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T
he interface between magnetic reso-
nance imaging (MRI) and nanotech-
nology invites new approaches to

the diagnosis and treatment of disease, pre-
senting unique opportunities for contrast
agent creation, such as the development of
MR-active compounds with target-specific
characteristics. The magnetic properties of
iron oxide nanoparticles (IONs) are ideally
suited for contrast agent creation.1–4 The
challenge in using such particles as targeted
MRI contrast agents has been in creating a
surface structure that provides sufficient
stability under biological conditions, resists
nonspecific adsorption, and is easily altered
to target a wide range of antigens.5,6 Immu-
notargeted superparamagnetic iron oxide
nanoparticles (ITSIONs) combine the speci-
ficity of antibodies and the contrast behav-
ior of IONs with the in vivo lifetime and drug
delivery potential of stealth liposomes.7,8

ITSIONs are monodisperse nanoparticles,
comprised of an exterior functionalized
phospholipid monolayer surrounding an in-
tegrated inorganic iron oxide crystalline
core and an organic monolayer of oleic acid
alkyl chains. The functional groups in the
exterior monolayer can be easily conju-
gated to a broad range of biological mol-
ecules. The phospholipid coating interacts
with oleic acid surfactants to create a
pseudolipid bilayer surrounding the nano-
particles (possibly similar to a cellular mem-
brane) and renders them highly dispersible
in aqueous environments. Due to the non-
specific conjugation method, virtually any

protein, peptide, or molecule may be substi-
tuted onto the ITSION, allowing for tailor-
made molecular MRI contrast agents.9 Due
to their versatility, ITSIONs create possibili-
ties for the molecular diagnosis of disease,10

cell-level tracking of disease
progression,11,12 tracking of transplanted
cells and tissues,13,14 drug delivery,15,16 and
therapeutics.16,17 Traditionally, IONs, espe-
cially those prepared by aqueous chemistry
methods, have exhibited wide size distribu-
tions with diameters ranging from 50 nm
to �100 nm after coating with a biocom-
patible substance such as dextran.18 In this
case, we take advantage of the narrow size
distributions (made possible by modern de-
composition techniques19) and
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ABSTRACT We demonstrate the development and successful application of immunotargeted

superparamagnetic iron oxide nanoparticles (ITSIONs), with in vivo magnetic resonance diagnostic and potential

drug delivery capability for kidney disease. Further, the versatility of the conjugation chemistry presents an

attractive route to the preparation of a range of biomolecule�nanoparticle conjugates. The ITSION contrast

agent is a stable, biocompatible, targeted nanoparticle complex that combines a monodisperse iron oxide

nanoparticle core with a functionalized phospholipid coating conjugated to antibodies that is capable of targeting

normal cells expressing specific target antigens. The plasma half-life and R1 and R2 relaxivities suggest sufficient

time for targeted binding while clearing from the system quick enough for detection of specific contrast

enhancement. RT1 anti-MHC Class II antibodies were used to target the renal medulla of the rat, a section of the

kidney in which MHC Class II, associated with inflammation, is specifically expressed. For in vivo resonance imaging,

we compare phospholipid coated nanoparticles, nonspecific ITSIONs, and RT1 ITSIONs. Enhanced binding of the

RT1 ITSIONS indicates specificity for the renal medulla and thus potential for disease detection or drug delivery.

KEYWORDS: iron oxide nanoparticles · phospholipid · contrast agents · drug
delivery · magnetic resonance imaging · immunotargeted · MHC Class II
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biocompatibilization of magnetic nanoparticles using
phospholipid chemistry20 in order to extend possibili-
ties for MR contrast agent creation in the 5–20 nm re-
gime. The properties and interactions with biological
systems in this unique size regime are of paramount in-
terest in bionanotechnology.

Prior to modification, the nanoparticles have a core
diameter of 5 nm (Figure 1a). With a final coated diam-
eter of 10 nm (Figure 1b), the core remains intact and
relatively monodisperse (��10% deviation with re-
spect to diameter), and the biocompatible product is
well defined and therefore suitable for quantitative
analysis in MR imaging as demonstrated here. The oleic
acid monolayer is believed to be covalently bound to
the surface �-Fe2O3,21 enabling the addition of
methoxy-poly(ethylene glycol) (mPEG)-modified phos-
pholipids which create a novel bilayer structure that al-
lows the ITSIONs to evade in vivo clearance by the retic-
uloendothelial system (RES) and extends their plasma
lifetime to several hours. A controlled amount of male-
imide is present in the outer bilayer for conjugation to
antibodies, as well as other proteins, peptides, and mol-
ecules. Focusing on these particles, we report here the
first recorded observations of immunotargeting of ex-
travascular antigenic sites using magnetic
nanoparticles.

