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Abstract

Evidence that macrophages can play a role in accelerating corrosion in CoCrMo alloy in total hip 

replacement (THR) interfaces leads to questions regarding the underlying cellular mechanisms and 

immunological responses. Hence, we evaluated the role of macrophages in corrosion processes 

using the cell culture supernatant from different conditions and the effect of wear particles on 

macrophage dynamics. Monocytes were exposed to CoCrMo wear particles and their effect on 

macrophage differentiation was investigated by comparisons with M1 and M2 macrophage 

differentiation. Corrosion associated macrophages (MCA macrophages) exhibited upregulation of 

TNF-α, iNOS, STAT-6, and PPARG and down-regulation of CD86 and ARG, when compared to 

M1 and M2 macrophages. MCA cells also secreted higher levels of IL-8, IL-1β, IL-6, IL-10, TNF-

α, and IL-12p70 than M1 macrophages and/or M2 macrophages. Our findings revealed variation 

in macrophage phenotype (MCA) induced by CoCrMo wear particles in generating a chemical 

environment that induces cell-accelerated corrosion of CoCrMo alloy at THR modular interfaces.
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1.0 Introduction

Total hip replacement (THR) is one of the most common and successful medical 

procedures1. Yet, of the 332,000 THR procedures performed in the United States in 2017, 

8.6% will require revision, according to statistics from the American Joint Replacement 

Registry2. Among the main factors leading to implant failure are infection, instability, and 

foreign body reactions to wear debris and corrosion products from the implant3–5. Fretting 

wear and corrosion within the implant’s modular taper junction are prominent causes of 

implant failure, as they promote the release of corrosion products and subsequent 

development of adverse local tissue reactions 6. Being a multifactorial process, several in 
vitro models have been developed to recreate the in vivo corrosion process, often described 

as mechanically-assisted crevice corrosion. Considering the excellent corrosion properties of 

CoCrMo alloy, the severity of chemically-generated damage observed at the modular 

interface has been surprising and poorly understood. Recent reports by Hall et al. showed 

cell-like features with trailing patterns at the taper interface of the modular junctions of 

retrieved implants7,8, suggesting the possible involvement of cells in accelerating corrosion. 

Also, severe corrosion damage such as pitting, intergranular corrosion, and localized etching 

have been observed, which points to an aggressive chemical attack. In our previous study, 

we provided substantial in vitro evidence for cell-accelerated corrosion (CAC), highlighting 

the prominent role of macrophages in producing a corrosive chemical environment9. 

Furthermore, we found that macrophages can alter the chemical environment in the presence 

of wear debris generated from CoCrMo alloy and compromise the corrosion properties of 

CoCrMo alloy. However, the cellular mechanisms underlying CAC remain unknown.

As phagocytic cells located in peripheral tissues, macrophages play a diverse role in both 

physiological processes and pathological conditions10. They are a heterogeneous population 

of cells with major functions in inflammation, infection, phagocytosis, host defense, and 

tissue remodeling11–14. They respond rapidly to biomaterial implantation products in both 

soft and hard tissues15. Macrophages are highly plastic and can differentiate into different 

phenotypic subsets16. Depending upon various environmental stimuli, macrophages exhibit 
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different phenotypes17,18. Two major phenotypes are: classically-activated macrophages 

known as M1 macrophages and alternatively-activated macrophages known as M2 

macrophages19. M1 macrophages are immune effector cells with an acute inflammatory 

phenotype20,21, which are activated following infection or injury. They are highly aggressive 

against bacteria and produce large quantities of cytokines21, especially pro-inflammatory 

cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and IL-12. M1 

macrophages also produce high levels of reactive oxygen and nitrogen species22. 

Conversely, M2 macrophages are immunosuppressive and assist in bone regeneration and 

tissue repair. They are characterized by the production of anti-inflammatory cytokines, such 

as IL-4, IL-13, IL-10, IL-1ra, C-C motif chemokine ligand (CCL)18, and CCL2223, as well 

as low levels of reactive oxygen and nitrogen species19. In addition to M1 and M2 

macrophages, Tatano et al. identified polarization of a novel population of macrophages 

(provisionally called M17 macrophages) in response to mycobacterial infection24. These 

cells exhibited markedly increased IL-17 production, leading to upregulated T-helper cell 17 

(Th17) polarization. These reports provide evidence of multifarious polarization capacity of 

monocytes/macrophages in vivo.

