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Abstract
Titanium-based alloys have established a crucial role in implantology. As material deteriorates overtime, nanoparticles of TiO2
and Ni are released. This study is focused on the impact of TiO2 and Ni nanoparticles with size of 100 nm on cytoskeletal and
adhesive changes in human physiological and osteoarthritic osteoblasts. The impact of nanoparticles with concentration of 1.5
ng/mL on actin and tubulin expression and gene expression of FAK and ICAM-1 was studied. The cell size and actin expression
of physiological osteoblasts decreased in presence of Ni nanoparticles, while TiO2 nanoparticles caused increase in cell size and
actin expression. Both cell lines expressed more FAK as a response to TiO2 nanoparticles. ICAM-1 gene was overexpressed in
both cell lines as a reaction to both types of nanoparticles. The presented study shows a crucial role of Ni and TiO2 nanoparticles
in human osteoblast cytoskeletal and adhesive changes, especially connected with the osteoarthritic cells.
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Background
Alloys based on titanium (nickel-titanium, titanium) have
established an important role as biomaterials in medicine over

the years, especially in the fields of vascular stent and bone
replacement materials. As these materials interact with the
human body, there are two forms of interactions
described — the leakage of nickel and titanium ions
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(Ševčíková et al. 2018; Høl et al. 2019) and release of nanoparticles (Tian et al. 2009) from material degradation, having an impact on cell behavior.
Titanium-based alloys used as vascular stents, joint replacements, or dental implants contain an oxidic layer on their
surface composed mostly of TiO2. This natural amorphous
nonstoichiometric layer protects the material from corrosion
and degradation (Ferguson et al. 1962; Liu and Thompson
2015). As this layer is degraded, studies have shown that
particles of TiO 2 are released into surrounding tissues
(Tanaka et al. 2000; Senna et al. 2015). These released particles affect cell metabolism and proliferation in various ways.
It was observed that the presence of TiO2 nanoparticles has a
selective impact on cell proliferation with dose-dependent and
cell type – dependent influence (Hong et al. 2016; Kukia et al.
2018). Besides TiO2 nanoparticles released from the oxidic
layer, the containment of nickel nanoparticles localized within
the TiO2 layer was described (Tian et al. 2009).
The main mechanism of TiO2 nanoparticles on cell metabolism is generation of reactive oxygen species within the
cell resulting in higher oxidative stress, inflammation,
DNA damage, and cell death (Hong et al. 2016; Grande
and Tucci 2016). TiO2 nanoparticles also decrease mitochondrial membrane potential and therefore promote release of cytochrome c into the cytoplasm resulting in cell
death (Hong et al. 2016). Similar mechanism of toxicity is
observed in Ni nanoparticles — production of reactive oxygen species, DNA damage, and apoptosis induction (Di
Bucchianico et al. 2018; Wu and Kong 2020). Besides
these mechanisms, Ni nanoparticles induce HIF-1α pathway altering MMP-2 and MMP-9 gene expression (Wan
et al. 2011). Malignant transformation potential caused by
induction of HIF-1α pathway by Ni nanoparticles was also
observed (Pietruska et al. 2011).
Besides nanoparticle release from the surface of titaniumbased alloys, nickel and titanium ion release from biomaterial
is present. This phenomenon was observed as a direct release
of both nickel and titanium ions from stainless steel and NiTi
alloys (Azizi et al. 2016; Pettersson et al. 2017; Downarowicz
and Mikulewicz 2017; Ševčíková et al. 2018; Mirhashemi
et al. 2018; Amanna et al. 2019). As these ions are known
for their behavioral effects on cells (viability, proliferation,
cell death) and inflammogenic potential (Ali et al. 2016;
Zarei et al. 2018), these studies had raised concern in biomaterial safety. Besides direct release from the material, ion release from released nanoparticles was also observed
(Mazinanian et al. 2013). Comparing the form of nickel release, it was observed that nanoparticles are rather released
than ions (Tian et al. 2009).
Titanium-based alloys used in joint replacement industry
also have beneficial effects on the human body, for instance,
decreased growth of bacteria and increased growth of osteoblasts (Bhardwaj and Webster 2017); the presented study is

focused on degradation products of the alloys on human osteoblasts and human osteoarthritic osteoblasts.
Along with numerous studies on cell proliferation and apoptosis induced by nickel and titanium ions and nanoparticles
(Su et al. 2011; Liu et al. 2013; Guo et al. 2015; He et al.
2018), studies also suggest an interaction between nanoparticles and cytoskeletal and adhesion molecules (Zhao et al.
2017; Ghalandari et al. 2019). As these interactions were observed in different types of nanoparticles (silver, gold), our
study presents the impact of Ni and TiO2 nanoparticles on
the expression of cytoskeletal proteins — actin and tubulin,
and gene expression of adhesive molecules — FAK and
ICAM-1.

