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Abstract: Due to its increased prevalence, osteoporosis (OP) represents a great challenge to health
care systems and brings an economic burden. To overcome these issues, treatment plans that suit
the need of patients should be developed. One of the approaches focuses on the fabrication of
personalized biomaterials, which can restore the balance and homeostasis of disease-affected bone.
In the presented study, we fabricated nanometer crystalline hydroxyapatite (nHAp) and iron oxide
(IO) nanoparticles stabilized with APTES and investigated whether they can modulate bone cell
metabolism and be useful in the fabrication of personalized materials for OP patients. Using a wide
range of molecular techniques, we have shown that obtained nHAp@APTES promotes viability and
RUNX-2 expression in osteoblasts, as well as reducing activity of critical proinflammatory cytokines
while inhibiting osteoclast activity. Materials with APTES modified with nHAp incorporated with IO
nanoparticles can be applied to support the healing of osteoporotic bone fractures as they enhance
metabolic activity of osteoblasts and diminish osteoclasts” metabolism and inflammation.

Keywords: osteoporosis; osteoblasts; osteoclasts; hydroxyapatite; APTES; iron oxides

1. Introduction

Osteoporosis (OP) represents the common metabolic disease in human beings char-
acterized by low bone mass and deteriorated microarchitecture, which results in reduced
bone mechanical properties and finally bone fractures. For that reason, OP is a major health
concern worldwide, especially in well-developed countries with aging populations and
longer life spans. Although OP is more common in Caucasians, women and elderly patients,
numerous people of both sexes and all races suffer from it, and the number of osteoporotic
patients is rapidly growing [1]. As reported by the World Health Organization (WHO),
one in three women and one in five men over the age of 50 will suffer a fracture caused
by weak bones, while by 2050 the osteoporosis-related hip fracture incidence worldwide
will increase by 240% in women, compared to data from the 1990s [2]. These alarming
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data highlight the need to develop novel, personalized materials for osteoporotic-related
fracture bone regeneration.

Osteoporosis-related bone fractures are initiated by disturbed bone remodeling, the
process in which the rate of bone resorption surpasses that of bone formation, leading
in consequence to reduced bone mass [3]. In the physiological state, during the growth,
bone formation exceeds bone resorption, resulting in bone expansion and increased bone
mass and mechanical properties. The main goal of bone remodeling is to remove old
bone and replace it with new bone. This in turn allows the regeneration or repair of small
microfractures to prevent bone fractures, thereby assisting in maintaining a healthy skele-
ton. In elderly patients, as well as during menopause, the imbalance between resorption
and formation rates leads to an increased risk of bone fractures. This process is mediated
by two main bone cell populations: osteoblasts and osteoclasts [4]. The differentiated
mesenchymal stem progenitor cells, i.e., osteoblasts that are involved in the synthesis of
the bone matrix, including collagens, bone proteins and growth factors, lead to osteocyte
maturation and formation of mineralized connective tissue. The process of osteoblast
lineage cells’ maturation is modulated by several genes. The Runx2 transcription factor
(Cbfal/AMLS3) plays a central role in the regulation of bone formation and modulates
the expression of other genes involved in the process of osteoblast differentiation. Runx2
exerts a wide spectrum of functions that are critical for bone formation, such as promoting
the cell fate and controlling their growth pattern and proliferative activity [5]. Runx2 is
also involved in the regulation of gene activation and repression, support of chromatin
remodeling and integration of extracellular matrix (ECM) signaling with hormonal trans-
duction pathways. Once the osteoblasts have finished the synthesis of ECM, they become
a cell that lines the bone surface and undergo cell death (apoptosis) or fusion with osteo-
clastic precursors, which results in formation of multinucleated osteoclasts that attach to
the bone surface and commence resorption [6]. This process was shown to be mediated
by a variety of cytokines, including interleukin IL-1, IL-6 and IL-7; tumor necrosis factor
(TNF«); and granulocyte/macrophage colony-stimulating factor (GM-CSF). It has been
demonstrated that under osteoporosis conditions, the higher expression of IL-1, IL-6 and
TNFo in monocytes and/or osteoblasts and stromal cells occurs, which suggests that the
bone inflammation becomes an integrative part of OP [7]. It is assumed that inflammation
directly initiates the bone resorption process. By using a wide variety of enzymes, as well as
hydrogen ions, osteoclasts break down the bone matrix, which initiates the bone resorption
process. As the bone is composed of inorganic (hydroxyapatite) and organic fractions
(collagen, proteoglycans and glycoproteins), the resorption process leaves the impaired
microarchitecture of the bone matrix, which in turn activates an infiltration of macrophages
to degrade and deposit organic material while releasing growth factors to initiate the bone
deposition phase. The natural strategy, which targets reduction in osteoporotic-related
bone fractures, includes the modulation of osteoblast activity while inhibiting osteoclast
activity to prevent bone damage.

(3-Aminopropyl)triethoxysilane (APTES) is most often coupled via vapor-phase depo-
sition, although other attempts have also resulted in sufficient coating quality. The reactions
with nonpolar organic solvents also form highly stable polymer surface layers [8,9]. In
aqueous solutions, a shell is generated through binding the silanol groups created during
hydrolysis with hydroxyl groups on the hydroxyapatite surface via hydrogen bonds or
electrostatic interactions [9,10], whereas amine groups can be utilized for further function-
alization with organic biomolecules [11,12].

Nanohydroxyapatite (nHAp), with the chemical formula Ca1o(PO4)s(OH),, is the ma-
jor inorganic component of the bone and teeth. Due to its well-known properties, such as
structural similarity to natural bone, high porosity and excellent biocompatibility as well as
osteoconductivity and osteoinductivity, nHAp is utilized as, implant coating, scaffolds and
a drug delivery agent for tissue engineering and regenerative medicine [13-16]. However,
nHAp possesses some imperfections, including fragility and high surface energy, caus-
ing difficulties in surface modification and leading nanoparticles to agglomerate, which
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decreases the mechanical properties of the material [8,17-19]. Hence, nHAp can be conju-
gated with polymeric layer covers to enhance its mechanical features, biocompatibility and
enhance biological functionalization and thus improve its regenerative properties [13,20].
Moreover, nHAp scaffolds can also be combined with magnetic nanoparticles; magnetite
(Fe30y4) is widely utilized for this purpose. Magnetite is known for its superparamag-
netic properties, which allow the particles to be controlled by an external magnetic field
with negligible remanence when turned off. The use of these nanoparticles as a drug
delivery/release agent or contrast agents for magnetic resonance imaging (MRI) is nec-
essary [21-23]. The conjugation of magnetite nanoparticles with nHAp can also improve
the proliferation and growth of osteoblast cells and positively affect the osteoinductive
properties of the obtained scaffolds, which allows the use of this combination in hyper-
thermia [24,25]. Nevertheless, it is necessary to cover magnetic particles because of their
nanoscale toxicity to the human body [26]. Combining nHAp with Fe;O4 magnetic nanopar-
ticles and a polymeric cover enables the maximization of composite biocompatibility used
in a regenerative context.

In this study, we created nanometer crystalline hydroxyapatite (nHAp) and iron
oxide (10, Fe3O4) nanoparticles stabilized with APTES for novel orthopedic applications.
Using a wide range of molecular techniques, we have shown that obtained nHAp@APTES
promotes viability and RUNX-2 expression in osteoblasts and reduces activity of critical
proinflammatory cytokines while inhibiting osteoclast activity. The obtained data strongly
support our hypothesis that nHAp@APTES might become a novel material for osteoporotic-
related bone fracture regeneration.