1.1 Macrophage polarization by nanomaterials

Nanoparticles are also key signaling factors, which can modulate macrophage 

reprogramming25, depending on their chemistry, size, and shape. Their varying effects are 

primarily attributed to differences in the cellular entry mechanism adopted by different 

nanoparticles. M1 and M2 polarization of various nanoparticles, such as Ag,26–29 Au,30 

WC-Co,31 ZnO,32–34 TiO2,35 SiO2,28,36,37 and superparamagnetic iron oxide 

nanoparticles38–40, have been studied. Polarized macrophages differ from each other on the 

basis of receptor expression, effector function, and cytokine and chemokine 

production20,41,42. The key feature of polarized macrophages is their differential cytokine 

production. Although the role of macrophages in corrosion of the modular junction of 

CoCrMo alloy in THR has been reported, their polarization at the corroded head-taper 

interface remains poorly understood7,43–45. CoCrMo wear particles, which are mostly within 

the nanometer-range (10–100 nm in diameter), but can also reach the micrometer-scale, are 

the major component released during fretting corrosion at the head-neck taper interface of a 

modular THR implant. Actual particle chemistry can vary. The majority of particles appear 

to be chromium oxide, but alloy particles, chromium phosphate, and metallo-organic 

complexes have also been reported.46 Our group has previously established the differential 

response by the processed and unprocessed states of degradation products obtained from hip 

simulator in inducing neurodegeneration47. Hence, it is imperative to study the 

differentiation of macrophages in response to the clinically relevant wear particles to 

improve our understanding of macrophage action at the taper interface.

The aim of the current study is to provide a better understanding of macrophages and their 

plasticity at the THR taper interface when they encounter wear debris from CoCrMo alloy. 

This is a preliminary study along the path towards determining the mechanism(s) of CAC. In 

this study, the phenotype of wear particle–polarized (MCA) macrophages is compared to the 

phenotypes of M1 and M2 macrophages. In addition, an electrochemical study of metal 

corrosion was conducted using the cell secreted media conditions from M1, M2 and MCA.
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2.0 Methods

2.1 Wear particles generation

Wear particles were generated from CoCrMo alloy samples using a tribocorrosion hip 

simulator with a pin-on-flat configuration. The samples were made of low carbon (<0.05%) 

wrought Co28Cr6Mo7 alloy (Carpenter Technology Ltd., PA, USA) as specified in ASTM 

F1537. The grain size of the alloy was 5.6 μm ± 3.6 μm (excluding twin boundaries). This 

alloy is typically used in orthopedics—most commonly for femoral heads of total hip 

replacements with a diameter of 28, 32 or 36mm. Tribocorrosion experimental conditions 

were developed and optimized previously by Mathew et al. (Figure 1a)48. The tribocorrosion 

hip simulator set-up consisted of a double-walled electrolyte chamber with a heated water 

bath system to maintain a constant solution temperature of 37°C. Contact between the hip 

head and cup was simulated through a pin-on-ball tribosystem, in which the pin (11-mm 

diameter, 7-mm thick) was made of CoCrMo alloy, and the ball was made of Al2O3 (28-mm 

diameter). The ball was placed in contact with the CoCrMo pin, which was supported by a 

polymeric pin holder. The pin had an exposed area of 0.95 cm2 and acted as the working 

electrode (WE). A graphite rod (counter electrode [CE]) and standard calomel electrode 

(reference electrode [RE]) were immersed in the electrolyte solution, to create a three-

electrode electrochemical system. To maintain uniformity, the positions of the electrodes 

were kept constant inside the chamber throughout the study. A load of 16 N was applied as 

the ball articulated on the flat CoCrMo surface. The rotation frequency was set at 1 Hz and 

the amplitude was set at 30 degrees, for a total sliding duration of 750,000 cycles. A 16-N 

load was chosen to achieve a physiologically relevant initial Hertzian contact pressure of 480 

MPa. As the purpose of this study was to generate particles under physiologically relevant 

conditions, the tribocorrosion tests were conducted under free potential conditions (open 

circuit potential [OCP] was monitored) for 750,000 cycles using an electrolyte solution 

based on bovine calf serum (BCS; 30 g protein/L BCS diluted with buffer contains NaCl 

(9g/L, Fisher Bioreagents, Cat#BP358–1), EDTA (200mg/L, Fischer Chemical, Cat#E478–

500) and Tris (27g/L, Acros chemicals Cat#167620010) at pH 7.4 and with added 100 

IU/mL of penicillin/streptomycin antibiotics (Corning, Cat #MT30009CI) during the 

production of CoCrMo wear particles. The applied load, angle of rotation of the ball 

