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Improved Drug Targeting to Liver Tumors
Following Intra-arterial Delivery Using SPIO and
Iodized Oil: Preclinical Study in a Rabbit Model
In Joon Lee
Department of Radiology, College of Medicine
The Graduate School
Seoul National University

Introduction: Superparamagnetic iron oxide (SPIO) is a type of magnetic
nanoparticle (MNP) that has been developed for the purpose of clinical
diagnostic and therapeutic techniques. The aim of this experimental study was
to evaluate the biodistribution and the therapeutic efficacy of a drug delivery
system composed of SPIO and iodized oil (IO) to improve selective intraarterial (IA) drug delivery to liver tumors.
Materials and Methods: A rabbit VX2 liver tumor model was used in this
study. This study was comprised of two parts; the part 1 was for the imagebased biodistribution analysis of SPIO after delivery, and the part 2 was for
the evaluation of drug delivery efficiency and therapeutic effect to the tumor.
First of all, 99mTc labeled SPIO (99mTc-SPIO) and SPIO loaded with
doxorubicin (DOX-SPIO) were synthesized. For the part 1, 99mTc-SPIO was
administrated by using three different methods; intra-venous delivery of
i

99m

Tc-SPIO (group I, n = 3), IA delivery of 99mTc-SPIO (group II, n = 4), and

IA delivery of 99mTc-SPIO and IO mixture (group III, n = 4). Sequential
acquisition of gamma scintigraphy and SPECT/CT was immediately
performed until 180 min after the delivery. After that, MRI and pathological
specimens were acquired to confirm the deposit of SPIO in the tumor. For the
part 2, IA delivery was performed by using four different agents; only
doxorubicin (group A, n=3), doxorubicin and IO mixture (group B, n=3),
DOX-SPIO (group C, n=4), and DOX-SPIO and IO mixture (group D, n=5).
To evaluate pharmacokinetics, the serum doxorubicin concentration was
measured at 0, 5, 30, 60, 120, and 180 minutes after delivery. To assess the
distribution of the SPIO, MRI was performed at 1 day and 7 days after the IA
delivery. Finally, pathological specimens were acquired to measure the
intratumoral doxorubicin concentration and tumor viability.
Results: In the part 1, the tumor uptake on gamma scintigraphy and
SPECT/CT was ranged from the highest to lowest values according to the
order of group III, II, and I at all time points up to 180 minutes, which was
well correlated with the trend of signal decrease of the tumor on MRI. The
relative tumor-normal liver parenchyma uptake ratios on SPECT/CT were
0.83 for group I, 2.74 for group II, and 8.01 for group III. The relative tumorback muscle signal intensity ratios on MRI were 1.06 for group I, 0.75 for
group II, and 0.39 for group III. On the CT images, the high attenuated lesions
in tumor representing IO deposition were easily detected in all animals only in
groups III. In the part 2, groups C and D exhibited signal decreases of the
tumor at days 1 and 7 post-delivery. The peak serum concentrations decreased
according the order group A, B, C, and D. Group D exhibited the lowest
serum doxorubicin concentration at all time points up to 180 minutes after the
delivery, suggesting minimal passage of doxorubicin into the systemic
ii

circulation. The intratumoral doxorubicin concentrations were 25.3 ng/g for
group A, 142.0 ng/g for group B, 309.4 ng/g for group C, and 679.6 ng/g for
group D. The proportion of viable tumor cells were 84.3% for group A, 5.7%
for group B, 17.0% for group C, and 0.1% for group D.
Conclusions: The drug delivery system developed using SPIO and IO
resulted in efficient drug targeting and good therapeutic response when it was
used for IA delivery to liver cancer. The promising results of this study
warrant further investigation of this potential clinical treatment of advanced
liver cancer.

* This work is published in Investigative Radiology 2013; 48(12):826-833.
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Introduction
The efficacy of transarterial chemoembolization (TACE) was
reinforced by two randomized controlled trials of patients with hepatocellular
carcinoma (HCC)(1, 2) . Currently, TACE is regarded as the primary option
for treating intermediate HCC, which includes asymptomatic multifocal or
large HCC not amendable to resection by the Barcelona Clinic Liver Cancer
(BCLC) staging system (3, 4). Conventional TACE is traditionally performed
by the intra-arterial (IA) infusion of iodized oil (IO) mixed with an anticancer
drug such as doxorubicin through the artery feeding the HCC (5-7). Ideally,
the infused anticancer drug should be retained in the tumor by IO and be
gradually released within the tumor. However, the chemotherapeutic often
undergoes significant passage into the systemic circulation, which may cause
systemic side effects (8, 9). IO deposits in the tumor after TACE are well
demonstrated on computed tomography (CT) images owing to its strong
radiopacity. Recently, liver magnetic resonance imaging (MRI) is increasingly
utilized in patients with cirrhosis due to significantly higher diagnostic
accuracy and sensitivity in the detection of HCC compared with CT (10).
However, IO cannot be monitored by MRI after TACE because IO deposition
in the tumor only generates vague signal intensity changes on MRI (11).
Superparamagnetic iron oxide (SPIO) is a type of magnetic
nanoparticle (MNP) that has been developed for the purpose of clinical
diagnostic and therapeutic techniques. Due to the multiple magnetic
functionalities of MNPs, they can play roles in effective therapeutic drug
delivery systems as well as serving as MRI contrast agents for diagnosis, thus
functioning as a so-called “theranostic” (12-14). SPIO has been used as a
negative MRI contrast agent because it induces a strong decrease in the T2weighted MR signal intensity of the organs into which the SPIO accumulates
1

