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Abstract

Iron oxide nanoparticles have been extensively used as T, contrast agents for liver-specific
magnetic resonance imaging (MRI). The applications, however, have been limited by their mediocre
magnetism and r, relaxivity. Recent studies show that Fe;C, nanoparticles can be prepared by high
temperature thermal decomposition. The resulting nanoparticles possess strong and air stable
magnetism, suggesting their potential as a novel type of T, contrast agent. To this end, we improve
the synthetic and surface modification methods of Fe;C, nanoparticles, and investigated the impact
of size and coating on their performances for liver MRI. Specifically, we prepared 5, 14, and 22 nm
Fe;C, nanoparticles and engineered their surface by: 1) ligand addition with phospholipids, 2) ligand
exchange with zwitterion-dopamine-sulfonate (ZDS), and 3) protein adsorption with casein. It was
found that the size and surface coating have varied levels of impact on the particles’ hydrodynamic
size, viability, uptake by macrophages, and r, relaxivity. Interestingly, while phospholipid- and
ZDS-coated Fe;C, nanoparticles showed comparable r,, the casein coating led to an r, en-
hancement by more than 2 fold. In particular, casein coated 22 nm Fe;C, nanoparticle show a
striking r, of 973 mM's”', which is one of the highest among all of the T, contrast agents reported
to date. Small animal studies confirmed the advantage of Fe;C, nanoparticles over iron oxide
nanoparticles in inducing hypointensities on T,-weighted MR images, and the particles caused little
toxicity to the host. The improvements are important for transforming Fe;C, nanoparticles into a
new class of MRI contrast agents. The observations also shed light on protein-based surface
modification as a means to modulate contrast ability of magnetic nanoparticles.

Key words: iron carbides, magnetic nanoparticles, magnetic resonance imaging, casein, surface modification,
macrophages

Introduction

Liver cancer remains a major cause of mortality
worldwide. In the United States, liver cancer is esti-
mated to be diagnosed in more than 35,600 new pa-
tients in 2014 and cause 24,500 deaths [1]. The
five-year survival rate is 27% and 42% for regional
and localized tumors, respectively, but the rate is
dropped to only 18% for liver cancer that has metas-
tasized [2]. This status underscores the significance of

early diagnosis of liver cancer. Liver-specific magnetic
resonance imaging (MRI) is one of the most exten-
sively used methods in detection of hepatocellular
diseases and tumor metastasis from other organs
[3-7]. To improve detection accuracy, roughly 30-40%
of the scans are performed with the assistance of ei-
ther Ty (spin-lattice) or T» (spin-spin) contrast agents
[8-10]. So far, the most commonly used T contrast
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agents are iron oxide nanoparticles (IONPs) [11, 12].
IONPs are administered prior to a MRI scan and are
taken up by the Kiipffer cells in the liver. The particles
cause signal decrease on a T>-weighted image, pro-
ducing contrast against lesions (e.g. a tumor) that are
less abundant of the resident macrophages thereby
improving the diagnosis sensitivity and accuracy [13].
However, clinically used IONP formulations, such as
Feridex and Resovist, exhibit moderate contrast abil-
ity due to their mediocre magnetizations (~60-70
emu/g) [14-16]. Over the years, researchers have en-
deavored to synthesize nanoparticles made of higher
magnetization materials such as Co [17], Fe [18], and
FePt [19]. The resulting nanoparticles, however, have
been often associated with issues including rapid ox-
idation [20], unstable magnetization in the air [21],
harsh and often hazardous synthesis conditions [22],
and high toxicity [23], and these drawbacks dim their
perspectives of clinical translation.

Very recently, the Hou group and we reported
the synthesis of iron carbide (FesC>) nanoparticles [15,
24]. FesCz nanoparticles exhibit a high magnetization
(~140 emu/ g), relatively low toxicity, air stability, and
facile synthesis [24]; more importantly, the high
magnetization translates to r» relaxivity that is 2-3
folds higher than IONPs [15]. These findings suggest a
great potential of FesC, nanoparticles as an alternative
T> contrast agent. In our previous studies, only 20 nm
FesC, nanoparticles were investigated [15]. It is pos-
tulated that the size of FesC nanoparticles may an
impact on their cellular uptake, magnetization, r» re-
laxivity, circulation half-lives [14,25], and therefore
affecting their role as a liver contrast agent. These,
however, have not been studied yet.

