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Background: The use of ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles to 

visualize cells has been applied clinically, showing the potential for monitoring cells in vivo with 

magnetic resonance imaging (MRI). USPIO conjugated with anti-CD133 antibodies (USPIO-

CD133 Ab) that recognize the CD133 molecule, a cancer stem cell marker in a variety of cancers, 

was studied as a novel and potent agent for MRI contrast enhancement of tumor cells.

Materials and methods: Anti-CD133 antibodies were used to conjugate with USPIO via 

interaction of streptavidin and biotin for in vivo labeling of CD133-positive cells in xenografted 

tumors and N-ethyl-N-nitrosourea (ENU)-induced brain tumors. The specific binding of USPIO-

CD133 Ab to CD133-positive tumor cells was subsequently detected by Prussian blue staining 

and MRI with T2-weighted, gradient echo and multiple echo recombined gradient echo images. 

In addition, the cellular toxicity of USPIO-CD133 Ab was determined by analyzing cell prolif-

eration, apoptosis, and reactive oxygen species production.

Results: USPIO-CD133 Ab specifically recognizes in vitro and labels CD133-positive cells, as 

validated using Prussian blue staining and MRI. The assays of cell proliferation, apoptosis, and 

reactive oxygen species production showed no significant differences in tumor cells with or with-

out labeling of USPIO-CD133 Ab. In vivo imaging of CD133-positive cells was demonstrated 

by intravenous injection of USPIO-CD133 Ab in mice with HT29 xenografted tumors. The MRI 

of HT29 xenografts showed several clusters of hypotensive regions that correlated with CD133 

expression and Prussian blue staining for iron. In rat, brain tumors induced by transplacental 

ENU mutagenesis, several clusters of hypointensive zones were observed in CD133-expressing 

brain tumors by MRI and intravenously administered USPIO-CD133 Ab.

Conclusion: Combination of USPIO-CD133 Ab and MRI is valuable in recognizing CD133-

expressing tumor cells in vitro, extracellularly labeling for cell tracking and detecting CD133-

expressing tumors in xenografted tumors as well as ENU-induced rat brain tumors.
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Introduction
Cancer stem cells (CSCs) have the ability to give rise to all cell types found in cancer 

histology.1,2 CSCs are generally considered to be key contributors to tumor initiation, 

maintenance, chemoresistance, radioresistance, recurrence, and metastasis.1,2 CD133 

(AC133; human prominin-1), a well-studied stem cell marker, belongs to a family of 

cell surface glycoproteins harboring five transmembrane domains and is expressed in 

hematopoietic stem cells and a subset of putative neural stem/precursor cells in the 

normal adult central nervous system.3–6 A characteristic feature of CD133 is its rapid 
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down-regulation during cell differentiation, which makes it 

a unique cell surface marker for identification and isolation 

of stem cells and progenitor cells in several tissues, such as 

the endothelium, brain, bone marrow, liver, kidney, prostate, 

pancreas, and foreskin.7,8 CD133-positive cells in brain tumors 

have a capacity for unlimited self-renewal, initiating tumor 

formation with a small number of cells, and driving tumor 

progression in xenografts of nude mice.9,10 CD133 has recently 

been designated as a marker associated with CSCs or initiating 

cells in a variety of cancers, such as colon cancer, hepatocellular 

carcinoma, and glioma tumors.4,9,11 Furthermore, its prognostic 

and clinicopathological value in the above-mentioned cancers 

has been widely studied.3,12 The recognition of CSCs relies on 

monoclonal antibody (mAb) against specific antigens on cancer 

cells. It is very challenging to identify CSCs using conventional 

clinical imaging scanners, but thus far, in every cancer in which 

cells have been carefully screened, they have been found.13,14 

The selection of mAb directed at surface antigens expressed 

by tumor cells has enabled the development of new reagents 

for diagnostic purposes or for targeted therapies.15,16

Magnetic resonance imaging (MRI) is a well-recognized 

tool for in vivo cell tracking because of its high spatial and 

contrast resolution, as well as its reproducibility. Combined 

with an advanced contrast agent, MRI allows for molecular 

profiling of target tissues/cells and can enable the early detec-

tion of malignancies, making more accurate staging and treat-

ment monitoring possible.17 A number of methods have been 

developed and refined in experimental models to track and 

monitor cells in vitro or ex vivo. Nearly all approaches require 

cell manipulation in vitro. Recently, the use of superparamag-

netic iron oxide (SPIO) nanoparticles to visualize cells has 

been applied clinically, demonstrating the potential to monitor 

cells in vivo with MRI. SPIO particles consist of ferric (Fe3+) 

and ferrous (Fe2+) irons. These large magnetic moments result 

in strong disruptions of the local magnetic field and produce 

magnetic susceptibility artifacts. Because of this, an important 

property of SPIO is to improve the contrast enhancement 

effect by decreasing the T2- and T2*-weighted relation time 

of tissues and producing a decrease in signal intensity (SI) on 

magnetic resonance (MR) images. Thus, the signal of MRI is 

quenched and the presence of SPIO is detected as dark contrast 

(hypointensity) in MRI.18–20 The large magnetic moments of 

SPIO influence the magnetic field beyond the actual size of 

the particles.21 SPIO and ultrasmall SPIO (USPIO) are com-

monly used iron oxide-based contrast agents for cell labeling 

for this reason. Both the size and the surface-coating material 

of SPIO particles can affect their pharmacokinetics, inter-organ 

distribution, and intracellular uptake. In addition, the degree 

of uptake of the different SPIO products may vary among 

cancer cell types. Large particles such as SPIO are more 

easily phagocytosed than small particles such as USPIO.21 

Biologically, USPIO particles have less of a chance for liver 

uptake, but are small enough to reach the tumor through the 

capillary wall. The USPIO nanoparticles can stay longer in the 

circulating blood and are normally taken up by macrophages, 

including those in lymph nodes and bone marrow.22 Although 

the use of SPIO/USPIO is based on a passive targeting mecha-

nism, designed molecular imaging agents can accumulate at 

a location of disease by active targeting mechanisms. Precise 

targeting is based on the use of specific ligands (antibodies, 

peptides, polysaccharides, and drugs), and this approach can 

be used in the design of ligand-directed, site-specific contrast 

accumulating agents and other targeted therapies.23–29

By labeling CSCs with SPIO/USPIO, the CSC can be identi-

fied and tracked in vivo using an MRI scanner, a reliable ana-

tomical and functional assessment of tumor-bearing animals.30 

With the help of SPIO/USPIO-labeling techniques, more studies 

identifying and characterizing CSCs as well as developing 

therapeutic treatments can be accomplished. Mediated by the 

specific recognition of a CSC surface marker, CD133, a novel 

antibody-functionalized agent in this study, was developed 

to specifically label CD133-expressing tumor cells in vitro, 

ex vivo, and in vivo xenografted mice by USPIO conjugated 

with anti-CD133 antibodies (USPIO-CD133 Ab). Specially, 

intravenous injection of USPIO-CD133 Ab specifically target 

CD133-expressing tumor cells in N-ethyl-N-nitrosourea (ENU)-

induced brain tumors in vivo using clinical MRI scanning.