(15, 16). The SPIO particles are cleared from the blood mainly by
reticuloendothelial cells. Among SPIOs, ferumoxide predominantly
accumulates in the liver and spleen, with little or no uptake in the lymph
nodes, and has been approved for clinical use in liver MRI (17, 18).
Although ferumoxide has been utilized as an MRI contrast agent, we
hypothesized that it would possess the same capacity for drug delivery as
previous reports with SPIOs as a delivery carrier (13). Furthermore, a clinical
study in which IA infusion of SPIOs to advanced HCC was performed, which
resulted in significant decreases in tumor signal intensity related to SPIO
deposition with minimal amounts of dispersed particles found in the adjacent
normal liver parenchyma (19). Based on these results, I expected that a drug
delivery system using ferumoxide might reinforce the delivery of
chemotherapeutic agents to tumor, in comparison with conventional TACE,
when IO is added to the ferumoxide-based delivery system. Because
ferumoxide is already approved for clinical use, the results of this study have
high potential to be easily translated into current clinical practice.
Therefore, the aim of this experimental study was to evaluate the
biodistribution and the therapeutic efficacy of a drug delivery system
composed of SPIO and IO to improve selective IA drug delivery to liver
tumors.
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Materials and Methods
Overview of the Study Design
This study was approved by the Institutional Animal Care and Use
Committee and the Institutional Biosafety Committee at Seoul national
university hospital (IACUC No. 11-0180 and 13-0059, IBC No. 1303-006004). This study was comprised of two parts; the part 1 was for the imagebased biodistribution analysis of SPIO after delivery, and the part 2 was for
the evaluation of drug delivery efficiency and therapeutic effect to the tumor.

Part 1. Image-based Biodistribution Analysis
To evaluate the biodistribution study of SPIO after delivery using
imaging study, 99mTc labeled SPIO(99mTc-SPIO) was prepared. Figure 1 shows
an overview of the experimental design of the part 1. A rabbit VX2 liver
tumor model was selected as an experimental model of liver cancer. To
confirm tumor formation, pre-MRI was performed at 3 weeks after tumor
implantation. 99mTc-SPIO was administrated by using three different methods;
group I (n=3) underwent intra-venous delivery of a mixture of 0.2 mL of
99m

Tc-SPIO and 0.25 mL of normal saline via left auricular vein, group II

(n=4) underwent IA delivery of a mixture of 0.2 mL of 99mTc-SPIO and 0.25
mL of contrast media (Visipaque 270; GE Heathcare Ireland, Cork, Ireland),
and group III (n=4) underwent IA delivery of a mixture of 0.2 mL of 99mTcSPIO and 0.25mL of IO (Lipiodol; Andre Gurbet, Aulnay-sous-Bois, France).
All injected materials contained 2.59 MBq (70 μCi) in 0.45 mL of total
volume so that an equal amount of radioisotope was administrated in the same
volume for all groups. Sequential acquisition of nuclear imaging was
immediately performed until 180 min after the delivery. Finally, post-MRI and
pathological specimens were acquired to confirm the deposit of SPIO in the
3

tumor.

Figure 1. Overview of the experimental design of the image-based
biodistribution analysis
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Part 2. Drug Delivery Efficiency and Therapeutic Effect
To evaluate the drug delivery efficiency and therapeutic effect to the
tumor, SPIO loaded with doxorubicin (DOX-SPIO) was prepared. Figure 2
shows an overview of the experimental design of the part 2. The animals were
randomly divided into four groups: group A (n=3) underwent IA delivery of 1
mg of doxorubicin(Adriamycin; Ildong Pharmaceutical, Seoul, Korea) in
0.45 mL of contrast media; group B (n=3) received a mixture of 1 mg of
doxorubicin in 0.2 mL of contrast media (Visipaque 270; GE Heathcare
Ireland) and 0.25 ml of IO; group C (n=4) was received a mixture of 0.2 mL
of the DOX-SPIO and 0.25 mL of sterile water, and group D (n=5) received a
mixture of 0.2 mL of the DOX-SPIO and 0.25 mL of IO. All injected complex
materials contained 1 mg of doxorubicin in 0.45 mL of total volume so that an
equal amount of doxorubicin was injected in the same volume for all groups.
To evaluate pharmacokinetics of doxorubicin, peripheral whole blood (1.5
mL) sampling was performed at 0, 5, 30, 60, 120, and 180 minutes after IA
delivery. MRI scanning was performed at 1 day and 7 days after IA delivery.
Finally, pathological specimens were acquired to evaluate the tumor viability
and the doxorubicin concentration in the tumor.

5

Figure 2. Overview of the experimental design of the drug delivery
efficiency and therapeutic effect
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Synthesis of 99mTc-SPIO
For the image-based biodistribution study of SPIO after delivery,
99m

Tc-SPIO was prepared using the previously reported method, with few

modifications (Fig. 3)(20). Ferumoxide (Feridex IV; Advanced Magnetics,
Cambridge, MA, USA) was used for this experiment. Briefly, 1.5 mL of
Feridex IV solution (30.45 mg of SPIO) was reacted with the mixture of
NaIO4 (3.9 mg, 0.018 mmol) and H2SO4 (2 μL), and the mixture was stirred at
room temperature for 30 min. After the reaction, the reaction mixture was
purified by a desalting column (PD-10, SephadexTM G-25 Medium, GE
Healthcare Bio-Sciences Corp, NJ, USA) equilibrated with distilled water
before use. Ten serial fractions (10 x 0.5 mL) were collected, and 5 colored
fractions were gathered and used for the next reaction. Oxidized dextran
coated SPIO in distilled water (2.5 mL, 0.18 μmol) was mixed with a 100-fold
molar excess of cysteamine (2.1 mg, 0.018 mmol), and the mixture was stirred
at room temperature for 60 min. Sodium borohydride (NaBH4, 0.687 mg,
0.018 mmol) was added to the reaction mixture, and the reaction mixture was
stirred for 60 min in an ice-cold water bath. After the reaction, the final
reaction mixture was neutralized with 1 M hydrochloric acid and was purified
once again using a desalting column. The surface modified SPIO was kept at
4°C before 99mTc labeling. The sizes of all of the particles used in this
experiment were check by the NTA method before and after modifications.
The final Fe concentration (mg/mL) of SPIO was calculated from the standard
curve of the particle number count of the serially diluted SPIO solution using
NTA (Fig. 4).
Technetium-99 m labeling was performed by a reported method with
little modification (21), and 99mTcO4- was eluted from a 99MO-99mTc generator
(Samyong Unitech Co, Seoul, South Korea) with sterile saline. The modified
7

