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A B S T R A C T

Background: The mixture of different metallic nanoparticles released from intended and unintended wearing of
orthopaedic implants such as the Co/Cr cup and head, Co/Cr sleeves or tapers and their interface with Ti stems in
the case of hip prostheses are a leading cause of adverse inflammatory responses and cytotoxicity to the host.
Methods: This study assessed the in vitro cytotoxic effects of three metallic nanoparticles (Co, Cr and Ti) separately
and in combination on macrophages. The in vivo effects were also evaluated after peri-tibial soft tissue injection in
mice.
Results: The results demonstrated that Co, Cr, and Ti nanoparticles and their combination were phagocytosed by
macrophages both in vitro and in vivo. High doses of nanoparticles from each individual metal caused a variable
rate of cell death in vitro. However, the mixture of Co/Cr/Ti nanoparticles was more toxic than the Co, Cr or Ti
metals alone at low doses. Intracellular distribution of Co, Cr, and Ti in the combined group was heterogeneous
and associated with distinct morphological features. The results from in vivo experiments showed a significant
increase in the mRNA levels of interleukin (IL)-1β, IL-6, IL-8 and tumour necrosis factor (TNF)-α in peri-tibial soft
tissue following the administration of Co alone as well as the combination of nanoparticles.
Conclusion: This study demonstrated that the combination of Co/Cr/Ti nanoparticles was more cytotoxic than any
of the individual metals in vitro and induced higher expression of genes encoding pro-inflammatory cytokines than
single metals in vivo. The in vivomodel utilised in this study might provide a useful tool for rapid assessment of the
effects of unintended release of metal nanoparticles from implants in pre-/post-marketing studies.
Translational potential of this article: This study highlights the importance of preclinical assessments of potential
nanoparticles produced by wear and tear of metal implants using macrophages and animal models, in particular
their combinational toxicity in addition to the assessments of the bulk metallic materials.
1. Introduction

Metal alloys are widely used in arthroplasty of major joints [1–7],
expanding also to smaller joints [8] and have found a new application in
the additive manufacturing of customised implants [9].

Orthopaedic implants generate wear particles by different
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mechanisms, which can be divided into two main groups: a) mechanical,
comprising abrasion, erosion, adhesion, and surface fatigue; b) me-
chanical with an additional element of active chemistry, oxidation and/
or corrosion [10]. Wear particles originate from the contact surfaces of
the implants, which consist of the bearing surface and junctions of the
various components.
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Table 1
Concentrations of nanoparticles (NPs) used for in vitro and in vivo studies.

Metal NP
number/mL

Stock Working solution

1 � 1013/
mL

1 � 1012/
mL

1 � 1011/
mL

1 � 1010/
mL

1 � 109/
mL

Co 1 mg/mL 100 μg/
mL

10 μg/mL 1 μg/mL 0.1 μg/
mL

Cr 1 mg/mL 100 μg/
mL

10 μg/mL 1 μg/mL 0.1 μg/
mL

Ti 1 mg/mL 100 μg/
mL

10 μg/mL 1 μg/mL 0.1 μg/
mL
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In second-generation metal-on-metal (MoM) hip implants, metal
nanoparticles are generated at the bearing surface of the cobalt-chrome-
molybdenum alloy (CoCrMo) after MoM hip resurfacing arthroplasty
(HRA) by tribocorrosion (intended wear) and/or edge loading (unin-
tended wear) [11] and at the titanium (Ti) neck taper junction after
CoCrMo MoM large head (LH) total hip arthroplasty (THA), with or
without a CoCrMo metallic adapter sleeve (MAS) [12,13]. In non-MoM
THA implants, metal corrosion occurs at the CoCrMo dual modular
neck (DMN) junction with the Ti alloy stem [14].

Previous study of clinical samples has shown that the combination of
Co, Cr and Ti metal nanoparticles resulted in more severe clinical com-
plications than Co/Cr nanoparticles. However, the underlying mecha-
nism is unclear [15].

Wear particles are also generated at the modular junction of the CoCr
femoral condyle and after long-stem total knee replacement (TKA),
where mechanically-assisted fretting corrosion occurs in a similar fashion
[15,16]. Various combinations of corrosion occur at these metallic
junctions according to the alloy microstructure, and fretting/crevice and
pitting corrosion occur more frequently [17]. Complex aggregates/ag-
glomerates of metallic nanoparticles form upon mixing with organic
species such as proteins/blood/cell debris in vivo, and are known to be
potentially clinically relevant [18], but their formation has not been
evaluated in pre-marketing studies and was not anticipated during the
approval process by regulatory agencies nor in short-term post-marketing
surveillance.

