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A B S T R A C T

The test conditions currently used in biotribocorrosion devices often differ greatly from the physiological con-
ditions of joint replacements, contributing to discrepancies between the simulated and actual life span of joint
replacements. In this study, a multidisciplinary biotribocorrosion device was developed based on the limitations
of existing tribocorrosimeters. The set-up enables corrosion measurements to be simultaneously performed with
real-time visualization of living cells using fluorescence microscopy under dynamic loads and movements. The
device was configured to simulate the joint contact of ankle prostheses, and the wear of ultra-high-molecular-
weight polyethylene/cobalt alloy (CoCrMo) implants surrounded by murine macrophages was tested. Various
characterization techniques (non-contact optical profilometry, scanning and fluorescence electron microscopy
and quantitative analyses of metal ions and pro-inflammatory cytokines) were combined in-depth multi-
disciplinary study. Two experimental conditions were used to promote the production of either polyethylene
wear particles or metal ions. The first results indicated two distinct tribocorrosion mechanisms: 1) adhesive wear
coupled with slow ionic depassivation of the cobalt alloy. The main degradation products were micrometric
spherical polyethylene particles that seem to have little impact effect on the metabolic activity of the macro-
phages. 2) Ionic wear with the production of small, fibrillar polyethylene particles was observed. The production
of metal ions, mainly chromium, was the predominant degradation process. The cytotoxicity of the chromium
ions was evaluated based on the secretion of pro-inflammatory cytokines (prostaglandin E2). Our findings in-
dicate that simulated conditions that result in low mechanical wear but high ions release appear to be more
harmful to cells.

1. Introduction

Extending the life of joint prostheses is one of the priorities of or-
thopaedic medicine and the science of biomedical materials. Depending
on the clinical case, a revision prosthesis is required in 12%–17% of
cases [1,2]. Prosthesis failure mainly results from the release and ac-
cumulation of degradation products, in the form of nanoparticles, mi-
croparticles and metal ions in the body [3,4]. Macrophages in the
periprosthetic tissues phagocyte wear particles and become activated,
releasing an array of proinflammatory cytokines, which leads to in-
creased resorption of the adjacent bone [5–7]. In vitro and in vivo studies
have demonstrated the toxicity of polyethylene particles [8–10]. Like-
wise, metal ions, such as Co2+, Cr3+, Cr6+, are known to induce

allergy, toxicity and necrosis in fibroblasts, osteoblasts, osteoclasts and
macrophages [11–13]. The overall inflammatory response induced by
all these degradation products result in aseptic loosening [14–16],
which has been identified as one of the main causes of failure in total
joint arthroplasty [17–19]. However, the mechanisms of the different
reactions remain unclear and difficult to evaluate.

Joint simulators and tribometer devices are typically used to study
mechanical wear and produce wear debris [20–24]. Tribometers are
generally designed using a ball-on-plane or pin-on-plane configuration
[25,26] consisting of a flat metal sample and an inert friction counter.
Tribometers have been modified for operation in corrosive environ-
ments, to better reflect the aggressiveness of physiological fluids [27]
and enable assessment of the synergistic interactions of wear and
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corrosion, i.e., tribocorrosion. Because different tribometer designs lead
to the production of well-controlled wear debris in a wide variety of
diluted saline solutions [28–33], it is critical that the conditions be kept
as close as possible to the in vivo conditions to understand the actual
levels of toxicity. Polyethylene wear debris retrieved from simulators
are larger in size and shape than particles isolated from periprosthetic
tissues [34]. In addition, it remains difficult to achieve similar con-
centrations of debris and ions as those found in periarticular tissues to
simulate their cytotoxicity associated with osteolysis. Notably, the
toxicity of degradation products in vivo may also result from the cu-
mulative effect of different forms of wear debris and metal ions. The
discrepancy between simulated and in vivo degradation products may
also be related to the methodology used to produce the degradation
products, which raises the question of the validity of current trib-
ometers. The misunderstanding of joint contacts may stem from the
poor representativeness of experimental conditions.

Previous studies have shown that the quantity of wear particles and
metal ions vary depending on the generation method, resulting in
considerable variation of their cytotoxicity [35,36]. The use of different
friction couples have an impact on the nature and shape of the wear
particles generated as well as the tribological behaviour. Therefore, the
use of a hard material as counter-body to simulate wear of metal-on-
polyethylene bearings is not appropriated. Only a few studies have
focused on real tribocorrosion processes between a metal and polymer
[37–39]. In addition, wear particles are not always generated from si-
mulated friction, however commercially available nanoparticles and
microparticles are also used to assess the cytotoxicity of wear particles
from orthopaedic implants and prostheses. Similarly, the majority of
studies have used salts (CoCl2 or CrCl3, Cr6O2, Cr3O4 or K2Cr2O7) as a
source of Co and Cr ions [40]. Thus, there are inherent limitations as-
sociated with the methods currently available to generate simulated
degradation products.

Previous studies have provided evidences of the difference between
the physico-chemical characteristics (shape, size, and ionic composi-
tion) of wear particles generated under different tribometer conditions
and those of periprosthetic tissue samples obtained from revision sur-
gery [41,42]. Disparities in the analysis result from variation in the
isolation protocols. For polyethylene particles, three different isolation
techniques (alkaline, acid, enzymatic) can be used. [43,44]. Isolation
reagents may affect the particle morphology. For example, soluene can
create cracks in the debris or even dissolve ultra-high-molecular-
weight-polyethylene (UHMW-PE) particles [45]. The contamination of
the biomaterial particles by cell debris or reagent particles is also a
significant problem in the isolation of polyethylene particles [45]. The
isolation process also includes a filtration step at different nanometre to
micrometre pore sizes. The use of different filtration sizes causes a loss
of nanometric wear debris and more importantly, the exclusion of metal
ions produced by metallic dissolution [46]. Therefore using wear par-
ticles obtained from an isolation process and testing their biocompat-
ibility should be avoided. Moreover, it is very difficult to collect and
analyse degradation products when they are produced in a container
separated from the one in which the cell culture occurs. Tribocorrosion
devices have limitations in terms of simultaneous assessment of the
degradation of biomaterials subjected to tribocorrosion and the cellular
response. The lack of development of this specific biomedical device
most likely stems from design difficulties (multidisciplinary knowledge,
coupling of measurements, sterility).

Simulated physiological fluids are extremely simplified (diluted
saline solutions) deprived of bovine serum or organic species such as
proteins [47]. However, the physiological environment is a key element
in the degradation and biocompatibility of joint replacements. The fluid
effectively conditions the physical integrity of metallic biomaterials by
modifying the surface protective film (composition, structure and
thickness), which largely governs its biocompatibility ability. More
specifically, organic species adsorb and react with the surface of bio-
materials, by complexing with metal ions, and may accelerate their

ionic dissolution and, thus, the corrosion rate [48,49]. The surrounding
environment, acting as a receptacle for degradation products, also af-
fects the surface reactivity of wear debris [50] and the complexation of
metal ions [49,51] which can affect cytotoxicity.

The physiological fluid is also of primary significance in cell culture
as it provides all the essential elements for proliferation. As an example,
some proteins can control the adhesion of cells to biomaterials [52]. In
addition, the environment also contributes to cell viability by con-
tributing a controlled supply of carbonate and oxygen, which maintains
the pH and osmolarity within viable limits for the cells. Although most
tribometers operate in a saline and aerated environment, confirming
that they are not adapted to cellular conditions, some recent studies
have proposed tribocorrosion devices, which can be inserted into an
incubator [53] or enclosed in thermostatically controlled chambers.
These proposed devices are promising examples to be followed for
further evaluation of the biocompatibility of metallic biomaterials in
direct contact with cells.

As previously mentioned, the degradation products of tribocorro-
sion (wear debris and ions) lead to an adverse cellular response invol-
ving osteoblasts, fibroblasts, and immune cells in the periprosthetic
osteolysis mechanism. One of the most important cellular target for
wear debris is the macrophage, which contributes to increased bone
resorption. Micrometric-sized wear debris (< 1 μm in size) may be
phagocyted by macrophages [54,55]. For example, polyethylene par-
ticles activate pro-inflammatory signalling, which leads to increased
osteoblasts and osteoclasts recruitment and activation around the joint
space (proteolytic enzymes, inflammatory mediators and osteolytic
mediators) [6,7,19]. Although increasingly more studies are evaluating
the effect of wear debris and metal ions on macrophages [56], bioassays
generally involve monitoring cell viability, proliferation and miner-
alization over time and/or analysis of inflammatory cytokines in the
supernatant [11,57]. The direct observation of living cells during
testing could be used to complement post-testing biological analyses.
However, this task is difficult because it requires powerful microscopy
devices for acquisition, measurement regularity, and advanced image
processing.

Herein, we presents a new biotribocorrosion set-up to simulate the
physiological conditions of prosthetic joint contact, which was devel-
oped on the aforementioned limitations. The device was used for pre-
liminary investigation of the tribocorrosion of a polyethylene/CoCrMo
couple in a simulated macrophage environment. Two aggressive joint
contact conditions were simulated to promote the production of
polymer wear particles or metal ions. We focused on evaluating the
degradation products and their effect on the cellular response of mac-
rophages. The preliminary results allowed us to perceive the entire
scope of the biotribocorrosion set-up as well as possible perspectives.

2. Biotribocorrosion Set-up

In this study, the bioreactor from a previous study [58] was spe-
cially adapted to achieve cellular physiological conditions that are re-
presentative of joint prosthetic contact. It was therefore possible to
generate degradation products in the same environment in which the
cells are grown. Adaptations to the bioreactor were made based on the
specifications necessary for electrochemical, tribological and biological
characterization.

2.1. Specifications of Biotribocorrosion Set-up

The development of the biotribocorrosion set-up was based on ex-
isting tribometers and their restrictions in terms of accurately re-
presenting a joint contact [20–24,59]. The specific criteria used in the
development of the set-up included:

1. The use of cell culture conditions (cell culture medium, temperature,
pH buffer, sterility), to enable the addition of living macrophages
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near the simulated joint contact, which is more relevant during the
early stages of the inflammatory reaction.