SPIO (0.2 mL, 3.73 mg/mL) was mixed with SnCl2∙2H2O (10 µL, 2.5 mg/mL)
in 0.1 M HCl, then then freshly eluted by adding 3.7 MBq (100 μCi) of
TcO4- (15-20 μL) to the mixture and finally allowed to stand for 30 min at

99m

37.5°C in a shaking incubator. The labeling efficiency of the 99mTc labeled
SPIO was checked by thin-layer chromatography (TLC) using ITLC-SG as a
stationary phase and acetone/citrate as a mobile phase. To distinguish 99mTcSPIO from 99mTc-tin-colloid, we synthesized 99mTc-tin-colloid, which could be
formed without a 99mTc chelator, and compared the radio of TLC with that of
99m

Tc-SPIO.
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Figure 3. The schematic procedure for the surface modification of SPIO
and 99mTc labeling

9

Figure 4. The standard curve of the number of particles of the serially
diluted SPIO solution for the calculation of the Fe concentration.
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Synthesis of DOX-SPIO
SPIO was loaded with doxorubicin by ionic interactions between the
dextran coating of the SPIO and the amine group of doxorubicin. A total of 5
mg doxorubicin was dissolved in 10 ml deionized water, and the solution was
introduced to a 250 ml round-bottom flask. Diluted (1.12 Fe mg/ml) Feridex
in 100 ml deionized water was added dropwise using a syringe pump at a rate
of 1 ml/min, and the reaction mixture was vigorous stirred. The complexation
was continued for an additional 8 hr after the addition of Feridex. The reaction
mixture was centrifuged at 8000 rpm for 20 min and washed 5 times with
deionized water. The amount of complexed doxorubicin was measured using
UV-vis spectroscopy at 480 nm, and a complex size was measured by
dynamic light scattering (DLS).
The release profile of doxorubicin from the complex was evaluated
by the dialysis method in PBS buffer containing 0.1 wt% Tween 80. Two
milliliters of the prepared DOX-SPIO complex solution was diluted with 18
ml deionized water. The diluted solution was transferred into a dialysis
membrane with a molecular weight cut-off of 1 k and was dialyzed against
400 ml of PBS buffer containing 0.1 wt% Tween 80. The media was changed
at a predetermined times: 1, 2, 3, 4, 6, 9, 12, 24, 48, 72, 96 and 120 hr. Twenty
milliliters of a doxorubicin solution at a concentration of 0.2 mg/ml was
prepared as a control and was analyzed according to the same procedure. The
amount of released doxorubicin was measured using UV-vis spectroscopy at
480 nm.

Animal Model
Total twenty-six adult New Zealand white rabbits weighing 3.0-3.5
kg were maintained in rooms with a constant temperature (23 ± 2°C) and a
11

12-hour light/dark cycle. During all procedures, anesthesia was induced with
an intramuscular injection of 5 mg/kg body weight tiletamine-zolazepam
(Zoletil 50; Virbac, Carros, France) and 2 mg/kg body weight 2% xylazine
hydrochloride (Rompun; Bayer, Seoul, South Korea).
The rabbit VX2 liver tumor model that was selected as the
experimental model in this study is widely known as a well-established
animal model for the study of TACE because its blood supply is similar to that
of HCCs(22-25). The left lobe of the liver was exposed through a midline
incision of the abdominal wall, and a small piece of tumor (1 mm3) was
directly implanted at the subcapsular area of the liver with a surgical blade
and an ophthalmic nipper. Tumor formation was confirmed by MRI obtained
at 3 weeks after tumor implantation.

IA Delivery Procedure
To access the hepatic artery, an 18-gauge intravenous catheter was
inserted into the right auricular artery, through which a 2.0-French
microcatheter (Progreat 2.0Fr; Terumo, Tokyo, Japan) was advanced to the
descending aorta (26, 27). Hepatic arteriography was performed to identify
the tumor location and its feeder from the left hepatic artery. After the
microcatheter was selectively navigated to the feeder, the materials prepared
according for the study group were carefully infused to avoid retrograde
reflux into the right hepatic artery (Fig. 5).
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Figure 5. IA delivery of doxorubicin and IO mixture
The spot arteriograph during IA delivery shows the catheter tip (arrowhead)
placed at the feeder of the left hepatic artery and the iodized oil deposits in the
tumor (arrow).
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MRI Scanning and Analysis
A 3.0 Tesla clinical MR scanner (Tim Trio, Siemens Healthcare,
Erlangen, Germany) with a knee coil to improve the resolution was used. The
animals were fixed on a board in a supine position, and an abdominal bandage
was tightly applied to reduce any movement artifact. Axial T2-weighted turbo
spin-echo (repetition time msec/echo time msec, 4100/150; echo train length,
14; 3-mm section thickness; FOV, 130 x 130 mm; matrix, 512 × 358; NEX,
2.0) and T2*-weighted gradient-echo (repetition time msec/echo time msec,
113/10; flip angle, 20°; section thickness, 3 mm; FOV, 136 x 136 mm; matrix,
320 × 320; NEX, 10.0) images were acquired (Fig. 6).
A radiologist evaluated the MR images on a Picture Archiving and
Communications System (PACS) workstation (m-view, Marotech, Seoul,
Korea). The T2-weighted images were used to confirm tumor formation and
to measure the maximal long diameters of the tumors. On the T2*-weighted
images, signal decreases induced by SPIO were measured. After measuring
the signal intensity of the tumor and back muscles on the same plane of the
T2*-weighted images, the relative tumor-back muscle signal intensity ratios
were calculated (Fig. 6B).
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B

