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Abstract

PURPOSE—The purpose of this study was to synthesize, characterize and tailor the surface
properties of magnetic nanoparticles with biocompatible copolymer coatings and to evaluate the
efficiency of the resulting nanoconjugates as magnetic resonance imaging (MRI) contrast agents
for liver imaging.

METHODS—Magnetic nanoparticles with core diameters of 10 and 30 nm were synthesized by
pyrolysis and were subsequently coated with a copolymer containing either carboxyl (SHP) or
methoxy groups (SMG) as termini. All four formulas, and ferumoxides (Feridex 1.VV.®), were
individually injected intravenously into separate, normal Balb/C mice (at 2.5, 1.0, and 0.56 mg Fe/
kg), and the animals underwent To-weighted MRI at multiple time points post injection (p.i.) to
evaluate the hepatic uptake and clearance. Furthermore, we compared the abilities of the new
formulas and Feridex to detect tumors in an orthotropic Huh7 tumor model.

RESULTS—TEM revealed a narrow size distribution of both the 10 nm and 30 nm nanopatrticles,
in contrast to a wide size distribution of Feridex. MTT, apoptosis and Cyclin/DNA flow cytometry
assays showed that the polymer coated nanoparticles had no adverse effect on cell growth. Among
all the tested formulas, including Feridex, SHP-30 showed the highest macrophage uptake at the /n
vitrolevel. In vivo MRI studies on normal mice confirmed the superiority of SHP-30 in inducing
hypointensities in the liver tissue, especially at clinical dose (0.56 mg Fe/kg) and 3T field. SHP-30
showed better contrast-to-noise ratio (CNR) than Feridex on the orthotropic Huh7 tumor model.

CONCLUSION—SHP-30 was found to be an efficient contrast agent for liver MR imaging. The
success of this study suggests that by improving the synthetic approach and by tuning the surface
properties of IONPs, one can arrive at better formulas than Feridex for clinical practice.

Address correspondence to, Baozhong Shen (shenbzh@vip.sina.com); Xiaoyuan Chen (shawn.chen@nih.gov).
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INTRODUCTION

Superparamagnetic iron oxide nanoparticles (IONPs) have long been used as magnetic
resonance (MR) contrast agents (1). They were widely investigated for liver imaging due to
their greater uptake by Kupffer cells than by other cell types (2-3). Such a passive targeting
feature, i.e. the overwhelming uptake of IONPs by the immune system, has also been
extended to image other organ types, such as spleen, bone marrow and lymph nodes. During
the past decade, there have also been efforts to link IONPs with vector ligands, such as
antibodies, peptides and aptamers, to confer the targeting specificity of the nanoconjugates
(4-7). Furthermore, IONPs have been increasingly investigated as promising biomaterials
for targeted drug delivery, cell separation, induction of hyperthermia, cellular magnetic
labeling and for magnetic sensor applications (1,8-11).

The IONP formulas currently used in the clinic are almost exclusively made by co-
precipitation, a protocol established over two decades ago. The synthesis is efficient and of
high throughput; the drawback of the method, however, is that it is suboptimal in controlling
the qualities of the final products, including their average size, size distribution and
crystallinity, as manifested by their relatively low T, contrast capability and inability to be
injected intravenously. Since the bolus injection of Feridex is not recommend because of
possible side effects which may be related to their large hydrodynamic size and wide size
distribution, dynamic contrast-enhanced imaging has not been possible so far. Recent
discontinuation of Feridex further underscores the urgency of developing IONPs with higher
magnetization, better water solubility and superior biocompatibility (12-13).

We herein report one of our efforts along this line. Instead of using the traditional co-
precipitation method, we adopted a pyrolysis recipe to synthesize IONPs. We and others
have demonstrated that IONPs produced by such a method possess better crystallinity and
are therefore superior to those made from co-precipitation in shortening spin-spin relaxation
time (11). Besides, compared with the traditional co-precipitation methods, the pyrolysis
method provides better control over particle size (1,14-16). In the current study, we
prepared IONPs with core sizes of 10 and 30 nm by following a previously reported protocol
(17). We then imparted a biocompatible tri-block copolymer (18) onto the as-synthesized
IONPs to confer water solubility to the IONPs. To investigate the impact of PEGylation, we
coupled NH»-PEG2000-OMe to the carboxyl groups of the polymer on the IONP surface.
Four types of IONPs were thus produced: (1) 10 nm core with carboxylate groups on the
surface (SHP-10); (2) 10 nm core with methoxy PEG groups on the surface (SMG-10); (3)
30 nm core with carboxylate groups on the surface (SHP-30); and (4) 30 nm core with
methoxy PEG on the surface (SMG-30). We then compared these four formulas with
Feridex in vitroto assess their uptake by macrophages and /7 vivo to evaluate their abilities
and sensitivities as liver contrast agents.