Methods
The size of TiO2 and Ni nanoparticles
Titanium(IV) oxide, rutile (637262-100G., St. Louis, USA),
and nickel (577995-5G; Sigma-Aldrich Co., St. Louis, USA)
were used in this study. To confirm the size of nanoparticles,
transmission electron microscopy was used. Samples of TiO2
and Ni nanoparticles were suspended in a drop of distilled
water. The resulting suspension was covered with a copper
carbon-coated grid (300 Old Mesch, Agar Scientific,
Austria). The grid was removed from the suspension after 1
min, and the residual water was dried with a strip of filtration
paper. Samples were observed under a transmission electron
microscope Philips 208 S Morgagni (FEI, Czech Republic) at
accelerating voltage of 80 kV.

Cell culture
In this study, human osteoblasts (Sigma-Aldrich Co., St. Louis,
USA) and human osteoblasts-osteoarthritis (Sigma-Aldrich
Co., St. Louis, USA) were used. These cell lines provide a
reliable model to study nanoparticles’ impact on physiological
osteoblasts and osteoarthritic osteoblast that had already undergone the inflammatory process as both of the cell lines were
isolated from patients.
Both cell lines were cultured in Dulbecco’s Modified
Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/F-12,
GE Healthcare) and supplemented with 10 mg/mL penicillin/
streptomycin (Sigma-Aldrich Co., St. Louis, USA) and 10%
fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, USA),
under standard growth conditions (37 °C, humidified atmosphere, 5% CO2/95% O2 environment). These conditions
were maintained throughout the whole study. Cells in the fifth
passage were used in this study.
Cells were seeded at a density of 2.0 × 104 cells/cm2 with
the addition of 2.5 mL of medium per dish, and the medium
was changed every 2 to 3 days until the required confluence
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was reached. Then fresh medium with nanoparticles with a
concentration of 1.5 ng/mL of media were added and incubated for 24 h. The concentration of nanoparticles was chosen based on clinical studies of nickel and titanium release
from the material after orthopedics surgery. TiO2 nanoparticle concentration corresponds with serum titanium levels
after implantation of cervical disc replacement (Gornet
et al. 2017), while Ni nanoparticle concentration correlated
with nickel blood levels after total hip arthroplasty (Linden
et al. 1985). For control cells, a fresh medium without nanoparticles was added. All experiments were performed with
three repeats.

Time-lapse holographic microscopy for cell-metal
colocalization
Quantitative phase imaging of living cells was obtained using
QPHASE, the coherence-controlled holographic microscope,
CCHM (TELIGHT, Brno, Czech Republic). The microscope
setup is based on off-axis holography and incorporates a diffraction grating to allow imaging with both spatially and temporally low-coherent illumination. This leads to a high quality
of QPI compared with coherent illumination digital holographic microscopy (DHM) by suppressing coherence noise
(speckles), interferences, and diffraction artifacts, while the
lateral resolution is enhanced closer to a standard light microscope. The off-axis configuration of the system enables a single shot QPI acquisition. Quantitative phase time-lapse imaging was initiated immediately after treating the cells with 1
mg/mL concentration of Ni/TiO2 nanoparticles. Time-lapse
monitoring was performed for 24 h at a frame-rate of 1
frame/3 min. The cells were observed in flow chambers mSlide I Luer Family Cat. No. 80196 (Ibidi, Martinsried,
Germany) in DMEM/F-12 medium for both cell lines.
Nikon Plan 10 V/0.3 was used for both holographic observations. Interferograms for holography were taken using a CCD
camera (XIMEA MR4021MC). The holographic raw data
must be numerically reconstructed. The numerical reconstruction is performed by the custom software where the
established methods of the fast Fourier-transform and phase
unwrapping are implemented. The output from the software is
an unwrapped phase image. This image has intrinsic high
contrast and can be processed by an available image processing software.
For the colocalization of BP particles and cells, the
novel method based on the merging of phase and amplitude imaging was used. This method combines quantitative phase imaging of weakly scattering or absorbing objects (cells) with the reconstructed amplitude imaging
(similar to the bright field microscopy) of amplitude objects (Ni/TiO 2 metal particles) recalculated from the
hologram.