Figure 6. MR images of the implanted VX2 carcinoma before IA delivery
(A) Axial T2-weighted image shows the well demarcated tumor (arrows) in
the left hepatic lobe.
(B) The signal intensities at the tumor (star) and paraspinal back muscle were
measured on the same plane of a T2*-weighted image to calculate the relative
signal intensity ratio of the tumor to back muscle.
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Gamma Scintigraphy and SPECT/CT Imaging
Gamma scintigraphy and SPECT/CT images were obtained by GE
Discovery NM/CT 670 (GE Healthcare, Milwaukee, WI, USA). After the
delivery of 99mTc-SPIO, the animals were moved to SPECT/CT scanner and
immediately underwent the dynamic scan with a gamma scintigraphy image
with 1 min time-frames for 20 min. Static scintigraphy images were obtained
at 60 min and 180 min after the delivery. The gamma scintigraphy images
were acquired with a low-energy, high-resolution collimator, 10% window
centered at 140 keV,  1.28 zoom, and a 256  256 matrix with the step and
shoot scan mode. The SPECT/CT scanning was performed 90 min after the
delivery for each group, and CT and SPECT images were acquired for 10 and
20 minutes, respectively. CT scanning was performed using the following
parameters: 16 × 0.625 mm detector configuration, a rotation time of 1
second, 0.562 pitch, 120 kVp, 30 mAs, 1.25-mm slice thickness with no gap,
and a 512 × 512 matrix. SPECT images were taken with low-energy, highresolution collimator, 10% window centered at 140 keV, 2-mm slice
thickness,  1.0 zoom, and a 128  128 matrix with the step and shoot scan
mode. The gamma scintigraphy and SPECT/CT images were reconstructed by
the ordered subset expectation maximization (OSEM; iteration = 2, subset =
10) with a Butterworth filter (frequency = 0.48, power = 10). The fusion of
the SPECT and CT images was performed automatically by intrinsic software.
For the analyses of the SPECT/CT images, a nuclear medicine
physician drew a volume of interest (VOI) for the CT-matched tumor lesion
for maximum tumor count identification using the GE workstation (GE
Healthcare, Milwaukee, WI, USA). A VOI of normal liver parenchyma was
also drawn and confirmed the mean count as background. For gamma
scintigraphy image analysis, a nuclear medicine physician drew a region of
16

interest (ROI) for SPECT/CT-matched tumor lesion area and checked
maximum tumor count. ROI of normal liver parenchyma was drawn and
verified the mean count as background.
The CT images were evaluated on the same workstation by a
radiologist. The high attenuated lesions in the tumors suggested iodized oil
accumulation. The CT attenuation values of the iodized oil accumulated in the
tumor and normal liver parenchyma were measured.

Doxorubicin Concentrations in Serum
Whole blood (1.5 ml) was taken via the auricular artery or external
jugular vein into a serum separator tube at 0, 5, 30, 60, 120, and 180 minutes
after IA delivery in all animals, and the blood was allowed to clot at room
temperature for a minimum of 30 minutes before centrifugation. Serum was
separated by centrifuging for approximately 15 minutes at 2,500 rpm at 4°C.
The doxorubicin level in serum was measured using high performance liquid
chromatography mass spectrometry (LC-MS).

Pathological Analysis
All animals were euthanized with an intravenous injection of a lethal
amount (7-10 ml) of xylazine hydrochloride under deep anesthesia. The
hepatic tumors were carefully removed from the liver.
In the part 1, the tumors and the right hemiliver parenchyma was
placed in a bottle containing 5% formalin and treated with hematoxylin and
eosion (H&E) staining for basic histopathological examinations and Prussian
blue staining to confirm SPIO deposition.
In the part 2, the tumors were dissected into two equal halves just
17

after an acquisition. One half was used for the analysis of doxorubicin
concentration in the tumor, according to previously published procedures (28,
29). Briefly, the tissues were homogenized in acidic alcohol (3%
hydrochloride, 48.5% ethanol, 48.5% double-distilled water) with a
microtissue homogenizer, and doxorubicin was extracted for 24 hours in the
dark at 4°C. The homogenates were then centrifuged at 5000 rpm for 10
minutes at 4°C, and the supernatants were collected. To quantify doxorubicin,
level of fluorescence for each of the samples was measured using fluorescent
spectrophotometry after the baseline measurement of tissue without agents,
and the doxorubicin concentration of each sample was calculated according to
the weight of the corresponding tumor. The other tumor half was placed in a
bottle containing 5% formalin and treated with H&E staining and TUNEL
staining for tumor viability evaluations (Fig. 7) (30). After digital images of
the histology slides were obtained using a slide scanner (ScanScope® XT,
Aperio Technologies, Vista, CA), the tumor viability was calculated using
image analysis software (Image J, Ver. 1.45s, National Institutes of Health,
Bethesda, MD).
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A

B

Figure 7. Photograph of TUNEL staining at (A) 10X and (B) 100X images
in group C
(A) There is a well demarcated tumor (arrows) with brown-colored areas
indicating dead cells.
(B) Magnified image of the red box from (A) clearly shows normal liver
parenchyma, viable tumor cells, and dead cells (from left to right).
19

Statistical Analysis
The data processing and analyses were performed using SPSS
version 16.0 (SPSS, Inc., an IBM Company, Chicago, IL). The nonparametric
analysis was conducted using the Kruskal-Wallis test to compare the tumor
size, the uptake ratio of the tumor to normal liver parenchyma on nuclear
imaging, the signal intensity ratio of the tumor to the back muscles on MRI,
doxorubicin pharmacokinetics, doxorubicin concentrations in the tumor, and
tumor viability of the four experimental groups. When positive results were
encountered, the Mann-Whitney U-test was used for one-to-one group
comparisons as a post-hoc test of the nonparametric test. Two-tailed P values
< 0.05 were considered statistically significant.
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Results
Part 1. Image-based Biodistribution Analysis
Synthesis of 99mTc-SPIO
The size of the SPIO, the modified SPIO and the 99mTc-SPIO were
measured by NTA to be 158±60, 168±67 and 155±65 nm, respectively (Fig.
8). The labeling efficiency of 99mTc-SPIO was checked by radio-TLC to be
>95%, and 99mTc-SPIO was used for injection without further purification
(Fig. 9). The final Fe and radioactive concentration of 99mTc-SPIO was 3.73
mg/mL and 12.95±0.2 MBq/mL.