(amplitude of oscillations), and torque were monitored using LabView software (Loadstar 

Ltd, CA). The electrolyte solution was kept at a constant volume of 150 mL (by adding 4–5 

mL of fresh solution per day to compensate for evaporation) and a constant pH of 7.6 

throughout the tribocorrosion tests. The wear particles were collected after 750,000 cycles 

and centrifuged at 12,000 rpm for 20 minutes. The supernatant was then discarded, and the 

pellet was re-suspended in distilled water. A particle concentration of 12mg/ml was obtained 

from the dry weight of 1ml of the aliquot from the stock. The original stock solution was 

stored at −20°C and an aliquot of stock was refrigerated at 4°C (0–4 months) until use. The 

endotoxin levels of the particle samples were checked prior to cell culture tests47.

2.2 Cell culture

Human monocyte (THP-1) cells were cultured in Roswell Park Memorial Institute (RPMI) 

1640 (Corning, Cat#MT10041CM)) media containing 10% fetal bovine serum (FBS; Gibco, 

Cat#10082139) and 100 IU/ml of Penicillin-Streptomycin antibiotics (10,000 IU/ml, Gibco, 
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#15140122, USA). THP-1 monocytes were treated with 5 ng/mL PMA (Sigma, P1585) for 

24 h. Further, the cells were treated in three different conditions 1) M1 macrophages by 

incubating with, 20 ng/mL IFN-γ (R&D systems, Cat# 285-IF-100), and 10 pg/mL LPS 

(Sigma, #8630), 2) M2 polarization by incubating cells with 20 ng/mL IL-4 (R&D Systems, 

Cat#204-IL-010)), and 20 ng/mL IL-13 (R&D Systems, Cat#213-ILB-005)49 and, 3) MCA 

cells were generated by treating CoCr wear particles at a concentration of 1 μg/mL to M0 

macrophages for a period of 24 hours (Figure 2a). The concentration of wear particles was 

chosen based on the dose-dependent toxicity evaluation reported in our previous studies on 

neuronal cells47, monocytes, macrophages and osteoblast cells9. The results from the 

previous study showed that the concentration of wear particles required to challenge the 

monocytes and macrophages with >88% viability after 24 hours was 1 μg/ml.9

2.3 Reactive oxygen species assay

THP-1 monocytes were seeded at 100,000 cells/well in a 24-well plate and differentiated as 

described above. M1 and M2 cells were then incubated with fresh media for 3 hours after 

completion of the differentiation protocols described in section 2.2. M0 cells were treated 

with 1 μg/mL of wear particles for 3 hours (MCA). For comparison THP-1 cells also 

incubated with 3h fresh media. After incubation all the cell cultures were trypsinized and 

triturated to obtain a cell suspension. The suspension was centrifuged at 3000 rpm at room 

temperature for 3 minutes. The cell pellet was then resuspended in 1 mL fresh RPMI 1640 

medium. The cells were then incubated with ROS dye (H2DCFDA, Tocris Bioscience, 

Cat#59–351-00) for 1 hour and then analyzed by flow cytometry using FACScalibur (BD 

Biosciences).

2.4 Gene expression analysis

RT-qPCR was used to determine gene expression to confirm expression of M1 and M2 

macrophages and to characterize the expression of MCA macrophages. A total of 100,000 

THP-1 monocytes were seeded in a 24-well plate, followed by the differentiation to M1 and 

M2 macrophages. After differentiation, cells were incubated for another 48 hours before 

harvesting for RNA isolation. The M0 macrophages were treated with wear particles for 24 

hours to generate MCA prior to RNA isolation. Total RNA was extracted using the Trizol 

method (Trizol reagent, Invitrogen, Cat # 15596026). One microgram of total RNA was 

reverse transcribed using a reverse transcription kit (Applied biosystems, Cat#4374966). The 

relative gene expression of TNF-α, iNOS 2, and CD86 for M1 macrophages and ARG, 

MRC, PPARG, and STAT 6 for M2 macrophages were carried out with Power Up SYBR 

Green master mix (Applied Biosystems, Cat # A25742). GAPDH was used as the reference 

gene for normalization. All the pre-designed primers were purchased from Sigma Aldrich. 