MATERIALS AND METHODS

Synthesis, surface modification and characterizations of IONPs

All chemicals were purchased from Aldrich. IONPs with uniform size distribution were
prepared as reported and suspended in hexane or chloroform (17). The hydrophobic
nanoparticles were rendered water soluble by a polymer coating method developed by Duan
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et al. (18). SMG was synthesized via 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide
hydrochloride (EDC) coupling using NH,-PEG2000-OMe. The morphology of the IONPs
was examined by TEM (CM 20 microscope, Philips). The hydrodynamic sizes as well as the
zeta potentials of the IONPs were examined on a DynaPro molecular sizing instrument
(Wyatt Technology Corp.) at 25 °C.

Cellular Uptake Assay

Cytotoxicity

The cellular uptake studies were performed on RAW 264.7 cells (mouse macrophage cell
line) and Huh7 cells (human hepatocellular carcinoma cell line). Both cell lines were
obtained from the American Type Culture Collection (ATCC). For cell culture, 0.5 x 10°
cells were initially seeded in 6 well plates and were cultured in folate-free RPMI-1640
medium containing 10% FBS and 1% penicillin/streptomycin for 24 h. The growth medium
was then aspirated and the cells were washed twice with PBS. For cell uptake studies, each
of the five formulas (SHP-10, SHP-30, SMG-10, SMG-30 and Feridex) was added, in
folate-free RPMI, to the 6-well plates. The final Fe concentration was 0.01 mg Fe/ml, and
the incubation proceeded for 4, 8 and 24 h. At the end of the incubation, the medium was
aspirated and the cells were washed three times with PBS. The cells were then detached and
counted. The Fe uptake was quantified by inductively coupled plasma-atomic emission
spectrometry (ICP-AES). The ICP samples were prepared by subjecting a known number of
cells to nitric acid with heat (100 °C) for 2 h. The resulting solution was then diluted to a
volume of 6 ml for analysis. The tests were performed in triplicate.

The cytotoxicity study was performed with RAW 264.7 cells using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Roche Molecular
Biochemicals, Indianapolis, Indiana). In brief, RAW 264.7 cells were seeded at a
concentration of 4 x103 cells/well to 96 well plates and were allowed to attach overnight.
The next day, each of the five formulas was added at a pre-determined Fe concentration
(from 0.08 to 50 ug Fe/ml), and the cells were incubated for 24 h. After incubation, the cells
were washed three times with PBS, and MTT was added at a final concentration of 0.5 mg/
ml. The cells were incubated for 1 h at 37 °C with 5% CO». Subsequently, the medium was
aspirated, and 200 ul DMSO was added to each well. The absorbance at 570 nm was
measured 1 h later.

The effect of IONPs on cell cycle distribution was determined by FCM after staining the
cells with PI. Briefly, 5 x 10° cells were seeded in 25 cm? culture flasks and allowed to
attach for 6 h incubation and FBS free medium replacement for overnight. The medium was
replaced with fresh complete medium containing each of the three formulas (Feridex,
SHP-30 and SMG-30) with pre-determined Fe concentration (from 0.08 to 50 pg Fe/ml).
PBS was added as blank control. After incubation for 24 h at 37 °C, floating and adherent
cells were collected, washed with ice-cold PBS, and fixed with 70% ethanol for at least 12 h
at 4 °C. The cells were then treated with 50 pg/ml Pl at a density of 1 x 10° cells/ml for 30
min, and the stained cells were analyzed using a BD FACSCalibur flow cytometer. Data
acquisition (10,000 events for each sample) was performed using Cell Quest software
(Becton Dickinson, USA).

