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Ultrasmall PEGylated Mn,Fe;_, 0, (x = 0-0.34)
nanoparticles: effects of Mn(i) doping on T,4- and
T>-weighted magnetic resonance imaging+t

Lijing Wang,? Qiong Wu,? Su Tang,? Jianfeng Zeng,” Ruirui Qiao,” Pan Zhao,?
Yuan Zhang,® Fengqin Hu*® and Mingyuan Gao®

We report a facile synthesis of water-soluble, ultrasmall, PEGylated Mn,Fes_,O4 nanoparticles (MFNPs)
(x = 0-0.34) and the Mn(i) doping effects on T;- and T,-weighted magnetic resonance imaging (MRI).
By adjusting the reaction conditions, the ‘x’ value can be continuously tuned from 0 to 0.34. The
produced MFNPs are of high crystallinity and size uniformity with an average diameter of ~6 nm, which
show excellent colloidal stability in H,O, PBS, and tolerate a high salt concentration (1 M NacCl) and a
wide pH range from 7 to 11. The results of FTIR demonstrate that both HOOC-PEG-COOH and TEG
were modified on the nanocrystal surfaces. The saturation magnetization of the MFNPs gradually
increases with increasing Mn?* concentration and reaches 75.5 emu g~' for x = 0.34. Careful
investigation of the Mn(i) doping effects on T;- and T>-weighted MRI reveals that T, contrast effects are
enhanced while T; contrast effects are weakened with the increase of the ‘x' value of the MFNPs.
Furthermore, the T contrast effects of the MFNPs are concentration dependant. A concentration which

www.rsc.org/advances

1. Introduction

Magnetic resonance imaging (MRI) is among the best nonin-
vasive methodologies today in clinical medicine for assessing
anatomy and function of tissues. The MRI technique offers
several advantages such as excellent temporal and spatial
resolution, the lack of exposure to radiation, rapid in vivo
acquisition of images, and long effective imaging window."
However, MRI is much less sensitive than nuclear medicine or
fluorescence imaging when used to monitor small tissue
lesions, molecular activity, or cellular activities."** Therefore,
searching for ultrasensitive contrast agents has drawn a lot of
attention during the last decade.

Compared with the conventional paramagnetic agents,
nanoparticle-based contrast agents have a number of advan-
tages due to their nanoparticulate structures: (1) the magnetic
properties of the agents can be tailored by size, shape, compo-
sition and assembly; (2) the nanoparticulate agents show
tunable cellular uptake; (3) the agents have large specific
surface areas that facilitate conjugation with targeting
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is lower than 0.500 mM is needed for the MFNPs to act as T; and T, dual contrast agents at 3 T.

molecules and other probes for achieving targeting and multi-
modal agents, and (4) the nanoscale dimension, adjustable
surface structure and shape of the agents allow varying and
favorable biodistribution. Among the different kinds of
magnetic nanoparticle contrast agents, magnetite (Fe;O,)
nanoparticles (NPs) are the most widely studied for their high
saturation magnetization and biocompatibility.”** Recently,
M,Fe; O, (M = Mn, Co, Ni, Zn, 0 < x = 1) NPs were demon-
strated as potential MR contrast agents as the magnetic
configurations of the NPs can be molecularly engineered to
provide a wide range of magnetic properties by adjusting the
chemical identity and the M** doping level.”>*® Among these
ferrite NPs, Mn,Fe;_,O, NPs (MFNPs) have been proved to be a
good candidate as they have higher magnetization than
magnetite NPs and other metal-doped iron oxide NPs such as
cobalt ferrite and nickel ferrite. More importantly, MFNPs have
stronger MR contrast effect than magnetite NPs in T,-weighted
images with much higher transverse relaxivity.'*'” However, for
T, MR contrast applications, their negative contrast effect and
magnetic susceptibility artifacts sometimes might induce false
diagnosis. Therefore, the development of T; or T; + T, dual-
contrast MR contrast agents based on magnetic nanoparticles
has become a hot topic.'*?*” To the best of our knowledge, there
are few reports on the Ty contrast effects of the MFNPs.”**
Systematic investigation of T; contrast effects of the MFNPs and
evaluation of their performance as T; + T, dual-contrast MR
contrast agents are desired.