The primer sequence, gene ID and the primer efficiencies were presented in the 

supplementary data (Table S1). The results were quantified by evaluating the relative mRNA 

expression (2−dCT) normalized with GAPDH expression levels of each condition. The data is 

presented as mRNA expression relative to GAPDH. RT-qPCR was performed using the 

Applied Biosciences by Life Technologies qPCR QuantStudio ™ 7.
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2.5 Cytokine bead array

To better understand cytokine expression by MCA macrophages, we performed a cytokine 

bead array experiment. A total of 100,000 cells were seeded in a 24-well plate and 

differentiated as described above. The concentration of a panel of cytokines, including IL-8, 

IL-1β, IL-6, IL-10, TNF-α, and IL-12p70, was determined using the BD CBA Human 

Inflammatory Cytokines Kit, according to the manufacturer’s instructions (BD Biosences, 

Cat#BDB552932). All data were analyzed using FCAP Array V3 software (BD 

Biosciences).

2.6 Electrochemical studies

CoCrMo alloy discs with an exposed area of 0.95 cm2 were mounted onto a custom-made 

polysulfonate multi-well corrosion chamber (Figure 2b). CoCrMo alloy samples polished 

with 320-grit silicon carbide paper were connected to a single channel of an electrochemical 

multiplexer, which was controlled by the Grammy interface 1000E potentiostat in a three-

electrode configuration. The setup included a RE (standard calomel electrode), a CE 

(graphite rod), and a WE (CoCrMo alloy sample). The analysis sequence was as follows: 

OCP-1, potentiostatic scan, OCP-2, electrochemical impedance spectroscopy (EIS), cyclic 

polarization, and OCP3. All measurements were conducted at room temperature using 

different media as the electrolyte solutions: media of the respective cell cultures (105 cells) 

after 24-h incubation of M1 (M0 macrophages treated with M1 differentiation specific 

growth factors) and M2 (M0 macrophages treated with M2 differentiation specific growth 

factors) and MCA (M0 macrophages treated with wear particles) macrophages.

OCP, EIS, and potentiodynamic polarization data were used to determine the corrosion 

tendency, Icorr, and corrosion kinetics. The potentiodynamic tests were performed at 0.8–1.8 

V vs the standard calomel electrode (the RE), with a scan rate of 1 mV/s. The corrosion 

tendency and corrosion potential were derived from the potentiodynamic data. EIS tests 

were performed at OCP at a frequency of 100 kHz–0.01 Hz, with an amplitude of ± 10mV. 

A modified Randle’s circuit was used as an equivalent electrical circuit to model the EIS 

data, from which the resistance to polarization and capacitance were determined.

2.7 Scanning electron microscopy

Cell like features that were earlier observed7 on a retrieved femoral head were further 

analyzed. Scanning electron microscopy (SEM) images were obtained from this severely 

corroded modular head taper made from wrought CoCrMo alloy. This component was 

removed from the patient for pain and instability after 2 years in situ. The taper surface was 

imaged using secondary electron emission with accelerating voltages of 5kV, 10kV, and 20 

kV at magnifications between 250x and 4500x (JSM 6490 LV, JEOL, Peabody, MA). The 

taper section was sputter coated with gold/palladium (80:20) at a thickness of approximately 

4 nm to prevent charging of the cell-like features and thus improving the image quality.

2.8 Statistical analyses

Student’s t-test was used, and a p-value < 0.05 was considered significant in all statistical 

tests. The samples were examined for significance by comparisons to the control samples.
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3.0 Results

3.1 Macrophage differentiation

Microscopic observations showed that, upon treatment with 5 ng/mL phorbol 12-myristate 

13-acetate (PMA) for 24 hours, the human monocyte-like cells (THP-1) adhered to the 

surface of the culture flask and changed their morphology, becoming M0 macrophages. 

Upon treatment with M1 macrophage differentiating factors (lipopolysaccharide [LPS] and 

interferon [INF]-γ), the cells circularized and displayed M1 macrophage–like morphology. 

Upon treatment with M2 macrophage growth factors (IL-4 and IL-13), the cells spread out 

and displayed fibroblast-like morphology (Figure 2b(i)). The cells treated with wear 

particles also became adherent, and spread out with a different morphology closer to M1 

than M2. The cells were maintained in culture for 24–48 hours before performing further 

experiments. The shape factor (W/L ratio) of cells at different conditions was quantified by 

image J software to further understand the difference in morphology. A significant 

difference in W/L ratio was observed in the case of M0, M1 and M2 macrophages. The MCA 

macrophages showed an intermediate morphology in comparison to M1 and M2 

macrophages (Figure 2b(ii)).