2. The use of fluorescence microscopy to enable evaluation of the
proliferation of living cells (density, morphology) in situ and of the
fluorescent polymer wear debris present in the environment or on
friction surfaces after testing.

3. The elimination of intermediate steps (digestion and/or filtration) in
the analysis of degradation products (wear debris and metal ions)
that may affect their reactivity and cytotoxic nature.

These three points constitute the fundamental characteristics of the
biotribocorrosion set-up. Therefore this device has the particularity of
allowing in situ visualizing of the fluorescence of living cells, by en-
abling simultaneous measurement of corrosion and mechanical in-
dicators during friction tests between two studied materials (Fig. 1,
Fig. 2, Fig. 3). Although all friction couples were possible, we simulated
the joint contact of an ankle prosthesis. According to large joint registry
datasets, five year survival rates of ankle prostheses do not exceed 90%
[60]. In addition, the failures of total ankle prostheses are typically
secondary to loosening or instability resulting from the accumulation of
metal ions and wear debris in the tissues [60]. It is therefore essential to
study the wear particles produced from CoCrMo/polyethylene contact
as well as metal ions to elucidate the adverse effects of ankle prostheses.
The biotribocorrosion set-up developed in this study creates an

environment that is conducive to the culture of macrophage cells while
producing wear debris (essentially of polyethylene because of the
hardness of both materials) and metal ions.

The device was based on a tribometer that was previously used for
friction tests between an UHMW-PE tibial implant and a convex glass
plate [58]. The modifications to this tribometer enabled the integration
of an electrochemical setting (three-electrode set-up), a custom ther-
mostatic enclosure including the mechanical device and a fluorescence
microscope. The design and operation of the biotribocorrosion set-up
are discussed in the following sections by disciplinary fields.

2.2. Electrochemical Measurements

A cobalt alloy (CoCrMo) disc was attached on the sample support
(Fig. 2) containing the supplemented cell culture medium (RPMI-1640),
which served as the physiological fluid (12ml). For the electrochemical
study, a conventional three-electrode set-up was used for corrosion
assessment. The set-up consisted of a CoCrMo disc as the working
electrode (WE), a platinum wire as the counter electrode (CE) and a
saturated calomel electrode (SCE) as the reference electrode
(ESCE=+0.244 V/SHE). The surface of the counter electrode was
larger than that of the working electrode (SCE: 7.8 cm2 > SWE:
2.8 cm2). The reference electrode was offset from the centre of the work
cell using a Luggin capillary. This set-up was connected to a

Fig. 1. Custom-built biotribocorrosion apparatus inside a clean room (ISO Cleanliness Class 5): A) fluorescence microscope, B) custom thermostatic enclosure, C)
potentiostat, D) tribocorrosion apparatus and E) data acquisition computers.

Fig. 2. Side view (a) and top view (b) of sample support, which included the following electrochemical set-up: a CoCrMo disc as the working electrode (WE), a
platinum wire as the counter electrode (CE) and a saturated calomel electrode (SCE) as the reference electrode, and three discs machined from Petri dish with cell
lines.
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potentiostat Gamry Inst. Reference 1000, which was controlled using
Gamry Framework 6.32 software. The electrochemical installation en-
abled the measurement of the open circuit potential (EOCP) as well as
the polarization the CoCrMo by applying potential or intensity. For the
experimental conditions in this study, only the EOCP was recorded,
which provided information on the dissolution and repassivation of the
passive film of CoCrMo under mechanical stimulation.

2.3. Tribosystem

To represent the stresses on ankle prostheses, a reciprocating pin-
on-plate bench wear test was used, based on an alternative movement
[61]. This set-up makes it possible to consider various numbers of cy-
cles and latency times to simulate load cycles such as those in walking.
The tribometer has a fixed frame that holds the pin support while the
metallic sample is mobile (Fig. 3). The translation movements and load
were applied by the lower part of the system using a lifting table
(NORELEM, France). The force was controlled by a feedback loop to
keep it constant during testing. The force was fixed at 35 N with a
bending radius of 48mm, which produced an initial contact pressure of
25MPa using the Hertz model. The load value was fixed according to
the real average compressive load per unit area which varies between 3
and 5.2 times the body weight [62,63] and corresponds to the contact
pressure of ankle replacements (between 5.7 and 25MPa) [64–66]. The
load was measured by a three-axis force sensor (K3D60 ± 100N,
Testwell, France), and the shear force was measured by a piezoelectric
sensor (PZ 100 SG, TRIOPTICS, France). The friction coefficient (COF)
is defined as the ratio between the shear force (once the surfaces slide
against each other) and the normal load. The horizontal translation
displacement of the sample holder was driven by a linear DC motor
(H2W Technologies, USA). The friction distance was set to 10mm with
a reciprocating frequency of 50 or 200 mHz (0.6 or 2mm/s respec-
tively). The friction test time was set between 3 h30 and 5 h30 because
the aim was to reproduce the maximum use time of an ankle prosthesis
can undergo in a working day. The total duration was between 5 and
7 h. The entire tribometer was controlled by using a modified version of
the Galil software (A2V Mecatronique, France), renamed Biolub, al-
lowing the visualization the normal force Fz, tangential force Fy, ver-
tical displacement Dz and horizontal displacement Dh in real time.
Determination of the total wear volume was possible at the end of the
test using optical profilometry measurements.

2.4. Custom Thermostatic Enclosure

To achieve a proper temperature and concentration of dissolved gas
(oxygen and carbon dioxide) representative of those in the body en-
vironment, the biotribocorrosion tests were performed in a custom-
made thermostatic enclosure. The enclosure was made from plastic
plate covered with insulation and was constructed to satisfy the fol-
lowing conditions: i) surround the tribocorrosion set-up, ii) allow the
visualization of the cells by fluorescence microscope at any time, iii) be
heat and gas insulated, iv) maintain stable conditions: temperature
(37 °C), humidity (90%) and air content (5% CO2), v) be easily mod-
ified. This chamber corresponds to a non-automated incubator. The
temperature was kept constant at 37 °C by circulating water from a
heating circulator (Polystat 37, Fisherbrand, Fisher Scientific) through
plastic and copper wires. The temperature was monitored using a di-
gital thermometer. The CO2 content was injected from a sterilized CO2

gas bottle (N48, Air Liquide, France) and controlled by a wireless sensor
(PASCO, PS-3208) driven by PASCO Capstone software. The humidity
was maintained using two beakers filled with distilled water.

2.5. In Situ Observation of Living Macrophages by Optical Fluorescence
Microscopy

The tribological and electrochemical analyses were completed by in
situ visualization of a mouse macrophage cell line (RAW 264.7) around
the contact using an optical light and vertical fluorescence microscope
(Zeiss Axio Examiner Z1, Leica DMLM). The microscope was equipped
with a CCD camera (Leica DC350F) with two objectives: a “Fluar” 5× /
0.25M27 (focal distance= 12.5mm) and N-Achroplan 63× /0.9M27
(focal distance= 2.4mm) and two laser lines (488 and 555 nm) cou-
pled to a fluorescence camera (Axio Camera 60 N-C). The cell viability
and morphology were assessed using two markers: i) a lipophilic
membrane marker (dialkyl aminostyryl dye: Dil, Thermofisher) labelled
in orange-red (λex= 549 nm and λem=565 nm) and ii) an in-
tracellular pH marker (pHrodo™ Red AM, Thermofisher) labelled in red
(λex= 560 nm and λem=585 nm). The membrane and intracellular pH
labelling did not appreciably affect cell viability, development, or basic
physiological properties. The cells were washed with phosphate-buf-
fered saline solution (PBS) post treatment, incubated with 5 μl diluted
in 6ml of supplemented RPMI-1640 or with 60 μl (pHrodo™) for
30min, and washed with PBS before imaging. Fluorescence microscopy
imaging was performed in situ during the tribocorrosion tests. The
morphological characteristics of the cells were quantified using ImageJ

Fig. 3. Schematic view of experimental
biotribocorrosion set-up adapted to cell
conditions. The set-up consisted of a con-
ventional three-electrode set-up, a pin-on-
plate tribosystem and a vertical fluores-
cence microscope. The entire set-up was
placed in a custom-made plastic enclosure,
which was thermally and gas insulated. The
mechanical contact was placed in the fric-
tion pin-on-plate system: an UHMW-PE pin
against a CoCrMo disk. The contact pressure
was fixed at 25MPa by adjusting the lifting
table in the vertical direction (Dz). The
sliding displacement was controlled to be
between 0.6 and 2mm/s in the horizontal
direction (Dh) by the linear DC motors.
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software (NIH, USA) through binarization treatment, particle area
analysis and distribution calculation.

2.6. ISO Cleanliness Class 5

The biotribocorrosion tests were performed in a clean room (ISO
Cleanliness Class 5) located in LaMCoS (CNRS, INSA Lyon, UMR 5259).
The environment maintained a level of cleanliness equivalent to ISO
Cleanliness Class 5, i.e.< 100,000 particles with size of 0.1 μm or
larger per cubic metre, or< 832 particles with size of 1 μm or larger per
cubic metre. The main parameters that control the environmental
performance of a cleanroom are the air flows and pressure difference.
By adjusting the air flows, a positive differential pressure can be created
to prevent the introduction of potential contaminants from the sur-
rounding clean room. The temperature, humidity, and cleanliness were
also controlled.

2.7. Synthesis of Experimental Inputs and Outputs

The experimental parameters and data obtained from the bio-
tribocorrosion set-up are summarized in Fig. 4. The device allows
variation of the input data from three scientific domains and the de-
duction of additional information on biotribocorrosion. Many post-test
analyses are possible, however, only those that were performed as part
of this study are marked. Details of these analyses will be discussed in
Section 3.5.