As-synthesized FesC, particles inherit a thin shell
of iron oxide from the synthesis [24]. This means that
the surface modification methods previously devel-
oped for IONPs can be borrowed to modify FesC>
nanoparticles. These include ligand addition with
amphiphilic ligands such as PEGylated phospholipids
[25] and surface exchange with iron-philic molecules
such as 2,3-dimercaptosuccinic acid (DMSA) [26] and
zwitterion-dopamine-sulfonate (ZDS) [27]. In addi-
tion, protein based surface modification approaches
that are more recently developed by us [28, 29] and
others [30-32] are expected to be applicable to FesC,
nanoparticles. The surface coating may affect parti-
cles” interaction with the biological milieu [33], which
has always been a topic of interest in nanoparticle
developments, including the recent attention on pro-
tein corona of nanoparticles [31]. The coating may also
affect the r» relaxivity of nanoparticles, but the topic
has been much less studied, probably due to the rela-
tively minor impact observed previously [34]. How-
ever, recent studies by Huang et al. showed that the 2

relaxivity of IONPs can be increased by as much as
~2.5 fold when using casein as coating material [30],
suggesting a bigger role surface coatings, and in par-
ticular protein-based surface coatings, can play in
engineering T> contrast agents. Whether the coating
effect can be modulated to further enhance the r» of
FesC; nanoparticles is worthy of investigations.

In the present study, we modified the previously
reported synthetic approach and we prepared three
sizes of FesCz nanoparticles (5, 14, and 22 nm). These
nanoparticles were then coated with PEGylated
phospholipid, ZDS, or casein and the resulting con-
jugates were compared for their hydrodynamic size,
macrophage uptake, toxicity, and r» relaxivity. Sig-
nificant size and surface effects were observed, espe-
cially to the 1> of the particles. In particular, the ca-
sein-coated 22 nm FesC, nanoparticles show an ex-
traordinary r» of 973 mM:s? (on the basis of Fe),
making it one of the highest among all the reported T>
contrast agents to date [35]. In small animal studies,
we found that casein-coated 22 nm FesC, nanoparti-
cles can induce at least 2.5 fold greater hypointensity
to the liver than IONPs. These observations confirm
the promise of FesC; nanoparticles as novel T> con-
trast agents for liver imaging. In addition, the study
sheds light on the great potential of modulating
coatings for enhanced r; of magnetic nanoparticles.

Methods

Preparation of FesC; Nanoparticles

FesC, NPs were synthesized using a previously pub-
lished protocol with minor modifications [15]. All of
the chemical were from Sigma-Aldrich unless speci-
fied otherwise. For 22 nm FesC, nanoparticle synthe-
sis, 7.5 g of octadecylamine (ODA) and 56 mg of
cetyltrimethylammonium bromide (CTAB) was add-
ed to a four-neck flask. The flask was purged with Ar
gas and the temperature was increased to 393 K. 0.25
mL (3.6 mmol) of Fe(CO)s was added to the reaction
mixture and the temperature was raised to 453 K to
induce oxidation of Fe(CO)s. After 10 min, the tem-
perature was further raised to 693 K and maintained
at the temperature for 10 min. The reaction system
was then cooled to room temperature. The raw
product was dissolved in a hexane/ethanol mixture
and centrifuged for 10 min at 7500 rpm (6,174 g). This
step was repeated for 6 times for the particles to be
purified and the residual CTAB removed. For parti-
cles of larger and smaller sizes, the amount of Fe(CO)s
added was doubled (7.2 mmol) and halved (1.8
mmol), respectively. The nanoparticles synthesized
above were characterized by TEM (FEI Tecnai 20),
dynamic light scattering (DLS, Malvern Zetasizer
Nano S90), and X-ray diffraction (XRD, Bruker D8
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Advanced X-ray diffractometer, Cu source).