3.2 Production of reactive oxygen species by polarized macrophages

Flow cytograms showed live cell populations and cells expressing reactive oxygen species 

(ROS) (Figure 3). M1 macrophages exhibited higher ROS levels than THP-1 monocytes and 

M2. The ROS expression of MCA macrophages was observed to be intermediate between 

M2 and M1 macrophages after 3 hours of wear particle exposure.

3.3 Relative mRNA expression profiles of polarized macrophages

Upon differentiating THP-1 monocytes into M1 and M2 macrophage lineages, gene 

expression analysis was performed to confirm the phenotype of each lineage. Expression of 

CD86 and inducible nitric oxide synthase (iNOS) was significantly higher in M1 

macrophages than in M2 macrophages (p<0.05). Even though TNF-α had a higher value in 

M1 compared to M2 there was no statistically significant difference in expression between 

them. Cells treated with M2-specific factors showed significantly higher expression of 

peroxisome proliferator-activated receptor gamma (PPARG), mannose receptor (MRC), and 

arginase (ARG) (p<0.05) than macrophages differentiated with M1-specific factors. Signal 

transducer and activator of transcription 6 (STAT6) expression did not differ between 

macrophages differentiated with M1- or M2-specific factors. These results confirmed the 

differentiation of monocytes into M1 and M2 macrophages (Figure 4a).

MCA macrophages exhibited significantly higher expression of TNF-α and iNOS (M1 

marker genes) than cells differentiated with M1- or M2-specific factors. MCA macrophages 

exhibited a significantly lower expression of CD86 than M1 macrophages, as well as 

significantly higher STAT-6 expression than both M1 and M2 macrophages. MCA 

macrophage expression of PPARG and MRC was comparable to PPARG and MRC 

expression in M2 and M1 macrophages, respectively. ARG expression was significantly 

lower in MCA macrophages than in M1 and M2 macrophages (Figure 4b).
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3.4. Cytokine profiles of M1, M2, and MCA macrophages

Standard curves were derived for concentrations ranging from 20 to 5000 pg/mL and 0 to 20 

pg/mL to determine the levels of cytokines released by MCA macrophages and to compare 

these levels to the levels of cytokines released from M1 and M2 macrophages. IL-8 showed 

increased levels in both control conditions (M1 and M2 macrophages) and test conditions 

(MCA macrophages). Significantly higher levels of IL-1β and TNF-α were released from 

MCA macrophages than from both M1 and M2 macrophages. In the case of IL-10, the 

cytokine released from M1 and M2 macrophages was below the detection limit of 3.3pg/ml 

of the test kit. However, a significant increase in IL-10 was observed in MCA cells 

(5.66±0.97pg/ml) compared to M1 and M2 macrophages. Overall, the cytokine profile of 

MCA macrophages was observed to be different from the cytokine profiles of M1 and M2 

macrophages (Figure 5).

3.5 Corrosion rates and kinetics of CoCrMo metal exposed to M1, M2, and MCA secretory 
products

The evolution of the open circuit potential (OCP) as a function of time showed low potential 

values for supernatants from M1 and MCA macrophages, when compared to the supernatant 

from M2 macrophages (Figure 6a). The corrosion rate (Icorr), obtained from the Tafel’s plot 

of cyclic polarization data, was higher with supernatant from MCA macrophages than with 

supernatants from M1 and M2 macrophages (Figure 6b & c). Resistance to polarization was 

lowest with M1 macrophage supernatant, indicating that this media produced the highest 

corrosion kinetics. Corrosion kinetics were higher (i.e., lower resistance value) with the 

supernatant from MCA macrophages than with the supernatant from M2 macrophages 

(Figure 6d). Little variability in capacitance was observed between supernatants from the 

three types of macrophages (Figure 6e). The variation in Rp and C may be attributed to the 

discrepancies in the goodness fit parameters of the EIS equivalent circuit. A satisfied 

goodness of fit below 0.001 was expected in the EIS modeling simulation, however, in the 

biomedical applications, many factors can influence the corrosion kinetics and subsequent 

data and model.

4.0 Discussion

4.1 Cell-accelerated corrosion (CAC): what we knew and what we have learned

The purpose of this study was to identify the cellular mechanisms leading to CAC in THR 

modular taper junctions by determining the phenotype, function, and differentiation of 

macrophages upon exposure to wear particles generated from CoCrMo alloy. Changes in 

macrophage dynamics provide insights into the cellular mechanisms of CAC. Previous 

findings from in vitro experiments9 suggested that amongst the periprosthetic cell 

populations, macrophages have a prominent impact, generating a corrosive environment. 