A critical issue in the development of in vivo immu-
notargeted agents is their plasma lifetime. If the agent’s
lifetime is too short, it does not have sufficient opportu-
nity to bind to the target, while if its plasma lifetime is
too long, observing sufficient contrast between specifi-
cally bound and free compartments becomes difficult.
For example, radio-conjugated antibodies have been
shown to target specific antigens in vivo; however, their
lengthy lifetime in the blood often precludes visualiza-
tion of specific binding.22 Similarly, a limiting factor in
the use of magnetic nanoparticles as immunotargeted
contrast agents has been the design and synthesis of an
optimal exterior surface of the nanoparticle, allowing it
to evade the body’s innate immune defense mecha-

nisms while still possessing sufficient flexibility in

chemical reactivity. Although a number of coatings

now existOincluding albumin,23 dextran,24,25

pluronic,15,26 and starch,27 among othersOthey are un-

satisfactory due to either their instability in vivo or their

difficulty in being modified to target a range of biologi-

cal molecules. Moreover, they lack the potential for use

in drug delivery due to the nature of the coating.15,24,28

As first synthesized, the nanoparticles are strongly

hydrophobic due to the oleic acid molecules used as a

surfactant in the synthesis. The outer leaflet, or micelle,

created by the mPEGylated phospholipids prevents op-

sinization. Previous studies of stealth liposomes have

demonstrated that if the phospholipid density cover-

ing the nanoparticles is too low, the polyethylene chain

forms a mushroom-like structure.29,30 Independently,

we confirmed that the low-density structure is quickly

cleared from the blood in less than 10 min. While there

have been several reports of PEG-functionalized nano-

particles used in cell cultures, the complex nature of the

in vivo environment requires optimization of the coat-

ing to minimize interactions and prevent rapid clear-

ance from the vasculature.31,32 When the density of the

phospholipids is increased to 1.5 per nm2, it is be-

lieved that the PEG chains on the phospholipids pro-

trude radially from the core, forming a brush-like

structure.33,34 Because the PEGylated phospholipids in-

teract with the oleic acid surfactants in a manner similar

to phospholipids in a cellular membrane, we believe

this should provide more flexibility in the interactions

with cellular membranes due to the fluidity of the phos-

pholipid coating. These structures hinder plasma pro-

teins from attaching to the surface and significantly de-

lay removal by the liver’s RES cells. In addition, it is

possible to conceive the notion of “tuning” the plasma

lifetime of the ITSION as a function of mPEG size or

chain length. We postulate that a brush-like structure

exists for the ITSION coated with predominantly mPEG

2000 phospholipids, as depicted in Figure 2.

Figure 1. (a) Transmission electron microscopy (TEM) image of uncoated 5 nm �-Fe2O3 nanoparticles evaporated from a hexane solu-
tion. The monocrystalline nanoparticles are highly uniform in both size and shape. (b) TEM of mPEG 2000-coated nanoparticles evapo-
rated from phosphate buffer solution and negatively stained with 1% phosphotungstic acid. The coating is visualized as a 2 nm thick
white ring surrounding the dark nanoparticles. (c) MR images of Lewis rats injected with unconjugated coated nanoparticles of the kind
shown in panel b. The images also serve to show some basic rat anatomy, with both kidneys labeled for T1- and T2-weighted images.
No nonspecific binding in the kidney is determined from a return to contrast from t � 0 to t � 3.5 h.
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The optimal bilayer structure for coating the nano-
particles for use as contrast agents is a uniform 2 nm
thick shell of phospholipids with no aggregation (Fig-
ure 1b). When coated with lower amounts of phospho-
lipids, the nanoparticles tend to settle out of solution
and are rapidly cleared from the blood, as determined
by FACS analysis (see Supporting Information). Different
lengths of mPEG phospholipids can also be used; how-
ever, PEG chains shorter than 750, even at maximum
concentrations, were incapable of preventing aggrega-
tion. Previous research indicates that mPEG 2000 and
mPEG 5000 are better at resisting nonspecific binding
of proteins in vivo and have longer circulation times
than their shorter counterparts.33–36 In view of this,
mPEG 2000 was thought to be optimal. In order to pro-
vide binding sites for conjugation, 2% mPEG 2000:
maleimide was added to the mPEG 2000 phospholip-
ids, resulting in nanoparticles that can be conjugated to
a wide range of compounds. To aid in vitro detection,
2% rhodamine or fluorescein-tagged phospholipids
(Avanti) were also added.

