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Zusammenfassung 

HINTERGRUND: Die aseptische Protheselockerung spielt nach wie vor eine 

relevante Rolle in der Endoprothetik und verursacht einen Großteil der notwendigen 

Revisionsoperationen. Im Synovialgewebe um ein Implantat tritt eine aseptische 

inflammatorische Reaktion auf, die durch solide Verschleißpartikel und  ggf. durch 

Metallionen verursacht wird. Über eine komplexe Kaskade kommt es letzten Endes zu 

einer osteolytischen Reaktion rund um die einliegende Endoprothese. Dies wird als 

Hauptfaktor für die Lockerung des sterilen Implantats angesehen. Obwohl der 

Mechanismus der aseptischen proinflammatorischen Reaktion auf Verschleißpartikel 

und Metallionen noch nicht vollständig geklärt ist, haben viele Arbeitsgruppen darauf 

hingewiesen, dass solide Verschleißpartikel, aber auch eben Metallionen durch 

Aktivierung verschiedener Toll-like Rezeptoren (TLR) aseptische proinflammatorische 

Reaktionen auslösen können. Bisher wurde jedoch die genaue Rolle verschiedener 

TLRs bei der Regulierung der aseptischen proinflammatorischen Reaktion von 

Verschleißpartikeln und Metallionen noch nicht eingehend untersucht. In Anbetracht 

der obigen Situation besteht der Zweck dieser Studie darin, die 

Zelloberflächenrezeptoren (spezifische TLRs) zu bestimmen, die eine signifikante 

Reaktion auf die Stimulation von Verschleißpartikeln und Metallionen in einem 

etablierten in-vivo-Modell haben. Ferner sollte ein reaktiver Unterschied von soliden 

Abriebpartikeln und Ionen in der Synovialmembran bei der Aktivierung von TLRs 

herausgearbeitet werden.  
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METHODEN: In dieser Studie wurde die in orthopädischen Implantaten übliche 

Standardlegierung aus Kobalt-Chrom-Molybdän (CoCrMo) (ISO 5832-12 / ASTM 

F1537) ausgewählt, um CoCrMo-Partikel (CP) und CoCrMo-Ionen (CI) herzustellen. 

Es wurden 30 weibliche Balb / c-Mäuse zufällig in drei Gruppen á 10 Tieren eingeteilt, 

und so Gruppe CP CoCrMo-Partikel, Gruppe CI CoCrMo-Ionen und Gruppe PBS 

phosphatgepufferte Salzlösung (PBS, Kontrolle) in das murine linke Kniegelenk 

injiziert. Sieben Tage nach der Injektion wurden die Tiere euthanasiert, es folgte die 

immunhistochemische Analyse in der Synovialschicht der murinen Kniegelenke unter 

Verwendung der polyklonalen TLRs 1, 2, 4, 5 und 6. 

 

ERGEBNISSE: Neben einer verdickten Synovialmembran und einer intensiven 

Infiltration entzündlicher Zellen zeigte die mit CoCrMo-Partikeln injizierte Gruppe im 

Vergleich zur PBS-Gruppe eine signifikant hochregulierte TLR-Expression (TLRs 1, 2, 

4, 5 und 6). Die CP-Gruppe hatte auch eine höhere Expression der TLRs 1, 4 und 6 als 

die CI-Gruppe (p < 0,0167). Interessanterweise gab es auch sichtbare 

Korrosionspartikel im nekrotischen Gewebe der CP-Gruppe. Die Expressionsniveaus 

von TLR4 und TLR6 in der CI-Gruppe waren signifikant höher als die in der PBS-

Gruppe (p < 0,0167). 

 

SCHLUSSFOLGERUNGEN: Die Ergebnisse dieser Untersuchung legen nahe, dass 

CoCrMo-Partikel zu einer robusten proinflammatorischen Reaktion und einer erhöhten 

Expression von Zelloberflächen-TLRs führen. Darüber hinaus weisen die grünen 
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Korrosionspartikel in dieser Studie darauf hin, dass CoCrMo-Partikel ein bestimmtes 

Maß an lokalen toxischen Metallionen in der Synovialschicht des Kniegelenks 

freisetzen können. Nach der Implantation von CoCrMo-Ionen in das Kniegelenk des 

Mausmodells sind die Spiegel von TLR 4 und 6 sehr hoch. Die aktuellen Ergebnisse 

zeigen, dass es einen signifikanten Unterschied in der Expression von TLRs zwischen 

den in dieser Studie verwendeten CoCrMo-Partikeln und CoCrMo-Ionen gibt. 
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Summary 

OBJECTIVE: Aseptic loosening is still one of the most challenging long-term 

complications in modern arthroplasty and contributes significantly to growing numbers 

of necessary revision arthroplasty. The sterile inflammatory response to wear particles 

and ionic products within the peri-implant synovial-like tissue is regarded as a central 

factor contributing to aseptic implant loosening. Although the mechanisms of the sterile 

inflammatory response to wear particles and ionic products are still not fully understood 

in detail, many researchers indicate that these by-products released from implants may 

trigger the sterile pro-inflammatory response by activating distinct Toll-like receptors 

(TLRs). However, to date, the exact roles of distinct TLRs in regulating the sterile pro-

inflammatory response to wear particles and ionic products have not been fully clarified. 

In light of the situation described above, this investigation aimed to determine the 

potential cell surface receptors (specific TLRs) activated in response to wear debris 

particles and ionic products, and to evaluate the difference in TLR expression levels 

between wear particles and ionic products in the knee joint synovial tissues of a murine 

model. 

 

METHODS: Standard cobalt-chromium-molybdenum alloys (CoCrMo) that are 

commonly used in orthopedic implants were chosen to harvest CoCrMo wear particles 

(CP) and CoCrMo ionic products (CI) in this investigation. Thirty female Balb/c mice 

that were randomly assigned to three groups (each sized 10 animals) received intra-

articular injections of CoCrMo particles (CP group), CoCrMo ions (CI group), or PBS 
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solution (phosphate-buffered saline; the control group). When the injection was 

finished, all groups would continue to be fed for seven days. Subsequently, anti-TLR 1, 

2, 4, 5, and 6 antibodies were used to do immunohistochemical analysis within the 

murine knee joint synovial tissues. 

 

RESULTS: In addition to a thickened synovial membrane and intense inflammatory 

cell infiltrates, the group injected with CoCrMo particles showed significantly 

upregulated TLR expression (TLRs 1, 2, 4, 5, and 6) compared with the PBS group and 

higher expression of TLRs 1, 4, and 6 than the CI group (p < 0.0167). Interestingly, 

greenish corrosion particles were also observed in the necrotic tissue of the CP group. 

Additionally, significantly higher levels of TLRs 4 and 6 in the CI group were found 

than those in the PBS group (p < 0.0167). 

 

CONCLUSIONS: This investigation suggests that CoCrMo particles lead to an intense 

pro-inflammatory reaction and elevated expression of cell surface TLRs. Moreover, the 

greenish corrosion particles observed in this investigation show that CoCrMo particles 

might release a certain level of locally toxic metal ions in the murine knee joint synovial 

tissues. After the murine model receive the intra-articular injection of CoCrMo ionic 

products, significantly higher levels of TLRs 4 and 6 are observed than those in the 

PBS group. The current results expose obvious differences in TLR expression induced 

by CoCrMo particles and ionic products used in this investigation in vivo.  
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1. Introduction 

Although the biological mechanisms of aseptic implant loosening have not yet been 

comprehensively elucidated, biological responses to wear debris particles and metallic 

ionic products around arthroplasty implants are tightly associated with aseptic implant 

loosening [1]. This introduction reviews and summarizes the current status of the 

research involving aseptic implant loosening according to the relevant literature. 

Meanwhile, the roles of cell surface Toll-like receptors in triggering sterile 

inflammatory reactions in peri-prosthetic tissues are briefly introduced to outline the 

theoretical basis of this investigation. 

 

1.1 Aseptic implant loosening 

Total hip replacement [2] is regarded as one of the most efficacious and common 

surgeries for treating severe posttraumatic, degenerative, and other diseases of the hip 

joint [3]. Because of the excellent postoperative results and the patients' high 

satisfaction, THRs have been designated "the operation of the century [4]". More than 

one million THRs are estimated to be performed annually worldwide [5]; moreover, 

according to some modeled future projections, the need for THRs is expected to 

increase further in the future [6]. However, prosthetic implants cannot be normally 

utilized in the human body forever. Commonly, after 15 to 20 years, more than 10% of 

patients who receive primary THR must undergo revision surgery, which usually has a 

longer and more complex surgical procedure and a poorer postoperative outcome than 

primary surgery [7]. Due to improvements in implant materials, operative procedures, 
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patient selection, and pain control, revision surgeries caused by dislocations, fractures, 

and sepsis have become relatively rare, whereas revision surgeries caused by aseptic 

implant loosening are becoming much more prominent, even accounting for 

approximately 70% of the overall revision surgeries [8-11]. Considering this situation, 

studies examining the pathophysiology of aseptic implant loosening are critical and 

well justified, not only for prevention but also for further treatment [12]. 

 

Aseptic implant loosening refers to the loosening of an implant from the bone bed 

without the presence of pathogen interference or trauma [5, 13] (Figure 1). Generally, 

aseptic implant loosening is accompanied by loss of function and pain, while it 

sometimes also occurs asymptomatically [14, 15]. Concerning the prevention of aseptic 

loosening, the critical point is to determine what mechanism initially destroys the stable 

bond between the bone bed and the implant [5, 16]. A sole mechanical theory was once 

proposed. Supporters of the mechanical theory indicated that mechanical stress and 

strain are the critical drivers of aseptic implant loosening [17]. They postulated that 

stress and strain affect the implant-bone interface during each movement of patients 

until they devastate the firm bond between the bone bed and the implant [17, 18]. In 

this theory, the importance of initial firm fixation and accurate implant placement are 

stressed. 
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Figure 1. Aseptic implant loosening around hip implants. 1. The process of gradual stem loosening. 
During the process of aseptic implant loosening, the synovial-like membrane (white) is gradually 
thickened. 2. Radiographic images of aseptic implant loosening (red arrow) and new radiographic images 
after revision surgery (blue arrow). Red arrows showed the circumferential signs of loosening. Blue 
arrows showed the increasing bony consolidation after revision hip replacement. (1. Taken from Gallo et 
al. 2012 [5]; 2. Taken from Rolvien et al. 2020 [18].) 

 

Meanwhile, some supporters have indicated that early migration of the prosthesis is 

tightly associated with the premature failure of THRs [19, 20]. Regrettably, a consensus 

threshold of migration to predict aseptic implant loosening has not been established 

[21]. Moreover, most cemented cups usually migrate in the first year without loss of 
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function after THRs [22]. Thus, the prediction of patients who need revision surgeries 

by assessing the migration of the prosthesis is difficult. Therefore, the sole mechanical 

theory does not explain many issues. In addition to the sole mechanical theory, a 

biological theory was also proposed. In 1977, Willert et al. [23] initially proposed that 

periprosthetic biological reactions to wear debris released from the implant were the 

leading cause of aseptic implant loosening. Different levels of wear particles and 

metallic ions are unavoidably released from wear or electrochemical corrosion between 

the implant-bone interfaces, articulating surfaces, or between modular interfaces of 

THRs [24, 25]. Various periprosthetic cells are stimulated after large amounts of wear 

debris particles and metallic ionic products are released from implants [24]. 

