVP.33 The weak peak at 1157 cm ™! suggests that there are
probably some C-O-C bonds formed in the PVP-TSC-sta-
bilized Fe;O, NPs.?3 These results indicate that some ef-
ficient coordination interactions between the stabilizers and
the FesO4 NPs can be formed by the combination of PVP
and TSC. Our experiment suggests that the stability of the
Fe;O4, NPs coated by TSC and PVP is significantly in-
creased, and these NPs are stable in their mother aqueous
solution for 3-4 d. However, this does not satisfy the sta-
bility requirement for commercialized clinical testing of at
least several months.

On the basis of the proposed stabilizing mechanism
(Scheme 2) and the FTIR differences between the PVP-
3306
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coated NPs and TSC-PVP-coated NPs, the enhanced aque-
ous stability for TSC-PVP-coated NPs is probably from the
directed formation of Fe;O;0CO groups as well as the
other coordination interactions (e.g. hydrogen bonds) be-
tween the stabilizers and the Fe;O, NPs. Therefore, the sta-
bility can be further improved if more Fe;0;0CO com-
plexes are formed. Considering this, MAH was added into
the PVP- and TSC-coated NP solution, which gave an en-
couraging result. The Fe;O4 NPs formed show high aque-
ous stability, without any traceable aggregation and precipi-
tation after leaving the solution undisturbed for at least four
months. As indicated by significant differences between the
FTIR spectra (Figure 1d), there is a strong interaction be-
tween the MAH and the NPs. After the addition of MAH,
the peaks at 575-845, 1076, 1292, 1439, 1651, 2877-2958,
and 3444 cm™! are far broader, suggesting a strong syner-
gistic effect between the three dispersion agents. The peak
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at 574 cm™! (Figure 1d) representing the Fe—O bonds in the
NPs becomes broadened and splits into two peaks at 575
and 644 cm™'. This broad peak also merges with that at
845 cm™!, which represents the stretching vibration of CCO
groups from MAH or TSC.*¥ These results suggest that
the Fe-O bond in the bare Fe;0, becomes indistinct, mean-
ing that the interface between the surface of the NPs and
the stabilizers becomes unclear due to the MAH incorpora-
tion, or that strong bonds are formed among the NPs and
stabilizers. The peak at about 1651 cm™' (Figure 1d) be-
comes extremely strong and broad, merging the vibrations
of C=0 bonds from all of the stabilizers, indicating the for-
mation of strong bonds between the carboxylate groups in
the stabilizers and the Fe;O4 NPs after the addition of
MAH.B2 By comparing the intensities and shapes of these
peaks appearing in Figure 1, this complexation is mainly
attributed to the strong chelating effect of the carboxylate
group bonding to the FesO4 NP surfaces. There may be
three main ways of chelating between MAH and Fe;O4 NPs
during addition of MAH into the aqueous solution of NPs
due to the hydrolysis of MAH. The strongest chelation can
occur when both of the carboxylate groups in MAH coordi-
nate to the Fe;O, NPs, and the oxygen atoms in MAH ex-
change with the oxygen atoms in Fe;O, before they hy-
drolyze into acids, as shown in the dashed squares in
Scheme 2D. The second way of chelating can occur when
only one carboxylate group in MAH coordinates to Fe;O4
and the other will coordinate with the OH group on the
surface of the Fe;04 NPs, as shown in the dashed ellipse in
Scheme 2D. The weakest chelation may occur when both of
the carboxylate groups in MAH coordinate with the OH
groups on the surface of the FesO, NPs, as shown in the
dashed circle in Scheme 2D. The effect of MAH on the co-
ordination between the stabilizers and the Fe;O, NPs can
be further evidenced by the peak at 1292 cm™!, which is
caused by enhanced C-N bonds in PVP, the C-O bonds in
TSC and/or MAH by the interaction between the carboxyl-
ate groups in PVP, MAH, and TSC. This strong, broad
peak indicates a strong interaction, most probably caused
by the formation of hydrogen bonds between the stabilizers
(see the arrows in Scheme 2D; dashed line: typical hydrogen
bonds between TSC and PVP; solid line: typical hydrogen
bonds between MAH and TSC or PVP). The broad peak
at 1439 cm™! can be ascribed to symmetric COO™ stretches
from the combination of TSC and MAH.?* The new broad
peak at 1076 cm™! represents the C=C bonds existing in
MAH and/or the vibrations of C—-C and C-O bonds from
the TSC or PVP.33 The broadened peak at 3444 cm™! indi-
cates that more OH groups exist in the coated Fe;O4 NPs
after addition of MAH, endowing the Fe;O, NPs with a
higher hydrophilicity. The stronger peaks appearing from
2877 cm™! to 2958 cm™! in the NPs (Figure 1d) primarily
result from the CH, asymmetric stretching and CH; sym-
metric stretching vibration of PVP and/or TSC being affec-
ted by MAH, which in turn shows a high interaction with
the other stabilizers.

