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Abstract

Background: Due to increasing aging of population prevalence of age-related disorders including osteoporosis is
rapidly growing. Due to health and economic impact of the disease, there is an urgent need to develop techniques
supporting bone metabolism and bone regeneration after fracture. Due to imbalance between bone forming and
bone resorbing cells, the healing process of osteoporotic bone is problematic and prolonged. Thus searching for
agents able to restore the homeostasis between these cells is strongly desirable.

Results: In the present study, using ALD technology, we obtained homogeneous, amorphous layer of hafnium (V)
oxide (HfO,). Considering the specific growth rate (1.9A/cycle) for the selected process at the temperature of 90 °C,
we performed the 100 nm deposition process, which was confirmed by measuring film thickness using reflectometry.
Then biological properties of the layer were investigated with pre-osteoblast (MC3T3), pre-osteoclasts (4B12) and
macrophages (RAW 264.7) using immunofluorescence and RT-gPCR. We have shown, that HfO, (i) enhance osteogen-
esis, (i) reduce osteoclastogenesis (jii) do not elicit immune response and (iv) exert anti-inflammatory effects.

Conclusion: HfO, layer can be applied to cover the surface of metallic biomaterials in order to enhance the healing

process of osteoporotic bone fracture.
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Background

Regenerative medicine is a fast-growing field that is being
successfully applied in traumatology or reconstructive
surgery, where it is showing to be a promising avenue for
the treatment of elderly patients [1]. Due to rapid aging of
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populations, there is an urgent need to develop personal-
ized therapies for aged-related diseases. One of the most
common disorder affecting elderly population worldwide
is osteoporosis (OP) which deteriorates bone mass and
architecture [2]. In accordance to recent data, around 200
million people suffer from OP and 8.9 million fractures
are caused by the disease [3]. Besides being a great con-
cern of the health care system, OP comes with economic
burden. In the United States of America, costs of OP-
related fractures is estimated to $13.8 billion. Therefore,
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OP represents not only clinical and public issue but due
to significant morbidity, mortality and health care costs it
represents a major challenge for world economies.

Metallic implants have been utilized for different medi-
cal purposes including orthopedics for short as well as
long term fixations since many years [4]. So far, the most
frequently applied metallic materials in traumatology are
stainless steel (SS), titanium or cobalt alloys [5]. For the
fixation of simple fractures, usually SS is applied due to
much lower costs than titanium alloys. However, due to
its corrosive nature and risk of allergic reaction due to
released ions, SS is recommended for short term fixation
procedures [6]. In turn, titanium alloys are character-
ized by good corrosion resistance and biocompatibility
in contact with human body fluids, but their biomechani-
cal properties are less attractive, when compared to SS.
Metallic materials seem to be still an irreplaceable in
reconstructive surgery, although there are many reports
indicating on their disadvantages including postopera-
tive complications, distortion of post-operative metallic
screws and inflammatory reactions [5].

Methods have been devised to modify and improve the
properties of the base material in order to enhance the
medical outcome of the therapy. One of the approach
to enhance the properties of metallic materials is their
surface modifications by the application of various
techniques including Atomic Layer Deposition (ALD).
This technique allows to deposit a thin film onto vari-
ous materials, such as metal, glass and polymers [7].
The ALD method is based on sequential introduction of
selected chemical compounds (precursors) into the reac-
tion chamber. As a result of chemical reactions between
precursors on the substrate, a thin film grows closely
attached to the substrate. The introduction of selected
precursors is separated by the neutral gas fraction e.g.
argon or nitrogen, which allows removal of the unreacted
precursor molecules and reaction by-products from the
reactor chamber [8]. Thickness of a newly formed layer is
controlled by number of ALD cycles and the growth pro-
cess is self-limiting. In optimal case only one monolayer
may be grown during one ALD cycle (precursor doses
separated by purging of a growth chamber). Such deposi-
tion model allows precise control of the layer thicknesses.
The required thickness is controlled by estimated num-
ber of the ALD cycles [9]. One of the biggest advantages
of the ALD technique is ability to obtain highly reproduc-
ible, homogenous coatings while the deposition process
does not depend on source of the substrates [10]. What
is more, the growth process can be performed even at
room temperature [11], which allows to consider future
functionalization of biological factors, even such as cells
or drugs [12, 13]. Despite low temperature of growth,
the resulting layers are of high quality and are highly
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homogeneous. Due to its multiple advantages, ALD tech-
nology allows to obtain nanolayers characterized by spe-
cific biological properties. In particular, the ALD method
leads to deposit of transition metal oxides. Recently our
group reported that zirconium (IV) oxide (ZrO,) thin
films, deposited using ALD technology, improve meta-
bolic as well as pro-osteogenic potential of bone precur-
sor cell line through activation of miR-21 [14], which
become an motivation for the present study.