Figure 8. The size distribution of the SPIO, the modified SPIO, and the
99m

Tc-SPIO
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Figure 9. Radio-chromatograms of 99mTc-SPIO by a Radio-TLC scanner
(A) ITLC-SG/Saline, (B) ITLC-SG/0.1M Citrate
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Analysis of Biodistribution Images: Gamma
Scintigraphy, SPECT/CT, and MRI
The diameters of the tumors were 1.8 ± 0.61 cm (mean ± SD) for
group I, 1.6 ± 0.17 cm for group II, and 1.6 ± 0.32 cm for group III. There was
no significant difference in tumor size among the groups (p = 0.919).
Figure 10 shows typical scintigraphy and SPECT-MIP images for
each group. Group III demonstrated the highest tumor uptake among the study
groups and persistent retention from initial to 180 min imaging (Fig. 11).
Figure 12 presents typical MRI and SPECT/CT images for each
group. According to the relative tumor-back muscle signal intensity ratio,
group III exhibited the most signal decrease of the tumor on post-MRI images
and there were significant differences in group III vs. group II and I (p <
0.001) (Fig. 13) (Table 1). The uptake ratio of the tumor to normal liver
parenchyma on SPECT/CT images was significant difference between all
study groups and ranged from the highest to lowest values according to the
order group III, II, and I (Fig. 14) (Table 2), which was well correlated with
the signal decrease trend shown on the liver MRIs. Other major uptake organs
were liver, kidney, and bladder in all groups.
On CT images, the high attenuated lesions in tumor representing IO
deposition were easily detected in all animals only in groups III, and CT
attenuation values of tumors was more doubled than that of normal liver
parenchyma.
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Group I

Group II

Group III

Figure 10. Biodistribution images of 99mTc-SPIO: gamma scintigraphy
and SPECT-MIP.
*Arrows indicate the tumors.
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Figure 11. The uptake ratio of tumors to the normal liver parenchyma on
the 99mTc-SPIO scintigraphy images
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Figure 12. Biodistribution images of 99mTc-SPIO: MRI and SPECT/CT
*Arrows indicate the tumors.
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Group I

Group II

Group III

Figure 13. Signal decrease of the tumor on MRI

Table 1. Signal decrease of the tumor on MRI
Variables

Signal Intensity Ratio of Tumor to Muscle
Pre-MRI

Post-MRI

Group I (n=3)

*1.08 ± 0.12 (1.02 ~ 1.22 )

1.06 ± 0.16 (0.90 ~ 1.23)

Group II (n=4)

1.06 ± 0.10 (0.96 ~ 1.18)

0.75 ± 0.15 (0.65 ~ 0.98)

Group III (n=4)

0.98 ± 0.16 (0.74 ~ 1.08)

0.39 ± 0.23 (0.10 ~ 0.59)

Kruskal-Wallis test
(p-value)

0.650

0.016
I vs. II : 0.057

†Post-hoc tests
(p-value)

-

I vs. III : < 0.001
II vs. III : < 0.001

Group I: IV delivery of 99mTc-SPIO, Group II: IA delivery of 99mTc-SPIO
Group III: IA delivery of 99mTc-SPIO + IO
* Data were mean ± SD (Range).
† Post-hoc tests were performed using a Mann-Whitney U test.
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Group I

Group II

Group III

Figure 14. Uptake ratio of the tumor to right liver parenchyma on
SPECT/CT

Table 2. Uptake ratio of the tumor to right liver parenchyma on
SPECT/CT
Variables

Uptake Ratio of Tumor to Liver

Group I (n=3)

*0.83 ± 0.28 (0.50 ~ 0.99)

Group II (n=4)

2.74 ± 1.77 (1.09 ~ 4.95)

Group III (n=4)

8.01 ± 3.23 (4.03 ~ 11.93)

Kruskal-Wallis test
(p-value)

0.016
I vs. II : 0.032

†Post-hoc tests
(p-value)

I vs. III : 0.032
II vs. III : 0.043

Group I: IV delivery of 99mTc-SPIO, Group II: IA delivery of 99mTc-SPIO
Group III: IA delivery of 99mTc-SPIO + IO
* Data were mean ± SD (Range).
† Post-hoc tests were performed using a Mann-Whitney U test.
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Pathological Exam
In group II and III, Prussian blue-positive vesicles representing ferric
irons of SPIO were identified around tumor vessels and in a few tumor cells, a
septum within the tumor, and a capsule of the tumor (Fig. 15). Group III
showed Prussian blue-positive lesions more frequently than group II mainly
around tumor vessels. However, there was no demonstration of the Prussian
blue-positive lesions in the tumors of group I.
In the right hemiliver parenchyma of all groups, a few cells
contained Prussian blue-positive vesicles representing Kupffer cell were
identified.
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Figure 15. Photograph of Prussian blue staining

A

B

(A) 200X images in Group II. Prussian blue-positive vesicles (blue color)
were deposited in the septum (circle) and the tumor cell (arrow).
(B) 200X images in Group III. Prussian blue-positive vesicles (blue color)
were frequently demonstrated around occluded tumor vessels filled blood
clots (stars).
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Part 2. Drug Delivery Efficiency and Therapeutic Effect
Basic Profile of DOX-SPIO and In Vitro Release Test
The doxorubicin concentration of the complex was of 5 mg/ml, with
a Fe concentration of 5.6 mg/ml (100 mM) and a complex size of 218.1± 66.5
nm.
Figure 16 summarizes the results of drug release from the DOXSPIO. The DOX-SPIO released doxorubicin in a more sustained pattern than
doxorubicin alone over 48 hours, and the release continued at a slow rate
afterwards.

