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 ABSTRACT 

Nanomaterials are increasingly used for biomedical applications; thus, it is

important to understand their biological effects. Previous studies suggested that

magnetic iron oxide nanoparticles (IONPs) have tissue-repairing effects. In the 

present study, we explored cellular effects of IONPs in mesenchymal stem cells

(MSCs) and identified the underlying molecular mechanisms. The results showed

that our as-prepared IONPs were structurally stable in MSCs and promoted

osteogenic differentiation of MSCs as whole particles. Moreover, at the molecular

level, we compared the gene expression of MSCs with or without IONP exposure

and showed that IONPs upregulated long noncoding RNA INZEB2, which is 

indispensable for maintaining osteogenesis by MSCs. Furthermore, overexpression

of INZEB2 downregulated ZEB2, a factor necessary to repress BMP/Smad-

dependent osteogenic transcription. We also demonstrated that the essential

role of INZEB2 in osteogenic differentiation was ZEB2-dependent. In summary, 

we elucidated the molecular basis of IONPs’ effects on MSCs; these findings

may serve as a meaningful theoretical foundation for applications of stem cells

to regenerative medicine. 

 
 

1 Introduction 

Advances in nanotechnology and stem cell biology 

research during the past decades have contributed  

to the progress of regenerative medicine [1, 2]. 

Manipulation of stem cell differentiation is an attractive 

area in the field of development of new nanotechnologies 

for tissue engineering [3]. Recent studies suggest that 
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magnetic iron oxide nanoparticles (IONPs) may be a 

promising biomaterial for stimulation of the bone 

regeneration process and for providing transduction 

of dynamic mechanical stimulation, which is required 

for bone tissue formation [4]. In past decades, scaffolds 

made of different biopolymers and magnetic IONPs 

were prepared to form various nanostructures, for 

instance, nanofibrous or nanoporous structures that 

provide both a three-dimensional microenvironment 

and magnetic micromechanical stimuli for bone 

regeneration [5–9]. It is well known that osteogenic 

differentiation of mesenchymal stem cells (MSCs) is 

one of the basic processes during formation of bone 

morphology [10]. One study showed that a magnetic- 

field-induced IONP assembly can promote differen-

tiation of primary mouse bone marrow cells into 

osteoblasts [11], suggesting that facilitation of cellular 

osteogenesis may be the underlying mechanism about 

the bone repair effect of magnetic IONPs. Nonetheless, 

magnetic IONPs have been commonly used for in vivo 

tracking of MSCs [12–14], and IONPs’ effects on the 

osteogenic differentiation of MSCs are unclear. Another 

study revealed that IONPs inhibit dexamethasone- 

induced osteogenic differentiation of MSCs after 

preincubation [15]. By contrast, our most recent study 

showed that in vitro treatment with IONPs can promote 

osteogenic differentiation of MSCs [16]. The incon-

sistent effects of IONPs on MSC differentiation are 

partially due to the distinct physicochemical properties 

of these particles [17]. Therefore, further research is 

needed to confirm some of these discrepant results. 

In recent years, three levels of evaluation on nano- 

bio-effects have been gradually introduced including 

the whole-body level, cellular level, and molecular level 

[18–21]. In vivo or cellular assays have invariably served 

as the initial steps for assessment for biological effects 

of nanomaterials. Nonetheless, with these conventional 

results, we can determine only whether the effects 

appeared and the magnitude of cytotoxicity [22], yet 

it is still unknown what already happened on the 

molecular level before those effects emerged, parti-

cularly in terms of the mechanism. Due to advances in 

sequencing techniques and computational methods, 

it is now generally accepted that RNA can play multiple 

roles in addition to the central function in genetic 

information flow from DNA to protein [23, 24].  

Generally, the mammalian genome transcribes the 

vast majority (~70%–90%) of long noncoding RNAs 

(lncRNAs), which are defined as RNAs more than 

100 nucleotides in length [25]. Unlike microRNAs, 

lncRNAs can fold into more complex secondary 

structure and have a greater potential for recognition 

and binding of either proteins or nucleic acids [26].  

In other words, lncRNA functions more extensively 

at the epigenetic level [27], such as the regulation of 

genome imprinting, mRNA maturation, and chromatin 

remodeling [28, 29]. Nonetheless, few studies have 

been focused on regulatory roles of lncRNA in biological 

effects of nanomaterials.  

The aim of this work was to further evaluate the 

effects of IONPs on osteogenic differentiation of MSCs 

and to explore the underlying mechanisms at the 

lncRNA level. Collectively, the results presented here 

may provide insights into the influential mechanisms 

of IONPs’ cellular effects at the molecular level and 

can facilitate the application of IONPs to regenerative 

medicine. 

2 Experimental 

2.1 Synthesis of IONPs 

The polyglucose sorbitol carboxymethyl-ether (PSC) 

coat of IONPs was prepared by modification of dextran 

in our laboratory. IONPs were synthesized by a 

modified method of the classic chemical coprecipitation 

using alternating-current magnetic field (ACMF)- 

induced internal-heat mode. In brief, 200 mg of PSC 

was dissolved in 10 mL of deionized water in a round- 

bottom plastic tube immobilized in the ACMF induction 

coil, then a mixture of 60 mg of FeCl3 and 30 mg of 

FeCl2 dissolved in 15 mL of deionized water was added 

in. One gram of 28% (w/v) ammonium hydroxide was 

added with vigorous mechanical stirring (370 rpm, 

IKA RW20, Germany), then moderate radio frequency 

heating (Shuangping SPF-06-II device, 390 kHz, 14 A, 

China) was carried out immediately to cause ACMF 

to produce heat. The colloidal mixture was heated  

to 80 °C by regulating magnetic-field intensity, and 

the temperature was maintained for 1 h. Lastly, the 

mixture was cooled to room temperature and purified 

with six cycles of ultrafiltration against deionized 

water using a membrane with a 100-kDa limit. 
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2.2 Characterization of IONPs 

