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Abstract: Ten percent of patients undergoing total hip arthroplasty (THA) require revision surgery.
One of the reasons for THA are wear particles released from the implants that can activate the
immune defense and cause osteolysis and failure of the joint implant. The discrepancies between
reports on toxicity and immunogenicity of the implant materials led us to this study in which
we compared toxicity and immunogenicity of well-defined nanoparticles from Al2O3, zirconia-
toughened alumina (ZTA), and cobalt chrome (CoCr), a human THP-1 macrophage cell line, human
PBMCs, and therefrom-derived primary macrophages. None of the tested materials decreased the
viability of THP-1 macrophages nor human primary macrophages at the 24 h time point, indicating
that at concentrations from 0.05 to 50 µm3/cell the tested materials are non-toxic. Forty-eight hours
of treatment of THP-1 macrophages with 5 µm3/cell of CoCr and Al2O3 caused 8.3-fold and 4.6-fold
increases in TNF-α excretion, respectively, which was not observed for ZTA. The comparison between
THP-1 macrophages and human primary macrophages revealed that THP-1 macrophages show
higher activation of cytokine expression in the presence of CoCr and Al2O3 particles than primary
macrophages. Our results indicate that ZTA is a non-toxic implant material with no immunogenic
effects in vitro.

Keywords: orthopaedic implant; alumina; zirconia-toughened alumina (ZTA); nanoparticles;
macrophages; cell viability; inflammation; cytokine secretion

1. Introduction

Ten percent of patients undergoing total hip arthroplasty (THA) require revision
surgery and prosthesis replacement up to 10 years after the primary THA [1]. Revision
THA is associated with a three to eight times higher mortality rate, poorer clinical outcome,
prolonged recovery, and much higher costs than primary surgeries [2]. Half of the primary
THA revisions are because of aseptic loosening [3] caused by stress and motion-induced
bone to implant interface debonding but also by particle disease. Wear particles, partic-
ularly from metallic implants, can activate the host immune defense, which can lead to
osteolysis and finally to joint implant failure [4,5]. Cobalt chrome (CoCr) is a metal alloy
commonly used in dental and orthopaedic implants in which wear debris and released
metal ions are suspected to be causative for severe periprosthetic tissue inflammation and
necrosis [6–8]. Zirconia-toughened alumina (ZTA), on the other hand, is a ceramic compos-
ite material widely used as biocompatible implant material, which has a low potential for
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pathological inflammatory processes due to low wear rate and biologic inertness of the wear
particles [9–13]. Importantly, it is believed that the local toxicity of metal ions creates local
immune deficiency by creating a microenvironment of immune cell migration, possibly also
facilitating bacteria growth at the implant site [14]. Indeed, the presence of any implanted
medical device reduces the required bacteria concentration to induce an infection by 100,000
times, and different patient characteristics (e.g., age or pre-existing health conditions) can
further promote an infection [15]. Of note, with the exception of approximately 10% of
detected infections in THA revisions [3], it is suspected that 15% up to 76% of aseptic loosen-
ing diagnoses are actually undetected, chronic low-grade periprosthetic joint infections (PJI)
that are misdiagnosed and mistreated, e.g., due to a lack of reliable diagnostic tests [16–19].
The costs of PJI treatment can be up to USD 0.5 million [20]. Given the above-mentioned
implant-associated inflammatory processes, different prosthetic materials have been tested
for toxicity and immunogenicity in numerous in vitro studies by measuring viability and
activation of immune cells (peripheral blood mononuclear cells (PBMCs), macrophages,
macrophagic cell lines) and pre-osteoblast cells [4,21,22]. Macrophages and osteoblasts
can phagocyte alumina (Al2O3) nanoparticles, which causes activation of an inflammatory
response and cytokine release [23,24]. Several studies have shown that Al2O3 particles
can activate the immune response; however, there is controversy in the reports about their
toxicity and the effect on human cell lines. When immunogenicity of Al2O3 particles was
compared to titanium nanoparticles, only titanium particles caused a significant upregula-
tion of receptor activator of NF-kB (RANK)-, tumour necrosis factor-alpha (TNF-α)-, and
osteoprotegerin (OPG)-mRNA in the THP-1 human monocytic cell line [25]. Al2O3 particles
did not cause a significant increase of common inflammatory markers, such as TNF-α,
in THP-1 macrophages [25]. Al2O3 nanoparticles were shown to not interfere with the
viability of THP-1 macrophages and fibroblast cells lines [26]. Radziun et al. reported that
Al2O3 nanoparticles are capable of penetrating the membranes of the L929 mouse fibroblast
cell line and the BJ human fibroblast cell line without a significant decrease in cellular via-
bility [26]. A recent report, however, in which THP-1 macrophages were treated with Al2O3
demonstrated that Al2O3 nanoparticles induced the inflammasome in THP-1 macrophages
via activation of the Toll-like receptor 4 (TLR4) pathway [23]. In that study, 24 h treatment
with Al2O3 or zirconia (ZrO2) at the concentration of 50 µm3/cell caused upregulation
of interleukin 8 (IL-8), CC-chemokine ligand 2 (CCL2), CCL3, and CCL4 expression while
not affecting cell viability [23]. Another study reported a four-fold increase in TNF-α in
THP-1 macrophages in the presence of Al2O3 particles [27]. When PBMCs were cultured
on ceramic surfaces, an increase of cytokines IL-6 and IL-1β secretion was reported for
alumina-toughened zirconia (ATZ) but not for ZTA [28]. Several studies have also reported
that CoCr particles activate the TLR4-mediated inflammation mechanism [28–30].