Materials and methods
Ethics statement
This animal study was performed in strict accordance with the 

recommendations in the guidelines from the Care and Use of 

Laboratory Animals of Kaohsiung Veterans General Hospital, 

Taiwan. The protocol was approved by the Institutional Animal 

Care and Use Committee of Kaohsiung Veterans General 

Hospital (Protocol number: vghks-99-A037). Animals were 

kept on a standard rat and mouse diet with free access to tap 

water and food, with a 12-hour light–dark cycle. All efforts 

were made to minimize the suffering of animals.

Cell culture
HT29 cells from human colon carcinoma, OC2 cells from 

human oral cancer,31 and HepG2 from human hepatoblastoma 

were grown in the American Type Culture Collection- 

recommended medium (either Roswell Park Memorial 

Institute 1640 or high glucose Dulbecco’s Modified Eagle’s 
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Medium) (Thermo Fisher Scientific, Waltham, MA, USA) at 

37°C in a humidified atmosphere of 95% air and 5% CO
2
. All 

media were supplemented with 1% penicillin/streptomycin 

(Thermo Fisher Scientific) and 10% fetal bovine serum 

(Thermo Fisher Scientific).

Conjugation of CD133 Ab with USPIO
The USPIO nanoparticles composed of an Fe

3
O

4
 core 

and a dextran coating and USPIO-CD133 Ab were 

synthesized and obtained from MagQu Co., Ltd (New 

Taipei, Taiwan) and prepared as described previously.32–34 

Briefly, a ferrite solution containing ferrous sulfate hep-

tahydrate (FeSO
4
⋅7H

2
O) and ferric chloride hexahydrate 

(FeCl
3
⋅6H

2
O) in a stoichiometric ratio of 1:2 was mixed 

with an equal volume of aqueous dextran. Dextran was 

served as a surfactant for Fe
3
O

4
 particles distributed in 

water because of its nontoxicity, hydrophilicity, and high 

affinity for biological macromolecules. The mixture was 

heated to 70°C–90°C and titrated with a strong base solu-

tion to form black Fe
3
O

4
 particles. Aggregates and excess 

unbound dextran were removed by centrifugation and gel 

filtration chromatography to produce a highly homogeneous 

dextran-coating magnetic nanoparticles. The monoclonal 

anti-CD133 Ab (ab19898, Abcam, Cambridge, UK) in 

biotin-labeling buffer was mixed with N-hydroxysuccinim-

ide ester biotin (10 µL of 10 mg/mL in dimethyl sulfoxide 

Sigma-Aldrich, St Louis, MO, USA) and then incubated 

for 90 minutes at room temperature. After removing 

unbound biotin by dialysis, biotinylated anti-CD133 Ab 

(25 µg/50 µL) was bound to USPIO (1 mL of lyophilized 

USPIO agent powder/30 mL of phosphate-buffered saline 

[PBS], MagQu Co., Ltd) particles with coating streptavdin 

on dextran. Followed by magnetic separation to remove 

unbound biotinyl-anti-CD133, USPIO-CD133 Ab via 

interaction of streptavdin and biotin was obtained. The mor-

phology of antibody-functionalized USPIO was round in 

shape as described previously.35 The magnetic hysteresis of 

USPIO-CD133 Ab was detected by using a vibrating sample 

magnetometer (HysterMag, MagQu Co., Ltd). According to 

the magnetic hysteretic curve, USPIO-CD133 Ab showed 

superparamagnetism. The antibody-functionalized USPIO 

was stable at least for 6 months as stored at 2°C–8°C as 

shown previously.36–38

Detection of nanoparticles by 
transmission electron microscopy
The negative staining of electron microscope sample was 

described previously with some modifications.39 Briefly, one 

drop of nanoparticles was adsorbed to a glow-discharged 

200-mesh copper grid covered with carbon-coated collodion 

film, washed with three drops of distilled water, and then 

stained with two drops of 0.75% uranyl acetate (Sigma-

Aldrich). The samples were examined and photographed 

with an FEI Tecnai G2 spirit (FEI, Hillsboro, OR, USA) or 

a Hitachi H7650 EM (Hitachi, Berkshire, UK).

Prussian blue staining
Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) 

for 15 minutes and washed with distilled water twice. Fixed 

cells were incubated for 20–30 minutes with a mixing solu-

tion of 2% potassium ferrocyanide (Sigma-Aldrich) and 6% 

hydrogen chloride (Sigma-Aldrich), then washed twice with 

PBS and finally counterstained for 30 seconds with nuclear 

fast red (Sigma-Aldrich). The de-waxed sections were stained 

by mixing of hydrochloric acid and potassium ferrocyanide 

prepared immediately before use and immersed in the solu-

tion. Slides were washed in distilled water, counterstained 

and then dehydrated using serial grading alcohol and xylene. 

Cells or slides were finally covered with mounting medium 

and observed under a light-field microscope.

Cell proliferation assay
One thousand cells labeled with nanoparticles for 4 hours 

were implanted into 96-well plate and quantified their growth 

by using CellTiter 96 Aqueous Non-Radioactive Cell Prolif-

eration assay (Promega Corporation, Fitchburg, WI, USA) 

for 3 days according to the manufacturer’s instructions. The 

absorbance was measured at a wavelength of 490 nm.

Cell apoptosis assay
Cells labeled with nanoparticles for 4 hours were col-

lected after trypsinization, and re-suspended in PBS at 

106 cells/mL. According to the manufacturer’s instruc-

tions, fluorescent-labeled Annexin V medium and pro-

pidium iodide/7-aminoactinomycin D (FITC/PE Annexin V 

Apoptosis Detection Kits, BD Biosciences, San Jose, CA, 

USA) were added to cell suspension, which was kept at room 

temperature for 15–20 minutes. The percentages of dead cells 

and cells undergoing apoptosis were determined using a flow 

cytometer (FACS Calibur, BD Biosciences).

Measurement of reactive oxygen specie
Intracellular reactive oxygen species (ROS) levels of cells 

labeled with nanoparticles for 4 hours were measured by 

a fluorescence microscope (Olympus LX71 microscope, 

Olympus Corporation, Tokyo, Japan) and a flow cytometer 
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using 50 µM of CM-H
2
DCFDA ( 5-(and-6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate) (Thermo Fisher Scientific) 

as the fluorescent probe according to the previous study.40

Preparing USPIO-CD133 Ab-labeled cells 
for MRI
Two in vitro MRI phantoms with cylindrical plastic contain-

ers and agarose gel bed were made for USPIO-CD133 Ab 

medium and USPIO-CD133 Ab-labeled cells. The first phan-

tom contained eight test tubes of USPIO-CD133 Ab medium 

diluted using PBS with different concentrations (0.078, 0.156, 

0.312, 0.625, 1.25, 2.5, 5, and 10 µg/mL free iron) placed in 

gel bed. The second phantom contained eight vials of 103 cells 

labeling with different concentrations of USPIO-CD133 Ab. 