3. Materials & Methods

3.1. Sample Preparation

Metallic plates were made from medical grade cobalt chrome mo-
lybdenum (CoCrMo) alloy (Biodur® CCM® from Carpenter) following
ASTM-F1537–11 and ISO 5832-12:2007. The surfaces were mirror po-
lished (Marle Company, France) to roughness Ra < 0.04 μm. Before
testing, the samples were ultrasonically cleaned in a bath of ethanol for
10 mins, wiped, exposed to UV light for 30 mins for sterilization and
then placed for 24 h in a humidified atmosphere consisting of 95% air
and 5% CO2 at 37 °C. This final preparation step resulted in a re-
producible surface state with a controlled chemistry. A homogeneous
and stable native oxide is then formed on the surface. This surface
preparation limit the dispersion of the results. Indeed, passive film

grown directly in the solution is sensitive to the last preparation step
(polishing, storage atmosphere and duration, …). The CoCrMo discs
were then inserted into the sample holder surrounded by a sealing ring
with copper adhesive tape at the base to ensure good electrical contact
(Fig. 2).

An ultra-high-molecular-weight polyethylene (UHMW-PE) pin
formed the contact with the lower surface of the metallic plate. Because
the same polymer (Chirulen® 1050, Quadrant MediTECH, USA) is used
for all joint prostheses (hip, ankle and knee), UHMW-PE pins were
drilled from the insert between the cup and femoral stem of standard
double mobility prosthesis inserts (HDM248, TORNIER) to obtain pins
of large volumes. The UHMW-PE polymer conformed to ASTM F648,
ISO 5834-1, and ISO 5834-2. The polymeric pins were cleaned with
soap and deionized water, and their surface condition was examined
using optical profilometry (0.2 rms roughness) before testing.

3.2. Test Fluid

The solution consisted of a classical cell culture medium composed
of Roswell Park Memorial Institute (RPMI-1640; Dominique Dutscher,
France) medium supplemented with 10% foetal bovine serum (FBS;
Dominique Dutscher, France) and 1% antibiotic-antimycotic (Pan
Biotech 100 U/ml of penicillin, and 100mg/ml of streptomycin). The
pH varied from approximately 7.4 to 7.6 and was stabilized by a con-
trolled CO2 content (50,000 ppm) via the carbonate buffer. The mass
formulation of inorganic ions and the main organic compounds of
RPMI-1640 are given in Table 1. The inorganic salt concentrations were
generally close to those of synovial fluid [67]. Chloride ions, known for
their tendency to initiate passive film degradation and dissolution of
metallic materials, are not overestimated in RPMI-1640; soluble organic
molecules such as proteins, vitamins, and glucose act as nutrients for
cells, but can also adsorb to solid surfaces by forming soluble complexes
with metallic ions. The adsorption of these biomolecules is therefore a
decisive factor in the dissolution of metal alloys.

3.3. Cell Culture

Macrophages were selected for culture because they are the main
cells associated with particulate phagocytosis in the inflammatory re-
action at the bone implant interface. The murine macrophages cell line
RAW 264.7 (ATCC® TIB-71™) was used because of its well-defined
biological function and availability. The cell lines were cultivated in

Fig. 4. Synthetic diagram of biotribocorrosion experiments with inputs and outputs variables complemented by characterization techniques.
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supplemented RPMI-1640, changed three times per week and kept in a
humidified atmosphere of 95% air and 5% CO2 at 37°C. For the bio-
tribocorrosion tests, the cells were cultured on three discs machined
from the bottom of a 10mm diameter Petri dish (Sigma-Aldrich,
France) (Fig. 2). To assess the cytotoxicity of CoCrMo, the macrophages
were cultured on metal discs that has been previously UV sterilized for
40min. The seeding density of the cell lines, controlled by a cell counter
(Millipore™ Scepter, Dutscher), was between 3 and 5×104 cells/cm2 for
macrophages with 2 days for proliferation before testing.

3.3.1. Viability Test using MTT1 Assay
MTT viability tests were performed at 24, 48 and 72 h to measure

the effect of CoCrMo on the macrophages. In summary, MTT is trans-
formed by living and metabolically active cells into purple formazan
crystals, which can be measured after solubilization in dimethyl sulf-
oxide (DMSO) at 570 nm. The cells were incubated at 37 °C for 4 h with
0.125mg/mL MTT (final concentration) according to the previous work
procedure [68]. Then, medium containing MTT was removed, and the
formazan crystals were solubilized with 4ml of DMSO per well. The
absorbance of the cells cultured on the CoCrMo discs indicated the cell
viability on the surface of the biomaterial. The values were compared
with those of the control without a biomaterial sample (assuming 100%
viability).

3.3.2. Cytotoxicity Test by Lactate Dehydrogenase (LDH) Assay
The cytotoxicity tests were performed at the same time as the via-

bility tests at 24, 48 and 72 h. Lactacte dehydrogenase is a cytosolic
enzyme that is released into the culture medium for cell damage.
Extracellular lactacte dehydrogenase LDH was detected in 200 μl cul-
ture media using an LDH cytotoxicity assay kit (Pierce; ThermoFisher
Scientific), as specified by the manufacturer. A sample without the
CoCrMo biomaterial was used as a negative control and, reference for
0% cytotoxicity. In addition, a positive control (10% Triton X-100 (v/
v)) was added to the cells to induce complete LDH release and was used
as a reference for 100% cytotoxicity. The results are represented as a
percentage of cytotoxicity compared with the control without the bio-
material.

3.4. Testing Protocol

3.4.1. Typical Steps for Biotribocorrosion Test
Biotribocorrosion tests require fine sample preparation (CoCrMo,

UHMW-PE and cells) as well as a structured sequence of experimental
tasks. During this project, a protocol using mechanical, electrochemical
and biological parameters was established to optimize the quality of the
data obtained. The entire process was coordinated in different stages

(Fig. 5):
The initial stationarity (Init) of 30min enables verification that the

OCP corrosion potential, temperature, and CO2 rate are constant. It is
performed without mechanical contact. Fluorescence imaging enables
information of the morphology of the cells at the beginning of the test.

Then, the tribocorrosion test was divided into three steps: com-
pression stress relaxation, rheology and friction (Fig. 5):

1. Compression stress relaxation (CSR) consists of applying a normal
load (35 N) on the CoCrMo against the UHMW-PE pin. The force is
maintained for 15min to accommodate the relaxation effects of the
machine. This step also provides information on the viscoelasticity
of the third body on the Tribological Transformation of Surface
(TTS) of UHMW-PE.

2. The second phase, rheology testing (Rh), consists of completely
(Fig. 5b-2’) or partially (Fig. 5b-2”) discharging the contact. The
load is then maintained at 5 N for 5min and vertical sinusoidal
movements (Dz) of 40 μm amplitude are performed at frequencies of
0.5–2 Hz. This step promotes the ejection of UHMW-PE wear debris
out of contact. It is possible to characterize the third-body rheology
by determining its elastic force Fe, viscous force Fv and modulus of
elasticity E. The rheology step also leads to convection movements,
which can promote metal ions dissipation in solution and therefore
expose them to cells.

3. During the sliding testing (Slid.), the vertical displacements are then
replaced by horizontal displacements (Dx) of 10mm amplitude with
sliding displacement of 0.6 or 2mm/s. The load is again charged at
35 N. The friction between the UHMW-PE and CoCrMo lasts for
1 h30.

The tribocorrosion cycle, consisting of phases CSR, Rh and Slid is
repeated three times. The values of the corrosion potential (OCP),
normal and tangential forces and horizontal displacement are recorded.
Fluorescence imaging was performed after each sliding sequences
during the CSR+Rh sequences.

Final stabilization (Final) closes the biotribocorrosion assay by re-
moving normal contact loading and controlling the cell morphology by
fluorescence. The entire biotribocorrosion test procedure takes 8 h.

3.4.2. Experimental Conditions used in the Present Paper
Two experimental conditions were used set to promote the forma-

tion of either polyethylene wear particles (Test No. 1) or metal ions
(Test No. 2) because these products correspond to the main degradation
products leading to biological inflammation and complications in the
joint contact. The main experimental parameters are summarized in
Table 2. The differences between both biotribocorrosion tests are of
mechanical (surface condition of CoCrMo, sliding velocity, loading
during rheology sequence) and biological (fluorescent marker, cell
density).

Table 1
Ionic molar and organic concentrations of RPMI-1640 (mM).

Ionic salts

Na+ Cl− HCO3
− HPO4

2− K+ NO3
2− Ca2+ Mg2+ SO4

2−

129.29 108.03 23.81 5.64 5.37 0.42 0.42 0.41 0.41

Organic compounds

Amino acid Vitamin Other
L-Arginine 1.15 B3 0.41 D-Glucose 11.1
L-Leucine 0.38 Myo-inositol 0.19 Phenol red sodium salt 0.01
L-Isoleucine 0.38 Choline chloride 0.02
L-Asparagine 0.33
L-Serine 0.29
L-Lysine 0.22
L-Cysteine 0.21 Other amino acids and vitamins are present at lower concentration.

1 33-(4,5-dimethylthiazol-2-yl-)2,5-diphenyltetrazolium bromide
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3.5. Post-Testing Characterizations

Additional information on biotribocorrosion processes can be ob-
tained by post-test characterization and analysis, which provide the
composition of the passive film, the amount of metal ions and their
effect on the cell viability, and the analysis of the polyethylene wear
debris.

3.5.1. UHMW-PE Wear Rate
Profiles of the surface lines and wear measurements of the UHMW-

PE pins were obtained before and after the biotribocorrosion tests using
a non-contact optical profilometer (Altisurf© 500, Altimet). The ac-
quisition speed was set at 40mm/s with a non-contact resolution of
12 nm. The samples were placed on a rotating base allowing a profile
measurement every 10° along a reference line. This method enables the
entire surface of the pin to be swept and establishes a contact zone after
rubbing. The MountainsMap software automatically performs standard
calculations such as estimating the radius of curvature of the measured
profile, extracting the profile area and signal processing (levelling, re-
flectivity variations). The profile lines of three angles on the wear track
were used to estimate the polyethylene wear volume.