Given the controversy of previously published data, we hypothesized here that the
toxicity of metallic oxide particles highly depends on the size composition of particles
and varies between different cell types. Therefore, we compared the immunogenicity of
Al2O3, ZTA, and CoCr particles by investigating THP-1 macrophages and primary human
macrophages. In detail, viability, cytokine gene expression, and cytokine secretion of cells
were investigated 24, 48, and 96 h after treatment with different concentrations (0.05, 0.5, 5,
and 50 µm3/cell) of the test particles.

2. Results
2.1. Al2O3 and ZTA Particles Do Not Affect THP-1 Macrophage Viability

We examined the viability of THP-1 macrophages after treatment with raw alumina
(Al2O3) (CERALOX APA 05), ZTA, and CoCr particles. To examine whether experimental
concentrations of particles (0.05, 0.5, 5, and 50 µm3/cell) have any impact on the viability
of THP-1 monocytes and THP-1 macrophages, the viability of cells was measured at 24,
48, and 96 h post-treatment. Results show that Al2O3 particles neither affect the viability
of THP-1 monocytes (Figure 1A) nor of THP-1 macrophages (Figure 1B) at any tested
concentration or time point (Figure 1). When THP-1 macrophages were treated with ZTA
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or CoCr particles for 24 h, no difference in the viability was observed in comparison with
untreated cells (Figure 1C; Al2O3 is additionally shown for comparison). Longer treatment
for 96 h with equal concentration of the test particles did not significantly affect the viability
of THP-1 macrophages either (Figure 1D). The addition of lipopolysaccharide (LPS), a
positive stimulator of the immune response, also had no effect on cell viability (Figure 1D).
However, when the concentration of CoCr particles was increased to 1000 µm3/cell, the
viability of cells reduced by 0.54-fold (p = 0.019) in comparison with untreated cells. Of
note, ZTA and Al2O3 particles did not show such an effect (Figure 1C). Altogether, our data
indicate that Al2O3 and ZTA nanoparticles are not toxic for the human THP-1 cell line.
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Figure 1. Al2O3 and ZTA particles do not affect THP-1 macrophage viability. Cell viability was
measured by MTS assay. THP-1 monocytes (A) and THP-1 macrophages (B) were treated with Al2O3

particles for 24, 48, and 96 h (A). THP-1 macrophages were treated with ZTA, CoCr, or Al2O3 particles
for 24 h (C) and 96 h (D). The results are represented as relative values in which untreated cells
represent 100% viability. At least three biological repeats are depicted. The results are expressed as
the mean ± SEM. *—p < 0.05.

2.2. Treatment of THP-1 Macrophages with CoCr and Al2O3 Particles Caused an Increase in
TNF-α Secretion

Next, the immune response of THP-1 macrophages to the test particles was examined
by measurement of TNF-α secretion into the cell supernatant by ELISA. THP-1 macrophages
were treated with the particle concentrations of 0.05, 0.5, 5, and 50 µm3/cell for 48 h or 96 h.
When cells were treated for 48 h with CoCr particles at a concentration of 50 µm3/cell, a
three-fold (p = 0.02) increase in TNF-α level was observed in comparison with untreated
cells, which was comparable to LPS treatment (positive control). Treatment for 96 h led
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to a TNF-α increase at even lower concentrations of CoCr nanoparticles (8.3-fold change
(p = 0.0003) at 5 µm3/cell and 4.4-fold change (p = 0.0018) at 0.05 µm3/cell, respectively)
in comparison with untreated cells (Figure 2A). Treatment of cells with 5 µm3/cell and
50 µm3/cell Al2O3 particles for 48 h caused 4.6-fold and 3-fold (p = 0.0003) increases in
TNF-α level, respectively (Figure 2B). Longer treatments (96 h) of THP-1 macrophages with
Al2O3 caused an increase in excreted TNF-α already at the concentration of 0.5 µm3/cell
(5.5-fold change, p = 0.0228). On the other hand, treatment of THP-1 macrophages with
ZTA particles did not cause an increase in TNF-α, neither at 48 h nor at 96 h, while the
addition of LPS caused a significant increase in TNF-α after 48 h (3.4-fold (p = 0.0123)) and
96 h (2.7-fold, p = 0.001) treatment (Figure 2C).
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Figure 2. TNF-α secretion by THP-1 macrophages is activated by CoCr and Al2O3 particles but not
by ZTA particles. THP-1 macrophages were treated with the test particles for 48 h or 96 h, and the
concentration of secreted TNF-α was measured in the cell supernatants by ELISA. Treatment with
CoCr particles (A). Treatment with ZTA particles (B). Treatment with Al2O3 particles (C). LPS was
used as a positive control. The results are expressed as the mean ± SEM. *—p < 0.05; ** p ≤ 0.01;
*** p ≤ 0.001.