The release of metallic nano- and submicron particles of implant wear
debris into the periprosthetic soft tissue and bone generated by various
modalities of metal corrosion have been associated with adverse local
tissue reactions/adverse reactions to metallic debris (ALTR/ARMD)
[19–25]. The additional release of wear particles at the MAS/neck taper
junction has been considered a key factor leading to the high revision
rate of MoM large head (LH) THA due to ALTR/ARMD [26]. However,
the roles played in the immunogenicity of the particles by the protein
corona and possibly the complement system are still unclear [27–29].

Of particular interest is a model of non-MoM THA with CoCrMo DMN
and Ti/Mo/Zr/Fe (TMZF) stem, which has been reported to generate
agglomerates/aggregates of metallic nanoparticles only at the neck/stem
junction, and has been associated with a poor survival rate at 5 years,
with the occurrence of a high number of ALTR/ARMD irrespective of the
patient's gender and age [30,31].

The cytotoxicity of single metal nanoparticles has been tested in vitro
on a variety of cell types, including macrophages [32], lymphocytes [33,
34], fibroblasts [35], and stem cells [36]. However, studies evaluating
the cytotoxic effects of simultaneous exposure to complex metallic
nanoparticles on macrophages, the expression of inflammatory cyto-
kines, and their clinical implications are quite limited [37–39].

A recent clinical study revealed a correlation between quantitative
and qualitative aspects of synovial inflammatory infiltrate and the
complexity of the elemental composition of agglomerates/aggregates of
metallic nanoparticles [40]. It was demonstrated that Co nanoparticles
exhibited higher toxicity than Cr and Ti nanoparticles towards macro-
phages when they were administered in vitro [41–43]. However, their
combined effects on macrophages resulting in cell death and expression
of pro-inflammatory cytokines has not yet been evaluated in a mouse
model in vivo.

This study was performed with two main objectives: a) to investigate
whether the toxicity of clinically-relevant doses of a combination of
commercially-available nanoparticles of Co, Cr, and Ti, administered to a
human macrophage cell line in vitro and murine soft tissues in vivo,
differed in comparison to their administration as nanoparticles of indi-
vidual metals; b) to evaluate the morphological features and elemental
analysis by transmission/scanning electron microscopy (TEM/SEM) in
vitro and in vivo in a murine model, when exposed to single and combined
metal nanoparticles.
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2. Materials and methods

2.1. Metal nanoparticles

Metal nanoparticles (Co: purity 99.8%, mean size of 30 nm, Cr: purity
99%, mean size of 30 nm, Ti: purity 99.8%, mean size of 35 nm) were
purchased from American Elements (Merelex Corp., Los Angeles, CA,
USA); RPMI 1640 medium with glutamine, foetal bovine serum (FBS),
and phosphate-buffered saline (PBS) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Hexamethyldisilazane was procured
from Fluka (Gillingham, Dorset, UK). Trizol was obtained from Invi-
trogen (Carlsbad, CA, USA), TagDNA Polymerase High Fidelity was ob-
tained from Life Technologies (Carlsbad, CA, USA), and silicon wafers
were purchased from Agar Scientific Ltd (Stansted, Essex, UK). All other
chemicals used were purchased from Sigma–Aldrich (St Louis, MO, USA).

2.2. In vitro cytotoxicity and nanoparticle analysis

2.2.1. Metal nanoparticle preparation
For cell culture, 1015 particles/mL were prepared and stored in 100%

ethanol and kept at �20 �C to avoid aggregation/agglomeration and
corrosion. The stock solution was diluted 1:1000 in RPMI 1640 medium
supplemented with glutamine to obtain a concentration of 1 � 1012

particles (100 μg)/mL. The concentration of wear nanoparticles in the
tissue in a clinical setting can vary significantly. It has been reported that
under physiological conditions, the annual rate of nanoparticle produc-
tion from MoM THA was approximately 1 mm3 or 1 � 1013 in number
[41]. A dose range of 1 � 109 to 1 � 1012 particles/mL was used in this
study to assess the toxicity threshold. All prepared solutions of Co, Cr,
and Ti nanoparticles and their combination were treated by sonication
for 60 s to prevent possible agglomeration and suspension before use. The
total number of particles used to make the stock solution and each tested
concentration is listed in Table 1.

2.2.2. Neutral red cytotoxicity assay
Nanoparticle-induced cellular cytotoxicity was assessed in human

THP-1 macrophages using the neutral red (Sigma–Aldrich) method [44].
In brief, THP-1 cells (American Type Culture Collection [ATCC], Mana-
ssas, VA, USA) were seeded into 96-well plates at a density of 1 �
104/well and the macrophages were activated using 50 nM phorbol
12-myristate 13-acetate phorbol 12-myristate 13-acetate (PMA, Sigma-
–Aldrich). After 72 h, the PMA-containing mediumwas discarded and the
THP-1 cells were treated with individual Co, Cr, or Ti nanoparticles or
their combination at different concentrations of 109, 1010, 1011, or 1012

nanoparticles/mL in RPMI 1640 complete medium. After 24 h of treat-
ment with the nanoparticles, neutral red solution (0.33% neutral red in
Dulbecco's PBS, Sigma–Aldrich) was added to the medium at a concen-
tration of 10% and the cultures were incubated at 37 �C for 2 h. The cells
were then observed under a light microscope and their images were
captured with a digital camera. The plate was centrifuged for 5 min at
150�g and themediumwas replacedwith PBS. The plate was centrifuged
again before the supernatant was removed, and the cells were solubilised
Co/Cr/Ti
1:1:1

