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Abstract

The effect of nanoparticle size (30–120 nm) on magnetic resonance imaging (MRI) of hepatic

lesions in vivo has been systematically examined using polyvinylpyrrolidone (PVP)-coated iron

oxide nanoparticles (PVP-IOs). Such biocompatible PVP-IOs with different sizes were

synthesized by a simple one-pot pyrolysis method. These PVP-IOs exhibited good crystallinity

and high T2 relaxivities, and the relaxivity increased with the size of the magnetic nanoparticles. It

was found that cellular uptake changed with both size and surface physiochemical properties, and

that PVP-IO-37 with a core size of 37 nm and hydrodynamic particle size of 100 nm exhibited

higher cellular uptake rate and greater distribution than other PVP-IOs and Feridex. We

systematically investigated the effect of nanoparticle size on MRI of normal liver and hepatic

lesions in vivo. The physical and chemical properties of the nanoparticles influenced their

pharmacokinetic behavior, which ultimately determined their ability to accumulate in the liver.

The contrast enhancement of PVP-IOs within the liver was highly dependent on the overall size of

the nanoparticles, and the 100 nm PVP-IO-37 nanoparticles exhibited the greatest enhancement.

These results will have implications in designing engineered nanoparticles that are optimized as

MR contrast agents or for use in therapeutics.
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INTRODUCTION

Iron oxide (IO, Fe3O4 or γ-Fe2O3) nanostructured materials have attracted much attention

because of their intriguing properties and wide applications in various fields, such as data
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storage,1 catalysis,2 sensors,3 contaminant treatment4 and biomedicine.5–14 Especially for

the field of nanobiotechnology, IO nanomaterials have emerged as promising tools with

increasing applications in detection and separation,5 magnetic resonance imaging (MRI),9–

14 drug delivery,6 hyperthermia therapy,7 and tissue repair.8 Tremendous efforts have been

made in fabricating stable colloidal IO solutions with superior magnetic properties, good

dispersibility and biocompatibility--all of which are crucial for biomedical and clinical

applications. Recent investigations impressively show that the magnetic properties of IO-

based nanoparticles largely depend on particle size, natural crystallinity, chemical

composition, and surface coating.15–18 Meanwhile, enormous progress has also been

achieved in alternative formulations and further functionalization of IOs to improve their

dispersibility and biocompatibility, including surface exchange, ligand conjugation, and

micelle encalpsulation.19–24 For instance, IO nanoparticles functionlized with dextran,9

albumin,10 silicones,11 liposomes,12 dendrimers13 and poly(ethylene glycol)14 have widely

served as T2 contrast agents that show high efficacy in enhancing images and enabling

detection of focal lesions in living subjects through non-invasive, real-time MRI.

Recently, intensive research has been devoted to understanding the interaction between

nanoparticles and biological systems in order to optimize their diagnostic sensitivity and

therapeutic efficacy.25–26 Various in vitro studies have demonstrated that particle size,

surface chemistry and physical shape greatly impact how nanoparticles interact with plasma

proteins, cellular uptake, toxicity, and molecular response.27–35 However, in vivo systems

are far more complex than in vitro model systems, as the interactions of nanoparticles with

biological components, such as proteins and cells, could change the final fate, kinetics and

clearance of the nanoparticles. Generally speaking, nanoparticles with overall sizes in the

range of 10–200 nm are considered to be optimal for intravenous injection19–21, 23 The

precise engineering parameters needed to build efficient MRI contrast agents have not been

thoroughly identified, since few studies have systematically investigated the in vivo behavior

of engineered nanostructures. Previous investigations have shown that the biodistribution is

strongly dependent on the particle size, surface chemistry and physical shape of the

engineered nanostructures.32, 36 Kjems et al. examined the accumulation of PEGylated

silane-coated IO nanoparticles in subcutaneous tumor, and found that larger nanoparticles

were tended to accumulate more effectively, resulting in stronger imaging contrast

enhancement.36 However, because of the lack of tests with a wide range of sizes, the

specific influences of particle size on in vivo biodistribution and MR imaging have not been

fully investigated.

