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Introduction

N -
als. Due to their small size, nanoscale materials have 
unique properties.1 Nanoparticles have been used in bio-

logical and medical applications such as clinical diagnostics, ther-
apeutics areas and drug delivery.2 Power and abilities of nanopar-
ticles encourage scientists to use them in tissue engineering.3,4 
Despite the increasing use of nanoparticles in the engineering, 
medicine and biology, their risks are still very unclear and 
debatable. The majority of concerns arise from their small size 
and high reactivity.5,6 Nanoparticles can serve as a vehicle to 
deliver drugs to a target organ and/or tissue across the blood-brain 
barrier (BBB).7,8 Many studies have been conducted to evaluate 
the potential applications of iron oxide nanoparticles in the regen-
eration of neuronal functions; however, little is known about the 

-
ular level inside cells.9 Iron oxide nanoparticles can release free 
iron ions within the acidic lysosomal environment. These ions can 

be transported into the cell and surrounding milieu. Due to their 
radiation ability, many nanoparticles such as iron oxide can be 
used to detect diseases especially tumors. It has been shown that 
metal ions such as Mn, Co, Al, and Fe can modulate cell attach-
ment and affect neuronal differentiation.10,11 In this study, the ef-
fects of iron oxide nanoparticles on the neuronal differentiation of 
mouse embryonic stem cells (mESCs; Royan B1 cell line) were 

possess intrinsic peroxidase-like activity12 and the important role 
of H2O2 in cell growth made it necessary to investigate whether 
iron oxide nanoparticles can affect differentiation by changing in-
tracellular H2O2.

Materials and Methods

Iron oxide nanoparticles with dimensions of less than 20 nano-
meters were prepared and encapsulated by a PEG-phospholipid 
shell to increase their biocompatibility and water dispersibility by 

Nicolet iS10, USA) was used to detect changes in chemical bonds 
in the compounds. The FTIR method is based on measuring the 
vibration of the molecular bonds in a combination that is stimu-
lated by an appropriate frequency of infrared radiation. The iron 
oxide nanoparticles were suspended in Kno DMEM cell cul-
ture medium (Gibco, USA) and dispersed by an ultrasonic bath 
(Elima, Germany) for 10 minutes.
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Mouse embryonic stem cells (Royan B1) were obtained from 
Royan Institute (Tehran, Iran). The cells were cultured in Kno 
DMEM supplemented with 15% FBS (Sigma, USA), on the 

nanoparticles was prepared using the culture media and dispersed 
for 10 minutes by an ultrasonicator bath to prevent aggregation. 
Different amounts of the iron oxide nanoparticles (10, 20, 30, 40, 
50, and 60 μg/mL) were prepared in cell growth medium. 

Cell viability assay
Cell viability was assessed by the MTT assay, which was based 

on the reduction of the dye MTT to formazan crystals, an insol-
uble intracellular blue product, by cellular dehydrogenases. The 
cells were cultured in the medium containing different amounts of 

and 24 hours. A culture medium without the iron oxide nanopar-
ticles served as the control in each experiment. This mixture was 
measured in an ELISA reader (Metertech, Taiwan) with a wave-
length of 570 nm. Cell viability was expressed as a percentage of 
the viability of the control culture.

To measure the intracellular H2O2 level, mESCs after 12 hours 
treatment with 30, 20, 10, 0 μg/mL iron oxide nanoparticles were 

diacetate (Molecular Probes) at 37oC in the dark. Then the cells 
-

Quest Pro software (Partec PAS, -
cence intensity of Ferucarbotran-labeled cells was normalized to 
that of unlabeled cells as control.

Neuronal differentiation of mESC was induced by RA treatment 
(1 μM) (Sigma, USA). Cells were plated at a density of 1 × 104 
cells/mL and then hanging drops manner was used to form aggre-
gates, termed embryoid body (EB) with 15% FBS. After 2 days, 
EBs were transferred to non-adhesive bacterial dishes with 10% 
FBS. EB suspensions were divided into 8 groups (Table 1). Ex-
cept group 1 and 8 all other groups received iron oxide nanoparti-
cles for 12 hours. After 4 days EBs replated into gelatin-coated 24 
wells with 5% FBS for 5 days to analyses neuronal differentiation.