3.5.2. Wear Debris Analysis
Environmental scanning electron microscopy (ESEM, FEI Company,

Quanta™ 600, Tungsten W) was used to analyse the UHMW-PE pin
surface. An electron gas detector was used to capture topological in-
formation from the surface. The images obtained with the secondary
electron detector were taken using an acceleration voltage of 5–10 kV, a
working distance of 10–13mm and a diaphragm aperture of 60 μm.

Polyethylene wear debris fluoresce under a 555 nm laser, whereas
CoCrMo alloy is not fluorescent. For this reason, polymer debris and
adhesive layer were observed both on the metallic surface and in the
extracted cell culture medium. A sample of the supernatant was gelled

in an agar-agar solution, which preserved the shape of the polymer
wear debris. Fluorescence images of representative areas of the wear
track were obtained using the vertical fluorescence microscope men-
tioned previously. The number of particles and, area (A) and perimeter
(P) of each particle were measured using Image J software (NIH, USA).
A minimum of 10 fluorescence images at a magnification of 63× (N-
Achroplan 63×/0.9M27, Zeiss) were evaluated, yielding between
5,522 and 15,149 particles. The equivalent circle diameter (ECD) and
equivalent shape ratio (ESR) were computed to determine the particle
size and morphology, respectively, based on the guidelines for particle
analysis outlined in ASTM F1877-16 [69]. UHMW-PE wear debris
particles from the lubricant, trapped in an agar-agar solution, were
examined under the fluorescence microscope at a lower magnification
of 5× (Fluar 5×/0.25M27).

3.5.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Supernatants of RPMI-1640 were collected before and after the tests

and examined using inductively coupled plasma mass spectrometry
(ICP-MS) to quantify the released metal ions. The solutions were ana-
lysed using an iCAPTM TQs ICP-MS (Thermofisher Scientific, Bremen)
with Triple Quadrupole Technology. The Cr, Co and Mo elements of
molar masses 52, 59 and 95 g.mol−1 respectively were quantified with
a detection limit of 0.05 μg/l. The ICP-MS analyses were performed by
the Geochemistry Laboratory, ENS Lyon, France (Philippe Telouk).

3.5.4. Inflammatory Cytokines Measurement
The concentration of cytokines in the supernatants obtained from

cell cultures were quantified using the sandwich immunoassay (ELISA)
method. The amount of prostaglandin E2 (PGE2) produced by the
macrophages and released into the media was quantified using a
commercially available competitive binding radioimmunoassay kit, in
accordance with the methodology recommended by the manufacturer
(Cayman Chemical, Ann Arbor, MI). The absorbance was obtained

Fig. 5. a) Schematic illustration of protocol for bio-
tribocorrosion tests including the following major
phases: initial stabilization (Init), compression stress
relaxation (CSR), rheology sequence (Rh), sliding
(Slid) and final stabilization (Final). Dz and Dx cor-
respond to the vertical and horizontal displacements,
respectively. b) Variants of the rheological sequence
with complete (2′) or partial (2″) discharge of the
load (F).

Table 2
Main experimental parameters of biotribocorrosion tests (No. 1 and No. 2).

Nature of experimental parameters Test No. 1 Test No. 2

Materials and solution Metal alloy CoCrMo (ASTM-F75) disc
- Finishing surface SiC 1200 Mirror polishing
Counterpart UHMW-PE pin
Test fluid Supplemented RPMI-1640

Biological Cell lines RAW 264.7 (macrophages)
- Density [×104 cells/cm2] 5 3
Fluorescent marker Lipophilic membrane Intracellular pH

Mechanical Calc. Hertzian average pressure [MPa] 25
Amplitude of displacement [mm] 10
VSliding [mm/s] 0.6 2
Loading during rheology sequence (Rh) Completely discharged (Fig. 3b-2’) Partially discharged (Fig. 3b-2”)
Duration [h] 5–7
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using reader plates at 405 nm. The concentrations of cytokines (pg/ml)
were calculated from a standard curve of recombinant cytokines and
normalized by the total amount of proteins released by the cells into the
extracellular medium.

3.6. Statistical Methods

The error bar of the metal ion rate corresponds to the detection limit
of the ICP-MS device. The distribution of the particle shape and size
(ESR and ECD factors) and cell distribution were automatically ana-
lysed by ImageJ software. The statistical differences between tests were
calculated using a single-factor analysis of variance, with p < .05 as
the significance level. Although some distributions of particle size and
mean cell surface area were not precisely Gaussian, the large sample
size justified the use of this parametric analysis. The error bars of the
wear rate and the number of UHMW-PE particles in the medium cor-
respond to the standard deviation of at least five independent mea-
surements.

4. Results

4.1. Electrochemical Measurements

The open circuit potential (OCP) measurements are presented in
Fig. 6. These experiments were performed on three CoCrMo samples
(Control, Test No. 1 and No. 2) immersed in supplemented RPMI-1640.
The environmental conditions were identical for all the tests (37 °C, 5%
CO2). The control sample was not subjected to mechanical solicitations.
The other samples (named test No. 1 and No. 2) were subjected to wear.

In supplemented RPMI-1640, without sliding, the potential of
CoCrMo increased from −160 to −50mV/SCE. A preliminary study
characterized these potential values as being included in the passivation
field of the CoCrMo. Even if the potential did not reach the steady state,
the passive film can be considered as grown during this measurement.

Under tribological testing, the variations in the OCP were measured
according to the biotribocorrosion testing protocol. Each measurement
was characterized by several transient phenomena. Fig. 7 and Fig. 8
detailed the evolution of the OCP for Test No. 1 and 2, respectively.

During Test No. 1, the OCP potential gradually increased over time
from −260 to −150mV/SCE (Fig. 7a). This evolution follows that
recorded for the control sample. Before the first sliding sequence, the
potential was closed to -250mV/SCE, which is consistent with the
corrosion potential of CoCrMo in supplemented RPMI-1640 in an in-
cubator. When the force was loaded (0.3 h) and sliding started, a small

negative drop in potential (30mV) was observed, corresponding to the
action of mechanical stress on the growth of the passive film on
CoCrMo. The potential curve tended to reach the initial evolution by
gradually increasing. Fig. 7b shows the electrochemical potential noise
measured during sliding for Test No. 1. The signal disturbance cannot
be related to the movement of the pin on the metal surface. During the
compression stress relaxation and rheology (Fig. 7), the potential sud-
denly increased in the range of 200–300mV/SCE. This experimental
sequence mechanically consisted of the release of the load and vertical
movements of 40 μm amplitude. This step was performed twice, and the
potential followed the same evolution, as if this sequence did not dis-
turb measurements. At the end of the sliding (sequence 3), no sig-
nificant evolution of OCP was observed. During this measurement, the
OCP was located in the passive state of the CoCrMo.

The potential response recorded for Test No. 2 differed from that
obtained for the previous sample. At this step of the analysis, the dif-
ferent surface preparation for the two tests should be considered. The
initial potential is higher than that in Test No. 1, increasing from −150
to 0mV/SCE (Fig. 8a). The OCP curve is noisy, with a sharp transient at
the loading of the force (0.35 h) (Fig. 8b). The potential is characterized
by many current transients around a median value of 5mV/SCE. Sev-
eral noise scales can be considered: the first concerns the current
background noise already recorded for Test No. 1, highlighted in
Fig. 8c; the second one exhibits rapid variations on a wide scale of
potential.

In the latter case, the OCP disturbances may be related to the sliding
interactions between the pin and the passive film grown on the metallic
surface. The signal repetition pattern every 5 s corresponds to the time
required for the pin displacement. Unlike for Test No. 1, the potential
did not increase during the compression stress relaxation and rheology
sequences. In this case, the sequence mechanically consisted of the
release of the load at 5 N and vertical movements of 40 μm amplitude.

4.2. Metal Ion Release

At the end of the experiments, the supernatants were analysed using
ICP-MS to quantify the amount of released ions from wear and dis-
solution of CoCrMo. Fig. 9 shows the Co, Cr, and Mo contents in the
solution after the biotribocorrosion tests and the immersion test of
CoCrMo in supplemented RPMI-1640 for 6 h in an incubator (Control).
Cobalt was the most highly concentrated of the three detectable ele-
ments, followed by chromium and molybdenum. This result was ex-
pected because of the chemical composition of the alloy, which contains
up to 64.4 wt% Co. The total release of cobalt ions was stabilized or
reduced in the tribocorrosion tests compared with in the immersion test
(from 116 to 70.7 ppb). However, the levels of Mo and Cr ions increased
for the biotribocorrosion tests because of the surface preparation of the
sample. This result was expected because the friction of the pin on the
CoCrMo leads to the disturbance of the passive film. The release of Cr
alone was approximately 1.5–2.5 times higher under the bio-
tribocorrosion conditions (12 and 22.9 ppb for Test No. 1 and 2, re-
spectively) compared with the control (8.8 ppb). Similarly, the mo-
lybdenum ion content was higher for the conditions of Test No. 2
(8 ppb) than for those of Test No. 1 (6 ppb), which is close to the control
level (5.7 ppb).

4.3. Wear Mechanisms

The friction coefficient (COF) during a cycle was not stable (results
not shown). For Test No. 1, adherence peaks were observed in the
friction curve. The static friction force, which is necessary to initiate
sliding, was higher than the dynamic force required for continuing the
motion in the steady state. This sequence of static-to-dynamic friction
was measured after every reversal of the sliding direction. Adherence
peaks were also observed for the Test No. 2, but only for one sliding
direction.

Fig. 6. OCP variations during biotribocorrosion tests for CoCrMo samples im-
mersed in supplemented RPMI-1640. The control sample was not subjected to
mechanical solicitation.
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Fig. 10 presents the average calculated friction coefficient for each
of three sliding sequences. The friction coefficient was higher for Test
No. 1 than for Test No. 2 throughout the duration of the bio-
tribocorrosion experiments. The friction value changed with time: it
decreased slightly for CoCrMo No. 1 (from 0.1277 to 0.086), whereas a
sharp decrease was recorded for CoCrMo No. 2 (0.1356 to 0.032 at the
last sliding). The COF values were low, indicating that more than the
half of the energy of the normal force exerted goes into retarding the
lateral motion between the two surfaces i.e. low friction.