2. Materials and Methods
2.1. Synthesis of Iron Oxide Nanoparticles (10)

Fabrication of the magnetic nanoparticles was carried out by using wet chemical
coprecipitation according to our previous paper [27]. The precursors were as follows:
FeSO4 - 7Hy0 (Chempur, Piekary Slaskie, Poland, <99.5%), KOH (Chempur, Piekary
Slaskie, Poland, pure p.a.) and KNO3 (Chempur, Piekary Slaskie, Poland, <99%). At
the beginning, hot water solutions of 3.5712 g (12.85 mmol) of FeSO4-7H,0, 0.4329 g
(4.28 mmol) of KOH and 1.4415 g (25.69 mmol) of KNO3 were prepared. Subsequently, to
dissolve FeSO,-7H,0O, the KNO3 and KOH solutions were added dropwise, respectively,
and stirred at 90 °C for 10 min afterwards. The obtained black precipitate was separated
from the by-products with a magnet then washed with deionized water to obtain neutral
pH and further dried at 70 °C for 24 h.

2.2. Synthesis of Hydroxyapatite Nanoparticles (nHAp)

To obtain the nHAp nanoparticles, microwave-stimulated hydrothermal technique
based on the preparation methods described by P. Sobierajska and R.J. Wiglusz was ap-
plied [28]. The following reagents were used: Ca(NOj3),-4H,O (Sigma-Aldrich, St. Louis,
MO, USA, >99%), (NH4),HPOy, (Acros Organics, Geel, Belgium, 98+%) and CcHgO7 (Alfa
Aesar, Haverhill, MA, USA, 99+%). In the first step, 1.0577 g (4.48 mmol) of calcium nitrate
tetrahydrate and 0.1721 g (0.08 mmol) of citric acid were dissolved in 25 mL of deionized
water. Subsequently, water solution of 1.0647 g (8.06 mmol, 3-fold excess relative to the
calcium ion concentration) diammonium hydrogen phosphate and 5 mL of ammonia (25%)
were added, respectively. The obtained mixture was transferred to the Teflon vessel and put
in a microwave reactor (Magnum II, ERTEC-Poland, Wroctaw, Poland) under the pressure
of 20-30 atm at 200 °C for 90 min. Afterwards, the obtained powder was washed with
deionized water to obtain neutral pH and further dried in 70 °C for 24 h.

2.3. Synthesis of Nanohydroxyapatite-Iron Oxide Composite (nHAp/IO)

Altered microwave-stimulated hydrothermal method proposed by D. Karthickraja
et al. [29] was applied to obtain the nHAp/IO composite. Initially, 20 mL of a water
suspension of 0.3000 g (1.3 mmol) of iron oxide (I0) and 1.0647 g (8.06 mmol, 3-fold
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excess relative to the calcium ion concentration) of diammonium hydrogen phosphate
((NH4),HPQOy4, Acros Organics, Geel, Belgium, 98+%) was sonicated for 15 min. Afterwards,
5 mL of ammonia (25%) was added to the mixture to obtain alkaline environment. Then,
25 mL of water solution of 1.0577 g (4.48 mmol) of calcium nitrate (Ca(NO3),, Sigma-
Aldrich, St. Louis, MO, USA, > 99%) and 0.1721 g (0.08 mmol) of citric acid (C¢HgOy,
Alfa Aesar, Haverhill, MA, USA, 99+%) were added, and the mixture was sonicated for
10 min. Subsequently, the obtained suspension was transferred to the Teflon vessel and
put into a microwave reactor (Magnum II, ERTEC-Poland, Wroctaw, Poland) under the
pressure of 20-30 atm at 200 °C for 90 min. Finally, the synthesized product was washed
with deionized water to remove the by-products and further dried at 70 °C for 24 h.

2.4. Surface Modification of nHAp, nHAp/IO and 10 Using APTES

The APTES coverage was carried out using the method described by C. S. Goonasekera
et al. [30]. A total of 0.2 g of the obtained nHAp or nHAp/IO was added to 20 mL of
1% APTES (Alfa Aesar, Haverhill, MA, USA, 98%) solution in n-hexane (POCH, Gliwice,
Poland, pure p.a.) and further stirred for 3 h. The white (MHAp@APTES) and brown
precipitate (IO@APTES) were separated, respectively, from the solution using a centrifuge
(10,000 rpm, 5 min), washed a few times in n-hexane and dried at 70 °C for 24 h. Afterwards,
material was heat-treated at 150 °C for 24 h.

A total of 0.4 g of the obtained IO was added to 10 mL of 1% APTES solution (Alfa
Aesar, Haverhill, MA, USA, 98%) in n-hexane (POCH, Gliwice, Poland, pure p.a.) and
further stirred for 24 h. The black precipitate (IO@APTES) was magnetically separated
from the solution, washed in n-hexane and dried at 70 °C for 24 h.

2.5. Characterization of Fabricated nHAp@APTES, IO@APTES and nHAp/IO@APTES

To confirm purity of obtained materials, X-ray powder diffraction (XRPD) patterns
were recorded in a 20 range of 5-100 with X'Pert Pro PANalytical X-ray diffractometer
(Cu Kocl: 154060 A). Covering the materials with a polymer layer was verified by mid-IR
(4000400 cm ! with 4 cm ! spectral resolution) spectrum collected in KBr pellets using
the Nicolet iS50 Fourier Transform Infrared Spectroscopy (FI-IR Thermo Scientific) spec-
trometer 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 analyses were carried out using the scanning
electron microscope FEI Nova NanoSEM 230 equipped with an EDS spectrometer (EDAX
PegasusXM4) and operating at an acceleration voltage in the range of 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 recorded using a Philips CM-20 SuperTwin
microscope operating at 160 kV. The TEM images were used to determine the average
particle size through direct measurements of 100 particles. The measurements were per-
formed using the Image] 1.53k software (National Institutes of Health, Rockville Pike,
MD, USA). The obtained values were further presented in the histograms with kernel
smoothing distribution.

Variable-temperature (1.8-300 K) direct-current (DC) magnetic susceptibility mea-
surements under applied field of B = 0.01 T and variable-field (0-5 T) magnetization
measurements at temperatures of 2 and 300 K were carried out with SQUID MPMS mag-
netometer (Quantum Design). The magnetic susceptibility data were corrected for the
diamagnetism of the constituent atoms and the sample holder. DC measurements were
carried out by crushing the crystals and restraining the sample in order to prevent any
displacement due to its magnetic anisotropy.

2.6. Cell Lines

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
Cultures, Sigma-Aldrich, Munich, Germany). The preosteoclastic murine cell line (4B12)
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was a kind gift from Shigeru Amano from the Department of Oral Biology and Tissue
Engineering, Meikai University School of Dentistry, in Japan. All of them were maintained
in the Department of Experimental Biology, Wroctaw University of Environmental and
Life Science.

MC3T3-E1 cell line was cultured in MEM« without the addition of ascorbic acid
(Minimum Essential Media Alpha, Gibco, Scotland, UK) supplemented with 10% FBS (Fetal
Bovine Serum, Sigma-Aldrich, Munich, Germany). MC3T3-E1 cells were used to determine
osteoinductive properties of investigated materials.

4B12 cell line was also cultured in MEM« supplemented with 10% FBS and addi-
tionally with 30% of CSCM medium (Calvaria-derived stromal cell-conditioned medium,
DBE, Wroctaw). 4B12 cell line was used to reveal whether fabricated materials exert
antiosteoclastogenic properties.