Subsequently, pro-inflammatory/pro-osteoclastic cytokines and other biomolecules 

might be secreted and lead to osteoclast accumulation [13]. Osteolysis and aseptic 

loosening will eventually occur in response to the chronic long-term stimulation of wear 

particles and metallic ions [26, 27]. Commonly, many wear particles, macrophages, 

lymphocytes, giant cells, histiocytes, fibroblasts, neutrophils, and plasma cells are 

observed in the tissues retrieved from around implants during revision surgeries, 

indicating that biological reactions to wear debris are in progress [6].  

 

Based on these discoveries, researchers currently estimate that both mechanical and 

biological events might not be underestimated [28, 29]. Biological reactions to wear 

debris are relevant to aseptic loosening [30]. However, stress shielding, joint fluid 

pressure and flow, aging of the bone bed, and mechanical wear also undoubtedly 
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contribute to the loss of implant-bone fixation [10, 31, 32]. Therefore, great efforts are 

ongoing to design more wear-resistant materials [33]. Additionally, because the 

problem of premature loosening of the prosthesis remains and the complexity of 

biological reactions has not yet been fully clarified, efforts to elucidate biological 

responses to wear debris are equally critical. 

 

1.2 Biological reactions in the periprosthetic tissue 

Biological responses in periprosthetic soft and bone tissues, also designated adverse 

local tissue reactions (ALTRs), are mainly initiated by wear particles, metal oxides, and 

free metallic ions [34, 35]. According to the literature, ALTRs include inflammation; 

ischemia; osteoclast-, osteoblast-, fibroblast-driven reactions; and even hypersensitive 

responses [29, 36, 37]. Typical findings resulting from ALTRs in total hip arthroplasties 

are briefly introduced below. 

 

Synovial-like interface membrane (SLIM) between the bone and implant/cement is a 

common histological finding [38, 39]. Initially, in radiographic testing, an important 

feature of aseptic loosening is the presence of a radiolucent line at the bone-implant 

interface that indicates a peri-implant bone loss or fixation failure [18, 40]. 

Coincidentally, SLIMs are invariably found at the bone-implant interface in revision 

surgeries [41]. Thus, the synovial-like interface membrane is suspected to be associated 

with the peri-implant bone loss [42, 43]. Based on several histopathological studies, 

SLIMs predominantly contain scattered wear particles, macrophages, fibroblasts, giant 
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cells, endothelial cells, and other components, showing remarkable similarities to the 

rheumatoid synovium [44, 45]. In addition, high expression of proinflammatory 

cytokines and other mediators have also been detected in SLIM samples [24]. 

Commonly, macrophages, fibroblasts, and high levels of pro-inflammatory mediators 

are very important factors typical of chronic inflammation, which can gradually result 

in the formation of chronic fibrosis and osteolysis around the prosthesis [46, 47]. As 

outlined above, SLIMs are highly relevant to aseptic implant loosening and have 

attracted increasing attention from scientific communities.  

 

According to the Anglo-American literature, the standard term "synovial-like interface 

membrane" (SLIM) is usually used to refer to the periprosthetic membrane, 

pseudomembrane, and regenerated synovial tissue [38]. However, in certain situations, 

especially when periprosthetic tissues display severe foreign body-type reactions to 

wear particles, some researchers also use the term "granulomatous tissue" to describe 

periprosthetic tissues [12, 48, 49]. In this context, granuloma (pseudotumor) is observed 

in the SLIM, representing neosynovial aggressive growth with or without tissue 

necrosis [50-52]. The general mechanisms underlying granuloma (pseudotumor) 

formation are described briefly. The slow release of wear particles activates 

macrophages to phagocytize many toxic particles, which results in cell death by 

cytotoxicity, necrosis, or apoptosis [51, 53]. These wear particles remain in the tissue, 

resulting in new monocyte/macrophage recruitment, cytotoxicity, and chronic pro-

inflammatory reactions [54]. Thus, a stressful environment is established around the 
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prosthesis that may induce chronic necrosis, fibrosis, the formation of granuloma 

(pseudotumor), and ultimately, osteolysis (Figure 2) [51, 54, 55].  

 

 
Figure 2. Biological reactions caused by wear debris around hip implants. Wear debris is released to the 
implant-bone interface. The wear debris will be phagocytized by macrophages (MO) within the synovial-
like tissue. And some wear debris may be phagocytized by osteoclasts (OC). After the phagocytosis, 
macrophages will release pro-inflammatory mediators which can recruit more monocytes/macrophages. 
Additionally, some wear debris may be disseminated to remote tissue by lymphatic vessels and blood 
vessels. Excessive particle discharge may lead to cell death, and tissue necrosis, finally end with 
granulomatous tissue formation. (Taken from Granchi et al. 2018 [51]) 

 

In addition to cytotoxic reactions, type IV hypersensitivity reactions to metallic 

particles and metallic ions have also been mentioned as one of the mechanisms 

underlying granuloma (pseudotumor) formation in several studies [51, 56]. The 

consideration of type IV hypersensitivity reaction is principally due to the large number 

of T-lymphocytes in peri-implant tissues (granulomas) and to the capability of metallic 

ionic products to trigger allergic reactions by acting as haptens [57-59]. However, 

unlike sterile inflammation, researchers have not yet determined whether and the extent 
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to which classical allergic reactions to metallic particles and ionic products contribute 

to aseptic osteolysis [49]. Solid opposition to the hypersensitivity theory was reported 

previously. Concerning type IV hypersensitivity reactions, about ten percent of the 

populace is allergic to the metallic alloys in costume jewelry, coins, and joint 

arthroplasties [27]. Suppose that metallic particles and ions cause severe contact 

allergies. In that case, usually small amounts of allergens induce very strong 

hypersensitive (allergic) reactions; thus, many more revision arthroplasties should have 

been conducted due to "allergic issues", which have not really occurred [49]. 

 

Additionally, in a study using a murine model, significantly increased pro-inflammatory 

cytokine expression and macrophage infiltration were observed in the thickened 

synovial layer after metallic debris stimulation. However, CD 3-positive cells (T-

lymphocytes) did not show a significantly augmented number than those in the control 

group [24]. Therefore, in the current situation, avoiding inflammatory reactions around 

the prosthesis, but not type IV hypersensitivity reactions, appears to be more critical. 

Additionally, in terms of patients who are allergic to metals, prudence and caution are 

needed when deciding their treatment procedures because we should avoid the potential 

adaptive immune responses [60] (Figure 3).  
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Figure 3. The summary of local adverse reactions to metal debris. (Taken from Quigley et al. 2010 [60]) 

 

1.3 Wear and corrosion of orthopedic prosthesis materials 

This section is mainly focused on the wear and corrosion of cobalt-chromium-

molybdenum (CoCrMo) metallic alloys. When applied in the metal-on-metal (MoM) 

[61] prosthetic joint, these CoCrMo metals release large amounts of particles and ions, 

which have been found to cause adverse local tissue reactions and even systemic events 

[62, 63]. Modern CoCrMo alloys are principally categorized by the American Society 

for Testing and Materials (ASTM) [64] or International Organization for 

Standardization (ISO) and are divided into two groups: cast alloys (ASTM F75, ISO 

5832-4) and wrought alloys (ASTM F1537, ISO 5832-12) [65-67]. Cast CoCrMo alloys 

have been used in dentistry for several years and afterward in orthopedic implants [68]. 

These cast alloys are usually used to produce complex shapes that cannot be machined, 
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e.g., the acetabular cup of THRs [67, 69]. Wrought CoCrMo alloys usually have 

homogeneous microstructures and superior mechanical and fatigue properties [70]. 

Therefore, wrought CoCrMo alloys can also be used to generate modular femoral heads 

and hip stems [71].  

 

CoCrMo alloys were initially introduced as one replacement for gold in dentistry at the 

beginning of the 1930s [72]. Later, with the improvement of their bulk mechanical 

properties via several advanced material processing techniques, CoCrMo alloys have 

been approved for use as the only materials of MoM articulations since the early 1970s 

[70]. Subsequently, due to the excellent clinical performance of metal-on-polyethylene 

(MoP) implants reported during the 1970s and 1980s, the use of MoM articulations 

composed of CoCrMo alloys subsequently decreased momentously [72, 73]. However, 

afterward, MoP implants were shown to have a higher volumetric wear rate than MoM 

articulations, and polyethylene particles were also observed in periprosthetic tissues 

[74]. Thus, in the early 1990s, second-generation MoM articulations were 

recommended and attracted renewed interest because of their high corrosion resistance 

and low volumetric wear rate [69, 75]. According to the literature, the volumetric wear 

rate in MoM couples after the running-in stage is approximately 0.3 μm3/year, which is 

approximately 100 times lower than that in MoP articulations [76]. However, in the 

later 2000s, national joint registries reported the failure rate of THRs with MoM 

articulations to be 2-3 times higher than that of modern THRs without MoM 

articulations [77]. Meanwhile, metallic particles and ions were regarded as a significant 
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cause of failure in patients with MoM implants [77]. Therefore, a clearer 

comprehending of the physical and chemical properties of metallic particles and ions is 

needed. 

 

1.3.1 CoCrMo particles 

CoCrMo particles are released due to wear between articular surfaces, non-articular 

surfaces, or between modular interfaces of THRs [24, 78]. After these metal particles 

are released, they are usually scattered in the implant-bone interface; additionally, with 

synovial fluid involvement, some nanoparticles are probably delivered to the bone, 

blood vessels, and lymphatics [79]. Then, they are disseminated to other distant organs 

via blood vessels and lymphatics [24]. Therefore, adverse reactions caused by metal 

particles possibly occur at new sites in the host body.  

 

Three central mechanisms have been identified to explain the wear of arthroplasty 

bearing surfaces: adhesive wear, fatigue wear, and abrasive wear [51, 80]. Adhesive 

wear involves the intermolecular bonds of two different materials resulting in more 

significant shearing. Cyclic stresses cause fatigue wear of the implants during friction. 

Abrasive wear occurs when hard materials slide across soft materials, such as bone 

fragments or bone cement between two articular surfaces [51]. 

 

Wear particles used for studies are mainly generated from three sources, including 

revision surgeries, joint simulators, and sliding-wear tribometers [81-83]. Although 
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wear particles obtained from revision surgeries are very helpful to understand the 

general wear mechanisms and adverse reactions, they are challenging to attain because 

of the limited number of patients undergoing revision surgeries [24]. Wear particles 

obtained from simulator tests and tribometer tests provide further insights into the wear 

of joint implants [84, 85]. Additionally, a sufficient number of samples from simulator 

tests and tribometer tests can be used to study biological reactions to wear particles in 

vivo and in vitro.  

