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Abstract 

 

Introduction: As human endometrium Mesenchymal stem cells (hEMSCs) therapy has 

been used to treat different diseases, its tracing is essential. Low image sensitivity is one 
of the most critical problems. In this study, thus, transplanted hEMSCs were labeled 

with the PEG-coated SPION nanoparticles for the first time to improve low image 

sensitivity at Magnetic resonance imaging (MRI) for more efficient in vivo tracking of 
cells. To achieve the goals, we evaluated the effects of various concentrations of PEG-

coated SPION (20nm) incubated with hEMSCs on cytotoxicity and cell survival. PEG-

coated SPION uptake into the cytoplasm of hEMSCs was confirmed by Prussian Blue 
staining 48 and 72h after incubation at 0, 100, 200, and 300 μg/ml concentrations; the 

data on the Atomic Absorption Spectroscopy (AAS) confirmed that PEG-coated SPION 

absorption by hEMSCs increased as much as the dose (P<0.05). In general, higher 
concentrations of PEG-coated SPION improved MRI image contrast and enhanced cell 

fate tracking. Our results suggested that 100 μg/ml PEG-coated SPION was ideal 

because the cytotoxicity was not statically significant compared to that of the control 
group (p<0.05). At 200 and 300 μg/ml concentrations, PEG-coated SPION caused 

increased oxidative stress and initiated apoptosis and autophagy in hEMSCs. The 

mechanism of its action was found by evaluation of several key genes; the mRNA levels 

of apoptosis and autophagy markers, including Bax, Caspase3, BECLIN, LC3, and 

TP53 rose significantly (P<0.05), while BCL2 decreased at 300 μg/ml concentration 
(P<0.05). Therefore, higher concentrations of PEG-coated SPION can increase ROS 

production in a dose and time-dependent manner. 

 
Keywords: Human endometrium mesenchymal stem cells, Iron nanoparticles, MRI 

tracking, PEG-coated SPION. 
 

 

1. Introduction 

he increasing use of stem cells to treat 

many chronic disorders like various types 

of cancers and diabetes creates the 

demand for in vivo cell tracking methods. 

It is evident that conventional transplanted cells 

assessment, such as animal and human histologic 

evaluations, diagnostic antibodies, and staining kits, 

cannot meet these demands because of their 

limitations. For example, scarifying the animal models 

for tissue processing is inevitable [1-3]. To overcome 

this problem, some novel methods with various 

advantages and disadvantages have been introduced. 

One of these methods is magnetic resonance imaging 

(MRI) which is widely used as a non-invasive method 

with full three-dimensional (3-D) capabilities, 

magnificent soft-tissue contrast, and high spatial 

T 
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 resolution. In this method, low sensitivity remains a 

significant problem. Despite the use of contrast agents 

in MRI for many years, an ideal contrast agent with 

low toxicity, a long half-life, and multiple 

performances is still desirable. Today, Gadolinium 

chelates are intravenous contrast agents used to 

enhance vascular structures during diagnostic MRI, 

and they are widely used to label and track therapeutic 

cells in preclinical models [1]. However, the 

sensitivity and safety of Gadolinium raise some 

concerns. Hence, FDA-approved nanoparticles with 

biocompatibility that can move towards the magnetic 

field have been used to track implemented stem cells 

[4-7]. There is evidence that larger particles are more 

likely to be absorbed by the reticuloendothelial 

system; therefore, they could be instantly removed 

from circulation. As smaller particles remain longer in 

the circulation with more contrast, they can 

accumulate in the target tissue. This characteristic 

makes them more desirable for medical uses. Several 

studies also showed that it is more effective to label 

stem cells with smaller nanoparticles than larger 

particles with the same coating [8-10]. Furthermore, 

nanoparticle coating is also an influential factor, 

influencing the toxicity, biocompatibility, surface 

charge, efficiency, and specificity of the nanoparticles 

[4, 11, 12].  

Coatings can hold different characteristics. For 

example, hydrophilic coatings like Polyethylene 

glycol (PEG) prevent the accumulation of 

nanoparticles and cause them to dissolve. They also do 

not trigger immune responses [13, 14].  