Differentiated neural Cells at day 2+4+5 were washed twice 

for 24 hours at 4ºC. The cells were permeabilized, and blocked 
in PBS containing 0.2% Triton X-100 (Sigma, USA) and 10% 

goat serum for 10 min and 30 min, respectively. Then, the cells 

sigma, T5293), and diluted in 0.5% bovine serum albumin (BSA) 
(Sigma, USA) at 37ºC for 1 hour. At the end of the incubation 
period, the cells were washed 2X with PBS+0.05% tween 20 and 

-
ed anti-mouse IgG (1:250; sigma, F9006) diluted with 0.5% BSA 
for 60 min at 37ºC. After washing twice with PBS+0.05% tween 

(BX51, Olympus, Japan). The length and thickness of neuronal 
processes were measured by Olysia Bioreport software (Olym-
pus, version: 5.1.2600.2180). 

For statistical analysis, nearly 100 EBs were observed in each 
experiment and three or more replicates were performed. All val-
ues were expressed as mean ± SE. Percentage of differentiated 
EBs into neural cells at day 2+4+5, were analyzed by the Mann-
Whitney test, while student t-test (SPSS software) was used for 
measuring the length and thickness of neural processes. The signif-
icant differences between the treatments (P
as P < 0.05.

Results

The chemically synthesized iron oxide nanoparticles with diam-
eters less than 20 nm was tested by transmission electron micros-
copy (TEM) (Philips EM 208) to verify its uniform size and shape 
(Figure 1).

When infrared radiation passes through a sample, it absorbs certain 
wavelengths, causing vibrations such as elongation; shrinkage and 
warping of the chemical bonds in the material. Functional groups 
play an important role in this process. Therefore, FTIR method was 
used to detect changes in chemical bonds in the compounds Fe2O3, 
PEG and Fe2O3-PEG during infrared radiation (Figures 2 – 4).

To examine the cytotoxicity of iron oxide nanoparticles, MTT 
assay was performed. Royan B1 cells were treated on a medium 
containing different concentrations (10, 20, 30, 40, 50, and 60 μg/mL) 
of the iron oxide nanoparticles. Cell viability was determined at 
12 and 24 hours after treatment. As it is shown in Figure 5, cell viabil-
ity decreased in a concentration and time period dependent manner.

To investigate whether the nano Fe2O3 stimulated reactive 
oxygen species (ROS) generation in mES cells, the intracellular 
ROS level was measured using the ROS test kit. DCFH-DA can 
passively enter the cell and react with the ROS to produce a -

-
brane is oxidized and 

No. Treated groups

1 RA (1 μM)
2 Nanoparticles (10 μg/mL)
3 Nanoparticles (20 μg/mL)
4 Nanoparticles (30 μg/mL)
5 RA(1μM) + Nanoparticles (10 μg/mL)
6 RA(1μM) + Nanoparticles (20 μg/mL)
7 RA(1μM) + Nanoparticles (30 μg/mL)
8 Control (no treatment)

Table 1. Embryoid body suspensions were treated with different amounts of iron oxide nanoparticles (NP) and 1 μM retinoic acid (RA). Group 1 
received RA.
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Figure 1. The TEM image of iron oxide nanoparticles. Par-
ticle size was less than 20 nanometers in diameter. 

Figure 3. -1 is related to Flexural vibrations of 
-1  is related to Stretching vibration of unpolymerized ethylene 

= CH minimal residues. 1105 cm-1 is related to strong Stretching vibration 
-1

cm-1 is related to strong Stretching vibration of CH.

Figure 4. Peak of PEG-Fe2O3
-1) and C-O-C peaks 

(1105 cm-1) demonstrate the pegyylation of Fe2O3.