The core diameter of IONPs was analyzed by tran-

smission electron microscopy (TEM; JEOL/JEM-200CX, 

Japan). Their ζ-potential and hydrodynamic diameter 

were quantified by dynamic light scattering (DLS) 

by means of a ζ-potential laser particle size analyzer 

(Malvern Zetasizer Nano ZS90, UK). The final con-

centrations of iron in the aqueous solution were 

measured by inductively coupled plasma mass spec-

trometry (ICP-MS) on an Optima 5300DV instrument 

(PerkinElmer, MA, USA). The hysteresis loop of 

IONPs was measured by means of a vibrating sample 

magnetometer (LS 7307-9309, Lakeshore Cryotronic, 

USA). In vitro magnetic resonance imaging (MRI) of 

IONPs was conducted in a clinical MRI scanner 

(Verio 3T, Siemens, Germany).  

2.3 Cell culture 

Primary human bone-derived MSCs (hBMSCs) were 

purchased from Cyagen Biosciences Inc. (CA, USA) 

and grown at 37 °C (in a humidified incubator with 5% 

(v/v) of CO2) in the Dulbecco’s modified eagle medium 

(DMEM, Gibco, BRL, USA) supplemented with 10% 

(v/v) of fetal bovine serum (FBS, Gibco), antibiotics 

(100 U/mL streptomycin and 100 U/mL penicillin), 

and 1% (w/v) glutamine. To maintain self-renewal 

and multiple-differentiation potentials, the cells were 

cultured at appropriate confluence (70% to 80%) and 

harvested by means of a 0.25% (w/v) trypsin ethylene 

diamine tetra-acetic acid (EDTA) solution. All experi-

ments were performed before the 10th passage. 

2.4 ICP-MS analysis of cellular uptake of IONPs 

Cells were seeded in a 6-well plate (2 × 105 cells per 

well) and incubated with IONPs at different final 

concentrations (25, 50, 100, 200, or 300 μg/mL), then 

harvested after 12, 24, or 48 h of treatment. After cell 

counting and ultrasonication, the concentration of iron 

in cell lysates was determined by ICP-MS according 

to PerkinElmer’s operating procedures.  

2.5 TEM examination of cells 

Cells were seeded in a 6-well plate (106 cells per well) 

and incubated with IONPs at the iron concentration 

of 100 μg/mL, then harvested after 12-h treatment. 

The cells were detached and fixed overnight with 

2.5% glutaraldehyde in 1× phosphate buffer solution 

(PBS, pH 7.4) at 4 °C. The samples were then postfixed 

in 1% osmium tetroxide, dehydrated in ethanol, 

and embedded in epon (Sigma-Aldrich, MO, USA). 

Ultrathin slices (60 to 80 nm) were stained with uranyl 

acetate and lead citrate and imaged by TEM (JEOL/ 

JEM-200CX, Japan). 

2.6 Confocal microscopy  

Cells were treated with indocyanine green-conjugated 

IONPs (ICG-IONPs) for 24 or 48 days and fixed with 

4% (v/v) formaldehyde. Then, the cells were stained 

using Lyso Tracker Green (LT) (Life Technologies, USA) 

and 4’,6-diamidino-2-phenylindole (DAPI) (KeyGEN, 

China) according to the manufacturer’s instructions. 

The cells were next examined under a laser scanning 

confocal microscope (TCS SP8, Leica, Germany).  

2.7 The CCK-8 assay  

This assay was used to measure cell viability. Cells 

were seeded in a 96-well plate (104 cells per well) and 

grown overnight, and then incubated with IONPs  

at different final concentrations (25, 50, 100, 200, or 

400 μg/mL). After 6-, 12-, or 24-h incubation, the cells 

were washed twice with PBS, and then the CCK-8 

reagent (KeyGEN, China) was added to each well 

and incubated with cells for 4 h at 37 °C. Optical density 

(OD) of each well at 450 nm (for the soluble dye) and 

at 650 nm (for viable cells) was measured. 

2.8 The lactate dehydrogenase (LDH) assay 

Cytotoxicity was measured by the release of LDH. Cells 

were seeded in a 96-well plate (104 cells per well) and 

grown overnight, then subjected to various conditions. 

The culture supernatants were harvested, and assayed 

for LDH activity and total protein by means of an LDH 

Activity Kit (Beyotime Biotechnology, China) and a 

BCA Assay Kit (KeyGEN, China), respectively.  

2.9 RNA isolation and reverse transcription 

Cells were seeded in a 6-well plate (105 cells per well) 
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and grown overnight, and incubated with IONPs (final 

concentration 100 μg/mL) for 7 days. Fresh medium 

was changed every two days, then harvested with 

trypsin-EDTA. Total RNA was isolated from the cells 

using TRIzol (Invitrogen, USA). The purity and con-

centration of RNA were evaluated by means of the 

OD260/OD280 ratio by micro volume spectroscopy (Nano 

Photometer, NP80, Implen, Germany). cDNA synthesis 

was performed in a 25-μL reaction containing 1.25 μg 

of total RNA, 0.5 mM primers, 50 mM Tris-HCl (pH 

8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol 

(DTT), 20 U of a ribonuclease inhibitor, and 100 U  

of reverse transcriptase (Takara, China). Next, reverse  

procedure: 5 min at 25 °C, followed by 60 min at 42 °C, 

and then inactivation at 70 °C for 15 min. 