The apoptotic rate was measured by flow cytometry according to the instructions provided
by the annexin V-FITC kit. In brief, after incubation with IONPs at a pre-determined Fe
concentration (from 0.08 to 50 pug Fe/ml), cells were harvested after digestion with 0.25%
trypsin, washed three times with ice-cold PBS containing calcium, and resuspended in 500
ul binding buffer at a concentration of 1 x 106 cells/ml, in which 500 pl of cell suspension
was added in a 5 ml flow cytometry tube. Annexin V-FITC (50 pg/ml, 5 pl) and PI (50 pg/
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ml, 5 pl) were added and incubated for 30 min at room temperature in the dark. PBS was
considered as blank control. Quantitative analysis of apoptotic level was performed using a
FCM. The apoptotic percentage of 10,000 cells was determined.

Study Using a Phantom

A study using a phantom was performed to assess the efficacy of the probes as T,-weighted
MRI contrast agents. All the five formulas with various iron concentrations (15, 7.5, 3.75,
1.875, 0.938, 0.469 and 0.234 pg/ml) were suspended in 1% agarose gel in 300 pl PCR
tubes. The tubes were embedded in a home-made tank, which was designed to fit the MRI
coil that was filled with 1% agarose gel. The tank, along with the PCR tubes, was inserted
into the MRI coil with the long axis of the vials parallel to the static magnetic field, and a
transverse tomographic plane orientation was used. T,-weighted MRI images were acquired
on a GE 7.0 T small animal MRI system with multi echo turbo spin echo (TSE) sequence
and the following parameters: TR = 3000 ms; TE = 20, 40, 60, 80, 100, and 120 ms; flip
angle = 30°; FOV =6 x 6, 256 x 256 matrix; slice thickness = 1 mm; and NEX = 1. A first-
order shim process was applied, and the phantoms were imaged at room temperature. To
determine whether the relaxivity of the IONPs vary with field strength, phantom studies
were repeated on a GE 3.0 T clinical MRI system with a dedicated small animal coil
(Chenguang Med Tech, Shanghai, China) with identical MR pulse parameters as the 7.0 T
small animal MRI system.

Animal model preparation

Normal Balb/c mice (6—7 weeks old, Harlan) with a body weight of 20.7 + 1.8 g, were used
in the investigation (3 animals for each contrast agent, dose and magnetic field strength).
Athymic nude mice were used to establish the orthotropic hepatocellular carcinoma model.
All animal studies were conducted in accordance with the principles and procedures outlined
in the Stanford University Institutional Animal Care and Use Committee (IACUC).

The Huh7 cells were transfected with firefly luciferase reporter gene. The tumors were
established by subcutaneous injection of 5 x 10% cells in 100 pl PBS into the front flank of
each mouse. When the tumor volume reached 700-800 mm?3 (1-2 wk after inoculation), the
tumor was carefully excised and cut into small tissue fragments of 1 mm?3 devoid of necrotic
tissue. The orthotropic hepatocellular carcinoma model was generated by transplanting a
tumor tissue fragment into the left lobe of each mouse’s liver by surgery. Mice were
anesthetized with isoflurane (IsoFlo; Abbott Laboratories) inhalation and were put in a
supine position. The abdomen was sterilized with iodine and alcohol swabs. A left subcostal
incision was made to expose the left lobe of the liver. A small cut on the Glisson’s capsule
of the left lobe was then performed. One piece of the above tumor tissue fragment was
inserted into the incision on the liver of each mouse. The fragment was then sutured in place
using a 6-0 silk. The abdomen was closed with a 5-0 silk suture. The tumor growth was
monitored by bioluminescence (BLI) imaging on a Xenogen IVIS device (Caliper
Lifesciences). At about 15 min prior to imaging, animals were injected i.p. with D-luciferin
at a dose of 150 mg/kg in Dulbecco PBS (DPBS) with 0.5% BSA. The mice underwent MR
imaging 1-2 wks after implantation.