The results showed an increase in corrosion kinetics and rate of corrosion of CoCrMo alloy 

when exposed to media produced by macrophages challenged with wear particles. Our 

earlier retrieval findings demonstrated the presence of cell-like features on the head taper 

surface of femoral heads that were removed after several years in situ7. The size of 10 to 20 

micrometers and morphology of these cell-like features can be indicative of macrophages 

(Figure 7). Scanning electron microscopic images (SEM) of retrieved femoral heads have 

Bijukumar et al. Page 8

Acta Biomater. Author manuscript; available in PMC 2020 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown that a large amount of cells appeared to populate areas of the head taper surface in 

areas that were previously in contact with the stem taper of the femoral stem (Figure 7A, B, 

C), thus proving that cells can enter the crevice. Some cells even appeared to leave a trail on 

the metal surface (Figure 7B). A closer look at these etching trails revealed typical 

microstructural features of wrought CoCrMo alloy such as twin boundaries and slip bands 

(Figure 7D). Such features are usually only exposed by metallographic sample preparation 

that usually involves etching within acidic solutions. Its occurrence on a retrieved implant is 

remarkable, and hints to a strong chemical attack in vivo. The combination of our previous 

experimental and implant retrieval findings prompted us to further investigate the cellular 

mechanisms employed by macrophages to accelerate implant damage.

Our group has previously demonstrated the physicochemical characteristics of CoCrMo 

wear particles generated in a hip simulator compared to processed wear particles47. In 

addition, a detailed investigation on the differential response of neurons towards processed 

and as-synthesized particles clearly demonstrated the higher toxicity levels of as-synthesized 

particles from hip simulator. Moreover, it was previously reported that there is a dose 

dependent toxicity induced by wear particles to the neurons, monocytes, macrophages and 

osteoblasts47. The current study revealed the possible ways by which wear particles 

generated from CoCrMo alloy can affect macrophage dynamics. Based on the results of 

similar studies, it has been previously speculated that cell-mediated corrosion of CoCrMo is 

primarily associated with the generation of ROS, which leads to Fenton-like reactions. 

However, Fenton-like processes are extremely complex, predominantly driven by oxidizing 

intermediate radicals, and sensitive to changes in chemical and biological environments50, 

such as cellular secretions and the chemistry of materials at the cell-material interface. 

Furthermore, the lower level of ROS produced by MCA macrophages, compared to M1 

macrophages (Figure 3d), did not correlate with the higher rate of corrosion (Icorr: 0.753 ± 

0.04 μA/cm2, Figure 5c) with MCA macrophages, compared to M1 (Icorr: 0.052 ± 0.03 

μA/cm2) and M2 (Icorr: 0.025 ± 0.001 μA/cm2) macrophages. These observations suggest 

that Fenton-like reactions may not be the only factor in inflammatory cell–accelerated 

corrosion. Thus, additional mechanism(s) must be acting at the cell-material interface to 

account for the unexpectedly accelerated rate of corrosion.

Macrophages are a heterogeneous population of cells exhibiting different phenotypic 

characteristics under the influence of various stimuli23,42,51. Resting (M0) macrophages can 

be reprogramed to M1 or M2 macrophages by internalizing endogenous or exogenous 

materials, such as foreign pathogens (bacteria and viruses), cells, cellular debris, and other 

material14,52. Reprogramming occurs through evolutionarily conserved pattern recognition 

receptors that sense and recognize pathogenic factors, thereby initiating an immune 

response53,54. Primary tissue macrophages do not readily expand ex vivo, so monocytic cell 

lines are usually used to model macrophage functions55. Hence, for this study, we used a 

monocytic cell line to study the effects of CoCrMo nanoparticles on the polarization of 

THP-1-differentiated macrophages. Classically-activated M1 macrophages and alternatively-

activated M2 macrophages were used as controls to determine the phenotype of MCA 

macrophages (cells differentiated through exposure to CoCrMo wear debris), which was 

confirmed by examining the gene expression profile of M1- and M2-specific markers 

(Figure 4). During these experiments, we observed increased expression of TNF-α and 
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iNOS (M1 markers) and decreased MRC (M2 marker) expression in MCA macrophages, 

suggesting polarization towards the M1 phenotype. However, MCA macrophages also 

exhibited higher expression of STAT-6 and PPARG (M2 markers) than M2 macrophages and 

lower CD86 (M1 marker) expression than M1 macrophages, suggesting that MCA 

macrophages may have features of M2 macrophages as well. These findings contrast with 

those of previous studies, in which nanoparticle-mediated polarization of macrophages was 

towards either the M1 or M2 phenotype. Thus, based on the marker genes evaluated, our 

experiments (which were repeated six separate times) shows the higher probability of 

polarization of the wear particle induced macrophages (MCA macrophages) in comparison to 

M1 or M2 phenotype. Further detailed investigation on specific phenotype markers by gene 

transcript and surface marker analysis is required to make conclusion.