2.10 Microarray analysis  

For lncRNA expression profiling by microarray analysis, 

1 μg of cDNA was labeled with Cy5-dCTP (red) or 

Cy3-dCTP (green) and purified, then hybridized to 

an Agilent Human lncRNA version 2.0 microarray 

containing 39303 specific lncRNA probes and 32205 

coding transcript probes. Both the IONP-treated 

group and negative-control group were analyzed  

in triplicate; therefore, six microarray analyses were 

performed. After hybridization, the microarrays were 

washed several times, next scanned and imaged on an 

Agilent array scanner (G2565CA), then Agilent Feature 

Extraction software (version 10.7) was used to extract 

the data. Data normalization of the two channel ratios 

was achieved using an intensity-dependent ‘‘Lowess’’ 

module implemented in the R language package. 

Differential expression analysis was conducted in 

the Agilent GeneSpring software, and the data were 

extracted and filtered as up- or down-regulated genes 

according to twofold changes; the Cluster 3.0 software 

was used for the cluster analysis.  

2.11 Bioinformatics analysis  

Differentially expressed lncRNAs were subjected   

to BLAST searches in the known lncRNA Databases 

(imsRNA, RefSeq, UCSC, ENSEMBL, lncRNAdb, 

UCRs, H-InvDB, and Hox-ncRNAs) according to 

their probe sequences. Gene function annotations 

were analyzed by gene ontology biological processes 

(http://www.geneontology.org).  

2.12 Quantitative polymerase chain reaction (Q-PCR) 

The relative expression levels of each gene were 

determined by Q-PCR; all reactions were conducted in 

triplicate in a 20-μL reaction mixture containing cDNA, 

primers, and the SYBR-Green Mix (Takara, China). PCR 

was run on an ABI Step one plus Q-PCR system under 

the following conditions: a 10-min denaturation step 

at 95 °C followed by 40 cycles of 15 s at 95 °C and 60 s 

at 60 °C. The information on gene-specific primers is 

shown in Table S1 (in the Electronic Supplementary 

Material (ESM)). The relative quantification of gene 

expression was performed by the 2−ΔΔCt method. 

2.13 The alkaline phosphatase (ALP) assay  

Cells were seeded in a 24-well plate (5 × 104 cells  

per well), then subjected to relevant treatments. The 

medium was replaced every 2 days. For the ALP 

assay, the cells were harvested after 7 days and lysed 

by means of three freeze–thaw cycles; the supernatants 

were subjected to the ALP assay and total protein 

quantification by means of an ALP Activity Kit 

(KeyGEN, China) and a BCA Assay Kit (KeyGEN, 

China), respectively.  

2.14 Alizarin Red S (ARS) staining  

Cells were seeded in a 24-well plate (5 × 104 cells per 

well) and treated as described for the ALP assay. For 

the ARS assay, the cells were fixed with 4% (v/v) for-

maldehyde after 21-day treatment, and then stained 

with 40 mM ARS (pH 4.2) for 30 min at room tempera-

ture. After two washes, the cells were examined and 

imaged by means of a microscope (Axiovert 40, Zeiss, 

Germany) to determine formation of mineralized 

matrix nodules. 

2.15 RNA silencing experiments  

The small interfering RNA (siRNA) sequences are 

presented in Table S2 (in the ESM). Pairs of com-

plementary oligonucleotides with these sequences 

were synthesized (Invitrogen, Carlsbad, CA, USA) 

and cloned into the pshRNA-H1-Luc lenti-vector 
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(System Biosciences, Mountain View, CA, USA). The 

pshRNA-H1-Luc lenti-vectors containing the shRNA 

sequences and the pPACK Packaging Plasmid Mix 

were co-transfected into 293T producer cells using 

Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). 

Viral supernatants were harvested after 48 h and used 

for transfection of MSCs. The knockdown efficiency 

was evaluated by Q-PCR or immunoblot analyses after 

48 h of viral transfection. 

2.16 Western blotting  

Cells were harvested and lysed in the protein extraction 

buffer, and the supernatants were mixed with loading 

buffer containing sodium dodecyl sulfate (SDS), DTT, 

and bromophenol blue. After boiling for 10 min in 

sample buffer, proteins were separated by SDS-PAGE 

in a 10% gel and then transferred to a polyvinylidene 

difluoride (PVDF) membrane (Millipore, MA, USA). 

The membrane was blocked with 5% (w/v) nonfat 

powdered milk in Tris-HCl (pH 7.4) buffer solution 

containing 0.1% (v/v) Tween-20 (TBST) for 1 h at room 

temperature and probed with a diluted primary 

antibody at 4 °C overnight. After three washes, the 

membrane was incubated with a diluted horseradish 

peroxidase (HRP)-conjugated secondary antibody 

for 1 h at room temperature. The protein level was 

measured using an enhanced chemiluminescence (ECL) 

detection system (ChemiDoc XRS+, Bio-Rad, CA, USA) 

and imaged by means of a CCD camera. Rabbit anti- 

human RUNX2 (cat. # 41746), OPN (41290), ZEB2 

(38682), GAPDH (41549), and HRP-conjugated goat 

anti-rabbit IgG antibodies (L3012-2) were acquired 

from Signalway Antibody LLC. (MD, USA). A rabbit 

anti-human OCN antibody (ab93876) was purchased 

from Abcam Biotechnology (UK). 

