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Abstract: In recent years, iron oxide nanoparticles (IONPs) have been applied widely to 

biomedical fields. However, the relationship between the physicochemical properties of IONPs 

and their biological behavior is not fully understood yet. We prepared 3-methacryloxypropyl

trimethoxysilane (MPS)-coated IONPs, which have a neutral hydrophobic surface, and compared 

their biological behavior to that of Resovist (ferucarbotran), a commercialized IONP formulation 

modified with carboxymethyl dextran. The rate of MPS-IONP uptake by human aortic endothelial 

cells (HAoECs) was higher than ferucarbotran uptake, indicating that the neutral hydrophobic 

nature of MPS-IONPs allowed them to be absorbed more readily through the plasma membrane. 

However, the signaling pathways activated by MPS-IONPs and ferucarbotran were comparable, 

suggesting that surface charge is not a key factor for inducing changes in HAoECs. In vivo fate 

analysis showed that MPS-IONPs accumulated for longer periods in tissues than hydrophilic 

ferucarbotran. These findings could enlarge our understanding of NP behavior for advanced 

applications in the biomedical field.

Keywords: iron oxide nanoparticles, neutral hydrophobic surface, signaling pathway, uptake, 

accumulation, reactive oxygen species (ROS)

Introduction
Iron oxide nanoparticles (IONPs) have been used in the biomedical field, especially 

as contrast agents for magnetic resonance imaging (MRI), as colloidal mediators for 

induced hyperthermia and for targeted delivery of drugs or genes. These IONPs have 

been synthesized in various types and structures to fit the purpose of their usage. 

However, the relationship between the physicochemical properties of IONPs and their 

biological behaviors/effects remains to be elucidated.

The physicochemical properties of NPs depend on the nature of the surface-coating 

materials,1 as well as such properties as size, composition, and shape. The correlation of 

surface charge and cellular uptake,2,3 the induction of cell death,4 and in vivo behaviors, 

such as half-life in the circulation system,5 have been elucidated using NPs modified 

with various ligands. For modification of NPs, positively or negatively charged ligands 

have been used to prevent their aggregation in biological systems. It has also been 

reported that neutral particles have the longest half-life in the blood,6 but most studies 

on neutral particles have been performed using hydrophilic polyethylene glycol (PEG)-

coated NPs (ζ-potential ,0).7 It is assumed that neutral hydrophobic NPs, which have 

a ζ-potential near 0, have higher affinity for the cell membrane than hydrophilic ones,8 

but their cellular effects and in vivo behaviors are not fully understood. Therefore, to 

expand the understanding of the structure-related functionality of IONPs, the effect of 

surface modification by neutral hydrophobic surfaces needs to be examined further.
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In this study, we synthesized 3-methacryloxypropyl

trimethoxysilane (MPS)-coated IONPs (MPS-IONPs) based 

on previous studies.9,10 MPS is a widely used coupling agent 

available for the adhesion of organic materials to metallic 

surfaces,11 and allows easy cross-linking of the methacrylate 

terminal to thiolic compounds triggered by ultraviolet light 

under ambient conditions.12 MPS-IONPs can have a neu-

tral hydrophobic surface and be dispersible in an aqueous 

environment.13

The structure of synthesized MPS-IONPs was examined 

by X-ray diffraction in our previous study.10 The IONPs 

synthesized by this method consisted of a mixture of Fe
3
O

4
 

and γ-Fe
2
O

3
. In IONP synthesis, the existence of γ-Fe

2
O

3
 is 

usually observed and can be attributed to the oxidation of 

Fe
3
O

4
 during synthesis.14 To identify the unique character-

istics of MPS-IONPs, they were compared with those of a 

well-known negatively charged contrasting agent, Resovist 

(ferucarbotran), which was coated with carboxymethyl dex-

tran. Though ferucarbotran has been used clinically, it has not 

been available commercially since 2009.15 Ferucarbotran is 

also comprised of Fe
3
O

4
/γ-Fe

2
O

3
.16 Therefore, the composi-

tion of MPS-IONPs and ferucarbotran are quite similar.

We analyzed the effects of MPS-IONPs and ferucar-

botran on the uptake and signaling pathways in human aortic 

endothelial cells (HAoECs). We chose HAoECs for the  

in vitro study because therapeutic IONPs can potentially be 

administered to humans via blood vessels and distributed 

to the organs through the ECs of the vessels. Additionally, 

we investigated the behaviors of neutrally modified 

IONPs in vivo.

Materials and methods
Preparation of IONPs
MPS-IONPs were manufactured according to previous 

studies.9,10 Briefly, ferrous sulfate heptahydrate (2.4 g) and 

ferric chloride hexahydrate (4.1 g) were dissolved in deion-

ized water (100 mL) in a flask. Next, 25 wt% NH
3
 (25 mL) 

was added to the solution with vigorous stirring at room 

temperature under a nitrogen atmosphere. Oleic acid (1 mL) 

was dropped into the dispersion slowly at 80°C for 1 hour. 

