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Abstract 1 

The good biocompatibility and corrosion resistance of the bulk CoCrMo alloy has resulted in 2 

it being used in the manufacture of implants and load bearing medical devices. These devices, 3 

however, can release wear and corrosion products which differ from the composition of the 4 

bulk CoCrMo alloy. The physicochemical characteristics of the particles and the associated in-5 

vivo reactivity are dictated by the wear mechanisms and electrochemical conditions at the sites 6 

of material loss. Debris released from CoCrMo hip bearings, taper junctions or cement-stem 7 

interfaces can therefore have different chemical and morphological characteristics which 8 

provides them with different in-vivo toxicities. Here, we propose to assess and compare the 9 

characteristics of the particles released in-vivo from CoCrMo tapers and cement-stem interfaces 10 

which have received less attention compared to debris originating from the hip bearings. The 11 

study uses state-of-art characterisation techniques to provide a detailed understanding of the 12 

size, morphology, composition and chemistry of the particles liberated from the wear and 13 

corrosion flakes from revised hip replacements, with an enzymatic treatment. The phase 14 

analyses identified Cr2O3 nanoparticles released from tapers and cement-stem interfaces, 15 

whose composition did not vary with origin or particle morphology. The size distributions 16 

showed significantly smaller particles were released from the stems, compared to the particles 17 

originating from the corresponding tapers. The investigation demonstrates that the 18 

tribocorrosive processes occurring at the taper and stem interfaces both result in Cr2O3 19 

nanoparticle formation. 20 

  21 
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Introduction 1 

The release of metal debris and corrosion products from total hip replacements can occur from 2 

taper junctions and cement stem interfaces, in addition to or independently of the wear from 3 

the bearing surfaces. The amount of debris released from the metallic secondary interfaces (i.e. 4 

tapers and cement-stem interface) is normally less than the amount of debris originating from 5 

the metal-on-metal (MoM) hip bearings[1]. The incidence of implant failure due to taper 6 

damage, however, is concerning and affects implants regardless of the bearing material 7 

combinations[2-10]. It is of particular concern when the femoral head and stem components 8 

used in combination are from 2 different manufacturers due to angle and tolerance 9 

mismatches[8, 11]. Moreover, the adverse local tissue reactions (ALTRs) to debris released 10 

from tapers are believed to be more aggressive than those initiated by similar doses of particles 11 

released from MoM bearing surfaces[12, 13]. A potential reason for that could be the different 12 

periprosthetic environments created by debris from the tapers and bearings, which may yield 13 

to different immunogenicity and adverse body reactions[13]. Despite the reports of wear and 14 

corrosion at the cement-stem interface[14-20], there is little evidence of ALTRs to debris 15 

originating from this particular wear site, and not much is known about how the particles 16 

compare to those released from tapers or CoCrMo bearing surfaces.  17 

The release of material from the primary and secondary interfaces in total hip replacements is 18 

governed by different wear mechanisms and electrochemical conditions which may shape the 19 

particles and influence their physicochemical characteristics. CoCrMo taper junctions are 20 

subject to wear by mechanically assisted crevice corrosion (MACC) which results in both wear 21 

and corrosion products[21]. The release of debris from the cement-stem interface is usually 22 

initiated by micromotion which leads to tribocorrosion, and the formation of black deposits at 23 

the loose cement-stem interface [16, 17, 22, 23]. The process of wear and material release from 24 

the MoM bearing surfaces has been well documented and the characteristics of the associated 25 

debris have been previously studied [24-28]. The CoCrMo hip articulations are subject to 26 

abrasive wear and produce less volumetric debris compared to certain alternative bearings. The 27 

number of particles, however, is approximately 100 times higher than that produced from the 28 

polyethylene bearings, and the majority are in the nanometre size range[25, 26, 29, 30]. The 29 

small particle size of the metal debris means increased mobility and ability to travel 30 

systemically[31]. In fact, previous studies have shown evidence of debris originating from hip 31 

replacements and localised at distant organs, such as lymphatic nodes, liver, spleen, heart and 32 

brain[32-36]. Investigation of the biopsies from periprosthetic tissue or from distant organs 33 
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revealed mainly Cr oxides [27], Cr phosphates [27, 28, 32, 37] and CoCrMo debris [26, 32]. 1 

