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Purpose: The presented study aimed to investigate the effects of Fe3O4 nanoparticles and 
static magnetic field on osteoblast and osteoclasts’ metabolic activity.
Methods: Magnetic nanoparticles were prepared by a wet chemical co-precipitation process 
and analyzed using X-ray powder diffraction, high-resolution transmission electron micro
scope (HRTEM), dynamic light scattering (DLS), laser Doppler velocimetry, Raman and the 
Mössbauer spectroscopy. In vitro experiments were performed using MC3T3, 4B12 and 
RAW 264.7 cell lines. Cells were cultured in the presence of nanoparticles and with or 
without exposure to the magnetic field. Proteins were investigated with Western blotting and 
immunofluorescence and Western blot. Gene expression was analyzed with a quantitative 
real-time polymerase chain reaction.
Results: Obtained particles were in the nano-range (average size around 50 nm) and had 
a spherical-like morphology. The typical hydrodynamic size was in the range 178–202 nm 
and Zeta potential equaled –9.51 mV. Mössbauer spectrum corresponds to the Fe+3 ions in 
tetrahedral (A) and Fe+3 and Fe+2 ions in octahedral (B) sites of Fe3O4. In vitro study 
revealed cytocompatibility and anti-inflammatory effects of fabricated nanoparticles. 
Furthermore, it was shown that nanoparticles combined with magnetic field exposure 
enhance osteogenic differentiation of MC3T3 cells by upregulation of RUNX-2 activity. 
Under the same experimental condition, nanoparticles and magnetic field decreased osteo
clastogenesis of 4B12 by the induction of apoptosis through the mitochondrial-dependent 
pathway.
Conclusion: Fe3O4 nanoparticles together with magnetic field can be applied for the 
fabrication of novel biomaterials for the treatment of bone disorders related to bone loss in 
which a balance between bone-forming and resorbing cells is disturbed.
Keywords: magnetite, osteoblasts, osteoclasts, magnetic field

Introduction
Nanotechnology and regenerative medicine have become the fastest developing 
fields of medical sciences, providing multiple solutions for various medical 
applications.1 With the rapid aging of populations, especially in well-developed 
countries, there is an increased requirement for effective therapies to improve bone 
fracture regeneration.2 According to the Food and Drug Administration (FDA), 
over 200 million people have osteoporosis (OP), and the incidence rate increases 
with age while worldwide, there are approximately 9 million fractures per year as 
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a result of OP.3 For that reason, OP has become not only 
a serious medical issue but also a financial burden for the 
health systems of world economies.

In the course of OP, the advantage of bone catabolism 
over anabolism is observed, which leads to bone mass 
lowering and finally increased incidents of bone 
fractures.4 Furthermore, the molecular perturbations lead
ing to osteoporosis are also associated with delayed frac
ture healing and impaired bone regeneration.5 Progressive 
bone degradation in OP is thought to result from the over
activity of osteoclasts together with the reduced metabolic 
activity of osteoblasts. Increased activity of osteoclasts 
leads to excessive secretion of proteases including metal
loproteinases (MMPs), cathepsin K (catK), and a broad 
range of cytokines which reduces osteoblast metabolic 
activity. CatK together with MMPs is considered as 
a key player in the process of bone resorption.6 The 
differentiation process of osteoclasts which plays 
a fundamental role in the disses progression is mediated 
by receptor activator of nuclear factor kappa B ligand 
(RANKL), macrophage colony-stimulating factor 
(M-CSF) and tumor necrosis factor α (Tnf-a).6 In OP, 
progressive bone resorption is augmented due to reduced 
osteoblasts’ metabolic activity7 as they lose the ability to 
produce extracellular matrix. The osteoblasts differentia
tion process is regulated by specific genes set and corre
sponding protein synthesis during proliferation, 
extracellular matrix maturation, and mineralization.8 The 
most important factor that modulates the expression of 
bone matrix proteins which are common for actively pro
liferating osteoblast is the Runt-related transcription factor 
(RUNX-2). Its overexpression lead for increased bone 
mass and bone matrix production, while its silencing lead 
to loosening of bone mass.9 Bone mass is directly asso
ciated with osteoblast maturation and the formation of the 
bone matrix from regularly and densely packed collagen 
fibrils and high mineralization. Furthermore, a caspase-3 
and BAX are responsible for the apoptotic activity 
observed in many cell lines, including osteoblasts, which 
reduced their activity and interferes synthesis of the bone 
extracellular matrix.10 This, in consequence, affects the 
reduction of bone biomechanical properties and finally 
leads to reduced bone mass and increases bone fracture 
incidents. Although the molecular mechanisms underlying 
OP-related bone destruction are still not fully understood, 
it is proposed that targeting osteoblast activity with simul
taneous reduction of osteoclast as well as cytokines and 

metalloproteinases activity seems to be a fully justified 
strategy.

Recently, intensive development of nanotechnology 
brought a range of innovative nano-sized materials, includ
ing nanoparticles which are characterized by superior phy
sical and chemical properties due to their quantum size 
and surface effect.11 The nanosized scale combined with 
magnetic properties allows the biomaterials to modulate 
biological processes on the cellular level, which in conse
quence improves the healing of damaged tissue. Recently, 
Fe3O4 magnetic nanoparticles (MNPs) have been inten
sively investigated because of their superparamagnetic 
properties and biocompatibility.12 It was previously 
demonstrated by many Authors, that magnetic field (MF) 
even alone, modulates multiple biological processes 
including enhanced osteoblasts’ viability or differentiation 
potential as well as promotes synthesis and secretion of 
various growth factors promoting bone regeneration 
including bone morphogenetic protein 2 (BMP-2), fibro
blast growth factors (FGF) or vascular endothelial growth 
factors (VEGF).13–17

In this work, we fabricated the nano-sized Fe3O4 
MNPs and investigated their influence on osteoblasts, 
osteoclasts, and macrophages in the presence and absence 
of MF exposition. Next, we investigated the expression of 
genes involved in osteoblasts as well as osteoclasts differ
entiation and metabolism. Moreover, the immunomodula
tory effect of MNP under normal and MF conditions has 
been investigated.

Materials and Methods
All of the reagents used in the study were purchased from 
Sigma-Aldrich (USA) unless indicated otherwise.

Preparation of Magnetic Nanoparticles 
(MNPs)
All of the magnetic nanoparticles were prepared by a wet 
chemical co-precipitation process. A typical preparation 
procedure, for magnetite (Fe3O4) nanoparticles, involved 
the usage of hot alkaline water solution of KOH (≥85%, 
for analysis, Avantor Performance Materials Poland S.A., 
Polska) and KNO3 (≥99% ACS, ACROS Organics, USA) 
that were added dropwise into a water solution of FeSO4·7 
H2O (99.5%, for analysis, ACROS Organics, USA). Next, 
the solution was constantly stirred at 90 °C for 10 min. 
After the completion of the reaction, the black precipitate 
of the magnetite was formed and separated from the 
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suspension. Then, the precipitate was washed with deio
nized water to remove the by-products as well as to obtain 
neutral pH and dried at 90 °C. The red-ox reaction can be 
written as follows:

3Fe2þ þ NO3
� þ 6OH � !