 

Commonly, the biological response caused by wear debris is related to the particle 

number, size, volume, type, composition, and chemical properties [12, 86]. Although 

the size of released particles varies, most CoCrMo particles are usually less than 100 

nm in size [87], which is smaller than polyethylene debris (0.1-2 µm) [88]. As described 

above, the volumetric wear rate in MoP articulations is approximately 100 times higher 

than that in MoM couples [76]. However, the total amount of CoCrMo debris generated 

in MoM implants is approximately 13-500 times greater than that in MoP implants [76]. 

Thus, compared with MoP implants, MoM implants release more metal particles at the 

same volume. 

 

Additionally, the majority of CoCrMo particles are round and oval in shape, while a 

variable number presents an elongated or needle-like shape [11, 79]. Generally, the 

chemical composition of CoCrMo particles measured utilizing energy-dispersive X-ray 

spectroscopy (EDS) is comparable to that of original CoCrMo metallic alloys, which is 
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mainly a combination of Cr, Mo, and Co elements [89]. However, some particular 

debris isolated from CoCrMo implants was also observed, such as some amorphous 

metal particles containing only O and Cr with little to no Mo and Co [79, 90]. Many 

physical and chemical alterations of metal particles remain unknown and require further 

investigation. 

 

1.3.2 CoCrMo ions 

During the manufacturing process, a dense protective oxide membrane will be formed 

on the outer layer of CoCrMo implants [87]. The protective oxide membrane is detected 

to be 1-4 nm thick and avoids severe corrosion reactions by blocking the contact 

between the metal and the solution [91]. However, after implantation, the very thin 

oxide film is prone to fracture because of wear and mechanical loading, resulting in 

exposure of the reactive base element to the physiological environment in the human 

body [92]. 

 

In general, cobalt and chromium are reactive in water solution, even under conditions 

lacking applied potentials [87]. Re-passivation and dissolution reactions relevant to 

metallic oxide formation and metallic ion generation will occur in the human body after 

the thin oxide layer is damaged. Occasionally, molybdenum is also involved in related 

reactions [87, 92]. The main reactions are as follows [92]. 

 

Oxide passivation reactions:  H2O + Co →2H+ + CoO + 2e− 
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2Cr + 3H2O →6H+ + Cr2O3
 + 6e− 

3Mo + 3H2O → 3MoO + 6H+ + 6e− 

 

Dissolution reactions:   Co → Co2+ + 2e− 

Cr → Cr3+ + 3e− 

Mo → Mo2+ + 2e− 

 

With the progress of these reactions, a certain amount of metallic ions will be released 

into the synovial fluid of the joints [92]. In addition to metal implants, the passivation 

and dissolution reactions of wear particles cannot be neglected. Most of the CoCrMo 

particles released from the metal implant are usually less than 100 nm in size. A smaller 

size will allow a certain volume of particles to have a larger contact area with the 

physiological environment. Additionally, nanoparticles (30-60 nm) can be directly 

phagocytized by macrophages [93]. Commonly, macrophages are known to create an 

acidic environment by generating hydrochloric acid (HCl) [94, 95]. The pH value of 

lysosomes used to digest foreign bodies in macrophages ranged from 3.5 to 5.5, which 

obviously affects the corrosion rate of CoCrMo particles [96-98]. A more acidic 

environment results in a higher corrosion rate of CoCrMo particles [92]. In addition to 

the acidic environment, several reactive oxygen species can be generated by numerous 

macrophages, including superoxide, hydroxyl radicals, sodium hypochlorite (HClO), 

and hydrogen peroxide [92, 99]. Electrochemical reactions occur between the CoCrMo 
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particles and these reactive oxygen species. Subsequently, more metal ions will be 

generated via these redox reactions. 

 

Possible electrochemical reactions involving reactive oxygen species are shown as 

below: 

 

5H2O + Cr2O3 →8H++ 2HCrO4- + 6e− (pH < 6.5) 

2H+ + CoO →H2O + Co3+ + e− (pH < 8) 

H2O2
 + Pn+→ OH + M (n+1) + + OH− (P: Co; Cr; Mo) 

3ClO− + 2Cr3+ + 3H2O → +3Cl− + 6OH− + 2Cr6+ 

 

During the process of metal ion generation, nanoparticles probably react with several 

cellular components such as proteins, reactive oxygen species (ROS), and DNA, 

extensively changing the biological surroundings and leading to functional and 

structural damage to cells [100]. The released metal ions are also toxic at high 

concentrations, which probably results in local sterile inflammation, tissue necrosis, 

and the death of inflammatory cells [101]. Additionally, metallic ions can be delivered 

to the bone, lymphatics, and blood vessels via the joint fluid. Subsequently, metallic 

ions are disseminated to other distant organs through the blood and lymph circulation 

[102, 103]. It has been widely reported that the concentration of metallic ions is 

significantly upregulated in the serum/blood after MoM joint replacements. Jacobs et 

al. [104] observed the cobalt and chromium concentrations in urine and serum from 14 
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participants with MoM THRs. They found that the concentration of chromium in serum 

increased three-fold and nine-fold in the short- (within 2 years) and long-term (within 

20 years), respectively. The concentration of chromium in urine also increased four 

times and 35 times in the short- (within 2 years) and long-term (within 20 years), 

respectively [104].  

 

According to the literature, metallic ions released from prostheses are bound by the 

proteins in the body and form so-called haptens [105, 106]. These haptens can trigger 

innate or adaptive immune reactions after recognition by some cell receptors [107]. 

Therefore, some receptors involved in inflammation and adaptive immune responses 

are also a focus of studies examining biological reactions to metal debris. Typical cell 

receptors, Toll-like receptors, will be introduced in the next section. 

 

1.4 Toll-like receptors 

Pattern recognition receptors (PRRs) are usually regarded as triggers of infectious 

immune reactions and activate pathways that lead to the secretion of numerous pro-

inflammatory mediators [108]. However, periprosthetic sterile inflammatory reactions 

are also currently considered mediated by some PRRs [109]. Toll-like receptors (TLRs), 

one type of typical PRRs, not only identify danger- and pathogen-associated molecular 

patterns (DAMPs and PAMPs) but also transduce signals that lead to the secretion of 

some inflammatory mediators, such as IL-1β, IL-6 and TNF-α [110]. Additionally, high 

expression levels of specific TLRs were observed in periprosthetic tissues retrieved 
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from revision surgeries [111-113]. Hence, TLRs have been focused on in some studies 

of aseptic implant loosening [114]. Researchers have indicated that wear debris released 

from implants could directly or indirectly activate specific TLRs. After activation, these 

receptors (TLRs) transduce danger signals, resulting in the up-regulation of pro-

inflammatory mediators (Figure 4) [115].  

 

 
Figure 4. Biomaterials induce inflammatory responses by interacting with TLRs. Macrophages and other 
white blood cells have critical effects on inflammation. After TLRs are activated on these cells, more 
pro-inflammatory cytokines and chemokines will be released. (Taken from McKiel et al. 2020 [115]) 

 

Thus far, there are thirteen different mammalian TLRs that have been found by 

scientific communities [116]. Ten TLRs have been identified in human beings (TLR 1 

to TLR 10). Twelve TLRs are expressed in mice (TLRs 1-9, 11, 12, and 13) [117]. TLR 

1-9 are present in both humans and mice [117]. With regard to TLRs 1, 2, 4, 5, and 6, 

these receptors are usually expressed on the cellular surface. Thus, these receptors have 
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the high possibility of direct interactions with wear debris. Nevertheless, commonly, 

each TLR binds several different ligands, and are even called promiscuous receptors. 

Hence, due to the functional diversity of TLRs, the exact role of each TLR involved in 

periprosthetic inflammation caused by wear debris is still controversial. 

 

1.4.1 TLR 1 

TLR 1, also designated CD 281 (cluster of differentiation 281), mediates the production 

of cytokines necessary to develop effective immunity [118]. According to the literature, 

TLR 1 has been detected on the cell membrane of fibroblasts, synoviocytes, 

macrophages, dendritic cells, and lymphocytes [119]. Additionally, the TLR 1 gene is 

ubiquitous, which usually has a higher expression level than other TLR genes. In 

infectious inflammation, TLR 1 identifies lipopeptides and peptidoglycan in concert 

with TLR 2 (as a heterodimer) [120]. Additionally, high expression levels of TLR 1 

were reported in the tissue around implants composed of titanium metals [121]. 

Therefore, TLR 1 might be tightly relevant to the sterile inflammatory response caused 

by wear debris in peri-implant tissues. 

 

1.4.2 TLR 2 

TLR 2, also known as CD 282 (cluster of differentiation 282), was first reported in 1998 

[122]. TLR 2 is the only Toll-like receptor described to date to generate functional 

heterodimers with both TLR 1 and 6. Moreover, TLR 2 recognizes various ligands and 

transduces pathogen- or damage-associated signals via heterodimerization with TLR 1 
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or TLR 6 [123]. In the absence of TLR 1 and TLR 6, TLR 2 homodimerization was 

proposed, but further experiments are required to confirm this hypothesis. Additionally, 

some new studies also indicate the existence of TLR 2/TLR 10 preformed dimers; 

however, their function has not yet been clearly determined [123]. TLR 2 is usually 

present on the cell surface of various inflammatory cells, fibroblasts, and other cell 

types. Due to the wide range of roles and functions of TLR 2, many studies relevant to 

aseptic implant loosening have focused on the relationship between wear debris and 

TLR 2. Using a murine calvarial model that can reflect osteolysis caused by wear debris, 

Greenfield et al. [124] indicated that TLR 2−/− mice presented more limited osteolysis 

than wild-type mice. Moreover, TLR 2−/− macrophages secrete fewer pro-inflammatory 

mediators than normal macrophages after the titanium particle challenge [124]. 

Therefore, these in vitro and in vivo data indicated that TLR 2 might be tightly 

associated with aseptic implant loosening.  

 

1.4.3 TLR 4 

In 1999, Qureshi et al. [125] indicated that the TLR 4 gene in the lipopolysaccharide 

(LPS) chromosomal region was responsible for the defective LPS response. These 

authors also found that two LPS-hyporesponsive murine strains (C57BL-10/ScCr and 

C3H/HeJ) carried independent mutations in the TLR 4 genes, strongly suggesting that 

TLR 4 is critical for mediating reactions to LPS in vivo [125, 126]. TLR 4 can recognize 

LPS, moreover, it also binds some metal ions such as Co 2+ and Ni 2+ and several 

endogenous molecules (e.g., heat shock proteins) in humans [127-129]. Therefore, 
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periprosthetic inflammation is associated with TLR 4, which is regarded as a trigger of 

inflammatory pathways. However, some LPS is usually detected in the tissues around 

the aseptically loosened prosthesis; thus, controversy exists regarding whether the 

increased TLR 4 level is due to LPS in the periprosthetic tissues. Additionally, the 

changes in TLR 4 expression relevant to metallic particles and ionic products in 

periprosthetic tissues remain unclear. 