In turn, RAW 264.7 cell line was cultured in DMEM medium (Dulbecco’s Modified
Eagle Medium, with 10% FBS and with 4500 mg/L glucose (Sigma-Aldrich, Munich,
Germany). RAW 264.7 macrophages were used to evaluate whether fabricated materials
are immunogenic and if they modulate M1/M?2 macrophage polarization.

All cell cultures were maintained in CO, incubator at standard conditions (37 °C, 5%
COgy, 95% humidity).

2.7. In Vitro Toxicology Assay

The kinetics of the impact of the new synthesized biomaterials nHAp, nHAp@APTES
and IO@APTES and finally nHAp /IO@APTES on the cell viability of MC3T3-E1 and 4B12
cell line was assessed using in vitro toxicology assay kit based on the resazurin (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol. Briefly, the MC3T3-
E1 cell line was seeded at the density of 1.25 x 10*/mL (2.5 x 10% cells/well) or at the
density of 1.75 x 10*/mL (3.5 x 103 cells/well) in the case of 4B12 cell line on 96-well plastic
plates and incubated in the presence of nHAp alone or with combinations of nHAp@APTES,
IO@APTES and finally nHAp/IO@APTES in the concentration of 18.16 pug/mL for 20 h,
44 h and 72 h. Next, the rezaurin dye solution, in an amount of 10% of the culture medium
volume, was added, and after 2 h, the absorption of the samples was measured using Elisa
reader (Epoch, BioTek Instruments, Vinooski, VT, USA) equipped with Gen5 software (No
5). The results were obtained at the 560 nm wavelength. The presented results represent
three independent experiments.

2.8. Mitochondria Network Evaluation

The evaluation of the impact of the new biomaterials on the mitochondria network
was carried out using commercially available kit Mito Red (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s protocol. Briefly, the MC3T3-E1 cell line was
seeded on the plastic plates at the density of 1.4 x 10*/mL (7 x 103 cells/well) or at the
density of 2 x 10*/mL (10 x 103 cells/well) in the case of the 4B12 cell line on 24-well
plastic plates and were incubated in the presence of the biomaterials for 20 h. Then, the
cells were treated with solution of 20 mM Mito Red in DMSO and incubated at 37 °C for
30 min. Additionally, F-actin antibody (Santa Cruz Biotechnology, Dallas, TX, USA) in
concentration of 1:800 was added to each probe for 30 min. Slides were mounted with
the Mounting Medium with DAPI (4,6-diamino-2-phenylindole, Thermo Fisher Scientific,
Waltham, MA, USA). The slides were analyzed using Leica TCS SP8 confocal microscope
(Leica Microsystems, Weltzar, Germany) equipped with Leica-LasX software (V4). The
photographs were captured under 630 x magnification and were analyzed using Fiji New
Image] with the Colour Pixel Counter plugin version 1.52 developed by W. Rasband (NIH,
Bethesda, MD, USA). Each experiment was performed in triplicate.
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2.9. Western Blot

Protein amount in each sample was estimated with Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, 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). Protein was transferred onto polyvinylidene diflu-
oride (PVDF) membranes (Bio-Rad, Hercules, CA, USA) using a Mini Trans-Blot® Cell
(Bio-Rad, Hercules, CA, USA) at 100 V for 1 h at 4 °C. Blocking was performed by in-
cubation of membranes in 5% nonfat milk in TBST for 2 h. Membranes were incubated
with secondary HRP-conjugated antibodies (dilution 1:5000 in TBST for 2 h). Antibodies
and their dilutions are shown in Table 1. Chemiluminescent signals were detected using
Chemiluminescent/Fluorescent Substrate Kit (Vector Laboratories, Inc., Burlingame, CA,
USA, SK-6604) with ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA) and
quantified with Image Lab SoftwareV06 (Bio-Rad, Hercules, CA, USA).

Table 1. List of antibodies used in western blot.

Protein Dilution Manufacturer, Catalog No.
CASP3 1:500 Sigma Aldrich, C8487
COL1A1 1:50 Sigma Aldrich, A2066
RUNX1 1:200 Santa Cruz, sc-365644
RUNX2 1:100 Santa Cruz, sc-390351

OPN 1:1000 Abcam, ab8448

B-ACT 1:2500 Sigma Aldrich, A5441

2.10. Gene Expression Evaluation

The assessment of the gene expression was performed using RT-qPCR method. The
MC3T3-E1 cell line was seeded at the density of 6 x 10*/mL (30 x 10° cells/well) or at the
density of 8 x 10*/mL (40 x 10° cells/well) in the case of the 4B12 cell line on the 24-well
plastic plates and were incubated with the biomaterials in the concentration of 18 pug/mL
for 20 h. RNA was isolated from cells using Extrazol (Blirt DNA, Gdarnsk, Poland). The
quantity and the purity of RNA was measured using spectrophotometer at 260/280 nm
wavelength (Epoch, BioTek Instruments, Winooski, VI, USA). In order to digest the gDNA
and synthesize cDNA from 800 ng of RNA, Precision DNAse Kit (Primerdesign, Blirt
DNA, Gdansk, Poland) and Tetro cDNA Synthesis Kit (Bioline Reagents Limited, London,
UK) were used according to the manufacturers’ protocol. The reverse transcription was
performed using thermocycler T100 (BioRad, Hercules, CA, USA). The real-time qPCR was
performed using SensiFAST SYBR Green & Fluorescein Kit (BioLine Reagents Ltd., London
UK) and probes for p21, p53,Casp 9, Bad, Bax and Bcl2 (apoptosis panel); Mff, Mfnl and
Pinkl1 (mitochondrial panel), Runx2, Alp, Colla-1, Opn, Bglap2, Dmpl, Mmp9, Itgav, PU.1
and c-fos (osteogenic/ osteoclastogenic differentiation panel) and IL1b, IL6, Tfb1, Nos2 and
Tnf (inflammation panel) using CFX Connect Real-Time PCR Detection System (BioRad,
Hercules, CA, USA) equipped with BioRad CEX Maestro 1.0 software version 4.0.2325 0418.
The analysis was performed according to the GAPDH house-keeping gene (Glceraldehyde
3-phosphatehydrogenase). Each experiment was performed independently three times.
Primers are listed in Table 2.
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Table 2. List of primers used in RT-qPCR. Alp—alkaline phosphatase, Bad—BCL2-associated agonist
of cell death, Bax—Dbcl-2-like protein 4, Bcl2—B-cell lymphoma 2, Bglap2—osteocalcin-2, Casp9—
caspase 9, c-fos—proto-oncogene c-fos, Colla-1—alpha-1 type I collagen, Dmpl—dentin matrix
acidic phosphoprotein 1, Gapdh—glyceraldehyde 3-phosphate dehydrogenase, Il-1b—interleukin 1
beta, Il6—interleukin 6, Itgav—integrin subunit alpha V, Mff—mitochondrial fission factor, Mfn1—
mitofusin 1, Mmp9—matrix metallopeptidase 9, Nos2—mnitric oxide synthase 2, Opn—osteopontin,
p21—cyclin-dependent kinase inhibitor 1, p53—tumor suppressor p53, Pink1 —PTEN-induced kinase
1, PU.1—transcription factor PU.1, Runx2—runt-related transcription factor 2, Tgfbl—transforming
growth factor beta 1, Tnfa—tumor necrosis factor alpha.