T¼90�C Fe3O4 # þNO2 � þ3H2O 

Physicochemical Characterization
Structural properties of the obtained material were verified 
employing X-ray powder diffraction (XRPD) measurements 
in a 2θ range of 15°–100° with X’Pert Pro PANalytical X-ray 
diffractometer (Cu Kα1: λ = 1.54060 Å, U = 40 kV, 
I = 30 mA). The structural refinement was performed by the 
Maud 2.93 software and using a better approximation as well 
as indexing of the Crystallographic Information File (CIF). 
Primary particle size and morphology were investigated 
using a high-resolution transmission electron microscope 
(HRTEM) Philips CM20 SuperTwin operating in 200 kV 
with a resolution 0.25 nm. Samples were prepared by disper
sion of powders in methanol and the suspension was deposited 
on a copper microscope grid covered with perforated carbon. 
Whereas, the typical hydrodynamic size of the nanoparticles 
was determined by Dynamic Light Scattering (DLS) method 
with a Zetasizer Nano ZS apparatus from Malvern Instruments 
operating under He-Ne 633 nm laser and equipped with the 
Dispersion Technology Software. For measurements of zeta 
potential, a combination of electrophoresis and Laser Doppler 
velocimetry was used. Each measurement was repeated three 
times with fixed concentrations of particles. Raman measure
ments were carried out with a Micro-Raman system Renishaw 
inVia equipped with a Leica DM 2500 M microscope and 
a CCD camera as the detector. An 830 nm diode laser was 
used as the excitation source.

Magnetic measurements were performed using 
a Quantum Design Physical Property Measurement System 
(PPMS) with a vibrating sample magnetometer (VSM) 
option at 2 K between 100 and 1000 Oe applied magnetic 
field (MF). The obtained material was compacted into disc- 
shaped samples and crushed into small pieces to avoid dis
placements under experimental conditions.

The Mössbauer spectroscopy (MS) was used to deter
mine the phase composition of the prepared sample. The 
room-temperature 57Fe Mössbauer spectrum was recorded 
in transmission geometry with a conventional constant- 
acceleration spectrometer, using a 57Co-in-Rh standard 
source with a full width at half maximum (FWHM) of 
0.24 mm/s. The obtained spectrum was analyzed employing 

a least-squares fitting procedure to determine Mössbauer 
parameters such as hyperfine magnetic field (B), isomer 
shift (IS), quadrupole splitting/shift (QS), relative spectral 
areas (C) and spectral linewidths (Γ) which are related to 
different chemical states of the Mössbauer 57Fe probes. All 
isomer shifts in this paper are given relative to α-iron.

Cell Culture
Undifferentiated MC3T3 (purchased from ATCC) cells were 
grown in MEM-alpha (Gibco, A10490-01) with 10% fetal 
bovine serum (FBS). For differentiation, the medium was 
changed to MEM-alpha with 10% FBS, 50 ug/mL L-ascorbic 
acid (A5960), and 10 mM B-glycerophosphate disodium salt 
hydrate (G9422). Medium for undifferentiated 4B12 con
sisted of MEM-alpha (Gibco, 12,561–056), 30% calvaria- 
derived stromal cell conditioned media (CSCM) and 10% 
FBS.18 To induce differentiation of 4B12 cells were main
tained in culture media (as described above) with 1.5 ng/mL 
M-CSF form mouse (SRP3221) and 1.5 ng/mL Recombinant 
Mouse TRANCE/RANK L/TNFSF11 (R&D Systems, 462- 
TEC). RAW 264.7 (purchased from ATCC) were cultured in 
DMEM with 4500 mg/L glucose with 10% fetal bovine 
serum (FBS). The medium was refreshed every 2–3 days. 
Cells were passaged when reach 80% confluence using 
recombinant cell-dissociation enzyme StableCell Trypsin.

Preparation of MNPs for in vitro 
Experiments
To perform the experiments, IOs were sonicated in the 
ultrasonic bath for 1 hr, diluted 1:1 in DMEM/F12 med
ium, and treated with poly-l-lysine (10% v/v). After a 
2-hrs incubation on plate roller, the solution was centri
fuged (12,000xg for 10 mins), the supernatant was dis
carded while remaining IOs were re-suspended in DMEM/ 
F12 at the initial volume and filtered through 0.22µm 
syringe filter. MNPs concentrations equalled: I - 18.16 
ug/mL, II - 90.8 ug/mL.

Experimental Setting
Cells were exposed to a magnetic field using the system 
designed at the Institute of Low Temperature and Structure 
Research Polish Academy of Science in Wroclaw as 
described previously.19 The MF strength equaled 0.2 T. 
The cell culture plate (127.89 × 85.6 × 19.69 mm) was 
placed between magnets and installed in a CO2 incubator.

Undifferentiated MC3T3 cells were seeded onto 24- 
well plates and maintained in MEM-alpha (Gibco, 
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A10490-01) with 10% FBS. When cells reached 80% 
confluence culture media was exchanged differentiation 
medium. On the 18th day of differentiation IOs were 
added to the medium and cells were exposed to MF for 
15 mins daily for 4 days.

4B12 cells were seeded onto 24-well plates and main
tained in the differentiation medium. On the 11th day of 
differentiation, IOs were added to the medium, and cells 
were exposed to MF for 15 mins daily for 4 days.

RAW 264.7 at a density of 5x105 cells/mL were seeded 
onto wells of a 24-well plate. Next, lipopolysaccharide 
(LPS, 1 μg/mL) and IOs were added to the culture media 
for another 6 hrs. After 6 hrs LPS was removed from the 
culture medium while IOs remained. The same and 
following day cells were exposed to MF for 15 mins.

Assessment of Cell’s Morphology
MC3T3 were visualized after 22nd day of differentiation 
while for 4B12 15th day of differentiation. Detailed mor
phology of cells was assessed using scanning electron 
microscopy (SEM, EVO LS15, Zeiss). The procedure of 
sample preparation was performed as described 
previously.20 Samples were sprinkled with gold and 
(ScanCoat 6, UK) and analyzed with SE1 detector at 1 kV 
of filament tension. Calcium and phosphorus concentration 
was assessed with SEM with energy dispersive X-ray ana
lysis (SEM/EDX). The quantax detector (Brüker) with 10  
kV of filament tension was applied to perform a line scan 
analysis of randomly selected cells. The obtained values 
were presented as weight percentage (wt%).