 

1.4.4 TLR 5 

TLR 5 is a transmembrane protein, which is located on the membrane of both immune 

and nonimmune cells [122]. Commonly, periprosthetic chronic inflammation caused by 

wear debris exerts a negative effect on the stability of implants. Some researchers have 

indicated that TLR 5 mediates in the process of inflammation-induced bone loss and 

osteoclastogenesis [130]. After the activation of TLR 5, receptor activator of nuclear 

factor kappa-Β ligand (RANKL) is activated, eventually resulting in the upregulated 

expression of osteoclastic genes and subsequent osteoclast formation and bone loss. 

This process described above is absent in the TLR 5−/− knockout mouse model [130]. 

Although TLR 5 is associated with bone loss, little is known about sterile inflammation 

in response to wear particles and metallic ions. 

 

1.4.5 TLR 6 

TLR 6, designated CD 286 (cluster of differentiation 286), usually functions in a 

heterodimer with TLR 2, mediating cellular responses to some viruses, fungi, gram-
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positive bacteria, and even protozoa [131]. Additionally, TLR 6 also forms a 

heterodimer with TLR 4 to recognize endogenous ligands, modulating sterile 

inflammation [132, 133]. The recognition of zinc oxide nanoparticles by TLR 6 was 

shown to be a critical factor in the initiation of inflammatory reactions in macrophages 

[134]. Based on these discoveries, TLR 6 is also probably involved in aseptic implant 

loosening. 
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1.5 Outline, purpose, and hypothesis of this investigation 
 

 
 
Figure 5. The experimental design of this in vivo study. Thirty mice are equally divided into three groups. 
The left knee joints of each group received intra-articular injection of PBS solution, CoCrMo particles, 
and CoCrMo ions, respectively. Immunohistochemistry staining was performed seven days after the 
injection. The expression levels of TLRs will be compared among these three groups. PBS, Phosphate-
buffered saline; CI, CoCrMo ions; CP, CoCrMo particles; IHC, immunohistochemistry; TLRs, Toll-like 
receptors.     
 

1.5.1 Experimental design  

To date, the exact effects of specific Toll-like receptors (TLRs) in regulating 
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inflammatory reactions to CoCrMo particles and CoCrMo ions around orthopedic 

implants have not been fully clarified. Therefore, this study attempted to evaluate the 

expression of TLRs 1, 2, 4, 5, and 6 after CoCrMo particle and CoCrMo ion stimulation 

in the synovial layer in vivo. The experimental design is shown in Figure 5. 

 

1.5.2 Aims of the study  

The aim of this investigation was to determine the potential changes in cell surface 

receptors (specific TLRs) in response to CoCrMo particles (CP) and CoCrMo ions (CI) 

and to distinguish the difference in TLR expression levels between CoCrMo particles 

and ionic products in the murine knee joint synovial tissues. 

 

1.5.3 The hypothesis 

The hypothesis was created that the group injected with CoCrMo particles, and the CI 

group would express cell surface TLRs at higher levels compared to the control group. 

Because metal ions can function as haptens, the CI group would exhibit higher 

expression of specific TLRs compared to the CP group. 
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2. Materials and methods 

2.1. CoCrMo particles/ions  

As a part of the DFG-funded cooperative project, the production and analysis of 

CoCrMo particles and ionic products were finished by our cooperative team at 

University of Heidelberg. The metallic particles and metallic ionic products used in this 

study were generated from CoCrMo alloy samples according to ASTM F1537/ISO 

5832–12. This type of wrought CoCrMo alloy is considered the standard material used 

in total joint replacements [135]. 

 

A wear test was performed using a custom-made pin-on-plate simulator to obtain 

CoCrMo particles. The frequency of the wear test was 1 Hz. A high-resolution 

inductively coupled plasma mass spectrometry (HR-ICP-MS) instrument (Thermo 

Scientific, Bremen, Germany) was used to determine the chemical composition of wear 

particles. Moreover, morphological parameters of wear particles, including the 

roundness (R), aspect ratio (AR), and equivalent circular diameter (ECD), were 

determined using scanning electron microscopy (SEM; Carl Zeiss, Oberkochem, 

Germany). The generated particle size and morphology were close to those of metallic 

particles obtained from revision surgeries [11, 136] (Table 1). 

 

Table 1. Morphological characters of metallic debris. 

Materials Roundness Aspect ratio ECD 

CoCrMo alloy 0.64 ± 0.16 1.69 ± 0.66 61.25 ± 18.47 nm 

The shape of produced particles: oval shape, 49%; rounded shape 44%; and needle shape, 7 %. 
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A CoCrMo alloy specimen was eroded in a corrosion measuring cell to generate 

CoCrMo ions. A PBS solution was used as the surrounding medium. The chemical 

composition of CoCrMo ions was determined utilizing an HR-ICP-MS (Thermo 

Scientific, Bremen, Germany) instrument. The concentration of all dissolved metallic 

ions in the PBS solution was detected as 20.5 mg/L, which was subsequently diluted to 

the setting concentration (200 μg/L) (Table 2). The selected concentration (200 μg/L) 

was determined from an examination in which the patient's joint puncture was analyzed 

before the revision arthroplasty (in the case of MoM bearing couples). Median 

concentrations ranging from 200-250 μg/L were measured [137]. 

 

Table 2. Metallic ion concentrations in the PBS solution 
 

Element Co Cr Mo Ni 

Concentration(mg/L)  13.7  4.3 0.8  1.7  

The total concentration of CoCrMo ionic solution were determined as 20.5 mg/L. 

 

2.2. Removal of endotoxins  

TLR activation in the synovium will be observed after CoCrMo particles and ions are 

injected into the knee joints. Prior to the animal experiments, PAMPs, such as 

lipopolysaccharides, must be removed from CoCrMo particles and CoCrMo ions to 

avoid relevant interference factors. Thus, an ethanol washing procedure was used to 

clean the generated particles, whereas a heat-shock method was carried out to treat the 



2. Materials and methods 

 
 

37 

metallic ions. The Limulus amebocyte lysate assay (Lonza, Cologne, Germany) was 

used to examine the efficiency of endotoxin removals. 

 

2.3 In vivo trials: mice and intra-articular injections 

30 female Balb/c mice obtained from Charles River Laboratories (Sulzbach, Germany) 

were used in this investigation. The weight range of these mice was 18-25g. All mice 

were randomly assigned into one of the following three groups: the group injected with 

CoCrMo particles (CP group, n = 10), the group injected with CoCrMo ions (CI group, 

n = 10), and the group injected with PBS solution (control group, n = 10). 

 

Before the intra-articular injection procedure, the solution designated for each group 

was treated with ultrasound for 60 minutes to avoid possible aggregation and 

precipitation. Subsequently, 50 μL of a 0.1 vol% CP suspension, 50 μL of 200 μg/L CI 

solution, and 50 μL of the PBS solution were released into the joint cavity of murine 

left knee by injectors under sterile conditions. Seven days later, all mice were sacrificed 

by an overdose of pentobarbital (Merial, Hallbergmoos, Germany). All knee joints were 

removed for subsequent immunohistological analyses. 

 

For in vivo trials, the intra-articular injection of mice was performed by my colleague, 

Dr. med. Kathrin Ebinger. There is no conflict of interest. All experimental procedures 

relevant to mice were conducted in accordance with the European Directive 

2010/63/EU Act and the rules of the Animal Protection Laboratory Animal Regulations 
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(2013) and approved by the Upper Bavaria government, Germany (protocol number: 

55.2-1-54-2532-82.12). 

 

2.4 Immunohistochemistry (IHC)  

2.4.1 Paraffin blocks and sections 

After the samples of murine knee joints were collected, all knee samples were fixed 

with 4% formaldehyde at room temperature, followed by decalcification in Osteosoft® 

solution (Merck, Darmstadt, Germany). Subsequently, the decalcified samples were 

dehydrated in a series of rising ethanol concentrations (70%, 96%, 100%, and xylene) 

by a Spin Tissue Processor 120 instrument (Myr, Tarragona, Spain) and finally 

successively transferred to two paraffin wax baths at about 60 °C.  

 

After the dehydration step, the embedding cassettes containing knee samples were 

transferred to a paraffin embedding station (Leica Microsystems, Nussloch, Germany). 

An appropriate mold was selected and then filled with paraffin as required. Later, the 

knee sample was transferred from the cassette to the mold. Using forceps, the knee 

sample was oriented parallel to the cut surface. After the orientation of the knee sample, 

the mold was filled with paraffin. Finally, the mold with the paraffin block was placed 

on the cold plate until all the paraffin was fully solidified. The paraffin blocks were then 

removed from the molds and stored at room temperature until further processing. 

 

Paraffin blocks were placed on a cold plate (-20 °C) before sectioning. Cold wax 
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provides support for hard elements within the tissue specimen, and thus thin sections 

are easy to obtain. The thickness of sections was 3 µm. After the cutting process, the 

section was picked up with forceps and moved to a water bath (38 °C). The warm water 

helped remove wrinkles from the section. Then, the sections were mounted on labeled 

slides. Finally, the labeled slides were placed on a heating plate and incubated at 65 °C 

for approximately one hour to evaporate water and melt the wax of sections. The slides 

were then stored in slide boxes. 

 

2.4.2 IHC staining procedure 

The prepared tissue sections were examined immunohistochemically using five anti-

mouse polyclonal antibodies against TLRs 1, 2, 4, 5, and 6. Each antibody was used 

separately in the formal experiments. Thirty samples, including samples from the CP 

group (n = 10), the CI group (n = 10), and the PBS group (n = 10), were stained 

simultaneously as one batch in each staining process to avoid differences in staining 

between batches. The knee sample to which the primary antibody was not added was 

regarded as the no primary antibody control (NC). The splenic sample rich in TLRs was 

considered as the positive control in this study. False-positive staining and false-

negative staining were avoided by analyzing NC and positive controls. After every step 

using reagents during the staining period, tissue sections were washed with washing 

buffer three times. The washing buffer was composed of 5 L of PBS and 5 mL of Brij. 

All prepared buffers and solutions used in the staining process are listed in Table 3 
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Table 3. Prepared buffers and solutions 
 

Name Preparation method 

PBS buffer (1 x) 1 liter of PBS buffer (10 x concentrated) + 9 liters of distilled water 

Hydrogen peroxide 3% 20 mL 30% H2O2 + 180 ml deionized water 

PBS-Brij (washing buffer) 5 liters of diluted PBS (1 x) buffer + 5 ml Brij 

EDTA buffer (pH 9.0) 10 mL EDTA (pH 9.0; 10 x) + 90 mL deionized water 

Citrate buffer (pH 6.0) 10 mL citrate buffer (pH 6.0; 10 x) + 90 mL deionized water 

EDTA buffer (pH 8.0) 10 mL EDTA (pH 8.0; 10 x) + 90 mL deionized water 

Chromogenic approach 1000 µL DAB substrate buffer + 1 drop DAB concentrate 

Antibody approach 1: 50 100 µL primary antibody + 4.9 mL Antibody dilution buffer 

 

Before IHC, specific slides were placed at 60 °C for one hour to melt the wax on the 

slides. Then, the slides were dewaxed in xylene for 20 minutes and rehydrated via a 

descending alcohol series (100% 2 x 10 min, 96% 5 min, 70% 5 min, finally in distilled 

water). All wax must be removed to allow aqueous solutions to penetrate the sections. 