2.3. Al2O3, ZTA, and CoCr Particles Do Not Impact Cell Viability of Human Primary
Macrophages and PBMCs

To evaluate how the test particles influence primary cells, we next performed ex-
periments on human PBMCs and macrophages. First, to check whether particles affect
viability of primary macrophages and human PBMCs, an MTS assay was performed 24 h
post-treatment (Figure 3). Primary macrophages from two donors and human primary
PBMCs from one donor were included in the study (Figure 3A,B). None of the particles
affected the viability of both primary cell types at 24 h treatment (Figure 3A,B). In some
experiments, the viability of primary cells even increased in the presence of particles, yet
the change was not significant (Figure 3B). Interestingly, when primary PBMCs were treated
for 96 h with the same concentration of particles, Al2O3 caused an increase in viability
(Figure 3B). In the presence of 0.5 µm3/cell of Al2O3 particles the viability increased by 47%
(p = 0.0001) in comparison with untreated cells (Figure 3B). The results indicate that Al2O3,
ZTA, and CoCr nanoparticles at the concentrations used in the study (0.05–50 µm3/cell)
are not toxic for primary human macrophages or primary human PBMCs. In fact, Al2O3
even increased PBMC viability.
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treated with CoCr and ZTA particles at concentrations of 0.05, 0.5, 5, and 50 µm3/cell, and 
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Figure 3. Viability of human primary macrophages is not impacted by ZTA or CoCr particles. Human
primary macrophages were treated with Al2O3, ZTA, or CoCr particles, and viability of cells was
measured by MTS 24 h after treatment (A). PBMCs were treated with Al2O3 particles for 24 h or
96 h (B). The relative cell viability was calculated as the percentage of untreated cells. The results are
expressed as the mean ± SEM. *** p ≤ 0.001.

2.4. Al2O3, ZTA, and CoCr Particles Do Not Impact TNF-α Release of Human
Primary Macrophages

Activation of human primary macrophages by the test particles was examined by
measuring secreted cytokines (TNF-α and IL-6) by ELISA and the gene expression of
IL-8 by q-PCR. Human primary macrophages from three different donors were tested.
Treatment with the test particles at any test concentration (0.05, 0.5, 5, and 50 µm3/cell) had
no significant effect on TNF-α release 24 h post-treatment of primary macrophages from
donors (1 and 2) (Figure 4A,B) nor after 48 h (donor 3, Figure 4C) However, the addition of
100 ng/mL of LPS as a positive control activated TNF-α release from the same cells.
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Figure 4. ZTA and CoCr particles do not induce TNF-α secretion in human primary macrophages.
Human primary macrophages were treated with Al2O3, ZTA, or CoCr particles, and the level of
TNF-α was measured in the supernatant 24 h (A,B) and 48 h (C) after addition of particles by ELISA.
The results are expressed as the mean ± SEM. *—p < 0.05.

No significant particle-induced increase in IL-6 of primary macrophages from two
donors was detected by ELISA (Figure 5A,B). Next, human primary macrophages were
treated with CoCr and ZTA particles at concentrations of 0.05, 0.5, 5, and 50 µm3/cell, and
the level of IL-8 was measured 24 h after treatment. Neither CoCr nor ZTA induced IL-8
gene expression in human primary macrophages from one donor (Figure 5C). Of note, the
addition of the positive control LPS activated the release of IL-8 from the same cells.
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Figure 5. ZTA and CoCr particles do not induce IL-6 secretion or IL-8 gene expression in human
primary macrophages. Human primary macrophages were treated with CoCr, ZTA, or Al2O3

particles, and the level of IL-6 was measured in the supernatant 24 h (A) and 48 h (B) after addition
of particles by ELISA. The IL-8 gene expression level was measured by q-PCR 24 h after treatment
(C). The results are expressed as the mean ± SEM. *—p < 0.05; ** p ≤ 0.01.

