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Abstract. Labelling of mammalian cells with superparamagnetic iron oxide (SPIO) nanoparticles 
enables to monitor their fate in vivo using magnetic resonance imaging (MRI). However, the ques-
tion remains whether or not SPIO nanoparticles affect the phenotype of labelled cells. In the present 
study, the effects of SPIO nanoparticles from two producers on the growth and differentiation of 
mouse embryonic stem (ES) cells in vitro were investigated. Our observations have shown that SPIO 
nanoparticles have no effect on the self-renewal of ES cells. Subsequently, we studied the effect of 
SPIO on the formation of embryoid bodies and neural differentiation of ES cell in monolayer culture. 
The cavitation of embryoid bodies was partially inhibited and neural differentiation was supported 
regardless the type of SPIO nanoparticles used. Thus for the first time we documented the effects of 
SPIO nanoparticles on ES cells and their differentiation.
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Introduction

Embryonic stem (ES) cells are derived from the inner cell 
mass of the pre-implantation blastocyst and can both self-
renew and differentiate into all cell types of the adult body. 
This capability provides the basis for considering the human 
ES cells as a novel and unlimited source of cells for applica-
tions in the therapy of serious diseases and (traumatogenic) 
damages caused by injury. However, for practical applica-
tion of the cell therapy it is essential to find appropriate 
and efficient methods for monitoring the fate of cells, their 
migration and final position in the patient’s body. Contrast 
agents containing superparamagnetic iron oxide (SPIO) 
nanoparticles detectable by magnetic resonance imaging 
(MRI) are used in human medicine for investigations of 
the gastrointestinal tract (Hahn et al. 1990), liver and spleen 
(Hamm et al. 1994; Reimer and Tombach 1998) or lymph 

nodes (Anzai et al. 1994) pathologies. The method exploiting 
contrast agents with iron nanoparticles was used by Sipe et 
al. (1999) for intracellular labelling of human mononuclear 
cells (lymphocytes and monocytes). Cells labelled using this 
method are detectable by MRI in vivo and therefore labelling 
with SPIO nanoparticles may also be feasible for ES cells. 

The definitive fate of SPIO nanoparticles in the body 
is given by its general metabolism. Due to dextran-based 
coating the nanoparticles are degradable. The iron enters the 
plasma iron pool and is subsequently incorporated into red 
cell production and other natural uses of iron. Eventually, it is 
secreted from the body as the body iron store. The amount of 
iron oxide that would be required for clinical MRI is small in 
comparison with the physiological iron stores (Reimer et al. 
1995). Thus compared with other MRI agents, the toxicity of 
the SPIO agents is low and they may be easily used in medical 
and veterinary diagnostic (Simonsen et al. 1999).

Recently, there have been several reports using various 
SPIO nanoparticles to label mammalian cells and to monitor 
their positions or migration in vivo by MRI after transplanta-
tion into the animal model (Jendelová et al. 2003; Arbab et 
al. 2005; Hauger et al. 2006; He et al. 2007). Nanoparticles 
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may probably enter cells by various mechanisms with the 
receptor-independent endocytosis being the one that has 
been demonstrated to function in wide spectrum of cell 
types including ES cells (Bulte et al. 2001; Jendelová et al. 
2004). The actual presence of nanoparticles in cytoplasm of 
mouse ES (mES) cells has been clearly shown by transmission 
electron microscopy (TEM) (Jendelová et al. 2004).

In some reports, the SPIO nanoparticle-labelled ES cells 
were also used (Jendelová et al. 2004; Tallheden et al. 2006). 
However, our knowledge about the effects of SPIO on the 
qualities of ES cells is still limited. We know that ES cells 
labelled with SPIO migrate in the tissue of the organism, 
differentiate and adopt new features dependent on their 
position in the target tissue (Björklund et al. 2002; Jendelová 
et al. 2004). However, the efficiency of magnetic labelling 
of ES cells, the effects on cell behaviour, division and/or 
differentiation processes have not been conclusively deter-
mined. It is important to note that after cell transplantation, 
the new environment influences the therapeutic effects due 
to the adaptability of ES cells and magnetic labelling can 
play a role during this process. Therefore in our pilot study 
we tested the effects of two commercially accessible SPIO 
nanoparticles, i.e. Endorem (Guerbet, France) and Resovist 
(Schoeller, Germany), on growth and differentiation of mES 
cells in vitro. At the present time, both of these agents have 
been approved for use as contrast solutions for diagnostics 
of liver or spleen diseases.