As choosing the best type of cells is one of the 

influential factors in cell therapy and regenerative 

medicine, endometrial mesenchymal stem cells 

(hEMSCs) have recently been considered as reliable 

stem cell sources in this research area [3, 15]. This is 

because of its special advantages like its unique 

potential for infertility treatment, and not causing 

autologous graft rejection [16]. Based on our previous 

research, SPION can lead to cell death in some 

concentrations, but there is no data about its 

mechanism of action. Thus, in this investigation, we 

aimed to introduce PEG-coated superparamagnetic 

iron oxide nanoparticles (SPION) for tracking 

hEMSCs and evaluate the effects of various 

concentrations of PEG-coated SPION (20nm) 

incubated with hEMSCs on cell survival and the 

mechanism of action of its cytotoxicity for the first 

time; finding the optimum concentrations with the best 

function without toxicity will prevent cell damage 

while providing accurate in vivo tracing of 

transplanted cells. 

2. Materials and Methods  

Nanoparticles Preparation 

PEG-coated SPION was synthesized by co-

precipitation of ferric salts and ferrous solution via a 

single-step reaction. This was described in detail in our 

previous study [7]. 

Preparation of cell culture 

The stem cells were provided from the Iranian 

Biological Resource Center, where the cells were 

obtained from subjects who have already undergone 

diagnostics endometrial biopsy. All protocols were 

carried out based on the outlines of the Helsinki 

Convention and were approved by the research ethics 

committee of Iran University of medical sciences, 

Tehran, Iran.  

After erythrocyte lysis, cells were suspended in 

Eagle’s Medium (DMEM) and were provided with 

10% fetal bovine se-rum (FBS), NaHCO3 (3.7 g/l), 

penicillin (100 U/ml), and streptomycin (100 mg/ml, 

Sigma, USA); Next, they were grown in the incubators 

providing 5%CO2 at 37˚C. Finally, cells were labeled 

with PEG-coated SPION while the cell line reached 

about 70-80% confluence. Afterward, the culture 

medium was changed to remove the suspension cells; 

then, FBS and culture medium were added to the cells 

attached to the bottom of the flask. 

Flow Cytometry 

To be sure that the isolated cells were mesenchymal 

cells, flow cytometry tests were done. In summary, 

cultured hEMSCs were washed twice in phosphate-

buffered saline (PBS), and were then harvested with 

0.25% trypsin/EDTA (Invitrogen, USA). The cells 

were washed with PBS and were divided into several 

aliquots for specific antibody staining. Each aliquot 

had nearly 5×103 cells. The antibodies were against 

the cell surface antigens: CD45, CD29, CD90, CD34, 

and CD105. All of the mentioned antibodies were 

conjugated with fluorescein isothiocyanate and 

phycoerythrin. The cells were stained at 4˚C for 30 

minutes. After the incubation period, the cells were 

washed with PBS and re-suspended in 500 μL of PBS. 

Analysis was performed using flowjo software. 

Osteogenic Differentiation 

To evaluate the osteogenic differentiation potential 

of hEMSCs, we incubated them in a 6-well plate at 

37°C, 5% CO2 having 10 ml of osteogenic 

differentiation medium containing ascorbic acid (50 
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mM) dexamethasone (100 nM), b-glycerophosphate 

(10 mM) (Sigma-Aldrich, USA), and DMEM+PBS 

10%. Basal culture media was changed every 2-3 days 

for three weeks. Basal culture media was used as 

control. Finally, osteogenic differentiation was 

evaluated using alizarin red staining. 

Alizarin Red Staining 

On day 21, first, monolayers were washed with PBS; 

then, they were fixed with 10% (v/v) neutral-buffered 

formalin for 10 mins, and were fixed in methanol at 

room temperature for 30 min. After two washes, 

hEMSCs were stained with Alizarin red solution for 

20 min. Then, nonspecific stained cells were rinsed 

with distilled water, were allowed to dry, and were 

then evaluated using invert microscopy. 

Adipogenic Differentiation 

To evaluate the adipogenic differentiation potential 

of hEMSCs, the third passage of hEMSCs was 

obtained and cultured at 37°C, 5% CO2 in differential 

cell culture media containing DMEM+PBS 10%, 

dexamethasone (100 nM), methyl isobutyl xanthine 

(0.5 mM), insulin (10 µg/ml), and indomethacin (100 

µM). Basal culture media was used as control. The 

medium was changed every 2-3 days for three weeks. 