3. Discussion

The discrepancies between reports on toxicity and immunogenicity of Al2O3, ZTA,
and CoCr particles led us to this study in which we compared toxicity and immunogenicity
of well-defined nanoparticles from Al2O3, ZTA, and CoCr, a human THP-1 macrophage
cell line, human PBMCs, and therefrom-derived primary macrophages.

Model particles in the nanometer range, mimicking the fine wear particles found in
the clinical situation, were created from three different orthopaedic materials, which are
commonly used in orthopaedics or dentistry. To elucidate the effect of Al2O3, ZTA, and
CoCr particles on THP-1 macrophages, cell viability was assessed. Importantly, we showed
that cell viability was not compromised by the test particles. Further, we assessed the
cytokine expression level (IL-8) and measured secreted cytokines (TNF-α, IL-6) in response
to the test particles by q-PCR and ELISA, respectively. Whereas ZTA particles did not cause
elevated cytokine levels, CoCr caused an increase in TNF-α 48 h after treatment of THP-1
macrophages. Further, we showed that Al2O3 particles resulted in TNF-α secretion of THP-
1 macrophages but not of human primary macrophages. These results are corroborated
with previously published results that Al2O3 particles at high concentrations (500 µm3/cell)
cause upregulation of TNF-α in PBMCs [31].

We measured IL-6 secretion and IL-8 expression as additional pro-inflammatory mark-
ers but did not detect particle-induced Il-6 or IL-8 levels in human macrophages. These
results differ from Jamieson et al. in which where 24 h treatment with Al2O3 nanoparticles
caused upregulation of IL-8 gene expression in THP-1 macrophages, which decreased when
treated with a TLR4 inhibitor [23]. The differences could originate from several reasons.
Firstly, the nanoparticles size distribution differs. Here, we employed Al2O3 nanoparticles
produced in by cryo-pulverization and with an average size of 750 nm. On the other hand,
the commercially available Al2O3 particles used in most of the published studies have a
particle size range of 503 ± 19 nm. Secondly, in some of the experiments, LPS-activated
THP-1 macrophages were employed [23] as opposed to our study in which the impact of
nanoparticles were investigated solely without previous LPS activation. Thirdly, the THP-1
response to particles may differ to the response of human primary cells.

In the herein presented study, we used two different cell types, a monocytic cell line
(THP-1) and primary macrophages derived from human PBMCs. Monocytic cell lines, such
as THP-1, are commonly used as the model for macrophage function in immunogenicity
and toxicity studies. The advantage of a monocytic cell line is ease of acquisition, expansion,
and culturing. Namely, primary macrophages cannot be expanded ex vivo and are usually
prepared from PBMCs isolated from large amounts of human blood. Indeed, THP-1
macrophages show similar behavior to primary macrophages derived from monocytes
regarding phagocytosis and cytokine induction [32]. When the THP-1 monocytic cell line is
differentiated with phorbol myristate acetate (PMA), this causes upregulation of protein
kinase C (PKC) and consequently causes upregulation of genes typical for macrophages [33].
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Nevertheless, we demonstrate here that THP-1 macrophages are more sensitive to Al2O3,
ZTA, and CoCr nanoparticles than primary macrophages prepared from PBMCs. This
aligns with previous reports that THP-1 macrophages are more susceptible to cytokine
activation than primary macrophages [32]. The authors showed that the level of TNF-
α was significantly higher in THP-1 macrophages than primary macrophages treated
with 10 ng/mL of LPS. They proposed that THP-1 macrophages could undergo different
activation stages (also alternative macrophages M2 activation besides M1 macrophages
activation) than primary monocytes-derived macrophages and that direction of activation
differs depending on the environment of cells. Yet, when THP-1 macrophages and primary
macrophages were exposed to inactivated bacteria their responses were very similar [32].
Our results corroborate with their findings and indicate that THP-1 macrophages also
undergo alternative activation in comparison with the activation of primary monocytes.
Since, in vivo, several macrophages could be activated by wear debris and not only M1,
we suggest that for the evaluation of immunogenicity and toxicity of nanoparticles, THP-1
macrophages represent a good model for testing ceramic nanoparticles.

An important finding of our study is that the immune response of THP-1 macrophages
and primary macrophages to nanoparticles differ. Our results indicate that Al2O3, ZTA,
and CoCr nanoparticles are not toxic for primary human macrophages or primary human
PBMCs. Previous studies have demonstrated that ZTA and Al2O3 particles show no toxicity
for PBMCs or osteoblasts [26]. Even though CoCr particles and Al2O3 particles caused ele-
vated levels of IL8 in THP-1 macrophages, no significant changes were observed in human
primary macrophages, which suggests that THP-1 macrophages are more responsive to
nanoparticles and serve as a good model for toxicity of particles.