4.4. Wear Rate of UHMW-PE

The mean wear rate of the UHMW-PE pins was determined using
optical profilometry measurements from the difference in the surface

profiles before and after testing. The volume loss was calculated from
surface area measurements obtained at three different angles. The wear
rate for UHMW-PE for Test No. 1 and No. 2 was 0.167 ± 0.038mm3

after 5 h and 0.017 ± 0.010mm3 after 7 h respectively, corresponding
to 11.173 ± 2.569mm3/MC and 0.945 ± 0.557mm3/MC, respec-
tively (results not shown). The volume loss was five times lower for Test
No. 2 than for Test No. 1, suggesting that the surface conditions affect
the wear rate.

4.5. Surface Analysis

The size, shape, nature and number of polyethylene wear particles
were analysed by examining the UHMW-PE and CoCrMo surfaces. SEM
photomicrographs of the wear scars on the UHMW-PE pins are

Fig. 7. Evolution of the open-circuit potential before and during intermittent sliding tests performed at 35 N and 0.6mm/s on CoCrMo immersed in supplemented
RPMI-1640 (Test No. 1) with focuses on b) electrochemical noise signal and c) during rheology sequence.

Fig. 8. Evolution of the open-circuit potential before and during intermittent sliding tests performed at 35 N and 2mm/s on CoCrMo immersed in supplemented
RPMI-1640 (Test No. 2) with focuses on b) charge loading part and c) electrochemical noise signal.
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presented in Fig. 11. The contact areas, delimited by dotted circles,
were characterized by grooves perpendicular to the machining lines for
Test No. 2 and oriented at 45° for Test No. 1. The polymeric particles
were round, oval, or roll-shaped (as indicated by the arrows in Fig. 11).
They are mostly round for Test No. 1, whereas they were crushed roll-
shaped particles in the contact area for Test No. 2. An adherent and
pulled UHMW-PE layer was also observed for the second case.

Fluorescence microscope images of the CoCrMo wear tracks pro-
duced in the biotribocorrosion tests are presented in Fig. 12. Fluores-
cence of the polyethylene wear particle was observed, coloured in red.
The distribution and number of UHMW-PE particles varied significantly
in the wear track. For Test No. 1, many small round particles were
present whereas much fewer and more elongated particles were ob-
served for Test No. 2. In addition to the wear trace, for both tests, the
wear debris were larger and present up to the cobalt disc periphery. As
observed in the SEM images of the pin, roll-shaped particles were
present after Test No. 2.

Image analysis of the fluorescence micrographs was performed
using a threshold in ImageJ software (NIH, USA). The individual par-
ticle area and perimeter were determined. The resulting area and di-
mensions (Fig. 13) were used to characterize the particle concentration,
size (equivalent circular diameter ECD), and shape (aspect ratio ESR).

The ESR factor provides information on the shape of the particles:
between 0 and 1.5, the particles are round, between 1.5 and 3, they are
elongated, and beyond 3, they are fibrillar. For both tests, the majority
of particles were in the ESR ranges of 1.5–3 (30%–37%) and 4.5–6
(35%–44%) (Fig. 13 a). Morphological quantification of the poly-
ethylene particles on the surface of CoCrMo revealed that they were
more elongated for Test No. 1 (37%) and more fibrillar for Test No. 2
(44%). Taking into account all the detected particles, the difference in
shape for the two tests was not significant. The average ESR was ap-
proximately 4, indicating fibrillar-shaped particles (Fig. 13 c).

The ECD factor is used to qualify particles according to their size.
The distribution of polyethylene particles was similar for both tests, and
the frequency decreased with increasing size. The smallest particles
(between 0 and 5 μm in size) were, in the majority, representing 69% of
the particles for Test No. 2 and 49% for Test No. 1 (Fig. 13 b). Above
5 μm, the number of particles decreased with increasing size. UHMW-
PE particles with an ECD>5 μm were always more numerous in Test
No. 1 than in Test No. 2. The size distribution differed significantly
between the two tests: the polyethylene wear debris was 3 times less
numerous (5,549) and 2.3 times smaller (ECD: 6 μm) for Test No. 2 than
for Test No. 1 (15,149 particles with an average diameter of 14 μm)
(Fig. 13 c).

Fig. 9. Release of metal ions after biotribocorrosion experiments compared
with immersion test of CoCrMo in supplemented RPMI-1640 for 6 h (Control).
The error bars correspond to the detection limit of the device, which was 0.5;
4.6 and 1.2 ppb for Co, Cr and Mo, respectively.

Fig. 10. Average coefficient of friction for UHMW-PE against CoCrMo in sup-
plemented RPMI-1640 after sliding 1, 2 and 3 of the biotribocorrosion experi-
ments.

Fig. 11. SEM photomicrographs showing the UHMW-PE pins surface after biotribocorrosion Test No. 1 (a) and No. 2 (b). The arrows indicate wear particles and the
circles indicate the thick third-body.
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To complete the morphological analysis of the polyethylene wear
debris, the gelled supernatant was also analysed using fluorescence
microscopy. The sampling of the RPMI-1640 solution gelled with agar-

agar, enabled to obtain complete quantitative information for the par-
ticles. The results of the analysis are presented in Fig. 14. The number of
generated particles was clearly higher for Test No. 1 (8,122 particles/
ml) than for Test No. 2 (100 particles/ml). In both cases, the con-
centrations were higher than that those obtained for a sample of RPMI-
1640 solution, which served as a control (32 particles/ml). This low
concentration most likely corresponds to polluting fluorescent particles
that were trapped during gelling of the supernatant. The calculated
average surface area of the particles generated after Test No. 1 was
similar to that of the control (16.6 and 19.3 μm2), whereas it was almost
10 times higher for Test No. 2 (152.9 μm2).

4.6. Biological Analysis

MTT staining assays and LDH assays were performed on a mouse
macrophage cell line (RAW 264.7) grown on CoCrMo. Measurements
were taken at 24, 48 and 72 h after seeding the cells on CoCrMo disks.
These analyses were used to verify the viability/proliferation of mac-
rophages (MTT test) and possible CoCrMo-induced cytotoxicity (LDH
test). The absorbance values were converted into percentages and are
presented in Fig. 15. The results were not significantly different
(p >0.05), after 72 h with or without CoCrMo material, indicating that
it does not induce cytotoxicity on RAW 264.7 cells. The negative per-
centages are because the measured absorbance was lower than those of
the control sample. Thus, the CoCrMo alloy did not significantly affect

Fig. 12. Fluorescence microscope images of CoCrMo surface (black or green) with polyethylene wear debris (red) for biotribocorrosion tests: a) No. 1 and b) No. 2.
The dotted areas represent the wear tracks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 13. Large distribution of polyethylene wear particles observed on the CoCrMo surface by a) shape (ESR) and size (ECD) parameters completed by c) mean and
standard deviation of both ratios.

Fig. 14. Frequency and average size of polyethylene wear particles extracted
from the supplemented RPMI-1640 after testing. The control values refer to
supplemented RPMI-1640.
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the viability or induce toxicity.
The number and morphology of cells were monitored by fluores-

cence microscopy. Fig. 16 presents fluorescent images of the murine
macrophages cell line revealed by a lipophilic marker (Test No. 1) and
an intracellular pH marker (Test No. 2) during biotribocorrosion tests
after the sliding sequences.

The lipophilic marker uniformly highlighted the membrane of the
macrophages without difference (Fig. 16 a, b, c). The intracellular pH
marker, used during Test No. 2, revealed a majority of weakly blue-
labelled cells (pH=7) with some of them yellowish, indicating an in-
tracellular pH of 4.5–5 (Fig. 16 d, e, f). The green intensity represents
acidification in acidic endosomes, lysosomes, and phagosomes.

After accounting for the difference in magnification of the images
between the two tests, the cell density was calculated over time. Image
processing was performed using ImageJ (binarization, particle area
analysis, distribution) to count the number of cells per image surface.
The cell density during biotribocorrosion tests is indicated at the
bottom of each images. The cell number decreased over time from
50,000 to 29,200 cells/cm2 for Test No. 1 and from 30,000 to 14,600
cells/cm2 for Test No. 2. For both tests, the cell density decreased over
time. At the end of the friction sequence (5–7 h), only half of the cells
that were initially cultured are counted.

Morphological analysis was performed based on the fluorescent
images (Table 3). The average cell surface area for Test No. 1 increased
from 109 to 165 μm2 over time, unlike for Test No. 2, where it de-
creased from 126 to 88 μm2. The variation in size was not statistically

Fig. 15. Cell viability and toxicity of murine macrophages RAW 264.7 culti-
vated on CoCrMo in RPMI-1640 for 24, 48 and 72 h. The control corresponds to
cells cultivated in petri dishes without CoCrMo alloy. The data were analysed
using one-way ANOVA: p= 0.66 for the viability test and p= 0.36 for the
cytotoxicity test. The results indicate that there was no significant difference in
the viability and cytotoxicity assays with or without CoCrMo.

Fig. 16. Fluorescence microscopy images from the living macrophages cultured in Petri dish discs placed around CoCrMo after sliding sequences of biotribocorrosion.
The cells were stained to reveal lipids membranes for Test No. 1 (a, b, c) and intracellular pH, which indicates an acidic pH (4.7–5) for a yellow green signal, for Test
No. 2 (d, e, f). Note the difference in magnification between the tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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different for Test No. 1 (p= 0.13) as opposed to for Test No. 2 (p=
0.002). The frequency distribution of macrophages for Test No. 1 was
similar (from 0 to 400 μm2), and the range of cell sizes for the three
sequences was narrow (results not shown). The cells after the third
sliding sequence were comparatively larger (190–310 μm2) than those
after sliding 1 and 2, and had a greater range of cell sizes. More small
cells (< 10 μm2) were present after sliding 1 (28%) than after sliding 2
(8%). The sizes of the macrophages after the first sliding of Test No. 2
were not statistically different from one another (p= 0.10), but were
different from those after the second and third sliding (p <0.05). More
small cells, with an area smaller than 110 μm2, were present at the end
of the test, representing 88% (results not shown).