Finally, adipogenic differentiation was detected using 

Oil Red staining. 

Oil Red-O Staining  

The cells were fixed through incubation in 4% 

paraformaldehyde (PFA) for one hour at room 

temperature and stained in oil red-0.5% in isopropyl 

alcohol 99% for 10-15 min. Finally, hEMSCs were 

washed three times with 70% alcohol and were then 

evaluated with invert microscopy. 

hEMSCs incubation with nanoparticles 

When the confluency of cells reached about 70%, 

cells were treated with iron oxide. The nanoparticles 

were first sonicated in water (with power and time for 

4 minutes, 30 seconds off, and 30 seconds on). Then, 

the cells were implanted in culture dishes. After 2 

hours, different concentrations of iron oxide 

nanoparticles were poured on the cells coated with 

UV-sterilized polyethylene glycol. 

Prussian Blue staining: Evaluating Cellular 
Uptake nanoparticles 

 One day after hEMSCs were seeded onto 6-well 

plates, they were incubated at concentrations of 0, 100, 

200, and 300 μg/ml of iron oxide nanoparticles and 

placed in a 5% CO2 incubator at 37 °C for 48 and 72 

hours. The culture medium containing iron oxide 

nanoparticles were discarded; the cells were washed 

three times with PBS, 5 min each time. In the next step, 

the cells were fixed for 20 minutes at 37 °C with 4% 

PFA; then, the washing steps were repeated. Cells by a 

ratio of 1:1 were incubated in media containing the 1 ml 

Potassium hexacyanoferrate (II) trihydrate 4% 

(K4[Fe(CN)6] • 3H2O) and  1 ml HCL 1.5% for 20 min 

at room temperature, washed three times with warm 

PBS. Next, Safranin-O Staining was added to the wells 

(1ml per well) for 5 minutes at room temperature. 

Finally, after three times of washing with warm PBS, the 

stem cells were assessed using invert microscopy. 

Atomic Absorption Spectroscopy (AAS) 

Cells were incubated at concentrations of 0, 100, 

200, and 300 μg/ml of iron oxide nanoparticles and 

placed in a 5% CO2 incubator at 37 °C for 48 and 72 

hours, twenty-four hours after transferring the stem 

cells to a flask. hEMSCs were harvested using the 

trypsin-EDTA solution, were washed three times with 

warm PBS, centrifuged, and were then diluted to 0.5 

using PBS. In the following step, cells were boiled in 

9 cc HNO3 (32.5%). The amount of iron oxide emitted 

into the solution was measured by an atomic 

absorption spectrometer (Shimadzu, Japan) 

MRI 

Stem cells were incubated at concentrations of 0, 

100, 200, and 300 μg/ml of iron oxide nanoparticles 

and placed in a 5% CO2 incubator at 37 °C for 48 and 

72 hours, and also 24 in 6-well plates. hEMSCs were 

harvested using the trypsin-EDTA solution, washed 

three times with warm PBS, centrifuged, and were 

then diluted to 0.5 using PBS. Taurine was added to 

homogenize cells and then sonicated. Finally, MRI 1.5 

Tesla (Magnetom Avanto and Magnetom Aera, 

Siemens) was performed according to the following 

program: TE ranging from 13 ms to 132, TR of 3000 

ms. fov=23 cm, slice thickness=8 mm, and acquisition 

matrix=256×256. 

MTT Test 

Cells were incubated at 0, 100, 200, and 300 μg/ml 

of iron oxide nanoparticles. Next, culture medium 

containing iron oxide nanoparticles was changed and 

rinsed three times with PBS each for 5 minutes.10 mg 

of tetrazolium powder dissolved in 2 ccs of PBS and 

added 2 μl to each well; after that, 150 μl was added 

to the wells, and placed in a CO2 incubator at 37 ° C 

for 4-hours.100 μl DMSO was added. 10 minutes 

later, the plate was read at a wavelength of 570 to 630 

nm by ELISA reader. The percentage of living cells  
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 Table 1. List of primers’ sequence used for RT-PCR 