The first group that assessed ceramic particles generated by a hip simulator was a
research group from the University of Leeds [31,34]. They were also the first to compare
the biological response of commercial Al2O3 particles and ZTA wear particles. Wear
particles were generated in the Leeds MkII anatomical hip simulator under microseparation
conditions and had bimodal sizes of 0.3–8 µm and 5–20 nm. In that study, concentrations
range of particles from 0.05 to 500 µm3/cell were used in in vitro assays and only clinically
relevant CoCr particles at 50 µm3/cell reduced the U937 monocyte cell viability, while
other tested particles did not affect the viability [34]. An elevated TNF-α level in PBMCs,
which indicates inflammation, was detected when stimulated with 100 µm3/cell of Al2O3
powder or 100 µm3/cell of wear particles. This difference was suspected to be because of
fewer particles in the critical size range (0.1–1 µm) for the wear particles [31].

Of note, here we used model nanoparticles generated from the materials by cryo-
pulverization. However, to better mimic the clinical situation, wear particles emerging
from clinically relevant bearing situations of model hip implants under comparable load
should be used as testing materials in future studies on toxicity and immunogenicity.

With the aging of the population and higher levels of age-related diseases in the world
population, the number of THAs will increase in the following decades. Moreover, due
to prolonged life span and THAs at younger ages (in the case of obesity), the requirement
for high endurance, biocompatibility, and low toxicity of prosthetic materials for longer
periods is necessary [35–37]. Late developed chronic PJI and loosening, either associated
with particle-induced osteolysis or not, are the two most important failure modes in which
periprosthetic tissue immune “health” may play an important role. Further studies are
needed to decipher biochemical mechanisms of late activation of “low-grade” PJI to be able
to diagnose and treat patients correctly already at the early stage of pre-clinical infection
and to investigate the importance of particle-induced derangements on tissue tolerance
for an implant, bone-remodelling capacity level, and bone osteolysis induction that trigger
long-term implant failure. With an increase of absolute THA numbers and consequent
failures, standardized protocols for evaluation of immunogenicity and toxicity of wear
particles are needed. Therefore, we propose, that future efforts should be focused on the
standardization of protocols for quality control assessment of prosthetic materials and
modifications in the regulation.
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4. Materials and Methods
4.1. Ceramic and Metallic Test Particles

The Al2O3 powder consisted of alpha alumina particles, which are commercially
available under the trade name CERALOX APA 05 (Condea, Hamburg, Germany). The
particle size was between 150 and 550 nm with a mean size of 350 nm. A stock solution of
50 µm3/cell (29.5 mg of Al2O3 in 100 mL of Milli-Q water) was prepared and autoclaved at
121 ◦C. The solution was diluted to the other test concentrations of 5, 0.5, and 0.05 µm3/cell
after a 10 min long ultrasound treatment. ZTA and CoCr particles were produced by cryo-
pulverization by Continuum Blue Ltd. (Cardiff, UK). According to the manufacturer, the
particles were guaranteed to be endotoxin free. The morphology and size of the analyzed
powders were studied using field-emission scanning electron microscope (FEG-SEM, JEOL
JSM 7600 F, Jeol Inc., Tokyo, Japan) equipped with Energy Dispersive X-ray Spectrometer
(EDXS, INCA Oxford 350 EDS SDD, Oxford Instruments NanoAnalysis, High Wycombe,
England, UK). The particle size of ZTA and CoCr, as determined by scanning electron
microscopy (SEM), were 814 nm and 758 nm, respectively (Supplementary Figure S1).
ZTA (density 4.37 mg/mm3) particle suspension was provided at the concentration of
1 mg/mL in absolute EtOH and CoCr (density 8.3 mg/mm3) particle suspension at the
concentration of 1 mg/mL in 70% EtOH. Particles were serial diluted, and cells were treated
at the concentrations of 50, 5, 0.5, and 0.05 µm3/cell. Additionally, a particle concentration
of 1000 µm3/cell was used for cell viability experiments. The experimental design of the
study is graphically presented in Figure 6.
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4.2. Cell Culturing and Differentiation of THP-1 Cell Line

Human monocytic THP-1 cells (ATCC® TIB-202™) were cultured in RPMI 1640 sup-
plemented with 10% FBS, 1% glutamine, 1% antimycotic/antibiotic (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) at 37 ◦C, and 5% CO2 and subcultured according to the man-
ufacturers’ instructions. THP-1 monocytes were differentiated to macrophages with 100 nM
phorbol 12-myristate-13-acetate (PMA) (Sigma Aldrich, St. Louis, MO, USA) treatment for
3 days.