Surface Modification Using Phospholipid

The as-synthesized FesC; nanoparticles (1
mg/mL) were dried and redissolved in 1 mL CHCls.
~60 pL of DSPE-PEG-COOH (10 mg/mL, Avanti Po-
lar Lipids, Inc.) was added dropwise to the solution
during stirring. The solution was left to stir for 1 hr
and the solvent was evaporated off. The dried product
was dispersed in deionized water with sonication and
purified by centrifugation (6,174 g for 5 min) [15].

Surface Modification Using Zwitterion Dopa-
mine Sulfonate (ZDS)

In a similar fashion to the previous modification,
50 mg of ZDS in 2 mL DMSO was added to a 4 mL
CHClI; solution containing ~10 mg/mL FesC, until the
solution showed visible emulsion. The solution was
then isolated by centrifugation (6,174 g for 10 min).
The collected product was redispersed in water and
centrifuged for 3 times to remove residual DMSO.

Surface Modification Using Casein

To prepare an aqueous solution of FesC parti-
cles, a solution of FesC, in CHCl; was mixed with a
preheated solution of excess glucose in DMF and re-
fluxed for 1 hr. The resulting solution was then pre-
cipitated by ethanol and centrifuged (6,174 g for 10
min) and the process was repeated for three times.
The purified product was redispersed in water. To
prepare the casein addition, 100 mg of casein was
treated with 0.01 M NaOH to form a soluble base in
water. At a molar ratio of particle:casein at 1:200, the
two mixtures were added to a flask and mixed for 4
hrs at room temperature. After 4 hrs, a 0.4% solution
of glutaraldehyde (glutaraldehyde:casein 1:2) was
dropwise added and the mixture was stirred for 1 hr
at room temperature. The final product was purified
by centrifugation and re-dissolved in water.

MRI Phantom Study

To analyze the relaxivities of these nanoparticles,
a MRI phantom study was run. Nanoparticles at dif-
ferent concentrations were dispersed in 1% agarose
gel in 300 pL tubes. The tubes were scanned on a 7T
Varian small animal MRI system. Tr-weighted fast
spin echo images were obtained using the following
parameters: TR = 2,000 ms; TE = 20, 40, 60, 80, and 100
ms; ETL = §; field-of-view (FOV) = 40 mm x 80 mm;
slice thickness =1 mm.

Cell Toxicity

1 x 10* RAW264.7 cells were placed in each well
of a 96-well plate. After 24 hr incubation, Fe;C; na-
noparticles of varying concentrations (0 - 100 pg
Fe/mL) were added and the incubation lasted for 4

hrs. The culture medium was removed after 4 hrs and
replenished with fresh medium. Standard MTT assay
was performed 24 hrs later to determine the cell via-

bility.
Cell Uptake

1 x 106 RAW264.7 cells (murine macrophages)
were placed in each of the three 2-well incubation
chambers 24 hrs prior to the uptake study. FesC; na-
noparticles were added (0 - 100 pg Fe/mL) and in-
cubated with the cells for 4 hrs. After incubation, the
cells were washed using PBS. The cells were fixed
with cold 95% ethanol for 15 min. Prussian blue
staining was used to stain Fe while the nuclei of cells
were stained with Nuclear Fast Red (Sigma-Aldrich).
The slides were imaged on an optical microscope
(Olympus X71). For quantitative analysis, the cells
after incubation were collected and lysed by nitric
acid (pH = 5.0, 72 hrs). The Fe content was determined
by inductively coupled plasma mass spectrometry
(ICP-MS) and the result was divided by cell count.
Cells that had been incubated with casein-coated
FesC> nanoparticles were also collected for MRI
phantom studies. The parameters were the same as
those described above.