The spin–lattice (R1) and spin–spin (R2) relaxivities
were measured in 1% agarose phantoms of the coated
�-Fe2O3 nanoparticles using a 3 T Philips Achieva scan-
ner. For T1-weighted scans, the nanoparticles behave as
positive contrast agents for concentrations below 500
nM (Figure 3a). At concentrations of 500 nM and above,
the T2 effects overpower the T1 effects. The use of man-
ganese oxide nanoparticles has been proposed in or-
der to circumvent this issue. Addtionally, the sweep im-
aging with Fourier transformation (SWIFT) sequence
under development by the Garwood group shows great
potential for imaging materials with rapid transverse re-
laxation rates, allowing for high-resolution images that
are highly sensitive to the ITSIONS.37,38 The nanoparti-
cles behave as negative contrast agents for T2-
weighted scan sequences, with a significant decrease
in the image intensity for concentrations around 10 nM
(Figure 3b). Quantitatively, at 3 T, the R1 relaxivity is
25.8 �M�1 s�1 and the R2 relaxivity is 266 �M�1 s�1

for 6 nm �-Fe2O3 nanoparticles. These are consider-

ably higher than the values reported at 3 T by Cheon

for similar sized MnO nanoparticles, R1 � 3 �M�1 s�1

and R2 � 14 �M�1 s�1,8 and for ferumoxtran-10, R1 �

6.58 mM�1 s�1 and R2 � 127.8 mM�1 s�1.39

In choosing an antibody to conjugate to the nano-

particles, the first consideration is to use one with suffi-

cient antigen binding sites on an easily imaged organ.

Taking 10 nM as the detection limit, a cell of volume 104

�m3 requires 6 � 104 binding sites for observation.

We chose to target ITSIONs toward Major Histocompat-

ibility Class II (MHC II) molecules, a transmembrane,

tissue-restricted macromolecular marker of adaptive

immune responses and inflammation, using RT1 anti-

bodies specific for rat MHC II molecules.40,41 Previous

attempts to image inflammation using iron oxide nano-

particles have been dependent on nonspecific uptake

by macrophages which accumulate at sites of

inflammation.12,42,43 In both human and rat, MHC II

molecules are constitutively expressed in the medulla

of the kidney, albeit in slightly different microanatomi-

cal regions.44,45 The cell surface density of MHC II mol-

ecules in rodent cells has been estimated (using radio-

iodinated anti-MHC II antibodies) to be on the order of

104�106 per cell,46–49 in the range we can expect to

detect.

RT1 anti-MHC II antibodies are conjugated to the

maleimide-functionalized mPEG 2000 phospholipid

coating by a simple two-step procedure. First, the anti-

bodies are modified using Traut’s reagent to transform

a fraction of the antibody’s primary amine groups into

thiols. Next, the modified antibody is mixed with the

nanoparticles, forming a thioether linkage between

them (see Supporting Information). On the basis of iron

and protein concentration measurements, there are

two nanoparticles per antibody on average. We immu-

nostained nearby sections of paraffin-embedded rat

kidney with the rhodamine-tagged ITSIONs (Figure 4b)

and unconjugated RT1 antibodies to serve as controls

Figure 2. (a) Schematic depicting the construction of the immunotargeted superparamagnetic iron oxide nanoparticle (IT-
SION). The iron oxide core (yellow, not to scale) is encapsulated in a brush-like shell of mPEG phospholipids. Maleimide-
functionalized mPEG phospholipids can bind to the antibody after modification to create R-SH groups, using Traut’s re-
agent. (b) Schematic depicting specific binding of the antibody to antigens on the tissue surface.
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(Figure 4a) to confirm the conjugation and the contin-

ued selectivity of the RT1 antibody�nanoparticle pair.

MHC II is localized primarily to the renal medulla

with minimal expression in the renal cortex or pelvis.