In vivo MRI and data analysis

For imaging of normal mice, the mice were first anesthetized with 1-2% isoflurane in 1:2
0,:N5. Subsequently, each of our four formulas and Feridex was injected into separate Balb/
C mice through the tail vein at a dose of 2.5, 1, or 0.56 mg Fe/kg. T,-weighted fast spin-
echo imaging was performed at multiple time points post-injection (p.i.), namely at 10 min,1
h, 24 h, 72 h, 1 wk and 2 wks, with the following parameters: for 7.0 T small animal MR,
TE =40 ms, TR = 3000 ms, thickness = 1 mm, FOV =6 x 6, NEX = 1.0, echo = 1/1; for 3.0
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T clinical MRI, TE =40 ms, TR = 4000 ms, thickness = 1 mm, FOV =6 x 6, NEX = 3.0,
echo = 1/1. For the imaging of the orthotropic Huh7 tumor model, all of the particles were
administered at a dose of 2.5 mg Fe/kg. To-weighted fast spin-echo images were acquired by
the 7.0 T MR system pre- and 10 min and 1 h post-injection using the same parameters
described above.

From each data set, one slice that showed the liver tumor and a larger portion of normal liver
tissue without partial volume effects was selected to determine the signal intensity of liver
(Shiiver), tumor (Slyymor), and noise (Slyeise) by standard region-of-interest (ROI)
measurements. The size of the ROI for liver and tumor was 49.7 + 11.2 pixels and that for
the noise was about 100 pixels. The measurements were performed by two experienced
investigators in consensus with regard to the location and size of the region of interest. For
the measurements of Sljjyer, larger blood vessels were avoided. Moreover, larger necrotic
areas were likewise excluded from the Slymor region of interest on To-weighted fast spin-
echo images. Slpjse Was determined anterior to the mice in the frequency-encoding
direction to exclude motion artifacts induced by respiration or vessel pulsation. Slygjge in the
phase-encoding direction was not included in the analysis since the aim of our study was to
evaluate the signal intensity changes induced by the various contrast media, rather than to
compare pulse sequences. The measured signal intensity values were used to calculate
signal-to-noise ratio (SNR) for the liver as SNRjjver = Shjiver/Slhoise @nd for the tumor as
SNRtwmor =Sltumor/Slhoise for each animal and time point. The contrast between liver and
tumor was determined by calculating the contrast-to-noise ratio (CNR) as CNR = (Sljjyer

‘S|tumor)/5|noise-

Statistical Analysis

RESULTS

All tests of significance were two sided, and differences were considered statistically
significant when P < 0.05. Graph-Pad Prism software was used for all analyses. For
comparison of SNR and CNR values of the contrast media, a two-factorial nonparametric
analysis of variance was performed for the different image acquisition time points and
contrast medium groups to take into account the correlated nature of the repeated
measurements. For comparison of SNR and CNR values of the contrast media, a paired t-
test was used.

Preparation and characterizations of water soluble IONPs

The IONPs were prepared by following a reported protocol (17). The exact reaction
conditions to obtain nanoparticles were as the following: for 10 nm 10, 0.18 mole of iron
oxide powder was added to the mixture of 0.72 mole of oleic acid and 300 g octadecene in 3
| three-necked flask under N». The solution was heated to above 300 °C for 30 min to obtain
10 nm 10 nanoparticles; for 30 nm 10, 0.18 mole iron oxide powder was added to mixture of
1.44 mole oleic acid and 300 g octadecene in 3 | three-necked flask under N, the solution
was heated to above 300 °C for 2 h to obtain 30 nm 10 nanoparticles. The core size of
IONPs was determined by TEM analysis. As displayed in Fig. 1, both types of IONPs
demonstrated a very narrow size distribution.

Such as-synthesized IONPs were coated with a thick layer of hydrocarbon chain and were
not water soluble. A copolymer of poly(maleic acid) and octadecene (PMO) (18), was
coated onto the IONP surface via hydrophobic interactions with the surfactant. This co-
polymer has multiple carboxylate groups on its surface, which helps to suspend the IONPs
(SHP-10 and SHP-30) in aqueous solution and allows them to be further coupled with other
biomolecules by forming an amide bond. In the current study, we introduced NH»-
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PEG2000-OMe onto both SHP-10 and SHP-30 to produce SMG-10 and SMG-30. Such a
conjugation led to a significant drop of zeta potential (Table 1). Meanwhile, DLS results
showed that the hydrodynamic sizes were increased from 23.1 nm (for SHP-10) to 25.0 nm
(for SMG-10), and from 49.1 nm (for SHP-30) to 63.8 nm (for SMG-30) (Fig. 1c,d). Note
that the average hydrodynamic sizes of all 4 formulas were considerably smaller than
Feridex. To check the stability of the nanoparticles, we placed all 4 new particle formulas, as
well as Feridex, in a tightly sealed container for 1 year at 4 °C and no precipitation was
found in any of these formula.