Reverse primers’ sequence Forward primers’ sequence Name of genes 

GTGACGAGGCTTGAGGAG CGCCCTTTTCTACTTTGACA BAX 
GGAGCCATCCTTTGAACTTC GGACTGTGGCATTGAGAGAG CASP3 

GGCTGTACAGTTCCACAA TGGTCTTCTTTGAGTTCGG BCL2 

GGGGTGTGGTAAGTAATGGAG GGGATGAGGGATGGAAGGGT BECLIN 

GTCTTTCAGGGGTGGGCAGGT GTGGTGGATGGTGGGATGGG LC3 

TGCTGTGACTGCTTGTAGAT TTCCGTCTGGGCTTCTTG TP53 

CTTTGGTATCGTGGAAGGAC GCAGGGATGATGTTCTGG GAPDH 

 
relative to the control absorption was then obtained. 

The test was repeated three times, and each 

concentration was repeated twice per test. 

Oxidative Stress Assessment 

Cells were incubated at concentrations of 0, 100, 

200, and 300 μg/ml of iron oxide nanoparticles and 

were placed in a 5% CO2 incubator at 37 °C for 48 

and 72 hours. After washing with 1x buffer, 50 μl 

DCFDA solution (ab113851 DCFDA Cellular ROS 

Detection Assay Kit), plates were kept in complete 

darkness for at least 40 min, and were then washed 

with 1x buffer. Afterwards, light absorption was read 

by fluorimetry at a wavelength of 485 and 535nm. The 

test was repeated three times, and each concentration 

was repeated twice per test. 

Lactate dehydrogenase assay (LDH) 

Cells were incubated at concentrations of 0, 100, 

200, and 300 μg/ml of iron oxide nanoparticles and 

were placed in a 5% CO2 incubator at 37°C for 48 and 

72 hours. Then, the test of LDH assessment was 

performed based on protocol (LDH kit, Sigma, USA). 

Gene Expression Assessments 

To perform Real-Time PCR, RNA was extracted 

based on the manufacturer's instructions (Germany. 

QIAGEN) 72 h after incubating stem cells at 

concentrations of 0, 100, 200, and 300 μg/ml of iron 

oxide nanoparticles; they were placed in a 5% CO2 

incubator at 37°C. Following high-quality RNA 

extraction, cDNA was synthesized according to the 

manufacturer's instructions (Fermentas, USA) and was 

used to reverse transcription (Applied Biosystems) 

reaction using primers in Table 1. To prepare cDNA, 

a single-strand Oligo (dt) primer was presented 

(MWG-Biotech, Germany), and a reverse 

transcription enzyme (Fermentas, USA) was used. 

According to the manufacturer's instruction, PCR was 

carried out using PCR master mix (Applied 

Biosystems) SYBER Green using ABI Step One 

(Applied Biosystems, Sequences Detection Systems). 

Each Real-Time PCR cycle was run for 40 cycles 

where each cycle was set to 94°C for 20 seconds, 88-

80°C for 30 seconds, and 72°C for 30 seconds. 

GAPDH gene was used as an internal control to 

normalize gene expression level. 

Statistical analysis 

Parametric variables were analyzed using one-way 

ANOVA (between three or more groups) followed by 

Scheffe and Tukey test. P-value less than 0.05 (p < 

0.05) was considered statistically significant. 

3. Results 

hEMSCs Isolation and proliferation 

The spindle-shaped hEMSCs presented a fibroblast-

like morphology which confirmed the correctness of 

our cell isolation (Figure 1A).  

Flow Cytometry Analysis 

Flow cytometry results confirm that the isolated 

cells do not express hematopoietic cell markers, 

whereas they show mesenchymal cell markers which 

is along with the morphology assessment (Figure 1B 

and C). The Flow cytometry was done for 

identifying hEMSCs, and the percentages of CD45, 

CD29, CD90, CD34, and CD105 markers are 

presented in (Figure 1E3) 

Alizarin Red staining: Osteogenic Differentiation 
Assessment  

As shown in figure 1 D, due to calcium deposition, 

the differentiated cells in the bone turned red when 

stained with Alizarin Red. Bone nodules located in 

differentiated cells turned red color. 