Gene Primers (5’ —3) Length of Amplicon Accession No.
Al R TGAGATTCGTCCCTCGCTGG 198 NM_007431.3
Bad Do ey 115 NM_001285453.1
Bax R GOTICTGATCAGCTCGGGCA 251 NM_007527.3
B2 R ATGCACCCAGACTGATGCAG 1 NM_0097415
Blap? R GCICICACATCCATIACTIGE 109 NM_001032298.3
Cusps R GCCATCICCATCAAAGCCGT 278 NM_001355176.1
cos R TAAGTAGTGCAGCCCGOAGT 218 NM_0102343
Colta R: CAGGTTTCCACGTCICACCA 173 NM_00742.4
Dip1 R TCCTCCCCATOTCCTICTT 2 NM_001359013.
Gap R GGAIGCAGGGATGATGITC 177 NM_001289726.
10 R TGATGIGCTGCIGCGAGATT 138 NM_008361.4
s R AAGTGCATCATCGTIGTTCATACA 141 NM_001314054.1
lgao R TTTGTAAGGCCACTGGAGATTTA 236 NM_008402.3
My R TTTICCGGGACCCTCATICG 125 NM_001372412.1
M R AGCAGTTGGTIGTGTGACCA 283 NM_0242004
Mnps R GAGAATCTCTGAGCAATCCTTGA 172 NM_0135%94
Nos? K GCIGGTAGGTICCIGTIGTT a2 NM_001313922.1
opn R GOCCTTICCATIGTIGTCCT 340 NM_001204205.
P21 F: TGTTCCACACAGGAGCAAAG 175 NM. 001111099.2

R: AACACGCTCCCAGACGTAGT




Materials 2022, 15, 2095 8 of 31
Table 2. Cont.

Gene Primers (5’ —3') Length of Amplicon Accession No.
5 R GGAGTCTTCCAGTGTOATOATGG 257 NM_001127233.1
PULI e e Lok 175 NM_001378899.1

Runx2 15:: gggié??gggg&g&ﬁg 130 NM_001271630.1
T R CAACCCAGGTCCTICCTANA & NM.011577.2
Tnfa F: ACAGAAAGCATGATCCGCGA 295 NM._ 0136933

R: CTTGGTGGTTTGCTACGACG

2.11. Osteoblasts and Osteoclast Coculturing

The RAW 264.7 cell line was cocultured with MC3T3-E1 or 4B12 cell line to evaluate
the stage of inflammation in relation to the new biomaterials. Briefly, RAW264.7 cell line
was seeded on the 24-well plastic plates (Greiner Bio-One Suns Co., Ltd., Kremsmunster,
Austria) at the density of 2 x 10°/well and maintained in the presence of LPS (lipopolysac-
charide from Pseudomonas aeruginosa, Sigma-Aldrich, Munich, Germany) in the appropriate
complete medium for 6 h followed by 20 h of incubation in the presence of new biomaterials
in the concentration of 1 ug/mL. Next, the MC3T3-E1 cell line at the density of 8 x 10%/well
or in the case of the 4B12 cell line at the density of 1 x 10% /well was added to the culture
and coculture with RAW 264.7 cell line for 24 h.

2.12. Statistical Analysis

Obtained results are presented as the mean with standard deviation (£SD), derived
from at least three technical repetitions. Statistical comparison was performed using t-
Student test or one-way analysis of variance with Dunnett’s post hoc test. The calculation
was performed using GraphPad Software (Prism 9.00, San Diego, CA, USA). Differences
with a probability of p < 0.05 were considered as statistically significant.

3. Results
3.1. Structure of the Obtained Materials

To investigate the structures of obtained materials, an X-ray diffractogram was recorded
and compared with the Inorganic Crystal Structure Database standards (ICSD-26204 for
hydroxyapatite [30] and ICSD-158583 for magnetite [31]). In the case of nHAp/IO@APTES
(Figure 1e), the peaks at 20 equal to 10.8°, 25.8°, 28.8°, 35.3°, 39.6°, 55.6°, 69.4°, 71.3°, 73.7°,
75.8°,76.2° and 77.9° in the ranges from 31.6° to 33.9°, from 46.5° to 51.9° and from 61.5°
to 64.8° are characteristic of the hexagonal hydroxyapatite structure (P63/m spacer group,
theoretical cell parameters: a =b = 9.424(4) A, c=6.879(4) A and o = p =90° vy = 120°). In
turn, the peaks at 26 equal to 30.1°, 35.5°, 37.1°, 43.1°, 53.4°, 57.0°, 62.6° and 74.1° have
been assigned to the orthorhombic Fe;O4 cubic inverse spinel structure (Fd3~m space
group, theoretical cell parameters: a =b = ¢ = 8.394(1) Aand o = p =y =90° [31]). All
detected diffraction peaks for nHAp@APTES, as shown in Figure 1c, overlapped with those
belonging to the ICSD reference structure of the hexagonal hydroxyapatite. In the case of
IO@APTES, as shown in Figure 1a, the peaks at 20 equal to 18.3°, 30.1°, 35.6°, 36.7°, 43.2°,
53.6°,57.2°,62.8°,74.2° and 89.9° have been ascribed to the orthorhombic Fe;Oy.
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Figure 1. XRD patterns (left panel) and FI-IR spectra (right panel) of pure IO (a,b) and IO modified
with APTES, pure nHAp and nHAp modified with APTES (c,d) as well as nHAp /IO and composite
modified with APTES (e,f). Pure APTES was marked as blue line.
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The FT-IR spectrum of IO@APTES is shown in Figure 1b. The spectrum (marked
as a red line) contained the vibration bands of iron oxide (IO, black line) belonging to
the stretching vibration (vs(Fe-O)) of the Fe-O bond located at 582 and 635 cm~!. The
stretching vibration (vs(OH™)) of adsorbed water molecules on the ferrite particle surface
was located at 3427 cm ™1 [32-34]. The bands that confirm the presence of APTES (blue
line) in IO@APTES correspond to the positions at 1112, 1513 and 2930 cm ! ascribed to
asymmetric modes (v45(5i-O-Si)) of Si-O-5i siloxane groups, deformation modes (6s(NH>))
of the NH, group and the symmetric vibration of the aminopropyl chain (vs(CHy)), respec-
tively [8,35-37]. For the amine group, symmetric stretching modes (vs(N-H)) were also
matched at 3349 and 3282 cm ™! [8,36,37].

The FI-IR spectrum of obtained nHAp@APTES is presented in Figure 1d. The spec-
trum (marked as a black line) exhibited several bands characteristic of the (PO43™) group
of nHAp (red line), including the triply degenerate v4 bending vibration of O-P-O located
at 565 and 602 cm ™! [38] as well as the symmetric nondegenerate v; stretching vibration
occurring at 963 cm ™! and the antisymmetric triply degenerate v stretching vibration at
1031 and 1092 cm ! [38—40]. Other bands were located at 632 and 3575 cm ™! and corre-
spond to the librational mode (v, (OH™)) and the stretching vibration (vs(OH™)) of the
hydroxyl group, respectively [38]. The APTES (blue line) polymer layer in the studied ma-
terial was confirmed by the presence of bands assigned to asymmetric modes (v4s(Si-O-51))
and bending modes (55(5i-O-5i)) of Si-O-Si siloxane groups as well as stretching vibrations
(vs(Si-0)) of the Si-O bond at 1009 and 470 cm ™!, respectively [8,35-37]. Other characteristic
peaks for APTES were located at 1337 and 1390 cm ! and belong to stretching vibrations
(vs(C-N)) of C-N bond and deformation mode (65(Si-CH>)) of the Si-CH, vibration [8,37,38],
respectively. The peaks at 1629 and 1525 cm ™! correspond to the deformation modes
(8s(NHy)) of NH; groups [8,35-37].