Background staining was sometimes also due to the existence of wax pots, and thus this 

step was essential. 

 

2.4.2.1 Heat-induced epitope retrieval (HIER) 

Formalin-fixed samples usually require an antigen retrieval step. Commonly, 

methylene bridges will be formed during formalin fixation and cover antigenic sites. 

These methylene bridges can be broken, and antigenic sites can be exposed again via 

antigen retrieval procedures [138]. Enzymatic retrieval and heat-induced epitope 
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retrieval (HIER) are two methods for antigen retrieval. Because the section morphology 

is easily damaged by the enzymatic retrieval method, we decided to use the HIER 

method. There are three kinds of buffer solutions used for HIER in this investigation: 

EDTA buffer (pH 8.0), citrate buffer (pH 6.0), and EDTA buffer (pH 9.0; DCS, 

Hamburg, Germany). Based on the results of a pretest, EDTA (pH 8.0) buffer was used 

in our formal experiments. The appropriate antigen retrieval buffer with samples was 

placed in a pressure cooker (2100-Antigen Retriever, BioVendor GmbH; Kassel, 

Germany) for thirty minutes. After removal from the pressure cooker, slides were 

placed in the buffer for approximately one hour until slides turned back to room 

temperature. 

 

2.4.2.2 Endogenous peroxidase blocking 

For the chromogenic procedures in IHC, an enzyme is usually linked to secondary 

antibodies to visualize antibody localization [139]. If the enzyme also exists in the 

targeted tissue, its reaction must be blocked before the chromogenic step. In this study, 

we used horseradish peroxidase (HRP) to conduct the chromogenic procedure, and thus 

endogenous peroxidase activity must be blocked to avoid the non-specific background 

staining. All tissue samples were immersed with 3% hydrogen peroxide (Merck KGaA, 

Darmstadt, Germany) for ten minutes to block endogenous peroxidase activity after the 

HIER step in this investigation. 
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2.4.2.3 Antibody incubation and chromogenic procedures 

Serial dilution pretests should be conducted to obtain the optimized dilution of each 

primary antibody before the formal experiment and to avoid overstaining or very weak 

staining of the tissue sections. Therefore, a dilution ratio gradient-related analysis was 

carried out before the formal experiments. By adding antibody dilution buffer, the 

concentrated solution of primary antibodies was diluted to 1:150, 1:200, 1:300, 1:400, 

and 1:500. Then, all diluted solutions of each antibody were simultaneously tested for 

IHC staining. After the analysis of IHC staining density, the optimized dilution for each 

primary antibody would be obtained. The optimized dilution will be shown in the result 

parts. The basic information of primary antibodies was shown as below (Table 4). 

 

Table 4. Basic information of primary antibodies 
 

Primary Antibodies  
(Rabbit anti-mouse polyclonal antibodies) 

Stock solution Source 

TLR 1 antibody 100 µL Biorbyt Ltd., UK, Cat no.: orb 48968 

TLR 2 antibody 100 µL Biorbyt Ltd., UK, Cat no.: orb 11487 

TLR 4 antibody 100 µL Biorbyt Ltd., UK, Cat no.: orb 11489 

TLR 5 antibody 100 µL Biorbyt Ltd., UK, Cat no.: orb 11490 

TLR 6 antibody 100 µL Biorbyt Ltd., UK, Cat no.: orb 252521 

  

In the formal staining procedures, the slides were quickly removed from the washing 

buffer and placed in a humidified chamber. Then, they were incubated with 150 μL of 

diluted primary antibodies at room temperature (20-22 °C) for one hour. When the 
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incubation with the primary antibodies was finished, the SuperVision 2 HRP-Polymer 

system kit (DCS, Hamburg, Germany) was used to bind primary antibodies according 

to the manufacturer’s protocol. Subsequently, DAB substrate (DCS, Hamburg, 

Germany) was freshly prepared as a chromogen to visualize the antigen-antibody 

interactions. The chromogenic procedure was completed in three minutes. Later, all 

tissue sections were counterstained with Mayer's hematoxylin (Morphisto GmbH, 

Frankfurt, Germany) for one minute. After the counterstaining, all slides were placed 

in running tap water for bluing (pH 7.5). Then, the sections were dehydrated in a series 

of rising ethanol concentrations (70%, 96%, 100%, and finally in xylene). Finally, all 

histology slides were mounted using cover-glasses and EUKITT (O. Kindler GmbH, 

Freiburg, Germany). 

 

A PreciPoint M8 microscope (Freising, Germany) was used to image the stained 

sections at 200-fold magnification. The synovial tissue represents the region of interest 

(ROI) in this study. Images including most of the synovial layer were captured for the 

subsequent quantitative analysis. If cells of the synovial membrane displayed a brown 

or deep yellow color and the nucleus had a blue color, positive staining was recorded. 

Two investigators individually counted positive cells using Image J software (Bethesda, 

MD, USA). Finally, the mean value was calculated to perform the subsequent 

histomorphometrical analysis.   

 
 

2.5 Statistical evaluation 
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The data obtained from the manual counts were evaluated with GraphPad Prism 8.3.0 

(GraphPad Software, San Diego, USA). The Shapiro-Wilk test and the Anderson-

Darling test were used to determine the distribution of the data. With regard to data 

having a normal distribution, the one-way analysis of variance (ANOVA) was used to 

evaluate whether there was a significant difference for the three independent groups in 

this study. As a follow-up test to ANOVA, the Tukey test was used to compare 

significant differences between every group with every other group. If the data failed 

the normality test, the Kruskal-Wallis test was conducted in this investigation. As a 

post-test following a Kruskal-Wallis test, the Dunn's test was used to compare 

significant differences between every group with every other group. The results are 

presented in box plots. A P-value < 0.0167 (Bonferroni adjustment) was regarded to be 

statistically significant. 
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3. Results 

3.1 Pretests 

3.1.1 Positive controls 

The spleen, an immune organ, expresses all antigens that were our focus in this study. 

Therefore, splenic tissue was used as a positive control. In the pilot experiment, positive 

reactions were detected in the splenic tissue after IHC staining was conducted using 

anti-TLR 1, 2, 4, 5, and 6 polyclonal antibodies. These pretests indicated that the 

staining assay was working correctly. In the subsequent formal experiments, one splenic 

sample was stained again in each staining batch to avoid false-negative results. 

Additionally, one splenic sample to which the primary antibody was not added was also 

included in each staining batch to avoid nonspecific staining and false-positive results. 

No positive staining was observed when the no-primary-antibody-control (NC) was 

used in this study. The representative images are shown in Figure 6. 
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Figure 6. Representative images of positive controls. The splenic tissue expresses all surface TLRs we 
used in this study. So, the splenic tissue was regarded as the positive control. NC, no primary antibody 
control. TLRs 1, 2, 4, 5 and 6, Toll-like receptors 1, 2, 4, 5 and 6. (Scale bar = 100 µm). 

 

3.1.2 Optimal pH of HIER 

The optimal pH of heat-induced antigen retrieval must be determined experimentally. 

Three reagents, EDTA buffer (pH 8.0), citrate buffer (pH 6.0), and EDTA buffer (pH 

9.0; DCS, Hamburg Germany), were tested in the pilot study. After the staining 

procedures, positive reactions were observed when we used these three types of 

reagents (pH 6.0, 8.0, and 9.0). After the comparison, EDTA buffer pH 8 was regarded 

as the optimal pH. As shown in the figure below (Figure 7), when EDTA buffer pH 8 

was used, positive reactions and almost no background staining were observed. 

 

Therefore, EDTA buffer (pH 8) was considered to be the optimal reagent for heat-

induced antigen retrieval in the subsequent experiments. No positive reaction was 

detected in the sample incubated without a primary antibody (NC). This NC sample 



3. Results 

 
 

47 

helped to exclude false-positive results. 

 

 
Figure 7. Effect of pH on heat-mediated antigen retrieval in the synovial tissue. A, NC, no primary 
antibody control. B, the TLR 5 expression using citrate-buffer pH 6 in the murine knee joint synovium. 
The dilution ratio is 1:200, which is based on the product-sheet of TLR 5. C, the TLR 5 expression using 
EDTA buffer pH 8 in the murine knee joint synovium. D, the TLR 5 expression using EDTA buffer pH 
9 in the murine knee joint synovium. NC, no primary antibody control. TLR 5, Toll-like receptor 5. CP, 
the CoCrMo particle sample. (Scale bar = 100 µm). 

 

3.1.3 Primary antibody optimization 

The quality of IHC staining is also influenced by the dilution ratio of the primary 

antibody. This dilution ratio of each primary antibody must be optimized in different 

tissues to ensure specific staining with minimal background staining. We found that the 

staining intensity decreased with decreasing concentrations of the antibody solution, 

based on the staining results. In the representative images shown in Figure 8, when the 

dilution ratio of TLR 4 was 1:200, the best effect of staining was observed. Therefore, 

for TLR 4, we used a dilution ratio of 1:200 in the subsequent experiment. The 
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optimized dilution related to each primary antibody is shown in Table 5. 

 

 
Figure 8. The dilution ratio gradient-related analysis for TLR 4 antibodies. A, no primary antibody is 
added. B, C, D, E, and F represent images that the concentrated solution of primary antibodies is diluted 
150, 200, 300, 400, and 500 times, respectively. NC, no primary antibody control. TLR 4, Toll-like 
receptor 4. CP, the CoCrMo particle sample. (Scale bar = 100 µm). 

 

Table 5. The optimized dilution ratio for each primary antibody 
 

TLRs Dilution Manufacturer 

TLR 1 antibody 1:500 Biorbyt Ltd., Cambridge, United Kingdom 

TLR 2 antibody 1:200 Idem 

TLR 4 antibody 1:200 Idem 

TLR 5 antibody 1:300 Idem 

TLR 6 antibody 1:200 Idem 

 

3.2 Expression of TLRs 
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3.2.1 Expression of TLR 1  

With regard to the CP group, a large number of round macrophage-like cells were 

observed in the central region of the thickened synovial tissue. Most of the round cells 

were positively stained with TLR 1 antibodies. Moreover, many spindle-shaped, 

fibroblast-like cells were also observed, especially in the marginal area of the thickened 

synovial tissue. Some of the fibroblast-like cells displayed positive staining with TLR 

1 antibodies (Figure 9A, CP-TLR 1). In the CI group, numerous positively stained 

cells with TLR 1 antibodies could be observed in the synovium. A representative image 

of the CI group showed a hyperplastic synovium that tend to “invade” the neighboring 

adipose tissue (Figure 9A, CI-TLR 1). There was no clear border between the synovial 

layer and the adjacent adipose tissue. Some positively stained cells with TLR 1 

antibodies could be found around the capillaries of the thickened sub-synovial tissue in 

the image. In the control group, only scattered positive stained cells were observed in 

the synovium.  