Immunofluorescent F-actin staining
After 24 h of incubation with nanoparticles, cells were washed
with PBS and fixated with 4% paraformaldehyde for 5 min
and then again washed with PBS. For permeabilization, 0.1%
Triton-100 X diluted in PBS was used for 5 min, and then cells
were again washed with PBS.
For F-actin staining, cells were treated with phalloidinTRITC (P1951, Sigma-Aldrich) with a concentration of 5
μg/mL of PBS and DAPI (32670-5MG-F, Sigma-Aldrich
Co., St. Louis, USA) with the concentration of 0.1 μg/mL
of PBS for 40 min. Cells were washed in PBS three times
prior to imagining. All steps were carried out under room
temperature.

Immunofluorescent tubulin staining
After incubation with nanoparticles was performed, cells were
washed with PBS. Then cells were incubated in Tubulin
TrackerTM Green 1× (T34075, ThermoFisher Scientific) and
0.01 μg/mL DAPI (32670-5MG-F, Sigma-Aldrich Co., St.
Louis, USA) for 30 min in 37 °C incubator. Samples were
then washed with PBS three times, fixated with 4% paraformaldehyde, washed in PBS, and examined.

Sample imagining and image analysis
Sample images were taken from random locations using
Nikon microscope 20× air objective and NIS Elements software (Nikon) in 8-bit depth (Figs. 1 and 2). Image analysis
was held in Zen Blue. According to Vindin et al. (Vindin et al.
2014), cell length and area, nucleus area, and total fluorescence intensity of cells were measured in 20 cells per sample.
Relative protein expression was counted as fluorescence intensity: cell area ratio, the nucleus-cytoplasm ratio (NC ratio),
was counted as a cell area to the nucleus area ratio. Further
data analysis was done using the Mann-Whitney U test in
Statistica v. 10.0 (Statsoft Inc., Tulsa, OK) software. The
values with p < 0.05 were considered significant.

Gene expression analysis
RNA samples were isolated from each sample using TriPure
Isolation Reagent (Roche, Basel, Switzerland) according to
manufacturers’ instruction. Samples’ purity was analyzed by
measurement of absorbance at wavelengths of 280 nm and
260 nm. Then 260 nm:280 nm ratio was counted. RNA concentration was also measured.
Samples were diluted into 100 ng/mL, and complementary
strand synthesis was performed using First Strand cDNA
Synthesis Kit (Roche, Basel, Switzerland) according to instructions provided by the manufacturer.
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Fig. 1 Fluorescent staining of human physiological osteoblasts. Actin
(red): a control group, b cells with Ni nanoparticles, c cells with TiO2
nanoparticles. Tubulin (green): d control group, e cells with Ni

nanoparticles, f cells with TiO2 nanoparticles; nucleus staining with
DAPI, 20× mag, scale bar 100 μm

The final product was used for quantitative PCR with DEPC
(RNAse free) water, TaqMan Universal MasterMix no UNG
(Applied Biosystems), and TaqMan Gene Expression Assays
(Applied Biosystems) in a final reaction volume of 20 μL. Each
experiment was performed as a technical triplicate. FAK primer
(Hs00178587_m1) and ICAM-1 primer (Hs00164932) and
housekeep B2M (4326319E) were used.

Results

Expression data analysis
The expression levels were analyzed via relative expression
2−ΔΔCt method, where ΔΔCT = [(CT target − CT housekeep)
sample − (CT target − CT housekeep) control]. Values are
expressed as median and 5th and 95th percentile. Relative
expression > 2 was considered as overexpression of the analyzed gene. Mann-Whitney U test was used for the evaluation
of mRNA expression levels differences. Statistica v. 10.0
(Statsoft Inc., Tulsa, OK) was used to analyze the data. The
values with p < 0.05 were considered significant.

