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Abstract

A promising strategy for liver cancer treatment is to deliver chemotherapeutic agents with 

multifunctional carriers into the tumor tissue via intra-arterial (IA) transcatheter infusion. These 

carriers should release drugs within the target tissue for prolonged periods and permit intra-

procedural multi-modal imaging of selective tumor delivery. This targeted transcatheter delivery 

approach is enabled via the arterial blood supply to liver tumors and utilized in current clinical 

practice which is called chemoembolization or radioembolization. During our study, we developed 

Doxorubicin (Dox) loaded porous magnetic nano-clusters (Dox-pMNCs). The porous structure 

and carboxylic groups on the MNCs achieved high-drug loading efficiency and sustained drug 

release, along with magnetic properties resulting in high MRI T2-weighted image contrast. Dox-

pMNC within iodinated oil, Dox-pMNCs, and Dox within iodinated oil were infused via hepatic 

arteries to target liver tumors in a rabbit model. MRI and histological evaluations revealed that the 

long-term drug release and retention of Dox-pMNCs within iodinated oil induced significantly 

enhanced liver cancer cell death.
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1. INTRODUCTION

Interventional radiology is a medical specialty offering minimally invasive treatment for 

patients under image-guidance, and has been at the intersection of multiple research fields 

including drug delivery, ablative therapies, pharmacology, medical devices and medical 

imaging. Image-guided procedures have been actively pursued to treat unresectable primary 

liver cancer, hepatocellular carcinoma (HCC). Only 5–15% of HCC patients are suitable 

candidates for surgery due to the advanced stage of HCC at time of diagnosis.[1–4] No 

systemic chemotherapy has proven to be effective in HCC patients, except for the oral multi-

kinase inhibitor Sorafenib in advanced stage patients with good liver function.[5, 6] 

Transcatheter arterial chemoembolization (TACE) under image-guidance using X-ray 

angiography has been performed as the primary option for unresectable HCC with an 

advanced stage. TACE utilizes the preferential blood supply of HCC derived from the 

hepatic artery (~95%), thereby allowing local chemotherapy and embolization with minimal 

damage to the surrounding healthy parenchyma (primarily supplied via portal vein).[6] 

Conventional TACE is performed with intra-arterial infusion of iodized oil mixed with 

chemotherapeutic agents such as Doxorubicin (Dox) or drug combinations such as Dox, 

cisplatin and mitomycin.[7] Lipiodol (Andre Guerbet, Aulnay-sous-Bois, France) is the 

iodized oil which has been most commonly used in TACE. However, many pharmacokinetic 

properties such as drug distribution and release rates remain uncertain. In order to overcome 

the limitations of iodized oil, non-absorbable drug-eluting beads (DEBs) which are 

composed of a hydrophilic, ionic polymer that can bind Dox via an ion exchange mechanism 

have been developed for TACE. This new type of embolic material permits a somewhat 

more sustained drug release into the tumor tissues.[8–12] However, these DEBs have not yet 

demonstrated significant improvements in treatment outcomes compared with conventional 

TACE using iodized oil. Thus, development of modern multifunctional drug carriers for 

catheter-directed procedures will be critically needed to improve therapeutic outcomes in 

HCC. Multifunctional drug carriers can be visible with MR or CT and load high doses of 

drugs in a reproducible manner for controlled elution over an extended period of time 

(current DEBs microspheres offer only a rapid burst release profile). Superior material 

properties and elution profiles of the multifunctional platform should also achieve reduced 

systemic exposures of the drugs to non-target area in transarterial delivery.[13, 14] The 

potential benefits of these drug delivery systems are considerable because a sustained 

release of chemotherapy over time could increase tumor cell kill by maintaining a more 

efficacious drug concentration within the targeted tissues. Among various multifunctional 

platforms, porous magnetic nanoclusters (pMNCs) can serve as drug carriers for TACE in 

HCC.[15–19] Their magnetic susceptibility enables MRI monitoring, tracking and 

quantification of delivery of these chemo-drug-loaded pMNCs to targeted tissues.[20–22] In 

the present study, we synthesized Dox loaded pMNCs (Dox-pMNCs) and characterized Dox 

drug release kinetics and MR contrast effects. Then, Dox-pMNCs were combined with 

iodinated oil as a possible translational form to mirror routine clinical practice (Dox-pMNCs 

combined with iodized oil) and delivered to liver tumors via hepatic artery in the rabbit liver 

tumor model. Deposition of every injected material to the targeted tumor was monitored by 

follow-up imaging, and its therapeutic efficacy was evaluated by histopathological analysis 

of the treated specimen.
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2. Materials and Methods