Cellular uptake and cytotoxicity assays

As shown in Figure 2, all the nanoparticle formulas, including Feridex, showed greater
uptake by RAW 267.3 than by Huh7 cells. Although all the formulas showed a comparable
uptake by Huh7 cells, we observed a big difference in terms of macrophage uptake.
Specifically, while both SHP-10 and SHP-30 showed higher uptake than Feridex, SMG-10
and SMG-30 showed less uptake than Feridex at all the time points examined. After 24 h
incubation, the uptake of nanoparticles was found to be 7.34 + 0.09 pg Fe/cell for SHP-10,
11.78 + 0.26 pg Fe/cell for SHP-30, 6.53 + 0.34 pg Fe/cell for Feridex, 4.66 + 0.26 pg Fe/
cell for SMG-10, and 5.40 + 0.07 for SMG-30. These results demonstrate that both surface
charge and nanoparticle size play important roles in determining the cellular uptake rate.
The negatively charged SHP-10 and SHP-30 have greater uptake by macrophages than the
neutral SMG-10 and SMG-30. Meanwhile, the larger particles appear to have more
macrophage uptake than smaller particles with the same surface coating. In order to
determine whether the addition of IONPs induced cell apoptosis, flow cytometry was
conducted in both IONP and PBS treated RAW 264.7 cells. The cell apoptosis rates were
shown in Figure 2c. No statistical difference between the PBS control and IONP treated
cells, indicating that IONPs don’t result in cell apoptosis. We designed experiments to
determine whether IONPs suppress RAW 264.7 cells proliferation. As can be seen in Fig.
2d, a 24 h incubation on RAW 264.7 cells with increasing doses of IONPs, flow cytometry
assay showed no statistical difference in the proportion of G2/M phase between the PBS
group and each group after the treating with different amount of IONPs, which proved that
IONPs have no influence on RAW 264.7 cell proliferation. Notably, at the studied
concentrations, there was no apparent effect on cell growth for any of the nanoparticles
tested (Fig. 2e).

Phantom study

All four formulas (SHP-10, SHP-30, SMG-10, and SMG-30), as well as Feridex, showed
concentration dependent hypointensities in To-weighted maps as measured by the 7.0 T
small animal MRI system. The r, values derived from 1/T5 vs. [Fe] curves were 201.5+ 7.1
mM1s71 for SMG-10, 214.12 + 4.0 mM~1s™1 for SMG-30, 212.67 + 5.8 mM~1s™2 for
SHP-10, 230.3 +1.5 mM 1571 for SHP-30 mM~1s71 and 152.2 + 2.5 mM~1s1 for Feridex
(Fig. 3). All four formulas had clearly better T, contrast than Feridex (Table 2, P < 0.05).
Among the four formulas, larger core size particles appeared to have higher r, values than
the smaller ones. A slight decrease of r, value was observed when the SHP particles were
converted to PEGylated SMG particles. This is likely attributable to the increased size
caused by PEGylation and, consequently, increased exclusion radius of protons from the
magnetic field (19). The same phantom study was repeated at 3.0 T clinical MRI system
with rp values of 211.2 + 19.3, 220.4 + 19.4, 223.7 £ 19.6, 239.4 £ 47.0 and 159.6 + 9.3
mM~1s71 for SMG-10, SMG-30, SHP-10, SHP-30, and Feridex, respectively. The r, values
of all four formulas were significantly higher than Feridex (Table 2, P < 0.05). There was no
statistical difference in r, values between 3.0 T and 7.0 T scanners for each IONP formula
tested (P > 0.05).
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In vivo Imaging