Oil Red-O staining: Adipogenic Differentiation 
Assessment 

Differentiated areas turned red resulting in 

triglycerides reaction with red oil color. Adipocyte-

containing fat droplets can be seen as red vacuoles 

accumulated within the cytoplasm (Figure 1 E). 
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Figure 1. Characteristics of the mesenchymal stem cells. A) The first passage of stem cells isolated from endometrial 
(Magnificent 200). B) Flow cytometry analyses of third-passage of human endometrium-derived Mesenchymal stem cells. Cell 
response to isotype control. C) Flow cytometry analyses of third-passage of human endometrium-derived mesenchymal 
stem cells for; CD29, CD90, CD34, CD45, and CD105. D) Osteogenic differentiation (Magnificent 200); Cell matrix stained 
with Alizarin-Red and unstained cells. E) Adipogenic differentiation (Magnificent 200); Red fat vacuoles in response to 
Oil-Red-O staining and unstained cells. E3) percentage of CD45, CD29, CD90, CD34, and CD105 markers 

 

hEMSCs incubation with iron oxide 
nanoparticles 

As seen in figure 2A, 72 h after iron oxide 

nanoparticles incubation, the cells attached to the 

bottom of the flask while keeping their spindle 

morphology.  

Prussian Blue Staining 

PEG-coated SPION uptake into the cytoplasm of 

hEMSCs was confirmed by Prussian Blue staining 48 

and 72h after incubation at 0, 100, 200, and 300 μg/ml 



                 Aboutaleb N et al 

                       

AAB, 2023; 14:E39777 
6 

Archives of Advances 

in Biosciences 
 concentrations (Figure 2B). 

Atomic Absorption Spectroscopy (AAS) 

The data confirm that PEG-coated SPION absorption 

by hEMSCs was increasing with more doses (P<0.05) 

(Figure 2C). 

MRI: Evaluation of SPION Entrance into 
hEMSCs 

As shown in Figure 2 D, as the PEG-coated SPION 

concentration increased and longitudinal, transverse 

relaxation times in MRI images augmented, 

generating a signal darkening on MRI. 

MTT test 

MTT test results showed that at an optimum 

concentration of PEG-coated SPION, which was 100 

μg/ml, cell viability was not significant compared to 

that of the control group. Furthermore, cell viability 

decreased over time and in a PEG-coated SPION dose-

depended manner (Figure 3A). 

Oxidative Stress 

Our result showed that ROS production significantly 

increased as the PEG-coated SPION concentration 

rose (Figure 2B).

 

 
Figure 2. Evaluation of Cells morphology (Magnificent 200) 72h after PEG-coated SPION incubation at; 0, 100, 200, and 
300 μg/ml concentrations (A). Evaluation of  PEG-coated SPION uptake into the cytoplasm of hEMSCs 48 and 72h  after 
incubation at 100, 200 and 300 μg/ml concentration with Prussian Blue staining (Magnificent 400) (B). PEG-coated 
SPION uptake by hEMSCs 48 and 72h after incubation at 0,100,200, and 300 μg/ml concentrations (P<0.05). (**p< 0.0 
1, ***p< 0.0 01 vs. Control). Data are presented as means ± S.E.M (C). MRI images of PEG-coated SPION-labeled hEMSCs at 

0,100,200, and 300 μg/ml concentrations of nanoparticle, 72 h after incubation (D) 
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Figure 3. Evolution of cell survival in hEMSCS 24, 48 and 72h after incubation with   PEG-coated SPION at 0, 100, 200, 
and 300 μg/ml concentrations. Data are presented as means ± S.E.M.  A) MTT test (P<0.05). (*p< 0. 05 and **p< 0.01 vs. 
control). B) ROS production (P<0.05). (**p< 0. 01 and ***p< 0.0 01 vs. control). C)  LDH release (P<0.05). (**p< 0. 01 and 
***p< 0.0 01 vs. control) 

 

Lactate dehydrogenase assay  

According to our data, the most LDH release was 

seen at 300 μg/mL PEG-coated SPION concentration 

72 after incubation (p<0.000). It means PEG-coated 

Spion caused to increase in LDH release into hEMSCs 

in a time and dose-dependent manner (Figure 2C). 

Apoptotic and Autophagy-associated markers 

We evaluated the apoptotic and autophagy-

associated markers using RT-PCR on hEMSCs 

labeled with PEG-coated SPION. BAX, CASP3, and 

BCL2 were evaluated as apoptotic pathway markers, 

while BECLIN, LC3, and TP53 were assessed as 

autophagy markers. GAPDH was used as the 

housekeeping gene. 