1 mg/mL 100 μg/
mL

10 μg/mL 1 μg/mL 0.1 μg/
mL
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in neutral red solubilisation solution (1% acetic acid in 50% ethanol;
Sigma–Aldrich). After 10 min on a gyratory shaker, the absorbance was
measured using a ‘FLUO star Omega’ microplate reader (BMG Labtech,
Ortenberg, Germany) and the absorbance was spectrophotometrically
measured at a wavelength of 540 nm (visible light). The background
absorbance of the multi-well plates was measured at 690 nm and sub-
tracted from the reading at 540 nm.

2.2.3. Phagocytosis of metal nanoparticles and their morphological/
elemental analysis

Human THP-1 macrophages were used to evaluate phagocytosis of
metal particles in vitro. In brief, THP-1 cells were seeded onto sterile 13
mm diameter Thermanox plastic coverslips (Thermo Fisher Scientific) at
a density of 1 � 104 cells/well, placed in wells of a 24-well plate, and a
suspension of 1 � 1011 nanoparticles/mL of Co, Cr or Ti, or 3.33 � 1010/
mL of each particle suspension mixed to give a combination of Co/Cr/Ti,
was added to the cells. A control sample without nanoparticles was also
included. The cells were incubated for 24 h at 37 �C, followed by fixation
in 2.5% glutaraldehyde and fresh 10% paraformaldehyde (PFA) for 60
min. The samples were then dehydrated in increasing concentrations of
ethanol. The plastic cover slips were dried to the critical point and carbon
coated. The samples were then analysed using a Tescan S8000 SEM
(Tescan-UK Ltd, Cambridge, UK) with an Ultim Extreme detector (Oxford
Instruments, High Wycombe, UK) and the energy-dispersive X-ray spec-
troscopy (EDS) elemental analysis system (EDS software Aztec Version
4.2), to confirm the uptake and localisation of the nanoparticles and the
proportion of each element.

For morphological and elemental analysis of the phagocytosed metal
nanoparticles, cells were seeded into wells of a 6-well plate (1 � 104

cells/well) together with 10 μL of one metal/combination particle sus-
pension and incubated for 48 h at 37 �C. A primary fix (2.5% glutaral-
dehyde solution (TAAB), fresh 10% PFA) was added to the wells for 60
min, then the rinsed cells were scraped and suspended in a secondary fix
(2% aqueous osmium) for 60 min. The cells were stained in pellet form
with 2% uranyl acetate and stored at 4 �C overnight. After dehydrating
the cells in increasing concentrations of acetone, the cells were
embedded as pellets in TAAB 812 hard embedding resin and polymerised
for 12 h at 60 �C. The resin-embedded samples were sectioned using an
RMC PowerTome and mounted onto copper grids, then 100 nm thick
sections were obtained using a diamond knife. Images were taken for
each sample using a JEOL JEM-1400 Flash electron microscope (Jeol
Ltd., Tokyo, Japan).

2.3. In vivo RNA extraction and metal nanoparticle analysis

2.3.1. RNA extraction and metal nanoparticles analysis from the in vivo
samples

The animal studies were approved by the Institutional Animal
Research Committee of Tongji Medical College. All experimental steps
involving animals were performed according to the rules and regulations
of the Institutional Animal Care and Use Committee of Tongji Medical
College. Briefly, 15 healthy male 8-week-old C57BL/6 J mice were
randomly divided into five groups (n ¼ 3 mice per group) as follows:
Sham normal saline (NS) control (Sham); Co group (1 � 1012 particles/
limb); Cr group (1 � 1012 particles/limb); Ti group (1 � 1012 particles/
limb); and Co/Cr/Ti (1:1:1) group (1� 1012 particles/limb). The animals
were housed three per cage, maintained under a strict 12 h light, 12 h
darkness cycle at 22 �C, and provided with standard mouse food pellets
and free access to tap water. Under aseptic conditions, the mice were
anesthetised by intraperitoneal injection of 1% pentobarbital and the
skin of the hind limbs was shaved and sterilised with Iodophor. Solutions
of nanoparticles of Co, Cr, Ti and their combination were sonicated for
60 min to prevent possible agglomeration, then the nanoparticle sus-
pensions in NS were injected bilaterally into the gap between the tibialis
anterior muscle and the tibial periosteum at a concentration of 1 � 1012

particles/limb. After 7 days, the mice from each group were euthanised
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by intracardial pentobarbital injection. Half of each right tibial soft tissue
sample was snap frozen in liquid nitrogen for extraction of tissue RNA
and the other half was fixed for examination by TEM/SEM. The left
anterior tibial soft tissue specimens were fixed in 4% formaldehyde,
processed through a standard cycle, embedded in paraffin, cut at 5 μm,
and stained with haematoxylin and eosin (H&E) for examination by light
microscopy.