Normal Balb/c mice were randomly divided into 5 groups and were each injected with one
of the five formulas at a dose of 2.5 mg Fe/kg. To-weighted MRI was performed before and
10 min, 1 h, 24 h, 72 h, 1 wk and 2 wks post-injection in the 7.0 T small animal imaging
system. Signal-to-noise ratios (SNRs) of the liver were derived (Fig. 4a) from MR images.
All the formulas were found to quickly induce hypointensities in the liver. Except for
SMG-10, all three other polymer coated formulas showed better contrast than Feridex at 10
min post injection at 7.0T at a dose of 2.5 mg Fe/kg (P < 0.05) (Fig. 4c and d, Table 3).
Following our observation that particles with a 30 nm core size induced higher
hypointensities than those with 10 nm cores at a dose of 2.5 mg Fe/kg, we further compared
the contrast ability of SMG-30, SHP-30 and Feridex at a lower dose (1.0 mg Fe/kg). We
found that all three formulas had a very similar trend of liver signal change, with SNR
quickly reaching maximum within 10 min, and a long period of plateau up to 72 h p.i.,
followed by gradual restoration to the normal level in 2 weeks. Again, both SMG-30 and
SHP-30 were more efficient in inducing hypointensities than Feridex at such a low dose (P <
0.05 at multi-time points) (Fig. 4b and e, Table 3). SHP-30 also tends to be cleared faster
than SMG-30 from the liver, a property that is essential in reducing the potential toxicity of
Fe. However, there is no statistical difference between the novel particles and Feridex at 2
weeks time point at the dose of 1.0 mg Fe/kg at 7.0T (Fig. 4e). To study the clinical
potential of these IONPs, the contrast ability of the 5 formulas at clinical 3.0 T MR at a dose
of 1.0 and 0.56 mg Fe/kg were tested and the results were similar to those obtained from 7.0
T small animal imaging system.

We then compared SHP-30 and Feridex in a Huh7 orthotropic model. We injected both
formulas at a dose of 2.5 mg Fe/kg and acquired T,-weighted images pre- as well as 10 min
and 60 min post-injection from the 7.0 T small animal MRI system (Fig. 5). From the
images, the CNRs were found to be 132.9 + 21.2 and 146.6 + 18.9 at 10 and 60 min p.i. for
Feridex. This index improved to 149.3 + 20.0 and 153.6 + 23.0 at 10 and 60 min p.i. for
SHP-30. Postmortem ex vivo Prussian blue staining found that most SHP-30 particles were
trapped in the liver instead of tumor cells (Fig. 6).

DISCUSSION

Liver MRI is a key element in the diagnosis, management and follow-up of patients with
hepatocellular disease, such as hepatocellular carcinoma (HCC). IONPs play a significant
role in this context, as they are preferably taken up by Kupffer cells and induce
hypointensities in the liver parenchyma. As a consequence, the visibility of lesions, such as
metastases or HCC, is improved. Ideally, IONPs for such applications should have the
following characteristics: 1) high magnetization value, which means better contrast and,
therefore, a minimized dose; 2) size smaller than 100 nm, with a narrow size distribution for
bolus intravenous administration, instead of slow intravenous infusion; and 3) appropriate
coating to allow the magnetic particles to be stably suspended under physiological
conditions and, simultaneously, to be non-toxic, non-immunogenic and be easily cleared
from the body.

In the present study, we used pyrolysis to prepare IONPs with two core sizes (10 nm and 30
nm). TEM studies confirmed the size homogeneity of the particles. This high temperature
treatment led to products with better crystallinity, and therefore higher magnetism, which
explains their superiority over Feridex in r, relaxivity. Among the four polymer-coated
formulas, we found that 30 nm nanoparticles possessed higher r, than the 10 nm ones. This
is not surprising since magnetism is a function of nanoparticle size. On the other hand, we
noticed that the difference is not dramatic. It could be attributed to the fact that the 10 nm
IONPs already have a magnetism that is close to bulk materials. Hence, a further increase of
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the particle size does not necessarily improve their contrast ability. Meanwhile, we found
that the coating also had some effect on the ry values. Specifically, PEGylated formulas
displayed smaller r, values than their corresponding non-PEGylated analogues of the same
core size. A similar observation was made previously and was attributed to increased
exclusion radius of protons (19).

As previously mentioned, the primary drawbacks of Feridex are their large hydrodynamic
size and wide size distribution (20-22). These exclude their use as bolus injectable agents in
the clinic. Instead, Feridex is primarily administrated via infusion, which is suboptimal for
routine clinical use. The polymer coated IONPs, on the other hand, are much smaller in
overall size, despite of their larger core sizes. This is in part due to the better size control of
the pyrolysis method, which leads to products with narrow size distributions. Moreover, the
polymer coating efficiently encapsulates the particle cores and thus reduces the surface
energy, and prevents the nanoparticles from aggregating.