2.1. Materials

Ferric chloride (FeCl3), 25% ammonium hydroxide, diethylene glycol (DEG), sodium 

hydroxide and polyacrylic acid (PAA) were purchased from Sigma-Aldrich. Doxorubicin 

hydrochloride was purchased from LC Labs (Woburn, MA, USA). ferucarbotran (Resovist, 

Schering, Germany), Lipiodol (Andre Guerbet, Aulnay-sous-Bois, France), iopamidol 

(Isovue, Bracco Imaging, Italy) were used for imaging and in vivo experiments.

2.2 Preparation of pMNCs and Doxorubicin Loading

pMNCs were synthesized using a high temperature hydrolysis reaction.[23, 24] A 

NaOH/DEG solution was prepared by dissolving 2g of NaOH in diethylene glycol (DEG) 

(20 ml). The solution was heated to 120 °C for 30 mins under nitrogen, cooled, and kept at 

70°C. A mixture of FeCl3 (0.4 mmol), polyacrylic acid (PAA) (4 mmol), and DEG (17 ml) 

was heated to 220 °C in a N2 atmosphere for 30 min with vigorous stirring to form a 

transparent solution. The prepared NaOH/DEG solution (2 ml) was injected into the 

solution. The resulting mixture was further heated for 1 h. The final products were washed 

with a mixture of Milli-Q water and ethanol 3 times and re-dispersed in Milli-Q water and 

dried in vacuum at 60 °C for 8h. Dox was loaded on the carboxylic porous magnetic nano-

clusters by electrostatic adsorption and physical complexation processes of mixing in 

ethanol/water (volume ratio=1:1) mixture, centrifuge and drying adsorption. Dox (1 mg) was 

incubated with the carboxylic pMNCs (5 mg) in ethanol/MilliQ water (pH=~6.7) at room 

temperature for 24 hours. The Dox-pMNC was washed 3 times with 10 mL of Milli-Q water 

and permanent magnet, and dispersed in PBS (Phosphate Buffer Solution, pH 7.2).

2.3. Characterization of Samples

The morphology and size of the synthesized pMNCs were characterized using a 

transmission electronic microscope (TEM; FEI Tecnai Spirit G2). The magnetic properties 

of the samples were characterized with superconducting quantum interface device (SQUID, 

MPMS-XL, USA). The thermal behavior of pMNCs was investigated using a NETZSCH 

STA409 thermogravimetric analyzer at a heating rate of 10 °C/min to 800 °C in air. BET 

(Brauauer, Emmett and Teller) nitrogen adsorption-desorption was measured to determine 

the surface area of the samples using a Micromeritics Tristar 3000 volumetric adsorption 

analyzer. The mean particle size, size-distribution and zetapotential of the samples were 

investigated with dynamic light scattering (DLS) using a Zetasizer Nano-S (Malvern, 

Herrenberg, Germany) equipped with a 4 mW HeNe laser.

2.4. Drug Loading Efficiency and Release Studies

3 samples of Dox-pMNCs with Lipiodol (a volume ratio of 1:1.5 (particle 

solution:Lipiodol)), Dox-pMNCs (weight ratio 1:5 at Dox:pMNCs), and Dox with Lipiodol 

(volume ratio: 1:1.5, Dox: 1 mg) were prepared and compared for in vitro drug release 

behaviors. The loading amount of Dox in Dox-pMNCs was determined with characteristic 

excitation and emission wavelengths (λex=480 nm and λem=550 nm) in a plate reader 

(SpectraMax M5, Molecular Devices, CA, USA). Drug elution studies were performed to 
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investigate Dox release kinetics at 37 °C. An aqueous sample solution (5 mg/ml;1 ml) was 

placed in a membrane bag (Spectra/Por MWCO 10,000, Spectrum, Los Angeles, CA, USA) 

and then immersed in 40 ml of PBS solution. The temperature of the medium was 

maintained at 37 °C using a water bath. At specific time intervals, PBS medium (1 ml) was 

extracted and replaced with fresh medium. Concentrations of released Dox were determined 

using a plate reader (λex=480 nm and λem=550 nm). These measurements were performed 

three times and averaged to determine percentages of cumulative drug release amounts over 

time.