As depicted in Figure 4A, a significant increase in 

mRNA levels of pro-apoptotic markers, including Bax 

and Caspase3, was observed as PEG-coated SPION 

concentration increased (P< 0.05). In contrast, mRNA 

levels of the anti-apoptotic marker, Bcl2, markedly 

decreased in a dose-dependent manner, specifically at 

300 μg/ml concentration (P< 0.05).  In addition, our 

results showed that there was a significant rise in 

mRNA levels of autophagy-associated markers such 

as BECLIN, LC3, and TP53 (P< 0.05) (Figure 4B).  

 

 
Figure 4. mRNA levels of apoptotic associated-markers (A) and autophagy-associated markers (B) (**p< 0. 01 and 

***p< 0.0 01 vs. Control). Data are presented as means ± S.E.M 
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4. Discussion 

The mesenchymal stem cell is one of the most 

important cells utilized for the treatment of different 

diseases such as neurological problems, diabetes, 

cardiac ischemia, and cartilage and bone disorders 

[17]. Thus, in this research, we isolated MCSs and 

performed three tests: Flow Cytometry and two 

different stainings, Alizarin-Red for checking the 

ability of these cells in osteogenic differentiation and 

Oil-Red-O for adipogenic differentiation. The results 

obtained from all of them confirmed the stemness of 

the isolated cells (Figure 1A-E). Because based on 

Flow Cytometry tests, the markers of mesenchymal 

stem cells such as CD45, CD29, CD90, CD34, and 

CD105 were expressed on the cell surface of isolated 

cells. The results of hEMSCs incubation with iron 

oxide nanoparticles showed the viability of hEMSCs 

after nanoparticle absorption (Figure 2A). Hence, it 

can be a wise cell candidate. 

After cell-transplantation, the cell tracing is the 

most critical stage. To track the fate of transplanted 

cells, various nanoparticles with different coatings 

have been used. The effects of nanoparticles on cell 

survival and their toxicity have remained a challenge 

in regenerative medicine. Ideal nanoparticles should 

be easily absorbed by cells without any cytotoxicity. 

In addition, they must stay in the cytoplasm for a 

long time because the long-term fate of transplanted 

cells should be monitored [18-20]. The iron oxide 

nanoparticle holds all of these characteristics and is 

an FDA-approved biocompatible. As its amount is 

far less than the total body iron content, it is 

metabolized based on iron homeostatic mechanisms 

while not affecting oxidative stress balance. 

Moreover, they can move towards a magnetic field 

[6, 21]. Based on this information and our previous 

work, we chose the PEG-coated SPION as our 

nanoparticles. To be sure that the PEG-coated 

SPION has been uptaken into the cytoplasm of 

hEMSCs Prussian Blue staining, Atomic Absorption 

Spectroscopy, and MRI were performed. The results 

of all the three tests confirmed the acceptable 

absorption of the PEG-coated SPION into the 

hEMSCs (Figure 2B-D).  

The mechanisms by which nanoparticles play their 

role in the body have not been fully understood yet. 

However, several studies have implicated that their 

excessive levels can cause reactive oxygen species 

(ROS) production in the plasma membrane and 

Mitochondria such as peroxides, superoxide, and 

hydroxyl radicals as well as apoptosis, inflammation, 

DNA damage, and reduced cell proliferation [20-24]. 

In our study, by MTT test, the optimum concentration 

of the PEG-coated SPION was determined (100 

μg/ml) and ROS production and LDH release in 

hEMSCS showed a direct relationship between cell 

death and the dose of nanoparticles and time (Figure 

3A-C). Inconsistent with our results, it is confirmed 

that PEG-coated SPION-related cell damages occur 

in a dose-dependent manner. Hence, choosing the 

proper dose is crucial to avoid PEG-coated SPION 

cytotoxicity. Several studies have been done to assess 

the effects of different doses of nanoparticles with 

different coatings on the survival of various cell 

types. For example, a study of 15-nm dextran coated-

iron oxide nanoparticles (50 μg/ml) was incubated 

with human fibroblasts for three days. The results 

showed that at 50 μg/ml concentration, nanoparticles 

reduced cell proliferation and led to cell death [25, 

26]. Additionally, in another study, 15-nm dextran-

coated-iron oxide nanoparticles (100 μg/ml) were 

incubated with human macrophages for seven days 

and only 20% of the cells survived [20].  In this study, 

fewer cells survived after 24h, 48h, and 72h in 

comparison with those of the control, respectively. In 

agreement with our results, it was reported by several 

studies that nanoparticles associated with cell 

damage mainly in a dose and time-dependent manner 

[27-29]. 