Materials and Methods

Culture and differentiation of ES cells

Undifferentiated mES cells, D3 line (mES D3; Doetschman 
et al. 1985) were routinely grown on mytomycin C-treated 
STO fibroblasts in Dulbecco´s modified Eagle´s medium 
(Gibco) supplemented with 20% fetal calf serum (PAA 
Laboratories GmbH), 100 × 10–3 mol/l non-essential 
amino acids (Gibco), 0.05 × 10–3 mol/l β-mercaptoetha-
nol (Sigma), 100 U/ml penicillin, 0.1 mg/ml streptomycin 
(Gibco), and 1000 U/ml recombinant leukemia inhibitory 
factor (LIF; Chemicon International). Before experiments, 
the mES D3 cells were adapted to feeder-free culture ac-
cording to Smith and Hooper (1987), here mentioned as 
standard condition. Passaging was executed every 3 days; 
subculture ratio was 1 : 10. The proliferation activity of ES 
cells in culture with and without SPIO was tested by WST-1 
assay (Roche) according to manufacturer’s instructions in 
every passage.

The differentiation of ES cells to embryoid bodies (EBs) 
was performed by hanging drop technique in complete ES 
media without LIF (Robertson 1987; Keller 1995). After 
4 days growing, EBs were transferred into bacteriological 

dishes and fresh media and dishes were replaced every 
2 days.

Neural differentiation in monolayer was induced by 
seeding mES D3 cells into culture medium without LIF. 
After 2 days, the cells were washed with PBS and the 
serum containing medium was replaced by serum-free 
DMEM/F12 (Gibco) supplemented with insulin, transferrin, 
selenium (ITS; Gibco), 2 μg/ml fibronectin (Sigma), 0.1 × 
10–6 mol/l retinoic acid (Sigma) and 500 U/ml LIF for fur-
ther 2 days and subsequently in DMEM/F12 medium with 
ITSF supplement alone. Medium was changed every 2 days 
(Pacherník et al. 2002, 2005).

Labelling cells by SPIO nanoparticles

Both SPIO particles tested have standard size. Endorem SPIO 
nanoparticles (Guerbet, France) are 80–150 nm in diameter 
and the iron oxide crystal is 4.8–5.6 nm in size coated with 
dextran. Resovist SPIO nanoparticles (Schering, Germany) 
contain carbodextran-coated crystal 4.2 nm in size and hydro-
dynamic diameter is 62 nm (Sipe et al. 1999; Wang et al. 2001; 
Vogl et al. 2003). To test the effect of SPIO particles on growth 
of undifferentiated mES D3 cells we used dose 112.4 mg iron 
per milliliter of culture medium. Cells were passaged every 
three days; the subculture ratio was 1 : 10. Fresh SPIO nano-
particles were added to the culture media after each passage 
during the test. For differentiation experiments, the mES D3 
cells were pre-labelled with SPIO nanoparticles within two 
passages before induction of differentiation. After induction 
of differentiation, the dose of iron was decreased to 28.1 mg 
per ml for both Endorem and Resovist.

Immuno- and cytochemistry

The undifferentiated cells were immunocytochemically 
stained for the stage specific embryonal antigen 1 (SSEA-1) 
using TEC-01, mouse monoclonal antibody (provided 
by Dr. P. Dráber, Institute of Molecular Genetic, Prague, 
Czech Republic). Differentiated cells were stained for glial 
fibrillary acidic protein (GFAP) using goat polyclonal an-
tibody against GFAP (sc-6170; Santa Cruz Biotechnology) 
as described previously (Pacherník et al. 2002; Kroupová 
et al. 2006).

Prussian blue staining of ferric iron was performed as 
follows: cells were fixed with 4% paraformaldehyde, washed 
with PBS, incubated for 30 min with 2% potassium ferrocyanide 
(Perl´s reagent) in 6% hydrochloric acid, washed with PBS and 
counterstained with Nuclear fast red (Frank et al. 2003).