F-actin filaments were stained with the Phalloidin Atto 
590 solution in accordance with manufacturer protocol. 
Nuclei were counterstained with 4′,6-diamidino-2-pheny
lindole (DAPI). Staining was performed after the 15th day 
of the experiment for 4B12 and after day 2 for RAW 
264.7. Cells were visualized using Leica TCS confocal 
microscope. After the 22nd day of differentiation, cells 
were stained with Alizarin Red to visualize calcium depos
its. Prior to that, specimens were fixed with 4% parafor
maldehyde (PFA), washed, and then 10% dye solution was 
applied to cells. Dye was also collected for spectrophoto
metric measurements (Epoch, Biotek).

Evaluation of Apoptosis
Live and dead cells in culture were visualized with Calcein AM 
(3 μM) and propidium iodide (2.5 μM) staining. Specimens 
were incubated with dye solution for 30 mins at 37°C and 
captured with an epifluorescence microscope (Axio Observer 

A.1). Images were acquired using a PowerShot camera 
(Canon). Apoptosis was also evaluated with Muse® Annexin 
V and Dead Cell Assay Kit (Merck) following manufacturer’ 
instructions using Muse™ Cell Analyzer.

Immunofluorescence
Cells were fixed with 4% PFA and permeabilized with 0.2% 
Tween 20 in phosphate-buffered saline (PBS) for 15 mins. 
Cells were incubated with proper antibodies and 10% goat 
serum at 4°C overnight. Following antibodies and their 
dilution were applied COL1A-1 1:50, RUNX-2 1:50, 
Cathepsin K 1:50, TRAP 1:50, and osteopontin (OPN) 
1:1000 (supplier and catalog numbers are shown in Table 
2). Atto-590-conjugated secondary antibodies were applied 
to detect the signal. Nuclei were counterstained with DAPI. 
Cells were observed and imaged using a confocal micro
scope (Leica TCS) and analyzed with Image J software.21

Western Blotting
After the last day of the experiment (22nd day for MC3T3, 
15th for 4B12), cells were homogenized in RIPA buffer 
with protease inhibitor cocktail. After centrifugation (20 
min at 14,000×g, 4°C) supernatants were collected and 
stored at −80°C. Protein concentration was estimated 
with Pierce™ BCA Protein Assay Kit (Life 
Technologies, USA). Samples were subjected to SDS- 
polyacrylamide gel electrophoresis at 100 V for 90 min 
using Mini-PROTEAN Tetra Vertical Electrophoresis Cell 
(Bio-Rad, USA). Proteins were transferred onto polyviny
lidene difluoride (PVDF) membranes (Bio-Rad, USA) 
using a Mini Trans-Blot ® Cell (Bio-Rad, USA) at 100 
V for 1 h at 4°C. For blocking, 5% non-fat milk in TBST 
was applied. Samples were incubated overnight with pri
mary antibodies. Next, membranes were incubated with 
secondary HRP-conjugated antibodies (dilution 1:5000 in 
TBST for 2 hrs). Antibodies and their dilutions are shown 
in Table 2. Signals were detected using Chemiluminescent/ 
Fluorescent Substrate Kit (Vector Laboratories, Inc. SK- 
6604) with ChemiDoc MP Imaging System (Bio-Rad, 
USA) and quantified with Image Lab Software (Bio-Rad, 
USA).

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)
Total RNA was extracted from cells using phenol- 
chloroform method.22 The quantity and quality of RNA 
were measured spectrophotometer (Epoch, Biotek). One 
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hundred and fifty nanograms of RNA were used for cDNA 
synthesis using RevertAidFirst Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, USA) following by gDNA 
digestion with DNase I RNase-free Kit (Thermo Fisher 
Scientific, USA). qRT-PCR was performed as described 
previously23 using CFX ConnectTM Real-Time PCR 
Detection System (Bio-Rad). The average fold change in 
the gene expression was calculated by the 2 −ΔΔCT method 
using GAPDH as the housekeeping gene.24 The sequences 
of the primers are shown in Table 3.

Statistics
All experiments were performed at least in three repli
cates. Statistical analysis was performed using the one- 
way ANOVA with Tukey’s test in GraphPad Prism 
Software (La Jolla, CA, USA). Differences with the prob
ability of P < 0.05 were considered significant. Statistical 

significance is indicated as an asterisk (*) when comparing 
the between corresponding MF- and MF+ groups, and 
a number sign (#) when comparing to CTRL MF-.

Results
Physicochemical Characterization of MNPs
Magnetite (Fe3O4) has a cubic inverse spinel structure and 
crystallizes in Fd3 ̅m space group.25,26 The presence of non- 
equivalent cations in two valence states (Fe2+ and Fe3+) in the 
unit cell of magnetite leads to its unique magnetic properties. 
Iron ions form the tetrahedral occupied by Fe3+ ions. 
Whereas, octahedron position is substituted by eight Fe2+ 

and eight Fe3+ ions, as shown in Figure 1. The unit cell 
contains 32 O2− ions in a close-packed (face-centered 
cubic) FCC structure along [110] direction.

The structure of obtained MNPs was investigated 
based on diffraction peaks analysis. The resulted pattern 

Figure 1 Projection of the magnetite (FeO·Fe2O3) unit cell with the indication of coordination polyhedra.
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was in good agreement with the reference sample (Fe3O4 – 
ICSD 158,585). The cell parameters of the final product 
were calculated using Rietveld refinement in the isotropic 
approach. The difference in the intensity scale in the line 
(YObs − YCalc) is close to zero and thus indicates a good 
correlation between the observed XRPD pattern and the 
theoretical one (Figure 2). No additional secondary phases, 
impurities, or amorphous forms were detected, confirming 
the formation of the designated phase. The quality of 
structural refinement was also checked by R values and 
the results are gathered in Table 1. The crystallite size of 
the studied material was estimated to be 95.21 nm.

TEM images confirmed that obtained particles are in 
the nano-range (average size around 50 nm) and have 
a spherical-like morphology (Figure 3). Moreover, the 
SAED image shows well-developed spotty ring patterns 
revealing the well-crystallized material. The size distribu
tion profile of the magnetite particles was also provided in 
water suspension. As it is shown in Figure 3, the typical 
hydrodynamic size of the studied MNPs was in the range 
178–202 nm, and their Zeta potential equaled –9.51 mV.

