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Purpose: Osteoporosis results in a severe decrease in the life quality of many people world-
wide. The latest data shows that the number of osteoporotic fractures is becoming an increasing
international health service problem. Therefore, a new kind of controllable treatment methods
for osteoporotic fractures is extensively desired. For that reason, we have manufactured and
evaluated nanohydroxyapatite (nHAp)-based composite co-doped with iron oxide (I0) nano-
particles. The biomaterial was used as a matrix for the controlled delivery of miR-21-5p and
miR-124-3p, which have a proven impact on bone cell metabolism.

Methods: The nanocomposite Cas(PO4);OH/Fe;0y4 (later called nHAp/IO) was obtained by the
wet chemistry method and functionalised with microRNAs (nHAp/IO@miR-21/124). Its physico-
chemical characterization was performed using XRPD, FT-IR, SEM-EDS and HRTEM and SAED
methods. The modulatory effect of the composite was tested in vitro using murine pre-osteoblasts
MC3T3-E1 and pre-osteoclasts 4B12. Moreover, the anti-inflammatory effects of biomaterial were
analysed using a model of LPS-treated murine macrophages RAW 264.7. We have analysed the
cells’ viability, mitochondria membrane potential and oxidative stress under magnetic field (MF+)
and without (MF-). Moreover, the results were supplemented with RT-qPCR and Western blot
assays to evaluate the expression profile for master regulators of bone metabolism.

Results: The results indicated pro-osteogenic effects of nHAp/IO@miR-21/124 composite
enhanced by exposure to MF. The enhanced osteogenesis guided by nHAp/IO@miR-21/124
presence was associated with increased metabolism of progenitor cells and activation of
osteogenic markers (Runx-2, Opn, Coll-1). Simultaneously, nanocomposite decreased meta-
bolism and differentiation of pre-osteoclastic 4B12 cells accompanied by reduced expression
of Call and Ctsk. Obtained composite regulated viability of bone progenitor cells and
showed immunomodulatory properties inhibiting the expression of inflammatory markers,
ie, TNF-a, iNOs or IL-1f, in LPS-stimulated RAW 264.7 cells.

Conclusion: We have described for the first time a new concept of osteoporosis treatment based
on nHAp/IO@miR-21/124 application. Obtained results indicated that fabricated nanocomposite
might impact proper regeneration of osteoporotic bone, restoring the balance between osteoblasts
and osteoclast.
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Introduction

Osteoporosis is a multifactorial disorder strongly asso-
ciated with reduced bone mass, structural deterioration of
bone tissue and mineralization, leading to a high risk of
skeletal fractures, including the hip, spine, and wrist.
Osteoporosis prevalently affects women, although men
are also at high risk of its occurrence.! Osteoporosis
seems to be a global concern of societies worldwide,
especially in well developed and ageing populations.”
Risk factors for osteoporosis and bone fractures in osteo-
porotic patients include age (>65 years), genetic predis-
positions, inactive lifestyle, smoking and low/high BMI
index.® Moreover, treatment with glucocorticoids, diabetes
mellitus type 1 and 2 (T1D and T2D, respectively), rheu-
matoid arthritis, multiple myeloma or liver associated dis-
orders has been shown as a secondary cause of
osteoporosis.* As estimated by the National Health
Institute (NIH), more than 200 million patients worldwide
Additionally, the
International Osteoporosis Foundation has calculated that

are affected by osteoporosis.
1 in 3 women over the age of 50 and 1 in 5 men will suffer
from osteoporosis-related bone fractures in their lives.’
Osteoporosis results in a severe decrease in life quality
and leads to a significant financial burden on the health-
care systems all over the world.® Current osteoporosis
treatment strategies include applications of anti-resorptive
agents, including bisphosphonates, estrogen, selective
estrogen receptor modulators (SERMs), and parathyroid
(PTH),
supplementation.”*®

hormone vitamin D and calcium

Osteoporosis-related bone fractures belong to the most
common consequences of reduced bone mass, as well as
deterioration in structural bone tissue formation.> Bone
fractures, including hip damage, occurring primarily in
man, require long-term nursing home care, cause
decreased quality of life, social isolation, depression, and
in certain cases can even lead to death.’

Vertebral fractures become a lion part of osteoporotic
related fractures and usually might occur during daily
chores without any trauma or fall.'® Bone fractures that
occur spontaneously, called fragility fractures, are predo-
minantly noted in osteoporotic patients. It is also estimated
that only in European countries, more than 30% of men
will experience an osteoporotic fracture.'®'! In the course
of osteoporosis advantage of bone catabolic over anabolic
processes has been shown. Consequently, enhanced bone

resorption caused by hyperactivity of osteoclasts is

observed, simultaneously with the diminished activity of
osteoblasts involved in new bone formation.'? These pro-
cesses are regulated in particular by the molecular triad, ie,
the receptor activator for nuclear factor kB ligand
(RANKL), receptor activator for nuclear factor B
(RANK) and osteoprotegerin (OPG).'*> The deterioration
of bone homeostasis at a molecular level is modulated by
osteoblasts producing both OPG and RANKL, thus regu-
lating the resorbing activity of osteoclasts activity. The
mechanisms mediating proper interplay between osteo-
blast and osteoclast are critical factors in osteoporosis
development. Osteoblasts through the cell to cell contact
can affect osteoclast viability, differentiation and apoptosis
by activating OPG/RANKL/RANK, LGR4/RANKL/
RANK, Ephrin2/ephB4 and Fas/FasL pathways.'? In
turn, osteoclasts can also regulate bone formation via
activation of osteoblasts d2 isoform of vacuolar (H+)
ATPase VO domain (Atp6v0d2), complement component
3a, semaphorin 4D or microRNAs, such as miR—214—3p.12
In the course of osteoporosis, both osteoblasts as well as
their stem progenitor cells, are losing their ability to pro-
duce extracellular matrix, which finally leads to impair-
ment of bone microstructure.'* At the same time,
osteoclasts involved in bone resorption and modulation
of this process are strongly activated, leading to reduced
bone density and initiates bone fractures.” Thus, the fac-
tors that could regulate and coordinate the crosstalk
between osteoblast-osteoclasts activity are strongly
required to improve the regeneration of bone fractures.
Recently, many factors have been shown to promote
bone healing via stimulation of osteoblasts activity, includ-
ing apatites.'>'¢

Nanohydroxyapatite (nHAp) is used for bone substitu-
tion and has been shown to promote bone regeneration by
modulating viability, proliferative activity and metabolic
their
Hydroxyapatite is an essential component of vertebrate

activity of osteoblasts and progenitors.'’
bone mineral. Fabrication of nHAP and its composites
under controlled conditions gives the potential for
a multitude of applications, for example, as platforms for
drug and bioactive molecules delivery.'®'%!?

Previous studies published by our group showed that
nHAp promotes osteoblasts survival through modulation
of expression of common transcripts involved in cell via-
bility, including BCL-2, BAX, P21 and P53.%° The nHAp

matrices have been shown to improve mineralization of
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extracellular matrix activating transcripts at mRNA level,
including RUNX2, which is the master regulator of differ-
entiation of bone cells and RANKL-OPG axis. However,
nHAp also promotes osteoclasts activity, which seems
undesirable, especially considering the design of biomater-
ials for the regeneration of osteoporotic bone fractures.”'
For that reason, many strategies have been proposed to
improve bone regeneration, including co-doping of nHAp
by various agents, including iron oxide nanoparticles
(I0s).?* Due to the antimicrobial properties of IOs noted
against pathogenic bacteria and fungi, their application as
factors for guided regeneration of disturbed tissue is highly
desirable. Moreover, 10s can be synthesized via the green
route, which allows obtaining materials having not only
a strong antibacterial activity but also photocatalytic prop-
which their
application.”?