Western blot analysis

For western blot analysis, cell samples were prepared as 
follows: ES cells and/or EBs were washed twice with PBS 
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(pH 7.2) and lysed in sodium dodecyl sulphate (SDS) lysis 
buffer (50 × 10–3 mol/l Tris-HCl, pH 7.5; 1% SDS; 10% 
glycerol). Protein concentrations were determined using DC 
Protein assay kit (Bio-Rad). Lysates were supplemented with 
bromphenol blue (0.01%) and β-mercaptoethanol (1%), and 
incubated for 5 min at 95°C. Equal amounts of total protein 
(10 μg) were subjected into 10% SDS-PAGE. After being 
electrotransferred onto polyvinylidene difluoride membrane 
(Immobilon-P, Sigma), proteins were immunodetected 
using appropriate primary and secondary antibodies, and 
visualized by ECL+Plus reagent (Amersham Pharmacia 
Biotech) according to manufacturer’s instructions. The 
antibodies used were as fallows: rabbit polyclonal antibody 
against Oct 3/4 (sc-9081), goat polyclonal antibodies against 
GAP-43 (sc-7457), GFAP (sc-6170), Lamin B (sc-6217) – all 
from Santa Cruz Biotechnology, and mouse monoclonal 
antibody against neuron-specific class β III tubulin isotype 
(TU-20) – provided by Dr. P. Dráber (Institute of Molecular 
Genetic, Prague, Czech Republic). After immunodetection, 
each membrane was stained by amidoblack to confirm equal 
protein loading.

Semiquantitative reverse transcription and PCR

Total RNA was extracted from cell using RNeasy Mini Kit 
(Qiagen). cDNA was synthesized according to the manufac-
turer’s instructions for M-MLV reverse transcriptase (Gibco 
BRL). Primers and PCR conditions were as follows (primer 
sequence; annealing temperature/number of cycles/product 
size): GATA-4 (5`-GAAAACGGAAGCCCAAGAACC-3`, 
5`-TGCTGTGCCCATAGTGAGATGAC-3`; 54°C/32/
186 bp); Brachyury (5`-GAGAGAGAGCGAGCCTC-
CAAAC-3`, 5`-GCTGTGACTGCCTACCAGAATG-3`; 
56°C/29/230 bp); HPRT (5`-CTTGCTGGTGAAAAGGAC-
CTCTC-3`, 5`-CAAATCAAAAGTCTGGGGACGC-3`; 
56°C/24/350 bp) (Ešner et al. 2002). Before being used for 
cDNA quantification, the range of linearity was determined 
for each primer set. The PCR products were separated on 
1.5% agarose gels and visualized by ethidium bromide 
staining.

Statistical analysis

Data are expressed as mean ± SEM. Statistical analysis was 
assessed by one-way ANOVA. p < 0.05 were considered to 
be statistically significant.

Results

In the present study, the model ES cells were magnetically 
labelled by adding two types of agents containing SPIO 
nanoparticles that are detectable by MRI in vivo. The con-

sequently labelled and control mES D3 cells were cultured 
for 10 passages under undifferentiated conditions and for 
20 days after induction of differentiation (EBs formation 
and neural differentiation in monolayer). Differences in 
properties of ES cells during these processes caused by 
the presence of SPIO nanoparticles in ES cells were de-
termined.

Labelling of ES cells with SPIO nanoparticles

Abundant uptake of ferumoxides (SPIO) in the ES cells was 
revealed by Prussian blue staining. No stainable iron was 
detected in the control ES cells (cells unlabelled with SPIO, 
data not shown). We observed a high efficiency of SPIO 
labelling in both types of nanoparticles. After two passages 
with SPIO nanoparticles we detected the presence of iron 
in 80–85 % of ES cells (Fig. 1A). Compared to Endorem the 
labelling efficiency of Resovist nanoparticles appeared to be 
slightly higher. It was probably due to their higher adhesive-
ness to the cell surface (Fig. 1B).