5×104 CD133+ cells were seeded onto each well of the 6-well 

plates with labeling agent USPIO-CD133 Ab at different 

concentrations equivalent to 0, 10, 20, 40, 80, and 100 mg/mL 

USPIOs at 37°C for 1 hour. The culture medium was then 

washed with PBS three times; the cells were trypsinized and 

counted. One thousand USPIO-CD133 Ab-labeled cells were 

placed and fixed in 4% formaldehyde in test tubes (1.5 mL) 

with PBS separately. After centrifugation at 4,000 rpm for 

5 minutes, the test tubes with cellular pellet were placed in 

gel bed. The areas of signal void on MRI were visualized in 

the test tubes due to USPIO-CD133 Ab and USPIO-CD133 

Ab nanoparticle-labeled cell pellets.

Pre-labeling with USPIO-CD133 Ab for 
subcutaneous xenografts
One million HT29 cells were incubated with USPIO-

CD133 Ab nanoparticles (100 µg Fe/mL) for 4 hours and 

then subcutaneously injected into target areas of 3–4 male 

immunocompromised mice with the age of 5–6-week-old 

(National Laboratory Animal Center, Taipei, Taiwan). Wait-

ing 2–3 weeks for adequate tumor growth, the mice were 

brought to the MRI scanner.

In vivo labeling USPIO-CD133 Ab for 
subcutaneous xenografts
One hundred thousand CD133high and CD133low HT29 cells were 

separately injected into bilateral flanks of 3–4 nude mice and 

grown until the tumor sizes reached an adequate tumor growth. 

Images of tumor xenografts were taken before and after intrave-

nously administrated USPIO-CD133 Ab nanoparticles.

MR imaging of cells and animals
MRI of cell pellet and tumor-bearing animals were performed at 

a clinical 1.5T MRI (Signa, GE Medical Systems, Milwaukee, 

WI, USA) and an 8-channel phased-array wrist  coil. All 

images were obtained as follows: axial 2D fast spin echo (FSE) 

sequence (time to echo [TE]/time to repetition [TR] =6,000/99; 

number of excitations [NEX]  =8; echo train length =32; 

array spatial sensitivity encoding technique =2) and an axial 

T2-weighted gradient-echo (GRE) sequences (TR/TE =300/20, 

flip angle  =20°, NEX =2) and multiple echo recombined 

gradient echo (Merge) sequence (TR/TE =950–1,013/3–16, 

NEX =2). The matrix was 192–256×192, field of view was 

70×70 mm, and section thickness was 2 mm. Tumor cells were 

fixed in 4% paraformaldehyde. After anesthetizing by isoflurane 

(Baxter International Inc., Deerfield, IL, USA), the animals 

were placed prone in a wrist coil to get axial images of target-

implanted tumor area. After the scan, animals were sacrificed 

and tissues were fixed in formalin for the subsequent process-

ing. A baseline image of tumor-bearing mice was acquired 

before USPIO-CD133 Ab nanoparticles intravenously injected. 

After intravenous injection of nanoparticles (10 mg Fe/kg), the 

animals were scanned repeatedly at the multiple time points 

of 1, 2, 24, and 48 hours by MRI. The signal intensities of 

the nanoparticle-CD133 Ab-labeled cells were determined 

from a circular region of interest. The size of region of interest 

depended on the size of the hypointensive area on the images 

The percentage change in SI (∆SI) due to labeling was defined as 

follows: ∆SI = [(SI
L
 − SI

U
)/SI

U
] ×100%, where SI

L
 is the signal 

intensity of the USPIO-labeled cells and SI
U
 is the signal inten-

sity of the unlabeled control cells. All analyses were performed 

by the consensus of two experienced MRI radiologists.

Immunohistochemistry
The immunohistochemistry (IHC) was conducted as described 

previously.41 Briefly, the de-waxed sections were heated in a 

microwave for 20 minutes in a citrate buffer (pH 6.0) and incu-

bated with 3% hydrogen peroxide (Sigma-Aldrich) to block the 

endogenous activity. The samples were individually allowed 

to react with primary antibodies as follows: anti-CD133 

(ab19898, Abcam) and anti-CD68 (ab31630, Abcam). After 

several washes, horseradish peroxidase/Fab polymer conjugate 

(Polymer Detection System, Thermo Fisher Scientific) was 

then applied to the sections, and the sections were incubated for 

10 minutes. After rinsing with PBS, the sections were incubated 

with peroxidase substrate diaminobenzidine (1:20 dilution, 

Thermo Fisher Scientific) for 5 minutes and counterstained 

with hematoxylin for 2 seconds, dehydrated with serial alco-

hol, cleared with xylene, and finally mounted. All illustrations 

were composed using Adobe Photoshop software (version 6.0, 

Adobe Systems, Incorporated, San Jose, CA, USA), adjusting 

only brightness and contrast for optimal visualization.
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ENU-induced rat brain tumors
Pregnant female Sprague Dawley rats were purchased from 

the National Laboratory Animal Center (Taipei, Taiwan) and 

intraperitoneally injected ENU (50 mg/kg, Sigma-Aldrich) 

on day 18 of gestation as described previously.42,43 All 

offspring were screened at the age of 3 months to monitor 

the tumor formation and growth by MRI. Before injecting 

USPIO-CD133 Ab nanoparticles, baseline images of three to 

four tumor-bearing animals were acquired. After intravenous 

injection of nanoparticles (10 mg Fe/kg), the anesthetized 

animals were brought to 1.5T MRI scanner at the time points 

of 1, 2, 24, and 48 hours for MRI scan. After the scan, ani-

mals were sacrificed and tissues were fixed in formalin for 

the subsequent processing.

Immunofluorescence
Cells plated on the coverslips or slide chambers were 

fixed with 4% paraformaldehyde, permeabilized with 

0.1% Triton X-100 (Sigma-Aldrich)/PBS, and incubated 

with primary antibody, followed by intensive washes 

and appropriate secondary antibodies conjugated with 

fluorescent dyes and finally viewed under a fluorescent 

microscope. Primary antibodies were used as below: anti-

CD133 (ab19898, Abcam), anti-CD68 (ab31630, Abcam), 

and anti-oligodendrocyte specific protein (ab53041, 

Abcam).

Statistical analysis
Each experiment was repeated at least twice. Statistical 

analysis was performed using GraphPad software (GraphPad 

Software, Inc., La Jolla, CA, USA). The data were expressed 

as means ± standard error of the mean. A difference with 

P,0.05 was considered statistically significant.