For further characterization of the MNPs structure, the 
Raman analysis was performed. Laser Raman spectro
scopy constitutes a powerful tool for the investigation of 
Fe2+ iron oxidation.27,28

It is visible in Figure 4 that the structure of the magnetite 
has changed with the increase in laser power excitation. 
Firstly, for 0.9 mW the bands at 300 cm−1, 380 cm−1, 
484 cm−1 and 662 cm−1 are observed. The spectrum recorded 
with 2.4 mW shows broadened bands around 350 cm−1, 
500 cm−1, and 700 cm−1, indicated the oxidation of magnetite 

and the appearance of new iron oxide phase – maghemite (γ- 
Fe2O3).29 The development of an additional peak at about 
700 cm−1 confirms the first stage of magnetite oxidation (red 
line). The laser power at 4.3 mW caused an appearance of 
characteristic for hematite band at about 300 cm−1 along with 
peaks belonged to maghemite, explain the metastability of 
maghemite structure (blue line). Significant changes in 
Raman spectra were observed after using higher laser power 
(15.0 mW). The transformation of γ form to the thermodyna
mically more stable α form – hematite (α-Fe2O3) was 
detected. The most characteristic peaks for hematite appeared 
at about 222 cm−1, 300 cm−1, 400 cm−1and 606 cm−1.30

To further characterize the obtained MNPs, their mag
netic properties were determined. Figure 5 shows half 
hysteresis loop of the ferromagnetic Fe3O4 nanoparticles. 
The saturation magnetization (Ms) of the Fe3O4 nanopar
ticles was found to be 70 emu/g.

Iron oxides can be identified using Mössbauer spectro
scopy. Figure 6 shows the room-temperature 57Fe Mössbauer 
spectrum of the nanocomposite Fe3O4. The fitting was made 
using three magnetic six-line patterns (sextets). Two sextets 
with BA = 49.5(2) T, ISA = 0.33(3) mm/s, QSA = 
−0.002(5) mm/s, ΓA = 0.38(2) mm/s and BB = 45.5(2) T, ISB 

= 0.58(4) mm/s, QSB = −0.02(1) mm/s, ΓB = 0.39(3) mm/s 
correspond to the Fe+3 ions in tetrahedral (A) and Fe+3 and Fe+2 

ions in octahedral (B) sites of Fe3O4
31,32. Both sextets have 

broad lines, reflecting the small average grain size of Fe3O4 

nanoparticles. This finding is in agreement with the XRD 
results which indicate that the crystallite size of the studied 
material is close to 95 nm. The intensity ratio CA/CB of the 
sextets in magnetite is known to be a very sensitive measure of 
the stoichiometry of Fe3−δO4. In the case of the studied nano
composite, assuming the same Lamb-Mössbauer factor for 
both components,33 the CA/CB ratio is equal to 5.7. 
Therefore, based on the calculation method presented in 
work,34 CA/CB = 5.7 corresponds to the nonstoichiometric 
magnetite with the chemical formula Fe2.73O4. Finally, the 
third magnetic component in measured spectrum is described 
by sextet with B = 36.9(2) T, IS = 0.40(3) mm/s, QS = 
−0.26(2) mm/s, Γ = 0.38(2) mm/s and C = 15.6(5) % (see 
green component in Figure 6). The determined Mössbauer 
parameters suggest that this component may correspond to α- 
FeOOH34 which could be formed during the sample prepara
tion procedure. However, this explanation is not supported by 
XRD results, according to which, no additional secondary 
phases, impurities, or amorphous forms were detected. 
Therefore, the third sextet is attributed to the Fe ions located 
in the surface region of the studied nanoparticles. According to 

Figure 2 XRD patterns (black lines) and results of the Rietveld analysis (red – fitted 
diffraction; blue – differential patterns, column – reference phase peak position) of 
the Fe3O4 nanoparticles.
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previous research,37–39 the B values on iron nuclei in the sur
face region of nanoparticles are significantly decreased. At the 
same time, the observed quadrupole splitting (QS = −0.26 (2) 
mm/s) can be explained assuming that the iron atoms located in 
the surface region are immersed in a non-zero electric field 
gradient which is an effect on the broken cubic symmetry. 

Fe3O4 and MF are Not Able to Activate 
Macrophages
The effects of manufactured Fe3O4 on RAW 264.7 cells are 
shown in Figure 7A. To assess whether Fe3O4 and MF affect 
macrophages’ morphology, f-actin was stained with 

phalloidin. Untreated, control cells presented spherical shape 
and smooth surface while cells treated with LPS displayed 
characteristic features of activated macrophages including 
a robust amount of filopodia. MF alone was not capable of 
inducing macrophage activation. Fabricated Fe3O4 nanoparti
cles were shown to be fully biocompatible as no alteration in 
the morphology of RAW 264.7 was observed either under MF 
or without exposure. We also investigated macrophage activa
tion using qRT-PCR. As expected, LPS treatment resulted in 
increased expression of Tnf-a (Figure 7B) and treatment of 
cells with Fe3O4, and MF did not cause the enhancement of its 
expression in comparison to LPS untreated cells. A similar 

Table 1 Atomic Parameters of the Obtained Magnetite Fe3O4

Sample FeO·Fe2O3; Z = 8

Space group Cubic Fd3m (No. 227)

Calculated cell parameters a = 8.36984(5) Å 

V = 586.34(26) Å3

Rw 0. 66%
Rwnb 0.75%

Rall 0.53%

Rnb 0.63%
σ 0.47%

Selected shortest contacts

Fe1 – Fe2 3.4697(0) Å

Fe1 – O 1.8281(1) Å
Fe2 – O 1.0824(0) Å

Fe1 – O – Fe2 124.874(1)°

Atom Wyckoff positions x y z Biso*/Beq

Fe1 8 a 0 0 0 0.64238
Fe2 6 h 0.6249 0.6249 0.6249 0.65242

O1 6 h 0.3761 0.3761 0.3761 0.92231

Table 2 Antibodies and Their Dilutions

Protein Manufacturer, Catalog No. Dilution

RUNX-1 Santa Cruz Biotechnology, INC. sc-365644 1:100

RUNX-2 Santa Cruz Biotechnology, INC. sc-390351 1:100
Cathepsin K Santa Cruz Biotechnology, INC. sc-48353 1:100

TRAP Santa Cruz Biotechnology, INC. sc-376875 1:100

OPG Santa Cruz Biotechnology, INC. sc-390518 1:50
RANKL Santa Cruz Biotechnology, INC. sc-377079 1:100

OPN Abcam, ab8448 1:1000

COL1-A1 Santa Cruz Biotechnology, INC. sc-293182 1:50
CASP-3 Invitrogen, 43–7800 1:250

Beta-actin Sigma Aldrich, A5441 1:10,000

Anti-mouse IgG, HRP conjugated Sigma Aldrich, A3562 1:5000
Anti-rabbit IgG, HRP conjugated Sigma Aldrich, A3687 1:5000
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Table 3 List of Primers Used in qRT-PCR

Genes Primers (5ʹ→3ʹ) Length of Amplicon Accession No.