2.3.2. RNA extraction and qPCR
Samples preserved in liquid nitrogen were used for RNA extraction.

Briefly, the excised peri-tibial soft tissue was placed into a pre-cooled
mortar, frozen in liquid nitrogen, and ground into a powder using a
pestle. The tissue was then incubated in a centrifuge tube containing 1
mL Trizol (Invitrogen) for 10 min at 37 �C. Chloroform (0.2 mL) was then
added. After manual shaking for 15 s, the sample was incubated at 37 �C
for 10 min and centrifuged at 12,000�g for 15 min at 4 �C. After removal
of the supernatant, 0.5 mL isopropanol was added and the tube was
allowed to stand for 10 min at room temperature for RNA precipitation,
followed by centrifugation at 12,000�g for 15 min at 4 �C. After removal
of the supernatant, the RNA precipitate was washed once with 1 mL of
75% alcohol and centrifuged at 7500�g for 5 min at 4 �C. After removal
of the supernatant, the RNA was dried at 37 �C for 10 min. The RNA was
dissolved in 20 μL RNase-free water for quantitative real-time reverse
transcription-PCR analysis. After vortex mixing, the RNA sample was
warmed at 60 �C for 15 min to promote dissolution. cDNA was reverse
transcribed from 1 μg of total RNA in a 20 μL reaction mixture containing
13 μL PCR buffer, 1 mM each of deoxynucleotide triphosphates, 1 unit/μL
of RNase inhibitor, 1.25 μM random prier, 5 mMMgCl2, and 5 units/μL of
reverse transcriptase. The reaction mixture was incubated in a Veriti
Thermal Cycler (Applied Biosystems, Waltham, MA, USA) at 25 �C for 10
min, 48 �C for 25 min, followed by 95 �C for 5 min.

The expression of tumour necrosis factor (TNF)-α, interleukin (IL)-1,
IL-6, and hypoxia inducible factor (HIF)-1α was determined by regular
PCR using TagDNA Polymerase High Fidelity (Cat#12346–086, Life
Technologies). For each reaction, 2 μL of cDNA was added to a 25 μL
reaction mixture containing PCR buffer and 0.04 units/μL of tag DNA
polymerase, together with 0.4 μM of each primer. The reaction mixture
was incubated in a Veriti Thermal Cycler (Applied Biosystems, Waltham,
MA, USA) at 94 �C for 1 min, 60 �C for 1 min, followed by 72 �C for 1 min,
for a total of 35 cycles.

2.3.3. Tissue preparation for electron microscopy (TEM/SEM)
For TEM/SEM analysis, the peri-tibial soft tissue was fixed in 2.5%

glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 for 10 min,
trimmed to square tissue samples of 1 mm3, and the fixation was
continued at room temperature for 2 h, followed by rinsing twice with
0.1 M sodium phosphate buffer (pH 7.4) for 20 min. The specimens were
fixed for a maximum of 3 days.

2.3.4. Statistical analyses
GraphPad software (Graphpad Software Inc., La Jolla, CA, USA) was

used to perform statistical analyses. Two-way analysis of variance
(ANOVA) was selected for the analysis of continuous variables. The
Kruskal-Wallis test was used to analyse the data for inter-group com-
parisons. Differences with p < 0.05 were considered to be statistically
significant (95% confidence intervals).

3. Results

3.1. Macrophage response to metal nanoparticles in vitro

The neutral red results of cytotoxicity assessments in vitro are shown
in Fig. 1. Untreated human THP-1 macrophages are shown in Fig. 1A.
Most of the cells are stained red (white arrows show representative cells)
indicating endocytosis. THP-1 macrophages treated with Co metallic
nanoparticles at the highest concentration (100 μg/mL) are shown in



Fig. 1. Neutral Red staining and cytotoxicity assay. Neutral red staining of human THP-1 macrophages visualised by light microscopy: control group (A) and Co group
at 100 μg/mL (B). White arrows indicate representative living cells and black arrows indicate representative dead cells. Bar ¼ 100 μm. Cytotoxicity of different
concentrations of Cr, Ti, Co, and Cr/Ti/Co on human THP-1 macrophages is shown in (C). The X-axis indicates different concentrations of added metal nanoparticles;
Y-axis indicates the optical density (OD) of neutral red at an absorbance at 540 nm visible light. Asterisk (*) indicates comparison against the control group (*p < 0.05,
**p < 0.01, ***p < 0.01); hash key (#) indicates comparison against the Mix group (#p < 0.05, ##p < 0.01, ###p < 0.001).
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Fig. 1B. Most of the macrophages were non-viable and did not stain
(black arrows show representative cells), indicating the loss of endocytic
function. The small number of living macrophages stained dark red
(white arrows) along with the presence of a few syncytial cells, indicate
enhanced endocytosis.