We have recently shown that nHAp doped with 10s
after exposition to the magnetic field promotes the expres-

erties, expands potential biomedical

sion of osteogenic markers in osteoblasts through integrin
alpha-3 (INTa-3) activation, simultaneously inhibiting
osteoclasts activity.” The nHAp/IOs composites reduced
tartrate-resistant acid phosphatase activity (TRAP) and
cathepsin K — two major regulators of osteoclasts metabo-
lism. Moreover, we showed that nHAp doped with 1Os
could trigger apoptosis in osteoclasts via activation of
BAX-p21-p53 and CASP-9 axis. The combination of
both nHAp and IOs under magnetic field condition influ-
enced osteoblast precursors (MC3T3-El), activating the
expression of transcripts coding osteopontin (OPN), bone
morphogenetic protein —2 (BMP-2), collagen type 1
(COL1A1) as well as alkaline phosphatase (ALP) — all
factors crucial for bone regeneration and remodelling.?
The combination of nHAp and IOs also brings additional
advantages since 10s allow their trucking to use magnetic
resonance imaging (MRI) and deliver particular agents,
including genes, growth factors or miRNA.**%*

Recently, miRNAs have been shown to play a critical
function as post-transcriptional regulators of bone metabo-
lism and a fundamental role as modulators of osteoblasts-
osteoclasts axis activity.?® MicroRNAs are actively
involved in the regulation of both post-transcriptional pro-
cesses of bones remodelling. Therefore, miRNAs known
as critical agents influencing bone homeostasis seem to be
promising therapeutic factors that modulate bone forma-
tion and resorption. Previously performed studies showed
that microRNA-21 (miR-21) is particularly involved in
osteogenic differentiation of bone marrow-derived stromal

mesenchymal stem progenitor cells (BM-MSCs), and reg-
ulates downstream targets, including Sprouty 1 (Spryl)
and Sprouty 2 (Spry2).>” The miR-21 molecule is also
involved in preventing bone loss through inhibition of
osteoclasts activity and targeting programmed cell death
protein 4 (PDCD4), despite the existence of RANKL.*

In turn, microRNA-124 (miR-124) has been shown to
play a critical role in the regulation of osteoclastogenesis
in BM-MSCs through suppressing NFATc1 expression.?’
Moreover, the overexpression of NFATcl prevents the
inhibitory effect of miR-124 on osteoclastogenesis.
Finally, miR-124 affects the viability and proliferative
potential of osteoclast precursors, which shed a bright
light on its so-called osteoclast
“blocker”.>*

The study’s objective was to develop a novel nHAp-

application as a

based platform co-doped with iron oxide (IO) for the
controlled delivery of microRNA that regulates the activ-
ity of bone-forming and bone-resorbing cells. This study is
the first and foremost communication revealing the third
generation’s conceptual material for the guided regenera-
tion of osteoporotic bone. The innovation of the proposed
dual-targeting system relies on applying nHAp/IO as
a platform delivering therapeutic miRNA, ie, miR-21 and
miR-124 released after triggering with the magnetic field.
The fabricated scaffold, ie, nHAp+IO with a combination
of miR-21/124, actively improved osteoblasts activity,
increasing proliferative potential as well as viability
through activation of BCL-2 transcript. The functionality
of the scaffold was evidenced by increased osteogenesis of
osteoblast precursors. Moreover, we revealed that nHAp/
I0O@miR-21/124 application inhibits osteoclasts activity
and has immunomodulatory properties, thus might become
a promising therapeutic approach for osteoporosis treat-
ment, facilitating osteoblast-osteoclast coupling.

Materials and Methods

Synthesis of Iron Oxide Nanoparticles
(10)

The wet chemical co-precipitation process has been
applied to obtain magnetic nanoparticles. The following
reagents were used: KOH (Chempur, Pickary Slaskie,
Poland, pure p.a.), KNO; (Chempur, Piekary Slaskie,
Poland, <99%) and FeSO, -7H,O (Chempur, Piekary
Slaskie, Poland, <99.5%). The hot water solutions of
0.4329 g (4.28 mmol) KOH, 1.4415 g (25.69 mmol)
KNO; and 3.5712 g (12.85 mmol) FeSO4,7H,O were
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prepared. Afterwards, the KNO3 and KOH solutions were
added dropwise to dissolved FeSO4 7H,0 and further stir-
red at 90 °C for 10 minutes. The resulting black precipitate
was magnetically separated from the by-products, washed
with deionised water to obtain a neutral pH and dried at 70
°C for 24 hours.

Synthesis of Nanohydroxyapatite/lron
Oxide Composite (nHAp/IO)

Fabrication of nHAp/IO composite was done by using
a microwave-stimulated hydrothermal method. 0.3000
g (1.3 mmol) of the obtained iron oxide (Fe;O4) and
1.0647 g (8.06 mmol, 3-fold excess relative to the calcium
ion concentration) diammonium hydrogen phosphate
((NH4),HPOy,, Acros Organics, Geel, Belgium 98+%) were
mixed and sonicated in 20 mL of deionised water for 15
minutes. Then, 5 mL of ammonia (25%) was added to the
mixture to obtain an alkaline environment. Afterwards, the
water solutions of 1.0577 g (4.48 mmol) calcium nitrate (Ca
(NO3),, Sigma-Aldrich, Steinheim, Germany >99%) and
0.1721 g (0.08 mmol) citric acid (C¢HgO,, Alfa Aesar,
Karlsruhe, Germany, 99+%) were added. After sonification
for 10 min the dispersion was transferred to Teflon vessel
and put in a microwave reactor (Magnum II, ERTEC-
Poland, Wroctaw, Poland) under the pressure of 20-30 atm
and at 200 °C for 90 minutes. Afterwards, the obtained
powder was washed with deionised water to obtain neutral
pH and further dried at 70 °C for 24 h.

Characterisation of Fabricated nHAp/IO

The X-Ray Powder Diffraction (XRPD) patterns were
recorded in a 20 range of 5-100 with X’Pert Pro
PANalytical X-ray diffractometer (Malvern Panalytical
Ltd, Malvern, UK) (Cu Kal: 1.54060 A) to confirm the
structure of obtained composite. To calculate the cell para-
meters and contribution of both phases in nHAp/IO the
Rietveld refinement was used.®' The resulted structure was
confirmed by mid-IR (4000-400 cm™' with 4 cm™' spec-
tral resolution) spectrum collected in KBr pellets using the
Nicolet iS50 Fourier Transform Infrared Spectroscopy
(Thermo Scientific, Waltham, MA, USA) spectrometer
equipped with Automated Beamsplitter exchange system
(iS50 ABX containing DLaTGS KBr detector), Thermo
Scientific Polaris™ and HeNe laser as an IR radiation
source. The morphology and elemental analysis were car-
ried out using the scanning electron microscope FEI Nova
NanoSEM 230 (FEI Company, Hillsboro, OR, USA)

equipped with an EDS spectrometer (EDAX Pegasus
XM4, AMETEK Materials Analysis Division, Mahwabh,
NJ USA) and operating acceleration voltage in the range
3.0-15 kV and spot 2.5-3.0. High-resolution transmission
electron microscopy (HRTEM) images and selected area
electron diffraction (SAED) patterns were investigate
using a Philips CM-20 SuperTwin (Philips, Amsterdam,
Netherlands) microscope operating at 160 kV. The average
particles size was determined through direct measurement
of 60 particles in the HRTEM images using ImageJ soft-
ware (National Institutes of Health, Wisconsin, USA).

Variable temperature (1.8-300 K) direct current (DC)
magnetic susceptibility measurements under an applied
field of B =0.01 T and variable — field (0-5 T) magnetiza-
tion measurements at temperatures 2 and 300 K were
carried out with SQUID MPMS magnetometer (Quantum
Design, California, USA). The magnetic susceptibility
data were corrected for the diamagnetism of the constitu-
ent atoms and the sample holder. DC measurements were
carried out by crushing the crystals and restraining the
sample to prevent any displacement due to its magnetic
anisotropy.