Although macrophages could have different characteristics under the influence of wear 

particles in vitro than in vivo, our results provide insight into possible mechanisms of CAC. 

The site of an implant contains a mixed population of resident macrophages and 

macrophages recruited by the presence of wear debris. Based on the results and the observed 

cells at the taper interface, it can be suggested that monocytes recruited to the implant site by 

inflammation or resident macrophages (M0 macrophages) in the surrounding tissue can be 

activated by wear debris. Differentiation of monocytes or M0 macrophages occurs under 

these stress conditions, with the differentiated macrophages polarizing to MCA macrophages 

(Figure 8). It is also possible that M1 or M2 macrophages may be reprogrammed to MCA 

macrophages, which needs to be investigated in further detail. Yet, the differences in gene 

expression, ROS production, cytokine profiling, and electrochemical properties of secreted 

products clearly indicate that MCA macrophages are distinct from both M1 and M2 

macrophages and may play a key role in CAC by altering the chemical environment within 

the confined space of the modular THR taper junction.

4.2 Limitations and future directions

One of the limitation of this study is the use of THP-1 cell lines. There can be some 

difference in the expression profile by the THP-1 cells in comparison to peripheral blood 

mononuclear cells. We acknowledge that a limited number of genes and cytokines were 

selected for profiling in this study. Complete profiling of macrophage pro-inflammatory and 

anti-inflammatory cytokines and genes is important to provide more insight into the 

macrophage phenotype induced by wear particles generated from CoCrMo alloy. However, 

our results suggest that macrophages in the presence of CoCrMo wear particles have 

different phenotypic characteristics when compared to M1 and M2 macrophages. Possible 

signaling pathways involved in the phenotypic changes also require evaluation. As the 

plasticity of cells at the modular THR taper interface may vary, and the subsequent effects 

are poorly understood, it is imperative to understand the cell signaling pathways triggered by 

the presence of wear particles. Such analysis may assist in determining the exact cellular 

mechanisms and immunological response associated with CAC. We also would like to 

acknowledge that we have not analyzed the metal ion dissolution during the storage of the 

CoCrMo particles at 4°C.
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5.0 Conclusions

In conclusion, our findings describe a variation in phenotype of macrophages that could be 

recruited to the modular taper interface of a THR and how these cells may contribute to the 

corrosion process in vivo. In the presence of wear particles from the CoCrMo surface, 

macrophages at the site of the interface could polarize into MCA macrophages, which are 

newly characterized in this report. This study also confirmed that the corrosive environment 

created by MCA macrophages contains not only ROS but also inflammatory cytokines. Both 

ROS and cytokines may activate electrochemical changes at microstructure level that drive 

the passivation and preferential dissolution processes at the surface of the alloy, thus 

accelerating damage caused by corrosion.
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Statement of Significance

Fretting wear and corrosion within the implant’s modular taper junction are prominent 

causes of implant failure, as they promote the release of corrosion products and 

subsequent development of adverse local tissue reactions. Being a multifactorial process, 

several in vitro models have been developed to recreate the in vivo corrosion process, 

often summarized as mechanically-assisted crevice corrosion. Considering the excellent 

corrosion properties of CoCrMo alloy, the severity of chemically-generated damage 

observed at the modular interface has been surprising and poorly understood. The aim of 

the current study is to provide a better understanding of macrophages and their plasticity 

at the THR taper interface when they encounter wear debris from CoCrMo alloy. This is a 

preliminary study along the path towards determining the mechanism(s) of CAC.
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Figure 1: Schematic of the tribocorrosion hip simulator and characterization of wear particles.
a) Custom-made hip simulator to generate wear particles under physiological conditions. b) 