To determine the inflammatory response of the murine macro-
phages cell line to polyethylene wear debris and metal ions, the pro-
duction of prostaglandin E2 was measured using ELISA. As observed in
Table 4, both conditions of Test No. 1 and 2 increased PGE2 production
compared with the control (55.18 pg/ml), however the difference was
not statistically significant (p >0.1). Murine macrophages subjected to
biotribocorrosion test No. 2 produced 2.5 times more prostaglandin E2
than initially (140.89 pg/ml). The two tests were not significantly dif-
ferent (p= 0.30).

5. Discussion

Based on biocompatibility studies of orthopaedic prostheses in-
dicating the differences between simulated degradation products and
those extracted from tissues (size, nature or quantity), we attempted to
improve an existing tribometer. Specifically, we produced degradation
products from the CoCrMo/PE couple in direct contact with macro-
phages. We assumed that the applied conditions might generate mainly
one type of degradation product over another (polyethylene particles or
metal ions). The focus of the study was on the degradation products
generated and their effect on the cellular response of macrophages. The
following discussion is based on the preliminary results presented in
this paper; it is clear that more assays are necessary to confirm the
tendencies described below.

5.1. Metal Ion Generation

For both biotribocorrosion tests, the mean potential EOCP of CoCrMo
in supplemented RPMI-1640 medium fluctuates in the passive domain
range (Fig. 6, Fig. 7, Fig. 8). The UHMW-PE pin acts as a flexible and
soft pin rather than as a grinding pin, such as the hard alumina pin used
in many studies [70–73]. Using an alumina pin to simulate knee or
ankle contact could lead to overestimation of the tribocorrosion of joint

prostheses. However, the dissolution of the CoCrMo alloy differed for
the two tests performed in this study, which is explained by the dif-
ferent surface conditions and sliding velocities. It is essential to recall
that the sample from Test No. 1 had a higher roughness (manual pol-
ishing with dry paper vs. the mirror polishing used for sample No. 2).
This difference is reflected in the corrosion properties of the CoCrMo
alloy, which were evaluated by monitoring the evolution of the OCP.
The dissolution mechanisms of the CoCrMo alloy, generating metal
ions, appeared to be different for these two tests:

• For Test No. 1, the potential of CoCrMo was approximately
−250mV/SCE, which corresponds to the pre-passive range of
CoCrMo in RPMI-1640 medium (Fig. 7). The slow evolution of the
EOCP (from −250 to −150mV/SCE) during the friction test sug-
gested that the protective quality of the passive film increases over
time. Under friction, there was no evidence (potential drop and
transient) of mechanical removal of the passive film because the
friction speed was too low to record some passive film removal. The
similar rate of Co ion production and low Cr ion increase in the
medium compared with the control (Fig. 9) also indicates that the
passive film was weakly affected by the mechanical wear and that
the maintenance mechanism of the passive film was similar. The
experimental conditions in Test No. 1 appear to favour chemical
wear at the expense of mechanical wear.
• For Test No. 2, the initial corrosion potential was higher (between
−100 and 300mV/SCE) and decreased over time (Fig. 8). This re-
sult suggests that the CoCrMo in sample No. 2 was more passivated
in its initial state and then underwent depassivation. The dis-
crepancy with the results for Test No. 1 can be explained by the
previously mentioned surface condition difference: the fineness and
uniformity of the polishing of CoCrMo of Test No. 2 induces a higher
reactivity of the material. Immediately after polishing, the sample
stored in air exhibited a native oxide layer that was more homo-
geneous than that grown on a SiC polished surface. Immersed in the
solution, the EOCP characterizes the reactivity of the passivated
surface with more noble values. However, this passive film appeared
to be more sensitive to external stresses, especially after sliding
under the pin. The breakdown of the passive film was characterized
by a transient in the EOCP curve.

The increased levels of metal ions (Co, Cr, Mo) measured after ICP-
MS analysis (Fig. 9) confirmed that low dissolution accelerated by
friction and depassivation occured for Test No. 1 and 2, respectively.
Depassivation favours more chromium ions (Cr3+) and molybdenum
ions (Mo4+) than cobalt ions (Co2+) because the passive film of
CoCrMo is mainly composed of Cr2O3 [74]. The molybdenum level,
which was higher for Test No. 2, is precisely involved in the re-
construction and repair processes of the passive film, confirming some
ruptures in the passive film, as mentioned before. The biotribocorrosion
Test No. 2 would further promote the depassivation of the passive film
by friction of the polyethylene pin, resulting in a higher metal ion
concentration in supplemented RPMI-1640 than in Test No. 1. The
mirror-polished surface appeared to be more sensitive to tribocorrosion
than SiC polished surface. The difference in overall reactivity (evolution
of the OCP) between the two tests appears to underline the role of the
surface roughness and sliding velocity in the reactivity of the CoCrMo

Table 4
Analysis of PGE2 in supernatants in biotribocorrosion tests using the ELISA
technique. The control corresponds to the cells immersed in the supplemented
RPMI-1640 medium. The data were analysed using one-way ANOVA followed
by a multiple comparison test. ap= 0.10 compared with control, bp= 0.18
compared with control and p= 0.30 by comparing both tests.

Control Test No. 1 Test No. 2

Prostaglandin E2 (pg/ml) 55.18 100.65b 140.89a

Table 3
Mean area of macrophages cell lines after the three sliding sequences of the biotribocorrosion tests. The data were analysed using one-way ANOVA followed by a
multiple comparison test: p= 0.13 by comparing the three sliding sequences for Test No. 1 and p= 0.002 for Test No. 2, and ap <0.1 and, b p <0.05 compared
between tests.

Test Slid. 1a Slid. 2b Slid. 3b Significance

Cell mean area (μm2) No. 1 109.2 ± 2.2 143.1 ± 2.6 165.7 ± 3.2 p= 0.13
No. 2 126.7 ± 1.9 112.1 ± 1.7 88.5 ± 1.3 p= 0.002
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subjected to biotribocorrosion tests and consequently on the rate of
metal ion release into the environment. This device could highlight the
sensitivity to this parameter.

The CSR+Rh sequences correspond to a latency period, where no
friction is applied and vertical movements of the pin causes convection
movements to promote metal ions dispersion in solution. During these
periods, repeated twice, the surface reactivity of the two samples was
not the same:

• In Test No. 1, these sequences resulted in a significant increase in
potential from 400 to 500mV, which reflects the reactivity of the
CoCrMo/RPMI-1640 interface. The potential increase can be at-
tributed to faradic reactions, relative to oxidation-reduction (mate-
rial and electrolyte) and non-faradic reactions, where no electron
transfer but only charge/discharge of the double layer occur
[75–78]. When friction stops, the double layer is likely readjusted by
the charge effect. This phenomenon is accompanied by the sur-
rounding contribution of the electrolyte to the contact surface re-
leased by the pin. The influx of new chemical species such as pro-
teins and dissolved oxygen confers a higher oxidizing power to the
solution and thus accelerates the surface reactivity. The structure of
the double layer and the specific adsorption of ions affect the ki-
netics of the electrode processes, resulting in a change in the po-
tential. The large amplitude of the OCP peaks during the CSR+Rh
sequence can be explained by the agitation of the solution by ac-
celeration of the charge effects and the solution contribution. Fi-
nally, the hydrodynamic and chemical conditions of the solution
play decisive roles in the reconstruction of the film.
• The potential curve of Test No. 2 does not vary between the sliding
and CSR+Rh sequences. As mentioned previously, cobalt exposes a
well-constructed passive film on the surface. From an electro-
chemical viewpoint, it mainly contributes to interfacial phenomena
between the material and solution and has a capacitive behaviour.
Reactions involving solvated ions in the double layer are not directly
accessible because of the shielding power of the film. The measure
of OCP does not allow access to the double layer if the passive film is
well developed. The metal alloy appears to be less exposed because
of the presence of passive film. Thus, the oxidizing power mentioned
above would be mitigated by the presence of this film. In addition,
the CoCrMo sample is always constrained during rheology, which
locally does not modify the solution as much, i.e. the double layer
and surface released by the pin are more restricted.

Finally, in this study, corrosion accelerated by wear was a minor
phenomenon with a UHMW-PE /CoCrMo contact. This finding is con-
sistent with the fact that dissolution contributing to wear is marginal. It
was evaluated at 10% on CoCrMo in physiological fluid [76]. Finally,
for the rheology phase, it would be useful to evaluate the non-faradic
reactions with low sliding displacement (0.6 mm/s).

5.2. Polymeric Wear Debris Generation

One of the particularities of the biotribocorrosion set-up is that it
allows the generation of both ions and polyethylene wear debris in the
same environment. The wear mechanism of the polyethylene/CoCrMo
alloy contact was evaluated by examining the variation of the friction
coefficient during sliding; the wear volume of UHMW-PE; and the
shape, nature and distribution of the polyethylene wear particles.

For both biotribocorrosion tests, a low friction coefficient was
measured (< 0.12), suggesting that the UHMW-PE/CoCrMo couple
operated under boundary lubrication (Fig. 10). The decrease of the
friction coefficient values is dependent on the characteristics of the
lubricant and especially of the proteins. In supplemented RPMI-1640,
proteins are present at 6.18 g/l. They are most likely adsorbed on the
metal surface, forming a layer at the nanoscale that is driven by the
physico-chemical properties of the surface [79]. Under tribological

contacts, previous studies have shown that proteins lubricate the sur-
face of materials by forming a complex film and thus significantly re-
duce the COF [23,80,81]. These results are consistent because the
RPMI-1640 is a biological medium that is rich in organic compounds.
However, large molecules (hyaluronic acid and albumin) could form
rollers containing lipids on the surface, filling the space between the
first bodies and increasing the friction coefficient [82]. We assumed
that this difference results from the competitive adsorption (Vroman
effect [83]) between organic molecules in terms of dynamics and con-
formation. Small molecules preferentially adsorb on the surface before
large, less mobile ones.