The IONPs were extracted in toluene by adding NaCl. MPS 

(1.22 mL), triethylamine (1.22 mL), and oleic acid-coated 

IONPs in toluene were mixed and stirred for 8 hours at room 

temperature under a nitrogen atmosphere. When the reaction 

was complete, petroleum ether was added to the mixture to 

precipitate the MPS-IONPs, followed by magnetic separation 

and drying in vacuo. The MPS-IONPs were resuspended in 

acetone and precipitated by petroleum ether. This procedure 

was repeated five times to remove residual MPS and oleic 

acid from the IONPs. MPS-IONPs were finally resuspended 

in deionized water and used as neutral IONPs. Ferucarbotran, 

clinically used carboxymethyl dextran-based IONPs, was 

purchased from Bayer AG (Leverkusen, Germany). Iron con-

tent was determined by inductively coupled plasma atomic 

emission spectroscopy (iCAP Q; Thermo Fisher Scientific, 

Waltham, MA, USA).

Characterization of IONPs
The morphology and particle size of the IONPs were analyzed 

using transmission electron microscopy (TEM; HD-2300; 

Hitachi, Tokyo, Japan). The particle-size distribution and 

ζ-potential of the IONPs were analyzed using a dynamic 

light-scattering (DLS) particle-size analyzer (Zetasizer 

Nano ZS; Malvern Instruments, Malvern, UK). The 

structure of MPS-IONPs was analyzed by Fourier-transform 

infrared (FT-IR) using a Nicolet iS10 FT-IR spectrometer 

equipped with a nitrogen-purged chamber (Thermo Fisher 

Scientific).

Cell culture
HAoECs were purchased from PromoCell (C-12271; 

Heidelberg, Germany). Cells were cultured in MV2 medium 

(C-22022; PromoCell), and supplemented with 100 units/mL 

penicillin, 100 μg/mL streptomycin (15070063; Thermo 

Fisher Scientific) in a 2% gelatin-coated culture flask at 

37°C under a humidified atmosphere composed of 95% air 

and 5% CO
2
.

Cytotoxicity tests
Cells (5×103 cells/100 μL) were plated on gelatin-coated 

96-well plates and incubated overnight at 37°C under a 

5% CO
2
 atmosphere. The medium was replaced with fresh 

medium containing MPS-IONPs or ferucarbotran (final 

concentration 0–50 μg Fe/mL), and then incubation was 

continued for 24, 48, and 72 hours. The effects of IONPs on 

cell proliferation were determined using the EZ-Cytox cell-

viability assay kit (EZ1000; Daeil Lab Service, Seoul, South 

Korea) and the WST-1 reagent. Briefly, after various con-

centrations of IONP-treated cells were incubated for 24, 48, 

and 72 hours, 10 μL of WST-1 solution was added to each 

well and the plates incubated for 1 hour. Subsequently, the 

supernatants were transferred to new plates and the absor-

bance read on a microplate reader at 450 nm. Cells incubated 

without IONPs were used as a control. Each analysis was 

performed in three replicate wells. The 50% inhibitory con-

centration (IC
50

) of MPS-IONPs for cell proliferation was 
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calculated by SigmaPlot version 12.3 (Systat Software Inc, 

San Jose, CA, USA).

Staining of intracellular iron using Perl’s 
Prussian blue staining
For semiquantitative analysis of the existence of IONPs 

inside the cells, Perl’s Prussian blue staining was per-

formed. Cells (2×104 cells/mL) were plated on gelatin-

coated 18 mm cover glasses in 24-well plates and incubated 

until  ~70%  confluence. The medium was replaced with 

fresh medium containing MPS-IONPs or ferucarbotran 

(final concentration 0–50 μg Fe/mL), and incubation was 

continued for 24 hours. Subsequently, cells were washed with 

phosphate-buffered saline (PBS; Thermo Fisher Scientific) 

three times, stained with Perl’s solution (2% HCl, 2% potas-

sium ferrocyanide, 1:1) for 30 minutes, and washed three 

times with PBS. Cells were counterstained with neutral red 

for 30 seconds, washed again, and mounted.

Electron microscopy
To observe the distribution of MPS-IONPs in the cells, 

TEM analysis was performed. HAoECs were plated onto a 

gelatin-coated 100 cm2 culture dish and incubated until ~70% 

confluence. The medium was replaced with fresh medium 

containing 1 μg Fe/mL MPS-IONPs and incubation contin-

ued for 24 hours. Cells were collected by scraping, washed 

with PBS three times, and resuspended in TEM fixation solu-

tion (2.5% glutaraldehyde) overnight. Cells were embedded 

in Epon, cut into 60–70 nm ultrathin sections, stained with 

uranyl acetate/lead citrate, and the features were observed 

under an electron microscope (H7100; Hitachi).