This journal is © The Royal Society of Chemistry 2013
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Thermal decomposition has been considered as one of the
most effective methods for the synthesis of MFNPs.'»*3%3* Sun
et al. developed a convenient organic phase process of making
monodisperse MFNPs through the reaction of Fe(acac); and
Mn(acac),, with 1,2-hexadecanediol in the presence of oleic acid
and oleylamine."” To make the as-prepared MFNPs water-
soluble, sophisticated post-preparative processes have been
adopted. For example, Weller and coworkers reported three
different approaches, including ligand exchange of oleic acid
using water-soluble polymer, coating of individual MFNPs with
amphiphilic polymer, and embedding the MFNPs into lipid
micelles, to achieve the water solubility of the MFNPs.*> Up to
present, there are still several obstacles for the preparation of
high quality MFNPs. First, most of the MFNPs prepared by this
approach are only soluble in organic solvents, thereby limiting
their biological applications. In this case, sophisticated post-
preparative processes have been devoted to making the particles
water-soluble and biocompatible.**** However, these processes,
in some cases, could significantly increase the overall size of the
MFNPs, leading to limited tissue distribution, penetration, and
metabolic clearance of the MFNPs.** Second, the molar ratio
between manganese and iron, i.e., the ‘x’ value in the MFNPs, is
difficult to control through varying the ratio of initial precur-
sors. Fe(acac); [iron(ur) acetylacetonate] and Mn(acac), [man-
ganese(n) acetylacetonate] are generally used as metal
precursors in the preparation of MFNPs. The thermal decom-
position temperatures of Fe(acac); and Mn(acac), are 186 °C
and 249 °C, respectively.*® The huge difference between the
decomposition temperatures makes it difficult to precisely
control the chemical composition of the MFNPs.?>3%%7

In this paper, we report a facile one-pot reaction to synthe-
size monodisperse, water-soluble, ultrasmall (~6 nm) MFNPs
with excellent colloidal stability. The effects of preparation
conditions (reaction time, metal precursor concentration, and
heating procedure) on ‘x’ values were investigated, and the ‘x’
values were successfully tuned from 0 to 0.34 by adjusting the
conditions. The Mn*" doping effect on r; and r,, T; and T, MR
contrast effects was also investigated. MR phantom experi-
ments demonstrated that the T; contrast effects of the MFNPs
are concentration dependent due to their high T, contrast
effects. As the Fe + Mn concentration of the MFNPs is lower than
0.500 mM, they present good T; and T, dual modal MR contrast
effects at a magnetic field strength of 3 T.

2. Experimental details
2.1 Synthesis of the MFNPs

MFNPs were prepared through modifying the procedure we
have developed for the synthesis of high-quality Fe;0, NPs.” A
typical synthesis to produce Mng ,,4Fe, ;04 NPs is as follows:
2 mmol Fe(acac); (99.9+%, Aldrich), 1 mmol Mn(acac),
(Aldrich), 6 g HOOC-PEG-COOH [poly(ethylene glycol) bis(car-
boxymethyl) ether, Aldrich, 600 g mol '] and 25 ml TEG
[tetra(ethylene glycol), 99%, Aldrich] were mixed and purged
with nitrogen. The reaction mixture was magnetically stirred at
~100 °C until all of the reagents were completely dissolved into
the solvent. Then, the mixture was heated to 210 °C and kept for
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2 h. Afterwards, the reaction solution was heated to reflux
(~287 °C) and kept at that temperature for 1 h. The preparation
of Mn, ,,Fe, 540, and Mn, ,¢Fe, 7,0, NPs was similar to that of
Mny ,4Fe; 7604 NPs except that the reaction time at ~287 °C is
different: 0.5 h for Mng ,,Fe, 530, NPs; 2 h for Mng ,cFe, 7404
NPs. The synthesis of Mng ,oFe, ;104 NPs is similar to that of
Mn, ,cFe, 7404 NPs except that 2 mmol Mn(acac), were added.