Figure 2. The Fe2O3 peaks. The peaks of Fe-O that are weak show their occur-
rence in regions 400 cm-1 -1 (are not shown). The peak begins in region 

-1 -1 is -1 is 
also related to Stretching vibration  of free OH in solution.

Figure 5. The cytotoxicity effect of iron oxide nanoparticles on mES cells 

12 and 24 hours. After 12 and 24 hours cell viability assay was measured 

independent experiments (*P < 0.05, compared to control).
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were exposed to the different 
amounts of 0, 10, 20 and 30 μg/mL nano Fe2O3 for 12 hours, the 

 
 

Figure 6, the ratio of DCF-positive cells was 4.25%, 27%, 55% 
and 85% at the amounts of 0, 10, 20 and 30 μg/mL nano Fe2O3, 
respectively. The results revealed that the level of ROS in mES 
cells, treated with the nano Fe2O3 suspension, was increased in a 
dose-dependent manner (Figure 6E).

Immunocytochemical analysis allowed for visualization of the 
neuronal differentiation using anti-b3-tubulin
marker. In addition to mES cell viability, ability to respond to 
RA was also affected by treating with nanoparticles. Morphologi-
cal analysis indicated that RA increased neuronal differentiation 
while following the addition of iron oxide nanoparticles a dra-
matic reduction in the ability of mESCs to generate neuritis was 
observed (Figure 7).

Discussion

Despite the increasing use of nanoparticles in the engineering, 
medicine and biology, their risks are still unclear. Due to their 

Figure 6. Measurement of ROS generation in mES cells. The cells were cultured with the nano-Fe2O3 at amounts of A) 0 μg/mL; B) 10 μg/mL; C) 20 μg/
mL; D)

E) P < 0.05, 
**P < 0.01).    

Figure 7. A) cells treated 
with 10 μg/mL NP; B) cells treated with RA and10 μg/mL NP; C) cells 
treated with RA.

Figure 8. The effects of different amount of iron oxide nanoparticles and 
retinoic acid on neural differentiation of mES cells. Group 1 received RA. 
Groups 2, 3, 4 were exposed to 10, 20, 30 μg/mL NP respectively. Groups 

reduction in neuronal differentiation were observed (*P < 0.05, compared 
with control) 

Fe2O3

small size and high reactivity, nanoparticles can overcome the 
body barriers including blood- brain barrier. Therefore, the aim 
of this study was to evaluate the effects of iron oxide nanoparticle 
on the viability and neuronal differentiation of mouse embryonic 
stem cells. 

To induce neural differentiation, RA was used as a potent induc-
er. Chemical induction is
induce differentiation of mouse embryonic stem cells into neural 
cells. After transferring embryoid bodies to non-adhesive bacte-
rial dishes, EB suspensions were divided into 8 groups, receiving 
different amounts of nanoparticles (10, 20, 30 μg/mL), RA, or 
both. Differentiation was examined under phase contrast micro-
scope and by using immunocytochemistry for b3tubulin. Group 1 
(RA group) demonstrated the highest rate of neuronal differentia-
tion as compared to control and nanoparticle groups. Morpho-
logical analysis indicated that following the addition of iron ox-
ide nanoparticles a dramatic reduction in the ability of mESCs to 
generate neurite outgrowth was observed. 
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The results of this study demonstrated that iron oxide nanopar-
ticles that were taken up by mES cells reduced RA-induced neu-
rite outgrowth in a dose-dependent manner.  In addition to mES 
cell ability to respond to RA, their viability was also affected by 
treating with nanoparticles. Exposure of cells to even moderate 
amounts of iron oxide nanoparticles adversely affected cell viabil-

reports that 
the presence of intracellular Fe2O3 nanoparticle constructs can re-