The effects of TiO2 and Ni nanoparticles on cytoskeletal
changes in human osteoblasts were observed in this study.
To confirm the size of nanoparticles, the nanoparticles
were examined using TEM. The size of both TiO2 and
Ni nanoparticles were within the range of 80 to 100 nm
(Figs. 3 and 4). The stability of nanoparticles in
Dulbecco’s Modified Eagle’s medium was examined
using dynamic light scattering technique. To characterize
the number of nanoparticles that were available to interact
with cells during the experiment and to shed the possibility that the concentration of free nanoparticles might be
lower than expected because a certain fraction was in the
form of clusters, the time-lapse holographic microscopy
for cell-metal colocalization was performed. The figures
from the certain time-lapse (Fig. 5) and the video (supplementary material) showed that the cells incorporate both
the nanoparticles of defined size and also the clusters of
TiO2 NP.
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Fig. 2 Fluorescent staining of human osteoarthritic osteoblasts. Actin
(red): a control group, b cells with Ni nanoparticles, c cells with TiO2
nanoparticles. Tubulin (green): d control group, e cells with Ni

nanoparticles, f cells with TiO2 nanoparticles; nucleus staining with
DAPI, 20× mag, scale bar 100 μm

The effect of nanoparticles on the size of human
physiological osteoblasts

cell length was also significantly altered. Hand in hand with
the size changes, Ni nanoparticles shorten the physiological
osteoblasts (p = 0.001) and TiO2 increased the length of the
cells (p = 0.0005), as presented in Table 1 (B). The nuclei of
the cells cultivated with Ni nanoparticles were significantly
smaller compared with controls (p = 0.007), while no change
was observed after cultivation with TiO2 nanoparticles.
Higher nucleus/cell area ratio (NC ratio) was observed in the

Regarding the cell area and length in physiological osteoblasts, our results summarized in Table 1 (A) showed that
nanoparticles caused changes in the size of the cells (Fig. 6).
After cultivation with Ni nanoparticles, the cells decreased in
size (p < 0.001), while TiO2 nanoparticles led to an increase in
the cell size (p < 0.001), both compared with control cells. The

Fig. 3 Transmission electron microscopy of Ni nanoparticles (size < 100
nm); scale bar 200 nm

Fig. 4 Transmission electron microscopy of TiO2 nanoparticles (size <
100 nm); scale bar 200 nm
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Fig. 5 Colocalization experiment of TiO2 nanoparticles and human
physiological osteoblast cells carried out by merging of phase (middle
black images) and amplitude imaging (images in the left column) 0, 4, 16,
and 24 h after TiO2 particles administration. In all images, cells are
demarcated by the blue line; TiO2 nanoparticles are visible as red dots

accumulating in the cell through the course of time. In amplitude images
(left column), cells are demarcated by the blue line; Ti particles are visible
as a black material clustering through the course of time; 10× mag, scale
bar 30 μm

presence of Ni nanoparticles (p = 0.006), while in the presence
of TiO2 nanoparticles the ratio decreased (p < 0.001).
On the other hand, human osteoarthritic osteoblasts were 2fold larger than physiological osteoblasts (p < 0.001), and as a

response to Ni and TiO2 nanoparticles, the cells did not modify
the size and the length significantly as shown in Table 1 (A and
B). The trend of smaller cell area in the presence of Ni nanoparticles was also observed. Interestingly, the size of
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Table 1 Human physiological
and osteoarthritic osteoblasts,
morphological properties, and
cytoskeletal protein expression
measurement

Cell measurement
(A) Cell type and treatment

Cell area
(μm2)

Cell length
(μm)

HOB

7,788.51

135.79

HOB + NiNP
HOB + TiO2NP
OSBA
OSBA + NiNP
OSBA + TiO2NP
(B) Cell
Sample
type
1

5,128.27
12,221.29
14,950.30
11,504.25
15,458.95
Cell area

105.82
173.35
194.25
179.64
192.77
Cell length

HOB

OSBA

Sample
2

Control
Control

NiNP
TiO2NP

< 0.001
< 0.001

0.001
0.001

NiNP

TiO2NP

< 0.001

< 0.001

Control
Control
NiNP

NiNP
TiO2NP
TiO2NP

0.116
0.989
0.091

0.344
0.449
0.072

NC
ratio
0.044
0.058
0.031
0.022
0.024
0.023
NC
ratio
0.006
<
0.001
<
0.001
0.053
0.310
0.409