The Mny 3,Fe; 6604 NPs was prepared through a slightly
modified procedure: 2 mmol Fe(acac);, 1 mmol Mn(acac),, 6 g
HOOC-PEG-COOH and 25 ml TEG were mixed and purged with
nitrogen. After all of the reagents were completely dissolved into
the solvent, the reaction mixture was heated to reflux (~287 °C)
and kept at that temperature for 2 h. The preparation of Fe;0,,
Mny 13Fe, 3,04, and Mny ,5Fe, 750, NPs was similar to that of
Mn, 34Fe; 6604 NPs except that different amounts of Mn(acac),
were used: 0 mmol Mn(acac), for Fe;O, NPs, 0.125 mmol
Mn(acac), for Mny 13Fe; ;04 NPs; 0.500 mmol Mn(acac), for
Mng ,5Fe, 750, NPs.

A hot injection procedure was adopted in the synthesis of
Mn, 30Fe; 7004 NPs. A solution of 6 g HOOC-PEG-COOH in 20 ml
TEG was degassed and heated to 260 °C under stirring. Subse-
quently, a 100 °C solution of 1 mmol Mn(acac), and 2 mmol
Fe(acac); in 5 ml TEG (also heated under nitrogen) was injected.
The mixture was then heated to reflux at ~287 °C for 2 h.

All of the reaction solutions were treated through two ways:
an aqueous solution of the NPs was obtained through dialyzing
the reaction solution against 0.1 M sodium citrate for 2 days to
remove all species with molecular weights smaller than 8000; a
powder sample was obtained by collecting the NPs through
centrifugation of the reaction solution at 13 200 rpm for 60 min,
washing with double-distilled water and ethanol for three times
respectively, and then drying at room temperature.

2.2 Characterization

TEM image and selected-area electron diffraction patterns were
obtained on a JEM-100CX II electron microscope operating at an
acceleration voltage of 100 kV. Samples for TEM were prepared
by spreading a drop of the solution sample on copper grids
coated with a carbon film followed by evaporation under
ambient conditions. The nanoparticle diameters were deter-
mined by statistical averaging through calculating 200 nano-
particles. The iron and manganese concentrations of each NP
sample were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Thermo Fisher, iCAP6000).
Prior to ICP measurements, the NP samples were digested in
69% nitric acid at room temperature overnight and diluted to
3% (v/v) nitric acid. DLS measurements were performed with a
Malvern Instrument Zetasizer Nano Series Nano-ZS. XRD
measurements were carried out on a powder sample of the NPs
using a Philips X'pert ProMPD diffractometer with Cu-Ka radi-
ation. FTIR spectra were obtained with a Nicolet 380 Fourier
transform infrared spectrometer. Room temperature magneti-
zation was measured on a homemade vibrating sample
magnetometer. Longitudinal and transverse relaxation times
were measured at 1.5 T (60 MHz) and 37 °C on a Bruker mg60
NMR Analyzer. An inversion-recovery pulse sequence was used
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to measure the longitudinal relaxation times and a spin echo
pulse sequence was used to measure the transverse relaxation
times. MR phantom images were acquired on a Philips 3.0 T TX
clinical imaging system at ambient temperature (~25 °C). A
Ti-weighted image was acquired using a SE pulse sequence with
TR =500 ms, TE =12 ms, FOV=170 x 170 mmz, data matrix =
640 x 640 and slice thickness = 6 mm. A T,-weighted image was
acquired using a TSE pulse sequence with TSE factor = 15, TR =
2500 ms, TE = 90 ms, FOV = 175 x 175 mm?, data matrix =
704 x 704 and slice thickness = 3 mm. T; was measured using a
MIX pulse sequence with TR-SE = 920 ms, TR-IR = 2300 ms,
TI = 500 ms, FOV = 170 x 170 mm?, data matrix = 512 x 512
and slice thickness = 6 mm. T, was measured using a SE multi-
echo pulse sequence with TR = 500 ms, 16 echoes with 12.25 ms
even echo space, FOV = 180 x 180 mm?, data matrix = 480 x
480 and slice thickness = 6 mm.