Others reported and characterised debris originating from MoM hip bearings, embedded in or 2 

liberated from periprosthetic tissue [26, 29, 37, 38], synovial aspirates  or serum lubricants used 3 

in hip simulator studies [24, 25, 30, 39, 40]. The majority identified nano-sized Cr rich debris, 4 

either as oxides or phosphates, and CoCrMo particles.  5 

Previous retrieval studies reported black wear and corrosion flakes around the CoCrMo tapers 6 

[3, 6, 32] and cement-stem interfaces [15, 17], which were shown by energy dispersive X-ray 7 

analysis (EDX) to contain mainly Cr and P, with traces of Co, Mo and other elements of 8 

biological origin [15-17, 32]. These flakes are micron-sized organo-metallic composites, 9 

comprising metal particles, corrosion products, precipitates and organic material [16]. Their 10 

investigation did not provide information about the actual size and composition of the nano-11 

sized species which make up the large and flaky debris. A comprehensive characterisation, 12 

therefore, requires the digestion of the flakes to liberate the metal particles to understand about 13 

the modes of material loss and corrosion processes at the sites of wear. The investigation of 14 

debris released from CoCrMo tapers and cement-stem interfaces, internalised in periprosthetic 15 

tissue and macrophages, showed clusters of Cr oxides [14, 41-43], Cr phosphates [32, 43] and 16 

CoCr nanoparticles [14]. The harsh conditions in the lysosomal compartments (i.e. acidic pH 17 

~4), however, may change the chemistry of the debris and thus misidentify the species released 18 

from the wear sites. Also, none of the previous studies attempted to liberate the aggregates 19 

from the host environment and digest them to release and characterise the individual metal 20 

particles. The lack of knowledge regarding the size, morphology, composition and chemistry 21 

of debris released from distinct wear sites, makes it difficult to assess the particle toxicity in 22 

relation to origin and understand why some particles are more reactive than others . 23 

Here, we investigate debris released from two retrieved implants, each with signs of wear and 24 

corrosion at both the taper and cement-stem interface. The as-retrieved debris, collected and 25 

processed identically, allow therefore the direct and unbiased comparison of the metal particles 26 

released from the CoCrMo taper and cement stem interface of the same retrieval. By comparing 27 

sites on the same joints, the study eliminates the interpatient variabilities, such as local pH, host 28 

responses and immunological particularities that could have affected the biochemical 29 

conditions at the joint cavity and could have influenced the physicochemical characteristics of 30 

the particles originating from these wear sites. The main objective here was to compare the size 31 

distribution, composition and chemistry of the metal particles released in vivo from CoCrMo 32 

tapers and cement-stem interface and identify physicochemical differences that may result in 33 
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different in vivo reactivity and ALTRs. The detailed morphological, structural and chemical 1 

characterisation of the cleaned nanoparticles, liberated from the surrounding biological matrix 2 

with an enzymatic treatment, was performed using state-of-art electron microscopy techniques, 3 

such as high resolution scanning transmission electron microscopy (STEM) fitted with EDX 4 

and electron energy loss spectroscopy (EELS), transmission electron microscopy (TEM) and 5 

selected area electron diffraction (SAED), and scanning transmission X-ray microscopy 6 

(STXM) operated in X-ray absorption spectroscopy (XAS) mode. 7 

 8 

Materials and methods 9 

Patients and implants 10 

The hip replacements were retrieved at Southampton General Hospital, with permission from 11 

donors and approval from the National Research Ethics Service Committee, South Central-12 

Southampton A. The surgery followed the onset of patient reported pain and the diagnosis of 13 

ALTRs with abnormally high Co and Cr blood levels. The retrievals were large CoCrMo heads 14 

joined with cemented CoCrMo stems (mixed manufacturers), which both exhibited bearing 15 

wear scars and wear rates which were indicative of correct alignment in-vivo (details in Table 16 

1). After retrieval, the explanted components were sterilised and stored in 10% buffered 17 

formalin, until further investigation. 18 

RedLux Imaging  19 

The loss of material from the female side of the taper (bore of the head) was investigated with 20 

a RedLux Artificial Hip Joint Profiler (RedLux, Southampton, UK). The instrument was 21 

described elsewhere and has the ability to perform ultra-precision three-dimensional (3D) form 22 

metrology, with a spatial resolution of 20 nm. The RedLux imaging of the female tapers was 23 

performed based on replica casting made using Microset 101RF (Microset Products, Ltd, 24 