Bax F: AGGACGCATCCACCAAGAAGC 251 XM_011250780.3
R: GGTTCTGATCAGCTCGGGCA

Bcl2 F: GGATCCAGGATAACGGAGGC 141 NM_009741.5
R: ATGCACCCAGAGTGATGCAG

Cat K F: TAACAGCAAGGTGGATGAAATCT 

R: CTGTAGGATCGAGAGGGAGGTAT

195 XM_006500974.4

C1r F: TGCGGCGGGATCCTATAA 238 NM_001355192.1
R: AGCCAGCAGTTGTCGTTGTA

COL1A1 F: CAGGGTATTGCTGGACAACGTG 107 NM_007742.4
R: GGACCTTGTTTGCCAGGTTCA

Dmp-1 F: CCCAGAGGCACAGGCAAATA 211 NM_001359013.1
R: TCCTCCCCAATGTCCTTCTT

Gapdh F: TGCACCACCAACTGCTTAG 177 XM_017321385.2
R: GGATGCAGGGATGATGTTC

Itga1 F: CACCTTTCAAACTGAGCCCGCCA 110 NM_001033228.3
R: GCTGCCCAGCGATGTAGAGCACAT

Itga3 F: TGGGCAAGTGCTATGTGCGTGGCA 147 XM_006532311.4
R: TCTGGGTGAAGCCGCCGCTGGT

Itga6 F: CTGGCTTCCTCGTTTGGCTATG 145 XM_017315707.1
R: TGCCTTGCTGGTTAATGTAGACGT

Itgav F: ACAATGTAAGCCCAGTTGTGTCT 236 NM_008402.3
R: TTTGTAAGGCCACTGGAGATTTA

Itgb1 F: TCTCACCAAAGTAGAAAGCAGGGA 138 NM_010578.2
R: ACGATAGCTTCATTGTTGCCATTC

Itgb3 F: CTGCTCATCTGGAAGCTACTCAT 233 NM_016780.2
R: CACACACACACAAATTGTCCTCT

Mmp-9 F: TTGCCCCTACTGGAAGGTATTAT 172 XM_006498861.3
R: GAGAATCTCTGAGCAATCCTTGA

Opn F: AGACCATGCAGAGAGCGAG 340 NM_001204203.1
R: GCCCTTTCCGTTGTTGTCCT

Runx-2 F: TCCGAAATGCCTCTGCTGTT 130 NM_001271630.1
R: GCCACTTGGGGAGGATTTGT

Sost F: AGCCTTCAGGAATGATGCCAC 134 NM_024449.6
R: CTTTGGCGTCATAGGGATGG

Trap F: GTCTCTGGGGGACAATTTCTACT 241 XM_006509945.3
R: GTTTGTACGTGGAATTTTGAAGC

c-fos F: CCAGTCAAGAGCATCAGCAA 248 NM_010234.3
R: TAAGTAGTGCAGCCCGGAGT

PU.1 F: GAGAAGCTGATGGCTTGGAG 175 XM_017316733.2
R: TTGTGCTTGGACGAGAACTG

(Continued)
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phenomenon was observed in the expression of iNOS (Figure 
7C). Interestingly, the treatment of cells with MF only resulted 
in decreased expression of Tgfb1 in control and LPS treated 
cells (Figure 7D). Cells treated with MF and its combination 
with Fe3O4 were characterized by decreased Tgfb1 expression 
in comparison to LPS untreated cells.

Evaluation of Inflammation Rate in the 
Co-Culture of RAW 264.7 with MC3T3 
and 4B12
In the next step, we investigated whether cells in the 
presence of Fe3O4 nanoparticles can diminish LPS trig
gered inflammation. For that reason, we performed a co- 
culture of RAW 264.7 with MC3T3 or 4B12. Next, macro
phages were subjected to gene expression analysis with 
qRT-PCR. The expression of TNF-a in both co-cultures 
was reduced in comparison to LPS treated macrophages 
(Figure 8A). A similar trend was noted in the expression 
of iNOS, however it is worth noting that in MC3T3 the 
reduction of iNOS expression was amplified by the appli
cation of MF. In the case of 4B12, the application of MF 
resulted in the enhancement of iNOS expression (Figure 
8B). mRNA levels of Il-1b were diminished in both co- 
cultures, however in MC3T3 group, application of MF 
decreased its expression while in 4B12 enhanced 
(Figure 8C).

Fe3O4 and MF Increase the Formation of 
Mineralized Matrix
On the last day of the differentiation process, cells were 
visualized using SEM and EDX mapping (Figure 9A) 
which allowed assessing the amount of Ca, P, and Fe. 
Furthermore, data were quantified and presented as Ca and 
P atomic weight percentages (Figure 9B). The ratio of Ca to 
P was significantly enhanced after the exposition of cells to 
MF and Fe3O4 (Figure 9C). To visualize calcium deposits, 
cells were stained with Alizarin Red and representative 
photographs are shown in Figure 9D. To quantify the results, 
after incubation with cells, the dye was collected and spec
trophotometrically measured. Obtained data indicated 
an increased calcium accumulation in cells treated simulta
neously with Fe3O4 and MF (Figure 9E).

Fe3O4 and MF Increase Osteogenic 
Differentiation
To further investigate how Fe3O4 and MF influence osteo
genic differentiation, on its lasts day cells were stained with 
RUNX-2 and COL1A-1 antibodies (Figure 10A). Obtained 
data were further supported with quantitative analysis – 
Western blot and qRT-PCR. The amount of RUNX-2 was 
significantly increased in Fe3O4 groups in comparison to 
untreated cells, and in concentration I, the effect was 
strengthened by the application of MF (Figure 10B). 

Table 3 (Continued). 

Genes Primers (5ʹ→3ʹ) Length of Amplicon Accession No.