3. Results and discussion

A polyol process was designed to synthesize MFNPs by using
Fe(acac); and Mn(acac), as metal precursors, HOOC-PEG-
COOH as stabilizer and TEG as solvent. Fig. 1(a) shows the
representative TEM image of the Mng,4Fe,; 7604 NPs. The
average NP size is 6.4 nm. A standard deviation of 0.46 nm
demonstrates their high monodispersity. Selected-area electron
diffraction patterns shown in Fig. 1(c) reveal that the
Mny ,4Fe; 7604 NPs are of high crystallinity. The ratio of Mn/Fe
in Mn, ,4Fe, 7604 NPs is 0.0869, which is much less than that of
initial Mn(acac), to Fe(acac); precursors (0.5). Similar results
have been reported before.****

The Mn”>* doping level could be effectively controlled by
changing the preparation conditions. The results in Table 1
reveal that the primary factors that influence ‘x’ value are
reaction time, metal precursor concentration, and heating
procedure. As the amounts of Mn(acac), and Fe(acac); were
fixed, extending reaction time resulted in high ‘x’ value. From
No. 1 to No. 3, the reaction time at ~287 °C increased from 0.5 h
to 2 h, the ‘¢’ increased from 0.22 to 0.26 accordingly. Since the
colloidal stability of the MFNPs synthesized after 2 h drastically
decreased, the optimal reaction time is 2 h. High Mn(acac), to
Fe(acac); ratio also resulted in high ‘x’ value, which can been
observed from no. 6 to no. 9.

View Article Online

Besides reaction time and metal precursor concentration,
heating procedure also has great influence on ‘x’ value.
Compared with the procedure in which the reaction mixture was
heated to 210 °C first and then to reflux, direct heating of the
solution to reflux resulted in MFNPs with higher ‘x’ value. For
example, as 1 mmol Mn(acac), and 2 mmol Fe(acac); were used
as precursors, the ‘x’ value of the obtained MFNPs through the
direct heating procedure is 0.34, which is 31% higher than that of
the MFNPs prepared through stepwise heating. As described in
the introduction section, there is a huge difference between the
thermal decomposition temperatures of Fe(acac); (186 °C) and
Mn(acac), (249 °C). Direct heating procedure could shorten the
time difference between the initial decomposition of the two
precursors, and thus resulting in high Mn*" doping level.

To further shorten the time difference between the initial
decomposition of Mn(acac), and Fe(acac);, we developed a hot
injection method. Mn(acac), and Fe(acac); were injected into a
hot TEG solution (260 °C) containing HOOC-PEG-COOH, which
was then heated to reflux and kept for 2 h. ICP-OES revealed that
the ‘x’ value of the MFNPs through this procedure is 0.30, which
is lower than that (0.34) of the MFNPs synthesized through the
direct heating procedure. The hot injection resulted in burst
nucleation and rapid growth, and thus there was not enough
time for more Mn>" ions to dope into the crystal lattice of the
Fe;O, NPs. Fig. S1f shows the TEM image and selected-area
electron diffraction patterns of the Mng;oFe, 00, NPs. The
average NP size is 6.2 nm with a standard deviation of 0.65 nm.
The size of the Mng 30Fe; 700, NPs is similar to that shown in
Fig. 1, while the monodispersity is not as good as the NPs
synthesized through thermal decomposition. It is worth noting
that the size of all of the MFNPs described above is ~6 nm.

Powder X-ray diffraction (XRD) was performed to examine
the crystal structure of the MFNPs. As shown in Fig. 2, the
diffraction peaks of MnFe,0, and Fe;O, are similar, especially
at low angles. The diffraction peaks of MnFe,O, shift to lower
angles compared to those of Fe;zO,. The position of the
diffraction peaks of the Mng 34Fe; 6604 NPs mostly matches with
those for magnetite. This attributes to the low Mn*" doping
amount and has already been shown.'*** The average crystallite
size calculated from the (311) diffraction peak using the
Scherrer equation was about 6.3 nm, which is consistent with
that observed by TEM.