Results
In vitro detection of USPIO-CD133 Ab 
binding to HT29 cells by MRI
The conjugation of CD133 antibody with nanoparticles, 

composed of an Fe
3
O

4
 core and a dextran coating, was accom

plished by the binding of USPIO with streptavidin and of 

anti-CD133 antibodies with biotin. Images by transmission 

electron microscopy showed various sizes of nanoparticles 

distributed in populations of both USPIO and USPIO-CD133 

Ab (Figure 1A). The average size of USPIO-CD133 Ab 

nanoparticles was estimated at 29.4±7.9 nm, as compared to 

USPIO nanoparticles with an average size of 22.9±6.8 nm 

(Figure 1B).

HT29 human colon cancer cells have been previously 

reported to contain a high proportion of CD133-positive cells 

in the total population.44 By immunofluorescence staining, 

HT29 cells showed positive expression of CD133 on cell 

surfaces (Figure S1A). Using flow cytometric analysis, the 

percentage of CD133-positive HT29 cells was determined to 

Figure 1 Conjugation of CD133 antibodies with ultrasmall superparamagnetic iron oxides (USPIO-CD133 Ab).
Notes: (A) The distribution of USPIO and USPIO-CD133 Ab nanoparticles was observed by transmission electron microscopy. Bar, 100 nm. Spectrum histograms of the 
sizes of USPIO (B) and USPIO-CD133 Ab (C) are shown.
Abbreviations: USPIO, ultrasmall superparamagnetic iron oxide; USPIO-CD133 Ab, USPIO conjugated with anti-CD133 antibodies.
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be 73.5% of the population (Figure S1B). Results indicated 

that HT29 cells would be an appropriate in vitro system to 

evaluate the binding specificity of USPIO-CD133 Ab. To 

assess the binding capability, USPIO-CD133 Ab but not 

USPIO binding to HT29 cells was demonstrated by Prussian 

blue staining (Figure 2A). In contrast, smooth muscle cells 

that served as negative controls did not show USPIO-CD133 

Ab labeling (Figure 2A). Additionally, Prussian blue staining 

did not show USPIO-CD133 Ab binding to HepG2 (human 

hepatoblastoma cells) or to OC2 cells (oral squamous 

cell carcinoma cells), both of which showed low levels of 

CD133 protein expression by Western blotting (Figure S2). 

To evaluate the potential for in vitro detection of USPIO-

CD133 Ab binding to CD133-positive cells by MRI, eight 

standard samples with iron concentrations ranging from 0 to 

100 µg Fe/mL were prepared by diluting the commercially 

Figure 2 In vitro detection of USPIO-CD133 Ab binding to HT29 cells.
Notes: (A) The binding of USPIO-CD133 Ab was examined by Prussian blue staining in HT29 cells incubated with PBS (control), USPIO, and USPIO-CD133 Ab (Ai–Aiii). 
Smooth muscle cells with negative CD133 expression served as negative controls, and were incubated with PBS, USPIO, and USPIO-CD133 Ab (Aiv–Avi). Images were obtained 
under light-field microscope with 1,000× magnification. (B) In vitro MRI cell imaging of iron concentrations in standards and in USPIO-CD133 Ab-labeled cells. (Bi) Signals of 
T2-weighted fast spin echo (FSE) images from serial dilutions of a known concentration of SPIO (Resovist). (Bii) T2-weighted FSE images showing different concentrations (0 to 
100 µg Fe/mL) of extracellular labeling after the incubation of USPIO-CD133 Ab with HT29 cells. Distilled water (DDW) or empty tube (AIR) served as references.
Abbreviations: MRI, magnetic resonance imaging; PBS, phosphate-buffered saline; SPIO, superparamagnetic iron oxide; USPIO, ultrasmall SPIO; USPIO-CD133 Ab, USPIO 
conjugated with anti-CD133 antibodies.
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available SPIO (Resovist), and were imaged by a 1.5T GE 

MRI scanner and 8-channel wrist coil. The images for mea-

suring the iron concentration in serial dilutions were acquired 

using a T2-weighted FSE sequence. Results demonstrated that 

a decreasing T2 signal was observed with increasing concen-

trations of SPIO in a dose-dependent manner (Figure 2B). 

To estimate the amount of USPIO-CD133 Ab in the labeled 

CD1330-positive tumor cells, MRI of spin-down cells with 

different concentrations of USPIO-CD133 Ab labeling were 

analyzed. Similar to the signals detected from diluted SPIO, 

the cells labeled with USPIO-CD133 Ab showed gradually 

decreasing SI that correlated with increasing concentrations 

of USPIO-CD133 Ab (Figure 2B). These results indicated 

that specific binding between USPIO-CD133 Ab and CD133-

positive tumor cells in vitro could be detected by MRI.

Cellular toxicity of USPIO-CD133 Ab
To investigate whether USPIO-CD133 Ab has any cytotoxic 

effects on HT29 cells, cell growth was analyzed using the 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. There was 

no significant change in the proliferation of HT29 cells after 

in vitro labeling with high- or low-dose USPIO-CD133 Ab 

when compared with cells incubated either with USPIO alone 

or untreated (Figure 3A). Similarly, growth of HepG2 and 

OC2 cells did not show any change after incubation with 

USPIO alone or with different concentrations of USPIO-

CD133 Ab (20 and 100 µg/mL) (Figure S3). Furthermore, 

whether cell apoptosis occurred after incubation with differ-

ent labeling reagents was studied. On staining with Annexin 

V/7-aminoactinomycin D, no increase was found in the late 

apoptotic incidence between cells labeled with USPIO (2.6%) 

and the untreated control cells (3.3% in Figure S4A). Stained 

by Annexin V/PI, four groups of treated cells, including 

HT29 cells without treatment (control), HT29 cells treated 

with H
2
O

2
 (positive control), and HT29 cells incubated with 

different concentrations of USPIO-CD133 Ab were inves-

tigated. High percentage (14.1%) of apoptotic incidence 

was detected in HT29 cells with H
2
O

2
 treatment. However, 

no apparent difference in apoptotic incidence was observed 

after 20 (6.6%) and 100 µg/mL (7.4%) of USPIO-CD133 Ab 

labeling when compared with the untreated control (6.1%) 

(Figure S4B). The relative percentage of apoptotic cells in 

HT29 cells treated with H
2
O

2
 was twofold higher than that 

in HT29 cells without treatment or with USPIO-CD133 Ab 

treatment (Figure 3B), indicating that there is no effect on 

apoptotic incidence when cells were treated with USPIO-

CD133 Ab.

The cytotoxicity of nanoparticles commonly arises from 

the production of excess ROS, including free radicals such as 

the superoxide anion, hydroxyl radicals, and the nonradical 

hydrogen peroxide.45,46 The intracellular formation of ROS 

in HT29 cells incubated with or without USPIO-CD133 Ab 

was detected using the fluorescent probe CM-H
2
DCFDA. 