Although the amplitude and distribution of contact pressure can
affect wear rates, we compared the wear volumes in this study with
those determined from similar previous data [41,84–86]. The wear
volumes of UHMW-PE determined in this study were consistent with
those reported in previous studies involving 1050 UHMW-PE, ranging
from 1.2 to 17.8mm3/MC. The discrepancy between the results for the
two tests in this study can be explained by the surface conditions of the
CoCrMo i.e., the roughness. In a polymer/metal contact, wear is as-
sumed to mainly affect the polymer component, which is softer than the
metal component. Adherence sites result in a higher wear rate of the
counter. Therefore, Test No. 1, with a rougher cobalt surface, promotes
adhesive wear. The accumulation of polyethylene wear particles in the
wear track is consistent with the predominant wear mechanism
(Fig. 12). In contrast, the smooth surface of cobalt in Test No. 2 appears
to promote abrasive wear, and the third body would act more as a lu-
bricant. Wear debris are trapped and crushed in the contact, and limited
debris is ejected. Although wear is affected by many factors, these re-
sults are consistent with those in the literature, as adhesive wear is the
predominant wear mechanism of joint replacements [87].

Fluorescence observation of the polymer wear debris on the contact
surfaces and in the solution revealed a large number of round poly-
ethylene particles for Test No. 1 and small fibrillar-shaped particles for
Test No. 2. The spherical shape is more consistent with the wear par-
ticles retrieved in synovial fluid from well-functioning total ankle ar-
throplasties [88]. However, previous work has shown that the number
of fibril-shaped polyethylene particles increases over time during wear
tests [41,89], which could explain the discrepancy in the particle shape
between the two tests, which lasted 5 and 7 h. In this study, we col-
lected the polyethylene wear particles, without further digestion pro-
cesses because previous studies have shown that complex digestion
processes lead to changes in the physicochemical characteristics, of
isolated wear particles [90]. However, the synthesized wear particles
were most likely surrounded by a thin layer of protein or cellular debris,
which can cause a differential response in cellular toxicity.

5.3. Cytotoxicity of Degradation Products and Clinical Concern

5.3.1. Viability of Macrophages
In situ observation of living macrophages during biotribocorrosion

tests provides additional information on the cell viability, as fluorescent
images enable determination of the cell viability by monitoring changes
in the cell density, mean cell surface distribution, and specific markers
of the inflammatory response (Fig. 16). In this study, the cell density
decreased by nearly half after 5–7 h, suggesting that the degradation
products generated (ions and debris) significantly and negatively af-
fected cell proliferation. Preliminary viability/cytotoxicity tests (MTT
and LDH) of macrophages on CoCrMo for 72 h indicated that the cy-
totoxicity does not originate from the material itself but most likely
from the degradation products generated during the biotribocorrosion
tests (Fig. 15). The cellular conditions (temperature and carbon dioxide
levels), which were kept stable throughout the tests, were not con-
sidered to be a decisive disruptive element in the proliferation. More-
over, cytotoxicity values are< 5% indicates that the possibility of
contamination from dirty material is negligible. No traces have been
visually detected and the LDH test is recognized as a very suitable test
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to detect cytotoxicity. The LDH test rejects the existence of con-
tamination.

The macrophages behaved differently in the two biotribocorrosion
tests performed: their average surface area increased, i.e. they spread
over the support surface and favoured their attachment point in Test
No. 1, whereas their average surface area decreased during test No. 2,
which implies shrinkage. In general, monocytes strongly adhere to most
surfaces initially, however, a disruption of adhesion signals can pro-
mote cell detachment and induce apoptosis [91]. Moreover, the topo-
graphy of the alloy surfaces has a direct effect on the adhesion and
activation levels of macrophages. Previous studies have shown that
macrophage adhesion increases on rough surfaces compared with that
on smooth surfaces, because of the increase in the number of adhesion
points [92]. The decrease in macrophage adhesion in Test No. 2 may
have resulted from both the smooth metal surface, which reduced the
number of adhesion points, and the effect of wear debris on the adhe-
sion signals. The cell shape characteristics may be related to their
phagocytic capacities. Some authors have suggested a ruffled and ir-
regular cell membrane for pulmonary macrophages after phagocytosis
of the particles [93]. The macrophages may have been in a more ad-
vanced phagocytosis stage during Test No. 2 than during Test No. 1,
which would indicate an inflammatory state that is consistent with the
larger amount of debris analysed. Cell shape changes have also been
associated with different functional states of cells (proliferation and
apoptosis), nuclear organization, cell differentiation, and muscle cell
contractility. Even if the surface characteristics could not be visualized
at the selected magnification, the restriction in surface area of cells
exposed to Test No. 2 indicates a degree of cellular damage [94].

The final point was corroborated by analysis of prostaglandin E2 in
supernatants (Table 4). The measured PGE2 level was 2–2.5 times
higher for both biotribocorrosion tests than for the control, suggesting
that PGE2 is sensitive to all the generated degradation products (poly-
ethylene debris and ions). The measured amount of PGE2 was nor-
malized by the total amount of proteins released into the extracellular
medium and therefore by the number of cells, facilitating comparison.
It has been postulated that the phagocytosis of wear particles and metal
ions can activate macrophages, causing the release of several in-
flammatory mediators (TNF-α, IL-1β, IL-6, PGE2) that have the poten-
tial to stimulate bone resorption. Shanbhag et al. [95] and Voronov
et al. [55] have demonstrated an increase in the production of PGE2 in
response to exposure to submicron polyethylene particles. Shrivastava
et al. [96] also demonstrated that macrophages with Co and Cr ions led
to the release of TNF-α and PGE2. The variance in cytokine response
between the two biotribocorrosion tests in this study can be explained
by the same reason mentioned above, where the soluble nature of ions
has a more rapid effect on cellular metabolism. PGE2 synthesis appears
to be sensitive to exposure to degradation products, and is both dose-
dependent and product-composition-specific [97]. This study suggests
that, when exposed to both polyethylene wear debris and metal ions,
murine macrophages tend to be more affected by metal ions owing to
their easier internalization by endocytosis, increasing their cytotoxic
character. However, because of the lack of reproducibility of the tests,
the cytokine analyses were not significantly different for the control and
the two tests (p >0.1). The above conclusions are thus assumptions
that remain to be confirmed.

Numerous factors may affect macrophage cell line behaviour near
CoCrMo surfaces, including the current distribution created by the
position of the counter electrode around the metallic sample and the
interaction of this current with the bioelectric properties of the cell
surfaces and membranes. Previous works have shown that a bioelectric
field can induce reversible permeability (electroporation) or event
apoptosis of cells [98,99]. It is clear that the disposition of the elec-
trodes can induce current distributions and thus macrophage viability.
Future tests should be performed to determine the extent to which
electrochemical assembly may compromise biological results.

5.3.2. Clinical Relevance of Degradation Products
The two distinct behaviours in cell morphology observed in this

study can be explained by the nature of the degradation products in the
biotribocorrosion tests. As mentioned above, Test No. 1 generates more
polyethylene wear debris than Test No. 2, which promotes the dis-
solution of metal ions. Because of their soluble forms, metal ions are
easily evacuated in solution and then react faster on macrophages
metabolism than polyethylene wear debris. The critical factors gov-
erning the cytotoxicity of degradation products differ depending on
whether the products are debris or ions. The biological reactivity of
wear debris on macrophages depends on the shape and size of the
debris more than on its concentration, whereas the cytotoxic character
of metal ions depends on the nature of the ions and mainly on their
concentration [100].

The results of ICP-MS analysis indicated that chromium ion were
significantly the main product of the dissolution of CoCrMo during Test
No. 2. At equal concentrations, chromium is known to induce the
greatest inflammatory response followed by cobalt, nickel and mo-
lybdenum [3,5]. The results of Test No. 2 suggest that metal ions, and
especially chromium ions, are mainly responsible for the cellular da-
mages due to their nature, concentration and mobility in the physio-
logical fluid. It is difficult to directly compare clinical data of metallic
ion concentration with that obtained in biotribocorrosion tests. How-
ever, a previous study reported concentrations of up to 2 ppm Co and
12 ppm Cr measured in tissues around CoCr devices from revision of
total hip replacements [101], whereas another study reported higher
concentrations of up to 67 ppm Co and 260 ppm Cr [102]. These con-
centrations are very high compared with the conditions simulated in
this study and could explain the modest variations in cellular beha-
viour. The discrepancy is mainly attributed to the exposure time, which
was underestimated in our study compared with the tissues analysed. In
addition, in vivo metal ions can be easily transported out of a joint
contact, significantly reducing the concentration in the tissues sur-
rounding the implant. In this study, in which the system was closed, the
concentration can increase rapidly. Therefore, metal ions directly ori-
ginating from tribological sites (as in this study) can accumulate in high
doses and lead to highly toxic conditions, which are far from clinical or
real conditions. Determination of the exact mechanisms responsible for
the cytotoxic character of metal ions on murine macrophages would
require further assays. Based on previous works, metal ions would most
likely stimulate a hypersensitivity response, induce the oxidation of
cytoplasmic proteins [35], create an oxidative stress, and activate the
secretion of pro-inflammatory cytokines that generate osteolysis of
metal implants [5,40,103]. Our data suggest that at clinically relevant
levels, macrophages are subjected to chromium release (Cr3+ or Cr6+)
that is highly toxic to local bone cells in the prosthesis microenviron-
ment, leading to several clinical implications for local bone health. The
suppression of osteoblast activity may explain early aseptic release as a
failure of primary osseointegration. Cell co-culture assays could be
considered to elucidate the synergistic effects of ions and pro-in-
flammatory cytokines on bone cells.