Actin

Tubulin

Total intensity
per cell

Total intensity
per cell

1,496,429

1,449,232

1,139,082
2,591,096
3,987,351
3,232,491
4,730,134
Total intensity
per cell

974,403
2,285,190
2,271,647
2,111,698
2,353,746
Total intensity
per cell

0.011
< 0.001

0.121
0.054

< 0.001

< 0.001

0.049
0.126
0.007

0.571
0.734
0.385

(A) Median values; (B) Mann-Whitney U test p values of cell measurements — cell area, cell length, nucleus/
cytoplasm ratio, and actin and tubulin expression — average intensity per pixel and total intensity per cell
measured as the sum of all pixel intensities. Mann-Whitney U test p values < 0.05 were considered significant
and marked in italics
HOB human physiological osteoblasts, OSBA human osteoarthritic osteoblasts, NiNP nickel nanoparticles with
size 100 nm, TiO2NP titanium dioxide nanoparticles with size 100 nm, NC ratio nucleus/cytoplasm ratio

physiological and osteoarthritic osteoblasts after treatment with
TiO2 nanoparticles was similar.

F-actin and tubulin expression changes
As presented in Table 1, the total intensity of the fluorescence
of actin fibers was measured (Fig. 6). In both cell lines, Ni
nanoparticles caused decreased expression of F-actin protein,
in physiological (p = 0.011) and osteoarthritic osteoblasts (p =
0.049). TiO2 nanoparticles caused almost 2-fold overexpression of F-actin in physiological osteoblasts (p < 0.001)
(Table 1 (B)).
According to our results, Ni and TiO2 nanoparticles did not
change the expression of tubulin in human physiological osteoblasts. However, comparing the effect of the nanoparticles, Ni nanoparticles caused a significantly lower expression of tubulin compared with TiO 2 nanoparticles.
According to Table 1 (B), there was no significant difference in the expression of tubulin in human osteoarthritic
osteoblasts.

Adhesion molecules expression analysis
Relative gene expressions of FAK and ICAM-1 are summarized in Table 2 (A), both compared with control cell culture
expression. TiO2 nanoparticles caused overexpression of
FAK gene in both physiological and osteoarthritic cell
lines, while Ni nanoparticles caused overexpression of
FAK gene only in human physiological osteoblast, with
almost no change in osteoarthritic osteoblasts (p = 0.022)
(Table 2 (B)).
In the case of ICAM-1 gene expression, upregulation of
the ICAM-1 gene was observed in all variations, human
physiological and osteoarthritic osteoblasts, and cell lines
treated with Ni and TiO 2 nanoparticles. Almost 4-fold
higher expression of ICAM-1 was observed in osteoarthritic osteoblasts cultivated with Ni nanoparticles compared
with physiological cells (p = 0.005). Even more, in the case
of TiO2 nanoparticles, a significant more than 5-fold overexpression of ICAM-1 in human osteoarthritic osteoblasts
compared with physiological osteoblasts (p = 0.005) was
observed (Table 2 (B)).
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Fig. 6 Comparison between human physiological and osteoarthritic
osteoblast with and without the presence of Ni/TiO2 nanoparticles (total
actin and tubulin intensity, cell length, size and NC ratio). HOB human
physiological osteoblasts, OSBA human osteoarthritic osteoblasts, C

Table 2 Relative gene expression
of FAK and ICAM in human
physiological and osteoarthritic
osteoblasts after treatment with
nanoparticles

control group without nanoparticles presence, Ni nickel nanoparticles
with size 100 nm, TiO2 titanium dioxide nanoparticles with size 100
nm, NC ratio nucleus/cytoplasm ratio

(A) Cell type

Relative gene expression
FAK
2.38 (1.93; 3.61)
2.21 (1.99; 4.15)
0.73 (0.49; 2.37)
2.90 (2.22; 4.83)