Comparison between panels a and b of Figure 4 shows

the same binding pattern, indicating that antibody

function remains undisturbed due to the conjugation.

To test the RT1 ITSIONs in vivo, 200 �L aliquots

of a 100 �M solution of RT1 ITSIONs were injected in-

travenously into rats. We found no signs of toxicity

(weight loss, abnormal behavior, reproductive ca-

pacity) in rats used in these studies. At least five rats

received multiple injections of conjugate (�4 times)

over 4 months. Control injections consisted of un-

conjugated coated nanoparticles and ITSIONs conju-

gated to goat anti-guinea pig antibodies, which are

nonspecific in the rat. The effects on the contrast in

the rat kidney were followed by T2-weighted MRI

prior to injection and for 2 h subsequently (Figure

5). As shown in the left column of Figure 5, all three

Figure 3. T1 and T2 relaxivity measurements. Iron oxide phantoms in 1% agarose gel. (a) T1-weighted spin– echo MR images and R1
color map for nanoparticle concentrations from 10 to 1000 nM, scanned at 3 T. The R1 relaxivity increases linearly with concentration
at a rate of 25.83 �M�1 s�1. While the contrast increases with concentration, above 200 nM, the contrast decreases as the T2 effects be-
gin to overtake the T1 effects. (b) T2-weighted TSE MR images and R2 color maps. The R2 relaxivity increases linearly with concentra-
tion at a rate of 266.1 �M�1 s�1. At concentrations above 500 nM, the signal is difficult to distinguish from the background.

Figure 4. RT1 expression in the rat kidney. (a) Rat kidney immunostained using RT1 anti-MHC II antibodies. MHC II is ex-
pressed in the inner and outer zones of the proximal renal tubules, as well as the medullary capillary plexus. (b) Rat kidney im-
munostained using rhodamine-tagged RT1 ITSIONs. The staining pattern is identical, indicating successful conjugation of
the antibodies to the nanoparticles without disruption of antibody avidity.
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Figure 5. ITSION targeting of MHC II-expressing cells in the kidney. T2-weighted turbo spin– echo MRI of rat kidneys pre-injection and
at 30 min, 1 h, and 2 h post-injection with (a) unconjugated nanoparticles, (b) nonspecific ITSIONs, and (c) RT1 ITSIONs. The images have
been color-mapped by intensity. (d) Change in the relative contrast intensity of the rat kidney pre- and post-injection for unconju-
gated and RT1 ITSIONs. (e) The unconjugated nanoparticles have a half-life of 45 min in the bloodstream, while the RT1 ITSIONs have
a half-life of 255 min.
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regions of the kidney, cortex, medulla, and pelvis

are visible prior to the injection.

In all cases, the contrast between the medulla

and the cortex is significantly reduced following in-

jection, reaching a minimum 30 min post-injection.

The change in contrast is strongest and lasts the

longest in the case of the RT1 ITSIONs. In this case,

the R2 value increases from 13 to 22 s�1 in the me-

dulla, and there is minimal visualization of the me-

dulla at 2 h. For the unconjugated coated nanoparti-

cles and goat anti-guinea pig ITIONS (nonspecific

ITSIONs hereafter), the contrast returns to the initial

intensity level within 2 h, as shown by the right col-

umn in Figure 5a�c.

Figure 5d shows the change in the signal intensity

from the medulla normalized to the change at 30 min

over time. Unconjugated coated nanoparticles and

nonspecific ITSIONs both have an elimination half-life

of 45 min in the kidney (Figure 5e). However, RT1 IT-

SIONs have a half-life of 255 min, a 500% increase over

that of the unconjugated coated nanoparticles, indicat-

ing the specific binding of the conjugate nanoparticles

to the MHC II antigens in the renal medulla. In terms of

effects on the antibody alone, we speculate that conju-

gation would only reduce avidity of the antibody (see

Supporting Information).

We can estimate the concentration of binding sites

in the medulla from the R2 change (9 s�1) using our

measured relaxivity of 266 �M�1 s�1. This corresponds

to a concentration of 34 nM, or 2 � 105 sites per cell
for a typical cell of volume 104 �m3.