The Fe;O4 NPs stabilized only by the combination of
PVP and MAH were also examined. Their stability was

Eur. J. Inorg. Chem. 2011, 3303-3313
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found to be similar to that of NPs stabilized by PVP alone,
or by the combination of PVP and TSC. They do not show
high aqueous stability, and the NPs settle in less than 3 d.
Therefore, the high aqueous stability of the NPs stabilized
by the combination of PVP, TSC, and MAH is clearly a
result of a synergistic effect between the three stabilizers.
Here, MAH can chelate with Fe;O, by forming some strong
bonds as an inner-layer stabilizer. TSC may provide the NPs
with more COO™ groups to increase their hydrophilicity
and/or modify the surface charge of NPs as the stabilizer
in the middle layer. These NPs can be further dispersed and
protected by the macromolecules of PVP as an outer layer,
which prevents the NPs from approaching each other and
aggregating. Enough hydrogen bonds formed between these
stabilizers and the OH groups in Fe;04 NPs will construct
an efficient molecular interconnection surrounding the
Fe;04 NPs, which will significantly increase the stability of
the Fe;O4 NPs in aqueous solution together with the strong
chelating effect of MAH (Scheme 2D).

In order to further confirm that the stabilization is a re-
sult of synergistic effects between PVP, TSC, and MAH on
the surface of the NPs, thermogravimetric analysis (TGA)
measurements of the NPs were conducted to reveal if they
were bound on the surfaces of the Fe;04 NPs. As shown in
Figure 2, the TGA data show four weight loss stages. The
weight loss below 120 °C is due to removal of moisture (ab-
sorbed and bound water, approximately 7 wt.-%) from the
sample. About 13 wt.-% weight loss in the second weight-
loss stage from about 200 °C to 380 °C is due to the decom-
position of TSC,P®! and about 37 wt.-% weight loss in the
third weight-loss stage from 380 °C to 580 °C is caused by
the decomposition of PVPE It is known that maleic acid
can become MAH by losing H,O on heating. The MAH
containing a double bond and an anhydride group can ex-
perience addition and condensation polymerization at ele-
vated temperatures to form dimers (e.g. exo-7-oxabicy-
clo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride) and other
condensed copolymers with high thermal stability.[37-38]
Hence, it can be concluded that the fourth weight-loss stage
is probably from the formed dimers or other condensed co-
polymers of MAH, which will decompose at a higher tem-
perature than MAH, PVP, and TSC, and occupies about
15 wt.-%. Results from the TGA analysis suggest that the
surfaces on the NPs are coated by the mixture of PVP, TSC,
maleic acid, and the derivatives of maleic acids. Since the
NPs undergo a thorough washing step, it can be concluded,
from comparison of the amounts of each of the chemicals
used in the reaction, that most of the TSC and the majority
of PVP are washed out, and most of the MAH is bound to
the surface of the NPs. If the amounts of these three chemi-
cals added in the reaction solution are compared, it is obvi-
ous that the coating efficiency relative to the total amount
of each chemical used follows the sequence of MAH > PVP
> TSC. Although the FTIR results indicate that TSC may
coordinate with Fe;O, NPs more intensively than PVP, the
whole chain of one PVP molecule may adhere to the surface
of Fe;O, NPs more tightly than one TSC molecule due to
the many C=0O groups in one PVP molecule (PVP mole-
3307
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cules are not shown in their entirety in Scheme 2B for sim-
plicity). Thus, it can be deduced that most of the MAH and
some of the PVP are tightly bound on the surface of the
NPs, and only a small amount of the TSC is bound on top.
Therefore, a greater amount of MAH can chelate to the
surface of the NPs, compared to the amount PVP, and these
are much larger amounts than that of TSC. However, the
experimental results show that MAH cannot stabilize the
NPs without PVP and TSC. The PVP and TSC attached
on the surface of the NPs may play roles, such as creating
steric hindrance and charge repulsion, which keep the NPs
from aggregating. In addition, hydrogen bonds can be
formed between MAH and TSC or PVP, which will further
stabilize the NPs as shown in Scheme 2D. The TGA result
gives additional evidence for the synergistic effect between
the PVP, TSC, and MAH on the stabilization of these NPs.
Further experiments are being performed to elucidate a de-
tailed and more reasonable stabilizing mechanism based on
the synergistic effect.
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Figure 2. TGA curve of Fe;O4 NPs.