The optical density (OD) of neutral red absorbance at 540 nm is
shown in Fig. 1C. It represents an index of the cytotoxic effect of the three
metallic nanoparticles (Co, Cr, Ti) and their combination Co/Cr/Ti
(1:1:1) at concentrations of 0, 0.1, 1, 10, and 100 μg/mL, respectively.

Macrophage toxicity results were different for each metal nano-
particle (Fig. 1C). However the cytotoxicity was dose dependent for all
the metal nanoparticle groups.

The Mix group showed the highest degree of macrophage toxicity. In
comparison with the control group, there was a statistically significant
reduction in the neutral red absorbance at all the tested doses (p <

0.001). At the lower doses of 0.1 and 1 μg/mL, theMix group also showed
a significantly higher cytotoxicity than either the Cr or Ti group (p <

0.001 and p < 0.01) and higher toxicity than the Co group at the lowest
dose although the increase was not statistically significant. Among the Cr,
Ti and Co groups, Co was more cytotoxic than Cr or Ti and showed
significantly higher toxicity than the control group at all the tested doses
(p < 0.05 and p < 0.001). The Cr and Ti groups showed significant
cytotoxicity compared to the control group only at concentrations of 10
206
μg/mL and 100 μg/mL, with the Cr group at p< 0.001 for both doses and
the Ti group at p < 0.05 and p < 0.001, respectively. The cytotoxicity
assay was repeated in triplicate and showed consistent results. The effect
was also validated using a murine macrophage cell line (RAW 264.7),
and similar results were obtained (data not shown).

Elemental mapping analysis, and semi-quantification of the intracel-
lular content of metallic nanoparticles are shown in Fig. 2. Not all mac-
rophages were found to contain metal nanoparticles. The SEM images
with colour-coded single metallic elements and the overlay images of
macrophages that phagocytosed metal nanoparticles are shown in
Fig. 2A. The metal nanoparticles (single metal or combination) were
detected using EDS mapping. The semi-quantification of the intracellular
content of each metallic element is shown in Fig. 2B.

The distribution of the metallic nanoparticles within a typical
macrophage in the Co/Cr/TI group is shown in Fig. 2C and the corre-
sponding highly electron-dense regions by backscattering spectroscopy
are shown in Fig. 2D. Macrophages in this group were selected for point
scanning of Co, Cr, and Ti content (Fig. 2E), and showed a Cr proportion
that was 4-fold higher than that of Co or Ti (p < 0.001).

TEM analysis of the intracellular nanoparticles was performed on
harvested human THP-1 macrophages cultured in vitro and on macro-
phages exposed to injected metal in the mouse peri-tibial soft tissue in
vivo. The metal nanoparticles were phagocytosed by macrophages and



Fig. 2. Compositional analysis of macrophages following phagocytosis of metal nanoparticles. A. Scanning electron microscopy (SEM)/backscatter/energy-
dispersive X-ray spectroscopy (EDS) element analysis of human THP-1 macrophages after phagocytosis of Co, Cr, Ti, or Co/Cr/Ti mixture. In the Co (A1, 1–5), Cr (A2,
1–5), and Ti (A3, 1–5) groups only one type of metal was detected, and in the Co/Cr/Ti combination group (A4, 1–5), all three elements were detected; oxygen
(A1–A4, 6) was detected in all groups. B. Quantitative analysis of element composition shown in A. Within the regions of interest, oxygen levels in each group were
similar, with the Ti group showing higher levels than the Cr group (p < 0.05). The content of Co (9.48 � 1.92%), Cr (7.81 � 2.11%) and Ti (13.62 � 4.95%) in their
corresponding groups were similar (p > 0.05). In the Co/Cr/Ti group, the contents of Co (5.70 � 0.91%) and Ti (1.82 � 0.62%) were lower than Co (9.48 � 1.92%)
and Ti (13.62 � 4.95%), while Cr (21.48 � 4.75%) was higher than in the Cr group (17.93 � 1.87%). C. Intracellular distribution of Co, Cr and Ti nanoparticles in a
typical macrophage of the Co/Cr/Ti group. D. Phagocytosed particles correspond to high electron density regions by backscattering spectroscopy. E. Point scanning
shows as in D that the content of Cr in the endosomes of the Co/Cr/Ti group macrophages was around 4-fold higher than that of Co or Ti (p < 0.001).
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stored in lysosomes in both the in vitro and in vivo samples (Fig. 3). In the
groups cultured or injected with a single metal, the intracellular nano-
particles showed a distinct pattern of agglomeration/aggregation. In the
Co group, the nanoparticles predominantly formed loose agglomerates/
aggregates that were localised in the lysosomes (Fig. 3A and inset). In the
Cr group, the nanoparticles formed dense agglomerates/aggregates,
which were difficult to identify as individual particles (Fig. 3B and inset).
In the Ti group, the nanoparticles formed dense agglomerates/aggregates
with crystalloid features within the lysosomes (Fig. 3C and inset). In the
Co/Cr/Ti group, when metal nanoparticles were mixed and added to the
cell culture, a mixture of nanoparticles were arranged in complex ag-
gregates andwere detected in macrophages within 48 h. Themorphology
was very similar to those seen in the results from the in vivo experiment
(Fig. 3D–F), wherein they formed a mixture of globular nanoparticles
(Fig. 3D, E and G) with small and large agglomerates/aggregates of
needle- or rod-shaped nanoparticles with occasional crystal-like shapes
(Fig. 3D–H).