The FT-IR spectra for composite, APTES and composite covered with polymer are
shown in Figure 1f. The spectrum of nHAp/IO@APTES (black line) exhibited typical bands
for the pure composite (red line) including stretching vibrations (vs(Fe-O)) of the Fe-O
bond from IO located at 580 and 634 cm ™! [32-34]. They overlapped with the librational
mode (v (OH™)) of hydroxyl group at 632 cm™~! as well as triply degenerate v, bending
vibration of O-P-O bonds of the PO4>~ group belonging to nHAp at 565 and 603 cm ™! [39].
Another phosphate group vibration is the symmetric nondegenerate v; stretching vibration
located at 960 cm~! and the antisymmetric triply degenerate v3 stretching vibration at
1031 and 1092 cm ™! [38-40]. The band at 1404 cm ™! is typical of C-O vibration of ad-
sorbed CO, or the CO32~ group replacing PO,3~ [41-44] in the hydroxyapatite structure.
The stretching vibration (vs(OH™)) of the hydroxyl group (3572 cm 1) is characteristic
of nHAp, while the bending (5,4s(OH ™)) mode at 1637 cm ™! and broad stretching vibra-
tion (5,qs(OH ™)) at 3800-2800 cm ™! were derived from adsorbed water molecules on the
material surface [28,33,40,43,45,46]. The presence of the polymer in nHAp/IO@APTES
was confirmed by the presence of absorption peaks characteristic of pure APTES (blue
line) located at 488, 1037 and 1135 cm ™! belonging to the scissoring mode (85(5i-O-5i))
and asymmetric modes (v,5(5i-O-5i)) of Si-O-5i siloxane groups, respectively. The peak at
1035 cm ! indicates the stretching vibration (v(Si-O)) of the Si-O silanol group, whereas
the band at 1435 cm ™! corresponds to the deformation mode (65(Si-CHy)) of the Si-CH,
vibration [8,36,37]. Another typical vibration for APTES is that ascribed to the stretching
vibration (vs(C-N)) of the C-N bond at 1332 cm ™! as well as deformation modes (5s(NH,))
of NH, at 1573 and 1489 cm ™. There was a symmetric nondegenerate vy stretching vibra-
tion located at 960 cm~! and an antisymmetric triply degenerate v3 stretching vibration
at 1031 and 1092 cm~! [38-40]. The band at 1404 cm~! is typical of the C-O vibration of
adsorbed CO, or CO3%~ groups replacing PO,>~ [41-44] in the hydroxyapatite structure.
The stretching vibration (v;(OH ™)) of the hydroxyl group (3572 cm™1) is characteristic
of nHAp, while the bending (5,q;(OH ™)) mode at 1637 cm ™! and broad stretching vibra-
tion (8,45(OH ™)) at 3800-2800 cm ! were derived from adsorbed water molecules on the
material surface [28,33,40,43,45,46]. The presence of the polymer in nHAp/IO@APTES
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was confirmed by the presence of absorption peaks characteristic of pure APTES (blue
line) located at 488, 1037 and 1135 cm ™! belonging to the scissoring mode (85(Si-O-51))
and asymmetric modes (v,5(5i-O-5i)) of Si-O-5i siloxane groups, respectively. The peak at
1035 cm~! indicates the stretching vibration (v(5i-O)) of the Si-O silanol group, whereas
the band at 1435 cm™~! corresponds to the deformation mode (84(Si-CH,)) of the Si-CH,
vibration [8,36,37]. Other typical vibrations of APTES are those ascribed to the stretching
vibration (vs(C-N)) of the C-N bond at 1332 cm ™! as well as deformation modes (5s(NH,))
of NH, at 1573 and 1489 cm~!. There are also asymmetric (vas(N-H)) and symmetric
stretching modes (vs(N-H)) with maximum positions at 3349 and 3291 cem 1 [8,35-37].
Finally, the bands at 2886 and 2936 cm ! can be ascribed to the asymmetric (v,5(CH,)) and
symmetric (vs(CHy)) vibration of the aminopropyl chain [8,36].

3.2. Quantitative Analysis, Morphology and Particle Size of the Obtained Materials

To verify the success of covering all the studied materials with APTES, scanning
electron microscopy together with energy disperse X-ray spectroscopy (SEM-EDS) was
applied. Figure 2a,d present the SEM image and EDS spectrum of IO@APTES. The obtained
material had a tendency to agglomerate. An effective coverage of the iron oxide by the
polymer layer was confirmed by overlapped elemental maps of Fe, O and Si (Figure 2g). In
the case of the EDS spectrum, the presence of K and S was detected, indicating there were
residues after synthesis.

SEM images of nHAp@APTES presented in Figure 2b show the uniform but highly
agglomerated surface of the material, which makes the single particles harder to distinguish.
nHAp coverage by the APTES polymeric layer is visible due to the presence of the Si
element for the same areas as for Ca and P elements belonging to nHAp (Figure 2h). The
quantitative composition of the obtained nHAp@APTES was confirmed by EDS analysis, as
shown in Figure 2e. The estimated Ca/P molar ratio equals 1.53, which is smaller than the
theoretical value (1.67); nevertheless, it is still suitable due to the high structural stability of
nHAp [47]. Figure 2c shows SEM image of nHAp /IO@APTES. The surface of the composite
was homogenous, but it was hard to distinguish the single particles. The EDS analysis
presented in Figure 2f confirmed the composition of the material. The elemental maps (see
Figure 2i) showed that Fe and Ca occur in common areas and have a tendency towards
mutual agglomeration, whereas the presence of Si in the same area as the other elements
indicated the success of covering the composite with APTES.

To examine the morphology and particle size of obtained materials, transmission
electron microscopy images were collected. As can be seen in Figure 3a, nHAp@APTES
particles were highly agglomerated and possessed an elongated shape in the form of
nanorods with 2, 27 and 48 nm lengths and an average width of 14 nm, according to the
size distribution histogram shown in Figure 3b. The selected area electron diffraction
(SAED) image shows well-developed spotty rings indicating the nanopolycrystallinity of
the studied sample (Figure 3a inset).

TEM images of IO@APTES (Figure 3c) show that iron oxide particles possessed a
slightly similar sphere shape with an average diameter within the range of 30-80 nm and
had a tendency towards agglomeration. SAED images (Figure 3¢, inset) indicate that the
obtained IO@APTES belongs to the polycrystalline material.

TEM images of the nHAp/IO@APTES are presented in Figure 3d. As can be seen, the
elongated nHAp particles and spherical-like IO mutually agglomerated. Both components
clearly interacted with each other. The most probable explanation for this is the occurrence
of physical interactions since the results of measurements, especially FT-IR spectra, do
not indicate the formation of new bonds. Additionally, the SAED image indicates the
nanopolycrystallinity of the nHAp/IO@APTES due to the presence of well-developed
spotty rings (Figure 3d, inset).
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Figure 2. SEM images (a—c) and EDS analysis (d—f), as well as SEM-EDS elemental maps (g—i) of
IO@APTES, nHAp@APTES and nHAp/IO@APTES, respectively.
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Figure 3. TEM and SAED (inset) images (a,c,d) of nHAp@APTES, IO@APTES and nHAp/IO@APTES,
and the histogram (b) indicates the distribution of particles size of nHAp@APTES.
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3.3. Magnetic Properties of ntHAp/IO@APTES

The presence of magnetite nanoparticles upon examining the composite material was
confirmed by magnetic measurements using a superconducting quantum interference
device (SQUID) within the temperature range of 1.8-300 K (Figure 4b) with a magnetic
field of 0-5T (Figure 4a).
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Figure 4. Field H dependence on magnetization M of nHAp/IO@APTES composite at 2 K (black
circle), 5 K (red circle) and 300 K (blue circle) (a), temperature T dependence on magnetization M at
100 Oe (b) and composite dispersed in water in the presence and lack of external magnetic field (c).