in vivo MRI

All the animal studies conform to the Guide for
the Care and Use of Laboratory Animals published by
the National Institutes of Health, USA, and a protocol
approved by the Institutional Animal Care and Use
Committee (IACUC), University of Georgia. Normal
athymic nude mice were used for the in vivo imaging
studies. The mice were anesthetized with isoflurane
and tail-vein injected with casein-coated FesC, or
FesO4 nanoparticles at a dose of 2.5 mg Fe/kg (n = 3).
Fe3O4 nanoparticles were Ocean Nanotech and were
surface coated with casein. From Tr-weighted fast
spin echo images were obtained on a 7T Varian small
animal system prior to as well as 1 hr and 4 hrs after
the particle injection. The scan parameters were the
following: TR = 2500 ms, TE = 40 ms, field-of-view
(FOV) = 40 mm x 80 mm, matrix size = 2562 and,
thickness = 2 mm. After the 4 hr scan, the mice were
sacrificed and their liver, kidneys, and spleen were
excised and frozen in OCT (optimal cutting tempera-
ture compound) gel at -80 °C. The tissue blocks were
cryo-sectioned into 8 pm slices and fixed in 10% for-
malin solutions for 25 min. The slides were rinsed
with PBS carefully and immersed in a mixture of 20%
HCl solution and 10% Ky[Fe(CN)s] 3H2O for 20 min.
After washing by PBS, the slices were then counter-
stained with Fast Red solution for 5 min then washed
again with PBS.
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Results

Nanoparticle Synthesis and Characterization

FesC; nanoparticle synthesis was similar to a
previously published protocol [24]. Briefly, Fe(CO)s
was added to a Ar-purged mixture of octadecylamine
and cetyltrimethylammonium bromide (CTAB) and
the solution was heated up to the boiling point to in-
duce Fe(CO)s oxidation and carbonization [24]. In
order to tune the size of these nanoparticles, the
amount of the Fe(CO)s precursor was varied. More
specifically, we doubled and halved the amount of
Fe(CO)s previously used to yield FesCz nanoparticles
of relatively large and small sizes (Table 1). The na-
noparticle size was determined by transmission elec-
tron microscopy (TEM, Figure 1A-C). All of the parti-
cles display a core-shell structure, with the shell about
1 nm in depth. The overall particle sizes are 5, 14, and
22 nm, respectively. The dynamic light scattering
(DLS) results overall agree with the TEM measure-
ments albeit slightly larger (Figure 1D and Table 1);
the difference was attributed to the organic coating on
the particle surface that is invisible under TEM. X-ray
diffraction (XRD) analysis confirmed that the majority
of the particles were 0-FesC, (JCPDS ID: 00-036-1248,
Figure S1).

Surface modification

The as-synthesized FesC» nanoparticles cannot
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be dispersed in water. To make them water soluble,
we used three surface modification methods. These
include 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine-N[carboxy(polyethylene glycol)-2000] (DSPE-
PEG-COOH), which had used in our previous study
[15]. The other two are ZDS-based ligand exchange
and casein-based protein adsorption, which were
proven to be successful to modify IONPs [30, 36]. The
three strategies were all efficient to render FesC> na-
noparticles with good aqueous stability but the hy-
drodynamic sizes of the resulting formulations are
varied. Taking 22 nm FesC; nanoparticles for instance,
ZDS, which is a small molecule, minimally affects the
overall particle size (22.4 £ 1.4 nm, Figure 1E, Table 1,
and Figure S2A&B). Phospholipid and casein coat-
ings, on the other hand, significantly increased the
hydrodynamic sizes to 35.3 + 5.3 nm and 44.9 + 6.5,
respectively (Figure 1E, Table 1, and Figure S2C&D).
The nanoparticles were also stable in PBS containing
10% fetal bovine serum (FBS), showing no aggrega-
tion for over 1 week (Figure S3).

Table 1: TEM and DLS analysis results of FesCa nanoparticles.

TEM results DLS results
Shell (nm) Core (nm) Total (nm) PL (nm) ZDS (nm) Casein (nm)
~1 2.7+0.8 48+09 121+17 82+06 168+27
~1 114+£21 14323 232+21 131+02 324+33
~1 195+£32 22.0+34 353+53 224+14 449165

[ Phospholipids [llll ZDs [ Casein

Intensity %
S

74 201 546
Size (nm)

148.4

Figure 1: Characterization of FesC nanoparticles. A-C) TEM images of 5 nm (A), 14 nm (B), and 22 nm (C) FesC; nanoparticles. The particle sizes were tuned by
varying the amount of Fe(CO)s precursor used for synthesis. Scale bars: 20 nm. D) DLS analysis of as-synthesized FesC nanoparticles of three sizes. E) DLS analysis

of 22 nm FesCz nanoparticles coated with phospholipids, ZDS, or casein.
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Size and surface effects on r; relaxivity