Fig. 1 TEM images of (a) the Mng24Fe57604 and (b) Mng 34Fes6604 NPs. (c) Electron diffraction patterns of the Mng »4Fe5 7604 NPs.
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Table 1 Effects of the reaction conditions on Mn?* doping level

View Article Online

Mn(acac), Fe(acac);

No. (mmol) (mmol) Reaction condition Mn/Fe x
1 1.000 2.000 210 °C for 2 h; ~287 °C for 0.5 h 0.0791 0.22
2 1.000 2.000 210 °C for 2 h; ~287 °C for 1 h 0.0869 0.24
3 1.000 2.000 210 °C for 2 h; ~287 °C for 2 h 0.0953 0.26
4 2.000 2.000 210 °C for 2 h; ~287 °C for 2 h 0.1070 0.29
5 1.000 2.000 Hot injection 0.1101 0.30
6 0.000 2.000 ~287 °C for 2 h 0.0000 0.00
7 0.125 2.000 ~287 °C for 2 h 0.0470 0.13
8 0.500 2.000 ~287 °C for 2 h 0.0908 0.25
9 1.000 2.000 ~287 °C for 2 h 0.1274 0.34
= The excellent colloidal stability of the MFNPs in aqueous
> s Mn,s.Fe,0, NPs solutions indicates that PEG has been modified on the NP
g g _ g 3 _ _ surface, and therefore the PEG can stabilize the NPs in a wide

g I N 3 o ;

S 8 = pH range due to the hydrogen bonding between PEG and
— water.”® To confirm the surface chemical structure of the
g JCPDS 19-0629 MFNPs, we collected the Fourier transform infrared (FTIR)
‘; spectra of the MFNPs. Fig. 4 shows the FTIR spectra of the
= Mnyg 34Fe; 6604 NPs, TEG and HOOC-PEG-COOH. The charac-
5 | | | | ‘ ‘ oL Ll teristic bands of HOOC-PEG-COOH at 1106 cm ' (C-O-C
< JCPDS 100319 stretch) and 2875 ecm™ ' (CH, stretch), TEG at 3421 cm™ ' (OH
stretch) appear in the spectrum of the Mn,,Fe, 60, NPs,
indicating that HOOC-PEG-COOH and TEG is present on the
‘ | ‘ | ’ ‘ | | ‘ | ‘ | | ‘ | nanocrystal surfac.es. This V\./as further demonstratf:d by the TGA
. ; . ; | ; (thermogravimetric analysis) result (see ESI, Fig. S3f). The
40 60 80 distinct spectral difference between HOOC-PEG-COOH and
2 Theta (deg.) HOOC-PEG-COOH on the MngssFe, 0, NPs is that the

Fig. 2 Powder X-ray diffractogram of the Mng34Fe; 6604 NPs, JCPDS card
(19-0629) data for magnetite, and JCPDS card (10-0319) data for Jacobsite.