Measurement of iron concentration  
in cells
To examine the release of ferrous or ferric iron from IONPs, 

we checked the intracellular iron concentration using a 

Spectroquant reagent (code 1.1476, 1.0001; EMD Millipore, 

Billerica, MA, USA). Cells (2×104 cells/mL) were plated on a 

gelatin-coated 100 cm2 culture dish and incubated until ~70% 

confluence. The medium was replaced with fresh medium 

containing 0–50 μg Fe/mL MPS-IONPs or ferucarbotran, 

and incubation was continued for 24, 48, and 72 hours. 

Subsequently, 106 cells from each sample were collected by 

scraping, washed three times with PBS, and intracellular iron 

concentration was measured according to the manufacturer’s 

protocol. Briefly, cells were lysed in 100 μL of iron assay 

buffer and centrifuged at 16,000 g for 10 minutes to remove 

insoluble materials. Then, 5 μL iron reducer was added to 

each sample to reduce iron (III) to iron (II) in a 96-well plate. 

The sample mixture was incubated at 25°C for 30 minutes, 

and 100 μL iron probe was added to each well. The plate was 

incubated in the dark at 25°C for 60 minutes. Colorimetric 

changes were measured by a Multiskan microplate reader 

(Thermo Fisher Scientific) at 593 nm. To determine iron 

concentration, the iron standard provided by the manufacturer 

was used to prepare a standard curve.

Measurement of ROS generation
Intracellular ROS generation in live cells was detected by 

the Image-iT live green ROS-detection kit (I36007; Thermo 

Fisher Scientific), which uses the peroxide-sensitive fluo-

rescent probe carboxy-2′,7′-dichlorofluorescein diacetate 

(H
2
-DCFDA). Briefly, cells (2×104 cells/mL) were plated 

on gelatin-coated 18 mm cover glasses in 24-well plates 

and incubated until ~70% confluence. The medium was 

replaced with fresh medium containing MPS-IONPs or 

ferucarbotran (final concentration 0–50 μg Fe/mL), and incu-

bation was continued for 24 hours. The cells were labeled 

with H
2
-DCFDA at 37°C for 30 minutes, counterstained 

with Hoechst 33342 for 5 minutes, washed three times with 

the culture medium, and mounted immediately. The stained 

cells were examined under fluorescence microscopy (BX50; 

Olympus, Tokyo, Japan).

DNA-microarray analysis
Cells (2×104 cells/mL) were plated on a gelatin-coated 100 cm2 

culture dish and incubated until ~70% confluence. The medium 

was replaced with fresh medium containing 50 μg Fe/mL of 

MPS-IONPs or ferucarbotran, and incubation was continued 

for 48 hours. Subsequently, 106 cells from duplicate samples 

were collected by scraping, washed twice with PBS, and 1 mL 

Trizol solution was added (Thermo Fisher Scientific). A control 

sample without treatment with IONPs was also prepared.

Total RNA was isolated using the Trizol Plus RNA-

purification kit (Thermo Fisher Scientific) according to the 

manufacturer’s instruction, and was stored at -80°C. The 

amplification of target complementary RNA (cRNA) and 

hybridization were performed using the low-RNA-input lin-

ear amplification kit (Agilent Technologies, Santa Clara, CA, 

USA) according to the manufacturer’s instructions. Briefly, 

1 μg of total RNA and T7 promoter primer were mixed and 

incubated at 65°C for 10 minutes. The complementary DNA 

master mix (first-strand buffer 0.1 M dithiothreitol, 10 mM 

deoxyribose nucleoside triphosphate mix, RNaseOut, and 

M-MLV reverse transcriptase) was prepared and added to 

the reaction mixture. The samples were incubated at 40°C 
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for 2 hours for reverse transcription and double-stranded 

DNA synthesis, and the reaction was terminated by incu-

bating at 65°C for 15 minutes. The transcription master 

mix (transcription buffer 0.1 M dithiothreitol, nucleoside 

triphosphate mix, 50% PEG, RNaseOut, inorganic pyro-

phosphatase, T7 RNA polymerase, and cyanine 3/5-CTP) 

was prepared and added to the reaction mixture. The samples 

were incubated at 40°C for 2 hours, and the resulting cRNA 

was purified on the cRNA Cleanup Module according to 

the manufacturer’s instructions. The cRNA was quantified 

using an ND-1000 spectrophotometer (NanoDrop Technolo-

gies Inc, Wilmington, DE, USA), fragmented, resuspended 

in the hybridization buffer, and directly pipetted on the 

assembled Whole Human Genome Microarray kit (4×44 K; 

Agilent Technologies). The arrays were hybridized at 65°C 

for 17 hours in a hybridization oven.

The hybridized images were scanned using a DNA 

microarray scanner (Agilent Technologies) and quanti-

fied using the Feature Extraction software (Agilent Tech-

nologies). Data normalization, selection of differentially 

expressed genes (DEGs), and functional annotation were 

performed using GeneSpring GX 7.3 (Agilent Technologies). 