Functionalization of Obtained nHAp/IO
by the miR21/124

The surface of nanocomposite was functionalized by
miRNA (MISSION ® miRNA Mimics of miR-21 and
miR-124; Sigma Aldrich, Munich, Germany) in complex
(Merck/Sigma-Aldrich, Munich,
Germany). The complex was prepared in molecular biol-
ogy-Grade water and mixed with 0.1 g of nHAp/IO. The
final concentration of miRNA in the experimental condi-

with  poly-L-lysine

tion was equal to 50 nM. This mixture was incubated for
24h at a temperature of 40 °C. Afterwards, the modified
nanocomposite was centrifuged and dried at 30°C per
24 h. The spectrophotometric method has been applied to
determine the modifier content. 1 mg/g of miRNA were
incorporated into nHAp/IO@miRNA bio-composite.

Evaluation of nHAp/IO Cytocompatibility
Cell Culture

The murine osteoblast precursor cell line (MC3T3-E1) and
murine monocyte-macrophage cell line (RAW 264.7) were
obtained from EACC (European Collection of
Authenticated  Cell Merck/Sigma-Aldrich,
Munich, Germany). Pre-osteoclastic murine cell line
(4B12) was a kind gift

Cultures,

from Shigeru Amano
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(Department of Oral Biology and Tissue Engineering,
Meikai University School of Dentistry in Japan).

The pre-osteoblast MC3T3-E1 cell line was cultured in
a complete growth medium, ie, MEM-o without the addi-
tion of ascorbic acid (Minimum Essential Media Alpha,
Gibco, Scotland, UK) supplemented with 10% FBS (Fetal
Bovine Serum; Merck/Sigma-Aldrich, Munich, Germany)
named later CGMy;c313. In turn, 4B12 cell line was cul-
tured in MEM-a supplemented with 10% FBS and addi-
tionally with 30% of CSCM, which is a cell-conditioned
medium obtained from calvaria-derived stromal cells as it
was described by Amano et al*’. The complete growth
medium for 4B12 pre-osteoclasts was named later
CGMyg12. Moreover, RAW 264.7 cell line was cultured
in a complete growth medium (CGMgaw264.7) cOnsisting
of DMEM medium (Dulbecco’s Modified Eagle Medium,
with 10% FBS and 4500mg/L glucose (Merck/Sigma-
Aldrich, Munich, Germany). The growth media were not
supplemented by the antibiotics.

All cultures were maintained in CO, incubator at con-
stant conditions (37°C, 5% CO,, 95% humidity). The
medium was replaced every 2—-3 days. The trypsinization
protocols of MC3T3 and 4B12 cell lines were described in
detail previously.®* Passage of macrophage cells line was
carried out by dislodging cells from the flask with a cell
scraper when the culture reached 80% of confluence. Pre-
osteoblasts used for experiments were at passage 45 (p45),
and osteoclast precursors were at passage 40 (p40).

The Experimental Cultures

Cell lines propagated with or without the addition of
biomaterials were exposed to the magnetic field (MF+)
for 15 minutes daily. As a negative control, cell lines
culturing without exposure to the magnetic field were
used (MF-). The system for magnetic field generation
was described in detail by Marycz et al**. The magnetic
field stimulation system was installed in CO, incubator
and established to 0.2 T.

Pre-osteoblasts were inoculated onto 24-well plastic
plates (Greiner, Biokom, Janki, Polska) at the density of
3x10* cells/well and maintained in 500 pL of CGMycats.
Pre-osteoclasts were inoculated onto 24-well plastic plates
at the density of 6x10* cells/well and cultured in 500 pL
of CGMyg1>.

Mouse monocyte-macrophages cells, ie, RAW 264.7
were inoculated in 24-well plastic plates at the density of
3x10° cells/well and maintained in 500 pL CGMgaw264.7-
Subsequently,

lipopolysaccharide from Pseudomonas

aeruginosa  (LPS,  Merck/Sigma-Aldrich,  Munich,
Germany) at a concentration of 1 pg/mL was added to
the experimental culture. After 6 h of incubation, the
medium with LPS was removed and replaced with a new
fresh portion of CGM supplemented with nHAp/
I0O@miR21/124. The experiment last four days, cultures
were maintained in an incubator at standard growth con-
ditions (37°C, 5% CO,, 95% humidity) with daily exposi-
tion to the magnetic field for 15 min.

Evaluation of Cells’ Viability and Mitochondrial
Membrane Depolarization

The cells’ viability and mitochondrial membrane potential
were investigated using Muse™ Mitopotential Assay Kit
(Merck/Sigma-Aldrich, Munich, Germany). The protocol
was performed accordingly to manufacturers’ instruction,
and it was shown in our previous studies.*>*® After incu-
bations with provided reagents, the samples were analysed
using Muse™ Cell Analyzer (Merck/Sigma-Aldrich,
Munich, Germany). Each measurement was performed in
Additionally, the MTS
Cambridge, UK) was performed using a well-known pro-

triplicate. assay (Abcam,
tocol performed according to the method described
before.*”

Mitochondria Network Visualization

The visualization of mitochondria in cells was performed
using MitoRed staining kit, obtained from Merck/Sigma-
Aldrich (Munich, Germany), according to the manufac-
turers’ protocol and protocols described elsewhere.’’
Cultures were counterstained with phalloidin solution in
PBS (1:800) for 40 min at 37°C (Atto 488, Merck/Sigma-
Aldrich, Munich, Germany). The Mounting Medium with
4',6-diamidino-2-phenylindole, ie, DAPI (Thermo Fisher
Scientific, Waltham, MA, USA), was used to visualize the
cell nuclei and closed the microscopic glass slides. Cells
were analyzed under a confocal microscope (Leica TCS
SPE, Leica Microsystems, Wetzlar, Germany). The photo-
graphs 630x%
Moreover, the stained mitochondria network’s intensity

were captured under magnification.
was analyzed using Fiji New Image] with Colour Pixel
Counter plugin version 1.52n developed by Wayne
Rasband from National Institutes of Health, USA. Each

measurement was performed in triplicates.

Evaluation of Reactive Oxygen Species Releasing

The oxidative stress activation was evaluated in the murine
monocyte-macrophage cell line, ie, RAW 264.7. The assay
was performed using Muse™ Oxidative Stress commercial
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Kit (Merck/Sigma-Aldrich, Munich, Germany). The pro-
tocol of reaction was performed according to the manu-
facturer’s instruction. The measurements were performed
using Muse™ Cell Analyzer (Merck/Sigma-Aldrich,
Munich, Germany). Each measurement was performed in
triplicate.

Osteogenic Differentiation Determination
Osteogenic differentiation evaluation was performed using
mice pre-osteoblast cell line, ie, MC3T3-El. Briefly, the
pre-osteoblasts were inoculated onto 6-well plastic plates
(Greiner, Biokom, Janki, Polska) at the density of 1.5x10°
cells/well and maintained in 2 mL of CGMy;c373 complete
medium. The osteogenic conditions and medium composi-
tion were described in detail previously.*> The osteogen-
esis was carried out for 14 days. Cells were maintained in
an incubator at standard conditions (37°C, 5% CO2, 95%
humidity), and experimental groups were additionally
exposed to MF every day for 15 minutes within these
days. After differentiation, the cells were fixed with 4%
of paraformaldehyde or collected for further analysis.
Detection of calcium deposits was performed using
Red S (Merck/Sigma-Aldrich, Munich,
Germany). The protocol of extracellular matrix staining,

Alizarin

methods of documentation and analysis of the obtained
results were performed as described previously.>®

The protein expression of intracellularly accumulated
RUNX-2 and OPN was evaluated by the Western Blot
technique. The procedure was carried out using the condi-
tions described previously in detail.*®** The concentration
of protein level loaded per well was equal to 20 pg. The
primary antibody for RUNX-2 (F-2: sc-390351, Santa
Cruz Biotechnology, Dallas, Texas, USA) detection was
diluted at the ratio of 1:100 and for OPN (ab8448, Abcam,
Cambridge, UK) at the ratio of 1:1000. The documentation
was performed as described previously.*?