Quantification of ROS production was determined using 

flow cytometry and observation by immunofluorescence 

microscopy (Figure 3C). The positive signal in HT29 cells 

treated with H
2
O

2
 was 27%; however, there was no appar-

ent signal in HT29 cells without treatment (0.5%) or with 

USPIO-CD133 Ab treatment (0.4% for 20 µg/mL and 0.5% 

for 100 µg/mL) (Figure 3C). This result demonstrated that 

the levels of nanoparticle-induced intracellular ROS produc-

tion were low in USPIO-CD133 Ab-labeled HT29 cells and 

similar to levels in untreated cells (Figure 3C).

Ex vivo labeling of USPIO-CD133 Ab
HT29 cells ex vivo labeled with USPIO-CD133 Ab were 

injected subcutaneously into both flanks of immunocom-

promised mice. Detected by MRI scanning on day 14 after 

injection, the USPIO-CD133 Ab-labeled tumors showed sev-

eral clusters of hypointensive regions on FSE T2-weighted 

images (Figure 4A). The signal ratios of xenograft/muscle 

were 6.9±0.7 and 0.36±0.04 in unlabeled and labeled tumor 

cells, respectively (P,0.05, Figure 4B). On Merge scans,  

a prominent signal loss was consistently noted due to 

the magnetic susceptibility artifact of USPIO (P,0.05) 

(Figure 4A). The representative signal ratios of xenograft/

muscle were 1.3±0.05 and 0.21±0.01 in HT29 xenografts 

without or with ex vivo labeling of USPIO-CD133 Ab, 

respectively (Figure 4B).

In vivo labeling of USPIO-CD133 Ab in 
CD133-positive subcutaneous xenografts
To investigate in vivo labeling efficiency of USPIO-CD133 

Ab, intravenous injection of USPIO-CD133 Ab was applied in 

the mouse xenograft models of HT29 cells. FSE T2-weighted 

MRI showed an apparent decrease in SI of xenografted tumors 

after intravenous injection of USPIO-CD133 Ab into mice 

(Figure S5). Furthermore, to determine whether USPIO-CD133 

Ab could be differentially delivered to CD133high and CD133low 

HT29 xenografts, HT29 xenografts with high and low expres-

sion of CD133 were established after subcutaneous injection 

of fluorescence-activated cell sorting-sorted CD133high and 

CD133low HT29 cells into nude mice (Figure 5A). The pathology 

and CD133 expression of xenografted tumors were examined 

by hematoxylin and eosin staining and CD133 immunostaining 
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Figure 3 USPIO-CD133 Ab does not show in vitro cell toxicity.
Notes: (A) No significant difference in cells growth was detected between USPIO-CD133 Ab-labeled and unlabeled HT29 cells analyzed by MTS assay. (B) No apparent 
difference in cell apoptosis was found between USPIO-CD133 Ab-labeled and unlabeled HT29 cells analyzed by propidium iodide (PI) and Annexin V staining. The relative 
percentage of apoptosis was obtained by normalizing the mean of the apoptosis percentages in HT29 cells treated by H2O2 or USPIO-CD133 Ab relative to percentages in 
control cells. Bar, SE; ***P,0.001. (C) No significant difference in ROS production was observed between USPIO-CD133 Ab-labeled and unlabeled HT-29 cells analyzed by 
DCFDA staining. Detection of ROS in untreated HT-29 cells (Ci–Ciii); HT29 treated with H2O2 (Civ–Cvi); HT29 treated with USPIO-CD133 Ab at 20 µg/mL (Cvii–Cix); 
and HT29 treated with USPIO-CD133 Ab at 100 µg/mL (Cx–Cxii) using a fluorescent microscope (Ci, Civ, Cvii, Cx) and a flow cytometer (Ciii, Cvi, Cix and Cxii). DCF 
(fluorescence) is the end product after CM-H2DCFDA (no fluorescence) reacted with ROS.
Abbreviations: CM-H2DCFDA, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate; DCF, dichlorohydrofluorescein; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; ROS, reactive oxygen species; SE, standard error of the mean; USPIO, ultrasmall superparamagnetic iron 
oxide; USPIO-CD133 Ab, USPIO conjugated with anti-CD133 antibodies.
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(Figure 5A). After USPIO-CD133 Ab was intravenously 

injected, the GRE and Merge images showed decreased SI 

in CD133high xenografted tumors relative to CD133low tumors 

(Figure 5B and C). The representative signal drop ratios in GRE 

images between pre- and postinjection were 23.5%±9.5% and 

69%±1% in CD133low and CD133high xenografts, respectively, 

showing a significant difference (P=0.0414) in label detection 

between CD133 expression levels. The representative signal 

drop ratios on Merge images between pre- and postinjection 

were 17%±7% and 66.5%±8.5% in CD133low and CD133high 

xenografts, respectively, also demonstrating a significant dif-

ference (P=0.0461) between xenograft types. Similarly, the 

GRE and Merge images showed less SI in HT29 xenograft 

tumors than in HepG2 tumors after intravenous injection of 

USPIO-CD133 Ab (Figure S6). Additionally, more USPIO-

CD133 Ab nanoparticles were observed by Prussian blue 

staining in CD133high tumor specimens than in CD133low tumor 

specimens (Figure 5D). These results suggested that USPIO-

CD133 Ab could differentially label CD133high tumors in vivo 

for detection by the MRI.

In vivo labeling of USPIO-CD133 Ab in 
ENU-induced rat brain tumors
To assess whether USPIO-CD133 Ab can specifically target 

chemical-induced tumor cells in vivo and be monitored by 

MRI, USPIO-CD133 Ab was injected into rat brain tumor 

models established by transplacental ENU mutagenesis. 

Pregnant female Sprague Dawley rats were intraperitone-

ally injected with ENU on day 18 of gestation. All of the 

offspring were screened by MRI beginning at the age of 

3 months to monitor tumor growth. ENU-induced intracranial 

cerebral tumors were first observed on T2-weighted images 

and showed CD133 expression by IHC in diseased brain 

sections (Figure S7). After detection of brain tumor forma-

tion in rats, USPIO-CD133 Ab was intravenously injected 

into the animals, and they were scanned in vivo by MRI. 

In comparison with the MR images in preinjection tumor 

masses, MR images, including FSE T2-weighted, GRE, 

and Merge images, showed an apparent decrease in SI after 

USPIO-CD133 Ab injection (Figure 6A). To confirm the rela-

tionship between the decrease in MRI signals and the binding 

of USPIO-CD133 Ab in tumor specimens, the iron levels 

were evaluated by Prussian blue staining. The data demon-

strated that the cells with significant Prussian blue staining 

were located in the brain tumors in which MRI signals were 

decreased after USPIO-CD133 Ab injection (Figure 6B). 