Herein, we systematically examined how particle design can be optimized toward efficient

passive liver MR imaging. We synthesized a series of magnetite nanoparticles coated with

polyvinylpyrrolidone (PVP) in different overall sizes, by tuning the reaction conditions we

reported previously.37 We then investigated how the size of nanoparticles affected their

interactions with macrophage cells in vitro. Next, we examined size-dependent MR imaging

of mouse liver in vivo, revealing a difference in behavior over the 30–120 nm size range.

Finally, we examined enhancement of contrast in T2-weighted MR imaging of an orthotopic

liver tumor model. Through these systematic studies, we demonstrated that particle design

has tremendous consequences on the distribution of nanoparticles in liver, which will allow

for an optimized approach to liver MR imaging.

RESULTS AND DISCUSSION

PVP-coated iron oxide nanoparticles (PVP-IOs) were synthesized by the thermal

decomposition of iron carbonyl (Fe(CO)5) in N,N-Dimethylformamide (DMF).37 The

particle size of the PVP-IOs was modulated by controlling the ratio of PVP to Fe(CO)5. A

decrease in particle size was observed by transmission electron microscopy (TEM) when the
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PVP concentration increased from 0.07 to 0.33 g/mL. Under other fixed reaction conditions,

the highest PVP concentration (0.33 g/mL) resulted in particles with the smallest particle

size, approximately 7.6 nm (Figure 1a). As the PVP concentration decreased to 0.27, 0.18

and 0.07 g/mL, the average particle size changed to 23.4 (Figure 1b), 36.8 (Figure 1c) and

65.3 nm (Figure 1d). For convenience, we labeled the samples as PVP-IO-8, PVP-IO-23,

PVP-IO-37 and PVP-IO-65, respectively. PVP was immobilized on the surface of the IO

nanocrystals via coordination interaction through its carbonyl group,38 rendering the IO

nanoparticles dispersible in water, as well as preventing them from having uncontrolled

growth.

The hydrodynamic diameters of PVP-IO nanoparticles in aqueous solution were determined

by dynamic laser scattering (DLS) analysis (Figure 2). Compared to the particle sizes

observed in TEM images, the corresponding hydrodynamic diameters of PVP-IO

nanoparticles are much larger. The observed hydrodynamic diameter changed from 32.2 to

70.7, 102.4 and 118.3 nm as the core size of nanoparticles increased from 8 to 23, 37, and 65

nm, respectively. All the PVP-IOs are slightly positively charged while Feridex is negatively

charged as indicated by the zeta potential measurement (see Table 1). These results are

attributed to the hydrophilic polymer coating present on the surface, similar to the other

reported formulations.11, 39–40 This biocompatible PVP coating may also enhance the blood

circulation time and stabilize colloidal solution.41

To evaluate the T2 enhancing capabilities of the four PVP-IOs, aqueous solutions of the

PVP-IOs at different Fe concentrations were investigated by T2-weighted MRI on a 7.0 T

small animal MR scanner (GE Healthcare). T2-weighted phantom images decreased

significantly in signal intensity with increasing Fe concentration, due to the dipolar

interaction of the magnetic moments of the particles and protons in the water (Figure 3a),

making the images darker. This behavior indicates that PVP-IOs generate MR contrast on

T2-weighted sequences, and are promising T2 MRI contrast agents.

Figure 3b shows the relaxation rates, 1/T2, of PVP-IOs as a function of Fe concentration.