2.17 Statistical analysis 

This analysis of the data was performed in the SPSS 

software (version 19.0), and all values were presented 

as mean ± SD of more than three independent 

experiments. The results were subjected to one-way 

analysis of variance (ANOVA) using the Duncan test 

to analyze the differences between the untreated and 

treated groups; differences with a p value less than 

0.05 were considered significant. The graphs were 

generated in Origin 8.0. 

3 Results and discussion 

3.1 Synthesis and characterization of IONPs  

To obtain particles with more uniform sizes, shapes, 

and magnetic properties, we prepared IONPs by the 

chemical coprecipitation method in the ACMF-induced 

internal heat mode instead of external-heating mode; 

the former is more sensitive and reliable for control of 

the heating temperature [30, 31]. The physicochemical 

properties of as-prepared IONPs in ACMF heat mode 

(AC-IONPs) determined in this study are summarized 

in Table S3 (in the ESM), including average core diame-

ter, hydrodynamic diameters, ζ-potential in the DMEM 

medium, and the polydispersity index (PDI). The 

hydrodynamic diameter of particles was measured 

by DLS, and the mean size was found to be 30.18 nm. 

Additionally, TEM images revealed that the as-prepared 

IONPs dispersed light quite uniformly (Fig. 1(a)), and 

the mean particle size was ~8.2 nm (Fig. 1(b)). The 

hydrodynamic size of these NPs measured by intensity 

was larger than the value obtained by TEM, probably 

because of the extension of the PSC molecular chain 

and thickness of the hydrated shell.  

Magnetic mechanotransduction has been reported 

to be a pivotal factor in bone tissue formation [4].   

In this regard, we compared magnetic properties of 

AC-IONPs with those of IONPs used in our previous 

study [16], which were synthesized by external water 

bath heating (WB-IONPs). Both types of IONPs are 

superparamagnetic, but the saturation magnetization 

of AC-IONPs (93 emu/g) is higher than that of WB- 

IONPs (77 emu/g) (Fig. 1(c)). Moreover, compared to 

WB-IONPs, AC-IONPs yielded a darker T2 signal at 

the same concentration according to T2-weighted MRI 

(Fig. 1(d)). These results indicated that AC-IONPs 

have better magnetic properties than WB-IONPs do, 

and the probable reason is that ACMF induces more 

stable heat, and consequently the crystal structure of 

the γ-Fe2O3 core and uniformity of particles were 

better. Hence, AC-IONPs were used in the subsequent 

experiments instead of WB-IONPs. 

3.2 Cellular uptake and cytotoxicity of IONPs 

Cellular uptake is a basic and important process    

in biomedical applications of nanomaterials [32]. To 

evaluate the cellular uptake of IONPs, ICP-MS was  
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used for quantification of iron in cell lysates. As shown 

in Fig. 2(a), the uptake of IONPs by MSCs was time- 

and concentration-dependent within the tested range. 

The concentrations of iron in each cell according to 

the quantity of cells at each checkpoint were calculated 

next (Fig. 2(a)). We noticed that there was no significant 

difference between 24-h and 48-h groups, indicating 

that the uptake by a single cell was completed within 

24 h. To examine the internalization of IONPs more 

directly, TEM was employed. The results revealed that 

IONPs were taken up by cells after 12-h exposure and 

were located in lysosomes partially (Fig. 2(b)). This 

result is consistent with data from other studies, where 

the fate of IONPs in human MSCs was systematically 

studied by synchrotron radiation-based techniques; it 

was found that cellular internalized IONPs is quite 

stable and these particles almost escape lysosomes in 

their initial chemical form for up to 14 days [33, 34]. 

We next modified the PSC shell of IONPs with 

molecular ICG and performed confocal microscopy. 

We noticed that IONPs were located in lysosomes 

after 24 h of treatment and largely escaped from 

lysosomes after 48 h (Fig. 2(c)). According to the 

above results, our as-prepared IONPs may undergo 

cellular internalized and be structurally stable in 

MSCs for at least 48 h.  

To evaluate the biocompatibility of IONPs, we 

performed the cell viability assay to examine acute 

cytotoxicity. Briefly, cells were incubated with various 

concentrations of IONPs for 6, 12, or 24 h and then 

subjected to the CCK-8 assay to determine cell viability. 

The results showed that IONPs had little or no toxic 

effect on MSCs in a time- and dose-dependent manner: 

The cells retained viability of more than 90% at all the 

tested doses and time points (Fig. 2(d)). After 24 h of 

exposure, the viability decreased by 7.45% and 8.65% 

at iron concentrations 200 and 400 μg/mL, respectively. 

We also quantified the LDH release from MSCs 

treated with various IONPs at 100 μg/mL (including 

Fe2O3@PSC-AC, Fe2O3@PSC-WB, or Fe2O3 coated by 

dimercaptosuccinic acid, Fe2O3@ DMSA) for 2, 7, 14, 

and 21 days (Fig. 2(e)). Both types of PSC-coated IONPs 

caused LDH leakage of less than 9%, whereas DMSA- 

coated IONPs exerted greater long-term cytotoxicity,  

 

Figure 1 Characterization of the prepared IONPs. (a) A TEM image of as-synthesized IONPs. (b) A size distribution histogram of 
as-synthesized IONPs, which was obtained by size analysis of >200 particles. (c) The hysteresis loop of IONPs. WB represents IONPs
that were synthesized in heat mode in a water bath; AC denotes IONPs that were synthesized in heat mode in an alternating-current 
(AC) magnetic field. (d) T2-weighted MRI of the prepared IONPs at different concentrations. 
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probably due to the differences in encapsulating 

materials. Moreover, Fe2O3@PSC-AC had better crystal 

structure than Fe2O3@PSC-WB did [30]; thus, less 

leaching of free iron was taking place, which resulted 

in lesser LDH leakage after 7 days. 