Tnf-a F: ACAGAAAGCATGATCCGCGA 295 NM_013693.3
R: CTTGGTGGTTTGCTACGACG

iNOS F: GACAAGCTGCATGTGACATC 325 NM_001313922.1
R: GCTGGTAGGTTCCTGTTGTT

Il-1b F: TGCCACCTTTTGACAGTGATG 138 NM_008361.4
R: TGATGTGCTGCTGCGAGATT

Tgfb1 F: GGAGAGCCCTGGATACCAAC 94 NM_011577.2
R: CAACCCAGGTCCTTCCTAAA

Bglap F: CTCCTGAGAGTCTGACAAAGCCTT 100 NM_001032298.3
R: GCTGTGACATCCATTACTTGC

Ca2 F: TCAGGGAGCCCATTACTGTC 234 NM_001357334.1
R: TCCAAATCACCCAGCCTAAC

Abbreviations: Bcl-2, B-cell lymphoma 2; Cat K, cathepsin K; Clr, calcitonin receptor isoform 1a; COL1A1, alpha-1 type I collagen; dmp-1, dentin matrix acidic 
phosphoprotein 1; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Itga1, integrin alpha 1; Intga3, integrin alpha 3; Intga6, integrin alpha 6; Intgav, integrin alpha 5; 
Intgb-1, integrin beta 1; Intgb3, integrin beta 3; Mmp-9, matrix metallopeptidase 9; Opn, osteopontin; Runx-2, runt-related transcription factor 2; Sost, sclerostin; Trap, 
tartrate-resistant acid phosphatase; c-fos, c-fos proto-oncogene; PU.1, transcription factor PU.1; Tnf-a, tumor necrosis factor α; iNOS, nitric oxide synthase; Il-1b, 
interleukin 1 beta; Tgfb-1, transforming growth factor beta 1; Bglap, osteocalcin; CA2- carbonic anhydrase II.
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Similar results were obtained when analyzing mRNA levels 
of RUNX-2, as its highest expression was noted in Fe3O4 
I MF+ (Figure 10C). As indicated by Western blot, the 
amount of COL1A-1 was comparable between groups 
(Figure 10D). However, its mRNA levels differ significantly, 
and its highest expression was observed in the Fe3O4 I MF+ 
group (Figure 10E). The expression of Bglap was increased 
in the groups treated with MF and Fe3O4. The greatest levels 
of Bglap mRNA were found in the Fe3O4 II MF+ group 
(Figure 10F). Simultaneous treatment of cells with Fe3O4 
and MF resulted in enhanced expression of DMP1, and its 
highest level was observed in the Fe3O4 I MF+ group 
(Figure 10G). On the contrary, the expression of Sost was 
comparable between the groups, reaching significantly 
increased value only in the Fe3O4 II MF+ group 
(Figure 10H).

Fe3O4 and MF Modulate Osteopontin and 
Integrins Expression
Considering that the OPN plays a major role in the regulation 
of osteogenic differentiation, we investigated its levels in 
cells after the 18th day of differentiation. 
Immunofluorescence staining indicated that OPN levels are 
increased after exposure (Figure 11A). Our data showed that 
66 kDa OPN isoform is increased in CTRL MF+ and Fe3O4 

I MF+ groups (Figure 11B). A similar phenomenon was 
observed for 32 kDa isoform (Figure 11C). Representative 
Western blot bands are shown in Figure 11D. Interestingly, 
OPN expression was enhanced in the control group treated 
only with MF and in cells treated simultaneously with iron 
oxide nanoparticles and MF (Figure 11E). Next, RT-qPCR 
analysis was employed to measure mRNA levels of selected 
integrins are they were shown to be modulated by OPN. No 

Figure 3 TEM and SAED images (above), hydrodynamic size and Zeta potential distribution (below) of the Fe3O4.
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differences between the investigated groups were found in 
Itga1 expression (Figure 11F). When compared with the 
control group, the mRNA levels of Itga3 were significantly 

increased after Fe3O4 and MF treatment (Figure 11G). Itga5 
mRNA levels were also significantly up-regulated in cells 
treated only with MF and Fe3O4 II groups when compared 
with the corresponding control group (Figure 11H). The 
highest expression of Itga6 was found in cells treated with 
Fe3O4 II in the presence and absence of MF (Figure 11I). 
Itgb1 mRNA level was upregulated in the Fe3O4 I MF+ 
group when compared with the control group (Figure 11J).

Fe3O4 and MF Induce Apoptosis of 
Osteoclasts
Cells in the control group, without the exposure to MF, 
exhibited typical osteoclasts-like morphology including the 
formation of cellular processes connecting the osteoclasts to 
the surface and neighboring cells. Interestingly, in all 
remaining groups treated with Fe3O4 or MF, and with 
a combination of these factors, cellular morphology drasti
cally changed. Cells become, smaller in size, round with 
a reduced number of filopodia. To further investigate the 
apoptosis in cell culture, Western blot for Casp-3 was per
formed (Figure 12A). Interestingly, an increased amount of 
that protein was found in cells treated with Fe3O4 and MF. 
In addition, the ratio of Bax:Bcl-2 indicated on apoptosis 
activation in cells treated with Fe3O4 and MF alone and in 
the combination of these factors (Figure 12B). To investi
gate the cell’s viability Calcein AM/Propidium Iodide stain
ing was performed (Figure 12C). To support the results with 
more quantitative data, cells were stained with the Muse® 

Annexin V  
& Dead Cell Kit which allows for the quantitative analysis 
of viable, early, late apoptosis and cell death (Figure 12D). 
This assessment showed that the number of live cells was 
significantly decreased in all of the groups besides the 
control cells (Figure 12E). No differences were observed 
in the number of early apoptotic cells (Figure 12F), while 
late apoptotic/dead cell number was increased in all inves
tigated groups when compared with the corresponding 
control group (Figure 12G). No statistically significant 
differences were noted in the dead cell number 
(Figure 12H).

Fe3O4 and MF Reduce Osteoclast 
Activity
To observe whether Fe3O4 and MF induce changes in 
osteoclasts, their effect on the amount of intracellular 
TRAP and Cathepsin K was investigated with immuno
fluorescence staining (Figure 13A). Obtained photographs 

Figure 4 Raman spectra of Fe3O3 (magnetite), γ-Fe2O3 (maghemite) or both 
phases and α-Fe2O3 (hematite). Effect of laser power on oxidation and phase 
transformation of iron oxides.

Figure 5 Magnetic field variation of the magnetization in the Fe3O4. Magnetic 
separation of the Fe3O4 nanoparticles water dispersion (inside).

Figure 6 The room-temperature 57Fe Mössbauer spectrum of the nanocomposite 
Fe3O4 fitted using three sextets which correspond to the iron atoms located in the 
bulk (blue and red components) and in the surface region (green component) of the 
Fe3O4 nanoparticles.
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revealed decreased fluorescence intensity in cells treated 
with the combination of Fe3O4 and MF. Next, using 
Western blot we analyzed the levels of another master 
regulator of osteoclasts activity – RANKL (Figure 13B). 

Its amount was significantly reduced in all investigated 
groups while compared to control cells (Fe3O4 and MF 
untreated). Using Western blot we also quantified 
Cathepsin K levels in cells (Figure 13C). Similar, to 

Figure 7 Biocompatibility of fabricated nanoparticles. Morphology of macrophages in investigated groups was investigated using f-actin staining (A). Furthermore, 
expression of Tnf-a (B), iNOS (C) and Tgfb1 (D) were tested in RAW 264.7 with qRT-PCR. Results expressed as mean ± SD. Statistical significance indicated as an asterisk 
(*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number sign (#) when comparing to LPS MF-. *p < 0.05; ###, ***p< 
0.001.
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RANKL its levels were diminished in cells treated with 
Fe3O4, MF, and a combination of these factors. The same 
phenomenon was noted in the case of RUNX-1 levels 
(Figure 13D). Together, these findings suggest that Fe3O4 

and MF inhibit osteoclast activity.
In the next step, we investigated the kinetics of the 

expression of osteoclasts marker genes. As shown in 
Figure 14A–C, expression of Mmp9, Ca2 and CatK were 
significantly downregulated in cells treated with Fe3O4 and 
Fe3O4 combined with MF+. A similar phenomenon was 
found in the mRNA levels of Clr (Figure 14D), Trap 
(Figure 14E), c-Fos (Figure 14F) and PU.1 (Figure 14G); 
however, expression of these genes was upregulated in 
cells treated only with MF when compared to control, 
untreated counterparts. Additionally, we investigated the 
expression of Inta5 (Figure 14H) and Intgb3 (Figure 14I). 
Treatment of cells only with MF resulted in the upregula
tion of their expression; however, the application of Fe3O4 

and Fe3O4 in the combination with MF+ significantly 
downregulated mRNA levels of these genes.