The plots were well-fit by linear functions within the analyzed range of Fe concentration. It

has been observed previously that relaxation rates vary linearly with Fe concentration:42

where 1/T2 is the observed relaxation rate in the presence of magnetic nanoparticles, 1/T0
2 is

the relaxation rate of pure water, and the product [Fe]R2
39 is the relaxation by the field

inhomogeneities, i.e., the susceptibility effect induced by the magnetic ion ([Fe] is iron

concentration and R2 is the transverse relaxation rate, which represents the efficiency of the

magnetic nanoparticles as a contrast agent). The specific relaxivity coefficients (R2 values),

determined by the slope of 1/T2 against Fe concentration, increase with increasing particle

size, hence the R2 value of PVP-IOs can be expressed as:43–44

where a is a constant, dNP is the diameter of the nanoparticle, D is the diffusion coefficient,

μ is the magnetic moment of the nanoparticles, γ is the gyromagnetic ratio of the water

proton, CNP is the concentration of the nanoparticles, and J(ω,τD) is the spectral density
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function. According to the above equation, R2 is proportional to the magnetic moment μ2.

Although magnetism is an intrinsic property of bulk materials, the magnetic properties of

nanopartilces are strongly dependent on their size, shape and surface properties.18, 45–47

Cheon and coworkers have systematically studied the relationships among size, magnetism

and relaxivity of uniform-sized IOs. It was found that larger IOs have a larger magnetization

and higher R2 relaxivity.18, 45, 47 Thus, PVP-IO-65 nanoparticles, having the highest

magnetic moments, will presumably distort the magnetic field most efficiently, and cause

the greatest enhancement of the R2 relaxation value. Indeed, as the PVP-IO size increased,

R2 steadily rose from approximately 173.37 to 203.86, 239.98 and 248.89 mM−1 s−1 for

PVP-IO-8, PVP-IO-23, PVP-IO-37 and PVP-IO-65, respectively. Notably, the R2 values for

all PVP-IOs were found to be higher than that of the well-known commercial MRI contrast

agent Feridex (127.48 mM−1s−1). The magnetic moment in IO is due to the localized

electron density and hence strongly depends on the degree of crystallographic order.48 As

the synthetic procedure of PVP-IOs was performed at relatively high temperature compared

to the alkaline coprecipitation method for Feridex, an improved crystallinity can be

obtained.37 This, in conjunction with the smaller core size and higher polydispersity of

Feridex, explains the relatively higher relaxivities of PVP-IOs (see Table 1).

An MTT assay using mouse macrophage cell line RAW264.7 was performed to evaluate the

cytotoxicity of PVP-IOs (Figure 4). PVP-IOs at six different concentrations, ranging from

0.4 to 250 μg Fe/mL, were incubated with macrophage cells for 24 h. The cell viability

obtained by the MTT assay was expressed as a fraction of viable cells and normalized to that

of cells without co-incubation with PVP-IOs (blank control). After incubation, the cell

viability was maintained up to ~90% compared with the control. The MTT results indicate

that the PVP-IOs showed little to no cytotoxicity even at the highest concentration (250 μg

Fe/mL), which exceeds by one order of magnitude the concentrations of conventional iron-

oxide-based-MRI contrast agents typically used in mice (1–20 mg/kg).49

To investigate the effect of size on cellular uptake, PVP-IOs solutions with various

concentrations (0.4–250 μg Fe/mL) were co-incubated with macrophage cells for 1 h, and

the quantitative amount of iron uptake was measured by ICP-AES. In Figure 5a, a plot of the

amount of iron uptake by cells versus size of PVP-IOs showed that the cellular uptake was

heavily dependent upon size, with the uptake of PVP-IO-37 > PVP-IO-65 > PVP-IO-8 >

PVP-IO-23. The maximum uptake by cells occurred at a nanoparticle size of 37 nm, which

was 1.3, 2.8 and 5.3 times the uptake of nanoparticles of size 65 nm, 23 nm, and 8 nm,

respectively. Our result that 37 nm is the optimal size for cell uptake corresponds well to

recent investigations of other particles. For instance, Chithrani et al. found that 50 nm gold

nanoparticles with surfaces modified by citric acid had higher cellular uptake rates than 14

and 74 nm nanoparticles.34 Lu et al. also found that, for a range of 30–280 nm mesoporous

silica nanoparticles, 50 nm particles had the maximum uptake by HeLa cells.35

Figure 5b indicates that, in all the samples, the uptake of nanoparticles significantly

increased in the first 4 h, but the uptake rate gradually slowed and reached a plateau at 4–8

h, depending on the size. This plateau effect is in agreement with a previous study by