One important feature required by the IONPs, when used as liver imaging contrast agents, is
greater uptake by macrophages (Kupffer cells) than by tumor cells. Indeed, we found from
the /n vitro studies that all the formulas, including Feridex, showed similar levels of uptake
by tumor cells (Huh 7), all of which were lower than those by macrophages (RAW 264.7).
The coating strategy plays a significant role in determining the uptake level. Generally, the
cellular uptake was found to follow the following order: SHP > Feridex > SMG. This is
explained by the effect of surface charge, as measured by zeta potential analysis. The SHP
nanoparticles are more negatively charged than Feridex (Table 1), and are therefore more
likely to induce a scavenging response. The SMG nanoparticles, on the other hand, are
protected with a layer of antifouling material, which greatly reduces their uptake level (23).
When the coating is the same, the core particle size was found to affect the macrophage
uptake to a certain degree. For both SHP and SMG, 30 nm cores were found to induce
higher uptake than 10 nm cores. Overall, the /in vitro studies showed that SHP-30 IONPs had
both the highest r, value and the most prominent macrophage uptake.

The Jin vivoresults are quite in accordance with the /n vitro observations. From the tests in
normal mice, we found that SMG-30 nanoparticles were merely comparable to Feridex in
inducing hypointensities in liver at high doses (2.5 mg Fe/kg), and that SMG-10 was even
less able than Feridex to induce such hypointensities. On the other hand, the SHP
nanoparticles, especially SHP-30, were shown to be much more efficient in reducing the T,
relaxation time. Notably, while SMG-30 had only a marginal advantage at 2.5 mg Fe/kg
over Feridex, this lead in performance was greatly extended at clinical dose (0.56 mg Fe/kg).
This confirmed our expectation that an advantage in contrast could lead to a reduced
injection dose. The SMG-30 and SHP-30 showed comparable performance in terms of
inducing liver hypointensities. However, the latter showed a faster clearance rate, which is a
highly preferred attribute for allowing longitudinal studies on the same living subject and
potentially for lower liver toxicity. In addition, /7 vivo studies on an orthotropic Huh7 HCC
tumor model further confirmed the superiority of SHP-30 over Feridex in improving lesion
visibility.

The emerging field of nanotechnology has provided a means to improve traditionally used,
IONP-based MRI contrast probes. There have been few systematic studies to investigate
how particle core size, hydrodynamic size, surface charge and PEGylation can affect a
particle’s role as a contrast agent in liver cancer imaging. Indeed, by tuning the parameters
of IONPs, we can arrive at formulas that are injectable i.v., offer fast clearance from the
body, and can induce high contrast between normal liver and HCC lesions.

Contrast Media Mol Imaging. Author manuscript; available in PMC 2013 September 02.
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CONCLUSION

We report in this manuscript the evaluation of superparamagnetic IONPs of different
coatings (SMG and SHP) and core sizes (10 nm and 30 nm) for liver MR imaging.
Synthesized by pyrolysis, these IONP formulas possess higher r; relaxivity than Feridex.
Through /n vitro studies, we were able to indentify one formula, SHP-30, with the best
contrast and highest macrophage uptake. /n7 vivo, SHP-30 outperformed Feridex as a
contrast probe in both normal mice and in an Huh7 orthotopic tumor model. The success of
this study suggests that the SHP-30 formula might be an improved alternative to Feridex for
liver imaging as an i.v. contract agent.
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Figure 1.
TEM images of representative (a) 10 nm and (b) 30 nm IONPs prepared via pyrolysis, and
dynamic lighter scattering results of (¢) SHP and (d) SMG IONPs.

Contrast Media Mol Imaging. Author manuscript; available in PMC 2013 September 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Buetal.