3.2. Macrophage response to the metal nanoparticles in vivo

Comparison of the expression of genes encoding the pro-
inflammatory cytokines IL-1β, IL-6, TNF-α and IL-8 in the Co, Cr, Ti,
and Co/Cr/Ti mouse groups with the control group at 7 days after in-
jection is presented in Fig. 4.
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The Ti group did not show a statistically-significant increase in
expression of the tested genes. There was a modest increase in the
expression of IL-1β, TNF-α and IL-8 in the Cr group (p < 0.05), while in
the Co and the Co/Cr/Ti groups, there was a marked increase in the
expression of all the four tested genes (p < 0.01).

EDS element mapping and point-scan elemental analysis of typical
macrophages in the Co/Cr/Ti group are presented in Fig. 5. A distinct
pattern of the distribution of metallic nanoparticles was detected for each
metal. Loose agglomerates of circular nanoparticles were predominantly
composed of Co (A1–2, A2–2, B2–2); needle-shaped dense agglomerates/
aggregates were predominantly composed of Cr (A1–3), and crystal-like
dense agglomerates/aggregates were predominantly composed of Ti
(B1–4, B2–4). These findings were verified by point scan analysis in the
presence of only a small percentage of other metals (Fig. 5C).

4. Discussion

The occurrence of clinical complications of arthroplasty arising from
metal debris has been reported to be associated with a complex inflam-
matory reaction, characterised by delayed hypersensitivity, potentially of
different subtypes depending on the chemical–physical properties of the
wear particles and the host's immunological profile [45]. The cause could
be attributed to nanoparticulate wear materials generated by various
modalities of metal corrosion and interaction with the host synovial fluid



Fig. 3. TEM analysis of intracellular metallic nanoparticles in vitro. Morphology of intracellular Co, Cr and Ti nanoparticles phagocytosed by human THP-1 mac-
rophages over 48 h in vitro (A–C with insets) and Balb/C mouse macrophages after 7 days exposure in vivo (D–H). A. Co globular nanoparticles (magnification in inset);
B. Cr agglomerates/aggregates of nanoparticles in large clusters (magnification in inset); C, agglomerates/aggregates of Ti nanoparticles with crystal-like shape
(magnification in inset); D and E, the combination of Co/Cr/Ti shows complex agglomerates/aggregates of nanoparticles in lysosomes. F, crystal-like and globular
nanoparticles; G, agglomerates/aggregates of globular nanoparticles of variable electron density; H, large agglomerates/aggregates of nanoparticles forming a rod-like
structure (arrow). Nu, cell nuclei. Ly (NPs), lysosomes containing metallic nanoparticles. Scale bars: A1, B1, C1 ¼ 1 μm.
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Fig. 4. QPCR analysis of pro-inflammatory cytokines. IL-1β, IL-6, TNF-α and IL-8 mRNA expression after 7 days implantation of Co, Cr, Ti, and Co/Cr/Ti groups in
comparison with the control group. NS, not significant; *p < 0.05, **p < 0.01.
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and organic matter, stimulating an adaptive immunological response.
The expression of pro-inflammatory cytokines by macrophages after
phagocytosis/endocytosis of metallic nanoparticles in vitro has been well
documented, especially when Co is present in the particulate material
[46]. The characterisation of the intracellular agglomerates/aggregates
of nanoparticles by electron microscopy coupled with elemental analysis
is instrumental for understanding cell death modalities and qualitative
and quantitative expression of pro-inflammatory cytokines. This may
contribute to the recruitment of lymphocytic infiltrates causing soft tis-
sue necrosis after a short period of implantation, and recruitment of bone
marrow macrophages leading to clinically-significant osteolysis after a
longer period of implantation [45].