Averages of normalized ratios were calculated by dividing 

the average of normalized signal-channel intensity by the 

average of normalized control-channel intensity. Genes 

with greater than twofold and less than 0.5-fold change 

in expression level were selected as up- or downregulated 

genes, respectively. Gene-ontology information on each 

DEG was obtained from GenMAPP,17 DAVID,18,19 and 

Medline20 databases.

Pathway analysis
Functional analysis of DEGs in the context of the molecular 

networks and biological pathways was conducted using the 

Ingenuity Pathways Analysis (IPA; Qiagen, Redwood City, 

CA, USA). The heat maps for DEGs and signaling pathways 

were constructed using Cluster 3.0.

In vivo distribution and excretion analysis
Animals were purchased from Orient Bio Inc (Gapyeong, 

South Korea). Animal care was conducted in accordance 

with the Laboratory Animal Act of Korea and the estab-

lished institutional guidelines by the Animal Care and Use 

Committee of Inha University Hospital (Incheon, South 

Korea). The committee approved all animal protocols. 

Sprague Dawley rats were randomly assigned to seven groups 

with five rats per group. Three groups of rats were injected 

intravenously with MPS-IONPs at a dose of 20 mg Fe/kg, and 

the other three groups were injected with ferucarbotran at the 

same dose. One group without IONP injection was used as a 

control. The rats were anesthetized with Zoletil and Rompun 

solution (6:4) before IONP administration. The control group 

was sacrificed after injection with PBS, which was the buffer 

for IONPs. At 1, 7, and 30 days postinjection of MPS-IONPs 

and ferucarbotran, rats from each group were sacrificed, and 

the lungs, kidneys, livers, and blood were collected to deter-

mine the iron concentration. The urine and stool samples were 

also collected from each dead animal. The iron concentration 

in each tissue was measured using an iron colorimetric assay 

kit (K390-100; BioVision, Milpitas, CA, USA). To prepare 

tissue lysate, 1 mL iron assay buffer was added to 1 g tissue 

sample. Urine and blood were used directly to measure the 

concentration. To measure the iron concentration in tissues, 

a volume of 60% nitric acid was added to each sample and 

tissues incubated for 2 days at 60°C, after which the solutions 

were centrifuged at 13,000 rpm for 30 minutes and the super-

natant diluted with 3% ultrapure nitric acid and subjected to 

inductively coupled plasma optical emission spectrometry 

(Technopark, Incheon, South Korea).

Statistical analysis
For all experiments, data from three independent experiments 

were analyzed using Student’s t-test and are reported as 

mean ± standard deviation. SigmaPlot version 12.3 was used 

(Systat Software) to determine the P-values. P-values ,0.05 

were considered statistically significant.

Results
Preparation of MPS-IONPs
The schematic diagram of MPS-IONP synthesis is shown in 

Figure 1. The oleic acid-capped IONPs were synthesized, 

and the ligand exchanged with MPS. Surface coating of 

the final product by MPS was confirmed by FT-IR analysis 

(Figure 2). MPS was identified on the IONPs based on the 

main peak of silica (~1,160 cm-1). This peak was assigned 

to the Si–O–Si bonds that are present in MPS-IONP conju-

gates, but not in oleic acid IONPs.21 In addition, carbon in 

the acrylate group (=CH
2
) was also observed in the spectra 

Figure 1 Schematic diagram for the synthesis of MPS-IONPs.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide 
nanoparticles.
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of MPS-IONPs at 1,280 and 1,300 cm-1. The carbonyl 

peak in oleic acid (C=O) decreased dramatically following 

exchange to MPS.22

Physical characterization of MPS-IONPs 
and ferucarbotran
TEM analysis (Figure 3) indicated that both MPS-IONPs 

and ferucarbotran were spherical and nearly monodis-

persed. The diameter of a single particle was calculated 

manually from the TEM images, and was determined to be 

11.5±1.3 nm and 5.7±1.2 nm (n=30) for MPS-IONPs and 

ferucarbotran, respectively. DLS measurement showed that 

the average diameters of MPS-IONPs and ferucarbotran 

were 145±62 nm and 16±4 nm, respectively (Figure 4A). 

Particle size measured by DLS was larger than that by TEM. 

This difference could have been a result of aggregation of 

individual IONPs, which may have been induced during 

suspension in PBS, as reported in previous studies.11,23 

Therefore, the individual particles of MPS-IONPs and 

ferucarbotran were in a similar range of size, but the hydro-

dynamic size was increased more for MPS-IONPs because 

of their neutral hydrophobic nature.

Figure 4B shows that the ζ-potentials of MPS-IONPs 

and ferucarbotran were 1.6±5.6 mV and -12.7±10.4 mV, 

respectively. The difference in the ζ-potentials of MPS-

IONPs and ferucarbotran was attributed to the difference 

in the electrostatic properties of their surface molecules: 

neutral MPS and negatively charged carboxymethyl dextran 

resulted in neutral and negative ζ-potentials of MPS-IONPs 

and ferucarbotran, respectively.