The visualization of the RUNX-2 and OPN protein in
cells was also verified using confocal fluorescence micro-
scopy. Secondary antibodies conjugated with fluorochrome
were diluted at concentration equal 1:1000. Antibodies
used for the analysis were Anti-Mouse IgG — Atto 594
antibody produced in goat (Sigma, 76085) and anti-Rabbit
IgG — Atto 594 antibody produced in goat (Sigma, 77671).
The images were captured using a confocal microscope at
magnification 630% (Leica TCS SPE, Leica Microsystems,
Wetzlar, Germany). Obtained photographs were analysed
by Imagel software version 1.52n, developed by Wayne
Rasband, National Institutes of Health, USA.

RT-gPCR Detection of Gene Expression

The evaluation of mRNAs and non-protein-coding RNAs
transcript levels was performed using RT-qPCR technique.
The procedures were performed accordingly to our previous
studies. 33336 Briefly, to isolate the RNA, cultures were
homogenized by the addition of Extrazol® (Blirt DNA,
Gdansk, Poland). The purity and the quantity of obtained
RNA were measured by a spectrophotometer at 260 and 280
nm wavelength (Epoch, BioTek Instruments, Vermont,
USA). The PrecisionDNAse Kit (Primerdesign, BLIRT S.
A., Gdansk, Poland) and Tetro cDNA Synthesis Kit (Bioline
Reagents Limited, London, UK) were used according to the
manufacturer’s protocol in order to digest the gDNA and
synthesize cDNA from 800 ng of RNA. The digestion and
reverse transcription were performed in T100 Thermal
Cycler (BioRad, Hercules, CA, USA). Furthermore, the eva-
luation of small non-coding RNA levels was performed
using the Mir-X™ miRNA First-Strand Synthesis Kit
(Takara Clontech Laboratories, Mountain View, CA, USA)
according to the protocol provided with reagents. The gPCR
reaction was performed using SensiFAST SYBR Green®and
Fluorescein Kit from Bioline Reagents Ltd., London, UK.
For the analysis, CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) was applied. The
reactions were performed in triplicates. The genes expression
were calculated according to the RQuax algorithm using
Bio-Rad CFX Maestro. The mRNA transcripts were calcu-
lated in relation to the housekeeping gene, ie, Gapdh (glycer-
aldehyde miRNA
transcripts were normalized to snU6 gene. The primers

3-phosphatehydrogenase),  while

(Sigma Aldrich, Munich, Germany) are listed in Table 1S
(Supplementary material).

Statistical Analysis

Obtained results are presented as the mean with standard
deviation (£SD), derived from at least three technical repeti-
tions. Statistics comparison was performed using t-Student
test or One-way analysis of variance with Dunnett’s post hoc
test. The calculation was made using GraphPad Software
(Prism 8.20, San Diego, CA, USA). Differences with
a probability of p < 0.05 were considered significant.

Results
Structure and Morphological Properties

of the Obtained nHAp/IO
The obtained nHAp/IO was verified by comparing detected

positions of the diffraction peaks with the data relating to the
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Figure 1 XRD pattern of the obtained nHAp/IO together with the corresponding references (A). Result of the Rietveld analysis (black line- XRPD pattern; red points—
fitted diffraction; blue—differential pattern; red and green—positions of reference phase peaks) (B). FT-IR spectrum of the obtained nHAp/IO (black line) with the indication

of characteristic bands originating from 10 (red line) and nHAp (blue line) (C).

Inorganic Crystal Structure Database standards (ICSD-
26204  for ICSD-158583  for
magnetite*'). The peaks (see Figure 1A) at 20 equal to
18.4°, 30.2°, 35.6°, 37.0, 43.1°, 53.4°, 57.2°, 62.7° has
been ascribed to cubic inverse spinel structure, which

hydroxyapatite®  and

crystallizes in orthorhombic Fd3m space group.** Whereas
the most characteristic peaks belonging to the hexagonal
hydroxyapatite structure (P63/m space group) were found
at 16.8°, 25.8°, 28.0°, 28.89°, 39.0°, 39.9°, 55.69° and in the
20 range from 31.6° to 33.9°, as well as from 46.6° to 53.0°.

Table | Unit Cell Parameters (a, c), Crystal Cell Volume (V), as Well as a Refined Factor (Rw) for the Nanocomposite Cas(PO4);OH/

Fe;O4
Cell Parameters Phase
Hydroxyapatite Cas(PO,4);OH Magnetite Fe;O, Ca;(PO,4);O0H (%) Fe;04(%) R,
Sample a(A) c(A) Vv (A% a(A) Vv (A%
s. c. 9.424(4) 6.879(4) 529.09(54) 8.394(1) 591.43(21) - - -
Composite 9.416(9) 6.866(8) 527.35(24) 8.377(2) 587.89(08) 68.01 31.99 1.01
Notes: Cas(PO,);0H — ICSD 26204, Fe;0,4 — ICSD 158583.
Abbreviations: s. c. — single crystal reference data.
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Figure 2 SEM image (A), EDS spectrum (B), SEM-EDS elemental maps (C) and TEM with SAED (inset) images (D) of the obtained nHAp/IO.

The FT-IR spectrum recorded for the obtained nHAp/IO
composite has been shown in c. The spectrum consists of the
vibrational bands characteristic for phosphate (PO,>") and
hydroxyl (OH) groups belonging to nHAp. The bands
detected at 565, 603 cm ' correspond to the triply degen-
erate v, bending of O—P-O bonds vibration. The peak at
960 cm ' belongs to the symmetric non-degenerate v,

stretching vibrations of phosphate groups, while the modes
at 1031 and 1092 cm™' identify the antisymmetric triply
degenerate v; stretching vibrations of PO,> group.* The
presence of band at 1404 and 869 cm ™' indicates the C—O
vibrations of adsorbed CO, from air or substitution of PO,>"
with CO5>~ groups.**** The typical for nHAp bands at 632
and 3572 cm™' represent librational modes (v,(OH)) and
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stretching  vibrations
43,46,47

(vs(OH")) of hydroxyl
respectively. Whereas the broad stretching
(38002800 cm ") and bending (1637 cm™') bands can be
assigned to adsorbed water molecules on the nanoparticle

groups,

surface.*®* The bands occur at 580 cm ™' and 634 cm ™' can
be attributed to the stretching vibration of Fe—O bond
derived from iron oxide.*®***" Both peaks are overlapped
by absorption peaks assigned to nHAp (Figure 1C).

The cell parameters and contribution of these two
phases in the final composite were calculated using
Rietveld analysis. Figure 1B shows a good relationship
between the composite XRPD pattern and the theoretical
fits of both phases, indicating the validity of the Rietveld
refinement as illustrated by the close to zero differences in
the intensity scale in the line (Yops — Ycalc). The quality of
structural refinement was checked by R,, value. The results
have been gathered in Table 1. The phase content was
estimated to be 68.01% for nHAp and 31.99% for IO.
The calculated cell parameters (a, ¢, V) of both compo-
nents are in good agreement with theoretical values.
However, a contraction of the unit cell volume is observed
for both hydroxyapatite and iron oxide. This observation is
probably related to the nano-dimension of the composite.