In this study, we selected a proximal peri-tibial soft tissue site for
injection instead of a hip or knee joint for the following reasons: (a) single
injection of metallic particles was insufficient to induce synovial papil-
lary/polypoid stromal proliferation of the synovium and lymphocytic
reaction because of the use of metallic particles that were not generated
by corrosion in the clinical setting; (b) absence of a hip implant providing
continuous generation of wear particles with progressive reaction of the
synovial membrane; (c) rapid macrophage response to foreign particles
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and easier retrieval and processing of the tissues for TEM/SEM particle
analysis. Our rationale was validated by a recent study in which no
stromal proliferation or lymphocytic response were detected after a
single intra-articular injection of commercially-available metallic parti-
cles in a mouse model [47].

This study demonstrated that the administration of nanoparticles of
three different metals mimicking wear particles from the hip head (CoCr)
and neck (Ti) junction and dual neck (CoCr) and stem (Ti) was more toxic
than nanoparticles of any of the individual metals, required lower con-
centrations to induce similar levels of toxicity, and confirmed the validity
of TEM/SEM techniques for intracellular particle analysis in vitro and in
vivo.

The treatment of macrophages with particulate wear materials in
post-marketing studies of orthopaedic implants should match the
composition of the wear particles generated in the patient's joints, and
must be identified by TEM/SEM particle nano-analysis of the macro-
phages present in specimens of periprosthetic tissue retrieved from
subjects with implant revision.

In this study, despite using commercially-available metallic nano-
particles of uniform size, the combination of Co/Cr/Ti nanoparticles was



Fig. 5. EDS element mapping and point-scan element
analysis of metallic nanoparticles in vivo. A, B. Intra-
cellular metallic nanoparticles of the Co/Cr/Ti group,
distributed as loose or needle-shaped/crystal-like ag-
glomerates/aggregates. Circular nanoparticles were
predominantly composed of Co (A1–2, A2–2, B2–2);
needle-shaped agglomerates/aggregates were pre-
dominantly composed of Cr (A1–3); crystal-like ag-
glomerates/aggregates were predominantly composed
of Ti (B1–4, B2–4). C. Point scans of the three types of
particles. Morphological features of the metallic
nanoparticle aggregates corresponded to a predomi-
nant metal element; only a small percentage of other
metals was present.
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found to be more cytotoxic than the nanoparticles generated from the
individual metals in vitro. These findings were similar to those from a
clinical study that reported increased macrophage necrosis according to
the complexity of the metallic wear nanoparticles in retrieved synovial
tissue from subjects undergoing implant revision [40]. The results also
confirmed that Co nanoparticles were more cytotoxic at any of the tested
concentrations than those composed of Cr or Ti [27,35]. This finding
indicated that at comparable particle size (30–35 nm), the elemental
composition of the nanoparticles was the most important factor influ-
encing cytotoxicity. The mechanism of cytotoxicity of the metal particles
is considered to be dependent on multiple molecular and physicochem-
ical mechanisms [48] and ion release [41]. However, a recent study on a
murine model suggested a more significant role of the particles over the
ions [47].

Cell death occurs after intracellular uptake of particles through: (a)
acidification, with lysosomal pH less than 4; (b) oxidation, since reactive
oxygen species can be released as H2O2, �O3

- , HO�, or �OH to oxidise the
engulfed particles; and (c) digestion by proteinases, in case of formation
of metal–organic particulate material. Therefore, the phagosomes may
simultaneously contain metal nanoparticles, metal oxidants, and salts.
The formation of salts is due to the presence of carbonate (CO3

2�),
phosphate (PO3

3�) and chloride (Cl�) in physiological body fluids. Co
compounds are more soluble than those of Cr and Ti. This could explain
in part why more ions were released from the Co particles into the
cytoplasm and the extracellular environment. It was proposed that Co
nanoparticles activated the HIF pathway by depleting intracellular
ascorbate, leading to the stabilisation of HIF and pathway activation,
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suggesting a strong ROS-independent role of HIF activation in Co-
nanoparticle-induced cytotoxicity [49]. However, a recent study re-
ported that by knocking out HIF-1α, the cytotoxic effects of Co were more
pronounced on macrophages [50]. The type(s) of cell necrosis involved
in nanoparticle-mediated toxicity were investigated only very recently in
vitro [51] and have not yet been studied in clinical specimens to deter-
mine its possible contribution to the inflammatory reaction, especially
soft tissue necrosis [52].

An unexpected finding was the predominance of Cr particles in the
phagosomes of the mixed group. Although equal amounts of Co, Cr and Ti
nanoparticles were added to the culture medium, the proportion of
intracellular Cr was 4-fold higher than that of Co and Ti (Fig. 3B, E). A
high content of Cr has also been observed in clinical samples, although
the explanation was that under physiological conditions, the majority of
wear particles generated at the bearing surface were composed of Cr, and
Co was present only in cases of edge loading/excessive wear [11,53]. It
has been speculated that there might be different modalities and rates of
particle phagocytosis for each metal [54,55], however, this needs to be
confirmed by confocal laser scanning microscopy [56].