Cytotoxicity of MPS-IONPs
We performed a cell-proliferation assay to determine the cyto-

toxicity of MPS-IONPs and ferucarbotran (Figure 5). Cyto-

toxicity to HAoECs was measured at 24, 48, and 72 hours of 

exposure at different concentrations (1, 5, and 50 μg Fe/mL) 

Figure 2 FT-IR analysis of oleic acid- and MPS-coated IONPs.
Note: MPS-IONP conjugates were identified by the peaks (indicated by arrows) of 
the silica (~1,160 cm-1) and acrylate groups (1,280 and 1,300 cm-1).
Abbreviations: FT-IR, Fourier-transform infrared; MPS, 3-methacryloxypropyltri
methoxysilane; IONPs, iron oxide nanoparticles.

Figure 3 TEM analysis of MPS-IONPs and Resovist (ferucarbotran).
Note: The diameter of a single particle was determined to be 11.5±1.3 nm and 5.7±1.2 nm (n=30) for MPS-IONPs and ferucarbotran, respectively.
Abbreviations: TEM, transmission electron microscopy; MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles.
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Figure 4 Physicochemical properties of MPS-IONPs and Resovist (ferucarbotran).
Notes: (A) DLS analysis. (B) Measurement of ζ-potential. MPS-IONPs and ferucarbotran had different size distributions and surface charges.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles; DLS, dynamic light scattering.

of the particles. When exposed to 50 μg Fe/mL MPS-IONPs 

for 24, 48, and 72 hours, cell viability was significantly 

decreased to 59%, 47%, and 43% of control cells, respectively 

(P,0.001). Exposure to 50 μg Fe/mL ferucarbotran for 24, 

48, and 72 hours significantly reduced cell viability to 80%, 

63%, and 65% that of control cells, respectively (P,0.001). 

These results indicated that MPS-IONPs were more cytotoxic 

than ferucarbotran at 50 μg Fe/mL concentration. At a lower 

dose (1 and 5 μg Fe/mL) of both MPS-IONPs and ferucar-

botran, the cells maintained viability at more than 94% that 

of control cells for up to 72 hours. The IC
50

 value of MPS-

IONPs was determined to be 47 μg Fe/mL.

Uptake of IONPs in cells
Prussian blue staining is performed for iron-specific staining 

in histological analyses, based on the principle that ionic 

iron reacts with acid ferrocyanide, producing a blue color. 

This assay is a general method to measure iron in ionic and 

NP states.8 Prussian blue staining of MPS-IONPs in cells 

revealed that the intracellular MPS-IONP concentration was 

higher than that of ferucarbotran (Figure 6A), at 24 hours 

postinjection. This result indicated that MPS-IONPs were 

internalized more readily by cells than ferucarbotran.

To quantify intracellular iron concentration, an iron colo-

rimetric assay was performed after exposure of cells to 1, 5, 

and 50 μg Fe/mL MPS-IONPs and ferucarbotran for 24, 48, 

Figure 5 Effect of MPS-IONPs and Resovist (ferucarbotran) on the viability of 
human aortic endothelial cells.
Notes: ***P,0.001. MPS-IONPs and ferucarbotran caused a significant cytotoxic 
effect compared to the control at a concentration of 50 μg Fe/mL.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide 
nanoparticles.
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and 72 hours. The colorimetric assay specifically detects iron 

by chelating with ferrozine-like structure, and has been used to 

determine intracellular IONP uptake.24 The uptake increased 

in a time- and concentration-dependent manner for both 

IONPs (Figure 6B). However, at 50 μg Fe/mL, MPS-IONPs 

were more rapidly internalized than ferucarbotran, resulting 

in a higher intracellular iron concentration at 24 hours. This 

result coincided with the cytotoxicity assay (Figure 5) and 

Prussian blue staining (Figure 6A). The cytotoxicity and 

distribution of MPS-IONPs were greater than that of ferucar-

botran at 50 μg Fe/mL 24 hours postinjection. Taken together, 

these findings suggest that the uptake rate of MPS-IONPs was 

enhanced at a relatively early time point (24 hours) under 

higher exposure concentration (50 μg Fe/mL).

Measurement of ROS generation
ROS generation was analyzed by fluorescence microscopy 

using an ROS-detection kit (Figure 7A). Total ROS pro-

duction increased with the increment in iron concentration. 

Notably, MPS-IONPs at 50 μg Fe/mL and ferucarbotran at 

1, 5, and 50 μg Fe/mL induced ROS production mainly in 

the cytosol, while MPS-IONPs at 5 μg Fe/mL induced par-

tial ROS generation in the nucleus and in the cytosol. If we 

assume that ROS generation was due to the distribution of 

IONPs in the same compartment, the interpretation of this 

result was that MPS-IONPs, not ferucarbotran, were able 

to penetrate the nuclear membrane at a lower concentration 

(5 μg Fe/mL). Statistical analysis of fluorescence intensity 

in the cytosol and nucleus clearly showed that the nuclear 

ROS level induced by ferucarbotran was significantly 

lower than that of cytosol at 5 and 50 μg Fe/mL (P,0.001), 

but nuclear ROS was quite comparable to cytosolic ROS 

induced by 5 μg Fe/mL MPS-IONPs (Figure  7B). These 

results were supported by TEM analysis (Figure 7C), which 

showed nuclear distribution of MPS-IONPs at 1 μg Fe/mL. 