The typical set-up of corrosion apparatus connected to a potentiostat through a three-

electrode system, wherein the CoCrMo disc prototype is the working electrode in contact 

with the electrolyte solution. Various types of media were used as the electrolyte solution 

while performing the electrochemical analyses.
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Figure 2: 
a) Schematic representation of macrophage differentiation procedure. b)(i) Microscopic 
evaluation of THP-1 monocyte cells, M0, M1, M2, and MCA macrophages. Microscopic 

images show that M0 macrophages exhibit adherent and spreaded morphological features 

after 24 hours of PMA treatment. M1 differentiation causes a circularized phenotype and M2 

macrophages showed spindled-shape fibroblast-like morphology. MCA cells exhibit circular 

and spindle-shaped cell morphology. (ii) Graph showing the shape factor (W/L ratio) of cells 

at different conditions.
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Figure 3: Reactive oxygen species (ROS) assays for THP-1, M1, M2, and MCA.
Increased ROS intensity is observed with M1 macrophages, compared to M2 macrophages. 

(a) Representative cytogram of the live gated population of macrophages and (b) their ROS 

intensity by DCHF-DA vs FL2 channel. (c) Graphic representation of ROS intensity 

measured from the flow cytogram after 3 hours. (d) Histogram clearly depicting differences 

in ROS intensity between cell types. THP-1 represents untreated monocytes. Experiments 

were repeated three times with triplicates. * p<0.05 (Student’s t-test).
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Figure 4: mRNA expression profiles for M1- and M2-specific macrophage marker genes of M1, 
M2, and MCA macrophages.
Relative mRNA expression after 24 hours of (a) M1-specific marker genes (TNF-α, iNOS, 

and CD86) and M2-specific marker genes (STAT-6, PPARG, MRC, and ARG) in M1, M2 

(b) MCA cells in comparison to M1 and M2. All mRNA expression levels were normalized 

to GADPH mRNA expression. Data are the means and standard deviations of six 

experiments with triplicates. * p<0.05 (Student’s t-test).
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Figure 5. Cytometric bead array results of cytokines released from M1, M2, and MCA 
macrophages.
(a-f) Bar graphs showing concentrations of cytokines released from MCA macrophages, 

compared to concentrations released from M1 and M2 macrophages. Data are the means and 

standard deviations of six experiments with duplicates. * p<0.05, ** p<0.01, and *** 

p<0.001 (Student t-test).
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Figure 6: Electrochemical analysis of secretory products of M1, M2, and MCA macrophages.
a) Graph showing open circuit potential Vs time of different media conditions. b) Tafel’s 

plot (cyclic polarization) and c) Icorr values obtained by extrapolating the x-axis of Tafel’s 

plot. d) Resistance to polarization and (e) capacitance obtained by EIS modeling by 

equivalent circuit. Data are the means and standard deviations of three experiments. * 

p<0.05 (Student’s t-test). SCE = standard calomel electrode (the reference electrode).
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Figure 7: Secondary electron emission SEM images of a severely corroded head taper surface 
from a retrieved modular femoral head composed of wrought CoCrMo alloy.
A) Overview image of an area covered with multiple cell-like features. Size and morphology 

of these features are indicative of macrophages. It can be seen that cells charge during 

scanning (10kv, X250). B) Close-up image of a group of cells after gold sputtering. Cells do 

not charge, and greater detail of their morphology is visible. Some cells seem to leave a trail 

as indicated by the arrow (20kv, X500, Au/Pd coating approximately 4nm thick). C) Close-

up image of a single cell after gold sputtering. The cell appears firmly attached. The fact that 

the cell did not lose its morphology is likely related to an immediate immersion into 

formalin at the time of revision surgery (5kv, X3500, Au/Pd coating approximately 4nm 

thick). D) Close-up image of a trail left by a cell. Typical microstructural features of 

wrought CoCrMo alloy can be seen such as twin boundaries and slip bands (10kv, X4300).
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Figure 8: Schematic representation of cell-accelerated corrosion (CAC): what we knew and what 
we have learned.
a) Previous theory showing immune cells (possibly macrophages) producing reactive oxygen 

species (ROS) that lead to a Fenton-like reaction and associated pit formation on the metal 

implant. b) Current proposed mechanism of CAC. The mechanism starts with fretting 

corrosion, followed by micromotion at the head-taper interface during daily patient 

activities. This leads to the generation of CoCrMo wear nanoparticles at the interface, 

attracting monocytes and macrophages to the site. The wear particles will polarize 

macrophages towards MCA, with a unique cytokine and chemokine profile and capacity to 
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generate ROS. Fenton-like reactions occurring in this altered biological environment 

produced by MCA macrophages will produce substantial changes in the electrochemical 

behavior of CoCrMo at the cell-material interface, leading to accelerated corrosion.
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