TEM/SEM particle analysis showed a distinct, metal-specific pattern
of agglomeration/aggregation of the intracellular nanoparticles, with
implications that were potentially relevant to their cytotoxicity and
immunogenicity, observed in vitro and in vivo. So far, these have not been
explored by studies investigating experimental metal toxicity.

Furthermore, this study showed that the dose of 1 � 1012 particles of
Co and the combination of Co/Cr/Ti significantly increased the expres-
sion of all the pro-inflammatory cytokines (IL-1α, IL-6, IL-8 and TNF-α)
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that were evaluated in vivo. In the mixed group, only one third of the
particles consisted of Co, which raised the interesting question of the
threshold value or the differing effects of Co particles when in combi-
nation with other metals. Ti is known to be a relatively inert material
[57]. However, it is unclear whether Ti nanoparticles increased the
cytotoxicity/release of pro-inflammatory cytokines when associated with
other metals, and the underlying mechanism needs further investigation.

Examination of the change in macrophage motility induced by
metallic wear nanoparticles is key to understanding their migration from
the synovium to the bone marrow, which causes osteolysis, the pre-
dominant and long-term adverse reaction in arthroplasty. It has been
reported that exposure to Co rather than Cr nanoparticles reduced
macrophage motility and caused macrophage retention by restructuring
the cytoskeleton and inhibiting cell migration [58]. However, the results
of this elegant study were not fully supported by histological examination
of bone specimens from MoM hip resurfacing arthroplasty implants
subjected to clinically-significant osteolysis with the loosening of implant
components. Such specimens are expected to show massive invasion of
the bone marrow by macrophages containing a mixture of Cr and Co rich
particles, which is confirmed by high serum values of Co and Cr [45]. The
discrepancy between the in vitro data and clinical behaviour of macro-
phages implies differences in the host response which need to be inves-
tigated in depth. Future studies need to compare the in vitro results with
the macrophage response in patients with revised MoM hip resurfacing
arthroplasty implants and demonstrate similar release of wear particles
and presence/absence of macrophage-driven osteolysis.

The combined nanoparticle group with one third of the dose of each
of Co, Cr and Ti showed the highest cytotoxicity and expression of in-
flammatory factors when compared with other single-element nano-
particles. Furthermore, significant cytotoxic effects of the combined
metal nanoparticles were also observed at low concentrations (1 � 109

and 1 � 1010 particles/mL), which corroborated clinical data that re-
ported that nanoparticles composed of several metals including Co were
more cytotoxic than single-metal nanoparticles, either composed of Cr or
Ti.

Finally, the morphology of macrophage phagocytosis and metal
nanoparticles within the phagosomes from the in vivomouse model were
similar to the ultrastructural features observed in clinical samples [40].
However, these results are still preliminary and require a larger number
of observations.

Recently, the role of macrophage phenotypes in response to bio-
materials has been studied [59]. Rao et al. found higher expression of
pro-inflammatory M1macrophages in revision tissues [60]. Our previous
study showed that Co nanoparticles caused pro-inflammatory expression
of macrophages [61]. Since macrophage phenotype and polarisation is a
dynamic process, it will be interesting to understand the role of metal
nanoparticles in shifting local tissue inflammation and regeneration [62].

In further studies, we plan to address some of the issues pertaining to
the in vitro findings and employ a simplistic experimental model
mimicking the conditions from the clinical setting. We are particularly
interested in the use of macrophages derived from patients undergoing
joint replacement and implant-derived loose wear particle agglomerates/
aggregates for observing phagocytic or endocytic processes, and macro-
phage subtype [63] andmotility on different substrates. Furthermore, the
in vivo model needs to be optimised to enable the injection of
clinically-relevant nanoparticles into the joint or bone marrow.

There are several limitations associated with the current study. The
metal nanoparticles used in this study were from commercial sources and
were not generated by metal corrosion, as is found in the clinical setting.
The macrophage response to the injection of metal nanoparticles in the
peri-tibial soft tissue may differ from that occurring in the synovial
membrane and macrophage typing and modalities of cell death were also
not evaluated in depth. In addition we only tested a limited number of
inflammatory cytokines in this study.
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5. Conclusions

In conclusion, this study demonstrates that the combination of Co/
Cr/Ti nanoparticles is more toxic to macrophages than single-metal
nanoparticles in vitro and results in enhanced levels of pro-
inflammatory cytokines in vivo. After phagocytosis, Cr compounds are
more likely to accumulate intracellularly. The murine model used in this
study shows its potential usefulness for rapid testing with a single in-
jection of metal nanoparticles in peri-tibial soft tissue for TEM/SEM
analysis of intracellular particle content and release of pro-inflammatory
cytokines in vivo in pre-/post-marketing studies for unintended wear
particle debris.
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