Figure 16. In vitro drug release from the DOX-SPIO
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Signal Intensity of Tumors on MRI
The diameters of the tumors measured by T2-weighted MR images
before IA delivery were 1.2 ± 0.56 cm (mean ± SD) for group A, 1.5 ± 0.15
cm for group B, 1.2 ± 0.24 cm for group C, and 1.2 ± 0.43cm for group D.
There was no significant difference in tumor size among the groups (p =
0.681).
According to the T2*-weighted MR images, groups C and D
exhibited signal decreases in the tumor at days 1 and 7 post-delivery, and
there were significant differences (p = 0.007) in the tumor-to-back muscle
signal intensity ratios among all groups except between groups A and B (Fig.
17) (Table 3). Especially, all p-values of group D vs. group A, B, and C by
using the Mann-Whitney U-test were less than 0.05, and the mean value of
tumor signal intensity experienced a greater decrease than did the other
groups at day 1 post-delivery, and this signal decrease was maintained until
day 7 post-delivery, which suggested excellent SPIO deposition in tumor (Fig.
18).
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Figure 17. Signal change on MRI after IA delivery

Table 3. Signal change on MRI after IA delivery

Variables

Signal Intensity Ratio
(Tumor signal intensity/Muscle signal intensity)
Day 1 after IA
Day 7 after IA
Before IA delivery
delivery
delivery

Group A (n=3)

*1.51 ± 0.24

1.55 ± 0.21

2.06 ± 0.36

Group B (n=3)

1.48 ± 0.05

1.40 ± 0.22

2.06 ± 0.12

Group C (n=4)

1.52 ± 0.34

0.26 ± 0.25

0.46 ± 0.59

Group D (n=5)

1.34 ± 0.13

0.09 ± 0.02

0.09 ± 0.02

Kruskal-Wallis test
(p-value)

0.445

0.007

0.007

-

A vs. B: 0.513
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.034
B vs. D: 0.025
C vs. D: 0.032

A vs. B: 0.513
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.034
B vs. D: 0.025
C vs. D: 0.032

†Post-hoc tests
(p-value)

Group A: Doxorubicin alone, Group B: Doxorubicin + iodized oil, Group C:
DOX-SPIO, Group D: DOX-SPIO + iodized oil
* Data were mean ± SD.
†Post-hoc tests were performed using a Mann-Whitney U test.
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A

B

Figure 18. MR images for group D (DOX-SPIO + IO)
(A) In an MR image before IA delivery, the tumor in the left hepatic lobe
demonstrates high signal intensity (arrows) in both T2-weighted (left side)
and T2*-weighted images (right side).
(B) In an MR image at day 7 post-delivery, the tumor shows remarkable
signal decrease (arrows) in both T2-weighted (left side) and T2*-weighted
images (right side), which represents SPIO deposition in the tumor.
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Doxorubicin Concentrations in Serum and Tumor Tissues
The peak in serum doxorubicin concentration occurred at 5 minutes
post-delivery in all groups, with a rapid concentration decrease at 30 minutes
to return to near baseline values at 120 minutes post-delivery (Fig. 19). The
peak serum concentrations decreased according the order A, B, C, and D, and
group D exhibited a significantly lower serum value than groups A (p = 0.025)
and B (p = 0.025) (Table 4).
The tumor doxorubicin concentrations are summarized in Table 5,
and ranged from the highest to lowest values according to the order D, C, B,
and A. This order was inversed in comparison with the peak serum
doxorubicin concentration, and the inversed orders are well correlated with
each other in terms of the doxorubicin pharmacokinetics. Group D had
significantly higher tumor concentrations than did groups A (p = 0.025) or B
(p = 0.025).

Tumor Viability
The proportion of viable tumor cells was 84.3% for group A, 5.7%
for group B, 17.6% for group C, and 0.1% for group D (Table 5). Group D
displayed an almost complete necrosis after day 7 post-delivery. Although
group D had significantly higher tumor concentrations of doxorubicin than did
groups B (p = 0.025), there were no statistically significant difference in
tumor viability between these two groups (p = 0.124).
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Figure 19. Pharmacokinetics of doxorubicin in serum

Table 4. Pharmacokinetics of doxorubicin in serum.
Doxorubicin Concentration (ng/ml)
Variables
5 min

30 min

60 min

120 min

180 min

Group A (n=3)

*296.7 ± 40.15

6.9 ± 2.49

3.7 ± 10.2

2.2 ± 0.53

1.3 ± 0.73

Group B (n=3)

57.4 ± 3.48

2.0 ± 1.36

0.8 ± 0.46

0.7 ± 0.46

0.5 ± 0.31

Group C (n=4)

20.9 ± 11.23

2.0 ± 0.46

1.1 ± 0.26

0.5 ± 0.07

0.4 ± 0.03

Group D (n=5)

10.3 ± 7.26

1.4 ± 0.74

0.7 ± 0.35

0.4 ± 0.31

0.3 ± 0.16

Kruskal-Wallis test
(p-value)

0.008

0.042

0.037

0.040

0.068

†Post-hoc tests
(p-value)

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.034
B vs. D: 0.025
C vs. D: 0.086

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.480
B vs. D: 0.549
C vs. D: 0.142

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.289
B vs. D: 0.456
C vs. D: 0.142

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 1.000
B vs. D: 0.180
C vs. D: 0.221

-

Group A: Doxorubicin alone, Group B: Doxorubicin + iodized oil, Group C:
DOX-SPIO, Group D: DOX-SPIO + iodized oil
* Data were mean ± SD.
†Post-hoc tests were performed using a Mann-Whitney U test.
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Table 5. Doxorubicin concentration and viable proportion in the tumor

Variables

Tumor Doxorubicin
Concentration
(ng/g)

Percentage of Viable
Tumor Cells
(%)

Group A (n=3)

*25.3 ± 15.87

84.3 ± 12.88

Group B (n=3)

142.0 ± 13.22

5.7 ± 6.93

Group C (n=4)

309.4 ± 245.29

17.6 ± 14.17

Group D (n=5)