SPIO nanoparticles do not affect the self-renewal of ES cells

The proliferation of SPIO labelled cells was measured us-
ing WST-1 reagents, and was compared with proliferation 
of control cells. We detected no differences at the analysed 
time intervals (Fig. 2A) between control and SPIO-labelled 
cells. 

In the same experiment, the undifferentiated status of 
mES D3 cells was also analysed. Both the SPIO-labelled and 
control ES cells expressed markers that are characteristic for 
undifferentiated ES cells. Fig. 1C shows the presence of mem-
brane SSEA-1 in control and SPIO labelled ES cells detected 
by immunocytochemistry. The detection of the transcription 
factor Oct 3/4 protein level by the western blot method is 
shown in Fig. 2B. As presented, we did not observe any dif-
ference in the expression of SSEA-1 and Oct 3/4 between 
control and SPIO (Endoderm or Resovist) labelled ES cells. 
In parallel, no apoptosis was detected after SPIO labelling 
compared to control cells, neither by western blot detection 
of the Lamin B cleavage product (Fig. 2B) nor by microscopic 
observation of changes in ES colonies or cell morphology 
and appearance of apoptotic bodies (data not shown). Thus 
labelling with SPIO has no effect on the proliferation of ES 
cells and their self-renewal.

Effects of SPIO on differentiation of ES cells into EBs

mES D3 cells were pre-labelled with SPIO during two pas-
sages before the induction of differentiation. First we tested 
how magnetic labelling affected the formation of 3D-struc-
tures known as EBs. At the early phase of differentiation, 
the EBs were compact and morphology of the control and 
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Figure 1. Study of undifferentiated mES D3 cells growing in presence of SPIO nanoparticles. A. Percentage of magnetic labelled cells 
after cultivation of ES cells in presence of SPIO nanoparticles for 1, 2 and 3 passages. In passages 4–10, the percentage of iron positive 
cells was similar with passage 3. B. Detection of SPIO nanoparticles by Prussian blue and Nuclear fast red staining in ES cells grown in 
cell colonies and in single cells after trypsinization. C. Detection of embryoglycan epitope TEC-01 (homolog of SSEA-1; green) in control 
and SPIO labelled undifferentiated ES cells grown in cell colonies and in single cells after trypsinization. Cell nuclei were stained with 
propidium iodide (red). Figure shows immunocytochemistry detection in passage 1 and 10.
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SPIO-labelled EBs did not differ (Fig. 3A). However, on 
day 10 of differentiation (day of differentiation – D.d.), 
the majority of control EBs cavitated, while cavitation of 
EBs formed from SPIO pre-labelled cells was delayed. As is 
shown in Fig. 3D, cavity was observed in 87.5% of control 
EBs, while only 49.4% of Endorem and 51.7% of Resovist 
labelled EBs, respectively, cavitated. The absence of cav-
ity in EBs from SPIO pre-labelled ES cells was associated 
also with a lower volume of EBs as compared with control 
EBs (Fig. 3B). The RT-PCR analyses of endoderm-specific 
GATA-4 mRNA and marker of early mesoderm Brachyury 
documented the observed differences in EBs growth. Both 
transcripts were undetectable in undifferentiated ES cells 
(Fig. 3C). In control EBs, the GATA-4 transcript level con-
tinuously increased as cells in EBs differentiated. In EBs 
from SPIO pre-labelled ES cells, the GATA-4 transcript also 
appeared during differentiation of EBs, but in our tested 

Figure 2. A. Comparison of proliferation of control and SPIO labelled mES D3 cells during 10 passages under standard conditions. In 
every passage, the ES cells were subcultivated 1 : 10. After growth for 3 days, the WST-1 kit was used for detection of the cell number in all 
three experimental groups. B. The detection of Lamin B cleavage and protein level of Oct 3/4 by western blot. ES cell were cultivated for 10 
passages in presence of SPIO nanoparticles. Overgrowth ES cells were used as apoptic control (AC), which is characterized by presence of 
cleavage Lamin B. Primary mouse embryonic fibroblasts (PEF) were used as a negative control for Oct 3/4 detection.