CONCLUSIONS
Using phospholipid coatings, magnetic nanoparticles

can be synthesized with extended plasma lifetimes. Inclu-
sion of maleimide in the phospholipid coating allows the
particles to be conjugated to a wide range of compounds,
antibodies in particular. The resulting particle, which we
have termed an ITSION, is a selective immunotargeted
agent with novel binding characteristics suitable for de-
tailed pharmacokinetic analysis and quantization of tar-
get densities, as we have shown by their time-course-
specific effects on MRI contrast in the rat kidney. At 3 T,
the ITSIONs have an R1 relaxivity of 25.8 �M�1 s�1 and an
R2 relaxivity of 266 �M�1 s�1 for the 6 nm phospholipid-
coated �-Fe2O3 nanoparticles. The ITSIONs have a plasma
half-life of 45 � 5 min, providing sufficient time for tar-
geted binding while clearing from the system quickly
enough for easy detection of specific contrast enhance-
ment. The functionalized phospholipid coating allows for
effective high-yield conjugation to virtually any protein or
antibody. For these experiments, RT1 anti-MHC II antibod-
ies were used to target the renal medulla of the rat. While
the contrast in the kidneys returns to its original intensity
within 2 h for rats injected with nonspecific ITSIONs, in
rats injected with the RT1 ITSIONs the contrast remains
much longer, with a relaxivity change of 9 s�1, corre-
sponding to a ITSION concentration of 34 nM in the
kidneys.

METHODS
Materials. Iron pentacarbonyl (Fe(CO)5), technical grade oleic

acid (OA), trioctylamine (TOA), and trimethylamine-N-oxide were
purchased from Sigma Aldrich (St. Louis, MO). 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy-poly(ethylene
glycol)-2000] (mPEG 2000), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide-poly(ethylene glycol)-
2000] (maleimide-mPEG 2000), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(carboxyfluorescein) (green phospho-
lipid), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(Lissamine Rhodamine B Sulfonyl) (red phospholipid) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Traut’s reagent
(2-iminothiolane · HCl) was purchased from Pierce Biotechnology
(Rockford, IL). RT1 mouse anti-MHC II antibodies were purchased
from Cedarlane (Ontario, Canada).

Nanoparticle Synthesis and Characterization. The �-Fe2O3 nanopar-
ticles were synthesized using a procedure slightly modified from
the Hyeon method.19 First, 3.04 mmol of Fe(CO)5 was injected
rapidly into a preheated solution of 9.45 mmol of OA (3 mL) and
34.31 mmol of TOA (15 mL), and then the solution was heated
to reflux until nucleation of FeOx nanoparticles occurred. Ten
minutes post-nucleation, the solution was cooled below 130 °C,
and 9.32 mmol of dehydrated trimethylamine-N-oxide (0.7 g)
was added. The solution was then heated to 130 °C for 2 h, fol-
lowed by heating to reflux for 1 h. Finally, the solution was
cooled and washed with ethanol and hexane. The nanoparticle
samples were characterized by transmission electron microscopy
(TEM, Joel CX100) with an accelerating voltage of 100 kV. A single
drop of dilute solution of nanoparticles in hexane was placed
on a 400 mesh copper grid with Formvar backing. Samples were
vaccuum-dried for at least 1 h prior to imaging.

Phospholipid Coating and Characterization. The nanoparticles were
coated with phospholipids using a technique similar to the Du-
bertret method.28 A 400 �L sample of nanoparticles was precipi-
tated with methanol and centrifuged. Following removal of the
supernatant, the precipitated nanoparticles were dried in a
vacuum. Next, phospholipids in a 96:2:2 molar ratio of mPEG
2000:maleimide-mPEG 2000:rhodamine or fluorescein-
conjugated phospholipids were dispersed in chloroform and
added to the dried nanoparticles. Chloroform was evaporated
from the solution, and phosphate buffer solution (PBS) was
added prior to centrifugation, which removed precipitate and
excess phospholipids. Finally, the coated nanoparticles were re-
dispersed in PBS at a concentration of 10 mg/mL. The phospho-
lipid coating on the nanoparticles was visualized via TEM by plac-
ing one drop of a 1% phosphotungstic acid stain on a prepared
nanoparticle grid and allowing the water to evaporate for at least
12 h prior to imaging. The concentration of the coated nanopar-
ticle solution and density of the phospholipid coating were de-
termined by UV/vis spectroscopy.