3.3 Global gene expression changes in IONP-treated 

MSCs  

We next performed a genome-wide analysis to analyze 

changes in global gene expression in IONP-treated 

 

Figure 2 Cellular uptake and cytotoxicity of the prepared IONPs. (a) Total amounts of iron in the cells treated with different
concentrations of IONPs for 12, 24, or 48 h, as measured by ICP-MS. Amounts of iron in each cell were calculated from the number of
cells at each checkpoint. (b) TEM images of MSCs with IONP treatment (100 μg/mL for 12 h) or without. A higher-magnification 
image of the indicated portion is shown in the right panel. (c) Laser confocal images of MSCs with ICG-IONP treatment for 24 or 48 h. 
Red: ICG-IONPs, green: lysosome, blue: nucleus. Red fluorescence intensity in each cell was evaluated in the ImageJ software. Scale
bar: 10 μm. (d) Cell viability was measured by the CCK-8 assay after 6, 12, or 24 h of treatment with IONPs at various concentrations. 
(e) The quantitative lactate dehydrogenase (LDH) leakage assay revealed cytotoxicity induced by Fe2O3@PSC-AC, Fe2O3@PSC-WB, 
and Fe2O3@DMSA at various timepoints. All bars represent mean ± SD, n = 3, **p < 0.01. 
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MSCs. According to filtering criteria, the genes whose 

expression levels changed at least twofold were 

considered differentially expressed; this approach 

revealed that 3,723 protein-coding and 1,016 noncoding 

RNAs (Fig. 3(a)) were affected by IONP exposure. For 

validation of the microarray results, we randomly 

selected several candidate lncRNAs and performed 

quantitative analysis by Q-PCR. After IONP treatment 

for 7 days, expression levels of RNA42162, RNA9674, 

RNA23048, RNA12847, and RNA36488 remarkably 

increased, while expression levels of RNA5772 and 

RNA144089 decreased significantly as compared with 

the untreated group (Fig. 3(b)). In addition, these 

aberrations were dependent on the concentration of 

IONPs during the treatment (Fig. 3(b)). Furthermore, 

the correlation between expression levels of lncRNAs 

detected by microarray analysis and Q-PCR was 

evaluated in this study. We found that the results of 

the two methods had a significant correlation (Fig. 3(c)), 

which suggested that Q-PCR may be used instead of 

microarray analysis for assessment of expression of 

specific lncRNAs. 

3.4 Functional analyses of IONP-affected genes in 

MSCs 

To obtain an overview of the biological processes and 

molecular functions that are potentially regulated by 

IONPs in MSCs, Gene Ontology (GO) analysis was 

conducted to acquire defined annotations that represent 

gene properties [35, 36]. IONP-affected proteins broadly 

represented diverse biological processes and molecular 

functions, and the affected GO terms (which correlated 

with osteogenic differentiation) could mainly be 

classified into cellular adhesion, morphology, and 

signaling (Fig. 4(a)). Both cell–cell adhesion and adhesion 

to the extracellular matrix can facilitate interactions 

of receptors, cellular communication, and focal adhesion 

formation, suggesting that cell adhesion plays a pivotal 

role in cellular morphology and differentiation [37]. 

Multiple cell signaling pathways have been reported 

 

Figure 3 Global gene expression changes in IONP-treated MSCs. (a) Pie chart representation of the number of protein-coding and 
noncoding RNAs deregulated in IONP-treated MSCs (fold change > 2, p < 0.05). (b) Expression levels of lncRNAs measured by Q-PCR
after exposure to 50 or 100 μg/mL IONPs for 7 days. Q-PCR results were obtained by the 2–ΔΔCt method. All bars represent mean ± SD, 
n = 3, **p < 0.01, ***p < 0.001. (c) Correlation between expression levels of lncRNAs measured by microarray analysis and Q-PCR. 
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to participate in osteogenic differentiation [38–41], 

whose three terms—“calcium ion pathway”, “protein 

kinase pathway”, and “insulin-like growth factor 

receptor pathway”—were enriched in our dataset 

(Fig. 4(a)). There are several differences in morphology 

between MSCs and osteoblasts, for example, more 

filopodia are put out by osteoblasts [42]. Collagen 

fibrils are a major component of the extracellular 

bone matrix secreted by osteoblasts and accumulates 

in the mineralized bone coupled with calcium 

phosphate [43]. Our results indicated that GO terms 

including cell morphology, collagen fibril organization, 

and cell differentiation were enriched in this dataset 

(Fig. 4(a)). Furthermore, protein-coding genes involved 

in GO terms “osteogenic differentiation” and 

“osteoblast-specific genes” were also present in the 

list (Fig. 4(b)).  

It is well established that lncRNAs function by 

influencing their associated genes. In addition, to 

obtain more comprehensive information about lncRNA 

regulation of the IONP-driven osteogenic differentiation 

of MSCs, we calculated the Pearson correlation 

coefficient (PCC) between differentially expressed 

lncRNAs and mRNAs, and significantly coexpressed 

lncRNA–mRNA pairs are presented in Table S4 (in 

the ESM). Hence, to determine possible involvement 

of lncRNAs in the regulation of IONPs’ biological 

effects on MSCs, we applied GO analysis to code genes 

that were significantly coexpressed with lncRNAs. 