time intervals the level of GATA-4 was decreased on day 
10 of EBs differentiation (Fig. 3C). Thus the expression of 
GATA-4 seems to take a biphasic regulation in SPIO pre-
labelled EBs but not in control EBs. The expression of the 
Brachyury transcript was high on D.d. 5, only slight on 
D.d. 10 and undetectable on D.d. 15 and 20 in control EBs 
(Fig. 3C). In the case of SPIO pre-labelled EBs, the level of 
the Brachyury transcript was not as high as in control EBs 
on day 5. Moreover the dynamics of Brachyury expression 
between the controls (unlabelled) and SPIO pre-labelled 
EBs also differed, and also among the SPIO pre-labelled 
EBs. In Endorem pre-labelled EBs the level of the Brachyury 
transcript was still high on day 10, while in the Resovist 
pre-labelled EBs the overall expression of the Brachyury 
transcript was lower but it was discontinuous and detectable 
also in 15-day-old EBs (Fig. 3C). We assume that variation 
in the expression of GATA-4 and Brachyury transcripts 
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corresponds with the retardation of SPIO pre-labelled EBs 
differentiation as described above.

Effects of SPIO on differentiation of ES cells into neural cells 
in monolayer culture

Second, we studied the effects of SPIO labelling on more 
specific differentiation such as the induction of ES cells into 
neural differentiation by LIF depletion in monolayer culture. 
The cells rounded up and started to create protrusions. Al-
though after start of cell culture in serum-free conditions 
(DMEM/F12 with ITS, retinoid acid, fibronectin and LIF) 
a majority of such cells died, the remaining cells gave rise 
to a three-dimensional structure that later developed into 
adhered growing spheroid-colonies with expanding neuron-
like cells. Thus differentiated ES in all tested groups of cells 
adopted neural morphology from day 10 after withdrawal of 
growth factor (LIF) responsible for the undifferentiated state 
(Fig. 4A). In agreement with their neural morphology, we 
also detected the presence of neural specific proteins such as 
GFAP, GAP-43 and neuron-specific β III tubulin (Fig. 4B). 
Both GAP-43 and β III tubulin were well detected on D.d. 10 
and 15. Later, on D.d. 20, the protein level of these markers 
decreased, probably through overgrowth of the terminally 
differentiated neural cells by other, here non-specified cell 

populations. It seems that when the ES cells were pre-la-
belled with SPIO, slightly higher pro-neural differentiation 
potentials were detected. The neuron specific β III tubulin 
was more expressed in SPIO pre-labelled cells than in control 
cells. The level of neuron-specific β III tubulin was the high-
est on day 15 in Endorem pre-labelled cells and the earliest 
detection was seen in Resovist pre-labelled cells on day 8 of 
neural differentiation. All comparisons were achieved with 
control cells differentiated by the same protocol (Fig. 4B). 
The level of the other pro-neural protein marker GAP-43 
was the highest in control cells on D.d. 10 and was lower 
in SPIO pre-labelled cells. In all three experimental groups, 
the appearance of GAP-43 correlated with the expression of 
neuron-specific β III tubulin (Fig. 4B). The astrocyte-specific 
GFAP protein was detected with the western blot only in 
Endorem pre-labelled cells on D.d. 20 (Fig. 4B). The more 
abundant astrocyte population in control and labelled cells 
was also documented by immunocytochemistry detection of 
GFAP positive cells (Fig. 4C). The GFAP positive cells were 
well distinguishable among the SPIO labelled cells on D.d. 8, 
but no GFAP positive cells were detected in the control cell 
population in this time interval. The GFAP positive cells were 
detected also in control cells until D.d. 10. At the time when 
these cells were detected, they represented less than 5% of the 
total number of differentiated cells in all experiments.