Intelligent, smart scaffolds, including metallic mate-
rials, dedicated for osteoporotic bone regeneration,
should be designed to represent not only great bio-
compatibility but also bioactivity in order to modulate
microenvironment of surrounding tissue [15, 16]. It is
strongly required for a scaffold to enhance osteogenesis
via promotion of osteoblast differentiation, while silenc-
ing osteoclasts differentiation and maturation. What is
more, in the course of bone fracture healing triggering of
intrinsic, natural processes in order to reduce inflamma-
tion is strongly required. For that reason, we decided to
investigate whether hafnium (IV) oxide (HfO,)layer can
be utilized in the fabrication of personalized biomateri-
als for elderly patients during OP fractures. In presented
paper, we analyzed physicochemical and biological prop-
erties of the layer revealing its pro-osteogenic properties.
Obtained results shed a promising light for HfO, future
application in the field of nanometric coatings for bio-
medical applications.

Results
Physicochemical analysis
The X-ray photoelectron spectroscopy (XPS) analysis
(Fig. 1) indicated that HfO, was formed on the surface
during the ALD growth process. Only oxygen (O) and
hafnium (Hf), in the ratio of 2.2, and carbon (C) were
detected (Fig. 1a) [17]. The hhigh C content (about 31%)
and oxygen surplus probably comes from atmospheric
pollution. The oxygen line analysis (Fig. 1c) confirms that
many of oxygen atoms (about 75%) were bound with haf-
nium atoms with the binding energy equal to 530.6 eV
[18]. The 25% of the oxygen line is answering the surface
contamination with the value of binding energy 532.6 eV.
The results of depth profiling are presented in Fig. 1b.
The concentration of elements was measured after
5,10,15,20 and 25 min of sputtering. The Hf 4f lines
(19.6 eV) (Fig. 1c) were analyzed to estimate the hafnium
content. [18] Unlike the more surface sensitive Hf 4d
lines (213.8 eV), the Hf 4f lines come from less strongly
bound electron shells, therefore photoelectrons have
higher kinetic energy and released from larger depths,
which gives more accurate results of measurements
minimizing disorder introduced by the sputtering. The
final tests depth was estimated to be about 35-40 nm.
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Therefore, we can claim the homogeneity of the ele-
ment’s distribution in the coating. After the first 5 min
of sputtering, the carbon content dropped to 10 at % and
remained constant in subsequent measurements. The
ratio of oxygen atoms to hafnium atoms was also sta-
ble at the level 1.6. This change in respect to as received
film results from the preferential sputtering of oxygen
what is seen in the change of Hf 4f line during spattering
(Fig. 1e). After 5 min sputtering the Hf 4f line bounded to
7 oxygen atoms (metal centres in HfO, are coordinated
by seven oxygen atoms [11]) simulated by the mixed
Gaussian (40%) and Laurencin (60%) function is broaden-
ing from FWHM equal to 1.4 eV to 1.6 eV. Moreover, the
second doublet (20% of the line area) should be added to
account for the Hf atoms bounded to less than 7 oxygen
atoms with FWHM equal to 2.2 eV, what evidences the
disorder introduced during the sputtering [19].

The thickness of the oxide layer was determined by
comparing the reflection spectrum of white light from
the substrate (Si) to the reflection spectrum of light
from a HfO, layer deposited on the silicon substrate.
A 100 nm thick HfO, layer was successfully deposited
onto the substrate. Additionally, lack of an X-ray dif-
fraction (XRD) signal confirms the amorphous nature
of the films. XRD can only occur on the ordered struc-
ture of the atoms.

The morphology was investigated using Atomic
Force Microscope (AFM) (Fig. 1f, g). Surface images
were made for areas of the size 10 pm x 10 pm
(Fig. 1g), 2 pm x 2 pm (Fig. 1f) and 1 pm x 1 um. The
surface roughness of the layer was determined from
the obtained AFM data. Ra is an arithmetic average
of the absolute values of the surface height devia-
tions and Rq is the root mean square (RMS) average
of height values. The calculated surface roughness Ra
is 0.422 nm, 0.537 nm and 0.536 nm while Rq is equal
to 0.535 nm, 0.678 nm and 0.675 nm respectively for
100 pm? 4 pm? and 1 pm? area. Uniformly distributed
peaks can be observed on the surface of the layer there.
Their maximal peak-to-valley value is only 6.5 nm
over 100 um? area. Such a small maximum value of the
height of irregularities occurring on the surface indi-
cates uniform growth of the layer and lack of contami-
nation on the surface.