ICAM
5.15 (1.93; 7.29)
4.36 (2.47; 6.62)
18.11 (8.53; 32.07)
26.16 (15.82; 52.10)

HOB + NiNP
HOB + TiO2NP
OSBA + NiNP
OSBA + TiO2NP
(B)
Sample 1
HOB + NiNP
HOB + TiO2NP
HOB + NiNP

Sample 2
OSBA + NiNP
OSBA + TiO2NP
HOB + TiO2NP

FAK
0.022
0.230
0.936

ICAM
0.005
0.005
0.575

OSBA + NiNP

OSBA + TiO2NP

0.035

0.173

(A) Relative gene expression (R = 2−ΔΔCT ) of human physiological and osteoarthritic osteoblasts with nanoparticles;
median (5th and 95th percentile). (B) Mann-Whitney U test p values of comparison of relative gene expression (R =
2−ΔΔCT ) of human physiological and osteoarthritic osteoblasts with nanoparticles. p values < 0.05 were considered
significant and marked in italics
FAK focal adhesion kinase (PTK2), ICAM intercellular adhesion molecule, HOB human physiological osteoblasts, OSBA human osteoarthritic osteoblasts, NiNP nickel nanoparticles with size 100 nm, TiO2NP titanium
dioxide nanoparticles with size 100 nm
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Discussion

Tubulin expression changes

The impact of nanoparticles has been observed in various cell
lines altering their cell proliferation and viability and gene and
protein expression. The presented study contributes to further
research on the Ni and TiO2 nanoparticles on human physiological and osteoarthritic osteoblasts related to cytoskeletal
and adhesive changes.

Despite our results, that Ni and TiO2 nanoparticles did not
cause any changes in tubulin expression, the microtubule network is a potential target for different types of nanoparticles.
Gold nanoparticles bind to tubulin and form complexes,
which are used in photo-thermal induction of apoptosis
(Ghalandari et al. 2019). Tryptone-stabilized gold nanoparticles reduce cell viability and induce apoptosis via binding to
tubulin and promote its acetylation, causing cell cycle arrest
and eventually programmed cell death (Mahaddalkar et al.
2017). Another example of tubulin nanoparticle interaction
is the fact that cerium oxide nanoparticles bind to tubulin
and cause inhibition of differentiation of neural stem cells
(Gliga et al. 2017).

Time lapse holographic microscopy
The nanoparticle uptake depends on their size and shape,
where smaller and spherical nanoparticles are more likely to
be absorbed into cells than nanorods or nanocages (HuertaGarcía et al. 2019). As nanoparticles cluster into aggregates,
they vary in shape and size. Our results suggest that the intake
of nanoparticles happens in both forms — single nanoparticles
and clusters of nanoparticles. Clusters of nanoparticles are
more likely to form in human serum, and their enhanced cellular uptake was observed (Vranic et al. 2017). According to
our results, same phenomenon was observed. Moreover, clusters are absorbed by macropinocytosis, which is an active
process, involving cytoskeletal changes of actin (HuertaGarcía et al. 2019), which may lead to actin expression changes caused by TiO2 nanoparticles presented in our study.

Actin expression alteration
Treatment of cells with Ni nanoparticles in both human physiological and osteoarthritic osteoblasts decreased expression
of actin. These findings are supported by the fact that nickel
ions, which are released from the Ni nanoparticles, inhibit
actin gene expression in vascular smooth muscle cells (Winn
et al. 2011). Similar to Ni nanoparticles, silver nanoparticles
cause induction on F-actin depolymerization in human skin
keratinocytes as well as in human lung and breast adenocarcinoma cells (Zhao et al. 2017), therefore decreased actin protein amount in cells.
In comparison, TiO2 nanoparticles caused increased actin
expression in human physiological osteoblasts. A similar increase of actin expression was observed in cells seeded on
titanium samples with TiO2 nanorods surface assay (Li et al.
2017). Besides actin expression changes, Ibrahim et al. observed the disruption of actin filament orientation caused by
TiO2 nanoparticles with a size of 5 nm and 40 nm (Ibrahim
et al. 2018). These reorganization changes may be also connected with the actin-mediated internalization of TiO2 nanoparticles (Huerta-García et al. 2019).
Considering our results, Ni nanoparticles decrease actin expression and cell size of human physiological and osteoarthritic
osteoblasts, while TiO2 nanoparticles increase the actin expression and cell size of only human physiological osteoblasts.