The synergistic effect of the three stabilizers gives the
NPs good dispersion in aqueous solution as shown by their
TEM images [Figure 3(a)], which show well-separated NPs

LS SR
Diameter (nm

Fe/O

2.62 (wi ratio)

with little aggregation. The size of the NPs, based on 472
NPs, is calculated as 9.8 = 3.0 nm with a size standard devi-
ation of about 31 %, whose histogram is shown inset in Fig-
ure 3(a). The mass ratio of Fe/O in the NPs after thorough
washing is measured as 2.62 by energy-dispersive X-ray
analysis (EDS) [Figure 3(b)], which is almost the same as
the stoichiometric Fe/O mass ratio in Fe;Oy4 (2.618). The
selected-area electron diffraction (SAED) pattern for these
NPs gives dotted rings [inset in Figure 3(c)], suggesting that
these NPs have good crystallinity. Analysis of the d-spacing
of these rings suggests that the dotted rings represent the
Bragg reflections of [111], [220], [311], [400], [422], [511],
and [440] crystal planes from the inner ring to the outer
one [Figure 3(c)], giving the iron oxide NPs a standard face-
centered cubic (fcc) spinel Fe;Oy, crystal structure.333%1 Dif-
fraction from the [222] plane near to the strongest diffrac-
tion from the [311] plane cannot be clearly discerned in the
SAED pattern due to the weak diffraction intensity and/or
the merging effect from the nearby strong diffraction plane
[311].1433-31 The high-resolution TEM (HRTEM) image
for one typical single FesO, NP [Figure 3(d)] confirms its
perfect crystallinity by showing crystal lattice fringe spac-
ings of around 4.72 A and 2.83 A, corresponding to the
[111] and [220] lattice planes in cubic Fe;O, NPs.?°1 The
SAED pattern [inset in Figure 3(d)] of this single Fes0, NP
shows uniform bright diffractive dots, with the structure
analysis being consistent with the result from its HRTEM
image.

The XRD of the Fe;O, NPs was recorded to further elu-
cidate their crystal structure and to estimate their size. As
shown in Figure 4, the XRD pattern indicates that these

Figure 3. (a) Typical TEM image of the Fe;04 NPs; the inset shows a histogram of the size distribution of Fe;O04 NPs (average diameter:
9.8 3.0 nm), (b) EDS of Fe;04 NPs, (c) electron-diffraction pattern of an ensemble of Fe;O4 NPs, (d) HRTEM image of a typical single

crystal of Fe;O4 NPs with distinct crystalline lattices.
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Figure 4. XRD characterization of the synthesized Fe;O4 NPs.