Hafnium (IV) oxide (HfO,) significantly affects

proliferation activity and viability of osteoblast precursors
and pre-osteoclasts

The effect of HfO, on proliferation activity pre-oste-
oblasts (MC3T3-E1) and pre-osteoclasts (4B12) was
evaluated with resazurin based assay. Cell proliferation
was monitored during 144 h of culture in normal con-
dition or in the presence of HfO,. We noted that HfO,
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significantly enhanced proliferation of MC3T3-E1 after
48 h (p<0.001), while HfO, did not affect proliferation of
pre-osteoclast cell line (Fig. 2a). Based on data obtained
from repeated resazurin-based in vitro toxicology assay
(TOX8), population doubling time (PDT)- the time
required for a cell population to double their number-
was determined. The assay revealed that HfO, signifi-
cantly decreasedPDT value of pre-osteoblasts (p <0.05),
while did not change proliferation rate of 4B12 (Fig. 2b).

To determine whether HfO, affects cell apoptosis, the
cells were cultured for 144 h (6 days) in normal condi-
tion or in the presence of HfO,. Relative expression of
apoptosis-related genes was estimated using RT-qPCR.
We detected that several genes expression was affected
by HfO, in both MC3T3-E1 and 4B12 cell lines. Exposi-
tion to HfO, significantly increased expression of anti-
apoptotic BCI2 (B cell lymphoma 2 gene) (p < 0.05) and
downregulated pro-apoptotic BAX (BCL2 associated X
protein) (p < 0.05) that resulted in higher BCI2/BAX ratio
(p <0.001) in MC3T3-E1 exposed to HfO, indicating
lower apoptosis rate (Fig. 3a). On the contrary, treatment
with HfO, evidently decreased mRNA level of anti-
apoptotic BCI2 (p < 0.05) caused low BCI2/BAX ratio
(p < 0.01). Interestingly, mRNA level of pro-apoptotic
caspase 9 encoded by CASP9 (p < 0.001) and P53 (tumor
protein p53) (p < 0.05) were significantly decreased in
4B12 after exposition to HfO, compared to control group
(Fig. 3b). Additionally, we noted that HfO, markedly
enhanced expression of miR-7a-5p (p <0.001) and miR-
17-5p (p< 0.001) in MC3T3-E1, a widely known miRNA
involved in promotion of cell proliferation and inhibition
of apoptosis (Fig. 3c) [20, 21]. Conversely, those miR-
NAs are downregulated in 4B12 (Fig. 3d). To conclude,
HfO, upregulated BCL2/BAX ratio and expression of
miR-7a-5p and miR-17-5p in MC3T3, while in 4B12 was
observed inverse relation. In those cells, HfO, dimin-
ished mRNA levels of CASP9 and P53, thus suggesting
that HfO, may inhibit cells apoptosis affecting different
signaling pathways depending on cell type.

HfO, modulates expression of osteogenic

and osteoclastogenic markers

The effect of HfO, on expression of specific markers
involved in pre-osteoblast differentiation and bone for-
mation after 144 h of culture was determined using RT-
qPCR technique and immunofluorescence staining. We
observed overexpression of runt-related transcription
factor 2 (RUNX2) (p < 0.001) and transforming growth
factor B encoded by TGFB in MC3T3-EL1 cells exposed to
HfO, (Fig. 4a). In addition, osteopontin (OPN) (p < 0.05)
was upregulated, while osteocalcin encoded by OCN
(p < 0.05) was downregulated in HfO, group (Fig. 4a).
Additionally, HfO, positively regulated expression of
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two key miRNA involved in osteogenesis: miR-21-5p
(p<0.01) and miR-16-5p (p<0.001) (Fig. 2b). miR-21-5p
is widely known osteogenesis stimulator, whereas miR-
16 suppress expression of key osteogenic markers and
mineral calcium deposition by mesenchymal stem cells
during osteogenic differentiation [22, 23]. Immuno-
fluorescence staining revealed significant differences in
distribution of RUNX2 and osteoprotegerin (OPG), as
well as substantial alternation in the expression of OPN

between experimental groups. In normal culture con-
dition, RUNX2 exhibited perinuclear localization in
MC3T3-E1, while HfO, induced subcellular distribution
of this protein (Fig. 4c). Similarly, exposition to HfO,
caused shift in fluorescence from nucleus area to cyto-
plasm of OPG (Fig. 4d). It is also worth noting that HfO,
increased expression of OPN protein (Fig. 4d).

RT-qPCR results revealed that after 144 h of culture,
HfO, negatively regulated expression of genes involved
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in osteoclastogenesis. We observed significant decline in
expression of ¢.FOS (p < 0.001), PU.1 (p < 0.001), RANK
(receptor activator of nuclear factor k B) (p < 0.001) and
TRAP (tartrate-resistant acid phosphatase), whereas
upregulation of calcitonin receptor isoform la encoded
by CRIA (p <0.01) in HfO, group (Fig. 5). These data
indicated that HfO, induces overexpression of osteo-
blastogenic markers, affects the content of OPN, as
well as distribution profile of RUNX and OPG, while
inhibits expression of genes crucial for pre-osteoclast
differentiation.