Expression of FAK and ICAM-1
Our results proved that TiO2 nanoparticles cause an increase
of FAK gene in both human physiological and osteoarthritic
osteoblasts. However, studies of preosteoblasts grown on
TiO2 nanotubes contemplated the downregulated FAK gene
expression (Zhang et al. 2015). These finding suggests the
difference between TiO2 nanotubes and TiO2 nanoparticles
on FAK gene expression. On the contrary, silicon-doped
TiO2 film, as a form of material modification, caused overexpression of FAK gene in osteoblast-like cells, suggesting that
different surface modification cause different FAK gene expression (Wang et al. 2013).
Considering our results, cell area alteration presented in
Table 1 may be explained by the changes of cytoskeletal actin
alignment caused by nanoparticles (Cabezas et al. 2019).
Therefore, increased cell size and dysregulation of cytoskeletal stability may result in increased FAK expression, as more
adhesive proteins may be required to stabilize the instability.
Moreover, increased FAK expression may be also supported
by the fact that FAK protein pays a crucial role in cell motility
and elongation (Katoh 2020), both observed in this study
caused by TiO2 nanoparticles. The variety of changes in
FAK expression caused by Ni nanoparticles may be linked
to Ni-mediated caspase activation as cells may already start
the apoptotic process (Li and Zhong 2014).
A study by Lavigne et al. divides osteoblasts into the population of low and high ICAM-1 expressing cells. Highexpressing osteoblasts are the major population of osteoblasts
in osteoarthritic and osteoporotic patients (Lavigne et al. 2004).
In our case, the basal expression of ICAM-1 by the control cells
in both lines was on the same level. Although the ICAM-1
expression of the cells cultivated with Ni and TiO2 nanoparticles was increased, the major impact of the metal nanoparticles
was visible in osteoarthritic osteoblasts. This overexpression
can be associated with increased adherence of monocytes and
osteoblasts precursors and is associated with increased
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production of osteoclast differentiation factor (Tanaka et al.
2000). The interconnection between osteoarthritic cells and
the inflammatory cells may be explained by the previous contact with inflammation, suggesting possible existence of “inflammatory preconditioning” (Válková et al. 2018). This impact on osteoclasts may be a partial explanation to the process
of loosening of joint replacement, as after surgery, many nanoparticles are released from the material as a result of mechanical
implantation, nanoparticles are also a part of bone cement, and
more nanoparticles are released from the material over time.
The overexpression of ICAM-1 gene caused by Ni nanoparticles was observed in both physiological and osteoarthritic osteoblasts. On the contrary, human dermal microvascular endothelial cells incubated with significantly higher concentration of Ni
nanoparticles did not express more ICAM-1 (Peters et al. 2007).
Considering that Ni nanoparticles can release of Ni ions from
their surface (Hahn et al. 2012) and Ni ions can cause an overexpression of ICAM-1 in different cell lines (Cortijo et al. 2010;
Tsou et al. 2013), this may be the mechanism causing overexpression of ICAM-1 in osteoblasts. Furthermore, our findings
contribute to cell type–dependent and concentration-dependent
effects approach of nanoparticles.
In conclusion, Ni and TiO2 nanoparticles released from
joint replacement materials play a crucial role in the actin
filament dynamics of human physiological and osteoarthritic
osteoblasts. Ni nanoparticles cause decreased size of physiological osteoblasts and actin expression, while TiO2 nanoparticles are responsible for the enlargement of physiological
osteoblasts and increased actin expression. The increased expression of actin may be explained by actin-mediated incorporation of nanoparticles into the cells as presented in previous studies (Huerta-García et al. 2019). This process can lead
to increase cells size, as our time-lapse suggests chemotactic
effect of nanoparticles, which is not dependent on size, as both
nanoparticles and clusters are incorporated. However, tubulin
expression is not affected by these types of nanoparticles.
Increased expression of the ICAM-1 gene was observed as a
response to nanoparticles, likely playing one of the major roles
in the mechanism of loosening of joint replacement via osteoclast stimulation pathway.
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