Discussion
Due to progressive aging and increased prevalence of 
osteoporosis, bone fractures have become one of the 
most common causes of hospitalization in elderly patients. 
Because of the advantage of catabolic over anabolic pro
cesses, bones are loosening their biomechanical properties, 
which in consequence lead to bone fractures.7 On the 

molecular level, it was demonstrated, that reduced activity 
of osteoblast combined with overactivity of osteoclasts is 
the main factor promoting osteoporosis (OP) 
development.4 Hence, searching for effective methods, 
that promote osteoblasts activity simultaneously with 
silencing osteoclast differentiation to develop a new ther
apeutic strategy, seems to be fully justified.

The typical hydrodynamic size of the studied MNPs 
was in the range 178–202 nm and their Zeta potential 
equaled –9.51 mV. Zeta potential is a useful tool in the 
study of surface interaction (protein corona, cell adhesion) 
and cellular uptake of nanoparticles.35 The obtained value 
of Zeta potential indicates insufficient dispersion stability. 
This is much less than the absolute value of 30 mV, which 
is generally recognized for stable colloids.36 Nevertheless, 
stability strongly depends on particle size, shape, and 
concentration. Thus, in the case of tested material, it 
could be required to use specific stabilized agents, that 
would avoid particle agglomeration. In the case of nano
particle systems, magnetism is strongly size-dependent 
due to the particle shape and surface effects. Distortions 
located into the crystal lattice of the small objects can be 
a reason that nanoparticles could reveal distinctly different 
properties in comparison with their bulk forms. Therefore, 
the magnetic measurements can be used not only to deter
mine the type of magnetic ordering but also to identify 
possible interaction effects between nanoparticles. The 
saturation magnetization (Ms) of the Fe3O4 nanoparticles 

Figure 8 Fe3O4 and MF reduce inflammation in co-culture of macrophages with osteoclasts and osteoblasts. qRT-PCR was performed to analyze the expression of Tnf-a 
(A), iNOS (B) and Il-1b (C) in RAW 254.7 after co-culture. Results expressed as mean ± SD. Statistical significance indicated as an asterisk (*) when comparing the results 
between corresponding bars representing MF- and MF+ groups, and a number sign (#) when comparing to LPS MF-. ##, **p < 0.01; ###, ***p< 0.001.
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Figure 9 Magnetite enhances the formation of an extracellular mineralized matrix. SEM images of cultured cells (A) and their elemental analysis performed with EDX (B and 
C). Based on EDX data, Calcium deposits were also visualized with Alizarin Red stainings (D) and quantified by spectrophotometrical measurement (E). Results expressed 
as mean ± SD. Statistical significance indicated as an asterisk (*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number 
sign (#) when comparing to CTRL MF-. *,#p<0.05, ##p < 0.01; ###, ***p< 0.001.
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Figure 10 Magnetite and MF enhance osteogenic differentiation. Representative photographs from RUNX-2 and COL1A-1 staining (A). Results were quantified by 
performing Western blot (B) and qRT-PCR (C) for RUNX-2. Evaluation of the COL1A-1 amount was supported by Western blot (D) and qRT-PCR analysis (E). Additionally, 
osteoblasts marker genes Bglap (F), DMP1 (G) and Sosts (H) was investigated with qRT-PCR. Results expressed as mean ± SD. Statistical significance indicated as an asterisk 
(*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number sign (#) when comparing to CTRL MF-. #p<0.05, **, ###, ***p< 
0.001.
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Figure 11 Osteopontin-integrin correlation. As osteopontin interacts with selected integrins, we have investigated whether Fe3O4 and MF modulates the levels of both. 
Representative photographs of immunofluorescent OPN staining (A) were supported by quantitative data from Western blot regarding 66 kDa (B) and 32 kDa (C) OPN 
isoforms (representative bands shown at “D”). Furthermore, expression of OPN was examined with qRT-PCR (E). Obtained results revealed that Fe3O4 and MF increase 
OPN levels in cells. qRT-PCR was performed to analyze the kinetics of Itga1 (F), Itga3 (G), Itga5 (H), Itga6 (I) and Itgb1 (J) expression. Results expressed as mean ± SD. 
Statistical significance indicated as an asterisk (*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number sign (#) when 
comparing to CTRL MF-. *,#p<0.05; **, ##p < 0.01; ###, ***p< 0.001.
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Figure 12 Fe3O4 and MF induce apoptosis of osteoclasts. The amount of pro-apoptotic CASP-3 was elevated in cells treated with Fe3O4 in the presence of MF (A). The 
Bax:Bcl-2 ratio indicates on the apoptosis activation in cells treated with Fe3O4 and MF (B). Representative photographs from Calcein AM/Propidium Iodide staining (C) and 
MUSE analysis (D). Results of Muse® Annexin V & Dead Cell assay: number of live (E), early apoptotic (F), late apoptotic/dead (G) and dead cells (H). Results expressed as 
mean ± SD. Statistical significance indicated as an asterisk (*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number sign 
(#) when comparing to CTRL MF-. *,#p<0.05; ###, ***p< 0.001.
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Figure 13 Fe3O4 and MF reduce osteoclast activity. Representative photographs from immunofluorescence staining of TRAP and Cathepsin K (A) indicate their decreased 
levels in cells after the application of Fe3O4 and MF. Western blots for RANKL (B), Cathepsin K (C) and RUNX-1 (D) further confirmed that Fe3O4 and MF inhibit 
osteoclasts activity. Results expressed as mean ± SD. Statistical significance indicated as an asterisk (*) when comparing the results between corresponding bars representing 
MF- and MF+ groups, and a number sign (#) when comparing to CTRL MF-. #p<0.05; **,##p<0.01; ### < 0.001.
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was found to be 70 emu/g. The value of Ms depends on 
the size of the particles – magnetic behavior is very sensi
tive to their size changes, which is well-documented in the 
literature 32.33. In the case of studied MNPs, the obtained 
value of Ms is one of the highest described.34,37–39

Besides enhanced osteoclastogenesis, chronic bone 
inflammation becomes an important factor that induces 
bone turnover, leading to osteoporosis development.40 