NPs preserve the typical features of the magnetite spinel
phase, with a series of characteristic peaks at 20 = 17.96,
29.85, 35.27, 37.16, 42.76, 53.36, 56.64, 62.47, 70.58, 74.34,
79.20, 86.60, and 89.86°, which correspond to [111], [220],
[311], [222], [400], [422], [511], [440], [620], [533], [444], [642],
and [731] Bragg reflections, respectively, agreeing with the
standard magnetite (Fe;04) XRD JCPDS file (PDF No. 79-
0419) by comparison with other iron oxide compounds
[Fe(OH);, hematite, maghemite, and goethite].3*4% The d-
spacing for [111], [220], [311], [400] [422], [S11], [440], and
[533]crystal planes is calculated to be 4.93, 2.99, 2.54, 2.11,
1.72, 1.62, 1.48, and 1.28 A, respectively. The first two are
near to the measured values for the single-crystal HRTEM
characterization in Figure 3d, and the latter seven are very
near to those for standard Fe;0,4: 2.966, 2.53, 2.096, 1.712,
1.614, 1.483, and 1.279 A.#1 Although small traces of
maghemite or hematite cannot be totally ruled out by the
XRD, SAED, or HRTEM characterization, these results
identify that the iron oxide NPs are mostly of the magnetite
cubic spinel phase. The size, calculated by the Sherra equa-
tion*?! from the identified XRD peaks, is 9.4 + 2.4 nm, al-
most the same as that observed from the TEM images.
The long-term stability of the aqueous Fe;O4 NPs was
also investigated. Results suggest that they can remain well
dispersed in aqueous solution, as shown in Figure 3(a),
even after being stored at room temperature for several
months, evidenced by very little change in their dynamic
diameters of around 38.0 = 5.7 nm and in their Zeta poten-
tials of about —32.6 £ 6.7 mV measured by dynamic light
scattering (DLS) and Zeta-potential analysis (BIC DB-525,
USA) before and after storage at room temperature for
more than three months. The real diameters of those NPs
after storing for three months are around 10.2 = 3.0 nm de-
termined by TEM images, which is almost the same as
those initially prepared. The larger dynamic diameters than
the real diameters obtained by TEM is a result of the for-
mation of NP aggregates in aqueous solution, which is very
common for NP solutions. The excellent aqueous stability is
probably due to the synergistic effect of the three stabilizers.
Magnetic measurements of these ultrasmall NPs were
conducted, and the room-temperature magnetization data
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is shown in Figure 4. The hysteresis loop shows that for
these Fe;O4 NPs the saturation magnetization is 48.0 emu/
g with an applied magnetic field of 5000 Oe (0.5 T), and
there is a very small coercivity (< 30 Oe) at room tempera-
ture (Figure 5). The nonzero coercivity is probably caused
by the aggregation of the NPs during precipitation, drying,
and sample preparation, which may result in a fraction of
large ferromagnetic particles. Generally, the results indicate
that these NPs show excellent superparamagnetism with a
low saturation field and a high susceptibility if well dis-
persed in aqueous solution, which are very promising char-
acteristics for NPs to be used as MRI contrast agents with
a rapid response at low magnetic fields.
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Figure 5. Hysterisis loop of the Fe;04 NPs at room temperature.

In the development of new magnetic contrast agents for
the clinical diagnosis of diseases, the contrast enhancing ef-
fects, biosafety, and metabolism of these magnetic nanopar-
ticles in living tissue are preliminary issues in the determi-
nation of the optimized dosage and diagnosis time for high-
contrast imaging in precisely discovering disease.lll Al-
though previous investigations have shown little toxicity
and no significant side effects for Fe;04 NPs as MRI con-
trast agents,!! 3891530 it is still important to investigate
and understand the pathway, distribution, and metabolism
time for these newly synthesized NPs in vivo, particularly
for these aqueous-phase NPs stabilized by the surface coat-
ing of the three chemicals.
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Here, the contrast-enhancing effects and the response
time of these newly synthesized stable FesO, NPs as MRI
contrast agents to image the liver epithelial cells in the rab-
bit model are firstly examined in vivo. Results at the early
stage after injection (the first half hour) are shown in Fig-
ure 6. Significant darkening of the liver epithelial cells can
be observed within 26 min after injection, with 7, reduced
from 9.30 £0.89 ms to 7.52 = 0.83 ms, which is about 20%
reduction, indicating a much rapid in vivo response to these
NPs by the liver of the model rabbit. Clearly, a significant

gallbladder

liver signal loss can be observed after the FesO, NP injec-
tion, and the course of uptake and clearance of iron in the
liver can be observed by MRI.

In order to reveal the duration period with the optimized
imaging contrast enhanced by these Fe;O4 NPs for the clin-
ical manipulation, long-term observation (ca. 12 h) of the
signal intensity of the MR images was conducted by im-
aging the live epithelial cells in the model rabbit’s liver be-
fore and after injection of Fe;O, NPs with a dosage of
15.2 mg Fe/kg rabbit. Each 2 h the MR images were re-

(c)

Figure 6. MR images of the rabbit liver before and after injection of Fe;O4 nanoprobes at a dosage of 0.68 mg Fe per kg rabbit at the
early stage: (a) before injection, (b) 20 min after injection, (¢) 26 min after injection. The results suggest that 7> is reduced from

9.298 +0.893 ms to 7.517 = 0.830 ms, approximately 20% reduction.