Nuneaton, UK), capable to reproduce fine details to a resolution down to 0.1 µm. 25 

Debris recovery 26 

The retrievals presented signs of wear and corrosion at the base of the trunnion and in the 27 

proximal region of the cemented stems (Figure 1). To avoid the accidental damage of the metal 28 

surfaces, the loose wear and corrosion flakes were removed from around the revised tapers and 29 

cement-stem interfaces with plastic tweezers and collected in clean plastic tubes. Because the 30 
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retrievals had been exposed to atmospheric humidity and oxygen prior to the collection, no 1 

special storage conditions were granted to the recovered flakes either. 2 

ICP-MS analysis 3 

After retrieval, a fragment of each corrosion flake was weighed in Teflon digestion vessels and 4 

subject to a sequential overnight digestion in Aqua Regia at 130°C, followed by HNO3/H2O2 5 

at 130°C. The dissolved samples were evaporated to dryness and redissolved in 3% HNO3 and 6 

spiked with 1 ppb of In and Rh, as internal standards. Mass spectrometry was performed using 7 

an HR-ICP-MS Thermo Fisher Scientific Element XR (Bremen, Germany). Data were acquired 8 

using medium resolution via PFA nebuliser and cyclonic spray chamber. After each sample 9 

analysis, a wash solution containing 3% HNO3 was run until background levels were achieved. 10 

The raw data were blank and internally corrected and then calibrated against synthetic 11 

standards (Inorganic Ventures, Virginia, USA).  12 

Enzymatic digestion  13 

The digestion of the flakes and the release of clean metal nanoparticles was performed using 14 

an enzymatic protocol[44]. The method involved a 24 hrs incubation of the solid flakes (~0.8 15 

mg) with 0.25 mg lyophilised Papain (Sigma Aldrich, UK) in 2 ml 50 mM Tris-HCl, at 65°C, 16 

under continuous stirring at 180 rpm. The pellets (metal debris) were then recovered by 17 

centrifugation at 50,000 x g and were subject to a second incubation with 0.8 mg Proteinase K 18 

(Sigma Aldrich. UK) in 2 ml 50 mM Tris-HCl, for 24 hrs, at 55°C. Before each incubation, the 19 

debris was washed with 2 ml 2.5% sodium dodecyl-sulphate (SDS) (Sigma Aldrich, UK) and 20 

subject to ultrasound for 15 mins. The particles were finally recovered by centrifugation at 21 

50,000 x g (Optima MAX-XP, Beckman Coulter, TLA-55 fixed angle rotor), washed twice 22 

with 2 ml deionised water (DIW) and stored in 100-200 μl DIW at -20°C, prior to further 23 

analysis.  24 

Electron Microscopy 25 

Particles displayed on carbon-coated copper grids were characterised with a high-resolution Cs 26 

probe-corrected JEOL ARM200F (cold-FEG) TEM/STEM operated at 200 kV and equipped 27 

with a 100 mm2 Centurion EDX detector (Thermo Fisher Scientific Inc., Madison, Wisconsin, 28 

USA) and electron energy loss spectrometer (EELS)[44]. EELS data were acquired in STEM 29 

mode by using an energy dispersion of 0.1 eV/channel and a collection and convergence semi-30 

angles of 40 and 30 mrad respectively. Prior quantitative elemental analyses, EELS data were 31 
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corrected for energy drift by using the low-loss energy spectrum acquired on the same region 1 

of the corresponding core-loss energy spectrum. SAED patterns of the samples and Cr2O3 2 

standard (Fisher Scientific) were acquired with a JEOL JEM-2100 operated at 200 kV. Gatan 3 

Digital Micrograph was used to process the acquired STEM micrographs, EELS data and 4 

SAED patterns while NSS 4 X-Ray Microanalysis software (Thermo Scientific) was used to 5 

process the EDX data.  6 

Scanning Transmission X-ray Microscopy (STXM) and XANES  7 

The speciation analysis was performed using the STXM at beamline I08 at Diamond Light 8 