After grouping by CD133 expression levels using IHC, 

the signal drop ratios in GRE images were 20.7%±9.7% 

and 67.7%±4.8% in weak and strong CD133-expressing 

ENU-induced brain tumors, respectively, demonstrating a 

Figure 4 Detection of tumors by MRI in nude mice implanted with HT29 cells ex vivo labeled with USPIO-CD133 Ab.
Notes: (A) On day 14 after subcutaneous injection of HT29 cells without (Ai and Aii) or with ex vivo labeling of USPIO-CD133 Ab (Aiii and Aiv), xenografted tumors 
were noted at both flanks (arrows) and scanned by MRI for FSE T2-weighted (Ai and Aiii) and Merge (Aii and Aiv) images. (B) The representative signal ratio of tumor/
muscle in MR images, including FSE T2-weighted (Bi) and Merge images (Bii). Bar, SE; *P,0.05.
Abbreviations: FSE, fast spin echo; MRI, magnetic resonance imgaing; Merge, multiple echo recombined gradient echo; SE, standard error of the mean; USPIO-CD133 Ab, 
ultrasmall superparamagnetic iron oxide conjugated with anti-CD133 antibodies.
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significant difference (P=0.0357). In addition, the signal 

drop ratios in Merge images also showed a significant differ-

ence between the two groups with weak and strong CD133 

expression (P=0.0305, Figure 6C).

To further investigate which cells were labeled with 

USPIO-CD133 Ab in ENU-induced brain tumors, different 

glial cells were examined in brain tumor sections by immu-

nofluorescence staining with anti-CD133, anti-CD68, and 

anti-oligodendrocyte specific protein antibodies. Our data 

indicated that CD133 was highly expressed in oligoden-

drocytes but not in microglial cells (Figure 7A). Results 

demonstrated by IHC with anti-CD133 and Prussian blue 

Figure 5 (Continued)
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staining indicated that USPIO-CD133 Ab primarily targeted 

CD133-expressing cells and that USPIO-CD133 Ab was not 

taken up intracellularly by microglia. These data suggested 

that USPIO-CD133 Ab could be specifically and actively 

delivered to CD133-positive tumor cells in ENU-induced 

brain tumors (Figure 7B).

Discussion
One of the great challenges of oncology is to improve nonin-

vasive methods for early tumor detection and for follow-up 

of tumor progression/regression during the course of therapy. 

Molecular imaging is defined as the characterization and 

measurement of biological processes at the cellular and 

molecular levels. Molecular imaging probes specifically 

target cancer markers that have been identified for disease-

specific detection and personalized therapeutics.47 Because of 

their unique magnetic features, conjugation of SPIO/USPIO 

nanoparticles with antibodies have been commercially used 

for a flexible, fast, and simple magnetic sorting system for 

in vitro separation of large numbers of cells according to 

specific cell-surface markers. Therefore, SPIO/USPIO nano-

particles conjugated with ligands specifically targeting tumors 

provide the possibility of MRI for precise molecular targets, 

and many significant advances have recently been seen in this 

Figure 5 Detection of in vivo labeling by USPIO-CD133 Ab in CD133-positive subcutaneous xenografts by MRI.
Notes: (A) Photographs of CD133high and CD133low HT29 subcutaneous xenografts after subcutaneous inoculation of FACS-sorted CD133high and CD133low HT29 cells (Ai). 
H&E staining and differential CD133 immunostaining in CD133low (Aii and Aiv) and CD133high (Aiii and Av) xenografts at 400× magnification. (B) Gradient-echo (GRE) 
and multiple echo recombined gradient echo (Merge) images of CD133high and CD133low HT29 subcutaneous xenografts were acquired before (Bi and Biii, preinjection) 
and after (Bii and Biv, postinjection) intravenous injection of USPIO-CD133 Ab for 24 hours. (C) The representative signal drop ratio of MR images, including T2WI (Ci), 
multiecho GRE image (Cii), and Merge image (Ciii) after USPIO-CD133 Ab injection. Bar, SE; *P,0.05. (D) CD133 immunohistochemical analysis showed that the CD133high 
xenografts (Di) demonstrated stronger CD133 expression than the CD133low xenografts (Dii) at 400× magnification. When compared to CD133low xenografts (Diii), 
CD133high xenografts (Div) accumulated more iron as seen by Prussian blue staining at 1,000× magnification.
Abbreviations: FACS, fluorescence-activated cell sorting; GRE, gradient-echo; H&E, hematoxylin and eosin; Merge, multiple echo recombined gradient echo; MRI, magnetic 
resonance imaging; SE, standard error of the mean; T2WI, T2 weighted image; USPIO-CD133 Ab, ultrasmall superparamagnetic iron oxide conjugated with anti-CD133 
antibodies.
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Figure 6 In vivo labeling of USPIO-CD133 Ab in ENU-induced rat brain tumors.
Notes: (A) Hypointensity of MRI signals after intravenous injection of USPIO-CD133 Ab. In T2 weighted images (Ai and Aiv), multiecho GRE images (Aii and Av), and 
Merge images (Aiii and Avi), MRI signals significantly decreased (white arrow) before (Ai–Aiii) and after (Aiv–Av) injection of USPIO-CD133 Ab for 24 hours. (B) USPIO-
CD133 Ab decreased the signals of magnetic resonance (MR) imaging in ENU-induced rat brain tumors. (Bi) Gross view. (Bii) H&E staining at 100× magnification. (Biii) 
Multiple echo recombined gradient echo (Merge) image. (Biv) Prussian blue staining at 200× magnification in ENU-induced rat brain tumors. (C) The representative signal 
drop ratio of MR images, including T2WI (Ci), multiecho GRE images (Cii), and Merge images (Ciii) after USPIO-CD133 Ab injection. Bar, SE; *P,0.05.
Abbreviations: ENU, N-ethyl-N-nitrosourea; H&E, hematoxylin and eosin; GRE, gradient-echo; Merge, multiple echo recombined gradient echo; SE, standard error of the 
mean; T2WI, T2 weighted image; USPIO-CD133 Ab, ultrasmall superparamagnetic iron oxide conjugated with anti-CD133 antibodies.
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field.17,24,26–28,48–50 In this study, USPIO was conjugated with 