.13,14 The 
main mechanism of nanoparticles action is still unknown; how-
ever, in vivo and in vitro studies in different environments suggest  
that they are capable  of  producing ROS.15,16 Measuring the level 
of ROS production in this study revealed an elevation of ROS by 
a dose dependent manner. The generation of ROS was proved by 
the increased
ROS may have an effect on the concentration of intracellular cal-
cium, activation  of transcription factors,  and  creating  changes 
in cytokine.17 ROS  can  damage  cells  in various ways  including  
damage to  DNA,  interfering with  cell  signaling  pathways,  and  
inducing changes  in   gene  transcription.18,19 The extent of  dam-
age  caused by ROS  depends  not only on the type  and amount  
but also  the time  and duration of exposure to  ROS and external 
factors,  such as temperature, pressure,  oxygen,  and deployment  
environment  consisting  of ions, proteins, and the amount removed 
on the ROS.20 ROS production in the presence of nanoparticles can 
cause serious damages -
cation of histones  or other proteins,  that  are involved  in shaping  
the structure of  DNA and open  helical  structure  of DNA.21–23 
Although the mechanisms responsible for the reduced neurite 
outgrowth by iron oxide nanoparticles in mESC are still unclear, 
it has been presumed that Fe ions are released from iron oxide 
nanoparticles inside the cells, and these released ions reduce neu-
rite outgrowth. Fe ions can stimulate free radical formation.23 Fe is 
a strong oxidizing agent and stimulates the production of reactive 
hydroxyl radicals.24 However, it is still possible that the iron oxide 
nanoparticles in this study may activate the extracellular receptor 
that in turn suppress the subsequent signal transduction for neurite 
outgrowth. Further studies are necessary to identify the key factors 
that affect the differentiation pathway by iron oxide nanoparticles.

In conclusions,  be 
concluded that in the presence of nanoparticles, viability and neu-
ral differentiation of mES cells (Royan B1 cell line) are reduced. 
Iron oxide nanoparticles that were taken up by mES cells are also 
reduced RA-induced neural differentiation in a dose-dependent 
manner. In vivo and in vitro studies in different environments sug-
gest that iron oxide nanoparticles are capable of producing ROS. 
In this study, the level of ROS in mES cells, treated with the nano 
Fe2O3 suspension was increased in a dose-dependent manner. 
It seems that the main mechanism involved in the reduction of 
viability and neural differentiation was enhanced levels of ROS 
within the cells.

Acknowledgment

This study was supported by Royan Institute and performed in 
Royan Biotechnology and Laboratory Animal Breeding Center.

References

1. Hussain SM, Hess KL, Gearhart JM, Geiss KT, Schlager JJ. In vitro 

toxicity of nanoparticles in BRL 3A rat liver cells. Toxicology in Vitro. 
2005; 19(7): 975 – 983.

2. Clift MJ, Rothen-Rutishauser B, Brown DM,
Proudfoot L, et al. The impact of different nanoparticle surface chem-
istry and size on uptake and toxicity in a murine macrophage cell line. 
Toxicology and Applied Pharmacology. 2008; 232(3): 418 – 427.

3. Tautzenberger A, Lorenz S, Kreja L, Zeller A, Musyanovych A, 
Schrezenmeier H
nanoparticles on mesenchymal stem cell differentiation. Biomaterials. 
2010; 31: 2064 – 2071.

4. Williams DF. The relationship between biomaterials and nanotechnol-
ogy. Biomaterials. 2008; 29(12): 1737 – 1738.

5. Oberdorster  G, Maynard A, Donaldson  K, Castranova V, Fitzpatrick  
J, Ausman  K, et al. Principles for characterizing the potential human 
health effects from exposure to nanomaterials: elements of a screening 
strategy. Part FibreToxicol. 2005; 2: 8.

6. Gatti AM, Santi P,  
et al. Toxicity of antimony trioxide nanoparticles on human hemato-
poietic progenitor cells and comparison to cell lines. Toxicology. 2009; 
262(2): 121 – 129.

7. Kim DH, Martin DC. Sustained release of dexamethasone from hy-
drophilicmatrices using PLGA nanoparticles for neural drug delivery. 
Biomaterials. 2006; 27(15): 3031 – 3037.