According to the results, a greater number of enriched 

GO terms that are closely related to osteogenesis was 

obtained, including the BMP signaling pathway, Smad 

binding, and mechanosensory behavior (Fig. 4(c)). The 

BMP/Smad signaling cascade is the canonical signaling 

pathway that facilitates osteogenic differentiation  

of MSCs [44]. In particular, BMPs mediate both 

phosphorylation and nuclear translocation of Smads, 

which promote transcription of osteogenesis-associated 

genes (for example, RUNX2) by recruiting specific 

transcription factors [45]. One study showed that 

nanoscale mechanical stress can drive MSCs to 

differentiate into osteoblasts because focal adhesion 

is activated by stress-mediated cellular force isotropy, 

thus regulating osteogenic differentiation [46]. Overall, 

these results revealed not only the potential role of 

IONPs in osteogenic differentiation of MSCs but also 

Figure 4 Functional annotation of differentially expressed genes in IONP-treated MSCs. (a) Gene ontology analysis of differentially 
expressed coding genes. Top 20 significant Gene Ontology terms are listed. BP, biological process; MF, molecular function; CC, cellular
component. (b) A heatmap was generated with a partial list of deregulated protein-coding genes involved in osteogenic differentiation 
and osteoblast-specific genes with the corresponding fold changes according to the color scale on the left. Gene expression clustering 
was performed in the Cluster 3.0 software and viewed in the TreeView software. (c) Gene ontology analysis of coding genes correlating
with the differentially expressed lncRNAs. Top 20 significant Gene Ontology terms are listed. 
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the possible participation of lncRNAs in the control 

of this effect. 

3.5 Promotion of osteogenic differentiation by 

whole IONPs 

To determine the potential role of IONPs in osteogenic 

differentiation of MSCs, we examined ALP activity 

and bone matrix secretion (two popular markers for 

analysis of osteogenic differentiation at an early or 

late stage [47]) in IONP-treated MSCs. The ferric ion 

and molecular PSC are the direct acidolysis products 

of γ-Fe2O3 particles in the lysosome; therefore, we set 

up control groups treated with the ferric ion and 

molecular PSC. ALP activity showed an obvious 

enhancement during exposure to 100 μg/mL IONPs, 

in agreement with our previous study [16]. Compared 

with the untreated group, MSCs exposed to Fe3+ for 7 

or 14 days showed no obvious increase in ALP activity 

at all the concentrations analyzed (Fig. 5(a)). In contrast, 

the ALP activity decreased in all the molecular-PSC 

exposure groups (Fig. 5(b)). Furthermore, MSCs exposed 

to either 100 μg/mL molecular PSC or 100 μM Fe3+ for 

21 days secreted negligible amounts of mineralized 

nodules as compared with exposure to IONPs or 

osteogenesis-inducing supplements (OS) (Fig. 5(c)). 

In accordance with the above results, we concluded 

that the osteogenic differentiation effect was promoted 

by whole IONPs, rather than by the ferric ion or   

the PSC molecules. This result is consistent with the 

above-mentioned finding that cellular internalized 

IONPs can be considered structurally stable. 
 

3.6 lncRNA INZEB2 is necessary for IONP-driven 

osteogenic differentiation 

To determine the molecular mechanism of the 

regulation of IONP-driven osteogenic differentiation 

by lncRNAs, we quantified the significantly overex-

pressed lncRNAs according to microarray results 

during exposure to IONPs for 2, 5, or 7 days. Among 

these selected lncRNAs, we found that LOC105373660 

was upregulated during IONP exposure, and the 

expression of this lncRNA reached the same level as 

that seen in osteoblasts after 7 days of IONP treatment 

(Fig. 6(a)). Additionally, this overexpression was dose- 

dependent on the IONP exposure (Fig. 6(b)). By 

contrast, the expression level showed no significant 

change when MSCs were treated with OS (Fig. 6(c)),  

 

Figure 5 Evaluation of osteogenic differentiation. Effects of different concentrations of Fe3+ (a) or molecular PSC (b) on the ALP 
activity of MSCs. All bars represent mean ± SD, n = 3, **p < 0.01; ***p < 0.001. (c) Alizarin Red S staining images. MSCs (the fifth 
passage) were treated with 100 μM Fe3+, 100 μg/mL molecular PSC, 100 μg/mL IONPs, or OS for 21 days. OS: osteogenesis-inducing 
supplements, scale bar: 100 μm. 
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Figure 6 LncRNA INZEB2 is necessary during IONP-driven osteogenic differentiation. (a) A heatmap was generated with a partial list
of deregulated lncRNAs with the corresponding fold changes according to the color scale on the left. Gene expression clustering was
performed by means of the Cluster 3.0 software and viewed in software TreeView. (b) Relative expression of INZEB2 measured by Q-PCR
after exposure to 50 or 100 μg/mL IONPs for 3 or 7 days. (c) Relative expression of INZEB2 measured by Q-PCR after treatment with 
OS for 3 or 7 days. (d) Genomic context of intron/exon boundaries of INZEB2 and ZEB2. (e) Expression of INZEB2 measured by Q-PCR
after transfection of INZEB2-siRNAs. (f) Effects of an INZEB2 knockdown on the ALP activity of MSCs. (g) Alizarin Red S staining 
images. Effects of the INZEB2 knockdown on the mineralized-nodule formation in MSCs. Scale bar: 100 μm. (h) Expression of RUNX2, 
OCN, and OPN mRNAs measured by Q-PCR after the INZEB2 knockdown and OS treatment for 3 days. (i) Protein expression of
RUNX2, OCN, OPN measured by western blotting after the INZEB2 knockdown and OS treatment for 3 or 7 days. Q-PCR results were 
obtained by the 2–ΔΔCt method. All bars represent mean ± SD, n = 3, **p < 0.01; ***p < 0.001. 
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suggesting that overexpression of this lncRNA could 