2.5. Characterization of MR Relaxivity Properties

T2 relaxation times for the pMNCs were determined and compared with ferucarbotran 

(Resovist, Schering, Germany) using a 3 Tesla MRI scanner (Tim Trio, Siemens Healthcare, 

Erlangen, Germany). Imaging phantoms were prepared by diluting samples in 1% agarose at 

various concentrations of samples. The atomic Fe concentrations of the stock solutions were 

determined using Inductively Coupled Plasma Spectroscopy (ICP-MS, Perkin Elmer, 

Waltham, MA, USA) and MRI signal changes were measured with increasing Fe 

concentrations of the pMNCs. For T2 measurement, a Carr-Purcell-Meiboom-Gill (CPMG) 

sequence of 6 echoes was used with TR3=31000ms and TE3=36.4~44.83ms with an echo 

interval of 6.4 ms. The T2 values were calculated using a least squares single exponential 

fitting model pixel by pixel and then averaging over the ROIs. For each concentration, we 

performed a linear fit between relaxation value and particle concentration with 

corresponding slope thus providing relaxivity estimate (Origin 7.0, Northampton, MA).

2.6. Preparation of Rabbit Liver Tumor Model

This study was approved by the institutional animal care and use committee. Adult New 

Zealand white rabbits (n=15) weighing 3.0 to 3.5 kg were maintained in rooms with a 

constant temperature (23 °C) and a 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 of 2% xylazine 

hydrochloride (Rompun; Bayer, Seoul, Republic of Korea). The VX2 carcinoma strain was 

maintained in the right hind limb of a carrier rabbit by deep intramuscular injection 

throughout the study.[25–28] Through a midline abdominal incision, the left lobe of the liver 

was exposed, and a small piece of tumor (1 mm3) obtained from the hind limb tumor was 

directly implanted into the subcapsular liver parenchyma using a needle.[25–28]

2.7. Animal Groups

Tumor-bearing rabbits (n=15) were equally divided into three groups. Group A (n=5) 

underwent hepatic intra-arterial (IA) infusion of Dox-pMNCs with Lipiodol [total: 0.5 ml, 

0.2 ml of Dox-pMNCs (0.2 mg Dox, 1.4 mg PMC) and 0.3 ml of Lipiodol)]. Group B (n=5) 

underwent IA hepatic injection of Dox-pMNCs [total: 0.5 ml, Dox-pMNCs (0.2 mg Dox, 

1.4 mg pMNCs)] alone. After each treatment, these animals were scanned to monitor IA 

injected samples and tumors with MRI and CT for 14 days. The control group (n=5) 

underwent hepatic IA injection of Dox-Lipiodol [total: 0.5 ml, 0.2 ml of Dox-iopamidol (0.2 

mg Dox, 0.2 ml iopamidol (Isovue, Bracco Imaging, Italy) and 0.3 ml of Lipiodol)] to 
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compare with Group A and B. Iopamidol, a contrast agent, is used to dissolve Dox instead of 

water in clinical practice.

2.8. Imaging Analysis

For each animal, MR scans were performed 3 times during the experimental period: at 0 

(just before treatment), 7 and 14 days after the IA infusion procedure. A 3.0-T clinical MR 

scanner (Tim Trio; Siemens Healthcare, Erlangen, Germany) was used with a knee coil to 

improve SNR and spatial resolution. 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/echo time, 4100 milliseconds/150 milliseconds; 

echo train length, 14; section thickness, 3 mm; field of view, 130 × 130 mm; matrix, 512× 

358; number of excitations, 2.0) and T2*-weighted gradient-echo (repetition time/echo time, 

113 milliseconds/10 milliseconds; flip angle, 20 degrees; section thickness, 3 mm; field of 

view, 136×136 mm; matrix, 320 × 320; number of excitations, 10.0) images were acquired, 

and evaluated on an image archiving and communications workstation (m-view; Marotech, 

Seoul, Republic of 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 pMNCs were measured. After measuring the signal intensity of 

the tumor and the back muscles on the same T2*-weighted imaging slice, the relative tumor-

back muscle signal intensity ratios were calculated. CT scans were also performed right after 

the MR imaging at 0, 7 and 14 days after the IA infusion procedure. A multi-detector CT 

scanner (SOMATOM Definition, Siemens Medical Solutions, Forchheim, Germany) was 

used with the following parameters: detector configuration, 64X0.6 mm; rotation time, 0.5 

seconds; pitch, 0.9; 120 kilovolt peak; 200 mA s; 1.5 mm of slice thickness with no gap; and 

matrix, 512X512.