Scanning Electron Microscopy together with Energy
Dispersive X-ray spectroscopy (SEM-EDS) was used to
examine the composition of the obtained nHAp/IO and its
atomic distribution (Figure 2A—C). The composite con-
tains Ca, P, O and Fe elements in the amount of 25.46,
11.48, 32.48 and 36.56 Wt%, respectively. The estimated
Ca/P molar ratio (1.72) is close to the theoretical value
equals to 1.67. The elemental maps (Figure 2C) have

S‘WMNDOOOOOOOQQOOOOOOQOO

M [emu/g]

o

T

T T T T
0 50 150 200 250 300

TIK]
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100

shown that iron ions are separately distributed from other
ions belonging to hydroxyapatite as well as both phases,
IO and nHAp, have a tendency towards mutual agglom-
eration. Moreover, to estimate the size of the obtained
hydroxyapatite and magnetite as well as see how the
particles interact with each other, Scanning (SEM) and
Transmission (TEM) Electron Microscopy images were
collected. As shown, nHAp particles possess rods-shape
with an average size of approximately 25-56 nm x 4-16
nm. In contrast, iron oxide particles have a spherical-like
morphology in nanometric size. Furthermore, the Selected
Area Electron Diffraction (SAED) image shows well-
developed spotty rings confirming that the sample is poly-
nanocrystalline (Figure 2D).

Magnetic Properties of the Obtained
nHAp/IO

As reported in the literature, the magnetic order in the
cubic spinel system of magnetite is mainly due to
a superexchange interaction mechanism occurring between
the metal ions in the A and B sites in spinel lattice. The
magnetic properties of the composite material were exam-
ined by means of superconducting quantum interference
device (SQUID) within the temperature range of 1.8-300
K (Figure 3A) and a magnetic field of 0-5T (Figure 3B).

The zero-field cooling curve of examine sample are
almost flat in the temperature range 25-150 K and dis-
plays a hump at 7=25 K. Above 150 K this curve
decreases rapidly with temperature suggesting superpar-
amagnetic behavior with a little interaction among the
particles. The sharp fall of ZFC magnetization at T is
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Figure 3 (A) Temperature (T) dependence of magnetization (M) at 100 Oe for nHAp/IO. (B) Field (H) dependence of magnetization (M) of nHAp/IO at 300 K and 2 K.
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Figure 4 The impact of the nanocomposites alone and in combination with the miR21/124 in MF conditions on the mitochondrial potential of MC3T3-El cells. The results
of comparative analysis, including cells with high mitochondrial membrane potential/viable (A), with the depolarised mitochondrial membrane (B) and dead (C). The
metabolic activity was determined based on mitochondrial dehydrogenase activity (D). Significant differences are indicated as follows (*p<0,005, **p<0,001 and ***p<0,001)

and non-significant are marked as ns. The comparisons between groups are marked
groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

indicative of the typical co-operative freezing (spin
glasslike) behavior of strongly interacting particles in
a frustrated magnetic system.’>> Some useful informa-
tion about the magnetic response of both samples give
hysteresis loops graph shown in Figure 3B recorded at
300 and 2 K,
a nonlinear variation in magnetization as a function of
a magnetic field at both temperatures. At 300 K, the
coercivity (18.5 Oe) and remanence values (2.1 EMU/g)

respectively. These figures show

are not discernible, indicating a superparamagnetic

with brackets. The black symbols refer to the differences between CTRL and nHAp/IO

behavior, while at 2 K the value of coercivity (160
Oe) and (7.5 EMU/g)
a ferrimagnetic behavior. The observed value of satura-
tion magnetization (Ms) at 2 T and 300 K was 34.1 and
26.6 emu/g, respectively. The smaller magnetizations
than their bulk wvalue 92
magnetite®* are likely due to the mass of the composite

remanence showing

respective emu/g for

material, some diamagnetic contribution from the hydro-
shell and

55,56

Xyapatite tendency towards mutual

agglomeration.
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Figure 5 The impact of the nanocomposites alone and in combination with the miR21/124 in MF conditions on the mitochondrial potential of 4B12 cells. The results of
comparative analysis, including cells with high mitochondrial membrane potential/viable (A), with the depolarised mitochondrial membrane (B) and dead (C). The metabolic
activity was determined based on mitochondrial dehydrogenase activity (D). Significant differences are indicated as follows (*p<0,005 and **p<0,001) and non-significant are
marked as ns. The comparisons between groups are marked with brackets. The black symbols refer to the differences between CTRL and nHAp/IO groups, while red

symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

Viability and Mitochondrial Membrane
Potential are Modulated in
Pre-Osteoblast and Pre-Osteoclast by the

Presence of Biomaterial and Magnetic
Field

The viability of precursors of bone cells was determined
based on the impact of the combination of the nHAp/
I0@miR21/124 on the mitochondrial membrane polarisa-
tion (Figure 4A—C) and its metabolism (Figure 4D). The
representative dot plots showing distribution of pre-osteo-
blast based on mitochondrial membrane potential, were
shown in Supplementary Information (Figure 1S). The
analysis revealed that pre-osteoblasts derived from
MC3T3-El cell line cultured with the addition of nHAp/
IO are characterised by increased viability independently

of the magnetic field influence (Figure 4B). The significant
difference in the viability of cells cultured without bioma-
terials and with nHAp/IO biomaterials was observed only
in those maintained without magnetic field (MF-).
Simultaneously, MC3T3-El cultured under MF+ condition
with the addition of nHAp/IO showed a significant
decrease of mitochondria membrane depolarisation and
4B and D).
Additionally, the effect of nHAp/IO functionalisation
with miRNAs (nHAp/IO@miR21/124) was significantly
enhanced in cultures propagated under magnetic field

increased metabolic activity (Figure

(MF+). The cultures were distinguished by increased via-
bility coupled with decreased mitochondrial membrane
depolarisation and reduced percentage of dead cells
(Figure 4A-C). Moreover, nHAp/IO combined with

miRNAs, improved the metabolic activity of cells
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Figure 6 The impact of the nanocomposites alone and in combination with the miR21/124 in MF conditions on the morphology, growth pattern, mitochondrial network
development and mitochondria staining intensity in MC3T3-El (A, B, E) and 4B12 cell line (C, D, F). Significant differences are indicated as follows (*p<0,005, **p<0,001
and **p<0,001) and non-significant are marked as ns. The comparisons between groups are marked with brackets. The black symbols refer to the differences between
CTRL and nHAp/IO groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

(Figure 4D). Nevertheless, in comparison to nHAp/IO the
significant effect was noted only in cultures propagated
without MF.

The analysis of 4B12 pre-osteoclast viability showed
that MF stimulation significantly improved mitochondria
membrane potential (Figure 5). Simultaneously, we have
noted that in 4B12 cell line culture, maintained under MF,
both nHAp/IO and nHAp/IO@miR21/124, increased the

percentage of necrotic cells (Figure 5C). We have also
demonstrated that the viability of 4B12 decreases in cul-
with nHAp/IO@miR-21/124
(Figure 5C), which was accompanied by lowered mito-

tures in MF-condition
chondrial membrane potential and increased occurrence of
necrotic (dead) cells (Figure 5A and B). The representa-
tive dot plots obtained in cytometric-based assay were
shown in Supplementary Information (Figure 2S). The
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Figure 7 The impact of the nanocomposites alone and in combination with the miR21/124 on the expression on Bax (A), Bcl-2 (B),Bad (D) and ratio Bax/Bcl-2 (C)
associated with apoptosis in MC3T3-E| cell line. Significant differences are indicated as follows (*p<0,005, **p<0,001,***p<0,001, and ***p<0.0001) and non-significant are
marked as ns. The black symbols refer to the differences between CTRL and nHAp/IO groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

analysis of metabolic activity measured in the MTS assay
indicated that the biomaterial does not influence on 4B12
cell line cultured in MF- conditions (Figure 5D).
the nHAp/IO@miR-21/124 biomaterial
influenced on the lowered metabolic activity of 4B12

field

Nevertheless,

pre-osteoclasts in cultures under

(Figure 5D).
The effect of biomaterials on morphology, growth

magnetic

pattern of cultures and development of the mitochondrial
network is presented in Figure 6. We have shown that
obtained biomaterials, both native nHAp/IO and functio-
nalised with miRs, did not significantly influence
MC3T3-E1 morphology in MF-conditions. In all evalu-
ated experimental conditions, the MC3T3-E1 maintained
a proper fibroblast-like phenotype and formed a dense

monolayer (Figure 6A and B). However, under MF (MF

+), the growth pattern of cultures was more complex and
expanded, associated with the well-developed actin
cytoskeleton. Additionally, the mitochondria activity
was evaluated based on the fluorescence intensity of
the mitoRed dye, confirming the improved activity of
MC3T3-E1l cultures treated with obtained biomaterials
(Figure 6E). The results are consistent with the analysis
of mitochondrial membrane potential and confirmed low-
ered modest depolarisation of mitochondria in MC3T3-
El cultures with biomaterials.