antibodies for the recognition of CD133, a surface marker 

associated with colorectal cancer and brain tumors, among 

other cancers, to produce a novel targeted contrast agent for 

detecting CSCs in vivo. Observed from transmission electron 

microscopy, the mean core diameter of whole particles was 

29±7.9 nm, which assured efficient targeting and optical 

imaging of tumors in vitro and in vivo (Figure 1).51

Similar to the previous studies, the binding specificity 

of USPIO-CD133 Ab to CD133-expressing tumor cells 

was confirmed in vitro and in vivo by Prussian stain and 

MRI.27,29,52–54 The in vitro study was designed to assess 

Figure 7 USPIO-CD133 Ab specifically targeted to ENU-induced rat brain tumor cells.
Notes: (A) Immunofluorescence staining of CD133 expression in microglia (CD68) and oligodendrocytes (oligodendrocyte-specific protein; [OSP]) of ENU-induced rat 
brain tumors was observed under fluorescent microscope at 200× (Ai and Aii) and 400× (Aiii and Aiv) magnification. (B) Detection of CD68 and CD133 expression in 
USPIO-CD133 Ab labeled cells of ENU-induced rat brain tumors. Double staining of CD133 (brown) and USPIO-CD133 Ab (Prussian blue staining) cells (indicated with 
arrows in Biv) are shown in the brain sections at 400× (Bi and Bii) and 1,000× (Biii and Biv) magnification.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; ENU, N-ethyl-N-nitrosourea; USPIO-CD133 Ab, ultrasmall superparamagnetic iron oxide conjugated with anti-CD133 
antibodies.
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the feasibility of clinical use of MR equipment at 1.5T to 

detect USPIO-CD133 Ab bound to tumor cells. The dose–

response relationship was demonstrated between the amounts 

of USPIO-CD133 Ab bound to the cells on T2-weighted 

images as demonstrated previously (Figure 2B).55–57 This 

effect is stronger in cells expressing high levels of CD133 

(CD133high tumors) than in cells with lower levels of CD133 

expression (CD133low tumors), indicating that the observed 

decrease in MR signaling depends both on the dose of the 

immunospecific contrast agent and on the target antigen 

expression levels of the tumor cells (Figure 5B and C). The 

changes in the in vivo MRI signal correlated with Prussian 

blue staining of tumor specimens. Sections from CD133high 

tumors but not CD133low tumors showed the presence of 

nanoparticles (Figure 5D). Indeed, in vivo experiments indi-

cated that the intravenous administration of a single dose of 

USPIO-CD133 Ab, 18–24 hours before performing a 1.5T 

MRI scan, is sufficient to show a detectable change in signal. 

This decrease in MR signaling was detected in GRE and 

Merge images after injection of nanoparticles (Figures 5C 

and 6C). Similar to other studies for antibody-functionalized 

iron nanoparticles, our data suggested that the novel USPIO-

CD133 Ab could differentially bind and have the potential 

to serve as a targeted contrast agent in CSC detection and 

monitoring by MRI (Figure 5).24–27,53 Consistent with the 

study regarding to in vivo detection of c-Met expression in 

rat hepatocarcinogenesis model, intravenous injection of 

USPIO-CD133 Ab successfully targets and labels the tumor 

cells in rat tumor models.58

Studies have shown that polymer-coated nanoparticles, 

such as USPIO used in the present study, have no or minimal 

impact on cell viability, proliferation, ROS formation, apop-

tosis rate, and function, and that they have low toxicity in 

the majority of cells studied.51,59,60 Similarly, any early toxic 

effects of USPIO-CD133 Ab were excluded on HT29 cells 

that might interfere with the phagocytosis of the particles. 

The MTS analysis demonstrated no effect on cell prolifera-

tion and viability with various concentrations of USPIO-

CD133 Ab labeling of HT29, HepG2, and OC2 cells for 4 

hours (Figures 3A and S3). Furthermore, a similarly low 

level of ROS was detected in HT29 cells with or without 

USPIO-CD133 Ab treatment (Figure 3C). Subsequent in 

vivo analysis of the USPIO-CD133 Ab showed the feasibility 

and safety of intravenous administration. The side effects, 

such as behavioral changes after the injection of particles 

in animals were not observed; however, the chronic toxic-

ity of the magnetic nanoparticles was not analyzed due to 

their accumulation in the organs, such as livers (Figure S6). 

Several studies have clinically approved that SPIO MRI 

contrast agents such as Feridex and Resovist are safe and lack 

cytotoxicity.61 Similar to other studies, our data demonstrated 

that USPIO-CD133 Ab displayed good biocompatibility and 

no significant cytotoxicity in tumor cells and in animals, sug-

gesting that USPIO-CD133 can specifically and safely label 

CD133-positive cells in vitro and in vivo.50,62

The potential for intravenous nanoparticles targeting 

brain tumors has been actively debated, due to the blood–

brain barrier and nonspecific uptake of particles by the 

endothelial system. However, it has been shown that the 

vascular structure in brain tumors is significantly different 

and is characterized by increased permeability.63 A previous 

study reported that the detection of brain tumors with MRI 

and USPIO is based primarily on the visualization of labeled 

microglia and macrophages.64 Targeted delivery may alter 

the intracellular distribution because the tumor cell inter-

nalization mechanism is enhanced by the presence of addi-

tional surface ligands.65,66 Similar to other studies, our data 

demonstrated that oligodendrocytes but not microglial cells 

were actively recognized by USPIO-CD133 Ab, revealing 

the targeting selectivity of this agent (Figure 7).26,50

Similar to previous studies, a potential limitation of the 

present study may be the relatively low iron concentration 

in the USPIO-antibody conjugate in comparison with the 

clinically available nontargeted MRI contrast agents, which 

are nonspecifically trapped by reticulum-endothelial cells or 

taken up nonspecifically by macrophages within 24 hours 

of systemic administration.67,68 Thus, the development of 

similar USPIO-targeted antibodies with a high iron-oxide 

content may allow enhanced sensitivity in detection to per-

mit the MRI of tumors with small diameters or with lower 

target antigen densities. Additionally, Chertok et al reported 

that intracarotid administration demonstrated a 30-fold 

increase in tumor entrapment of nanoparticles compared 

to that seen with intravenous administration.69 This result 

suggests that an increase in the intratumoral accumulation 

of nanoparticles may be achieved via different routes of 

administration. Although the efficiency of mAb-targeted 

USPIO has been demonstrated in several studies, the big-

size antibodies limit  the abilities of antibody-conjugated 

nanoparticles permeate through the vasculature into the 

tumor areas.26,27,29 In addition, the interaction of antibody 

with Fc receptors on normal tissues can change the speci-

ficity of tumor-targeted nanoparticles. To solve these prob-

lems, CD133-binding peptides or single-chain antibodies 

with small molecular weight can be used as targets for 

engineering targeted nanoparticles.70 Furthermore, using 
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species-specific antibodies may reduce immunogenicity 

usually described when murine antibodies were injected in 

different species or humans.71

Recently, modification of the magnetic nanoparticles by 

various agents, such as chemotherapy drugs, has indicated 

their therapeutic potency.72 It is likely that the conjugation of 

USPIO-CD133 Ab with anticancer drugs could increase the 

specificity of targeted drug delivery and reduce the side effects 

of these drugs. Additionally, optimizing new generations of 

USPIO-antibodies or other USPIO-ligands that are able to 

specifically bind and sensitively detect tumor-associated 

markers may provide valuable immunospecific contrast 

agents for the diagnosis of tumors and the targeting of cancer 

therapies. This study demonstrated that mAb nanodevices are 

useful for specifically targeting tumors by clinical 1.5T MRI 

and that a stable conformation of nanoparticles with target-

ing ability in vivo is achievable, given that the USPIO-mAb 

accumulated gradually in CD133-positive tumors. The future 

development of background-free nanoparticles and detection 

systems will contribute to the use of such mAb nanodevices 

for tumor-specific MRI diagnosis.