2.9. Pathological Analysis (H&E, Prussian Blue and TUNEL analysis)

All animals were euthanized with an intravenous injection of a lethal amount (7–10 mL) of 

xylazine hydrochloride under deep anesthesia immediately after the last imaging study at 

day 14 post-infusion. The hepatic tumors were carefully dissected from the liver, and placed 

in a bottle containing 5% formalin for subsequent histopathological examination; 

hematoxylin and eosin staining for general inspection, Prussian blue staining to identify 

porous iron oxide magnetic nanoclusters, and terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) staining for tumor viability evaluation. The obtained 

histological slides were imaged with optical microscope and the tumor viability was 

evaluated using image analysis software (Image J, version 1.45s; National Institutes of 

Health, Bethesda, MD).

2.10. Statistical Analysis

A nonparametric analysis was conducted using the Kruskal-Wallis test to compare the signal 

intensity ratio of the tumor to the back muscles, and tumor apoptosis rate of the 

experimental groups. When positive results were encountered, the Mann-Whitney post hoc 

test was used for one-to-one group comparisons. The data processing and analysis were 

performed using Statistical Package for the Social Sciences version 16.0 (SPSS, Inc, an IBM 
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Company, Chicago, IL). We rejected the null hypotheses if the 2-tailed P values were less 

than 0.05.

3. Results

3.1. Characterization of pMNCs and Doxorubicin Loading/Release

As shown in Fig. 1a and b, ~55 nm magnetic nano-clusters generated by PAA binding agent 

were synthesized by hydrothermal procedure. Pores among small iron oxide nanoparticles 

(~5 nm) were characterized by TEM images. Thermogravimetric-differential scanning 

calorimetry (TG-DSC) curves of the sample showed presence of PAA with iron oxide 

nanoparticles (Fig. 1c). Below 100 °C, the weight loss was 58%, which should be attributed 

to the removal of surface-adsorbed water. The main exothermal peak was at 230 °C, 

corresponding to the decomposition of carboxyl groups uncoordinated on the magnetic 

nano-clusters. The minor exothermal peak at 280 °C was attributed to the decomposition of 

carboxyl groups coordinated on the surface and interface of magnetic nano-clusters. The 

corresponding weight loss of decomposition of carboxyl groups was about 7%. The other 

minor exothermal peak at 635 °C was attributed to the decomposition of PAA in the 

magnetic nano-clusters. The corresponding weight loss was approximately 2%. For 

verification of the surface area and porous structure of the iron oxide clusters, nitrogen 

adsorption-desorption isotherms were obtained (Fig. 1d). The magnetic nano-clusters 

showed a type-IV isotherm (Fig. 1d), which was characterized for a mesoporous structure.

[29] The Brunauer-Emmett-Teller (BET) surface area of the magnetic nano-clusters was 

measured to be 8.3 m2g−1. A broad peak from 4 nm to 30 nm was found for the magnetic 

nano-clusters, corresponding to both small pores among the iron oxide nanoparticles within 

nanoclusters and mesopores which is the interspace area among the iron oxide nanoclusters 

(inset in Fig. 1d). Dox chemo-drug was loaded onto the pMNCs by electrostatic interaction 

between Dox and PAA in the pMNCs. Dox loading was confirmed with zetapotential 

changes of Dox-pMNCs complexes. By adding increasing amounts of Dox, the zetapotential 

values changed from negative (−40 mV) of PAA coated pMNCs to more positive values 

(+10~15 mV) (Fig. 1e). The Dox loading efficiency into the PAA coated pMNCs was 92%. 

The synthesized pMNCs showed high saturation magnetization values of 58 emu/g at room 

temperature and allowed MR T2 contrast effects. r2 relaxivity of the synthesized pMNCs 

measured in 3T MRI was r2=198.6 mM−1s−1, which was higher MR r2 relaxivity than 

ferucarbotran (r2=146.1 mM−1s−1) (Fig. 1f).

3.2. In Vitro Doxorubicin Release Study

The in vitro drug release behavior of Dox-pMNCs, Dox-pMNCs within Lipiodol and Dox 

within Lipiodol was compared (performed in triplicate for each preparation) (Fig. 2). Both 

Dox-pMNCs and Dox-pMNCs within Lipiodol released only 20~30% of initially loaded 

Dox amounts while 92% of Dox in the Dox-Lipiodol preparation was released relatively 

quickly within 100 hours (Fig. 2b).