There have been several studies on cellular ROS generation 

induced by IONPs. Khan et al25 reported that citrate-coated 

IONPs (50 μg/mL) can cause almost a doubling of ROS  

24 hours after IONP treatment to A549 cells. In this study, the 

majority of IONPs were distributed in cytosol. When Fe
2
O

3
 

nanopowder was dispersed in deionized water (120 μg/mL) 

by sonication and administered to MCF-7 cells, ROS pro-

duction was induced almost twofold after 24 hours, in both 

cytosol and the nucleus.26

Altogether, the cellular distribution of MPS-IONPs and 

ferucarbotran was different according to test concentration, and 

subsequent production of ROS in HAoECs could be related to 

the cytotoxicity observed at 50 μg Fe/mL for both.

Pathway analysis of DEGs by IONPs
Five groups (control and MPS-IONP- or ferucarbotran-

exposed HAoECs at 1 and 50 μg Fe/mL) were analyzed by 

gene-microarray analysis to identify the molecular changes 

caused by IONPs. In total, 13,064 genes were changed over 

twofold in at least one group relative to the control. Figure 8A 

shows the expression profile of 13,064 genes converted to 

a heat map for upregulated (green) or downregulated (red) 

genes compared to the control. The heat-map analysis clearly 

indicated that the gene-expression profiles in four groups 

were quite similar and changed synchronously with each 

other. Among these, 5,119 and 4,203 genes were selected 

as DEGs for MPS-IONPs and ferucarbotran, respectively, 

which were changed in both 1 and 50 μg Fe/mL-treated cells. 

Figure 8B shows that 2,904 genes were common DEGs for 

both MPS-IONPs and ferucarbotran, which was 45% of the 

total DEGs.

Figure 6 Cellular uptake of MPS-IONPs and Resovist (ferucarbotran) in human aortic endothelial cells.
Notes: (A) Perl’s Prussian blue staining to observe the cellular distribution of iron at 24 hours. Arrows indicate nanoparticles (magnification ×400). (B) Determination of 
intracellular iron concentration by colorimetric assay at 24, 48, and 72 hours.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles.
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Figure 7 Cellular distriubtion of MPS-IONPs and Resovist (ferucarbotran) in human aortic endothelial cells.
Notes: (A) ROS generation induced by MPS-IONPs and ferucarbotran in human aortic endothelial cells (HAoECs) observed by confocal microscopy (magnification ×400). 
(B) Fluorescence intensity of ROS in cytosol and nucleus observed by confocal microscopy. A significant decrease in ROS production in the nucleus compared to that of 
the cytosol was observed in ferucarbotran-exposed cells at 5 and 50 μg/mL (***P,0.001). (C) Transmission electron-microscopy analysis of 1 μg/mL MPS-IONP-exposed 
HAoECs at 24 hours. Arrows indicate IONPs. MPS-IONPs were observed in both the cytosol and nucleus.
Abbreviations: ROS, reactive oxygen species; MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles; H2-DCFDA, carboxy-2′,7′-dichlorofluorescein 
diacetate; TBHP, tert-butyl hydroperoxide.

Figure 8C shows the result of pathway analysis of DEGs 

using the IPA database. Both MPS-IONPs and ferucarbotran 

altered 38 signaling pathways. The heat map of these 38 sig-

naling pathways shows that MPS-IONPs and ferucarbotran 

synchronously changed all pathways. All pathways except 

cell cycle and PTEN signaling were changed negatively by 

both IONPs. This result indicated that both IONPs caused 

similar effects at the molecular level.
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Figure 8 Changes in gene-expression profiles caused by MPS-IONPs and Resovist (ferucarbotran).
Notes: (A) Heat map of DEGs of relative expression compared to the control group. (B) The number of DEGs changed after exposure to MPS-IONPs and ferucarbotran.  
(C) Comparison of signaling pathways changed by MPS-IONPs and ferucarbotran. After exposure, 45% of total DEGs of MPS-IONPs and ferucarbotran were identical, and 
the signaling pathways changed by MPS-IONPs and ferucarbotran were similar.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles; DEGs, differentially expressed genes.
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Table 1 A comparison of iron concentrations in tissues

MPS-IONPs, mean ± SD Resovist (ferucarbotran), mean ± SD

Day 7 (μg/g)a Day 30 (μg/g) Ratio (%)b Day 7 (μg/g) Day 30 (μg/g) Ratio (%)

Lung 13.91±1.92 8.85±1.85 64±13 0.78±0.28 0.17±0.11 26±20
Kidney 9.48±4.75 9.82±2.93 126±72 0.95±0.41 0.11±0.03 13±12
Liver 34.36±8.26 44.32±7.52 131±22 5.58±1.67 0.90±0.23 17±6

Notes: aμg Fe/g tissue; bpercentage concentration of day 30 to day 7.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles; SD, standard deviation.