Chithrani et al.34 The average uptake rates during the first 4 h were 1.17, 1.36, 2.06, 1.56,

0.76 pg/cell per hour for PVP-IO-8, PVP-IO-23, PVP-IO-37, PVP-IO-65, and Feridex,

respectively. Compared with other IOs, PVP-IO-37 exhibits the highest uptake rate. It has

been well-documented that the cellular uptake of substances can be affected by a group of

factors, such as size, shape, surface charge, roughness and functional groups on the surface.
27–35 Size, in particular, was found to be a critical criterion, and can in large part decides the

exact mechanisms by which nanomaterials get internalized. It is generally acknowledged

that substances in the range of 10–30 nm can diffuse across plasma membrane freely or

through membrane channels, while the larger particles are mainly carried into cell by
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pinocytosis or phagocytosis.30, 50 Even within the latter category, the internalization

pathway can still be different. As pointed out by Conner and Schmid, there are at least three

types of endocytosis for nanoparticles: clathrin-mediated endocytosis, caveolae-mediated

endocytosis, and clathrin- and caveolae-independent endocytosis.50 The detailed mechanism

for the uptake of PVP-IOs is not clear at this stage. However, it is clear that the uptake is

size-dependent, and among all the four tested formulas, PVP-IO-37 demonstrated the fastest

and highest uptake. On the contrary, Feridex showed a much slower uptake rate, which we

attributed to its high polydispersity and its slightly negatively charged coating (in

comparison to the slightly positively charged PVP coating).

Iron oxide nanoparticles have been extensively developed for liver MR imaging. The

working mechanism is that the IOs, after i.v. administration, are rapidly taken up by the

hepatic Kupffer cells, resulting in a decrease of MR signal intensity by shortening proton T2

relaxation times in the neighborhood. To first assess the in vivo MRI effects of PVP-IOs, we

performed T2-weighted MRI in normal, healthy Balb/c mice before and after administration

of PVP-IOs. The intravenous dose was 2.5 mg Fe (measured by ICP-AES) per kg of mouse

body weight, and a 7.0 T MRI apparatus was used to collect data from the liver. To quantify

the contrast enhancement, regions of interest (ROIs) (Figure S1) were selected on the T2-

weighted MR images of the liver (Figure 6). The signal-to-noise ratio (SNR) was calculated

according to the equation: liver signal-to-noise ratio SNRliver = SIliver/SDnoise, (where SI

stands for signal intensity and SD stands for standard deviation) and the average relative

liver signal intensities of mice (SNRpost/SNRpre) were plotted at different time points

(Figure 7a). Relative contrast enhancement was defined as signal decrease ΔSNR =

(SNRpre−SNRpost)/SNRpre. Compared with the pre-images, the images taken 10 min after

administration showed some hypointensities in the liver, which maximized at 1 h time point.

ΔSNR values of the PVP-IO-37, PVP-IO-65 and Feridex were significantly larger than those

of PVP-IO-8 and PVP-IO-23. It has been previously reported that the relaxivity of magnetic

nanoparticles is size-dependent, which grows as particle size increases.18, 45, 47 On the other

hand, the cellular uptake of nanoparticles, also being size-dependent, maximizes at certain

value, as reported by other groups34–35 and observed in the current study. Both factors are

believed to play a role in determining the liver contrast enhancement. The relatively lower

contrast enhancement of smaller nanoparticles (PVP-IO-8 and PVP-IO-23) is likely

attributed to their rapid depletion from the blood stream, their lower uptake into Kupffer

cells, and their naturally smaller relaxivities, while the outperformance of PVP-IO-37 is due

to the close-to-maximum R2 and the best macrophage engulfment. The Prussian blue

staining results confirmed that the “darkening” in the liver was caused by IO nanoparticle

accumulation (Figure S2).