Figure 3. Differentiation of SPIO pre-labelled mES D3 cells to the three-dimensional embryoid bodies (EBs). A. Morphology of control 
EBs and EBs formed from SPIO pre-labelled cells at day of differentiation (D.d.) 5 and 15. B. Size of tested EBs in D.d. 5, 10 and 15. Star 
marks statistical significant difference (p < 0.05) in size of control EBs in comparison with size of EBs increased from SPIO pre-labelled 
cells at D.d. 10. C. RT-PCR analysis of endoderm (GATA-4) and mesoderm (Brachyury) specific genes in EBs differentiated for 20 days. 
The hypoxantyne-guanine phosphoribosyltransferase (HPRT) gene was used as control for cDNA integrity. D. Percentage of control and 
SPIO pre-labelled EBs with and without cavity after 10 D.d.
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Figure 4. Neural differentiation of mES D3 cells induced in monolayer culture. A. Morphology of ES cells induced to neural differentia-
tion after 15 days of differentiation (D.d.). B. Western blot analysis of transcription factor Oct 3/4 specific for undifferentiated state of 
ES cells and neural specific protein markers (GFAP, GAP-43, β III tubulin) in differentiating ES cells. C. Immunocytochemistry detec-
tion of GFAP-positive cells (green) in control and SPIO labelled ES cells at 0, 5, 8 and 10 D.d. Cell nuclei were stained with propidium 
iodide (red).
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Discussion

The objective of the present study was to determine the ef-
fects of SPIO nanoparticle labelling on in vitro cultured and 
differentiating model ES cells and to verify if their application 
is suitable in developing cell transplantation therapies.

The labelling of various cells selected for transplantation 
therapies and their visualization in target tissue and organs 
with MRI provides a non-invasive method for the study of 
their further fate in vivo (Bulte et al. 1999, 2002; Sipe et al. 
1999; Frank et al. 2003; Jendelová et al. 2003, 2004; He et 
al. 2007; Syková and Jendelová 2007). The effects of differ-
ent types of SPIO and/or their modifications on features of 
labelled cells may be expected. Previously, we have demon-
strated by TEM the ability of mouse ES cells to accumulate 
nanoparticles in their cytoplasm (Jendelová et al. 2004). In 
our pioneered study we have tested and compared the effects 
of Endorem and Resovist (two different agents containing 
SPIO nanoparticles) on growth and neural differentiation of 
mES D3 cells in vitro. Both of the tested magnetic substances 
may be used for ES cell labelling without further modifica-
tions as our present and previously published results proved 
(Jendelová et al. 2004).

A 112.4 mg/ml concentration of iron was used; an ap-
proximately four times higher amount of iron than Sipe et 
al. (1999) used for labelling mononuclear cells. Mononuclear 
cells grow in a suspension of single cells and need only a few 
hours for sufficient SPIO labelling, while ES cells grow in cell 
colonies. That is why we chose (based on our preliminary test, 
not shown) the above mentioned higher volume of iron. As 
shown in our study, the efficiency of magnetic labelling by 
simple addition of SPIO nanoparticles to the culture medium 
was high in both cases of SPIO agents. This type of labelling is 
non-specific, not dependent on targeted membrane receptor 
binding (Bulte et al. 2001). A small difference was observed 
in the adherence of SPIO nanoparticles to the ES cell surface. 
It is probably the effect of distinct coating of the iron oxide 
crystal: Endorem – dextran and Resovist – carbodextran 
(Wang et al. 2001). On rat bone marrow stromal cells Horák 
et al. (2007) demonstrated a high significance of iron oxide 
coating to endocytosis of nanoparticles.

Moreover, we studied the effects on growth and proper-
ties of undifferentiated mES D3 cells. No effects of SPIO 
nanoparticles were proved. Although we cultured the ES 
cells in the presence of SPIO up to 10 passages neither 
Endorem nor Resovist changed the growth parameters 
of mES D3 cells (Fig. 2A). Neither did the detections of 
protein markers SSEA-1 and Oct 3/4, which mark the 
undifferentiated status of ES cells (Pera et al. 2000) show 
any changes (Figs. 1C and 2B). Thus SPIO nanoparticles 
have a minor or zero effect on self-renewal of ES cells. In 
our analyses no effect was detected. Similarly Arbab et al. 
(2003) earlier observed a high bio-compatibility of SPIO 

with the human mesenchymal stem and HeLa cells. It seems 
that the undifferentiated state of ES cells cultured under 
standard conditions is not affected by labelling with SPIO 
nanoparticles.