The results clearly show the superparamagnetic behavior of nanoparticles. The mag-
netization in comparison to the magnetic field curve indicates a nonlinear variation at the
measuring temperatures, 2, 5 and 300 K. The nHAp/IO@APTES was saturated at a low
magnetic field with the Ms saturation magnetization value (obtained as an extrapolation to
the zero field from the high-field area in M (H)) of 39.1 (at 2 K), 38.2 (at 5 K) and 26 EMU/g
(at 300 K), respectively. The former was significantly lower than the saturation magneti-
zation of bulk magnetite (Ms bulk = 98 EMU/g) [45], which may be the result of the final
particle size effect and high surface-area-to-volume ratio, the spin deflection effect at the
grain boundary or the presence of other materials in the composite structure that may lead
to a reduction in the efficacy of the magnetic moment [46,48]. Nevertheless, the observation
shown in Figure 4c still indicates sufficiently strong magnetic separation of the studied
composite when a magnetic field was applied.

At 300 K, the coercivity (26.3 Oe) and remanence values (3.2 EMU/g) were not dis-
cernible, indicating a superparamagnetic behavior, while at 2 K, the value of coercivity
(151 Oe for AP2) and remanence (6.9 EMU/g) showed a ferrimagnetic behavior. Addition-
ally, the zero-field cooling curves were almost flat in the temperature range of 25-150 K and
displayed a hump at T = 25 K. Above 150 K, this curve constantly increased, representing a
rather ferrimagnetic property. The sharp fall in ZFC magnetization at Tf is indicative of the
typical cooperative freezing (spin-glass-like) behavior of strongly interacting particles in a
frustrated magnetic system [49,50].

3.4. Cytotoxicity

The kinetics changes of the viability of cells in the presence of biomaterials was
determined after 20, 44 and 70 h of incubation on MC3T3-E1 cell line and 4B12 cell line
(Figure 5A-D).
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In relation to the control, we noticed the statistical significant increase of the cell
viability on MC3T3-E1 cell line cultured in the presence of APTES modified biomaterials
in each time point: after 20 h (Figure 5A), 44 h (Figure 5B,C) and after 70 h (Figure 5D).
In turn, the new biomaterial (nHAp/IO@APTES) limited the cell viability after 20 h cul-
turing (Figure 5D), while the initial biomaterial increasing it independently of time point
(Figure 5A).
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Figure 5. Evaluation of cytotoxicity. The impact of the nHAp (A), nHAp@APTES (B), IO@APTES
(C), nHAp/IO@APTES (D) on the viability of the MC3T3-E1 cell line after 20, 44 and 70 h incubation
and the nHAp (E), nHAp@APTES (F), IO@APTES (G), nHAp/IO@APTES (H) on the viability of the
4B12 cell line after 20, 44 and 70h incubation. Merged graphs for MC3T3-E1 (I) and 4B12 (J). The
graphs represents mean values =+ standard deviation. Significant differences are indicated as follows
(*p <0.05, ** p <0.01 and *** p < 0.001).

Similarly, we performed the analysis on the 4B12 cell line (Figure 5E-H) and we
observed the statistical significant decrease of the viability after culturing in the presence of
APTES modified biomaterials after 44 h and 70 h (nHAp@APTES—Figure 5F). The most
expressive effect of the new synthesized biomaterial on the 4B12 cell line viability was
seen after 70 h (Figure 5H). The impact of the new biomaterials on the mitochondria status
was determined in relation to F-actin and MitoRed staining and the results were shown
in Supplementary Figures S1 and S2. Obtained data was displayed on merged graphs in
order to show cell viability for MC3T3-E1 (Figure 5I) and 4B12 (Figure 5]) at the same time.

3.5. Gene Expression Analysis

Additionally, we performed real-time qPCR reactions to observe the impact of the new
synthesized biomaterials on the expression of genes associated with apoptosis. Interestingly,
none of the investigated materials affected p21 expression (Figure 6A). We noticed that the
APTES-modified biomaterials significantly influenced the p53 gene expression decrease
(Figure 6B). Similarly, the new synthesized biomaterial (NnHAp/IO@APTES) decreased the
expression of Casp9 (Figure 6C). The same effect of a decrease in Casp9 gene expression was
also observed in the case of the initial biomaterial in relation to the control, although the
lack of IO in nHAp@APTES modification caused a strong increase in Casp9 gene expression
(Figure 6C). No differences were noted for Bad expression between groups (Figure 6D).
We also observed a statistically significant decrease in the expression of Bax and Bcl-2
after nHAp alone or nHAp@APTES stimulation (Figure 6E,F). Moreover, we observed an
increase in the ratio of Bax/Bcl-2 in the case of these two biomaterials (Figure 6G).
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Figure 6. Evaluation of apoptosis. The impact of the biomaterials on the expression of genes
associated with apoptosis: p21 (A), p53 (B), Casp9 (C), Bad (D) Bax (E), Bcl-2 (F) and Bax/Bcl-2 ratio (G)
after 20 h of incubation of MC3T3-E1 cell line. The impact of the biomaterials on the expression of
genes associated with apoptosis: p21 (H), p53 (I), Casp9 (J), Bad (K) Bax (L), Bcl-2 (M) and Bax/Bcl-2
ratio (N) after 20 h of incubation of MC3T3-E1 cell line. The graphs represent mean values + standard
deviation. Significant differences are indicated as follows: (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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In the 4B12 cell line, none of the material affected expression of p21 (Figure 6H).
However, the new modified APTES biomaterial impacted the gene expression of p53 and
Casp9 (Figure 6L]) in the preosteoclastic cell line. In turn, the modification of the APTES
biomaterial by adding Fe3O,4 decreased the expression of Bad while concurrently increasing
the expression of Bax (Figure 6K,L). The most evident effect on the expression of Bcl—
family genes was exerted by nHAp@APTES. We observed that this biomaterial increased
the expression of Bax (Figure 6L) and decreased that of Bcl2 (Figure 6M) as well as the ratio
of Bax/Bcl2 (Figure 6N).

To complete our knowledge about the impact of the biomaterials on the osteogenic and
osteoclastogenic markers, we analyzed the gene expression typical of osteogenesis Runx2
(Figure 7A), Alp (Figure 7B), Collal (Figure 7C), Opn (Figure 7D), Bglap2 (Figure 7E) and
Dmp]1 (Figure 7F). During the studies, we observed a statistically significant decrease in the
majority of analyzed genes, including Alp, Colla-1, Opn, Bglap2 and Dmp1, after MC3T3-E1
cell line stimulation using the modified biomaterial (Figure 7B-F). Similar effects were
observed in the case of IO@APTES stimulation, with the exception of Alp and Runx-2, which
were observed to have opposite effects (Figure 7A-F). Additionally, the cells incubated
in the presence of nHAp@APTES biomaterial showed a decrease in expression of Runx2,
Bglap2 and Dmp]l, although in the case of Alp, the effect was changeable (Figure 7A-F).
Moreover, nHAp alone exerted a significant decrease in the expression of Col1A1, Opn,
Bglap2 and Dmp1 while increasing the expression of Runx2 in this cell line (Figure 7A-F).
Western blot analysis revealed that in comparison to the CTRL group, fabricated materials
decreased levels of RUNX1 and RUNX?2 II, while no differences were observed for the
amount of RUNX2 I (Figure 7G). However, COL1A1 levels were increased in nHAp and
IO@APTES groups and the OPN amount was increased in nHAp/IO@APTES, while no
differences were observed for OPN II (Figure 7H).