We then looked at the in vivo effects of Feridex on MRI. Prior research has shown that

clearance by the RES cells in the liver and spleen of rats becomes saturated when more than

1015 particles are injected in a single bolus.51 To avoid saturation, we injected at a dose of

1.0 or 2.5 mg Fe/kg, a dose which is at least 100 times less concentrated (with the

assumption that the organ weight of mice is approximately one-tenth that of rats). At 1 h

after administration, the ΔSNR of PVP-IO-37 was slightly higher than those of PVP-IO-65

and Feridex at both doses (Figure 7a&b). However, the advantage is not as dramatic

compared with their difference in uptake at the in vitro level. Such a result was attributable

to the complicated in vivo environment. During circulation, the particles may tangle with

serum proteins or form aggregates, both of which will lead to an increased overall particle

size and defy them from the predicated behavior. Nonetheless, the significant signal

intensity (SI) changes induced by PVP-IO-37 promise its use in identifying small focal

hepatic lesions, including tumor metastases.
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To evaluate the efficacy of the PVP-IOs in enhancing MRI contrast in hepatic lesions, in

vivo MR images were evaluated with nude mice bearing orthotopic Huh7 liver cancer before

and after administration of PVP-IO-37 and Feridex, with a dose of 1.0 mg Fe/kg of body

weight (Figure 8). Since hepatic tumors either do not contain RES cells or the activity of

their RES cells is reduced, they do not accumulate nanoparticles as efficiently as normal

tissue.52–53 Thus the tumor cells appear as bright spots on a T2- or T2*-weighted image,

against surrounding normal tissues which undergo particle accumulation and are manifested

as hypointensities. Regions of interest were selected around the tumor and liver parenchyma

for measurement of the signal intensity. Contrast-to-noise ratio (CNR) was defined as CNR

= (SNRtumor−SNRliver)/SNRtumor with SNR = SImean/SDnoise, where SI denotes the tumor

or liver intensity and SD is the standard deviation of the noise in the image. The increase in

tumor-to-liver contrast is defined as ΔCNR = (CNRpost−CNRpre)/CNRpre. We observed, at

the 1 h time point, a contrast change (ΔCNR) of 81 ± 8% with the commercial Feridex,

which was lower than that of the PVP-IO-37 (94 ± 6%) (Figure 9). This was consistent with

the observation from normal mice. As discussed above, compared with the surrounding

normal liver tissue, tumor tends to have a low IO nanoparticle uptake. Such a difference

caused a less dramatic signal drop in the tumor area and was manifested as a contrast

between tumor and normal tissue on T2/T2*-weighted MR images.

CONCLUSIONS

In summary, water-soluble IO nanoparticles ranging from 8–65 nm in diameter were

synthesized in strongly polar solvent DMF by controlling the surfactant PVP concentration.

These PVP-IOs exhibit higher T2 relaxivities compared to Feridex, due to their higher

crystallinity. The relaxivity R2 increases with the size of the magnetic nanoparticles. We also

examined the influence of particle size on the uptake of PVP-IOs by macrophage cells. It

was found that the cellular uptake is dependent on particle size, and the maximum uptake by

cells occurs at a nanoparticle size of 37 nm (PVP-IO-37). We systematically examined the

effect of particle size on MRI of normal liver and hepatic lesions in vivo, and found that the

MRI contrast enhancement of PVP-IOs within liver is highly dependent on the size of the

particles. MRI studies in vivo indicated that PVP-IO-37 nanoparticles with an overall size of

100 nm exhibited the highest contrast enhancement. T2-weighted signal intensity in mouse

liver decreased about 67% at 1 h (thereby increasing the contrast with hepatic lesions by

about 94%) after intravenous administration of PVP-IO-37. Our results provide optimized

design parameters for engineering nanoparticles to be applied in biomedical imaging and

therapeutics. Detailed investigations of the effects of nanoparticle size on the diagnosis of

other diseases of the liver by MRI are currently in progress.