In turn, the growth pattern of the pre-osteoclastic cell line
4B12 was altered in response to the tested biomaterials and
MF stimulation. The density of the 4B12 cell line in cultures
propagated under MF increased, evidenced by the increased
number of cells nuclei (Figure 6C and D). The tested bio-
materials decreased confluence of 4B12 and affected their
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Figure 8 The impact of the nanocomposites alone and in combination with the miR21/124 on the expression on Bax (A), Bcl-2 (B),Bad (D) and ratio Bax/Bcl-2 (C)
associated with apoptosis in MC3T3-El cell line. Significant differences are indicated as follows (*p<0,005, **p<0,001 and **¥p<0,001) and non-significant are marked as ns.
The comparisons between groups are marked with brackets. The black symbols refer to the differences between CTRL and nHAp/IO groups, while red symbols are for

nHAp/IO and nHAp/IO@miR-21/124 groups.

intracellular interactions, causing a reduction of filopodia
and podosomes formation. The analysis of staining intensity
confirmed these observations (Figure 6F).

The pro-survival effect of biomaterials towards the
MC3T3-El cells is evidenced by the expression profile of
markers associated with apoptosis. The Bax/Bcl-2 ratio indi-
cates that nHAp/IO and nHAp/IO@miR-21/124 exert
a significant anti-apoptotic effect on osteoblast precursors
in cultures maintained under the MF (Figure 7A—C).

The anti-apoptotic effect of nHAp/IO@miR-21/124 is
also emphasised by the lowered expression of Bad tran-
scripts, regardless of MF presence (Figure 7D). On the
other hand, cells cultured in the presence of nHAp/IO
under MF conditions showed increased accumulation of
mRNA for Bad (Figure 7D).

The analysis of mRNA levels for Bax and Bcl-2, as
well as their ratio performed for 4B12 pre-osteoclasts,

confirmed the fact that biomaterials may increase the
death occurrence of bone-resorbing cells. The pro-apopto-
tic marker Bax was significantly increased in 4B12 cul-
tured with the addition of biomaterials, while anti-
apoptotic Bcl-2 was decreased, regardless of the magnetic
field influence (Figure 8A and B). Moreover, the functio-
nalisation of nHAp/IO with the combination of miR-21/
124 significantly affected Bax transcript levels. The profile
of Bax/Bcl-2 ratio confirms the observation made using
cytometric analysis and confocal imaging. The decreased
Bax/Bcl-2 ratio was observed in cultures under a magnetic
field, indicating that the stimulation may promote the
viability of pre-osteoclasts (Figure 8C). Moreover, this
pattern confirms the expression profile of pro-apoptotic
Bad. The mRNA levels for Bad in all tested culture con-
field
Nevertheless, under MF Bad transcript levels determined

ditions decreased after magnetic stimulation.
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Figure 9 The impact of the nanocomposites alone and in combination with the miR21/124 in condition of MF on the expression of Runx-2 (A), Coll-I (B), Ca Il (C), Ctsk (D),
Mmp-9 (E) genes associated with bone formation and resorption in MC3T3-El and 4B12 cell line. Significant differences are indicated as follows (*p<0,005, *p<0,001 and
*##p<0,001) and non-significant are marked as ns. The comparisons between groups are marked with brackets. The black symbols refer to the differences between CTRL
and nHAp/IO groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

in 4B12 experimental cultures, ie, with biomaterials, are
significantly increased compared to control cultures. This
observation proves the pro-apoptotic effect of the tested
constructs toward pre-osteoclast (Figure 8D).

In order to determine the influence of the nHAp/IO and
nHAp/IO@miR-21/124 on phenotype changes of bone-
formation and cells resorption, we have established

mRNA  levels for markers essential during
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Figure 10 The impact of the nanocomposites alone and functionalized with miR21/124 cultured without magnetic filed influenced (MF-) and under the magnetic influence
(MF+) on oxidative status of RAW 264.7 cells. The intracellular accumulation of reactive oxygen species (ROS) was measured in all experimental conditions (A-F), and
comparative analysis was performed (G). The gating strategy included population ROS negative cells (blue part of histogram) and ROS positive cells (red part of the
histogram). Significant differences are indicated as follows (*p<0,005 and ***p<0,001) and non-significant are marked as ns. The comparisons between groups are marked
with brackets. The black symbols refer to the differences between CTRL and nHAp/IO groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

osteoblastogenesis and osteoclastogenesis. Thus, we have
determined the mRNA levels for runt-related transcription
factor 2 (Runx-2) and collagen type I (Coll-1) in MC3T3-
E1 cultures, while carbonic anhydrase 11 (Call), cathepsin
K (Ctsk), and matrix metalloproteinase (Mmp-9) in cul-
tures of 4B12 pre-osteoblast (Figure 9A—E). The results
showed that obtained biomaterials trigger the osteoblast
markers expression, regardless of magnetic field presence.
Significantly increased expression of Runx-2 and Coll-1
has been noted in MC3T3-E1 cell line propagated without
MF (Figure 9A and B). We observed that the presence of
miR21/miR124 improved the accumulation of Runx-2 and
Coll-1 transcripts. The mRNA expression for Coll-1 was
significantly increased under MF stimulation, but com-
parative analysis revealed no differences between experi-
mental and control samples.

Further analysis indicated that obtained biomaterials
might exert selective potential in terms of the differen-
tiation of bone cells. The MF alone seemed to improve
the expression of Call and Ctsk, important factors reg-
ulating the differentiation of osteoclasts. However, we
have noted that transcript levels for Call are decreased
in 4B12 cells in response to biomaterials presence

(Figure 9C and D). Moreover, the functionalisation of
nHAp/IO with miRNAs improved the bioactivity of
obtained composites. Pre-osteoclasts cultured with
nHAp/IO@miR-21/124 showed significantly lowered
expression of Ctsk under magnetic field (Figure 9D).
The expression pattern of Mmp-9 transcripts determined
in 4B12 cells was not affected by magnetic field stimu-
lation. However, in cell lines cultures with the addition
of nHAp/IO we noted significantly decreased levels of
mRNA for Mmp-9, opposite to the accumulation of
Mmp-9 increased after functionalisation of biomaterials
with miRNAs (Figure 9E).

The immunomodulatory properties of obtained bioma-
terials were determined using mouse monocyte-macro-
RAW  264.7, with
lipopolysaccharide (LPS+). Moreover, intracellular accu-

phage cell line treated
mulation of reactive oxygen species (ROS) is induced by
LPS affecting oxidative status of the cells and their viabi-
lity. Thus, firstly we have measured LPS-mediated produc-
tion of ROS. The analysis showed that only nHAp/
I0O@miR-21/124 decreases the (Figure 10A—G). This phe-
nomenon was significantly evidenced, both under and

without the influence of a magnetic field.
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The microscopic observation and MTS assay showed
that the proliferation activity of RAW 264.7 increase in the
presence of nHAp/IO@miR-21/124 biomaterials in MF
conditions (Figure 11A—C).