3.3. In Vivo Intra-Arterial Delivery of Porous Magnetic Nanoclusters in Liver Tumor Model

Two weeks after tumor implantation, tumor growth was confirmed with MR just before IA 

infusion procedures (Fig. 3a). For hepatic IA infusion, an 18-gauge IV sheath was inserted 
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into the right auricular artery, through which a microcatheter was advanced to reach the 

common hepatic artery. Then, tumor location and tumor feeding artery were identified with 

hepatic arteriogram (Fig. 3b). The prepared 3 samples of Dox-pMNCs mixed with Lipiodol 

(Group A), Dox-pMNCs (Group B), and Dox mixed with Lipiodol (Control Group) were 

successfully injected through the catheter located within the left hepatic artery (Fig. 3 

representative images from Group A). The distribution of infused Dox-pMNCs within tumor 

tissues was confirmed as negative contrast areas (signal reductions) within the tumor upon 

T2*-weighted MR scans (Fig. 3c). Both group A (Fig. 4a) and B (Fig. 4b) exhibited 

intratumoral signal decreases persisting at 7 and 14 days after IA delivery, however there 

was a significant difference observed between tumor-to-back muscle signal intensity ratios 

measured for these two groups. Group A resulted in higher levels of Dox-pMNCs uptake in 

the tumor than Group B. In Group A, the MR signal intensity of the tumor was maintained at 

significantly lower levels until day 14 after the IA delivery, which suggested an enhanced 

deposition of Dox-pMNCs in tumor tissues via co-delivery with Lipiodol (Fig. 4a and c). 

Prussian blue staining of tumor tissues histologically confirmed the retention of Dox-

pMNCs which had blue spots in the tumor vasculature (Fig. 4d). On TUNEL staining to 

analyze the therapeutic effects, Group A displayed significantly higher apoptosis rate 

(74.1%) than Group B (56.2%) and Control Group (61.8%) with a p-value less than 0.05 

(Fig. 5). Whereas, there was no significant difference observed in the tumor apoptosis rates 

between Group B and Control Group (P>0.05).

4. Discussion

HCC is a malignant tumor characterized by its high vascularity to induce rapid progression. 

TACE remains the standard treatment for advanced HCC patients who are not eligible for 

surgical resection or percutaneous tumor ablation. The principle of TACE is based on intra-

arterial injection of chemotherapeutic drugs mixed with carriers directly through the arteries 

that preferentially feed the targeted tumors. However, local tumor control following TACE 

is achieved in only 15–60% of cases, and 5-year survival rates are ranged in 8–43%.[30] 

Novel drug delivery carriers for TACE are required for better drug release profile and to 

allow for multimodal imaging which enables the carriers to be visible on various imaging 

modalities simultaneously. Herein, we report the development of pMNCs, which carry a 

large payload of cargo within the pores and strong MRI contrast effects. As shown in Fig. 1, 

small iron oxide nanoparticles (~5 nm) were assembled into nano-clusters with a PAA 

binding agent. The highly porous space generated by clustering was filled with PAA 

containing abundant carboxylic, which has strong affinity to positively charged Dox. The 

Dox molecule contains an amino group with a pK of 8.6;[31] meanwhile, the pK for PAA 

carboxylic groups is equal to 4.8.[32] The interfacial interaction between the carboxylate 

groups on the pMNCs and the amine groups on the Dox drug molecules was demonstrated 

with zeta-potential changes. The mesopores and abundant carboxylic groups with PAA in 

the pMNCs enhanced the loading efficiency up to 92%. 34 wt% Dox could be loaded into 

the pMNCs. The cytotoxicity of pMNC was measured in Clon-9 hepatocyte cells by an 

MTT assay. The pMNCs were non-toxic with over 80% cell viability maintained at 

concentrations of up to 1 mg/ml. Prior to in vivo studies, two samples of Dox-pMNCs and 

Dox-pMNCs-Lipiodol mixtures were prepared as shown in Fig. 2a. Both of these pMNCs 
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preparations demonstrated sustained Dox drug release at slower rates than conventional 

Dox-Lipiodol preparation. Dox is one of the most widely used chemotherapeutic drugs for 