3 | 1)
“'_"" 0.30 _\Bcfm‘c Injection
‘'z The first scan. 5 mins
g 0.20 - after injection
=
£ 0.10
=
0.00 ! S R W PO M !
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Figure 7. Long-term observation of contrasts in MR images of the rabbit liver at an injection dosage of 15.2 mg Fe per kg rabbit: (a)
before injection of the Fe;O4 nanoprobes, (b) first scan at about 5 min after injection, (¢) 2 h, (d) 4 h, (¢) 6 h, (f) 8 h, (g) 10h, (h) 12h
after injection. The relative signal intensity (SI; ratio of the signal of the liver and of normal saline) in 7 weighted imaging (WI) [red
circles in (a)—(h)]: SI liver/SI NPs of the liver after injection of Fe;O, NPs changes continuously with time passed and is summarized in

(j), showing the lowest point after injection.
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corded and are shown in Figure 7(a)-(h); a normal saline
solution was used as the standard signal intensity during
image recording. A significant darkening of the liver epithe-
lial cells was observed [Figure 7(a)—(h)] in the first 4 h. The
time/signal curve was drawn to describe the signal change
before and after Fe;04 NP injection [Figure 7(j)] for the du-
ration time of 12 h. The general trend of the changes is that
the signal declines quickly and then elevates with the nadir
at 2 h. Even in the first scan [Figure 7(j)], performed at
around 5 min after injection (including the injection and
handling time to transfer the rabbit to the machine), the
relative liver signal intensity was reduced from 0.33 to 0.16
as Smin is enough for several cycles of blood recycling in
the rabbit. This result indicates that our Fe;O4 nanoprobes
are very sensitive and have a good biocompatibility, and
can be taken up by the liver rapidly to darken the targeting
sites and increase the contrast of MR images. Then the sig-
nal is reduced to its minimum at 2 h after injection, suggest-
ing that the uptake of FesO4 NPs by the liver reaches satu-
ration. After the nadir, there is a relatively slow signal in-
crease, suggesting that the Fe;04 NPs are released from the
liver by blood recycling. A relatively rapid increase between
4h and 6 h occurs, meaning that the release of the Fe;0,
NPs becomes faster after an induction period. Finally, a
normal signal level is approached slowly 12 h after injec-
tion. The shape of the curve of the signal changes is a quasi-
inverted parabola. These findings demonstrate that the liver
takes up the maximum amount of Fe;O, NPs 2 h after in-
jection. Thus, the time that the liver takes up the maximum
concentration of Fe;O, NPs can be determined as approxi-
mately 2 h after the Fe;04 NP administration. The maxi-
mum amount of the Fe;04 NPs the liver takes up will result
in the lowest signal of the liver in the MR image [Fig-
ure 7(c)]. Although the liver begins to eliminate the NPs
after 2 h, it is found that the release of the NPs from the
liver experiences a slow process for the next 2h [Fig-
ure 7(d)], and then a much rapid removal process in the
following 2 h [Figure 7(e)—(h), Figure 7(j)]. The early two
time points are crucial in clinical manipulation. It indicates
that the optimized MR imaging of the liver can be obtained
at 2 h after administration. At this time point, the imaging
contrast is the best owing to the lowest signal intensity of
normal liver background and relative highest signal inten-
sity of any lesions. In addition, there are still at least two
additional hours of clinical manipulation available to record
the MR images at a high enough enhanced contrast after
injection for 2 h. Four hours after injection, as the rapid
clearance of the iron starts, the signal intensity of the liver
is increased rapidly over the following 2 h.