Source Ltd. (Harwell, Science and Innovation campus, UK). This beamline uses soft X-ray 9 

radiation in the 250-4200 eV photon energy range and can achieve a lateral resolution of ~20 10 

nm, depending on the imaging mode. The XANES spectra were recorded over five energy 11 

regions, from 572 to 598 eV, covering the characteristic Cr L2,3-edges, at an energy step of 1 12 

eV for the first and last energy ranges, and a step of 0.2 eV for the middle (576-593 eV) 13 

intervals. The characteristic XANES spectrum of the standard Cr2O3 and CrH8O8P samples 14 

(Fischer Scientific) were used for the linear combination fitting of the recorded spectra of the 15 

particle clusters, using Athena 0.9.25. 16 

PSD and Statistical Analysis 17 

PSD and morphological characterisation was performed according to BS ISO 17853/2011. The 18 

STEM micrographs were processed with Gatan Digital Micrograph software, to measure the 19 

maximum dimension (dmax or length, the longest straight line between two opposite points on 20 

the particle outline) and maximum orthogonal dimension (dmin or width) of the particles. The 21 

maximum diameter (dmax) was used to define the PSD, while the dmax/dmin value, hereafter 22 

referred to as the aspect ratio (AR), was used for morphological characterisation. The particles 23 

were considered round for 1≤AR<1.5, oval for 1.5≤AR<2.5 and needle shaped for AR≥2.5. 24 

The statistical significance of the data sets was verified using the null hypotheses statistical 25 

tests (F-test and two-sample T-test), at a level of confidence of 0.05. 26 

Results 27 

RedLux Imaging 28 

Figure 2 represents the height maps for cases 1 and 2, showing the deviation of tapers from 29 

their initial geometry, as a result of wear and corrosion. The original surface is preserved for 30 
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2-3 mm at the proximal and distal end of the tapers, appearing in green for Case 1, and 1 

yellow for Case 2, while the regions affected by material loss are in blue, purple or black.  2 

The mechanism of damage differs between the cases. In Case 1, the damage is uniformly 3 

distributed around the circumference and along the length of the taper-trunnion overlap, with 4 

a ring of material loss around the distal open end of the taper-trunnion overlap, likely due to a 5 

corrosion-dominated process. The total volumetric loss from the female taper in Case 1 was 6 

3.291 mm3, with a maximum depth of the wear scar of 25.75 µm. 7 

The taper damage profile in Case 2 demonstrates that a toggling motion occurred between the 8 

taper and the trunnion, characterised by the deepest points of loss being at the distal end of the 9 

0o and the proximal end of the 180o images in Figure 2. The most affected region was the distal 10 

region of the taper-trunnion contact with a maximum depth of 19.9 µm and a total volumetric 11 

material loss of 3.479 mm3. 12 

ICP-MS 13 

The compositions of the as-retrieved flakes, determined using ICP-MS analysis, are shown in 14 

Table 2. Debris collected from the cement-stem interfaces and from around taper 2 contained 15 

mainly Cr, but also Co and Mo. The flake retrieved from around taper 1 contained more Co 16 

and Mo than Cr. The total amount of metal (Cr, Co and Mo) varied between the samples and 17 

ranged from 13.9%, for debris from stem 2, to 37.9%, for debris from taper 2. The difference 18 

to 100% is represented by non-metallic species or precipitates, originating from the body. No 19 

trend was observed for the proportions of the main elements in relation to the origin of debris 20 

(tapers or cement-stem interface). 21 

Electron Microscopy  22 

The morphology of the digested debris, released in vivo from the CoCrMo taper junctions and 23 

cement-stem interfaces is shown in Figure 3. The enzymatic treatment resulted in both partially 24 

digested flakes (Figure 3A-D) and individual nano-particles completely removed from the 25 

surrounding organic matrix (Figure 3E) or partially embedded in the diffuse phase (Figure 3F-26 

L). The low and high-resolution images revealed clusters of crystalline nano-sized particles, 27 

which make up the large wear and corrosion flakes. The insets in Figure 3E-L represent the 28 

fast-Fourier transform (FFT) patterns of the imaged nanoparticles and confirm their crystalline 29 

structure. The elemental composition of clusters and particles was determined using EDX and 30 

EELS. Elements such as Cr and O were mainly identified, along with small traces of Co and 31 
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Mo and other elements of biological origin, such as Ca and P. The Cr and O maps of a particle 1 

released from taper 1 are shown in Figure 4 and have a good match with the corresponding 2 