Numerous proinflammatory cytokines have been implicated 
in the regulation of osteoblasts and osteoclasts activity, and 
the advantage of proinflammatory over anti-inflammatory 

profile has been hypothesized as an important risk factor.41 

Pro-osteoclastic cytokines, such as interleukin 1 (IL-1), 
interleukin 6 (IL-6), or tumor necrosis factor α (Tnf-a) is 
elevated in the course of various bone-related diseases 
including osteoporosis.41 Here, we showed that MNPs 
together with MF possess an immunomodulatory effect 
since we found that macrophages stimulated by LPS 
secreted a decreased amount of proinflammatory cytokines 
including TNF-α and IL-1. Interestingly, a similar effect 
was observed in LPS stimulated macrophages in co- 
culture with osteoblasts as well as osteoclasts. We found, 

Figure 14 Fe3O4 and MF reduce the expression of master regulators of osteoclasts activity. The following genes were investigated: Mmmp9 (A), Ca2 (B), CatK (C), Clr 
(D), Trap (E), c-fos (F) and PU.1 (G). Additionally, expression of Itga5 (H) and Itgb3 (I) was assessed as well. Results expressed as mean ± SD. Statistical significance 
indicated as an asterisk (*) when comparing the results between corresponding bars representing MF- and MF+ groups, and a number sign (#) when comparing to CTRL MF-. 
*,#p<0.05; **,##p<0.01; ***,### < 0.001.
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the incorporation of MNPs significantly suppresses the pro
duction of proinflammatory cytokines when compared to 
control; however, no significant effect regards Tgfb1 was 
noted. It might suggest that MNPs due to their anti- 
inflammatory activity can inhibit bone resorption.

The present study showed that MNPs induce osteo
genic differentiation potential in MC3T3 osteoblasts and 
reduce the viability of osteoclasts cultured under mag
netic field condition. Moreover, the co-culture of osteo
blasts with macrophages stimulated with LPS indicated 
on immunomodulatory effect of MNPs, shedding 
a promising light on their potential application in osteo
porotic fracture bone regeneration. We first demon
strated that MNPs under MF exposure enhance the 
formation of the extracellular mineralized matrix 
(ECM) as well as promotes their calcification. SEM- 
EDX study supported those findings since the highest 
accumulation and deposition of calcium have been 
found in osteoblast treated with MNPs under MF con
dition. Moreover, the greatest in size “osteogenic 
nodules” were observed in osteoblasts cultivated with 
MNPs and exposed to MF. The observed effect was 
strongly correlated with increased expression of both 
RUNX-2 and COL-1A – the master regulators of osteo
genesis. Obtained results indicate the bilateral effect of 
MNPs promoting ECM formation as well as its miner
alization. Recently, Peng and colleges showed that 
MNPs activate RUNX-2 mRNA expression and modu
late osteoblasts differentiation and promote fracture 
bone healing.42 In the presented research, we demon
strated, that MNPs modulate the expression of osteocal
cin (Bglap2) and dentin matrix protein 1 (DMP1) axis 
which are tandem genes involved in new bone formation 
and calcification. At the same time, the enhanced 
expression of osteopontin on mRNA as well as protein 
level was observed in osteoblasts cultivated together 
with MNPs under MF condition. This stands in a good 
agreement with the recent study of Kim and colleges,43 

who noted, that electromagnetic fields combined with 
MNPs increase the osteogenic differentiation potential 
of human bone marrow-derived mesenchymal stem cells 
through osteopontin activation. Interestingly, as showed 
by Liu and collegues,44 osteopontin is also involved in 
the regulation of alkaline phosphatase through integrin- 
mediated cell signalling. Here, we observed, greater 
expression of integrin alpha 3 (Intga3) in osteoblasts 
cultivated under MF condition, which might explain 
the enhanced expression of Runx-2, Coll1A, Bglap2, 

which contributed to enhanced osteoblast differentiation 
and mineralization. At the same time, no significant 
differences in the expression of sclerostin (SOST) – 
the negative regulator of bone formation – have been 
observed. Therefore, it might be concluded that the 
combination of both MNPs together with MF might 
promote ECM formation and mineralization through 
the RUNX-2-Coll1A-Bglap2 axis. In order to delay the 
progression of osteoporosis, inhibition of osteoclasts 
viability, metabolic activity, and differentiation seems 
to be a crucial factor. Therefore, we investigated 
whether the combination of MNPs and MF is able to 
modulate osteoclast activity. We have found that both 
MNPs and MF induce osteoclasts apoptosis through 
activation of Bax as well as caspase −3 (CASP-3) 
axis. The enhanced levels of Bax and CASP-3 confirm 
the inhibitory effect of MNPs and MF on osteoclasts 
activity and at the same time might suggest its positive 
role in the inhibition of bone resorption processes. 
Furthermore, we observed decreased expression of 
Trap, c-fos as well as PU.1 - the critical activators of 
osteoclastogenesis. A similar effect was recently noted 
by Li and colleges, who showed, that bioactive iron 
oxide nanoparticles suppress osteoclastogenesis and 
bone loss through regulating the TRAF6-p62-CYLD 
signaling complex.45 Emerging evidence demonstrates 
that the master regulator of bone hematopoiesis, 
Runx1, is involved in the preosteoclasts activity and 
may influence skeletal health.46 Here, we observed 
increased expression of RUNX-1 in osteoclasts treated 
with MNPs and MF, which suggests their positive role 
in silencing preosteoclasts’ activity. It might suggest that 
the combination of both MNPs with MF might lead to 
inhibition of bone resorptive processes and therefore 
become an interesting component of various types of 
bone scaffold, that potentially might inhibit osteoclasto
genesis. To support our hypothesis, we next analyzed 
osteoclasts-related genes’ expression and we found 
decreased mRNA expression of cathepsin K (catK) and 
matrix metalloproteinase 9 (Mmmp9) – key regulators 
of bone resorption processes. Therefore, it might be 
concluded, that a combination of MNPs together with 
MF inhibits osteoclastogenesis and might exert 
a protective effect against bone resorption.

In summary, this study showed that MNPs combined 
with MF improve osteogenic differentiation potential of 
osteoblasts through enhanced expression of key regulators 
including Runx2-Coll1A- Bglap2 and osteopontin axis. At 
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the same time, we noted decreased osteoclastogenesis due 
to the induction of enhanced apoptosis and reduced inflam
mation in both osteoblasts and osteoclasts when co- 
cultured with macrophages stimulated with LPS. It can 
be concluded that both MNPs and MF become an attrac
tive factor that might be used in future scaffolds dedicated 
to osteoporotic-related fracture bone regeneration through 
modulation of osteoblastogenesis and inhibition of 
osteoclastogenesis.

Conclusion
In the presented study we have demonstrated that Fe3O4 

nanoparticles can be administered into cells and exert 
a wide range of biological effects. We have shown, that 
when combined with the magnetic field, Fe3O4 nanoparti
cles induce osteogenic differentiation of osteoblast while 
diminishing the metabolic activity of osteoclast and induce 
their apoptosis. For that reason, we speculate that these 
factors can be applied for the fabrication of novel bioma
terials for the treatment of bone disorders related to bone 
loss, including osteoporosis in which a balance between 
bone-forming and resorbing cells is disturbed.
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