In line with our study, some studies have investigated 

these nanoparticles to achieve a non-toxic dose, 

especially in the drug delivery area. For instance, 

Naqvi evaluated in vivo concentration-dependent 

toxicity of iron oxide nanoparticles on human 

macrophages and reported that the increased 

concentration of iron oxide nanoparticles led to a rise 

in ROS production, which caused cell damage and 

death [27].  Another study reported that iron oxide 

nanoparticles entered into lysosomes by rupturing its 

membrane leading to the release of the lysosome's 

enzymes and cell damage [30, 31]. In addition, it was 

shown that iron metabolism destroyed the surface of 

iron oxide nanoparticles and induced oxidative stress 

because of iron overload [32]. Therefore, it seems that 

high doses of PEG-coated SPION give rise to 

oxidative stress and DNA damage, eventually causing 

cell necrosis and apoptosis [33-35].   

 Ansari et al. conducted a study to investigate in vivo 

and in vitro interaction of SPIONs with DNA and 

other toxic effects of the nanoparticles. The results 

showed that Iron oxide nanoparticles bind to nucleic 

acid bases and form a complex with DNA. On the 

other hand, these nanoparticles reduced cell survival 

by increasing lipid peroxidation and free radical 

production [36]. Furthermore, in line with our results, 

Akter et al. showed that silver nanoparticles due to 

lipid peroxidation activated apoptotic signaling 
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pathways by damaging DNA [37].  

To evaluate the occurrence of apoptosis and 

autophagy, Real-Time PCR was performed for 

responsible genes. The results showed a significant 

up-regulation in pro-apoptotic markers including Bax, 

Caspase3, BECLIN, LC3, and TP53 (P< 0.05), but 

down-regulation of the anti-apoptotic marker, Bcl2 

(P< 0.05) (Figure 4A and B). As there is a complicated 

network in the cell, the exact reason for this down-

regulation is not clear.  

To sum up, our results confirm that when hEMSCs 

were incubated with PEG-coated SPION, free 

radical generation rose as the iron concentration 

increased; this finding is in agreement with that of 

our previous studies. In our previous study, we 

studied the absorption of PEG-coated SPION by 

stem cells isolated from the amniotic membrane and 

reported a satisfying absorption of this nanoparticle 

by mentioned cell and we determined the maximum 

non-toxic concentration, but not the exact 

mechanism of its toxicity. Thus, in this study, we 

focused on the mechanism of toxicity such as ROS 

production, autophagy, and apoptosis through gene 

expression evaluation while we know that the toxic 

dose not only depends on the kind of nanoparticle 

and its coating but also on cell type [19, 20]. By 

comparing the results of these two studies, we 

concluded that as the tolerance of the human 

endometrial mesenchymal stem cells after 72h was 

100 µg/ml PEG-coated SPION, it is more sensitive 

to it in comparison with human amniotic membrane-

derived mesenchymal stem cell which was 125 

µg/ml after 72h. In fact, these concentrations would 

be the non-toxic and therapeutic dose of PEG-coated 

SPION for incubating with these two cell types 

because, at these concentrations, toxicity was not 

statically significant in comparison with that of their 

control groups. 

5. Conclusion 

In this investigation, the PEG-coated SPION was 

introduced for hEMSCs tracking for the first time; the 

mechanism of its toxicity in the higher concentrations 

was evaluated, and the threshold of the toxicity in the 

hEMSCs was found for the first time. In summary, 

higher concentrations of PEG-coated SPION 

improved MRI image contrast and enhanced cell fate 

tracking, but increased ROS production in a dose and 

time-dependent manner which initiates apoptosis, 

oxidative stress, and autophagy. Therefore, as the 

nontoxic doses of PEG-coated SPION are specific for 

each cell line, we suggest that before labeling each cell 

line with nanoparticles, their nontoxic doses be 

calculated accurately.    
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