METHODS

Preparation of PVP-Coated Iron Oxide Nanoparticles (PVP-IOs)

PVP-IOs were synthesized according to our previously described method37 with some

modifications. Uniform-sized PVP-IO nanoparticles were synthesized by thermal

decomposition of iron carbonyl (Fe(CO)5, 99.999%, Aldrich). Typically, 5 g

polyvinylpyrrolidone (PVP, MW=10000, Sigma-Aldrich) was dissolved in 15 mL

anhydrous dimethylformamide (DMF, 99.8%, Sigma-Aldrich). The resulting solution was

then purged with argon for 30 min at room temperature to remove oxygen, and subsequently

heated to 160 °C under an inert argon atmosphere. As the temperature reached 160 °C, 0.4

mL Fe(CO)5 (~3 mmol) was quickly injected into the mixture under vigorous stirring. The

reaction mixture was maintained at 160 °C for 2 h. The initially transparent red-brown

solution became light brown, and gradually turned black-brown. The final black-brown

colloid solution was then stirred for another 1 h, cooled to room temperature and

destabilized by adding 50 mL acetone. The precipitate was collected by centrifugation and
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washed twice to remove excess surfactant and reaction byproducts. The particles were then

resuspended in water and dialyzed with deionized water for 24 h. The size of the PVP-IO

nanoparticles could be controlled by varying the ratio of PVP to Fe(CO)5. PVP-IOs with

particle sizes of 8, 23, 37 and 65 nm were obtained when the ratio of PVP to Fe(CO)5 was

1:6, 1:7.5, 1:12, and 1:15, respectively.

Characterization of PVP-IOs

Particle size and morphology were examined by using a JEOL JEM-2010 analytical

transmission electron microscope. PVP-IOs solutions were diluted with deionized water,

added dropwise onto a carbon-coated copper grid, and dried for TEM analysis. The

hydrodynamic sizes of the PVP-IOs were investigated using the diluted solutions on an

electrophoretic light scattering spectrophotometer (Otsuka electronics, Photal ELS-8000).

The zeta potentials were measured on Zetasizer Nano ZS (Malvern Instruments Ltd,

Worcestershire, UK) at r.t. in water. The concentrations of PVP-IO solutions were

determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (TJA

IRIS Advantage/1000 Radial ICAP Spectrometer). For that purpose, the PVP-IOs were pre-

decomposed with nitric acid (HNO3) to be converted to Fe(III) solution.

Measuring MRI Relaxation Properties of PVP-IOs

To confirm the feasibility of the size-tuned water dispersed PVP-IOs as MRI contrast

agents, we first prepared a ferrofluid phantom. We prepared 200 μL tubes of PVP-IOs and

Feridex® (40 μmol Fe/kg, Berlex Laboratories) with Fe concentrations varying from 0.006

to 0.089 mM. These tubes containing samples were embedded in a phantom which consisted

of tanks filled with 1% agarose gel to obtain appropriate images. MRI was performed using

a 7.0 T small animal MRI scanner (GE Healthcare) equipped with a homemade surface coil.

The MR image was obtained by a T2 spin echo sequence (repetition time (TR) = 3000 ms,

echo time (TE) = 10, 20, 40, 60, 80, 100, 120 ms, matrix = 128×128, field of view (FOV) =

5.0×5.0 cm, slice thickness = 1.00 mm, number of excitation (NEX) = 1). The signal

intensities of each ROI (region-of-interest) in the T2 map were measured for each

concentration, which were then used for R2 calculations using an RT-imaging program.

In Vitro Cytotoxicity Evaluation

Mouse macrophage cell line RAW264.7 was obtained from American type culture

collection (ATCC, Manassas, VA) and cultured following the manufacturer’s instructions.