Figure 9 Iron concentration in tissues and excrement from rats.
Notes: After intravenous injection of (A) MPS-IONPs and (B) Resovist (ferucarbotran) (20 mg Fe/kg). MPS-IONPs accumulated in the tissues and blood circulation in higher 
concentrations for a longer time than ferucarbotran.
Abbreviations: MPS, 3-methacryloxypropyltrimethoxysilane; IONPs, iron oxide nanoparticles.

In vivo distribution, accumulation, and 
excretion
To analyze the in vivo distribution, accumulation, and excre-

tion of MPS-IONPs and ferucarbotran, the particles were 

administered intravenously to rats and the iron concentration 

measured in the livers, kidneys, lungs, urine, stools, and blood 

before and at 1, 7, and 30 days after administration. Figure 9A 

and B shows that the liver was the main target organ for both 

MPS-IONPs and ferucarbotran. In addition, MPS-IONPs and 

ferucarbotran were also distributed in the lung and kidney. 

In ferucarbotran-injected rats, the iron concentration in the 

liver, lung, and kidney increased for 7 days and decreased 

to background concentration at 30 days postinjection, but 

the rats administered MPS-IONPs maintained elevated iron 

levels until 30 days postinjection. The relative iron concentra-

tion at day 30 to day 7 in lung, kidney, and liver is shown in 

Table 1. The iron concentration by exposure to MPS-IONPs 

at Day 30 was increased to 64%, 126%, and 131% of that 

of day 7 for lung, kidney, and liver, respectively. However, 

the remaining ferucarbotran concentration after 30 days 

was determined as 26%, 13%, and 17% that of day 7. These 

results indicated that ferucarbotran rather than MPS-IONPs 

attenuated the iron accumulation in animal tissues. The iron 

concentration in the blood was also analyzed following 

injection of IONPs. Iron concentration in the blood was 

maintained until 30 days postinjection in rats injected with 
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MPS-IONPs, but decreased to the background level for the 

same period in ferucarbotran-injected rat blood.

Based on the iron concentration in each fraction, stool 

was determined to be the primary excretion route for MPS-

IONPs, but ferucarbotran was excreted via both urine and 

stool. Furthermore, ferucarbotran was cleared rapidly to the 

background level in urine and stool within 30 days, but MPS-

IONPs required longer periods to be cleared. As a result, 

MPS-IONPs showed increased uptake and a longer period 

of accumulation in rat tissues than ferucarbotran.

Discussion
Based on the importance of physicochemical properties of 

NPs on their biological effects, the difference in surface 

charges (1.6 mV vs -12.7 mV) and sizes (11.5 nm vs 5.7 nm) 

between MPS-IONPs and ferucarbotran was expected to 

result in quite different responses in biological effects. This 

hypothesis was based on previous reports that the cellular 

uptake of NPs depended on their size, shape, and surface 

charges.27–29 In our study, the uptake of MPS-IONPs was 

more increased at 24 hours than ferucarbotran, as shown 

in Figure 6A and B. Increased cytotoxicity of MPS-IONPs 

at 50 μg Fe/mL over that of ferucarbotran was attributed to 

their enhanced uptake (Figure 5).

Because the internalization mechanism for the NPs under 

~120 nm has been reported to be endocytosis,6 differences in 

surface charges could be a more important factor to deter-

mine the uptake route of MPS-IONPs and ferucarbotran. 

For example, the uptake mechanism of negatively charged 

ferucarbotran was nonspecific phagocytosis in human umbili-

cal vein ECs1 and squamous carcinoma cells.30 The neutral 

NPs showed no clear preference for specific routes, and it 

has been proposed that the kind of ligand in the formation 

of NPs may contribute to route selection.31 MPS-IONPs are 

more hydrophobic than ferucarbotran, and thus they are 

assumed to have a higher affinity for the cell membrane and 

subsequently to show an increased uptake rate through the 

lipid bilayer of cellular membranes.