Colloidal stability under physiological conditions is one of
the most important issues relating to the biomedical applica-
tions of nanomaterials. The synthesized MFNPs (x = 0-0.34) can
be readily dispersed in H,O or PBS without further surface
modification. Dynamic light scattering (DLS) measurement of
the Mny 3,Fe; 6604 NPs in PBS showed that their hydrodynamic
size (Dy) was 8.2 nm, indicating that no particle aggregation in
aqueous solution (see ESI, Fig. S27). To investigate the effects of
PH and ionic strength on the colloidal stability of the MFNPs,
we exposed Mny 3 Fe; 660, NPs to 0-1 M NaCl and pH 3-11
solutions, as shown in Fig. 3(a-d). The NPs are stable in NaCl
solution at concentrations as high as 1 M, and stable over a pH
range of 7-11. The solutions at pH 3 and pH 5 become almost
colorless after placed for one week, due to the digestion of the
NPs under acidic conditions. The colloidal stability of the NPs
was further investigated by measuring Dy in PBS, NaCl solu-
tions, and at several pH levels. The Dy results at 0 day and after
placement for one week are shown in Fig. 3(e and f). The Dy
values of the Mn, ;,Fe, 604 NPs are similar under various
conditions and present an excellent stability for one week. The
Dy results demonstrate that the Mn, 34Fe, ¢604 NPs prepared by
our procedure show excellent colloidal stability, which is
promising for biomedical applications.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a-d) Colloidal stability test of the Mng34Fe5 6604 NPs in PBS, NaCl solu-
tions (a and b), and at several pH (c and d). (@ and c) Solutions freshly prepared;
(b and d) solutions placed for one week. (e and f) Hydrodynamic sizes of the
Mno34Fe26604 NPs in PBS, NaCl solutions (e), and at several pH (f). (e1) PBS
solution freshly prepared; (e2) PBS solution placed for one week; (€3) 0 M NacCl
solution placed for one week; (e4) 1 M Nadl solution placed for one week; (f1)
aqueous solution at pH 7 freshly prepared; (f2-4) aqueous solutions at pH 7 (f2),
pH 9 (f3) and pH 11 (f4) placed for one week.
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Fig. 4 FTIR spectra of (a) the Mng34Fe26604 NPs, (b) TEG and (c) HOOC-PEG-
COOH.

a lower wavenumber, 1632 cm ™' (COO~ asymmetric stretch),
accompanied by the appearance of a new band at 1417 cm™*
(COO™ symmetric stretch) when the HOOC-PEG-COOH was
present on the Mng 3,Fe, 660, NPs. This spectral change indi-
cates that the carboxylate group in HOOC-PEG-COOH interacts
with the metal on the nanocrystal surface and the carboxylic
acid functionality has been transformed to carboxylate func-
tionality.*® In addition, the spectrum of the Mn, 34Fe; 6604 NPs
exhibits characteristic peaks centered at 585 cm ' that are
attributed to lattice absorption of the NPs.***>

The magnetic properties of the MFNPs were measured using a
homemade vibrating sample magnetometer (VSM). Fig. 5 shows
the magnetization loops of the MFNPs (x = 0, 0.13, 0.25, and 0.34)
measured at room temperature. All of the MFNPs exhibit super-
paramagnetic behavior without magnetic hysteresis and rema-
nence. With the increase of ‘x’ value from 0, to 0.13, 0.25 and 0.34,
the saturation magnetization of the MFNPs gradually increases.

d

Magnevist

x=0

x=0.13
x =0.25
x =0.34

0.063 0.125 0.250 0.500 1.000
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Fig.5 Magnetization (M) loops for the MFNPs (x = 0, 0.13, 0.25, 0.34) measured
at room temperature.

The saturation magnetizations of the Fe;0, and Mng 3,Fe; 6604
NPs are 59.6 and 75.5 emu g *, respectively. Mn*" is isoelectronic
with Fe**; so for small ‘x’, [Fe;_,>"Mn,*"|(Fe,_,>"Fe,,,* )0, gives a
magnetic moment of (4 + x) uB (Bohr magneton) per formula
unit.*® This accounts for the increase of magnetic moment with
Mn** substitution.

Ty + T, dual-contrast agents require a high r; and a r, that is
not significantly larger than r;. MR measurements were per-
formed to evaluate the performance of the MFNPs as T; + T,
dual-contrast agents. Fig. 6 shows the T; and T,-weighted MR
images of the MFNPs (x = 0, 0.13, 0.25, and 0.34) at different
Fe + Mn concentrations (3 T, 25 °C). Increasing the concentra-
tion of the MFNPs led to a large decrease in signal intensity in
the T,-weighted MR image. As a comparison, the commercial
Magnevist didn't show obvious T, contrast effect, especially at
low concentrations. With the increase of the ‘x’ value of the
MFNPs, T, transverse relaxation rate increases. The r, values of
the MFNPs, determined by calculating the slope of a plot of 1/7,