Nevertheless, we have noted a significant decrease in
mRNA expression for selected pro-inflammatory markers,
including inducible nitric oxide synthase (iNOS), tumour
necrosis factor-alpha (7NF-a) and interleukin 18 (/I-1f)
(Figure 12A, B and D). Obtained gene expression pattern
and decreased ROS accumulation might be associated with
alternatively activated macrophages, essential during the
wound healing process. This profile can also be reflected
by decreased expression of mRNA for (7GF-§) noted in

the cultures propagated with nHAp/IO@miR-21/124 with-
out MF presence (Figure 12C).

Bearing in mind that obtained nanometric biomaterials
may trigger the expression of pro-osteogenic factors in
progenitor cells, we have tested their cytocompatibility
under osteogenic conditions. The results showed the miner-
alization of the extracellular matrix produced by MC3T3-
El. Simultaneously, bone formation under in vitro condi-
tions was promoted not only by MF presence but also by
biomaterials’ activity (Figure 13). We observed signifi-
cantly enhanced calcium deposit accumulation, osteogenic
nodule formation, and Coll-I mRNA expression in
MC3T3-E1 cells propagated with nHAp/IO@miR-21/124.
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Figure 12 The impact of the nanocomposites alone and in combination with the miR21/124 in the presence of LPS in the condition of MF on the expression of genes
associated with inflammatory markers iNOS (A), TNFa (B), TGF-f (C), IL-15 (D) in RAW 264.7 cell line. Significant differences are indicated as follows (*p<0,005, *¥p<0,001,
***p<0,001 and *¥**p<0.0001) and non-significant are marked as ns. The comparisons between groups are marked with brackets. The black symbols refer to the differences
between CTRL and nHAPp/IO groups, while red symbols are for nHAp/IO and nHAp/IO@miR-21/124 groups.

We have also evaluated the effectiveness of MC3T3-E1
cell line osteogenic differentiation in the presence of the
biomaterial, according to the intracellular expression of
Runx-2 and Opn on both mRNA and protein expression
levels. We have shown that mRNA expression for Runx-2
and Opn decreases during osteogenic differentiation of
pre-osteoblast cultured without the magnetic field expo-
sure (Figure 14A-D).

The immunofluorescence of RUNX-2 protein revealed
that nHAp/IO@miR-21/124 positively regulates its
expression. Moreover, the presence of the magnetic field
(MF+) upregulated the RUNX-2 accumulation (Figure
15A and B).

The expression of mRNA coding Opn in osteogenic
conditions additionally stimulated with MF had the same
pattern as samples maintained without MF, ie, indicating
that Opn mRNA levels were significantly decreased in the
presence of biomaterials. The Western blot analysis per-
formed to determine intracellularly accumulated proteins
showed that the expression of both RUNX-2 and OPN,
increases in response to the biomaterials, but only in the
case of MF(-) (Figure 16A-D)

Nevertheless, the immunocytofluorescence staining
revealed that nHAp/IO@miR-21/124 support osteogenic
differentiation of MC3T3-El in both MF conditions. The
obtained data showed that the expression of OPN in
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Figure 13 The pro-osteogenic impact of the nanocomposites alone and in combination with the miR21/124 evaluated without the magnetic field influence (MF-) and under
magnetic field (MF+). The evaluated parameters were matrix mineralization (A and B) and Coll-/ (C) gene expression in MC3T3-El cell line. Significant differences are
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osteogenic cultures of MC3T3-E1 cells was highly pro-
moted by the MF influence and significantly increased in
response to functionalised biomaterial nHAp/IO@miR-21/
124 (Figure 17A and B).

Discussion

Osteoporosis and difficulties in the healing of osteoporotic
bone fractures result from the unbalanced activity of bone-
forming (osteoblast) and bone-resorbing (osteoclasts).” We
have shown previously that magnetic iron particles (IOs)
promote the osteogenic activity of progenitor cells.”® In
the current study, nHAp/IO composite was used as
a delivery platform for the controlled release of functional
microRNAs, ie, miR-21 and miR-124. We have tested the
influence of the obtained composite nHAp/IO@miR-21/

124 on viability, morphology, growth pattern, metabolic
activity, mitochondrial potential and mitochondrial net-
work development in murine pre-osteoblasts and pre-
osteoblasts cell lines. Additionally, the immunomodulatory
properties of nHAp/IO@miR-21/124 were evaluated using
a monocyte-macrophage cell line — RAW 264.7. We have
also tested the effect of the nHAp/IO@miR-21/124 on
osteogenesis effectiveness in vitro.

Application of magnetic 10 nanoparticles in biomedi-
cine is one of the prospects in various approaches where
manipulation by an external magnetic field is required,
including hyperthermia treatment, targeted therapies or
drug delivery systems.”>*”® So far, several attempts
have been made to combine hydroxyapatite and 10O, espe-
cially into the core/shell system to utilise it within
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Figure 14 The impact of the nanocomposites alone and in combination with the miR21/124 in the condition of MF on the Runx-2 gene (A) and protein expression level (B—
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biomedical fields, eg, tissue engineering and regenerative
medicine.’”*® This work was focused on the nHAp/IO
composite, which was successfully obtained by the wet
chemistry method. It was found that fabricated nHAp/IO
consists of two separate well-crystalised phases (with the
content of 68%/32%, respectively) on the nanometric scale
with a tendency to mutual agglomeration. Interaction
between both phases has been clearly identified using
electron microscopy. The 10 agglomerates are located
close to the nHAp nanoparticles, suggesting surface inter-
action between them. The magnetic measurements
revealed a superparamagnetic character of nHAp/IO at
300 K, while 2 K the

a ferrimagnetic behaviour. The lower magnetisation values

at composite showed

obtained for the composite compared to the bulk analogue
data resulted from the properties of both phases, especially
diamagnetic HAp, nanocrystallinity and ability to mutual
agglomeration.

In this study, an improvement of pre-osteoblasts viabi-
lity and metabolic activity was noted in cultures with the
nHAp/IO carrying two microRNAs, ie, miR-21 and miR-
124. The choice of the miR21 and miR124 as a functional
payload was dictated by the previous study revealing their
functional role in regulating bone homeostasis.>**3:1:62
The nHAp/IO@miR-21/124 composite affected osteo-
blasts and osteoclasts progenitors in a different manner.

The obtained results showed for the first time that the
exposition of pre-osteoclasts on nHAp/IO@miR-21/124
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under magnetic field reduces their metabolic activity and
decreases expression of markers essential for their func-
tional differentiation. Simultaneously, the nHAp/IO@miR-
21/124 composite protects osteoblasts from apoptosis,
accompanied by increased mitochondrial metabolism
reflected by high mitochondrial membrane potential.
Moreover, we have shown that pre-osteoblast cultured
with nHAp/IO@miR-21/124 composites were character-
ized by increased expression of anti-apoptotic Bcl-2 as
well as decreased expression of pro-apoptotic Bax and
Bcl-2, while adverse expression pattern was noted in pre-
osteoclast cultures. These results stand in good agreement
with our previous studies showing the improvement of MF
on osteoblasts’ viability through the activation of integrin

alpha-3.%* The programmed death of osteoblasts is signifi-
cant in osteoporotic bone and other bone diseases, includ-

ing malignant osteolysis.®> Thus, the anti-apoptotic effect

of nHAp/IO@miR-21/124 toward osteoblast precursors
will be essential for bone homeostasis maintenance. The
increased osteoblasts mediated by nHAp/
I0O@miR-21/124 was also enhanced under magnetic field
exposure, supporting our recent findings.

survival

We have previously noted that MF stimulates the osteo-
genic potential of human progenitor cells derived from adi-
pose-tissue, activating transcripts essential for osteogenesis
regulation, including osteopontin (Opn) osteocalcin (Ocl)
and alkaline phosphate (Alp).** The magnetic field modu-
lates the multipotency of progenitor cells, promoting their
osteogenic differentiation and decreasing adipogenesis.®*®
In the current study, we confirmed that the osteogenic poten-
tial of progenitor cells is stabilized by the magnetic field.
Moreover, we indicated on dual action of nHAp/IO@miR-
21/124 associated with activation of pro-osteogenic tran-

scripts in osteoblast precursors (MC3T3 cells) and decreased
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Figure 16 The impact of the nanocomposites alone and in combination with the miR21/124 in condition of MF on the Opn gene (A) and protein expression level (B-D) in
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expression of transcripts critical during osteoclastogenesis in
pre-osteoclasts (4B12). The dual effect of the composite
triggered by the combination of two antagonistically acting
miRNAs will be essential for the regulation of the bone
homeostasis process during osteoblasts.