Biorender.com
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4.3. Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were isolated from whole blood (or buffy coats (healthy controls) using Ficoll
(Ficoll® Paque Plus, GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Whole blood or
buffy coats were diluted with equal amount of PBS and carefully applied on Ficoll (2 vol-
umes of diluted blood on 1 volume of Ficoll) and centrifuged for 17 min at 1800 rpm without
break. After centrifugation, PBMCs phase was transferred into a fresh centrifuge tube and
washed with PBS following by centrifugation for 7 min 1800 rpm with break. The concen-
tration of PBMCs was app. 10 million/5 mL of whole blood. PBMCs were immediately
subjected to isolation of monocytes. Approximately 10% of PBMCs were monocytes.

4.4. Isolation of Human Primary Monocytes from PBMCs

Primary human monocytes were isolated from PBMCs using the Pan Monocyte Isola-
tion kit (MACS®, Miltenyi Biotech, Bergisch-Gladbach, Germany) according to the manu-
facturers’ instructions. Before following the procedure, cells were washed twice with PBS
(10 min, 300× g centrifugation). After isolation of monocytes, cells were either seeded for
differentiation to macrophages or frozen for later experiments. Monocytes were frozen in
freezing media (5% DMSO, 20% FBS, 75% full RPMI) and kept at −80 ◦C or liquid nitrogen
for further experiments.

4.5. Differentiation of Human Primary Monocytes to Macrophages

Primary monocytes were thawed and diluted in full RPMI 1640 followed by cen-
trifugation (5 min, 300× g) to remove freezing media. Monocytes were re-suspended in
full RPMI with 100 ng/mL of rhGM-SCF (recombinant human granulocyte macrophage
colony-stimulating factor) and seeded in tissue culture plates. In the 96-well plates,
50,000 cells/well (for ELISA and MTS measurements) and in the 12-well plates,
500,000 cells/well were seeded. Monocytes were differentiated into M1 macrophages
for at least 10 days. M1 macrophages were treated with particles, as described above.

4.6. Treatment of Cells with Metallic and Ceramic Particles

Particle’s suspension stock solutions were prepared in water and kept at 4 ◦C. Imme-
diately before treatment, particle suspensions were sonicated for 10 min and added to the
cells at final concentrations of 0.05, 0.5, 5, and 50 µm3/cell in 96-well plates. Cells were
treated with particles for 24, 48, or 96 h before collection and freezing of cell supernatant
for cytokine analysis. In the case of RNA analysis, cells were seeded in 12-well plates after
the treatment of cells with particles; cells were harvested and subjected to RNA isolation or
kept at −80 ◦C. THP-1 monocytes, THP-1 macrophages, or human primary macrophages
were treated with particle suspensions. In all the experiments, positive control lipopolysac-
charide (LPS, final concentration 100 ng/µL; some experiments also 10 ng/µL) treatment
was included. In negative controls, cells were left untreated. All treatments were performed
in at least three biological repeats in parallel.

4.7. RNA Isolation and Quantitative PCR

The RNA was extracted from cells, and the complementary DNAs (cDNAs) were
synthesized using High-Capacity cDNA Reverse Transcription kits (Thermo Fisher Scien-
tific, Waltham, MA, USA) with gene expression analyses performed, as described below.
For qPCR, 5× Hot FirePol EvaGreen qPCR Mix Plus (Solis, BioDyne, Tartu, Estonia) was
used following the manufacturers’ instructions on a LightCycler 480 (Roche Diagnostics,
Rotkreuz, Switzerland). All the samples were quantified in triplicate. Dilution series of
cDNAs were prepared to create a relative standard curve, and absolute quantification
of the data was performed using the second derivative maximum method (LightCycler
480, Software version 1.5; Roche Diagnostics). All data were normalized to the internal
housekeeping gene of ribosomal protein, large, P0 (RPLP0). Expressions of IL-8 and TNF-α
were analyzed using qPCR.



Int. J. Mol. Sci. 2023, 24, 6482 10 of 12

4.8. Enzyme-Linked Immunosorbent Assay

The level of cytokines (TNF-α and IL-6) secreted from particle-treated cells was mea-
sured with enzyme-linked immunosorbent assay (ELISA) according to the manufacturers’
instructions (Invitrogen, Waltham, MA, USA). The supernatants of the treated cells were
collected and stored at −80 ◦C before ELISA was performed. The absorbance was measured
by BIO-TEK Synergy HT (Fisher Scientific, Pittsburgh, PA, USA) at 405 and 490 nm. The
concentration of cytokines was determined from the standard curve.

4.9. Viability Assay

Cell viability was measured by CellTiter 96® AQueous One Solution kit (Promega,
Madison, WI, USA) following manufacturers’ instructions. Briefly, after treatment of
cells with particles, the supernatant was aspirated from the cells, and CellTiter AQ One
solution diluted full RPMI media was added and incubated for 2–3 h at 37 ◦C and 5% CO2.
Absorbance was measured at 570 nm by BIO-TEK Synergy HT.