Macrophages are present at significantly higher concentrations in
osteolysis areas and are responsible for bone loss in osteolytic lesions.
Exposure of implant wear particles to macrophages is known to result in
the release of inflammatory cytokines and activation of the RANKL
pathway. Macrophages have been shown to react with polyethylene
particles, which are small enough to undergo phagocytosis (0.3–10 μm)
[54,104], with those between 0.1 and 1 μm in size being the most re-
active [2,6]. Larger particles cause little inflammatory reaction and are
therefore unlikely to stimulate osteolysis [105]. The results of the two
biotribocorrosion tests in this study suggest that the smallest particles
(16.6 μm) affect the viability of macrophages more than larger particles
(Fig. 14). The size of wear debris collected in peri-prosthetic tissues
range from submicron levels to 100 μm [88], which corresponds well to
the size of the particles generated in this study. It is particularly in-
teresting to note that the number of particles in Test No. 2 (5541) was
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three times less than that in Test No. 1 (14,394), but led to higher cy-
totoxicity on macrophages (Fig. 13, Table 3). Other studies have al-
ready shown that size and shape (but not quantity) of wear debris are
some of the major factors determining cytotoxicity on monocyte-like
cells. A smaller volume of more active debris is essentially equivalent to
a larger volume of fibrillary-shaped debris.

Polymer particle shape is also thought to be an important factor
determining tissue reaction and osteolysis. The particles characterized
from the peri-prosthetic tissues of retrieved implants were round, oval,
needle-shaped, and spike-shaped [106,107], corresponding to the
shapes of the polymer wear debris generated in this study (Fig. 13).
However, there are still disparities in the analysis of the physico-che-
mical characteristics of wear particles and degradation products of
tissue samples in different studies, which result from the variation in
the isolation methods used by researchers [43–45]. This study makes it
possible to avoid these controversies, and it is therefore possible to
consider that the polymer wear particles from these biotribocorrosion
tests are not too different in size from the debris produced in vivo.
However, further studies are needed to confirm these statements. It has
also been demonstrated that a rough surface and fibrillary shape leads
to increased cytokines production compared with a smooth surface and
globular shape [108,109], which is consistent with the fluorescence
image analysis of macrophages revealing more cytotoxicity during Test
No. 2 in the current study (Fig. 16). The roll-shaped and fibrillar par-
ticles may stimulate a greater inflammatory reaction of surrounding
macrophages over time than round particles produced during Test No. 1
(Fig. 11 and Fig. 13). Polyethylene wear debris are associated with an
immune response that triggers osteolysis and aseptic loosening
[110–112].

Because the metal ions were much more concentrated in Test No. 2,
it is possible that they acted in accordance with the particles. Indeed,
metal ions embedded in polyethylene particles [113] can act as cata-
lysts, increasing the rates of oxidation and changing the particle surface
chemistry. The oxidized particles could result in enhanced cellular ac-
tivation to compare with non-oxidized particles. Within the time frame
of Test No. 1, the absence of fluorescence variability over time may also
be due to either a lack of sensibility or too short of contact time between
the debris and macrophages. The form of cell death and the release of
pro-inflammatory cytokines appears to be time-dependent [100]. An
incubation time of at least 24 h would determine whether it is time
dependent.

Moreover, because of the smaller size of metallic nanoparticles re-
lative to microparticles, they can also be dissolved in fluids, leading to
more impairment in phagocytosis and increased toxicity to macro-
phages. In this study, the underestimation of nano- and micro-CoCrMo
particles present in the medium could further explain the differences
from the results of other in vitro studies. These particles could con-
tribute to toxicity, as small particles can be phagocytosed more fre-
quently and more rapidly than larger particles. Particles can also be
dissolved, therefore, the total ions levels depend on the residence time
and their location in the human body [40,103]. Particles are is there-
fore of importance even though it is difficult to extract them from
periprosthetic tissues without dissolving them.

5.4. Effect of Multiple Parameters

The experimental conditions used in the different biotribocorrosion
tests differ in terms of the mechanical parameters (CoCrMo roughness,
sliding velocity, loading during rheology sequence), biological para-
meters (fluorescent marker, cell density), and test duration. The sy-
nergistic effects between these factors are difficult to consider at the
same time. Therefore, the variation of mechanical parameters was
mainly discussed during the establishment of the wear mechanisms and
surface reactivity. The biological parameters and roughness of CoCrMo
were addressed during the cellular study. The duration of the tests was
taken into account both for the cellular response and the degradation

processes of the materials (shape of polyethylene wear debris).
Synergistic effects may occur between these multiple factors, with
further work required to identify them.

6. Limitations

Although the proposed biotribocorrosion set-up provides a multi-
disciplinary approach to examine contact joint durability, there are
several important limitations inherent to this study.

Temperature variations, even of less than 1 °C, can significantly
affect the focus of fluorescence images of cells [114]. Therefore, tem-
perature control of the microscope should be provided. Some highly
reactive chemicals, products of the photobleaching process (also termed
fading), can also interfere with cellular processes. It is therefore im-
portant to minimize light exposure to preserve both the fluorescence
signal and normal cellular activity [114].

Short-term testing (7 h) may underestimate long-term cumulative
toxicity responses and therefore overestimate tolerable thresholds in
vivo. Longer duration tests are required to elucidate the relationship
between the particle quantity and clinical outcomes over medium- and
long-term monitoring. The dissolution rate of joint prostheses with
CoCrMo/polymer contact must also take into account active and pas-
sive periods of stress to simulate daily activities.

Similarly, the tribological system does not take into account the
evolution of load over time. Biotribocorrosion tests were performed
using a pin-on-flat contact, which may not reflect the applied tibiotalar
kinematics in vivo. The ankle joint mechanics include dorsiflexion and
plantar flexion, which could induce a higher wear rate and generate
dissimilar wear debris. For an ankle prosthesis, the mechanical forces
exerted vary depending on the gait cycle. The absence of a dynamic
force cycle is one of the limitations of this study. In addition, the ex-
periments were performed with an applied force of 35 N, resulting in a
contact stress of 25MPa, which is in the load range calculated for ankle
replacement. However, the peak contact pressure is dependent on the
prosthesis model: Agility ranges from 26 to 36MPa, that for BOX is
between 10.3 and 16.1MPa and STAR has a contact pressure greater
than 20MPa [65]. Stack et al. performed one of the few works with
very low loads on a Co-Cr/UHMWPE couple [37]. They showed that at
low loads (0.5–3 N) and anodic potentials, corrosion prevails over
abrasion. This finding is consistent with our results because the abra-
sion was relatively low. Therefore, the relevance of this study lies in the
use of low contact stress, as other tribocorrosion studies have been
performed under higher contact stress (800–1270MPa) because of the
applied load and geometry of the counter body [71,115]. Future work
should focus on tests that can apply a load/discharge simultaneously
with the friction movement, with an initial contact pressure that can
reach 100 N, to study different friction torques simulating different
joint prostheses.

Our preliminary studies show that polymer wear debris produced
directly in cell culture medium, significantly affect the proliferation and
inflammatory response of macrophages. Although no specific assays of
metal nanoparticles were performed, it is clear that the cells could also
be affected by their cytotoxic character [57]. Clearly, further studies are
needed to determine the amount of metal nanoparticles produced, as
these nanoparticles are likely to form in vivo upon mechanical abrasion
of the implant oxide film surface.

It is important to note that there are many differences between the
biological environment and current experimental conditions. The so-
lution used was not as simple as that typically used (0.9% NaCl);
however, compared with the synovial fluids present in the human body,
the solution remains simplified. It is known that proteins contained in
vivo, such as macrophage inflammatory protein (MIP)-1, can increase
inflammatory effects. Proteins also act as limiting lubricants that reduce
friction, and thus wear on the metal surface. Upon deposition on the
surface of the metal, proteins form a carbonaceous layer with ions and
salts known as tribolayer [80,116,117] with a protective nature
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[53,116]. The protein adsorption could i) modify the stable growth of a
protective oxide film, ii) limit oxygen diffusion for repassivation [118],
and/or iii) reduce mechanical stimulus by lubrication. These factors
could explain the low ionic dissolution of CoCrMo exposed to bio-
tribocorrosion tests in RPMI-1640 because the adsorption of organic
compounds, such as proteins, occurs in the passive domain of CoCrMo
alloys [119]. Thus, a simulated medium similar to the synovial fluid,
such as the biomimetic fluid developed by Sava et al. [58], and ideally
in which cells can proliferate [120], should be used in future work.

The in vitro study used murine cell lines that can only approximate
human conditions and cells in vivo. Generally, established cell lines are
more resilient than primary cells and therefore represent a conservative
upper limit of tolerable conditions for these cell types. Previous studies
have shown that established cell lines can be two to three times more
tolerant to the exposure of CoCrMo alloy particles than primary cells
[121]. Human macrophages, such as the SC cell line from ATCC (CRL-
9855) should preferably be used for further clinical transfer in future work.

One of the limitations of this study is the lack of repeatability of the
biotribocorrosion tests. As mentioned above, this study presents pre-
liminary results to demonstrate the potential of the designed experi-
mental system. However, it is clear that further testing is required to
support the current assumptions and conclusions. Specifically, the
bioassays should at least be performed in triplicate and supplemented
by targeted analyses of pro-inflammatory cytokines.

7. Conclusion

The aim of the present study was to develop a biotribocorrosion set-
up, based on an existing tribometer, to simulate the physiological
conditions of a prosthetic joint contact. The main advantage of the
proposed system is the ability to simultaneously perform tribological,
electrochemical and biological analyses in an environment adapted to
cell culture. Degradation products generated by UHMW-PE/CoCrMo
alloy contact (metal ions and polymer wear debris) were evaluated, and
their toxicity on living murine macrophages was examined. Our pre-
liminary results suggest that two types of degradation mechanisms
(ionic and adhesive wear) can be promoted depending on the experi-
mental conditions (roughness and sliding velocity), which implies the
presence of either polyethylene wear particles or metal ions. These
findings indicate that the degradation products generated by the bio-
tribocorrosion set-up, which attempts to mimic in vivo conditions, could
be considered as a model system to study the toxicity of degradation
products on cells without the need to use ionic salts or commercially
available model wear particles. Our in vitro results suggest that metal
ions induce a higher inflammatory response on macrophages than
polymer wear debris, because of their mobility and soluble state. This
multidisciplinary study suggests the need to simultaneously test clini-
cally relevant doses of wear particles and ions and to further investigate
the cellular response over the long term.
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