Biocompatibility analysis of HfO, on RAW 264.7 cells

Biocompatibility of HfO, was evaluated using mac-
rophage cell line RAW 264.7. Cells were seeded on stand-
ard glass slides or glass slides coated with HfO, and
allowed to attach overnight. Next, cells were exposed to
lipopolysaccharide (LPS) for another 4 and 24 h. Cells
treated with LPS (1 pg/mL) served as positive control for
macrophage activation. F-actin staining revealed multiple
morphological alternations in LPS positive groups after
only a 4 h of treatment. When RAW 264.7 were exposed
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for 4 h, pseudopodia were formed and extended from few
sides of cells (Fig. 6a). Pseudopodia were further extended
after 24 h of LPS-stimulated macrophages (indicated
with white arrows), whereas treatment with HfO,
diminished those LPS-induced morphological changes
(Fig. 6b). Interestingly, we observed significant increase
in cell size of macrophages induced with LPS after 24 h
of exposition. In addition, co-treatment of HfO, and LPS
reversed LPS-induced alternations. Those cells displayed
spherical shape and smooth surface similarly to negative
control (RAW cultured in standard condition).

In the second step of the experiment polarization of
macrophage M1/M2 using RT-qPCR method was investi-
gated. We noted that LPS-treated macrophages exhibited
overexpression of cytokines involved in M1 polarization,
such as nitric oxide synthase (INOS), tumor necrosis
factor alpha (TNFA), interleukin 6 (IL6) and interleukin
(IL1B) after 4 h of LPS stimulation (Fig. 7a). Interestingly,
HfO, significantly increased expression of anti-inflam-
matory interleukin 10 (/IL10) (p<0.05) (Fig. 7b) after 4 h
of treatment.
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Expression of INOS, TNFA, IL6 and IL1B was increased
while IL6 decreased after 24 h (p<0.001) of exposition
with LPS (Fig. 7c). No statistically significant differences
were noted in the expression of IL10, IL4 and TGFB after
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24 h of LPS stimulation (Fig. 7d). In addition, HfO, alone
did not affect macrophages activation suggesting its
biocompatibility. The obtained results indicate on anti-
inflammatory properties of HfO, .
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Discussion

In presented paper we described a deposition of a smooth
amorphous layers of HfO, using the ALD process and its
characterization studies with XRD and AFM. It is well
known that, the selection of the ALD parameters deter-
mines the surface structure. The temperature and the
number of cycles are most crucial parameters affecting
ALD [11]. The layers obtained in the low-temperature
ALD process are amorphous, which in turn ensures per-
fect adhesion to the substrate [24]. On the other hand,
appropriate selection of ALD cycles determines the
thickness of the layer. As we have shown in our previ-
ous research, hafnium (IV) oxide coatings tend to crys-
tallize during deposition of the thicker layers and at
increased process temperature [24]. Considering the spe-
cific growth rate (1.9A/cycle) for the selected process at
the temperature of 90 °C, here we performed the 100 nm
deposition process, which was confirmed by measuring
film thickness using reflectometry. The characteristic fea-
ture of ALD is thickness adjustment of the films by deter-
mining the number of full ALD cycles in relation to the
growth rate under given thermodynamic conditions [9].

Strong adhesion of the amorphous layer with the
substrate will guarantee its strength in conditions of
mechanical load to which hard tissue implants are sub-
jected. Among the high material requirements for
implant coatings a lack of cracks, both on the surface and
on the interface of the materials, should be considered.
Damage on the interfaces weakens the mechanical prop-
erties of the coating and, propagating towards the sur-
face, can cause separation of micro fragments of the layer,
which will lead to destruction of the coating during use of
the implant.

XPS analysis of the chemical composition showed an
excess of oxygen on the surface. About 25% of the oxy-
gen was associated with surface pollution, clearly more
than stoichiometric value for HfO,. This indicate on
hydrophilic nature of the substrate, which significantly
improves the biological properties of the surface [25].
Ultimately, the ratio of oxygen to hafnium is 1.86, which
is close to the ideal stoichiometry. The lower ratio of O to
Hf during sputtering results from the fact that 2 keV Ar
ions preferentially remove O from the surface. Neverthe-
less, XPS depth profiling confirmed the homogeneity of
the formed film.