Q

Uptake of Fe (pg/cell)

Cell viability

Page 12
RAW 264.7 Cellular Uptake Huh7 Cellular Uptake
15.0- b 15+
—e— PBS =
12.5+ ——SMG-10 §
10.0+ -y SMG-30 g 104
——SHP-10 o
7.54 ——SHP-30 =
. [e]
5.0 — == Feridex o 54
3]
2.54 =
0-0';|_' T : L B BN N R R | *_'I 0- ¢ v T 7T 11
0 2 4 6 8 10121416 18 20 22 24 26 0 2 4 6 8 1012141618 20 22 24 26
Time (h) Time (h)
Annexin V-FITC d Cyclin/DNA
9 4
8 C3PBS —
—_ . X
Ra EE3 Feridex L2 "
26 CosmG30 =
8s @DSHP-30 ©
L o 2
54 £
a3 o
o =1
Q2 S
<, ®
0 H H H 3 5 3 3 H : H
0.00 0.08 0.40 2.00 10.00 50.00 0.00 0.08 040 2.00 10.00 50.00
Fe concentration (pg/ml) Fe concentration (pg/ml)
Viability assay with RAW 264.7 Cells
1.5+
SMG-10
&) SMG-30
1.0- E3 SHP-10
I SHP-30
2 Feridex
0.5+
0.0- i

0.08 0.40 2.00 10.00 50.00

Fe concentration (pg/ml)

Figure 2.

Cellular uptake of different types of IONPs by (a) RAW 264.7 macrophage cells and (b)
Huh7 human hepatocellular carcinoma cells. (c and d) apoptosis (c) and cyclin/DNA (d)
flow cytometry assays with RAW 264.7 macrophage cells. (e) Cell viability assay with
RAW 264.7 macrophage cells.
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Figure 3.

(a) To-weighted phantom images of the IONPs as a function of iron concentrations. (b—e) r
relaxivities derived from 1/T, vs. [Fe] curves. The r values were calculated to be 201.5 +
7.1,212.7+5.8,214.2 +3.8,230.3 + 1.5 and 152.2 + 2.5 mM~1s71 for SMG-10, SMG-30,
SHP-10, SHP-30 and Feridex, respectively (n = 3).
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Figure4.

(a—b) Representative To-weighted MR images of normal Balb/c mice before and 10 min, 24
h, 72 h, 1 wk and 2 wks after tail-vein injection of SHP-30, SMG-30 and Feridex at a dose
of 2.5 mg Fe/kg (a) and 1.0 mg Fe/kg (b) using a 7.0 T small animal MRI system. (c—d)
SNR vs. time curves of different nanoparticles at the dose of 2.5 mg Fe/kg. Among all the
formulas, SHP-30 showed the best efficacy in inducing hypointensities in liver parenchyma.
(e) SNR vs. time curves of SHP-30, SMG-30 and Feridex at the dose of 1.0 mg Fe/kg using
a 7.0 T small animal MRI system. *, P < 0.05; **, P < 0.01.
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Figureb5.

(a) BLI (left) and MRI (right) of representative Huh7 tumor-bearing mice injected with
Feridex or SHP-30 at a dose of 2.5 mg Fe/kg using a 7.0 T small animal MRI system. The
images were taken coronally before and 10 min, 1 h after particle injection. (b) The CNR of
Feridex and SHP-30 at before and 10 min, 1 h after particle injection. SHP-30 showed
higher CNR than Feridex at both time points after particle injection. *, P < 0.05.
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Figure6.
F4/80 and Prussian blue double staining of liver tissue slices at 24 h after tail vein injection

of IONPs as well as Feridex (40x). (a) Feridex, (b) SHP-30, (¢) SMG-30, (d) SHP-10 and
(e) SMG-10.
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Table 1

Characterizations of Polymer Coated IONPs.

Coresize(nm) Overall Sze(nm) Zetapotential (mV)
SHP-10 10 231 -45.01
SHP-30 30 25.0 -47.52
SMG-10 10 49.1 -14.99
SMG-30 30 63.8 -6.22
Feridex 5 85-120 -21.60
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Table 2

R, value of IONPs at different magnetic field strengths with the same concentration.

IONPs magnetic strength

70T 30T

SMG-30  21268+575" 220.07+9.54"

SMG-10  20154+7.09" 210.49+550"

SHP-30  230.22+1.47% 239.41+6.60 *

SHP-10  214.16+3.84" 22281+1581%
Feridex 152.21+252  159.88 +8.12

*

(AVG=SD of 3 measurements, P < 0.05 as compared to Feridex).
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