We next assessed the 12 relaxivities of all the nine
FesC, formulations. To do so, FesCo nanoparticles of
elevated Fe concentrations (0 - 0.05 mM Fe) were
dispersed in 1% agarose gel and scanned on a 7T
magnet. For particles of the same coating, there was a
clear size effect on the T shortening effect, with larger
nanoparticles more efficiently inducing hypointensi-
ties. For instance, for phospholipid coated FesC; na-
noparticles, r» values were 342, 385, and 450 mM-1s
for 5, 14, and 22 nm particles, respectively (Figure 2A
and Table 2). This size effect is attributed to surface
canting caused magnetism drop, which is more severe
for particles of smaller sizes [37].

For particles of the same size, we compared the
12 values to assess the impact from coatings. For ZDS
coated FesC> nanoparticles, we found that the r> val-
ues were overall comparable to phospholipid-coated
ones (Table 2). With the casein coating, however, we
observed striking r» increase (>200%) for particles of
all the three sizes (Table 2). In particular, the ca-
sein-coated 22 nm FesC, nanoparticles exhibited an
exceptional r; of 973 mM-1s1 (per Fe basis), which is
one of the highest for all T> probes reported (Figure
2B).

60

¢ PL r,= 460 mM’s™
50{ @ ZDS r,=435mM’s”
Casein r,=973 mM’s"
40 4

30 4

UT, (s™)

20 4

10 4

000 0.01 0.02 003 004 0.05
Fe Concentration (mM)

Figure 2: r; relaxivity rates of FesC; nanoparticles, measured with agarose gel
samples containing different concentrations of particles. r2 values for 22 nm
FesCz coated with phospholipids, ZDS, and casein. While phospholipids and
ZDS coated nanoparticles show comparable r2, casein coating increased the r2
by more than two fold to 973 mM-Is-I.

Table 2: r; relaxivities of FesCa nanoparticles of different sizes
and surface coatings.

Size (nm) PL (mM-1s-1) ZDS (mM-1s1) Casein (mM-1s-1)
5 342 338 836
14 385 389 879
22 460 435 973

Cell uptake and cytotoxicity

Cellular uptake and toxicity were studied with
RAW264.7 cells (a murine macrophage cell line). Fig-
ure 3A shows representative Prussian blue staining
images for cells incubated with casein-coated 22 nm
FesC, nanoparticles of different concentrations (incu-
bation time was 4 h). Clearly, more particles were
internalized when the initial particle concentration
was increased. When the starting iron content was
higher than 20 pg/mL, more than 80% cells in the
scope were heavily laden with iron (Figure 3A).

Quantitative cell uptake analysis was performed
using inductively coupled plasma-mass spectrome-
tery (ICP-MS). The starting particle concentration was
set as 10 pg Fe/mL, and the uptake in pg Fe per cell
was compared among formulations of different sizes
and coatings. For particles of the same size, no signif-
icant difference in uptake was found among the three
coatings (Figure 3B). Meanwhile, the particle size has
some but no dramatic impact on the cell uptake.
Taking casein coated FesCz nanoparticle for instance,
22 nm FesC; nanoparticles exhibit an uptake of 13.86
pg Fe/cell, compared to that of 13.05 and 10.55 pg
Fe/cell for the 14 nm and 5 nm ones, respectively
(Figure 3B). This level of Fe loading is in general
comparable to that observed with Fe3O4 nanoparticles
[16]. The nanoparticles induced comparable or even
slightly enhanced contrast ability within cells (Figure
S4).