Nevertheless, for stem cell applications in transplanta-
tion therapies their differentiation derivatives are generally 
required. Undifferentiated cells are incompetent due to the 
risk of tumour formation. Accordingly, we further tested the 
effects of SPIO on differentiation processes of mES D3 cells 
using two differentiation protocols. First, the ES cells were 
induced to a general differentiation process using the forma-
tion of floating compact colonies calling EBs. Here, we em-
ployed the hanging drop technique followed by cultivation 
of growth EBs on bacteriological dishes. In vitro generated 
EBs contain cells of all three germ layers and recapitulate the 
early stages of embryonic development with some aspects 
(Martin et al. 1977; Desbaillets et al. 2000). Our experiments 
proved that if the ES cells had been pre-labelled with SPIO, 
the development of EBs was partially retarded. It was a failure 
in the cavitation of EBs. EBs increased from control ES cells 
were slightly larger than EBs from SPIO pre-labelled ES cells 
and cavity was present in about 90% of them. In EBs from 
SPIO pre-labelled ES cells, both Endorem and Resovist, we 
detected cavitation on day 15 of EBs differentiation approxi-
mately only in 50% (Fig. 3A,B and D). These defects in EBs 
development were correlated with the incorrect expression 
of early differentiation markers GATA-4 and Brachyury 
analysed here (Fig. 3C). As we and other authors observed 
previously, this correlation may be expected when EBs or the 
embryos develop incorrectly. Variations in the expression of 
GATA-4 and Brachyury thus marked very well the errors in 
both EBs and early embryo differentiation and development 
(Deng et al. 1994; Ešner et al. 2002).

Similarly, if the SPIO pre-labelled cells were differenti-
ated in a monolayer culture toward neural lineages, the dif-
ferences in the level and timing of neural protein markers 
expression were also observed as compared with the control 
cell population (Fig. 4B). Our results show a slightly higher 
pro-neural potential of SPIO pre-labelled ES cells, probably 
due to a stronger growth inhibitory effect of SPIO under this 
differentiation condition that enables differentiation to neural 
lineages. Deviations in differentiation affected by magnetic 
labelling were also observed by Kostura et al. (2004), human 
bone marrow-derived mesenchymal stem cells (MSCs) were 
labelled with Feridex (poly-L-lysine-coated nanoparticles). 
In accordance with our analyses, the magnetic labelled MSCs 
exhibited an unaltered viability and proliferation potential 
and they underwent normal adipogenic and osteogenic dif-
ferentiation. However, in these cells there was a significant 
inhibition of chondrogenesis.

In summary, the results of our experiments showed 
that magnetic labelling of mES cells under standard 
conditions has undetectable effects on their self-renewal. 
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Typical properties of mES cells, such as the high level of 
the transcription factor Oct 3/4 or presence of the mem-
brane antigen SSEA-1, were stable during cultivation for 
10 passages in undifferentiated conditions in the presence 
of two types of tested standard size SPIO nanoparticles. 
Also, no apoptosis ES cells were detected. However, when 
the ES cells were committed to differentiation, the pres-
ence of SPIO nanoparticles in cells modified these proc-
esses. It is probably a response to double stresses, both 
differentiation and presence of SPIO itself. Although we 
did not test a broad range of different types of SPIO in the 
present study, a slight variation between Endorem and 
Resovist SPIO was observed. We therefore assume that 
various modifications of SPIO nanoparticles may improve 
their bio-compatibility and/or their improved properties 
may also be used for tight regulation of cell growth and 
differentiation to various lineages. It seems that not only 
the presence of magnetic particles in cells can influence 
their properties but that we must also consider the type of 
iron oxide crystal coating. Finally, it is worth noting that 
modulatory effect of SPIO nanoparticles may possibly occur 
only when undifferentiated ES cells are labelled and then 
induced to differentiate. Although it was not investigated 
in enough detail, progenitor cells can be less sensitive and 
thus more suited for nanoparticle labelling. In support of 
this view, oligodendrocyte precursors (Bulte et al. 1999) as 
well as mES cells-derived neural precursors (Jendelová et 
al. 2004) were previously successfully labelled with SPIO 
nanoparticles and found capable of proliferation and in-
corporation into living tissue.
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