679.6 ± 329.70

0.1 ± 0.18

Kruskal-Wallis test
(p-value)

0.015

0.019

†Post-hoc tests
(p-value)

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.025
B vs. C: 0.289
B vs. D: 0.025
C vs. D: 0.141

A vs. B: 0.0495
A vs. C: 0.034
A vs. D: 0.017
B vs. C: 0.289
B vs. D: 0.124
C vs. D: 0.011

Group A: Doxorubicin alone
Group B: Doxorubicin + iodized oil
Group C: DOX-SPIO
Group D: DOX-SPIO + iodized oil
* Data were mean ± SD.
†Post-hoc tests were performed using a Mann-Whitney U test.
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Discussion
Many types of MNPs have been investigated for their potential
applications in biomedical imaging and therapy (12-14). First, MNPs such as
SPIO and USPIO have been used as T2 MRI contrast agents. Second, MNPs
have been investigated for their potential use as drug delivery vehicles. Third,
MNPs can also induce hyperthermia when exposed to alternating magnetic
field. Their various functionalities described above enable MNPs to become
nanomedical platforms for simultaneous imaging and therapy.
A clinical study in which advanced HCC was treated with IA
delivery of SPIO was performed (19), which resulted in significant decreases
in tumor signal intensity with minimal amounts of dispersed particles found in
the adjacent normal liver parenchyma. However, the authors observed only
the particle distributions around the tumors and did not demonstrate any
antitumor therapeutic benefits of SPIOs in chemoembolization of liver cancer
as drug delivery vehicles. According to the image-based biodistribution
analysis in our study, SPIO was inserted to the tumor right after IA delivery
and was shown the persistent deposition up to one week. In regard to the
pharmacokinetic profile of doxorubicin in serum and tumor tissues, IA
delivery of the DOX-SPIO (group C and D) demonstrated the decreased
passage of doxorubicin into the systemic circulation and prolonged
doxorubicin accumulation in the tumor. Because the improved
pharmacokinetic profile could reinforce the therapeutic effect of drug to
tumor, this drug delivery vehicle has potential ability to improve drug
targeting in TACE. Recently, TACE using drug eluting beads demonstrated a
favorable pharmacokinetic profile, with significantly less systemic
doxorubicin exposure when compared to chemoembolization using IO,
although the superiority of the therapeutic effect is still a matter of debate (9,
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31-33). The particles in the aforementioned study were over 100µm in size,
whereas the DOX-SPIO used in this study were 218.1 nm in diameter, which
could pass through smaller vessels.
Considering that the diameter of a capillary is approximately 10 µm,
the DOX-SPIO could fully reach the tumor but it could also easily leak from
the tumor after IA delivery. In this study, group III (SPIO with IO) had the
highest tumor uptake on gamma scintigraphy and SPECT/CT, more signal
decay on MRI, and also more ferric iron deposition, mainly around the
perivascular structure on the pathological slides, than group II (SPIO without
IO) (Fig. 15). Iodized oil could block the blood flow via the tumor-feeding
artery and the back flow via the portal vein in chemoembolization (34), which
could lead to better SPIO deposition in the tumor, especially around the tumor
vessels. Moreover, these blockages of tumor vessels by IO could also lead to
ischemia of the tumor, which was important and fundamental principle in
TACE. In examining the study results for groups B (DOX-SPIO) and C (DOX
+ IO), a discrepancy was observed between intratumoral doxorubicin
concentrations and tumor viabilities (Table 5). A higher doxorubicin
concentration in the tumor would reasonably be expected to result in better
therapeutic response. However, group B, which exhibited a lower intratumoral
doxorubicin concentration than did group C, showed better therapeutic
response. Although SPIO showed better drug delivery than IO, tumor necrosis
did not only depend on the amount of delivered doxorubicin. Ischemia
induced by IO could create a synergistic effect with doxorubicin cytotoxicity
to achieve better treatment. To sum up, IO could block the tumor vessels,
which could lead to ischemia of the tumor and better SPIO deposition in the
tumor especially around the tumor vessels. Therefore, a combination of DOXSPIO and IO could maximize the therapeutic response of IA delivery to the
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liver tumor.
Radiolabeled nanoparticles can be used for multimodal imaging to
overcome the limitations of each imaging modality (35). In this study, 99mTcSPIO was used as a multimodal imaging agent to evaluate the biodistribution
of dextran coated SPIO nanoparticles, which can be used as drug releasing
nano-carriers, by the high sensitive and quantitative data from SPECT and
high spatial resolution images from MRIs. The clinical impact of the imagebased biodistribution analysis could be that a sequential, non-invasive, and
quantitative biodistribution assessment was achieved by radio-labeled SPIO
according to different SPIO delivery methods. This method could be applied
in a biodistribution study of newly developed SPIO agents. Additionally, the
labeling of PET imaging radioisotopes (18F-FDG, 68Ga, 64Cu, and others)
could enable simultaneous PET/MRI imaging in the future.
Normal livers had signal decreases on liver MRIs and diffuse uptake
on 99mTc-SPIO scintigraphy and SPECT/CT after the IA delivery of 99mTcSPIO. That may result from the deposition of SPIO that passed into the
systemic circulation. The Feridex used in this study could easily be taken up
in the healthy liver and spleen tissues (17). Therefore, off-target delivery
should be considered in future studies, as this effect could be problematic
given potential hepatotoxicity. The kidney and bladder also showed diffuse
uptake on 99mTc-SPIO scintigraphy and SPECT/CT, but there was no signal
decrease on MRI. Referring to the previous literature, ferumoxide (Feridex
IV; Advanced Magnetics) was seldom retained in these organs (17).
Therefore, this uptake was not related to the deposition of SPIO. Because the
thyroid gland did not show high uptake, it was also not related to free 99mTc.
The kidney and bladder are excretory organs. Considering the maintenance of
tumor uptake on 99mTc-SPIO scintigraphy and SPECT/CT, this finding
40

suggests that 99mTc labeled dextran moiety on the surface of the SPIO might
be degraded by liver metabolism to the 99mTc-chelator conjugate, not to free
99m