In vitro cytotoxicity of the IOs was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-

iphenyltetrazolium bromide (MTT) assay. For in vitro cytotoxic assay, cells were detached

and plated in 96-well flat-bottom microplates at 1,000–10,000 cells per well. After 24 h

recovery at 37 °C, the medium was replaced with 200 μL medium containing IOs of various

concentrations (the equivalent Fe concentrations were 250, 50, 10, 2, and 0.4 μg Fe/mL). For

control, the same volume of pure culture medium was included in each experiment. After 24

h incubation at 37 °C, the nanoparticle suspension was removed and the cells were washed

twice with PBS. After that, 90 μL medium and 10 μL MTT solution were added to each

well, and the cells were incubated for another 3 h. After the incubation, the supernatant was

removed and 100 μL dimethylsulfoxide (DMSO) was added to each well to dissolve the

formazan crystals. Finally, a microplate reader was used to measure the absorbance of all the

samples (n=5 per group). Cell viabilities were determined by comparing the absorbance of

the cells incubated with the IOs to the absorbance of cells serving as controls.

Cellular Uptake

The RAW264.7 mouse macrophage cells were seeded at 5×105 cells/well in a 6-well plate.

After 24 h attachment, the cells were treated with medium containing IOs of various
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concentrations for different incubation time at 37 °C. Then, the cells were washed with

phosphate-buffered saline (PBS) three times and trypsinized. After centrifugation, the cell

pellet was washed once. The cells were resuspended in medium and were counted carefully.

Then, concentrated nitric acid (HNO3) was added to dissolve the cells at 70 °C. These clear

acidic solutions (n=3 per group) were diluted to determine the concentration of Fe with by

ICP-AES.

Animal Preparation and In Vivo MRI Testing

Human hepatoma cell line Huh7 was purchased from the American Type Culture Collection

(ATCC, Manassas, VA) and cultured with ATCC-formulated Eagle’s Minimum Essential

Medium in a cell culture incubator. Balb/c mice and athymic nude mice were purchased

from Harlan Laboratories (Indianapolis, IN). Approximately 5×106 Huh7 cells were

inoculated subcutaneously into the front flank of each nude mouse, and the tumor was

harvested 3 weeks after tumor inoculation. Orthotopic liver HCC tumors were established by

inoculation of small subcutaneous tumor fragments into the left liver lobe of nude mice

during laparotomy with anesthesia by 2% isoflurane in oxygen-enriched air. Single tumor

nodules (~1 mm in diameter) were observed in the liver under the MRI scanning (about 7

days after inoculation). All the animal work was conducted following a protocol approved

by Stanford University Administrative Panel on Laboratory Animal Care (APLAC).

To observe the in vivo MRI effect, T2-weighted MRI was performed in normal, healthy

Balb/c mice weighing 20–30 g. The mice were anesthetized by breathing 2% isoflurane in

oxygen-enriched air with a facemask. The PVP-IOs and Feridex were administered into the

tail vein of each mouse with a dose of 2.5 mg (1.0 mg of Fe, as measured by ICP-AES) per

kg of mouse body weight. For the orthotopic xenograft tumor model, the selected PVP-IOs

and Feridex were administered through the tail vein of each mouse with a dose of 1.0 mg of

Fe (measured by ICP-AES) per kg of mouse body weight. The T2-weighted MR images of

the liver were obtained with a TSE technique using a 7.0 T small animal MRI scanner (GE

Healthcare) equipped with a homemade surface coil. The sequence parameters were

(repetition time (TR) = 3000 ms, echo time (TE) = 40 ms, matrix= 256 × 256, field of view

(FOV) = 6.0 × 6.0 cm, slice thickness = 1.00 mm, number of excitation (NEX) = 6). The

MRI signals were serially obtained at preinjection, and at 10 min, 1 h and 24 h after

administration of PVP-IOs or Feridex. To evaluate the contrast, signal intensities (SI) of

normal liver parenchyma, hepatic lesions, and background noises were measured before and

after injection of IOs. The mean SI measurements of 3 mice per group were used for

statistical analysis. SI were obtained in defined regions of interest (ROIs) by imaging

analysis software Oxsis (National Institutes of Health). Because of slight changes in the

position of the mice at different imaging stages, pre and post ROIs were defined manually

on each image as reproducibly as possible. For each animal, 3 ROIs were selected to

measure the SI of the liver, devoid of large vessels, prominent artifact, or focal changes in