Conclusion
CD133-associated mAbs coupled with USPIO nanoparticles 

can be taken up in a specific manner by CD133-expressing 

tumor cells, and specifically shorten the T2 values of CD133-

expressing xenografts in an MRI scanner. In ENU-induced 

rat brain tumors, several clusters of hypointensive zones were 

observed by MRI after intravenously administered USPIO-

CD133 Ab. The USPIO-CD133 Ab specifically recognizes 

and labels the CD133 molecule in CD133-expressing tumor 

cells in vivo, as validated using IHC with anti-CD133 anti-

bodies and Prussian blue staining for iron levels. Therefore, 

this nanoparticle probe can be used as an MRI-specific 

contrast agent for detecting and extracellularly tracking 

CD133-positive tumor cells in vitro and in vivo.
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Supplementary materials
Western blot
Cell lysate was obtained by harvesting cells in radioim-

munoprecipitation assay buffer containing 50 mM Tris-

HCl (pH 8.0), 150 mM NaCl (Sigma-Aldrich, St Louis, 

MO, USA), 0.5% sodium deoxycholate (Sigma-Aldrich), 

1% NP-40 (Sigma-Aldrich), 0.1% sodium dodecyl sulfate 

(Sigma-Aldrich), and protease inhibitors (Complete, Roche, 

Basel, Switzerland). After centrifugation, cell extract was 

separated in sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (sodium dodecyl sulfate-PAGE) and trans-

ferred onto polyvinyl difluoride (Bio-Rad Laboratories 

Inc., Hercules, CA, USA) membranes. Blots were probed 

with primary antibodies overnight at 4°C and then with 

secondary antibodies coupled with horseradish peroxidase 

for 1  hour at room temperature. Immunoreactivity was 

detected by chemiluminescence using Super Signal substrate 

(Pierce, Rockford, IL, USA) according to the manufacturer’s 

protocols. The following antibodies were used in this study: 

CD133 (ab19898, Abcam, Cambridge, UK) and anti-β-actin 

(Cell Signaling, Beverly, MA, USA). 

Flow cytometry and isolation of CD133-
positive cells
Cultured cells were trypsinized and suspended in PBS. The 

CD133-positive cells were characterized by flow cytometry 

using mouse anti-human CD133/1-PE (Miltenyi Biotec, 

Bergisch Gladbach, Germany) monoclonal antibody. 

During staining, the cells were incubated at 4°C in the dark 

for 45 minutes. After incubation, the cells were washed 

and analyzed by a flow cytometer (FACS Calibur, BD 

Biosciences, San Jose, CA, USA). A minimum of 10,000 

events was collected and acquired using CellQuest software 

(BD Biosciences). For CD133high cells sorting, cells were 

stained with CD133/1-PE and isolated on FACSAria 

Instruments (BD Biosciences). Positive and negative gates 

were determined using IgG-stained and unstained controls. 

Isolated cells were then washed twice with PBS and plated 

under the same conditions as unsorted cells. And then, we 

used CD133/2-PE (Miltenyi Biotec), an alternative antibody 

recognizing the second epitope of CD133 (CD133/2), to 

evaluate the sorting efficiency in the fluorescence-activated 

cell sorting experiment.

Figure S1 A high percentage of CD133-positive cells in HT29 cells.
Notes: (A) HT29 cells were stained with anti-CD133 antibody (green) and DAPI (blue) and observed under fluorescent microscope at 400× magnifications. (B) The 
percentage of CD133-positive HT29 cells was determined using flow cytometry. Using anti-CD133 Ab, the percentage of CD133-positive HT29 cells was analyzed from 
density plots (Bii). Isotype control antibodies served as a negative control (Bi).
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; FL, fluorescence; FSC, forward scatter; PE, phycoerythrin.
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β

Figure S2 In vitro detection of USPIO-CD133 Ab binding to tumor cells using Prussian blue staining.
Notes: (A) Detection of CD133 expression in HT29, HepG2, and OC2 cells by Western blot. β-actin served as an internal control. (B) HT29, HepG2, and OC2 cells were 
incubated with PBS (Bi, Biv, and Bvii), USPIO (Bii, Bv, and Bviii), and USPIO-CD133 Ab (Biii, Bvi, and Bix), and the iron location detected by Prussian blue staining at 
400× magnification.
Abbreviations: PBS, phosphate-buffered saline; USPIO, ultrasmall superparamagnetic iron oxide; USPIO-CD133 Ab, USPIO conjugated with anti-CD133 antibodies.

Figure S3 Effects of USPIO-CD133 Ab on cell growth of HepG2 and OC2 cells.
Notes: (A) No significant difference in cell growth was found between USPIO-CD133 Ab-labeled and unlabeled HepG2 analyzed by MTS assay. (B) No significant difference 
in cell growth was detected between USPIO-CD133 Ab-labeled and unlabeled OC2 cells analyzed by MTS assay.
Abbreviations: MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; SPIO, superparamagnetic iron oxide; USPIO-CD133 Ab, 
ultrasmall SPIO conjugated with anti-CD133 antibodies.
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Figure S5 In vivo MR images of HT29 subcutaneous xenografts after intravenous injection of USPIO-CD133 Ab. 
Notes: Photograph of tumor-bearing mouse (A); H&E staining of xenografted tumor at 100× magnification (B); FSE T2-weighted MR images of preinjection (C) and 
postinjection of USPIO-CD133 Ab for 24 hours (D).
Abbreviations: FSE, fast spin echo; H&E, hematoxylin and eosin; MR, magnetic resonance; USPIO, ultrasmall SPIO; USPIO-CD133 Ab, USPIO conjugated with anti-CD133 
antibodies.

Figure S6 Gradient-echo (GRE) and multiple echo recombined gradient echo (Merge) images of HT29 and HepG2 subcutaneous xenografts were acquired after intravenous 
injection of USPIO-CD133 Ab for 48 hours. Liver tissues served as a reference for a positive control organ with marked signal drop.
Abbreviation: USPIO-CD133 Ab, ultrasmall superparamagnetic iron oxide conjugated with anti-CD133 antibodies.
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Figure S7 MR Images of ENU-induced rat brain tumor. Gross images of brain tumor specimens (top view [A] and sectioned view [B]); T1- and T2-weighted MR images 
show an intracranial mass with cystic necrosis (T1-weighted MR image [C] and T2-weighted MR image [D]); H&E staining (E) and CD133 immunostaining (F) at 400× 
magnification in rat brain tumor.
Abbreviations: H&E, hematoxylin and eosin; ENU, N-ethyl-N-nitrosourea; MR, magnetic resonance.
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