not be caused by OS treatment. Using the sequence 

and genomic location for BLAST searches in the 

Ensembl Genome Database (www.ensembl.org/),  

we found that the putative transcript is located in 

chromosomal region 2q22.3 (Chr 2: 144,440,543-50,689) 

and is transcribed from the partial opposite strand of 

ZEB2’s intron 2 (Fig. 6(d)). Therefore, we named it 

INZEB2 (intronic ZEB2).  

To address the relevance of INZEB2 to the com-

mitment of MSCs to the osteoblastic lineage, we next 

knocked down INZEB2 in MSCs (the third passage) 

using two independent siRNAs administered via a 

lentivirus. We achieved the knockdown efficiency of 

~60%–70% (Fig. 6(e)), while the cell viability was not 

changed significantly (data not shown). MSCs were 

then treated with IONPs at 72 h post-transfection, 

and we analyzed the two above-mentioned markers 

in INZEB2 knockdown MSCs. The results revealed 

that compared with normal cells, IONP-treated cells 

showed a notable reduction in both ALP activity and 

secreted mineralized nodules when we knocked down 

INZEB2 (Figs. 6(f) and 6(g)). As shown in Fig. 6(f), ALP 

activity decreased insignificantly in IONP-treated 

MSCs compared with OS-treated cells: The main 

reason was the difference in the mechanism of action 

of these two osteogenesis-inducing conditions. OS 

induces osteogenic differentiation by activating   

the dexamethasone-mediated glucocorticoid receptor 

pathway; thus, the ALP level remained relatively high 

(Fig. 6(f)) although INZEB2 was expressed weakly 

(Fig. 6(e)). In contrast, in IONP-treated cells, the lack 

of INZEB2 had a significant influence on osteogenic 

differentiation (Figs. 6(f) and 6(g)), suggesting that 

INZEB2 is necessary during IONP-induced osteogenic 

differentiation of MSCs. 

The expression of a number of bone-related 

extracellular matrix proteins including osteocalcin 

(OCN), osteopontin (OPN), and type I collagen (COL I) 

are considered another major feature of osteoblasts 

[48, 49]. Meanwhile, recent studies revealed that RUNX2 

performs a key function in determining osteogenic 

differentiation of MSCs [50, 51]. Therefore, we examined 

the expression alterations of OCN, OPN, and RUNX2 

in INZEB2 knockdown cells after OS treatment. The 

results suggested that both mRNA and protein levels 

of these genes were reduced in INZEB2 knockdown 

cells after osteogenesis induction (Figs. 6(h) and 6(i)). 

The data also showed that INZEB2 was necessary for 

maintaining the osteogenic phenotype. 

3.7 The role of INZEB2 in modulating IONP-driven 

osteogenic differentiation is dependent on ZEB2  

INZEB2 is embedded in the ZEB2 gene locus,     

and ZEB2 plays an inhibitory role in BMP/Smad- 

mediated osteogenic differentiation [52]. Therefore, 

we hypothesized that INZEB2 maintains osteogenic 

differentiation depending on repression of ZEB2 

expression. For this purpose, we assessed the expression 

changes of ZEB2 after IONP treatment. The results 

showed that both mRNA and protein levels of ZEB2 

were reduced during IONP-driven osteogenic differen-

tiation (Figs. 7(a) and 7(b)), while the knockdown   

of INZEB2 reversed the down-regulation of ZEB2 

(Figs. 7(a) and 7(c)). This finding is consistent with 

our hypothesis that INZEB2 acts as an inhibitor    

of ZEB2 expression. To determine whether INZEB2 

affects osteogenic differentiation by influencing ZEB2, 

we implemented a knockdown of ZEB2 (Fig. 7(d)). 

During treatment with IONPs, the inhibition of ALP 

activity induced by the INZEB2 knockdown was 

reversed by the ZEB2 knockdown (Fig. 7(e)). Further-

more, a mineralized nodule staining assay showed 

similar results (Fig. 7(f)). Afterwards, the expression 

levels of osteogenic genes were analyzed. The results 

suggested that the knockdown of ZEB2 restored the 

expression of RUNX2, OPN, and OCN downregulated 

by the INZEB2 knockdown (Fig. 7(g)). These results 

revealed that the essential role of INZEB2 in osteogenic 

differentiation is ZEB2 dependent. 

According to the above findings, a scheme was 

compiled to briefly describe the possible mechanism 

underlying the osteogenic-differentiation-promoting 

effects of IONPs (Fig. 8). ZEB2, also known as SIP1 

(Smad-interacting protein 1), is a member of the ZEB 

protein family with two separated clusters of C2H2- 

type zinc fingers [53] and functions as a DNA-binding 

transcriptional repressor that interacts with BMP- 

activated Smads [54]. One study has shown that ZEB2 

can recruit transcriptional corepressors (CtBP) to 

Smads and inhibit transcription of Smad-dependent 

genes (such as RUNX2) [55]. INZEB2, which functions 
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as a ZEB2 inhibitor, was upregulated after IONP treat-

ment. Consequently, expression of ZEB2 was reduced, 

and Smad-dependent osteogenic gene expression 

(repressed by ZEB2) was reactivated. Accordingly, 

MSCs were driven to differentiate into osteoblasts. 