4.10. Statistics

Statistical analyses were performed using Prism 7.0 (GraphPad Software, La Jolla,
CA, USA). Data are presented as mean ± SEM. Statistical significance was determined
using Student’s t-test, one-way or two-way ANOVA, followed by Bonferroni or Tukey’s
post-hoc tests. Statistical significance is displayed as follows: ns—not significant (p > 0.05);
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24076482/s1.

Author Contributions: Conceptualization, A.A.P., M.M., U.D., R.T. and N.L.; methodology, S.P. and
N.L.; software, N.L.; validation, S.F. and N.L.; formal analysis, N.L.; investigation, S.F., N.L. and
R.T.; resources, N.L.; data curation, N.L.; writing—original draft preparation, A.A.P., S.F. and N.L.;
writing—review and editing, Y.M. and R.T.; visualization, M.P. and N.L.; supervision, N.L.; project
administration, N.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Slovenian Research Agency (ARRS) grants J3-2518, P4-0127,
J3-2518, P3-0298, L3-3176, J3-1749. “The APC was funded by University of Ljubljana”.

Institutional Review Board Statement: The study was approved by the Institutional Ethical Com-
mittee of Valdoltra Orthopedic Hospital 4/2022 (April 2022).

Informed Consent Statement: Informed consent was obtained from all healthy donors.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data are not publicly available due to privacy-related restrictions.

Acknowledgments: The authors wish to thank the blood donors for the donation of their blood.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kurtz, S.M.; Ong, K.L.; Schmier, J.; Mowat, F.; Saleh, K.; Dybvik, E.; Kärrholm, J.; Garellick, G.; Havelin, L.I.; Furnes, O.; et al.

Future clinical and economic impact of revision total hip and knee arthroplasty. J. Bone Joint Surg. Am. 2007, 89 (Suppl. S3),
144–151.

2. MacInnes, S.J.; Gordon, A.; Wilkinson, J.M. Risk Factors for Aseptic Loosening Following Total Hip Arthroplasty; IntechOpen: London,
UK, 2012.

3. National Joint Registry. 2017 14th Annual Report National Joint Registry. Available online: https://www.hqip.org.uk/resource/
national-joint-registry-14th-annual-report-2017/ (accessed on 9 March 2023).

4. Sundfeldt, M.; Carlsson, L.V.; Johansson, C.B.; Thomsen, P.; Gretzer, C. Aseptic loosening, not only a question of wear: A review
of different theories. Acta Orthop. 2006, 77, 177–197. [CrossRef]

5. Gallo, J.; Goodman, S.B.; Konttinen, Y.T.; Raska, M. Particle disease: Biologic mechanisms of periprosthetic osteolysis in total hip
arthroplasty. Innate. Immun. 2013, 19, 213–224. [CrossRef] [PubMed]

6. Mahendra, G.; Pandit, H.; Kliskey, K.; Murray, D.; Gill, H.S.; Athanasou, N. Necrotic and inflammatory changes in metal-on-metal
resurfacing hip arthroplasties. Acta Orthop. 2009, 80, 653–659. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24076482/s1
https://www.mdpi.com/article/10.3390/ijms24076482/s1
https://www.hqip.org.uk/resource/national-joint-registry-14th-annual-report-2017/
https://www.hqip.org.uk/resource/national-joint-registry-14th-annual-report-2017/
http://doi.org/10.1080/17453670610045902
http://doi.org/10.1177/1753425912451779
http://www.ncbi.nlm.nih.gov/pubmed/22751380
http://doi.org/10.3109/17453670903473016


Int. J. Mol. Sci. 2023, 24, 6482 11 of 12

7. Brown, C.; Fisher, J.; Ingham, E. Biological effects of clinically relevant wear particles from metal-on-metal hip prostheses. Proc.
Inst. Mech. Eng. Part H J. Eng. Med. 2006, 220, 355–369. [CrossRef]

8. Patel, S.S.; Aruni, W.; Inceoglu, S.; Akpolat, Y.T.; Botimer, G.D.; Cheng, W.K.; Danisa, O.A. A comparison of Staphylococcus
aureus biofilm formation on cobalt-chrome and titanium-alloy spinal implants. J. Clin. Neurosci. 2016, 31, 219–223. [CrossRef]
[PubMed]

9. Clarke, I.; Green, D.; Williams, P.; Kubo, K.; Pezzotti, G.; Lombardi, A.; Turnbull, A.; Donaldson, T. Hip-simulator wear studies of
an alumina-matrix composite (AMC) ceramic compared to retrieval studies of AMC balls with 1–7 years follow-up. Wear 2009,
267, 702–709. [CrossRef]

10. Warashina, H.; Sakano, S.; Kitamura, S.; Yamauchi, K.-I.; Yamaguchi, J.; Ishiguro, N.; Hasegawa, Y. Biological reaction to alumina,
zirconia, titanium and polyethylene particles implanted onto murine calvaria. Biomaterials 2003, 24, 3655–3661. [CrossRef]