Nanoparticle�Antibody Conjugation. Antibodies were modified
for conjugation using Traut’s reagent according to the manufac-
turer’s instructions (Pierce). The antibody solution was then
mixed with maleimide-functionalized phospholipid-coated
nanoparticles at a ratio of two nanoparticles per antibody and al-
lowed to react overnight at 4 °C. For optimal conjugation re-
sults, conjugation to the antibodies was always completed im-
mediately following the coating process, as the maleimide
functional groups hydrolyze in several hours and lose their reac-
tivity. The nanoparticles were centrifuged to remove unconju-
gated antibodies and concentrated to a final nanoparticle con-
centration of 10 mg/mL (50 �M). The concentration of the
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antibodies in the solution was measured via standard BCA as-
say (Pierce).

Immunohistochemistry. Five micrometer, sagittal paraffin-
embedded rat kidney sections were deparaffinized and rehy-
drated with xylenes and graded ethanols, respectively. Antigen
retrieval was achieved by trypsin digestion for 20 min. Endoge-
nous peroxidase was blocked with a 3% hydrogen peroxide so-
lution for 20 min. Nonspecific binding was blocked with CAS
Block (Zymed) for 1 h. Sections were incubated overnight with
rhomadine-tagged RT1 ITSIONs (1:50) at 4 °C and counterstained
with Hoechst solution (Sigma). Control sections were incubated
overnight with RT1 anti-MHC II antibody (1:50) at 4 °C. Biotiny-
lated goat anti-mouse IgG secondary (Vector) followed by HRP-
strepavidin (Zymed) and a Nova Red substrate (Vector) were
used to visualize the reaction product. Sections were counter-
stained using hematoxylin (Vector). All microscopy and imaging
were done on a Nikon Eclipse E600 apparatus (�4 objective, Ni-
kon Inc., Melville, NY) with Spot RT Slider digital camera and soft-
ware (Diagnostic Instruments, Sterling Heights, MI).

Flow Cytometry. The lifetime of fluorescein-tagged unconju-
gated coated nanoparticles and ITSIONs in the blood was mea-
sured via flow cytometry. Male Lewis rats (Harlan Sprague–Daw-
ley, Inc.) were injected with a dose of 6 mg/kg (200 �L for a
300 g rat). Blood samples were taken from the tail vein pre-
injection and at 15, 30, 45, 60, 90, 120, and 150 min intervals
post-injection. The blood was diluted at a ratio of 1:60 with 5
mM EDTA�PBS solution, and the fluorescence measured via
FACS analysis.

MRI Experiments. All MRI experiments were performed using a
3 T Philips Acheiva MRI scanner with a Flex-M coil. The R1 value
was measured using a series of inversion–recovery scans with
the following settings: TR � 5500 ms, TE � 144 ms, TSE � 34,
and inversion–recovery times ranging from 300 to 2500 ms, in
100 ms increments. For T1-weighted MR images, a multi-slice,
spin– echo sequence was used with the following scan param-
eters: TE � 15 ms, TR � 500 ms, flip angle � 60°, NSA � 2 with
a voxel size of 0.5 mm � 0.6 mm and a slice thickness of 1.5 mm.
The R2 value was measured using a
Carr�Purcell�Meiboom�Gill (CPMG) sequence using the fol-
lowing settings: TR � 2000 ms, 20 echos with 20 ms echo spac-
ing, NSA � 1, 1 mm slice thickness, and 0.65 mm � 0.82 mm
resolution. For T2-weighted images, a multi-slice turbo spin–
echo sequence with a TSE factor of 19 was used with the follow-
ing parameters: TE � 100 ms, TR � 5000 ms, flip angle � 90°,
NSA � 4 with a voxel size of 0.5 mm � 0.6 mm and a slice thick-
ness of 1.5 mm. For animal scans, male Lewis rats (Harlan Spra-
gue–Dawley, Inc.) were sedated and injected with a dose of 6
mg/kg (200 �L for a 300 g rat). To measure the half-life of the
nanoparticles in the kidney, T1W and T2W MR images of the rat
kidney were taken pre-injection and at 10 min intervals post-
injection for 3 h. Images were analyzed using OsiriX (Netfirms).
To compare contrast change, regions of interest were drawn
around the renal cortex and medulla and the intensities mea-
sured. The 30 min mark, where the largest contrast change is evi-
dent, was selected as the minimum intensity factor. Prior to nor-
malization, this minimum factor was subtracted from all intensity
measurements to account for variations between rats. While the
change in the medulla exceeded that of the cortex, their half-
life properties were identical, and, as such, the intensity changes
were an average of the two regions.
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