Although the HfO, layer is a widely studied mate-
rial by many research groups [26, 27], its application in
regenerative medicine is a new approach. In our previ-
ous research we have showed that HfO, films obtained
by ALD technology are characterized by high cyto-com-
patibility and antimicrobial properties [28, 29],. In the
present study, we investigated whether HfO, layers are
able to modulate metabolic activity of both osteoblasts
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and osteoclasts and thus may be utilized in the fabrica-
tion of implants used in the fixation of osteoporotic bone
fractures. Since now, limited number of studies regard-
ing biological properties of hafnium oxide have been per-
formed and none of them related to bone remodeling. A
study performed by Fohlerova and Mozalev revealed that
hafnium-oxide thin films on substrates via self-organ-
ized electrochemical anodization were characterized by
good cytocompatibility (tested with MG-63 osteoblast-
like cells) and anti-microbial properties (tested with
Gram-negative E. coli bacteria) [30]. It was also shown
that hafnium oxide nanoparticles can induce DNA dam-
age and apoptosis in human colorectal cancer cells [31].
Cytotoxicity of hafnium oxide nanoparticles was also
tested by Field et al. [32]. who revealed that these parti-
cles are relatively non-toxic in human HaCaT skin cells.
Here we observed, that HfO, promotes pre-osteoblasts,
while inhibits pre-osteoclasts viability. What is more
important, HfO, protects pre-osteoblast against apop-
tosis through enhanced expression of BCL-2 transcript
and at the same time induces pre-osteoclasts apopto-
sis. Obtained data delivers interesting scientific find-
ings which can be utilized as a strategy in the course of
osteoporotic bone regeneration via silencing osteoclasts
overactivity [33]. Interestingly, we observed, that HfO,
protects pre-osteoblasts against apoptosis not only by
activation particular osteogenesis related genes but also
by induction of miR-17-5p and miR-7a-5p expression-
crucial regulators of osteoblasts proliferation activity as
well as inhibition of apoptosis [34, 35]. For that reason,
we speculate that that the application of HfO, on the sur-
face of implantable metallic materials might become an
effective anti-apoptotic strategy for osteoblast protection
and at the same time enhance regenerative potential.

Restoring the balance between bone formation and
bone resorption processes during OP is thought to be the
most effective approach to prevent fractures and improve
tissue homeostasis [36]. In the present study, we have
found, that HfO, promotes expression of runt-related
transcription factor 2 (RUNX2), transforming growth
factor p encoded by TGFB and osteopontin (OPN) in
osteoblasts on the both mRNA as well as protein level.
In numerous studies, RUNX2 has been shown to partici-
pate in osteoblast growth and differentiation by trigger-
ing the expression of subsequent biomarkers of mature
osteoblasts [36—39]. Moreover, RUNX2 is up-regulated
in early stages of osteoblast differentiation, then down-
regulated in mature osteoblasts [40].

Obtained results indicated on beneficial effect of HfO,
in the context of the osteogenesis initiation. Moreover,
we have demonstrated, that pre-osteoblasts exposed for
HfO, are characterized by enhanced expression of miR-
21-5p and miR-16-5p- two critical transcripts involved
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in osteogenesis and bone mineralization. Interestingly,
when compared to control cells, HfO, did not promote
osteocalcin expression, which mediates biomineraliza-
tion during osteogenic maturation [41]. For that reason,
we speculate that HfO, might serve as an bioactive agent
able to modulate and trigger osteoblastogenesis. On the
other hand, we have shown that besides activation of
osteogenesis, HfO, inhibits osteoclastogenesis. We have
shown, that HfO, reduce the expression of key factors
regulating osteoclasts differentiation- c.FOS, MMP9,
PU.1, RANK and TRAP. Furthermore, It was also shown,
that certain proinflammatory cytokines could induce
osteoclastogenesis and can target osteoclasts via directly
or via RANK/OPG axis [42]. Numerous studies indicated
on systemic and local inflammation as an events nega-
tively affecting bone remodeling supporting the theory
regarding inflammation-related OP pathogenesis [43].
In the present study we have shown, that HfO, exerts
immunomodulatory effect, since it increased expression
of anti-inflammatory IL10 in LPS-treated macrophages
propagated onto HfO,. Moreover, we noted significantly

reduced expression of IL-6 which is common cytokine
characteristic for osteoporosis [44]. Obtained results
strongly suggests, that HfO, exerts anti-inflammatory
effect, which might become an important factor, when its
application in future implantology is considered.

Conclusions

Recently, there is an urgent need to develop a smart, bio-
active materials for OP bone regeneration that would be
able to modulate osteoblasts-osteoclasts axis in order
to improve fracture healing. In the present study, using
ADL technology we obtained homogeneous, amorphous
layer of HfO, which exerted anti-apoptotic and pro-oste-
ogenic effects in vitro. We have shown, that HfO2 pro-
motes osteogenic differentiation through the activation
of early markers of osteogenesis while inhibits viability
and maturation of osteoclasts. Furthermore, HfO2 was
characterized by immunomodulatory effects which shed
a promising light for its future application as an active
layer for covering metallic materials.
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Methods

Substrate preparation

The HfO, layers were deposited on 10 mm x10 mm sili-
con plates for physicochemical evaluations and on glass
cover slips with a diameter of 12 mm for biological evalu-
ation. Superficial contaminants may affect the adherence

of the ALD films to the substrate and negatively affect
the homogeneity of the layer. Thus, we have prepared the
substrates by three washing cycles before the deposition
process. The first bath was carried out in isopropanol, the
next two in deionized water. All of them were performed
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st hoc testes

in the ultrasound cleaner with bath in 37 °C. Afterwards
all substrates were dried in nitrogen of 5 N purity.