Additionally, genes for osteoclast activity, including Mmp9 (Figure 7I), Itgav
(Figure 7]), PU.1 (Figure 7K) and c-fos (Figure 7L), were investigated. The results of
the gene expression linked with osteoclastogenic activities imply that the new biomaterial
could influence the expression of Itgav (increase) and PU.1 or c-fos (decrease) in compar-
ison to the control in the 4B12 cell line (Figure 7] K). The other modifications of nHAp,
e.g.,, nNHAp@APTES, increased the expression of the Itgav and decreased the expression
of c-fos (Figure 7],L). The expression of Itgav was also increased after stimulation with
IO@APTES, despite the fact that this biomaterial significantly decreased Mmp9 and c-fos
expression. Western blot analysis revealed no statistically significant differences in the
amount of CASP-3 or RUNX-1 in 4B12 cells (Figure 7M).

Additionally, we investigated expression of genes related to mitochondrial dynam-
ics in both MC3T3-E1 and 4B12. The obtained results are presented in Supplementary
Figures 53 and 54, respectively.

To evaluate the final impact of the new synthesized biomaterials on the inflammation
state, we performed a coculture of RAW 264.7 and MC3T3-E1 and showed the changes
in the proinflammatory cytokine profile. We observed a statistically significant decrease
in the expression of II1b (Figure 8A), 1116 (Figure 8B), Tgfb1 (Figure 8C), Nos2 (Figure 8D)
and Tnfa (Figure 8E) in almost all analyses using all kinds of biomaterial combinations
(Figure 8A-E), except for an increase in Nos2 expression after stimulation of IO@APTES
(Figure 8D). Similar effects were observed in the 4B12 cell line after coculturing with RAW
264.7. All of the combinations of the new biomaterials decreased the expression of genes
associated with the proinflammatory cytokines (Figure 8G-L).
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Figure 7. The influence of biomaterials on osteoblasts and osteoclasts. The impact of the biomaterials
on the expression of genes associated with osteogenesis Runx2 (A), Alp (B), Colla-1 (C), Opn (D),
Bglap2 (E) and Dmp1 (F) after 20 h of incubation of MC3T3-E1 cell line and the results of Western
blot for RUNX1, RUNX2 I, RUNX 2 II (G) and COL1A1, OPN I and OPN II (H). The impact of the
biomaterials on the expression of genes associated with osteoclast activities Mmp9 (1), Itgav (J), PU.1
(K) and c-fos (L) after 20 h of incubation of 4B12 cell line. The amount of CASP-3 and RUNX-1 in
osteoclasts (M). The graphs represent mean values + standard deviation. Significant differences are
indicated as follows: (* p < 0.05, ** p < 0.01 and ** p < 0.001).
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Figure 8. Assessment of inflammation. The impact of the biomaterials on the expression of genes
associated with inflammation status Il1b (A), II6 (B), Tgfb1 (C), Nos2 (D) and Tnfa (E) after 20 h of
incubation of MC3T3-E1 cell line. Expression of genes associated with inflammation status I/1b (F), 116
(G), Tgfb1 (H), Nos2 (I) and Tnfa (J) after 20 h of incubation of 4B12 cell line. The graphs represent mean
values + standard deviation. Significant differences are indicated as follows: (* p < 0.05, ** p < 0.01
and *** p < 0.001).
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4. Discussion

In recent years, osteoporosis (OP) prevalence has been rapidly increasing, and for that
reason, represents a significant clinical challenge. Disease is usually treated with anabolic
(e.g., parathyroid hormone) and antiresorptive (e.g., estrogen, bisphosphonates) agents
which stimulate or inhibit bone formation, respectively. Despite therapy, as a result of
decreased bone mass, elderly patients are prone to life-threatening fractures. As their
occurrence in the USA is estimated at one and half million each year, fractures challenge the
medical care system and economy. Over two million surgeries are conducted each year to
repair damaged or fractured bones by grafting [51], and as a consequence, the biomaterial
market exceeded USD 39 billion in 2013 [52]. What is more, due to abnormalities in bone
homeostasis, the healing process is strongly limited and the failure rate of implant fixation
is relatively high (more than 50%) [53]. For that reason, there is an urgent need to develop
novel biomaterials, fixation plates and screws designed to meet the needs of OP patients
and effectively stimulate the regeneration process.

One approach to fabricating that kind of personalized scaffold is targeting the dis-
balance between osteoblast and osteoclast activity, which is a major contributor to the
decreased healing capacity of OP-affected bone. Yet, nowadays, most of the materials
still focus heavily on osteoinductive and mechanical properties rather than on molecu-
lar mechanisms, which leads to a limited healing capacity. In the presented study, we
decided to compare the materials which are characterized by great osteoinductive and
mechanical properties and select the most potent of them in the context of their bioactivity,
interpreted as the ability to modulate bone cells’ fate. Bone tissue constitutes both organic
components—mostly collagen fibers—and inorganic components, including calcium (Ca)
and phosphorus (P) in the form of hydroxyapatite (nHAp) crystals. For that reason, nHAp
has been widely investigated as a compound for multiple polymers, growth factors and
stem-cell-based therapies, which proved its osteoinductivity properties and potency in
bone healing [15,16,54-56]. More recently, special attention has been paid to magnetic
nanoparticles (MNPs), which can be integrated into the wide spectrum of polymers and
enhance their bioactivity. What is more, due to ferromagnetic nature of MNPs, they can
be used to fabricate a novel class of so-called smart biomaterials whose properties can be
controlled and modulated by the application of external factors, including, in this scenario,
a magnetic field. Typical and well-studied MNPs for bone regeneration include Fe3O4 (IO)
characterized by good bioactivity and cytocompatibility. It was shown that composites,
including Fe;Oy, stimulate bone regeneration and enhance activity of mesenchymal stem
cells (MSC) [57,58]. Yet, besides these two well-known proteogenic factors, in the presented
study we decided to introduce a compound which has never been studied before in the
context of bone regeneration and compare its properties with counterparts well-described
in the literature. APTES has been previously applied to silica-based nanomaterials in
order to allow grafting of selected molecules. Yet, little is known regarding APTES in
combination with pro-osteogenic factors, including nHAp and Fe3Oy. This is especially
important as pure APTES molecules possess different properties than their nanoassembled
forms. What is more, APTES has been used to immobilize cells to bind them to the surface
of a glass slide [59]. Herein, we investigated how nHAp, nHAp@APTES, IO@APTES
and nHAp/IO@APTES composites affected the metabolic properties of preosteoblasts
(MC3T-EL1 cell line) and preosteoclasts (4B12 cell line) with special attention to cytotox-
icity, apoptosis, mitochondrial dynamics, inflammation and bone formation/resorption
properties, which are all crucial in the healing of OP-affected bone.