Despite of the high iron loading, the cells remain
overall healthy. Even at 100 ng Fe/mlL, cells main-
tained ~ 90% viability, regardless of the size and
coating (Figures 3B&3C). Notably, in surface modifi-
cation, we took extra washing steps to remove resid-
ual CTAB from the synthesis (Experimental section).
That, we believe, is responsible for the increase of cell
tolerance relative to what was reported by us previ-
ously [15].

in vivo MRI

Based on the cell uptake and relaxivity results, it
is determined that casein-coated FesC, nanoparticles
are the most promising contrast probes. We next set
out to investigate these nanoparticles’ in vivo perfor-
mances in healthy nude mice. All three size (5, 14, and
22 nm) casein-coated FesC, nanoparticles were intra-
venously (i.v.) injected (2.5 mg Fe/kg, n = 3). Sagittal
Tr-weighted MR images were acquired before and 1
and 4 h after the injection (Figure 4A). For compari-
son, casein coated 15 nm IONPs were injected as a
control (Ocean Nanotech Inc, r» was 268 mM-1s, Fig-
ure S5A&B). In all animal groups, a significant drop of
signal intensity was observed in the liver at 1 h after
injection. The hypointensities were maintained but
less prominent at 4 h. To quantitatively analyze the
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signal change caused the nanoparticles. Specifically,
we calculated the change in T> (AT2%) using the
equation AT2% = (Tapre = Topost/ Topre) * 100%. For FesC,
nanoparticles, there was a clear size effect on the hy-
pointensity induced, with AT>% at 1 h being 43.9 +
1.4%, 70.8 £1.7%, and 82.9 £ 1.8%, respectively, for 5,
14, and 22 nm FesC; particles, and 37.9 £ 0.9%, 62.6 £
1.1%, and 73.3 £ 1.0% at 4 h. All the three formulations
outperformed Fe3;O, nanoparticles, which showed a
AT2% of 48.8 +1.0% and 33.1 £0.7% for thelhand 4 h
time points, respectively (Figure 4B). The enhanced
contrast effect was mostly attributed to the high > of
the FesCo nanoparticles. After the 4 h imaging, we
euthanized the animals and performed Prussian blue
staining with tissue samples. There was a large
amount of particles accumulated in the liver and
spleen, which was attributed to the particle uptake by
Kipffer cells and splenocytes. Interestingly, for 5 nm
FesC, nanoparticles, extensive positive staining was
observed in the kidneys (Figure 4C). This is attributed
to the relatively small size of the particles and indi-
cates possible renal clearance of them. Meanwhile, no
detectable damage to the tissues was observed.

Discussion and Conclusion

With high magnetization and good stability in
ambient conditions, FesC> nanoparticles hold great
promise as a novel type of MRI contrast agent for liver
imaging. To this end, it is important to optimize the
size and surface features of the particles so as to
achieve desired contrast ability, toxicity, relaxivity,

and macrophage uptake. In the present study, we
modified the synthetic approach to prepare FesC,
nanoparticles of different sizes. Based on the consid-
eration that there is a layer of iron oxide shell on the
FesC, core, we adopted three surface modification
methods used previously for IONPs to modify FesC,
nanoparticles. We showed that all the three methods
are adequate to grant FesC, nanoparticles with good
aqueous stability. The size and coating have varied
levels of impact on the particles” size, cellular uptake,
in vivo contrast abilities, and in particular, their 1, re-
laxivity. These observations provide useful infor-
mation for future engineering of FesC, nanoparticles
for either diagnosis or therapy purposes.