ALD technology

A Savannah-100 Cambridge NanoTech ALD reactor
was used to perform the deposition of HfO, films. We
selected Tetrakis(dimethylamido)hafnium (TDMA-HY,
Hf[(CH;),N],, CAS number 19782-68-4) as the metal
precursor and deionized water as the oxygen precursor.
Forming of HfO, occurs through a double exchange reac-
tion [45]:

Hf[(CH3),N], + 2H,0 — > HfO, + 4HN(CHjs),.

Precursors cycles were introduced sequentially into the
growth chamber separated by purge phase of a growth
chamber with nitrogen (6 N). The pulse times were equal
0.2 s and 0.04 s for hafnium precursor and for oxidant
precursor respectively, with purge times equal 8 s after
hafnium precursor doses and 22 s after oxygen precursor
doses. The growth process of HfO, consisted of 519 ALD
cycles. The creation of films was carried out in the tem-
perature 90 °C and vacuum below 66 Pa. At such process
parameters the deposition rate was equal to 1.9 A per one
ALD cycle.
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Tests equipment for physicochemical analysis

To determine the thickness of the layer a NanoCalc
2000-UV/VIS (Micropack GmbH) system with specific
software was used. The layer thickness was measured
on a silicon substrate. The reflection spectrum from the
silicon substrate without the layer was used as a reference
measurement.

The crystallinity of the coatings was checked by XRD
investigations. A Panalytical X'Pert Pro MRD diffractom-
eter was used, equipped with an X-ray tube generating
radiation at a wavelength of 1.54056 A, a hybrid two-
bounce Ge (220) monochromator, and a Pixcel detector.

A Scienta R4000 hemispherical analyzer (with pass
energy 200 eV) and non-monochromatic Al Ka emission
line with excitation energy equal to 1486.6 eV, was used
for XPS measurements. At those experimental setting,
the measured full width at half maximum of the Au 4£7/2
line was 1.1 eV. The carbon (C) 1 s line was bonded with
the energy 285 eV and used to calibrate the energy scale.
The neutralization gun was applied to avoid meaningful
sample charging. A notable amount of carbon was found
in as received sample. The depth profiling with 2 kV Ar
ion gun was performed to test if the carbon was imma-
nent at the surface only and to check the film homoge-
neity. The spectra were analysed using CASA program
(Casa Software Ltd version 2.3.17).

Surface morphology was examined using the AFM
Dimension Icon from Bruker. The equipment was oper-
ated in the PeakForce Tapping mode using silicon nitride
SCANASYST-AIR probe with tip radius of 2 nm. The
applied mode of operation allows imaging of the surface
based directly on interaction forces between the probe
and the sample. In addition, the ScanAsyst algorithm was
used for the measurements. It allows continuous moni-
toring the image quality and automatic optimization
of the selected parameters (ScanAsyst Auto Gain and
ScanAsyst Auto Setpoint) according to sample condi-
tion during scanning. Measurements were performed in
air under ambient conditions with a scan rate of 0.70 Hz.
Each area was scanned with 512 x 512 pixels resolution.
AFM data analysis was made with NanoScope Analysis
software.

In vitro cell culture

Murine MC3T3-E1 pre-osteoblasts were cultured in
Minimum Essential Media Alpha without ascorbic acid
(MEM-a, Gibco™ Thermo Fisher Scientific, MA, USA)
supplemented with 10% feta bovine serum (FBS, Sigma
Aldrich, Munich, Germany). The murine osteoclast pre-
cursor cell line 4B12 was kindly provided by Shigeru
Amano from Department of Oral Biology and Tissue
Engineering, Meikai University School of Dentistry [46].
The 4B12 cells were propagated in complete growth
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medium consisting of a-MEM (Sigma Aldrich, Munich,
Germany) supplemented with 30% of calvaria-derived
stromal cell conditioned medium (CSCM) and 10% FBS.
Murine macrophage cell line RAW 264.7 was cultured in
complete growth medium consisted of Dulbecco’s Modi-
fied Eagle Medium (DMEM, Sigma Aldrich, Munich,
Germany) with 500 mg/L glucose supplemented with
10% FBS. Cells were cultivated in the CO, incubator at
constant conditions (37 °C, 5% CO,, and 95% humidity).
Medium was refreshed every 2-3 days. The cells were
passaged when population reached 80% confluence using
recombinant cell-dissociation enzyme StableCell Trypsin
(Sigma Aldrich, Munich, Germany) or by gentle scrap-
ping and pipetting (4B12).