HCC treatment.[33] The mechanism of action of Dox is DNA intercalating and inhibition of 

topoisomerase II.[34] Thereby Dox has the ability to block DNA replication and induce 

apoptosis. However, the performance of Dox may be limited because both DNA and 

topoisomerase are primarily located in the cell nuclei and thus challenges may arise due to 

poor intracellular drug delivery.[35] Therefore, sustained Dox release to achieve critical 

concentrations for sufficient Dox penetration into nuclei is critical. Our results showed that 

sustained drug release from Dox-pMNCs (Fig. 2b) could potentially enhance anticancer 

performance of Dox by increasing exposure time of targeted tumors. In addition, the pMNCs 

demonstrated a strong response to an external magnetic field (when compared to individual 

nanoparticles) due to much higher magnetization per particle. The high magnetization value 

of the pMNCs, while maintaining superparamagnetic properties, presents an opportunity for 

superior MR contrast effects. Our synthesized pMNCs demonstrated 1.35 fold higher MR 

T2 contrast effects than ferucarbotran (about 60 nm carboxydextran coated single iron oxide 

nanoparticles).[36] Because liver MR imaging allows significantly higher diagnostic 

accuracy and sensitivity for the detection of HCC compared with CT,[37] the strong MR 

contrast effects of the pMNCs could play a valuable role in monitoring drug delivery and 

therapeutic outcomes.

For in vivo intra-arterial administration of pMNCs, Lipiodol was used with the Dox-pMNCs 

to enhance targeting delivery to liver tumors. Lipiodol is an iodinated derivative of poppy 

seed oil with iodine content of 38–40% w/v and has been shown to be selectively taken up 

and retained by primary liver tumors for a long period of time.[38–42] Thus, Dox mixed 

with Lipiodol has been commonly infused to maximize the drug concentration and exposure 

time of tumor tissues in TACE. However, rapid Dox release from the Dox-Lipiodol 

emulsion has limited therapeutic outcomes. We hypothesized that Dox-pMNCs mixed with 

Lipiodol could enhance anti-cancer therapeutic efficiency by (1) sustained Dox release from 

pMNCs and (2) tumor specific retention by Lipiodol when infused via the hepatic artery. 

The VX2 liver tumor model was selected for the experimental model because rabbits are 

large enough to enable IA procedures, and the blood supply of the VX2 liver tumor is 

similar to that of human HCC. Also, the tumor is easily detected by various radiological 

methods.[25] In our study, MRI confirmed liver tumor generation in each rabbit and IA 

infusion of Dox-pMNC preparation performed under X-ray arteriography guidance. Then, 

the selective accumulation of IA infused Dox-pMNCs or Dox-pMNCs within Lipiodol in 

tumor regions was readily detected with in vivo MRI and CT. Long-term MRI and CT 

monitoring for 14 days clearly showed the different intra-tumoral distributions of samples 

(Dox-pMNCs with Lipiodol or Dox-pMNCs alone) following IA administration. These MR 

and CT imaging capabilities should be valuable for refining IA procedures, determining 

amounts and patient-specific distributions of drug carrier, estimating therapeutic index, and 

ultimately optimizing therapy for each individual patient (retreatment or potentially 

reposition of catheter for improve tumor coverage).

Though nanosized Dox-pMNCs were initially well targeted to tumors via IA injection (Fig. 

4a and d), the retention time of Dox-pMNCs was shorter than Dox-pMNCs within Lipiodol. 
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MR signal changes following IA Dox-pMNCs and Dox-pMNCs within Lipiodol 

administration was ~1.5 fold different at 7 days with this difference maintained at 14 days. 

This result indicates that Lipiodol significantly contributed to the retention of Dox-pMNCs. 

The selective retention of Dox-pMNCs with Lipiodol in liver tumors likely results from the 

“siphoning effect” of Lipiodol in tumor vessels[43], the electrostatic difference between 

Lipiodol and cancerous endothelia, transcapillary leakage and potentially membrane 

attachment of Lipiodol to tumor cells and pinocytosis of Lipiodol by tumor cells (as noted in 

prior studies) [42]. The higher uptake and longer retention of Dox-pMNCs administered 

with Lipiodol produced higher apoptosis levels in the treated tumors (Group A) when 

compared to IA Dox-pMNCs or Dox-Lipiodol administration (Fig. 5). These results suggest 

that the sustained release profile of Dox-pMNCs can be significantly potentiated by Lipiodol 

for increased retention. Finally, the multimodal imaging capabilities of the Dox-pMNCs 

(MRI) and Lipiodol (CT) complex are very promising for image-guided therapy.