NPs have been widely investigated for their toxicity, 

and a number of NPs cause oxidative stress by inducing 

ROS.32 The intracellular distribution of ROS production was 

observed in the HAoECs injected with 5 and 50 μg Fe/mL 

MPS-IONPs and 1, 5, and 50 μg Fe/mL ferucarbotran 

(Figure 7A). Among them, the distribution of nuclear ROS 

was observed slightly in 5 μg Fe/mL MPS-IONP-exposed 

cells, which was supported by the fluorescence intensity in 

the cytosol and nucleus (Figure 7B). Because NPs smaller 

than 40 nm are capable of entering the nucleus,4 this could 

explain the observation that cellular MPS-IONPs were able 

to penetrate nuclear membranes when exposed at 5 μg/mL, 

but were able to agglomerate to increase the hydrodynamic 

size and thus be unable to pass through the nuclear mem-

brane at 50 μg Fe/mL exposure. Ferucarbotran induced ROS 

production only in the cytosol, though its hydrodynamic size 

was 16 nm, which was under the size limit for the penetration 

of nuclear membranes. This result coincided with previous 

reports on the cytosolic distribution of ferucarbotran33,34 and 

other NPs coated with dextran and PEG.35,36 Together, the 

MPS-IONPs showed different behaviors in cellular distribu-

tion, which seemed to be caused by the difference in their 

surface ligands.

The gene-expression profiles indicated that the changes 

in expression at the molecular level were quite similar after 

exposure to 1 and 50 μg Fe/mL MPS-IONPs or ferucarbotran 

(Figure 8A). Moreover, 45% (2,904 genes) of the DEGs 

selected were commonly expressed in both MPS-IONP- and 

ferucarbotran-exposed cells (Figure 8B). The analysis based 

on the DEGs revealed that no signaling pathway showed 

reverse response by MPS-IONPs or ferucarbotran. The up- or 

downregulation of a pathway was completely synchronous 

between MPS-IONP- and ferucarbotran-exposed cells 

(Figure 8C). This result supports the view that the effects of 

MPS-IONPs are almost comparable to those of ferucarbotran 

at the molecular level.

Thus far, NP effects have been described based on the 

induction of oxidative stress, inflammation, and apoptosis 

as cellular responses.37 Signaling pathways, such as PI3K–

AKT,38 NFκB,39 and EGFR,40 have been reported as key 

signaling pathways influenced by NPs. In a recent study, 

silver NPs with positive and negative charges were used 

to study gene expression related to oxidative stress, and 

the results showed that the gene-expression pattern did not 

differ with surface charge.41 For neutrally and positively 

charged silica NPs, the expression of inflammation-related 

cytokines did not differ significantly dependent on surface 

charge.42 In this study, we showed for the first time that the 

thorough changes in signaling pathways affected by IONPs 

with different surface materials and sizes were quite similar. 

The surface charges and individual sizes measured outside of 

the organism would not be detrimental factors for biological 

effects of IONPs.

The two IONPs were comparable in their distribution in 

the animal body. Figure 9A and B shows that the primary 

target tissue for MPS-IONPs and ferucarbotran was the liver. 

There was an approximately three- to fivefold-increased 

accumulation in the liver compared to the lung and kidney 
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of both MPS-IONP and ferucarbotran in the exposed rats. 

This  result was expected, because ferucarbotran has been 

approved specifically for MRI of the liver.43

Higher iron concentration in the stool compared to urine 

was observed in MPS-IONP-administered rats, which was 

attributed to the fact that particles accumulated in the liver are 

prone to be excreted through stool.44 The iron concentration in 

the urine from ferucarbotran-exposed rats increased at day 7, 

indicating that urine was another main route of excretion for 

ferucarbotran, as reported previously.45

MPS-IONPs exhibited different effects than ferucarbotran 

in terms of tissue accumulation in vivo. The iron concentration 

in MPS-IONP-administered rat livers was maintained until 

30 days postinjection, while it decreased to background level at 

30 days after injection in ferucarbotran-administered rats. The 

iron concentration in the blood of MPS-IONP-injected rats also 

maintained its concentration over 30 days. Furthermore, the 

average iron concentration in tissues from MPS-IONP-injected 

rats was nearly tenfold higher than that from ferucarbotran-

injected rats. Together, MPS-IONPs were accumulated in 

the tissues and blood circulation in higher concentrations for 

a longer time than ferucarbotran. This result was attributed to 

the neutral hydrophobic nature of MPS-IONPs, because it is 

known that hydrophobicity is a key parameter for prediction of 

accumulation in the biological system.46 As the surface charge 

of MPS-IONPs and ferucarbotran was proposed to be critical 

for cellular uptake by HAoECs, it is hypothesized that the 

different behaviors of MPS-IONPs and ferucarbotran in vivo, 

such as tissue uptake, excretion, and accumulation characteris-

tics, would also be related to their surface modification.

Conclusion
Uptake of neutral hydrophobic MPS-IONPs in HAoECs was 

more than that of hydroxymethyl dextran-coated ferucar-

botran. However, the signaling pathways changed by MPS-

IONPs were almost comparable to those of ferucarbotran. 

These results suggest that surface coating of IONPs is not 

critical for their target signaling pathways, but may be a 

determinant of cellular uptake. The tissue uptake and accu-

mulation period for MPS-IONPs were longer than those of 

ferucarbotran in vivo, which is believed to have been related 

to their surface charges. This is the first study to show the 

effects of surface coating of IONPs on signaling pathways 

and also the distribution, excretion, and accumulation of 

neutral-hydrophobic IONPs in vivo.
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