 

According to the histomorphometrical analysis, the CP group had a median of 192.5 

positive cells per visual field (min. 78.3; max. 232.2 positive cells/visual field). The CI 

group showed a median of 73.75 positive cells per visual field (min. 44.2; max. 114 

positive cells per visual field). The control group showed a median of 37.5 positive cells 

per visual field (min. 7.25; max. 100.8 positive cells per visual field). The analysis of 

these data indicated that cells that showed positive staining with TLR 1 antibodies in 

the CP group had significantly higher numbers than those in the CI group and the PBS 
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group (p < 0.0167); however, cells with positive staining in the CI group did not show 

a noticeable difference compared with the PBS group (Figure 9B).  

 

 
Figure 9. IHC staining results of TLR 1 in the murine knee joint synovial tissue. (A) NC, no positively 
stained cells. CP-TLR 1, numerous positively stained cells can be observed. Black arrow, round 
macrophage-like cells; triangle (▲), spindle-shaped fibroblast-like cells. CI-TLR 1, some positively 
stained cells can be observed. Pentagram (★), the capillary in the neighboring adipose tissue. PBS-TLR 
1, few positively stained cells are observed. (B) Statistical analysis of TLR 1 [One way analysis of 
variance (Tukey's test)]. IHC, immunohistochemistry; PBS, phosphate-buffered saline; NC, no primary 
antibody control; CP, CoCrMo particles; CI, CoCrMo ions; TLR, Toll-like receptor. (* = p < 0.0167; 
Scale bar = 100 µm).   
 

3.2.2 Expression of TLR 2 

Concerning both the CP group and the CI group, hyperplastic synovial tissues were 

observed under the microscopy. Many positively stained cells with TLR 2 antibodies 

were found in both the CP and CI groups. In the control group, only scattered cells 

showed positive staining with TLR 2 antibodies (Figure 10A). 

 

In the histomorphometrical analysis, the CP group exhibited a median of 99.2 positive 
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cells per visual field (min. 41.5; max. 150.5 positive cells per visual field). The CI group 

showed a median of 34.58 positive cells per visual field (min. 21; max. 89.25 positive 

cells per visual field). The PBS group displayed a median of 14.38 positive cells per 

visual field (min. 2.2; max. 53.4 positive cells per visual field). Based on the results of 

the histomorphometrical analysis, only the CP group showed significantly increased 

positive cells with TLR 2 antigens in comparison with the PBS group (p < 0.0167) 

(Figure 10B). 

 

 
Figure 10. IHC staining results of TLR 2 in the murine knee joint synovial tissue. (A) NC, no positively 
stained cells. CP-TLR 2 presented many positively stained cells and thickened synovium. CI-TLR 2, 
some cells are positively stained in the thickened synovial membrane. PBS-TLR 2, few cells are positive 
in the synovial membrane. (B) Statistical analysis of TLR 2 [Kruskal Wallis test (Dunn's test)]. IHC, 
immunohistochemistry; PBS, phosphate-buffered saline; NC, no primary antibody control; CP, CoCrMo 
particles; CI, CoCrMo ions; TLR, Toll-like receptor. (* = p < 0.0167; Scale bar = 100 µm). 

 

3.2.3 Expression of TLR 4 

In the CP group, a thickened synovial layer and apparent inflammatory cell infiltrates 

were observed. Additionally, many inflammatory cells invaded the adjacent adipose 
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tissue. Numerous fibroblast- and macrophage-like cells were observed in the infiltrated 

region; most of them were positively stained with TLR 4 antibodies. In the CI group, 

many cells having positive staining were also found in the hyperplastic synovium; 

however, only scattered cells that showed positive staining with TLR 4 antibodies were 

detected in the PBS group (Figure 11A). 

 

Based on the histomorphometrical analysis, the CP group had a median of 96.53 

positive cells per visual field (min. 67.25; max. 157.25 positive cells per visual field). 

The CI group showed a median of 68.65 positive cells per visual field (min. 28.5; max. 

125.3 positive cells per visual field. The PBS group presented a median of 29.7 positive 

cells per visual field (min. 7.25; max. 72.5 positive cells per visual field). According to 

these TLR 4 data, the number of cells with positive staining in the CP group had 

considerable differences only the CP group showed significantly increased positive 

cells with TLR 2 antigens in comparison with that in the CI group and the PBS group. 

Meanwhile, the CI group demonstrated higher TLR 4 expressions than the PBS group 

(p < 0.0167) (Figure 11B). 
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Figure 11. IHC staining results of TLR 4 in the murine knee joint synovial tissue. (A) NC, no positively 
stained cells. CP-TLR 4, dense inflammatory cell infiltrates are found in the thickened synovial 
membrane. Obvious adjacent adipose tissue loss are observed. CI-TLR 4, some positively stained cells 
are found in the synovial tissue. PBS-TLR 4, only scattered positively stained cells are observed in the 
synovial tissue. (B) Statistical analysis of TLR 4 [One way analysis of variance (Tukey's test)]. IHC, 
immunohistochemistry; PBS, phosphate-buffered saline; NC, no primary antibody control; CP, CoCrMo 
particles; CI, CoCrMo ions; TLR, Toll-like receptor. (* = p < 0.0167; Scale bar = 100 µm).   

  

3.2.4 Expression of TLR 5 

Following stimulation with CoCrMo particles, newly formed granulation tissue was 

observed in the CP group, which was quite close to the granulomatous tissue 

(pseudotumor) obtained from patients who received revision arthroplasty. Additionally, 

with the formation of granulation structures in the CP group, the wide-ranging 

neighboring adipose tissue seemed to disappear (Figure 12A, CP-TLR 5). While no 

granulation structure was observed in the CI group, a thickened synovial membrane 

was found (Figure 12A, CI-TLR 5).  
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In the histomorphometrical analysis, the CP group had a median of 133.4 positive cells 

per visual field (min. 37.4; max. 171 positive cells per visual field). The CI group 

displayed a median of 44.63 positive cells per visual field (min. 18.5; max. 84.5 positive 

cells per visual field). A median of 21 positive cells per visual field (min. 11.25; max. 

66.5 positive cells per visual field) was detected in the PBS group. Based on these data 

above, only the CP group displayed numerous cells that had positive staining with TLR 

5 antibodies in comparison with the PBS group (p < 0.0167) (Figure 12B).   

 

 
Figure 12. IHC staining results of TLR 5 in the murine knee joint synovial tissue. (A) NC, no positively 
stained cells. CP-TLR 5, blue arrow, the granulation tissue is found in the synovial tissue. CI-TLR 5, 
some positively stained cells are found in the synovial tissue. PBS-TLR 5, few cells show positive 
staining in the synovial tissue. (B) Statistical analysis of TLR 5 [Kruskal Wallis test (Dunn's test)]. IHC, 
immunohistochemistry; PBS, phosphate-buffered saline; NC, no primary antibody control; CP, CoCrMo 
particles; CI, CoCrMo ions; TLR, Toll-like receptor. (* = p < 0.0167; Scale bar = 100 µm). 

 

3.2.4 Expression of TLR 6 

Necrotic tissue caused by CoCrMo particles was displayed in the CP group. Black 

CoCrMo particles, green corrosion CoCrMo particles, inflammatory cell infiltrates, and 

numerous fibroblast-like cells could be observed in the necrotic tissue (Figure 13A, 
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CP-TLR 6). Typically, in the tissue retrieved from revision surgeries, corrosion 

CoCrMo particles appear greenish, while conventional CoCrMo particles are mainly 

black [41]. Therefore, the clinically observed CoCrMo particles are similar with 

particles that we detected in the necrotic tissue in the present study. In the CP group, 

many cells that showed positive staining with TLR 6 antibodies were found around the 

necrotic tissue. Additionally, numerous cells with positive staining were also observed 

in the apparent hyperplastic synovium of the CI group (Figure 13A, CI-TLR 6). 

 

Based on the histomorphometrical analysis, a median of 142.6 positive cells per visual 

field (min. 74.3; max. 205 positive cells per visual field) was detected in the CP group. 

The CI group showed a median of 74.42 positive cells per visual field (min. 45; max. 

99.4 positive cells per visual field). A median of 33.3 positive cells per visual field (min. 

15.8; max. 72.75 positive cells per visual field) was found in the PBS group. In terms 

of the statistical analysis, the number of cells that showed positive staining with TLR 6 

antibodies in the CP group had considerable differences in comparison with that in the 

CI group and control group (PBS). Meanwhile, the CI group presented more positive 

cells than the control group (p < 0.0167) (Figure 13B) 
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Figure 13. IHC staining results of TLR 6 in the murine knee joint synovial tissue. (A) NC, no positively 
stained cells. CP-TLR 6, black CoCrMo particles and green corrosion particles are found in the necrotic 
tissue. CI-TLR 6, numerous positively stained cells are found in the thickened synovial tissue. PBS-TLR 
6, scattered cells show positive staining in the synovial tissue. (B) Statistical analysis of TLR 6 [One way 
analysis of variance (Tukey's test)]. IHC, immunohistochemistry; PBS, phosphate-buffered saline; NC, 
no primary antibody control; CP, CoCrMo particles; CI, CoCrMo ions; TLR, Toll-like receptor. (* = p < 
0.0167; Scale bar = 100 µm). 

 

3.3 Graphical summary 

Immunohistochemical staining was carried out in the knee joint synovial tissue of a 

mouse model. Anti-TLR 1, 2, 4, 5, and 6 antibodies were used to detect target proteins 

on dewaxed synovial tissue sections. Increased inflammatory cell infiltrates and a 

hyperplastic synovial layer were observed in both the CP and CI groups. Additionally, 

the CP group presented significantly upregulated TLR expression compared with the 

PBS group and an elevated number of cells that had positive staining with TLR 1-, 4-, 

and 6-antibodies in comparison with the CI group (p < 0.0167). The CI group showed 

significantly higher levels TLRs 4 and 6 expression than the control group. Greenish 
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corrosion particles were observed in the necrotic tissue, suggesting that CoCrMo 

particles might release a certain level of locally toxic metallic ions in vivo (Figure 14). 

 

 
Figure 14. Graphical summary of this study. CP, CoCrMo particles; CI, CoCrMo ions; TLR, Toll-like 
receptor; PBS, phosphate-buffered saline. 
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4. Discussion 

The acquired IHC results partially controverted the initial hypothesis. The CP group, 

rather than the CI group, had significantly higher levels of all TLRs used in this 

investigation than the control group. Even dramatically upregulated TLR 1, 4, and 6 

expressions were observed in the CP group in comparison with the CI group. Only 

higher TLR 4 and 6 expressions were detected in the CI group than those in the control 

group. In the next section, the inflammatory animal model and TLR results will be 

discussed retrospectively. 