11. Kurtz, S.M.; Kocagöz, S.; Arnholt, C.; Huet, R.; Ueno, M.; Walter, W.L. Advances in zirconia toughened alumina biomaterials for
total joint replacement. J. Mech. Behav. Biomed. Mater. 2014, 31, 107–116. [CrossRef] [PubMed]

12. Bos, I.; Willmann, G. Morphologic characteristics of periprosthetic tissues from hip prostheses with ceramic-ceramic couples: A
comparative histologic investigation of 18 revision and 30 autopsy cases. Acta Orthop. 2001, 72, 335–342. [CrossRef]

13. Bauer, T.W.; Campbell, P.A.; Hallerberg, G.; Grp, B.W. How Have New Bearing Surfaces Altered the Local Biological Reactions to
Byproducts of Wear and Modularity? Clin. Orthop. Relat. Res. 2014, 472, 3687–3698. [CrossRef]

14. Zais, I.E.; Sammali, S.; Pavan, M.; Chisari, E.; Krueger, C.A. The Local Toxicity of Cobalt Chrome implants: A Systematic Review
of Preclinical Studies. J. Allergy Ther. 2022, 3. [CrossRef]

15. Song, Z.; Borgwardt, L.; Høiby, N.; Wu, H.; Sørensen, T.S.; Borgwardt, A. Prosthesis infections after orthopedic joint replacement:
The possible role of bacterial biofilms. Orthop. Rev. 2013, 5, 14–71. [CrossRef]

16. Kempthorne, J.T.; Ailabouni, R.; Raniga, S.; Hammer, D.; Hooper, G. Occult Infection in Aseptic Joint Loosening and the Diagnostic
Role of Implant Sonication. BioMed. Res. Int. 2015, 2015, 946215. [CrossRef] [PubMed]

17. Moojen, D.J.F.; van Hellemondt, G.; Vogely, H.C.; Burger, B.J.; Walenkamp, G.H.I.M.; Tulp, N.J.; Schreurs, B.W.; Meulemeester,
F.R.A.J.D.; Schot, C.S.; van de Pol, I.; et al. Incidence of low-grade infection in aseptic loosening of total hip arthroplasty. Acta
Orthop. 2010, 81, 667–673. [CrossRef]

18. Renz, N.; Mudrovcic, S.; Perka, C.; Trampuz, A. Orthopedic implant-associated infections caused by Cutibacterium spp.–A
remaining diagnostic challenge. PLoS ONE 2018, 13, e0202639. [CrossRef]

19. McNally, M.; Sousa, R.; Wouthuyzen-Bakker, M.; Chen, A.F.; Soriano, A.; Vogely, H.C.; Clauss, M.; Higuera, C.A.; Trebše, R. The
EBJIS definition of periprosthetic joint infection. Bone Joint J. 2021, 103-B, 18–25. [CrossRef]

20. Parisi, T.J.; Konopka, J.F.; Bedair, H.S. What is the Long-term Economic Societal Effect of Periprosthetic Infections After THA? A
Markov Analysis. Clin. Orthop. Relat. Res. 2017, 475, 1891–1900. [CrossRef]

21. Christel, P.S. Biocompatibility of surgical-grade dense polycrystalline alumina. Clin. Orthop. Relat. Res. 1992, 282, 10–18.
[CrossRef]

22. Nine, J.; Choudhury, D.; Hee, A.C.; Mootanah, R.; Abu Osman, N.A. Wear Debris Characterization and Corresponding Biological
Response: Artificial Hip and Knee Joints. Materials 2014, 7, 980–1016. [CrossRef]

23. Jamieson, S.; Mawdesley, A.; Deehan, D.; Kirby, J.; Holland, J.; Tyson-Capper, A. Inflammatory responses to metal oxide ceramic
nanopowders. Sci. Rep. 2021, 11, 10531. [CrossRef]

24. Lohmann, C.; Schwartz, Z.; Köster, G.; Jahn, U.; Buchhorn, G.; MacDougall, M.; Casasola, D.; Liu, Y.; Sylvia, V.; Dean, D.; et al.
Phagocytosis of wear debris by osteoblasts affects differentiation and local factor production in a manner dependent on particle
composition. Biomaterials 2000, 21, 551–561. [CrossRef] [PubMed]

25. Bylski, D.; Wedemeyer, C.; Xu, J.; Sterner, T.; Loer, F.; von Knoch, M. Alumina ceramic particles, in comparison with titanium
particles, hardly affect the expression of RANK-, TNF-alpha-, and OPG-mRNA in the THP-1 human monocytic cell line. J. Biomed.
Mater Res. A 2009, 89, 707–716. [CrossRef] [PubMed]
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