The in vivo MRI studies confirm the advantages
of FesC, nanoparticles over IONPs in the liver imag-
ing. At the same Fe concentration, FesC, nanoparticles
can more efficiently induce hypointensities to the liv-
er, which is mainly attributed to the high r» relaxivity.
An interesting observation is the accumulation of 5
nm Fe;C nanoparticles in the kidneys. This suggests
possible renal clearance of FesC, particles of small
sizes, which may serve as an advantage in other im-
aging applications. For instance, for targeted cancer
imaging, it is preferred that the unbound nanoparti-
cles are rapidly cleared from the host [38]. In this
scenario, the 5 nm FesC, nanoparticles, which provide
comparable relaxivity but efficient renal clearance,
may be a better option than the 22 nm formulation.
This possibility will be assessed in our future studies.
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Figure 3: Cellular uptake and cytotoxicity studies. A) Representative Prussian blue staining images of RAW?264.7 cells labeled with casein coated FesCa nanoparticles.
The starting particle concentration was increased from 0 to 100 pg Fe/mL and the incubation lasted for 4 h. Scale bars: 100 pm. B) Quantitative cell uptake data,
measured by ICP-MS. The starting concentration was 50 pg/mL. The uptake was slightly higher for 22 nm nanoparticles. Meanwhile, little difference was observed
among particles of the same core size but different coatings. C) MTT assays with phospholipid coated FesC, nanoparticles using RAW?264.7 macrophages. The cells
retained over 85% viability at the tested concentrations (0 — 100 ug Fe/mL). D) MTT assays with 22 nm FesCa nanoparticles of different coatings. Comparable viability
was observed among the three coatings. All of the formulations showed over 85% viability in the tested concentrations.
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Figure 4: MR imaging and in vivo particle distribution. A) MR imaging results. Normal athymic nude mice were intravenously injected with casein-coated FesC> (5 nm,
14 nm, 22 nm) or casein-coated 20 nm Fe3O4 nanoparticles. MRI scans were performed on a 7T magnet pre- and | hr, and 4 hrs after the injection. Darkening of livers
appear prevalent in all the animals. The 22 nm FesC; exhibited the most significant contrast among all of the formulations. B) Quantification of liver contrast changes.
14 and 22 nm FesC; nanoparticles induced more significant signal drop in the liver than Fe3O4 nanoparticles did at | and 4 h time points (*P < 0.05). C) Prussian blue
staining with tissue samples from the liver, kidney, and spleen. Positive staining was found across the liver and spleen. For 5 nm FesC; nanoparticles, positive staining
was also found in the kidneys, which was likely attributed to the small size of the particles. Scale bars, 10 ym.

The exceptionally high r> relaxivity of Fe;C; na-
noparticles is intriguing. By definition, T» contrast
agents interact with nearby water molecules by in-
ducing a local magnetic field in which the transverse
relaxation (T2) of water is shortened. This manifests as
a relatively “dark” area on T, weighted images. The
outer-sphere relaxivity, which describes the relaxation
behavior of water molecules surrounding the contrast
agents, is one of the most important contributors to
MRI contrast. According to the outer-sphere model of
transverse relaxation [39], the r» relaxivity is propor-
tional to particle magnetization (M) [40, 41]. This ex-
plains the high r» of FesC, nanoparticles relative to
IONPs. For FesC; nanoparticles of the same coating,
there was a clear size effect on r». This is attributed to
the surface canting effect which was previously ob-
served with IONPs [37]. A more interesting observa-
tion is a dramatic r; increase found with casein coated
nanoparticles. This is attributed to the impact of the
casein coating on the water diffusion correlation time

(tp), which is also proportional to r» [42]. Casein is
essentially a family of phosphoproteins consisting of
four members, aS;, aS;, P, and x caseins. k-casein,
which is the most soluble variant of the four, is be-
lieved to play a most contributing role to the en-
hanced ;. It is known that x-casein has a unique,
elongated “hair-like” structure [43]; when coated onto
nanoparticles, k-casein may form a protein layer pre-
senting long, hydrophilic channels, which enable wa-
ter molecules to come in and interact with the inner
water layer that is close to particle surface. The
abundant surface hydroxyl and amides of casein may
help promote fast proton exchange with water mole-
cules. Meanwhile, the protein coating increases the
overall particle size and restricts fast water diffusion.
These factors all together lead to an enhanced tp,
leading to increase of apparent r>. More investigations
are under way to further elucidate the surface impact
of casein, and hopefully, to guide the future design
and engineering of magnetic probes with high r» re-
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laxivity.

Overall, we have prepared FesC, nanoparticles
of different sizes and surface coatings. We found that
both size and surface have an impact on the particles
performance as T> contrast agents. In particular, with
casein coated 22 nm FesC, nanoparticles, we observed
a striking r» of 973 mM"s, making it one of the
highest reported T contrast agents to date. The parti-
cles showed low toxicity and they outperformed
IONPs in inducing hypointensities to the liver. These
observations confirm the great potential of FesC, na-
noparticles as a novel type of MRI contrast agents.

Supplementary Material
Figures S1-S5. http:/ /www.thno.org/v05p1225s1.pdf
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