8. Silva G. Nanotechnology approaches to crossing the blood – brain 
barrier and drug delivery to the CNS. BMC Neuroscience. 2008; 9 
(Suppl 3): S4.

9. Berry CC, Charles S, Wells S, Dalby MJ, 
of transferrin stabilised magnetic nanoparticles on human dermal -
broblasts in culture. Int J Pharm. 2004; 269(1): 211 – 225.

10. Hong JH, Noh KM, Yoo YE, Choi SY, Park SY, Kim YH, et al. Iron 
promotes the survival and neurite extension of serum-starved PC12 
cells in the presence of NGF by enhancing cell attachment. Mol Cells. 
2003; 15(1): 10 – 19.

11. Lein P, Gallagher PJ, Amodeo J, Howie H, Roth JA. Manganese in-
duces neurite outgrowth in PC12 cells via upregulation of a v-integ-
rins. Brain Res. 2000; 885(2): 220 – 230.

12. Gao L, Zhuang J, Nie L, Zhang J, Zhang Y, Gu N, et al. Intrinsic per-
oxidase-like activity of ferromagnetic nanoparticles. Nat Nanotech-
nol. 2007; 2(9): 577 – 583.

13. Yoo YE, Hong JH, Hur KC, Oh ES, Chung JM. Iron enhances NGF – in-
duced neurite outgrowth in PC12 cells. Mol Cells. 2004; 17(2): 340 – 346.

14. Uemura E, Minachi M, Lartius R. Enhanced neurite growth in cul-
tured neuroblastoma cells exposed to aluminum. Neurosci Lett. 1992; 
142(2): 171 – 174.

15. Singh N, Manshian B, Jenkins 
T, et al. Nano Genotoxicology: the DNA  damaging potential of engi-
neered nanomaterials. Biomaterials. 2009; 30 (23 – 24): 3891 – 3914.

16. Buzea C, Pacheco II, Robbie K. Nanomaterials and nanoparticles: 
sources and toxicity. Biointerphases. 2007; 2(4): MR17 – MR71.

17. Oravecz K, Kalka D, Jeney F, Cantz M, Nagy IZ. Hydroxyl free radi-
cals induce cell differentiation in SK – N – MC neuroblastoma cells. 
Tissue Cell. 2002; 34(1): 33 – 38.

18. Agarwal A, Saleh RA, Bedaiwy MA. Role of reactive oxygen species 
in the pathophysiology of human reproduction. Fertility and Sterility. 
2003; 79(4): 829 – 843.

19. Trouiller B, Reliene R, Westbrook A, Solaimani P, Schiestl RH. Tita-
nium dioxide nanoparticles induce DNA damage and genetic instabil-
ity in vivo in mice. Cancer Research. 2009; 69(22): 8784 – 8789.

20. Aitken RJ. Free radicals, lipid peroxidation and sperm function. Re-
production, Fertility and Development. 1995; 7(4): 659 – 668.

21. Bhattacharya  K, Davoren  M, Boertz  J, Schins  R, Hoffmanna  E,  
Dopp  E. Titanium dioxide nanoparticles induce oxidative stress and 
DNA-adduct formation but not DNA-breakage in human lung cells. 
Particle and Fibre Toxicology. 2009; 6: 17.

22. Evans MD, Dizdaroglu M, Scooke M. Oxidative DNA damage and disease: 
 Mutation Res. 2004; 567(1): 1 – 61.

23. Kim JA, Lee N, Kim BH, Rhee WJ, Yoon S, Hyeon T, et al. Enhance-
ment of neurite outgrowth in PC12 cells by iron oxide nanoparticles. 
Biomaterials. 2011; 32(11): 2871 – 2877.

24. Roth JA, Horbinski C, Higgins D, Lein P, Garrick MD. Mechanisms 
of manganese induced rat pheochromocytoma (PC12) cell death and 
cell differentiation. Neurotoxicology. 2002; 23(2): 147 – 157.