Cell proliferation assay

Cell proliferation rate was estimated using a resazurin-
based assay kit (TOX8) (Sigma Aldrich, Munich, Ger-
many) in accordance to manufacturer’s protocol [47].
For the assay MC3T3-E1 and 4B12 cells were seeded in
24-well plates on regular glass slides (control group) or
on glass slides coated with HfO, at a density of 2-10* cell/
well. The test was performed at 48, 72 and 144 h of exper-
iment. Briefly, culture media was replaced with fresh
media supplemented with 10% v/v resazurin dye, and
incubation was carried out for 2 h at 37 °C in the CO, cell
culture incubator (Thermo Fisher Scientific, MA, USA).
Then, supernatants were transferred to 96-well plate
in the volume of 100l per well and measured spectro-
photometrically at a wavelength of 600nm and 690nm
reference length (Epoch, Biotek, Germany) Population
doubling time (PDT) was calculated using an algorithm
available on-line [48].

Macrophage activation

RAW 264.7 cells were seeded in 24-well plate on regular
glass slides (control) or on glass slides coated with HfO,
a density of 3-10° cells/well. After 24 h lipopolysaccha-
ride (LPS, 1 ug/mL, Sigma Aldrich, Munich, Germany)
was added to culture media for another 4 and 24 h. Mac-
rophage activation was analyzed using RT-qPCR tech-
nique and confocal microscopy.

Confocal microscopy

Cellular distribution and expression of runt-related tran-
scription factor 2 (RUNX2), osteoprotegerin (OPG), and
osteopontin (OPN) in MC3T3-E1 cells were determined
using immunofluorescence [49]. Cells were cultivated for
6 days on glass slides with and without HfO, layer (con-
trol group). First, cells were fixed with 4% paraformal-
dehyde (PFA) for 30 min at room temperature, washed
three times with Phosphate Buffered Saline (PBS, Sigma
Aldrich, Munich, Germany), and then incubated with
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Gene abbreviation Gene full name Sequence of primer (5’ — 3’) Amplicon Accession No.
lenght

CASP9 Caspase-9 F: CCGGTGGACATTGGTTCTGG 278 NM_001355176.1
R: GCCATCTCCATCAAAGCCGT

P53 p53 tumor suppressor F: AGTCACAGCACATGACGGAGG 287 XM_030245924.1
R: GGAGTCTTCCAGTGTGATGATGG

BCI2 B-cell lymphoma 2 F: GGATCCAGGATAACGGAGGC 141 NM_009741.5
R: ATGCACCCAGAGTGATGCAG

BAX Bcl-2-like protein 4 F: AGGACGCATCCACCAAGAAGC 251 XM_011250780.3
R: GGTTCTGATCAGCTCGGGCA

TGFB Transforming growth factor beta 1 F: GGAGAGCCCTGGATACCAAC 94 NM_011577.2
R: CAACCCAGGTCCTTCCTAAA

RUNX2 Runt-related transcription factor 2 F: TCCGAAATGCCTCTGCTGTT 130 NM_001271630.1
R: GCCACTTGGGGAGGATTTGT

OPN Osteopontin F: AGACCATGCAGAGAGCGAG 340 NM_001204203.1
R: GCCCTTTCCGTTGTTGTCCT

OCN Osteocalcin F: GGTGCAGACCTAGCAGACACCA 100 NM_001032298.3
R: CGCTGGGCTTGGCATCTGTAA

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

MMP9 Matrix metallopeptidase 9 F: TTGCCCCTACTGGAAGGTATTAT 172 XM_006498861.3
R: GAGAATCTCTGAGCAATCCTTGA

PU.T Transcription factor PU.1 F: GAGAAGCTGATGGCTTGGAG 175 XM_017316733.2
R: TTGTGCTTGGACGAGAACTG

RANK Receptor activator of nuclear factor k B F: TTAAGCCAGTGCTTCACGGG 473 NM_009399.3
R: ACGTAGACCACGATGATGTCGC

TRAP Tartrate-resistant acid phosphatase F: GTCTCTGGGGGACAATTTCTACT 241 XM_006509945.3
R: GTTTGTACGTGGAATTTTGAAGC

CRI1A Calcitonin receptor isoform 1a F: TGCGGCGGGATCCTATAA 238 NM_001355192.1
R: AGCCAGCAGTTGTCGTTGTA

INOS Nitric oxide synthase F: GACAAGCTGCATGTGACATC 325 NM_001313922.1
R: GCTGGTAGGTTCCTGTTGTT

TNFA Tumor necrosis factor a F: ACAGAAAGCATGATCCGCGA 295 NM_013693.3
R: CTTGGTGGTTTGCTACGACG

IL6 Interleukin 6 F:.GAGGATACCACTCCCAACAGACC 141 NM_001314054.1
R:AAGTGCATCATCGTTGTTCATACA

IL1B Interleukin 1 beta F: TGCCACCTTTTGACAGTGATG 138 NM_008361.4
R: TGATGTGCTGCTGCGAGATT