Because the Fe;O,4 NPs contain iron ions, its distribution
in vivo may have a relationship with the metabolism of iron
in the body. The distribution and duration of these NPs in
different organs of the model rabbits were further tested for
their metabolic behavior as a contrast agent. Liver, spleen,
kidney (not shown in this article), and bone marrow tissues
were isolated and evaluated 2 or 3 d after administration of
the Fe;O04 NPs (Figure 8). The histopathological character-
istics of these organs with hematoxylin—cosin staining were
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tested and analyzed. Positive results were found only in the
spleen [arrowed in Figure 8(b)]. This result indicates that
the Fe;O4 NPs do not show any weak toxicity to the organs
tested and finally enter into the spleen without obvious re-
tention in any related organs after recycling for 2 or 3 d.

e

- ‘ ‘.‘.‘ _-.

| S

Figure 8. Results from the pathological analysis of tissue slices after
Prussian blue dyeing: pathological slice of (a) liver, (b) spleen, (c)
bone marrow.

When the iron is transferred into the spleen, it is impor-
tant for iron recycling by splenic macrophages of the red
pulp. Erythrophagocytosis is important for the turnover of
erythrocytes, and recycling of iron is an important task for
splenic macrophages, in conjunction with the liver. Iron that
is not used or released by a cell is stored as ferritin, which
is a cytosolic protein. For the storage of large amounts of
iron in a cell, ferritin can aggregate into haemosiderin,
which is an insoluble complex of partially degraded ferritin,
deposits of which can be easily observed in red pulp macro-
phages [Figure 8(b)]. Erythrocytes are hydrolysed in the
phagolysosome of macrophages, from which heme is re-
leased after the proteolytic degradation of hemoglobin.
Heme is then further catabolized into biliverdin, carbon
monoxide, and ferrous iron (Fe?*), after which the iron is
either released from the cells or stored. Although the white
pulp is organized as lymphoid sheaths, with T- and B-cell
compartments, around the branching arterial vessels, it
3311
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closely resembles the structure of a lymph node.[*>*4 For
the function of the spleen, it is well known that the red pulp
of the spleen is responsible for iron recycling.[*¥ It is also
known that iron recycling occurs intracellularly, and iron
can be stored in the spleen for a long time. Hence, in our
study, after 12 h, 24 h, and 3 d following administration of
the Fe;O4 nanoparticles, the iron can be seen depositing in
the splenic macrophages in the red pulp on the histopatho-
logical slice.

Conclusions

Ultrasmall, aqueous-phase, magnetite (Fe;O04) NPs, with
a size of 9.8 = 3.0 nm, have been successfully prepared by a
modified iron salt coprecipitation process using PVP, TSC,
and MAH as stabilizers. The synergistic effect from the
combined stabilizers endows these NPs with good aqueous
dispersion stability and excellent biocompatibility. These
NPs have excellent superparamagnetic properties at room
temperature, with a very low coercivity and a high satura-
tion magnetization at low-saturation magnetic fields. They
express significant enhancement in the MRI images of the
liver epithelial cells in the living animal with an optimized
clinical manipulation period for at least 2 h after injection
and have no obvious toxicity for the organs examined in
the animal model. As newly developed MRI contrast
agents, they have the ability to target the liver epithelial re-
ticular lymph nodes as evidenced in the in vivo study of
liver cells in the rabbit models. This kind of magnetic nano-
probe could potentially be used as an MRI contrast agent
for early diagnosing of lymphoma node metastasis and liver
cancer.

Experimental Section

Synthesis of Stable Fe;O, Nanoparticles: All chemicals were Ana-
lytical Reagent grade, purchased from the Beijing Chemical Rea-
gent Co. Ltd., and used as received. The reactions were carried out
under nitrogen with vigorous stirring. The process for preparing
Fe;04 NPs by controlled chemical coprecipitation is illustrated in
Scheme 1. The PVP-dispersed iron salt solution was prepared by
mixing PVP (10.0 g, 0.0033 mol), FeCl5-6H,O (0.676 g, 2.5 mmol),
and FeCl,-4H,0 (0.343 g, 1.73 mmol) in nanopure water (300 mL).
The mixture was heated to 60 °C and stirred vigorously by sonic-
ation. NH4OH solution (58 mL, 16 vol-%; concentration of origi-
nal NH,OH: 25%) was added dropwise and stirred vigorously for
30 min. To the resulting black solution was added dropwise a TSC
solution (200 mL, 10.0 g, 34.0 mmol) over 30 min. MAH (50 mL,
0.3 g, 3.1 mmol) was then added dropwise over 20 min. After ad-
dition of the MAH solution, the mixture was heated to reflux for
2.5 h. The reaction was quenched with ice-cold water. The resulting
black solution was centrifuged at 15000 rpm to permit the Fe;O4
NPs to settle out of the solution. The supernatant was decanted,
and the same volume of nanopure water was added into the bottle,
which was sonicated to form a uniform solution of NPs. This solu-
tion was centrifuged again at 15000 rpm, the supernatant was de-
canted again, and the black slurry was collected. Some of the slurry
was dried at room temperature to obtain the Fe;O4 NPs as a black
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powder and the remainder of the slurry was redissolved in nano-
pure water and stored in a refrigerator for future use.