 

4.1 The inflammatory model in vivo  

After total hip arthroplasty [2], adverse local tissue reactions (ALTRs) caused by 

abrasion products remain one common cause for revision operations in the middle- and 

long-term [13, 140]. The synovial-like interface membrane around implants is the 

central effector region of adverse reactions to abrasion products and has attracted much 

attention from the scientific community [141]. Some researchers have tried to use some 

histological methods and leukocyte/endothelial-cell interactions to measure the 

biological responses to wear debris in the murine synovial layer [79]. Migration of 

leukocytes from lymphatic or blood vessels into tissues occurs more extensively in the 

presence of inflammatory reactions or injuries in local tissue sites. Therefore, based on 

leukocyte-endothelial cell interactions measured using intravital microscopy, the extent 

of the biological responses caused by wear debris can be determined [79]. Additionally, 

the thickened synovial layer and inflammatory cell infiltration can also be measured via 
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a histological analysis. 

 

Zysk et al. [142] were the earliest researchers to utilize this murine model to evaluate 

biological reactions caused by wear particles. Some Balb/c mice received intra-articular 

injections of wear particle suspensions. Seven days after the wear particle injection, 

leukocyte-endothelial cell interactions and histological sections were observed to 

determine the extent of inflammatory reactions. This significant step achieved with this 

murine model is an intra-articular injection of wear particles. This procedure mimics 

the intra-articular release of abrasion products from implants and the debris distribution 

in the knee joints. After the animal model was established, Zysk et al. [142] primarily 

observed the effect of the debris composition. They found that titanium particles, 

polyethylene particles, and polymethyl methacrylate (PMMA) particles caused 

considerably intensified leukocyte-endothelial cell interactions and stronger pro-

inflammatory responses compared with the control group. The same researchers 

subsequently used this murine model to evaluate the influence of debris sizes on 

inflammatory responses [143]. They indicated that smaller polystyrene wear fragments 

(0.5 and 2.0 μm) caused a more severe pro-inflammatory reaction than large ones (75 

μm) at the same volume [143]. Afterward, Utzschneider et al. [144] compared 

polyether-ether-ketone (PEEK) particles with ultrahigh-molecular-weight-

polyethylene (UHMWPE) particles in the same murine model. These authors did not 

observe an obvious difference between PEEK and UHMWPE particles. Thus, these two 

kinds of particles might induce a comparable inflammatory response in vivo. 
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Based on the studies mentioned above, in this investigation, we tried to evaluate the 

expression levels of TLRs in the synovial layer after CoCrMo particles and CoCrMo 

ions were injected into the murine knee joints. Commonly, the sterile inflammatory 

responses caused by wear debris are considered the central biological reactions around 

implants [145]. TLRs, which are single-pass membrane-spanning proteins, play a 

critical role in triggering sterile inflammation [111]. According to some studies, wear 

debris-induced inflammation might be mitigated by a specific pharmacological 

blockade of one TLR or more TLRs [117]. Similarly, TLRs have become therapeutic 

targets for many other diseases. Some synthetic or biological antagonists have been 

developed to regulate TLR function. According to the literature, the surfactant protein-

A-derived (SPA4) peptide has been used to suppress the inflammatory response in the 

lung by blocking the activated TLR 4 [146]. Some DNA-based small molecules, such 

as IMO-3100, have been used to treat psoriasis by binding to TLR 7-9 [147]. Based on 

these discoveries, the expression levels of distinct TLRs, including TLRs 1, 2, 4, 5, and 

6, were evaluated in the murine knee joint synovial tissue in the present study. TLRs 1, 

2, 4, 5, and 6 are expressed both in humans and mice. Additionally, they are mainly 

expressed on the cellular surface, increasing the possibility of direct interactions 

between wear debris and TLRs, so these receptors are selected in this study. 

 

This study aims to identify the potential cell surface TLRs with higher expression after 

CoCrMo particle and CoCrMo ion stimulation. The differences in TLR expression 
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between animals injected with CoCrMo particles and CoCrMo ions are clarified. We 

hope that our study provides a helpful reference for designing therapeutic agents for 

inflammatory reactions to CoCrMo particles and ionic products in the synovial-like 

interface membrane. 

 

Immunohistochemical (IHC) staining detects the presence and location of specific 

proteins in synovial tissues [41]; additionally, IHC enables the quantification of cells 

expressing particular proteins in the context of intact synovial tissues [141]. Therefore, 

IHC techniques were used to detect TLR-positive cells in synovial tissue in this study. 

After IHC staining, black CoCrMo particles, green corrosion CoCrMo particles, 

necrotic tissues, inflammatory cells, and even granulomatous tissues were found in the 

murine knee joint synovial tissues in this study. These tissue characteristics are highly 

close to periprosthetic tissues obtained from revision surgeries [6, 27, 41, 59]. 

 

In clinical studies, standardized IHC analyses also plays a vital role in understanding 

the synovial-like interface membrane inflammatory characteristics around implants 

[148]. The quantification of specific cell categories via IHC techniques has been used 

to determine potential thresholds for some pathological responses around implants, 

such as the diagnosis of low-grade bacterial infections by counting CD15 positive cells 

[141]. However, a sufficient amount of periprosthetic tissue samples is difficult to 

obtain from revision surgeries to perform relatively basic studies. The established 

murine model provides a calculable number of synovial tissues. Furthermore, based on 
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the highly similar tissue characteristics between the synovium and synovial-like tissue 

around implants [142], the established murine model might be able to further analyze 

biological reactions caused by wear debris. 

 

Numerous in vitro cell culture models have also been used to study sterile inflammation 

caused by wear debris [149-151]. In vitro models allow the representation of the 

inflammatory reaction in a specific cell line upon particle stimulation. However, for 

actual debris-induced inflammatory responses in vivo, various types of cells, mainly 

including macrophages, fibroblasts, endothelial cells, lymphocytes, neutrophils, and 

mast cells, are associated with the process together [145]. Thus, compared to in vitro 

models, this murine model is closer to the clinical scenario, reflecting the complicated 

interactions of numerous types of cells and tissues. Additionally, this murine model also 

reflects the effect of synovial fluid [79]. Because PAMPs, such as endotoxins, can 

activate TLRs, endotoxin-free CoCrMo materials were used in this investigation to 

eliminate the relative interfering factors. 

 

4.2 TLRs 4 and 6  

The CI group had a higher number of cells that showed positive staining with TLRs 4 

and 6 antibodies than the PBS group in this investigation. Similarly, Bannon et al. [152] 

detected elevated TLR 4 expression in a murine model after nickel (Ni) stimulation. 

Samelko et al. [153] observed a strong TLR 4 based inflammatory response after 

CoCrMo/LPS+ or CoCrMo metal stimulation in a murine calvaria model. However, in 
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a study of contact allergy, Schmidt et al. [127, 128] indicated that Co2+ ions or Ni2+ ions 

(concentration 1.5 mM) could activate a pro-inflammatory response by directly binding 

to TLR 4 in humans but not in mice. These authors revealed that the non-conserved 

histidines 456 and 458 in human TLR 4 are critical components for activating 

inflammation by directly binding to Co2+ ions or Ni2+ ions. Nevertheless, murine TLR 

4 does not contain these two non-conserved histidines mentioned above. Therefore, 

direct TLR 4 activation by Co2+ ions or Ni2+ ions was species-specific. As outlined 

above, the elevated expression levels of TLR 4 in the synovial layer of our murine 

model do not appear to be attributable to the direct effects of Co2+ ions or Ni2+ ions. 

Because the CoCrMo alloy used in this investigation also contains some other elements, 

e.g., molybdenum and chromium, the increased TLR 4 expression levels may be 

directly caused by other elements [76]. The effects of some other metal elements cannot 

be excluded in this study.  

 

In addition, because metallic ions usually have complicated chemical and physical 

properties, the biological effects of metallic ions on the synovial layer do not appear to 

be limited to a single pathway. In addition to direct activation via ligand-receptor 

recognition, TLRs can also be indirectly activated by high concentrations of metallic 

ions [117]. Because metallic ions at high levels are usually toxic for normal cells. 

Briefly, metallic ions at high levels trigger the release of endogenous ligands of TLRs, 

e.g., some DAMPs delivered from injured or dying cells [154]. Upon the release of 

endogenous ligands, an indirect activation of TLRs can be observed. Likewise, the 
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metallic ion concentration used in this investigation is determined from the 

concentration detected in synovial fluid from patients scheduled for revision hip 

replacement, which might not be suitable for the knee joints of the murine model [137]. 

A concentration of metallic ions, which still has to be defined, probably leads to the 

release of DAMPs and subsequently results in the activation of TLR 4 and TLR 6. For 

patients with well-functioning prostheses in the clinical study, the metallic ion 

concentration in the synovial fluid is not usually even close to toxic levels [155]. A 

higher concentration of metal ions (toxic levels) in the synovial fluid is often observed 

in patients who need revision hip arthroplasty [137, 156]. Additionally, elevated TLR 4 

and TLR 6 expressions were observed in periprosthetic tissues obtained from patients 

undergoing these revision surgeries [157, 158]. As described above, apart from the 

direct ligand-receptor recognition, the influence of metal ion concentration on TLR 

activation should not be neglected experimentally or clinically. 

 

It was also found that the group injected with CoCrMo particles (CP) displayed a higher 

number of cells that had positive staining with TLR 4 and TLR 6 antibodies than the CI 

group. In the CP group, greenish corrosion particles were found in necrotic tissues, 

suggesting that metal particles were possible to be a reservoir of metal ions. A certain 

amount of metal ions was constantly released from metal particles within synovial 

tissues or cells through corrosion reactions. However, in the CI group, the primarily 

high amount of metal ions might unavoidably spread through lymphatic or blood 

vessels and finally be quenched throughout the whole body [159]. Metal ions that are 
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continuously released from metal particles appear to offer a sensible explanation for 

higher numbers of cells that showed positive staining with TLR 4 or TLR 6 antibodies 

in the CP group than those in the CI group. 