0.063 0.125 0.250 0.500 1.000

Total Metal Concentration (mM)

Fig. 6 (a) Ti-weighted and (b) T,-weighted MR images of the aqueous solutions of the MFNPs (x = 0, 0.13, 0.25, 0.34) and Magnevist at different metal

concentrations.
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Table 2 Relaxivities of the MFNPs (x = 0, 0.13, 0.25,0.34) at 1.5 Tand 3 T

View Article Online

15T 3T
Sample r(mM s r,(mM s 1ol ry(mM s r, (mM s ralry
Fe;0, 17.2 40.7 2.37 11.2 36.1 3.22
Mng 15Fe5 570, 19.3 53.9 2.79 10.6 49.7 4.69
Mng ,:Fe, 150, 20.1 59.1 2.94 10.8 52.4 4.85
Mng 35F€5 6,04 21.5 67.2 3.13 10.5 66.8 6.36

versus Fe + Mn concentration, were shown in Table 2. The r,
gradually increases as the Mn>" doping amount of the MFNPs
increases from x = 0 to 0.34. The T, contrast effects are more
complicated than T, contrast effects. As the concentration of the
MFNPs is below 0.250 mM, increasing concentration of the
MFNPs led to an obvious increase in signal intensity in the
Ty-weighted MR image. Compared with commercial Magnevist,
all the MFNPs (x = 0, 0.13, 0.25, and 0.34) show better T,
contrast effects. When the concentration of the MFNPs
increases from 0.250 to 0.500 mM, the T, contrast effects of the
MFNPs didn't show obvious change. Consequently, the Fe;0,
NPs show similar 7; contrast effect with Magnevist; however,
other MFNPs (x = 0.13, 0.25, 0.34) are not as good as Magnevist.
As the concentration of the MFNPs is increased up to 1.000 mM,
an unusual decrease in signal intensity were found in the
Ti-weighted MR image and resulted in much worse T; contrast
effects of the MFNPs than Magnevist. This is due to the high T,
contrast effects of the MFNPs. Therefore, to act as T; and T, dual
contrast agents at 3 T, the concentration of the MFNPs need to
be lower than 0.500 mM. As shown in Table 2, the r; values of
the MFNPs (x = 0, 0.13, 0.25, 0.34) at 3 T are similar. However,
due to the low r,/r, ratio, Fe;0, NPs present superior T; contrast
effect than other three samples. The relaxation properties of the
MFNPs (x = 0, 0.13, 0.25, 0.34) at 1.5 T were also investigated. Ty
and T, values of the MFNPs at different Fe + Mn concentrations
were measured on a 1.5 T relaxometer at 37 °C. As shown in
Table 2, the ry, r,, and 7,/r; gradually increase as the Mn>*
doping amount of the MFNPs increases from x = 0 to 0.34. The
r; values of the MFNPs at 1.5 T are around twice of those at 3 T,
however, the r, values at 1.5 T are a little increase than those at 3
T. Consequently, the r,/r; ratios of the MFNPs at 1.5 T are much
lower than those at 3 T, indicating superior T; and T, dual MR
contrast effects at 1.5 T.

4. Conclusions

In summary, a facile one-pot reaction was developed to
synthesize water-soluble, PEG-coated MFNPs. The ‘x’ value
could be effectively tuned from 0 to 0.34 through adjusting the
reaction conditions, including reaction time, metal precursor
concentration and heating procedure. The produced MFNPs
could be individually dispersed in physiological buffer with
high stability, which is an important guarantee for their
biomedical applications. With the increase of the ‘x’ value of the
MFNPs, T, contrast effects are enhanced while T, contrast
effects are weakened. The T, contrast effects of the MFNPs are

This journal is © The Royal Society of Chemistry 2013

concentration dependant and they could act as good T; and T,
dual contrast agents when their concentration is lower than
0.500 mM at a magnetic field strength of 3 T. Due to their
excellent colloidal stability under physiological conditions and
good performance in MRI, the MFNPs should have great
potential for molecular imaging and diagnostic applications.
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