Tc, and excreted through urine.
Evaluating the accumulation of the chemoembolic materials in the

tumor is important because it allows for the evaluation of the
chemoembolization effectiveness and a prediction of the therapeutic response.
Because IO has strong radiopacity, CT scans are usually used for evaluation
after conventional TACE. The radiopacity could also provide other advantage
for monitoring of chemoembolization during the procedure under fluoroscopy.
Recently, MRIs have been widely used as the imaging modality in patients
with liver cancers because it has better HCC detection than CT (10). However,
it is hard to detect iodized oil deposition on MRI because it creates vague
signal intensity changes of the tumor on the MRI (11). Some reports described
the experiments on multimodal visibility of novel embolic materials (36, 37).
In this study, chemoembolic materials after IA delivery of 99mTc-SPIO and IO
could be monitored during the chemoembolization procedure under
fluoroscopy guidance and for follow-up using nuclear medicine imaging
modalities, CT, and MRIs, or multimodal detection.
TACE using a mixture DOX-SPIO and IO has many advantages in
terms of pharmacokinetics, therapeutic responses, and the versatility of
follow-up imaging. Furthermore, all the components (doxorubicin, SPIO, and
IO) are already approved for clinical uses, so these promising results are more
readily translatable to current clinical practice than newly synthesized agents.
This study had several limitations. First, the small sample size in this
feasibility study made it difficult to perform statistically rigorous
comparisons. However, given data trends, it could be anticipated that larger
sample sizes would ultimately yield similar results for stronger support of the
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conclusions. Second, the rabbit VX2 liver tumor model used in this study does
not mimic the behavior of HCC strictly because VX2 carcinoma is a
squamous cell carcinoma. However, this is widely known for the wellestablished animal model for the study of TACE (23-25), and it is the only
animal model well suited for such studies given the need to catheterize the
hepatic arteries. Third, hepatotoxicities were not evaluated in this study.
Improved pharmacokinetics of a chemoembolic material may increase the risk
of hepatic injury when it is delivered to normal liver.
In conclusion, the drug delivery system developed using SPIO and
IO resulted in efficient drug targeting and good therapeutic response when it
was used for IA delivery to liver cancer. The promising results of this study
warrant further investigation of this potential clinical treatment of advanced
liver cancer.
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서론: 자성나노입자중 하나인 초상자성 산화철 나노입자(SPIO)는
질병의 진단과 치료를 동시에 가능하게 해준다. 이 실험의 목적은
SPIO와 리피오돌을 이용한 간종양으로의 동맥경유 약물전달에서
SPIO의 생체분포 및 간종양에 대한 치료효과를 평가하는 것이다.
방법: 토끼 VX2 간종양 모델을 사용하였다. 이 연구는 part 1
동맥경유 약물전달 후 SPIO의 생체분포 평가, part 2 간종양에
대한 치료효과 평가로 구성되었다. Part 1, SPIO의 생체분포평가를
위하여, 세 개의 실험군으로 나누고, 방사성동위원소인

99m

Tc로

표지한 SPIO를 group I (n = 3)에서는 말초정맥으로, group II (n
= 3)는 간동맥으로, group III (n = 4)는 리피오돌과 섞어서
간동맥으로 투여하였다. 투여 직후부터 180분까지 감마카메라와
단일광자 단층촬영 (SPECT/CT) 영상을 얻었고, 이후
자기공명영상(MRI)과 병리조직을 얻어 종양 내 SPIO침착을
평가하였다. Part 2, 간종양에 대한 치료효과를 평가하기 위해서 네
개의 실험군으로 나눈 후, group A (n = 3)는 doxorubicin을
단독으로, group B (n = 3)는 doxorubicin을 리피오돌과 섞어서,
group C (n = 4)는 doxorubicin을 탑재한 SPIO를, group D (n =
5)는 doxorubicin을 탑재한 SPIO와 리피오돌을 섞어서 간동맥으로
투여하였다. 약동학평가를 위하여, 투여 후 0, 5, 30, 60, 120,
180분에 말초정맥혈을 채취하여 혈중 doxorubicin 농도를
측정하였다. 일주일 후 병리조직을 얻어 종양내 doxorubicin
농도와 살아있는 종양세포의 정도를 평가하였다.
결과: Part 1에서, 종양내 동위원소의 집적은 모든 측정시간에서
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group III, group II, group I의 순서를 보였으며, 이는 MRI에서
종양의 신호감쇄양상과 일치하였다. 정상간조직에 대한 종양내
동위원소의 집적 비는 group I에서 0.83, group II에서 2.74, group
III에서 8.01이었고, MRI에서 근육에 대한 종양의 신호강도 비는
group I에서 1.06, group II에서 0.75, group III에서 0.39를
보였다. Group III의 경우, 종양에 리피오돌의 침착을 CT영상에서
확인할 수 있었다. Part 2의 약동학평가 결과 group D는 모든
측정시간에서 가장 낮은 혈중 doxorubicin농도를 보였는데, 이는
간동맥으로 투여한 doxorubicin이 전신순환으로 빠져나간 정도가
group D에서 제일 적었다는 의미이다. 종양 내 doxorubicin의
농도는 group A에서 25.3 ng/g, group B에서 142.0 ng/g, group
C에서 309.4 ng/g, group D에서 679.6 ng/g으로 측정되었다.
종양에서 살아있는 세포의 비율은 group A에서 84.3%, group
B에서 5.7%, group C에서 17.0%, group D에서 0.1% 였다.
결론: SPIO와 리피오돌을 이용한 동맥경유 약물전달은
간종양으로의 약물전달효율을 높이고 치료효과를 증가시킬 수 있다.
이 실험결과를 바탕으로 추후 임상실험을 통하여 간암치료에 적용
가능성을 입증할 수 있을 것이다.

* 본 내용은 Investigative Radiology 2013; 48(12):826-833에
출판 완료된 내용임
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