Incorporation of magnetic IO nanoparticles into the nHAp structure may result in the
formation of a material responsive to an external magnetic field, which is highly desirable
for drug delivery systems or hyperthermia [60,61], whereas the additional modification
with the APTES polymer layer leads to higher biocompatibility through biofunctionaliza-
tion of amine groups [62,63]. Several attempts have been made to combine nHAp with
10 [21,25,64], as well as covering both materials with a polymer layer [8,10,36,38,65,66]. In
this research, we focused on covering and functionalizing pure nHAp, IO and nHAp /1O
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composites with APTES. All desired materials were successfully obtained at the nanomet-
ric scale, and the composite material exhibited superparamagnetical and ferrimagnetical
behavior at 300 K and 2 K, respectively. Moreover, the material had a low magnetization
value due to its nanometer scale and diamagnetic contribution of nHAp in the compos-
ite. The research shows, using infrared measurements and electron microscopy, that wet
chemistry synthesis followed by coating with a polymer layer on the surface was an ef-
fective method for obtaining highly functional nanoparticles. However, the TEM images
show that nHAp/IO@APTES generated a highly agglomerated material composed of 72%
and 28% of nHAp and IO, respectively. The other studies devoted to manufacturing the
nHAp /IO composite found in the literature showed a similar tendency towards mutual
agglomeration of the particles [67,68]. However, a core-shell system with IO as a core and
an nHAp shell was found as well [21,69]. Comparison between the studies showed that
the nHAp-to-10 ratio can be considered as a factor determining the form of a composite. A
higher amount of nHAp precursors leads to fabrication of the individual particles, which
further agglomerates with the IO nanoparticles. In contrast, a lower nHAp content (a
maximum of 20 mol% Ca?*: 10) resulted in its crystallization on the IO surface, forming an
overlaying cover [69]. Herein, the nHAp and IO were mixed in a 2:1 mass ratio, leading to
generation of two individual phases connected by the physical agglomeration.

Biocompatibility of all tested conjugates was shown with resazurin-based assays for
both MCT3-E1 and 4B12 cell lines, and no cytotoxicity was noted. Interestingly, nHAp
and IO@APTES were found to enhance cellular proliferation. Multiple lines of evidence
confirm that nHAp and IO are able to enhance cellular growth; yet, for APTES, existing
data are contradictory. Our own studies have shown that modification of poly (L-lactic
acid) with nHAp improved functionality of human-adipose-derived stromal cells (hASCs)
through increased viability and enhanced mitochondrial activity [64]. What is more, bipha-
sic polyurethane—polylactide sponges doped with nHAp enhanced hASC proliferation
and chondrogenic differentiation [65]. On the other hand, APTES immobilized onto the
silica nanoparticle surfaces inhibited growth of human endothelial cells, which has not
been found in either free APTES or unmodified silica nanoparticles [66]. When taking into
consideration the application of scaffolds in OP fracture healing, it is not only important
to promote osteoblast proliferation but also to diminish the activity of osteoclasts, which
causes progressive bone resorption and leads to decreased bone mass. Interestingly, here
we have found that none of the tested materials enhanced osteoclast proliferation and two
among them—nHAp@APTES and nHAp /IO@APTES—significantly reduced growth kinet-
ics of 4B12, which further supports APTES application in scaffolds for bone regeneration.

To support data from cytotoxicity assays and confirm the safety of APTES in biomedi-
cal application, we performed RT-qPCR to investigate the expression of apoptosis-related
genes after 20 h of culturing with tested compounds. Interestingly, no differences in the ex-
pression in p21 nor Bad were noted between investigated groups, whereas nHAp@APTES
and nHAp/IO@APTES significantly downregulated the expression of p53 in comparison
to the CTRL group. What is more, these two combinations had no effect on the Bax-to-Bcl2
ratio, which further confirms their biocompatibility and cytoprotective effects in MC3T3-E1
cells. Osteoblast apoptosis contributes to OP progression, and targeting the pathway in the
early stage of the disease may be beneficial [70]. Next, it was investigated whether tested
chemicals modulate the apoptosis of 4B12 cells. nHAp/IO@APTES was most potent in the
induction of that process in the osteoclast while at the same time promoting the osteoblasts’
growth, which strongly supports its application in OP. Interestingly, it is the first report
showing bidirectional modulation of cell fate by APTES.

In accordance with recent data which revealed the profound role of mitochondria in
osteogenesis, osteoclast activity and bone loss, we investigated how tested substances affect
expression of genes involved in the regulation of mitochondria dynamics [71]. In vitro
assays demonstrated that the most profound effects on mitochondria in MC3T3-E1 were
exerted by nHAp@APTES, which stimulated not only fission and fusion but also mitochon-
drial removal. Interestingly, other materials decreased expression of all investigated genes.
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Sun et al. [72] found that mitophagy was triggered in MC3T3-E1 cells by 173-estradiol and
increased cell proliferation, highlighting the significance of that hormone for the clinical
treatment of OP. Pinkl-induced mitophagy is also crucial for preosteoblast differentiation.
These findings indicate that nHAp@APTES promotes mitochondrial biogenesis and their
function. On the other hand, the same chemicals decreased expression of Pink1 in 4B12
cells, which indicated mitophagy amelioration.

Next, we investigated the expression of genes which regulate osteoblast and osteo-
clast functions in cells treated with all tested materials. For MC3T3-E1, we found that
nHAp@APTES enhanced the expression of Runx2, Alp and Colla-1, which supports its
proosteogenic role. Interestingly, other compounds decreased expression of marker genes,
except Runx2, whose mRNA levels were significantly enhanced in the nHAp group. Yet,
it should be taken into consideration that Runx2 is an early marker of osteogenic differ-
entiation. It was previously shown by our group that Fe;O, nanoparticles can be applied
for the fabrication of biomaterials for OP patients as they improve osteogenesis via the
Runx2 pathway and decrease osteoclastogenesis by triggering apoptosis; however, in the
combination with APTES, such effects were limited [27]. In the case of osteoclasts, materials
doped with APTES decreased expression of Mmp9, PU.1 and c-fos; however, when taking
into consideration data from apoptosis analysis, NHAp@APTES most significantly inhibited
osteoclast activity among tested compounds.

Inflammation is one of the key feature of OP, and Il-1b can induce experimental
osteoarthritis in chondrocytes [73]. Multiple cytokines were shown to accelerate bone
resorption, including Il-, Tnf, II-11, 11-6, I1-15 and 11-17 [74]. To investigate the crosstalk
between osteoclasts and osteoblasts with immune cells, we performed a coculture with
RAW264.7 macrophages and investigated how it affects cytokine expression profile. We
noted a significant decrease in Il-1b expression among all investigated groups in each
cell type. Cytokine is a strong stimulator of in vitro and in vivo bone resorption; thus, its
inhibition may contribute to enhancing bone regeneration and healing in OP patients [74].
Similar, the I1-8 levels were increased in OP patients as well [75]. Obtained data support
application of materials incorporated with APTES for the treatment of OP-affected bone
due to their anti-inflammatory properties.

5. Conclusions

To summarize, in the presented study we tested different type of materials incorpo-
rated with APTES in order to verify their cytocompatibility and ability to modulate bone
cells” metabolism. We have shown that APTES can be applied in the fabrication of person-
alized biomaterials for the treatment of osteoporotic bone fractures as it is nontoxic and
enhances the metabolic activity of preosteoblasts while diminishing activity of osteoclasts.
Furthermore, it does not elicit an immune response and decreases expression of selected
proinflammatory cytokines. APTES materials affect the key features of OF, which supports
their application in the fabrication of novel biomaterials.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/mal5062095/s1, Figure S1. The impact of the control (untreated) (A), nHAp (B), nHAp@APTES
(C), Fe304 +APTES (D) and nHAP + Fe304 +APTES (E) on the mitochondria status of MC3T3-E1
cell line after 20 h of incubation, Figure S2. The impact of the control (untreated) (A), nHAP (B),
nHAp@APTES (C), IO@QAPTES (D) and nHAp /IO@APTES (E) on the mitochondria status of 4B12
cell line after 20 h of incubation, Figure S3. The impact of the biomaterials on the expression of
genes associated with mitochondrial dynamics Mff (A), Mfn1 (B), Pink1 (C) after 20h incubation of
MC3T3-E1 cell line. Figure S4. The impact of the biomaterials on the expression of genes associated
with mitochondrial dynamics Mff (A), Min1 (B), Pink1 (C) after 20h incubation of 4B12 cell line.
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