In this study, our as-prepared IONPs showed lower 

toxicity toward MSCs (Figs. 2(d) and 2(e)), which was 

probably due to more stable structure and less free 

iron [30]. In addition, the main factor of the osteogenic- 

differentiation-promoting effect was whole IONPs 

themselves, rather than the iron ion or PSC shell (Fig. 5). 

The complete structure ensured the effects of IONPs 

on MSCs. This finding indicated that the magnetic 

properties of IONPs may contribute to this effect. It  

is well known that natural intracellular magnetite is 

responsible for the magnetic perception in animals [56], 

and cellular internalized IONPs may play an analogous 

role. The simplest explanation is that IONPs exert 

torque or pressure on secondary receptors (such as 

mechanoreceptors) as the particles attempt to align 

with the geomagnetic field [57]. Alternatively, the 

rotation of intracellular IONPs might open ion channels 

directly: For example, cytoskeletal filaments connect 

the particles to the channels [56]. Opening of these 

channels allows ions to trigger downstream signaling 

[58]. Recent studies also suggested that a cytoskeleton 

reorganization induced by a mechanical force can 

result in nuclear stretching, and three-dimensional 

distribution of both chromosomes and transcription 

factors is altered subsequently [59], and thus downs-

tream signaling events correlating with osteogenic 

differentiation are also altered [60]. 

 

Figure 7 The role of INZEB2 in the regulation of IONP-driven osteogenic differentiation is ZEB2 dependent. (a) Relative RNA 
expression levels ZEB2 as measured by Q-PCR. (b) Effects on ZEB2 protein levels measured by western blotting after exposure to 50 or 
100 μg/mL IONPs. (c) Effects on ZEB2 protein levels measured by western blotting after a knockdown of INZEB2 in MSCs. (d) Protein
expression levels of ZEB2 measured by western blotting after transfection of ZEB2-siRNAs. (e) Effects on ALP activity of MSCs after 
transfection with the indicated siRNA. (f) Alizarin Red S staining images. Effects on the mineralized-nodule formation in MSCs after 
transfection with the indicated siRNA; the scale bar is 100 μm. (g) Effects on the protein levels measured by western blotting after
transfection with the indicated siRNA. Q-PCR results were obtained by the 2–ΔΔCt method. All bars represent mean ± SD, n = 3, **p < 
0.01; ***p < 0.001. 
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Figure 8 Schematic illustration of the proposed model of 
IONP-driven osteogenic differentiation of MSCs via INZEB2 and 
the BMP/Smad pathway. Under normal conditions, ZEB2 recruits 
CtBP thus repressing BMPR-activated Smads and inhibiting 
RUNX2 expression. After treatment with IONPs, INZEB2 is 
upregulated and reduces ZEB2 expression; consequently, RUNX2 
expression and osteogenic differentiation are unlocked. 

To date, there is still a huge knowledge gap regarding 

IONPs and their possible cellular effects. In other 

words, we know little about the molecular mechanism 

behind the interaction between IONPs and cells. One 

research group studied protein expression changes 

caused by IONPs with different surface modifications 

(COOH groups, plain surface, or NH2 groups) in 

three human cell lines [61]. On the other hand, 

organismal complexity correlates with the proportion 

of the genome transcribed, that is, transcribed    

into lncRNAs more than protein-coding genes    

[29], suggesting that the lncRNA-based regulatory 

mechanism has more diverse functions. Here, we 

carried out a systematic analysis of lncRNA control 

over IONP-driven osteogenic differentiation. On  

the basis of coexpression analysis and functional 

annotations, the deregulated lncRNAs were found to 

be involved in many biological processes including 

the BMP signaling pathway, ligand-gated ion channel 

binding, cell adhesion, osteoblastic differentiation, 

Smad binding, and mechanosensory behavior. These 

results provide a systematic molecular explanation 

(in terms of lncRNA) for the promotion of osteogenic  

differentiation by IONPs. Moreover, lncRNA INZEB2 

plays an indispensable role in osteogenic differentiation 

by repressing Smad-binding protein ZEB2 and by 

activating the BMP signaling pathway. Nevertheless, 

it is still unclear what triggers the overexpression of 

INZEB2 and what kinds of mechanisms are involved 

in the INZEB2-driven inhibition of ZEB2 expression. 

The mRNA level of ZEB2 was reduced by IONP 

exposure (Fig. 7(a)), indicating that INZEB2 may affect 

ZEB2 transcriptionally. Moreover, further studies on 

how to control these nanomagnetically responsive 

molecules are necessary and should help to manipulate 

stem cell fate. 

4 Conclusions 

Our data support the conclusion that our as-prepared 

magnetic IONPs promote osteogenic differentiation 

of MSCs as whole particles, and the IONP-driven 

magnetogenetic response results in deregulation of 

numerous genes in our experimental system. Among 

these genes, lncRNA INZEB2 is crucial for osteogenic 

differentiation because it regulates ZEB2 expression 

and the BMP/Smads pathway. Our results revealed 

how IONPs affect osteogenic differentiation of MSCs 

and how lncRNAs contribute to the regulation of 

cellular effects of magnetic IONPs. This knowledge 

should be useful for the development of novel IONP- 

based approaches to tissue engineering and other 

biomedical applications.  
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