SI. For hepatic lesions, a circular ROI was drawn to encompass as much of the lesion as

possible. The standard deviation (SD) of background noise was measured in the largest

possible ROI positioned in the phase-encoding direction outside the abdominal wall in order

to account for any motion artifacts. To plot the time course of the signal enhancement, the

signal-to-noise ratio (SNR) and the lesion-to-liver contrast-to-noise ratio (CNR) were

calculated according to the equation: signal-to-noise ratio SNR = SImean/SDnoise; and lesion-

to-liver CNR = (SNRlesion−SNRliver)/SNRtumor. Relative contrast enhancement at different

time points was defined as signal decrease ΔSNR = (SNRpre−SNRpost)/SNRpre. The

increase in tumor-to-liver contrast was defined as ΔCNR = (CNRpost−CNRpre)/CNRpre.
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Prussian Blue Staining

Six animals were separately injected with the PVP-IOs and Feridex, and then sacrificed for

extracting tissues from liver parenchyma. The harvested tissues were placed into OCT using

a plastic mold and the samples were immediately frozen using dry ice and placed into liquid

nitrogen. Tissue sections were cut into 10 μm-thick slices. Standard fixing and Prussian blue

staining protocols were then used. The principle of this method is that ferric iron (Fe3+) in

the presence of ferrocyanide ion is precipitated as the highly colored and highly water-

insoluble complex, potassium ferric ferrocyanide, Prussian blue. Briefly, the tissue slices

were fixed with acetone, incubated with 10% potassium ferrocyanide in 20% hydrochloric

acid, and subsequently washed with PBS buffer three times. For counterstaining with

nuclear fast red, the slices were incubated with 1% eosin solution and washed with PBS

buffer. The slices were dehydrated by incubation with absolute ethanol and xylene. The iron

particles in the slices were observed as blue dots using an optical microscope with phase

contrast.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(Left) TEM images of as-synthesized IO nanoparticles: a) PVP-IO-8, b) PVP-IO-23, c)

PVP-IO-37, d) PVP-IO-65. (Right) Corresponding particle size histograms obtained by

statistical analysis over ~150 particles.
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Figure 2.

Hydrodynamic diameter distributions of PVP-IO samples determined by dynamic light

scattering (DLS) measurements.
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Figure 3.

a) T2-weighted MR images of PVP-IOs in aqueous solution with various concentrations at 7

T, b) Graphs of 1/T2 against the Fe concentration for PVP-IOs, compared with Feridex.
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Figure 4.

Cell viability of macrophage cells treated with various concentrations of PVP-IOs and

Feridex measured by the MTT assay.
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Figure 5.

(a) Cellular uptake of PVP-IOs and Feridex by macrophage cells at various concentrations

with an incubation time of 1 h. (b) Cellular uptake of PVP-IOs and Feridex by macrophage

cells as a function of incubation time at Fe concentration of 10 μg/mL.
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Figure 6.

In vivo mouse liver MR images at different time points after intravenous administration of

PVP-IOs and Feridex at a dose of 2.5 mg/kg.
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Figure 7.

Quantification of relative SNRliver collected before and after administration of PVP-IOs in

normal, healthy Balb/c mice (n = 3/group), compared with Feridex, at the dose of (a) 2.5 mg

Fe/kg and (b) 1.0 mg Fe/kg.
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Figure 8.

MR images of Huh7 orthotropic liver cancer model at different time points after intravenous

administration of PVP-IO-37 and Feridex (1 mg Fe/kg). Arrows indicate the pseudo-positive

contrast from the tumor.
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Figure 9.

Mean values of relative CNR in MR images on orthotropic liver cancer model before and

after administration of PVP-IO-37 nanoparticles, compared with Feridex, at the dose of 1.0

mg Fe/kg (n = 3/group).
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