 

CoCrMo implants commonly form an oxide film during manufacturing. The thickness 

of the oxide film is generally 1-4 nm, mainly containing Cr2O3 and CoO [160]. Due to 

the presence of the oxide film, the corrosion rate of the CoCrMo implants is effectively 

reduced. However, after the CoCrMo prosthesis is implanted, the oxide layer will be 

gradually destroyed because of wear and mechanical load [161]. Then, the unoxidized 

metal will be exposed to the physiological environment. Regardless, the corrosion 

process of CoCrMo implants in a physiological environment is relatively slow due to 

the existence of the oxide layer. In the present study, CoCrMo nanoparticles were 

directly injected into the murine knee joints. Unlike CoCrMo implants, these dispersed 

CoCrMo nanoparticles were phagocytized by macrophages in the synovial membrane 

and then exposed to intracellular reactive oxygen species [162]. After exposure, 

intracellular reactive oxygen species, such as superoxide and hypochlorous acid, 

underwent redox reactions with CoCrMo particles [92]. In this redox process, cells are 

injured, and some metal ions may be promptly released from metal particles. Necrotic 

tissues and green corrosion debris were found only seven days after the injection of the 

CoCrMo nanoparticles; this discovery might be associated to the redox reactions of 

CoCrMo nanoparticles outlined above. 
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4.3 TLR 1  

Other than the electrochemical corrosion, the impacts of some distinct physical 

properties of CoCrMo particles, which are different from those of the CI group and the 

PBS group, should not be ignored. Several physical characteristics of wear particles, 

such as the volume, dose, shape, and size, exert a noticeable effect on periprosthetic 

biological reactions [86, 148, 163]. The thickness of cell membranes usually ranges 

from 4 nm to 10 nm [164]. Numerous studies have indicated that nanoparticles are able 

to damage and even perforate cell membranes. By means of hopping probe ion 

conductance microscopy, some researchers presented holes on the cellular surface 

damaged by nanoparticles [164]. In this study, the equivalent circular diameter of 

metallic nanoparticles was 61.25 ± 18.47 nm. It is highly possible for metallic 

nanoparticles to damage cell membranes directly under a particular situation in this 

study, especially when the knee joints of mice were in motion (with some pressure). 

When physical damage caused by nanoparticles occurs, injured cells activate distinct 

TLRs of adjacent immune cells and recruit more inflammatory cells, e.g., macrophages, 

by releasing DAMPs and pro-inflammatory mediators [165]. Along with phagocytizing 

wear particles, recruited macrophages express distinct TLRs that respond to the 

stimulation of adjacent danger signals [148, 165]. In this investigation, the CP group 

showed higher expression levels of TLR 1 than the CI group and the PBS group. 

However, no statistically obvious difference was found concerning the CI group and 

the PBS group. Thus, the elevated expression of TLR 1 in the CP group are possibly 

due to the unique properties of CoCrMo particles that differ from CoCrMo ions and 
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PBS, but more detailed investigations are required for further clarification. 

 

4.4 TLRs 2 and 5 

Because IL-6, TNF-α, and IL-1β, are the crucial pro-inflammatory cytokines present in 

tissues around implants and are even tightly associated with subsequent osteolysis, our 

institution used these three cytokines as markers of inflammation to assess the extent 

of pro-inflammatory reactions in the CP, CI, and PBS groups, respectively [24]. Based 

on the former results, the CP group showed higher IL-6, IL-1β, and TNF-α expressions 

than the control group. Interestingly, the results of three typical pro-inflammatory 

mediators were close to the results of TLR 2 and TLR 5 in the present study.  

 

Greenfield et al. [124] observed that TLR 2−/− murine macrophages expressed fewer 

TNF-α compared with normal macrophages after titanium debris challenge in vitro. 

Moreover, TLR 5 is regarded as a trigger of inflammatory responses. Kassem et al. [130] 

once showed that TLR 5 might have an important effect on the process of 

osteoclastogenesis and osteolysis caused by inflammatory reactions. These data 

strongly support the crucial roles of TLR 2 and TLR 5 in sterile inflammation to metal 

debris particles. TLR 2 and TLR 5 probably recognize the pro-inflammatory signals 

caused by wear debris through the indirect or direct way, then transduce these signals 

resulting in the secretion of several inflammatory mediators. 

 

In previous studies, our research group found elevated TLR 2 expressions in the murine 
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knee joint synovial membrane after stimulation with UHMWPE wear particles [111], 

similar to our results from the CP group in this investigation. However, with regard to 

TLR 1 and TLR 4 expressions, the UHMWPE group did not have obvious difference 

compared to the control group in the previous study. One possible explanation for the 

difference between studies is the lack of an electrochemical corrosion process for 

UHMWPE particles relative to CoCrMo particles. Additionally, regarding the physical 

properties, UHMWPE particles had different sizes and shapes than the CoCrMo 

particles used in the present study. The extent of inflammatory reactions to wear 

particles is tightly correlated with particles' physical characteristics, such as shape and 

size [111]. Therefore, the physical properties of particles may also explain the 

discrepancy. Finally, both round macrophage-like cells and spindle-shaped fibroblast-

like cells with positive reactions were counted in this study. However, the study 

examining UHMWPE particles only focused on round macrophage-like cells.  

 

4.5 Limitations 

This study has some limitations that must be considered. Undoubtedly, the murine 

model used in the present study adequately reflects pro-inflammatory responses in 

synovial-like tissues around implants. However, this in vivo model cannot be used to 

investigate subsequent osteolysis and aseptic implant loosening directly. With regard to 

animal models used for wear debris-mediated osteolysis, the air-pouch model and the 

calvaria model are representative models that have been widely used in several studies 

[166, 167]. These in vivo models of osteolysis also have some weaknesses because the 
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particle stimulation sites were not in the joints in these animal models, which are not 

close to the clinical scenario. Hence, the comprehensive development of an ideal animal 

model that potentially reflects the complicated mechanisms of sterile inflammation and 

subsequent aseptic loosening remains a challenge for future studies. This is also a 

research direction for our further studies. 

 

A concentration gradient-related pretest involving CoCrMo particles and CoCrMo ions 

was not conducted in this study. For the gradient-related analysis, a larger number of 

mice is needed, which was not ethically acceptable in the current situation. The 

concentrations of CoCrMo particles and ions used here were based on previous 

experiments and some clinical studies [12, 111, 137]. The effects of different 

concentrations of wear debris on sterile inflammation will be studied in the future, 

aiming to determine the potential thresholds of dose for the sterile inflammation around 

implants. 

 

Although we provide some new insights that clarify the effects of CoCrMo particles 

and CoCrMo ions on TLR expression in this study, the exact patterns of TLR activation 

relevant to CoCrMo debris still must be further elucidated. Although we observed 

significantly increased expression of distinct TLRs upon stimulation with CoCrMo 

particles or ions, we still cannot confirm whether the results were attributed to the direct 

or indirect effects of CoCrMo byproducts. The CoCrMo alloy composition is very 

complicated, and contains various metal elements, such as cobalt, chromium, 
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molybdenum, and nickel [168, 169]. The CoCrMo materials used in this study revealed 

the general impacts on TLR expression. The effects of single metal elements in 

CoCrMo alloys on TLR expression will also be investigated in the future, which will 

be very helpful to further understand the exact mechanisms of specific TLR activation.  
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5. Conclusions 

The results clearly indicate that CoCrMo particles lead to an intense pro-inflammatory 

reaction and high expression of cell surface TLRs. In addition, green corrosion particles 

observed in this investigation suggest that CoCrMo particles may release a certain level 

of locally toxic ionic products. Significantly elevated expressions of TLR 4 and TLR 6 

are found after CoCrMo ionic stimulation. The current results expose noticeable 

differences in TLR expression between animals injected with CoCrMo particles and 

CoCrMo ions in vivo. 
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6. Abbreviations 

 

TLR   Toll-like receptor  

CoCrMo  cobalt-chromium-molybdenum 

CP    CoCrMo particles 

CI    CoCrMo ions 

PBS   phosphate-buffered saline 

THR   total hip replacement  

Pre    preoperative 

Post    postoperative 

ALTRs   adverse local tissue reactions 

SLIM   synovial-like interface membrane 

mo    macrophage  

oc    osteoclast 

CD 3   cluster of differentiation 3 

MoM   metal-on-metal 

ASTM   American Society for Testing and Materials 

ISO    International Organization for Standardization  

MoP   Metal-on-Polyethylene 

μm         Micrometer 

EDS   Energy-dispersive X-ray spectroscope 

DNA   deoxyribonucleic acid 
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ROS Reactive oxygen species 

PRRs   Pattern Recognition Receptors 

PAMPs   Pathogen-associated molecular patterns 

DAMPs   Danger-associated molecular patterns 

IL-1β   Interleukin 1β 

IL-6   Interleukin 6 

TNF-α   Tumor necrosis factor α 

CD 281   cluster of differentiation 281 

CD 282   cluster of differentiation 282 

LPS    Lipopolysaccharide 

RANKL   Receptor activator of nuclear factor kappa-Β ligand  

CD 286   cluster of differentiation 286 

ECD   Equivalent Circular Diameter 

AR    aspect ratio 

R    Roundness 

SEM   Scanning Electron Microscope 

LAL   Limulus amebocyte lysate 

g    gram 

vol    volume 

EDTA   Ethylenediaminetetraacetic acid 

HIER   Heat induced epitope retrieval 

HRP   Horseradish peroxidase  
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min    minute 

ROI    region of interest 

ANOVA     Analysis of variance 

IHC       Immunohistochemistry 

pH         power of hydrogen 

PMMA     Poly (methyl methacrylate) 

UHMWPE   ultra-high molecular weight polyethylene 

PEEK    poly-ether-ether-ketone 
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8. Appendix 
Appendix 1. Descriptive statistics for TLR 1, 2, 4, 5, and 6 
 

Proteins TLR 1 TLR 2 

Groups CP CI PBS CP CI PBS 
Minimum 78.30 44.20 7.250 41.50 21.00 2.200 

25% Percentile 110.1 57.33 23.43 75.30 26.75 8.688 
Median 192.5 73.75 37.50 99.20 34.58 14.38 

75% Percentile 224.9 108.0 83.33 128.0 44.83 25.45 
Maximum 232.2 114.0 100.8 150.5 89.25 53.40 

Range 153.9 69.80 93.50 109.0 68.25 51.20 
Mean 175.3 78.90 49.18 98.24 40.70 18.10 

Std. Deviation 59.80 26.15 33.16 33.80 20.54 14.74 
Std. Error of Mean 19.93 7.885 11.05 10.69 5.929 4.662 

       
Proteins TLR 4 TLR 5 
Groups CP CI PBS CP CI PBS 

Minimum 67.25 28.50 7.250 37.40 18.50 11.25 
25% Percentile 80.01 44.69 17.50 59.80 35.33 14.30 

Median 96.53 68.65 29.70 133.4 44.63 21.00 
75% Percentile 135.3 84.15 35.88 152.3 63.53 23.60 

Maximum 157.2 125.3 72.50 171.0 84.50 66.50 
Range 89.95 96.80 65.25 133.6 66.00 55.25 
Mean 104.7 67.69 30.91 115.8 48.32 24.42 

Std. Deviation 32.23 28.35 18.42 48.28 18.28 17.62 
Std. Error of Mean 10.19 8.185 6.139 14.56 5.277 6.229 

       
Proteins TLR 6  
Groups CP CI PBS    

Minimum 74.30 45.00 15.80    
25% Percentile 120.6 58.01 26.65    

Median 142.6 74.42 33.30    
75% Percentile 189.2 91.78 45.25    

Maximum 205.0 99.40 72.75    
Range 130.7 54.40 56.95    
Mean 147.2 74.81 37.07    

Std. Deviation 42.12 18.45 16.48    
Std. Error of Mean 13.32 5.326 5.493    

CP, CoCrMo particles. CI, CoCrMo ions. PBS, phosphate-buffered saline. TLRs, Toll-like receptors 
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