Composition and Structure Characterization of Magnetite Nanopar-
ticles: The surface coatings of the Fe;O, NP complexes (Fe;O,4
coated by PVP, Fe;0,4 coated by PVP and STC, Fe;04 coated by
PVP, STC, and MAH) were analyzed by FTIR (Thermo Nicolet
nexus 670 spectrometer) to investigate the reason for the stability
of the NPs, by comparison with the spectrum for the naked
Fe;0,4.25:263% Thermogravimetric analysis (TGA, Q5000, TA in-
strument Inc., USA) was used to analyze the weight loss of the
NPs at elevated temperatures as additional evidence of their surface
coating by the three stabilizers. EDS was used to characterize the
Fe/O ratio in the washed Fe;O, NPs. The size, size distribution, and
morphology of the NPs were examined by using HRTEM (JEOL-
2010F) with a 200 kV field emission gun, coupled with an SAED
device that was used to identify the crystal structure of the NPs.
The NP solution was drop-cast onto a 200 mesh copper grid (Ager
Scientific Ltd, UK), and the grid was air-dried at room temperature
before being loaded into the microscope. XRD (RINT2000, Cu
Target, 40 kV, 40 mA, 4 = 1.54056 A) was employed to confirm
the crystal structure and the size of the Fe;O, NPs. The magnetic
properties of the Fe;sO4 NPs were studied with a vibrating sample
magnetometer (Lakeshore-7307, USA). The magnetization of the
encapsulated particles vs. the applied field at room temperature
(300 K) was measured with a maximum applied field of 20 kOe.

MR Imaging: MRI experiments were performed by using normal
white rabbits weighing 3.0 kg. The experimental protocol was ap-
proved by the animal care committee at Peking University First
Hospital. Animals were allowed food and water ad libitum. A solu-
tion of FesO4 NPs (10 mL, 6.3 mg/mL) was injected into a vein into
a rabbit at a dosage of 15.2 mg Fe per kg rabbit with an intravenous
injection of sodium phenobarbital (1.5 mL, 2%) for anesthesia at
0.5mL per kilogram of body weight. Sequential MRI was per-
formed every 2 h for 5-10 min after Fe;O, NPs administration, to
record the signal change of the liver, until the lowest signal point
appeared. The MRI was performed at 0-12 h by using a 3.0 T mag-
netic resonance imager (3.0 T, Sigma, GE Medical Systems. Mil-
waukee, WI, USA) with a knee coil to improve resolution. After
routine localization images were obtained, coronal and axial 7>-
weighted spin-echo images were obtained (repetition time/echo
time = 3400 ms/85.6 ms; echo train length = 18; section thickness
=3 mm; field of view = 18 cm; matrix, 320 X 256; number of signals
acquired = 3). The total number of rabbits used was four, and one
died during anesthesia.

Cytotoxicity and Metabolism Studies of NPs: 2 d after injection of
the NPs, the rabbits were injected with a lethal dose (90 mg/kg body
weight) of sodium pentobarbital. The liver, spleen, kidney, and
bone marrow were isolated. The harvested organs for each rabbit
were placed in individual trays for processing, and tray numbers
were recorded. The dissected organs were fixed with 10% formalin.
The organs were then embedded in paraffin and prepared sections
(approximately 5 pm thick) taken at 0.5 mm intervals were stained
with Prussian blue, and the bone marrow was stained with hema-
toxylin/eosin for microscopic examination by a pathologist. The
pathologist examined the organs for the presence of iron in the
cells, represented by a blue color in the slice.

Supporting Information (see footnote on the first page of this arti-
cle): The measured FTIR spectra for the pure poly(vinlypyrroli-
done) (PVP), trisodium citrate (TSC) and maleic anhydride (MAH)
used in the experiments are presented.
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