5. Conclusion

These synthesized Dox-pMNCs permitted efficient drug loading, sustained release and in 

vivo MRI of intra-tumoral delivery. Combining pMNC with iodized oil allowed multi-modal 

imaging of transcatheter IA delivery to liver tumors according to a well-established 

clinically relevant TACE protocol along with improved therapeutic efficacy compared to 

conventional Dox/lipiodol preparation and/or Dox-pMNCs alone. The pMNC drug delivery 

platform offers the potential to improve clinical outcomes during catheter-directed loco-

regional therapies for liver cancer.
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Fig. 1. 
(a, b) TEM images of porous magnetic nanoclusters, (c) TG-DSC curves of porous magnetic 

nanoclusters showing surface adsorbed water and decomposition of carboxyl groups of PAA 

in the pMNCs, (d) BET nitrogen adsorption-desorption and (inset) pore size distribution of 

the pMNCs, (e) zeta potential changes of pMNCs in aqueous solution by increasing 

doxorubicin (Dox) loading amounts, and (f) T2-weighted MRI images (3T, spin-echo 

sequence) of various concentrations of pMNCs and ferucarbotran in agarose gel and T2 

relaxation rates (1/T2, s−1) as a function of iron concentration (mM) of pMNCs and 

ferucarbotran in agarose gel (3T, 25 °C).
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Fig. 2. 
(a) Schematic illustration of Dox-loaded pMNCs for IA drug delivery, (b) digital image of 

sample solutions (Dox-pMNCs, Dox-pMNCs with Lipiodol and Dox with Lipiodol) and (b) 

Release profiles of Dox from the samples (Dox-pMNCs, Dox-pMNCs with Lipiodol and 

Dox with Lipiodol). The profiles of Dox-pMNCs and Dox-pMNCs with Lipiodol showed 

relatively slow and sustained drug release over 100 hours (at 37 cC).
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Fig. 3. 
(a) MRI T2-weightd image of VX2 liver tumor in rabbit model before intra-arterial (IA) 

infusion procedure, (b) Digital subtraction angiography (DSA) during IA infusion of 

samples. A micro-catheter was advanced via the right ear artery, the descending thoracic 

aorta, and the celiac trunk, and the catheter tip was positioned at a feeder of the left hepatic 

artery (arrowhead). DSA during the IA infusion showed contrast agent opacification of the 

tumor tissues and feeding vessels (arrows indicate region of hypervascular tumor periphery). 

(c) MRI T2-weighted image of VX2 rabbit liver tumor after intra-arterial (IA) delivery of 

Dox-pMNCs with Lipiodol.
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Fig. 4. 
MRI T2* weighted images and CT images from (a) Group A rabbit (Dox-pMNCs with 

Lipiodol administered via IA infusion) and (b) Group B rabbit (Dox- pMNCs administered 

via IA infusion). In MR images before IA infusion, the tumor in the left hepatic lobe 

demonstrates high signal intensity (tumor position denoted with dashed-line ROI) in T2*-

weighted images. At both days 7 and 14 after IA infusion, the tumor shows marked signal 

reduction in both Group A and B rabbits, due to deposition of the Dox-pMNCs in the tumor. 

CT images in Group A also showed dense Lipiodol deposits in the tumor at days 7 and 14 

after the delivery. (c) Tumor-to-back muscle signal intensity ratios for the T2*-weighted 

images of Group A and B collected at 0, 7 and 14 days post-infusion. (d) Microscopic 

analysis (25×) of HCC tumor tissues harvested at 14 days and stained with Prussian blue. 

The iron in the deposits of the Dox-pMNCs was visible as a blue spots located at the inner 

edges of vascular structures.
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Fig. 5. 
(a) Histological sections of VX2 liver tumors 14 days after treatment were TUNEL stained. 

The representative images from Group A and B rabbits are shown. Scattered positive cells 

were found study groups but a significant increase was observed for Group A (Dox-pMNCs 

within Lipiodol), and (b) quantitative analysis of TUNEL positive cells for Groups A, B and 

control. Data (means ± SD) represent the means of independent experiments (each n=5 in 

Group A and B, control). *p<0.05. (Group A and B). Increased TUNEL positive cells were 

observed in Group A vs. Group B and Group A vs. Control.
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