Recently the article published by Wei et al points the
role of miR-21 in regulating osteogenic differentiation of
stem cells by targeting Smad5 (Smad family member 5),
a key regulator of osteogenesis.®’ In turn, Hu et al stu-
dies conducted on mice with miR21 knockout showed
that miR-21 levels regulate RANKL (receptor activator
of nuclear factor kB ligand) and OPG expression target-
ing Sprouty 1 (Spryl). It was also proved that miR-21
played a role in protecting bone degeneration and inhibi-
tion of bone resorption through PDCD4 (programmed
cell death 4).*® Moreover, the inhibition of the miR-21

in osteoblasts results in impairment of differentiation and
More
importantly, decreased miR-21 levels disrupt the para-

extracellular matrix (ECM) mineralization.>

crine signalling, leading to a decrease in the viability of
pre-osteoclasts. The osteoprotective effect of miR-21
relies on the pro-survival effect toward osteoblasts and
their
Moreover, the inhibition of the osteoclasts metabolic

regulation of interplay  with  osteoclasts.>”
activity and their viability observed in this study might
be directly regulated by miR-124.°%% Tang et al proved
that miR-124 attenuates osteoclastogenic differentiation
of bone marrow-derived monocytes through interaction
with Rab27a.>° Moreover, it was shown that miR-124 act
as a negative regulator of osteogenic differentiation and
bone development in vivo and its mechanism of action

includes targeting DIx5, DIx3 and DIx2 genes.®
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The obtained results confirmed that the new proposed
biomaterial, ie, nHAp/IO@miR-21/124, exhibits an immu-
nomodulatory effect towards monocyte-macrophage cell
line RAW 264.7 with LPS-induced inflammatory pheno-
type. The immunomodulatory action of the composite was
also regulated by exposure to the magnetic field.

Typically, macrophages are known for their remarkable
plasticity response to various stimuli and undergo multi-
directional changes after stimulation.®” Macrophage expo-
sure to the bacterial derived LPS initiates complex signal
transduction leading to the secretion of the proinflamma-
tory cytokine profiles, enhanced anti-cancer and anti-bac-
terial activity.°® In addition, LPS as an immodulatory
compound is used for priming phagocytes and mediates
enhanced ROS secretion.>’ In this study, we have shown

that nHAp/IO@miR-21/124 decreases the intracellular
accumulation of ROS by RAW 264.7 cells stimulated by
LPS, both under MF influence and without.

The anti-inflammatory action of the static magnetic
field and hydroxyapatites were described previously.*>”!
Here we showed that the anti-inflammatory potential of
nHAp/IO composites could be enhanced by incorporating
miR-21 and miR-124 molecules. The improved biological
effects resulting from nHAp/IO functionalization by
miRNAs was evidenced by the proinflammatory profiles
of cytokines released by LPS-stimulated macrophages in
Our actual
decreased expression of TNF-o and IL-1p, the master
regulators of the inflammation in osteoporotic bones.
Moreover, macrophages exposed to the nHAp/IO@miR-

experimental cultures. results showed
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21/124 showed decreased expression of inducible nitric
oxide synthase (iNOS), a significant mediator of inflam-
mation that contributes to cell apoptosis. This molecule
mediates the balance between M1 and M2 macrophages
polarization by modifying IRF5 (member of interferon
regulatory factor).®”-’> Thus, iNOS is a hallmark molecule
of M1 classical pathway-activated macrophages involved
in the
Furthermore, pathological conditions associated with

pathogenesis of inflammatory diseases.”
inflammation provide molecular and cellular signals essen-
tial for osteoclast differentiation from the monocytes
precursors.”” Thus, the decreased expression of transcripts

Monocyte
TNF-a Y
18 Y
iNOs ‘
Ros Y

essential during osteoclastogenesis, namely carbonic anhy-
drase II and cathepsin K, noted in cultures with nHAp/
IO@miR-21/124 may also be associated with its immuno-
modulatory effect.

The pro-survival effect of nHAp/IO@miR-21/124
toward osteoblast progenitors and its anti-inflammatory
potential will be beneficial in terms of osteoporotic bone
healing and proper bone remodelling. Thus, we also tested
the influence of nHAp/IO@miR-21/124 composites on
osteogenic differentiation of osteoblast precursors, ie,
MC3T3-El cells, monitoring functional mineralization of
extracellular matrix (ECM) and expression of RUNX-2
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and osteopontin (OPN) expression. The deficiency or
mutations of RUNX-2 may cause abnormalities in bone
homeostasis.”* While osteopontin, together with osteocal-
cin, are key players in both the biological and mechanical
function of bones.”> Generally, these two non-collagenous
proteins (NCPs) are integral components of extracellular
matrix (ECM), secreted during the formation of bone,
mainly in the process of mineralization due to their reg-
ulations modes in directly and indirectly controlling of
mass, mineral size and bone orientation.”>’®
Furthermore, we showed that RUNX-2 and OPN are regu-
lated by miR-21 levels influencing osteoblast and osteo-
clast coupling. This study showed that nHAp/IO@miR-21/
124 modulates the expression of both RUNX-2 and OPN,
promoting the formation of a functional mineralized
matrix. The molecular levels of RUNX-2 and OPN were
affected by the exposure to the magnetic field, which also
reflects the dynamics of osteogenesis in vitro. Collectively,
the obtained data indicating the modulatory effect of
nHAp/IO@miR-21/124 on osteoblast and osteoclast activ-
ity shed a favourable light for future application of this
novel composite as a platform for guided regeneration of
osteoporotic bone in situ (Figure 18).

Conclusion

Osteoporosis is a complex metabolic disease of bone affecting
200 million people worldwide. Moreover, in terms of senile
osteoporosis associated with a progressive decline of an organ-
ism’s regenerative potential, innovative methods of treatment,
combining the approaches of tissue engineering triad are
highly required. The homeostasis of bone tissue in the course
of osteoporosis is disturbed due to imbalanced coupling
between bone-forming and bone-resorbing cells. The regen-
eration of osteoporotic bone is challenging but can be sup-
ported by intelligent biomaterials promoting the regeneration
of bone in situ. In this study, we have developed a novel
composite nHAp/IO@miR21/124 that possess the properties
of an intelligent biomaterial for guided regeneration of osteo-
porotic bone. The nHAp/IO@miR21/124 improves metabo-
lism of pre-osteoblasts and promotes osteogenesis,
simultaneously decreasing differentiation of pre-osteoclasts.
This biological effect was obtained due to the application of
nHap/IO composite as a delivery platform for therapeutic
miRNAs acting antagonistically and released under magnetic
field. The proposed system may improve bone metabolism by
promoting pro-osteogenic signalling pathways and regulating
the balance between bone-forming and bone-resorbing cells.
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