L10 Interleukin 10 F: ATTTGAATTCCCTGGGTGAGAAG 75 NM_010548.2
R: CACAGGGGAGAAATCGATGACA

IL4 Interleukin 4 F: GAATGTACCAGGAGCCATAT 385 NM_021283.2
R: CTCAGTACTACGAGTAATCCA

GAPDH Glyceraldehyde 3-phosphate dehydrogenase F: TGCACCACCAACTGCTTAG 177 XM_017321385.2

R: GGATGCAGGGATGATGTTC

0.2% Tween 20 (Sigma Aldrich, Munich, Germany)
solution in PBS for another 15min. Then, samples were
blocked with 5% goat serum (Sigma Aldrich, Munich,
Germany) for 1h and incubated with primary antibod-
ies at 4 °C overnight. The following antibodies were used:

OPN (dilution 1:1000 in PBS, ab8448, Abcam, Cam-
bridge, UK), OPG (dilution 1:50 in PBS, sc-390518, Santa
Cruz Biotechnology, Dallas, TX, USA), RUNX2 (dilution
1:50 in PBS, sc-390351, Santa Cruz Biotechnology, Dal-
las, TX, USA). After the primary antibody incubation,
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cells were rinsed three times with PBS and incubated
with secondary antibodies conjugated with Alexa Fluor
488 (room temperature, 1 h). Finally, cells were fixed
on slides and nuclei were counterstained using mount-
ing medium with DAPI (4,6-diamidino-2-phenylindole)
(ProLongvrM Diamond Antifade Mountant with DAPI,
Thermo Fisher Scientific, Warsaw, Poland). Cells were
observed and imaged using confocal microscope (LEICA
TSC SPE). Photos were analyzed with Image J software.

Changes in RAW 264.7 morphology after LPS-induced
activation were estimated using F-actin staining. Prior
staining, cells were fixed with 4% PFA after 4 and 24 h
incubation with LPS and permeabilized using 0.2%
Tween 20 as described above. Phalloidin Atto 590 was
diluted in PBS (1:800, Sigma Aldrich, Munich, Germany)
and added to cells for 40 min. After three washing steps
cells were mounted using ProLong " Diamond Antifade
Mountant with DAPI, observed and imaged using confo-
cal microscope (LEICA TSC SPE).

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was isolated from MC3T3-E1 and 4B12 after
6 days of culture in normal condition or in the presence
of HfO,, whereas total RNA extraction from RAW 264.7
was performed after 4 and 24 h of cultivation in normal
condition or in the presence of HfO2 and/or LPS. RNA
was isolated using phenol—chloroform method, as previ-
ously described by Chomczynski and Sacchi [50]. RNA
quality and quantity were estimated spectrophotometri-
cally at 260 and 280 nm wavelengths (Epoch, Biotek, Ger-
many). thic.

Nawrocka et al. [51] for gene expression analysis, total
RNA (150 ng per one reaction) was treated with DNase I
using PrecisionDNAse kit (BLIRT S.A, Gdansk, Poland)
followed by cDNA synthesis using RevertAidFirst Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific, MA,
USA). cDNA was subjected to real-time PCR with 5 pl of
SensiFast SYBR & Fluorescein Kit (Bioline, UK), 1 pl of
¢DNA and 500 nM of each specific primer (see Table 1)
in the total volume of 10pl. All gPCR reactions were
performed using CFX Connect Real-Time PCR Detec-
tion System (Bio-Rad, Hercules, CA, USA). Obtained
data was normalized to the mean of GAPDH used as
the housekeeping gene. The average fold change in the
gene expression was analyzed using the 2724¢T method
described by Livak and Schmittgen [52]. Furthermore,
the expression ratio of BCI2/BAX was determined by
dividing the AACT of those genes.

For miRNA expression analysis, 500 ng of total cellu-
lar RNA was served for digestion of gDNA, as described
above. RNA was polyadenylated and reverse transcribed
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Table 2 Sequence of primers used for miRNA expression
analysis using qPCR method

miRNA Sequence of primer (5’ — 3/) Accession No.
miR-7a-5p TGGAAGACTAGTGATTTTGTTGT MIMAT0000677
miR-17-5p CAAAGTGCTTACAGTGCAGGTAG MIMAT0000070
miR-21-5p TAGCTTATCAGACTGATGTTGA MIMAT0000530
miR-16-5p TAGCAGCACGTAAATATTGGCG MIMAT0000069

using the Mir-X miRNA First-Strand Synthesis Kit (Takara
Bio, Japan) according to the manufacturer’s protocol. Each
qPCR reaction was performed in a total reaction mixture
volume of 25 pl. Expression data were normalized using the
272ACT method after normalization to the U6 snRNA used
as a housekeeping gene. Sequence of the primers are listed
in the Table 2.

Statistical analysis

All experiments included at least three technical rep-
etitions. Comparison between two groups were analyzed
using two-tailed Student’s ¢ test. Differences among more
than two groups were analyzed using two-way ANOVA
analysis of variance followed by Bonferroni post hoc testes.
Values of p<0.05 were considered statistically significant.
All data are means=+ SD.
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