HAADF-STEM image (the weak maps of the other elements were not included).  3 

The results suggest that chromium oxide with a minimum Co and Mo content is the major 4 

products released from these CoCrMo interfaces. The confirmation of the exact type of 5 

chromium oxide was obtained from the SAED investigation. The indexed SAED pattern in 6 

Figure 3A (see inset) matches the Cr2O3 phase, which is the most common and stable form of 7 

chromium oxide. The Cr2O3 structure was identified by SAED in three different clusters 8 

released from taper 1 and two clusters from stem 1.  9 

The analytical characterisation of debris from taper 1 (one cluster) and stem 1 (three clusters) 10 

was also performed using EELS. The EELS spectra of the investigated clusters and Cr2O3 11 

standard material are shown in Figure 5. The O K and Cr L2,3 core-loss edges at 532 and 577 12 

eV respectively, shown in Figure 5, match well for the samples and the commercial Cr2O3 13 

standard material. The shift to higher energy loss peaks, observed here for Cr, has been 14 

previously reported for other transition metals and their oxides, and can be explained by the 15 

increase of the metal oxidation state. The quantitative EELS analyses, shown in Table 3, 16 

yielded to Cr and O compositions and ratios that are consistent with Cr2O3.The variations from 17 

the 0.66 Cr/O atomic ratio, characteristic to the pristine Cr2O3 species, occurred for all the 18 

samples including the standard Cr2O3 material, and may have been caused by the quantification 19 

errors or sample related factors, such as uneven sample thickness or the presence of 20 

contamination. A Cr/O ratio of 0.74 has been previously reported as a reliable evidence of the 21 

Cr2O3 phase[45]. Here, the quantitative analysis of one cluster yielded to a Cr/O ratio close to 22 

0.66 and other clusters had ratios above 0.74. The average ratios of the four clusters, however, 23 

is 0.73 and confirms the presence of Cr2O3 species in debris released from taper 1 and stem 1.  24 

STXM analysis 25 

The STXM XANES measurements were used to identify the speciation of metal within the 26 

particles released in vivo from taper 2 and stem 2. The spectra shown in Figure 6, correspond 27 

to the Cr L2,3-edges of the standard Cr2O3 and CrH8O8P materials, and debris from the 28 

retrievals. For each sample, three different clusters were investigated and the linear 29 

combination fitting yielded to a good match between the spectra of the particles and that of the 30 

commercially available Cr2O3 and both stem and taper showed the characteristic L edge at 31 

579.2 eV. The edge peaks of the samples (579.2 eV), however, appeared at higher energies 32 
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compared to the edge peak of the standard Cr2O3 (579 eV) and at lower energies compared to 1 

the edge peak of the standard CrH8O8P (579.4 eV). The CrH8O8P standard showed particular 2 

spectral features at 582.2 eV and 589.2 eV, which are missing in the spectra of the investigated 3 

debris resulting in the better it with the Cr2O3 spectra. The shift of the edge peaks however, 4 

could be justified by the presence of both Cr2O3 and CrH8O8P in the partially digested flakes. 5 

Particle size and morphology in relation to origin of debris 6 

The size distributions of the particles released from each taper-stem couple (i.e. taper and 7 

cement-stem interface of the same implant retrieval) are shown in Figure 7A and B. The 8 

particles originating from tapers have significantly wider size distributions and larger mean 9 

and median dmax than the particles released from the corresponding stem interfaces (p<0.001 10 

and p<10-8 for taper-stem 1 and taper-stem 2 respectively). The comparison between the 11 

particles from taper 1 and taper 2, and stem 1 and stem 2 respectively, showed no significant 12 

differences between their size distributions (p=0.7 for tapers and p=0.5 for stems). Comparison 13 

of the size distributions of the particles from the tapers and the stems (Figure 6C) showed 14 

significant differences between the taper and stem debris (p<10-10). The size ranges, the mean 15 

and median dmax and the number of particles used for the investigation of each sample, are 16 

shown in Table 4. The particles from all tapers and stems were in the nanometre size range, 17 

with none larger than 70 nm. 18 

The morphology study shows that most of the particles released from tapers and cement-stem 19 

interfaces are mainly round or oval, with few needle shaped-particles. The results are 20 

summarised in Table 5 and show that more oval particles were released from tapers, compared 21 

to the particles released from the cement-stem interface, which were mainly round. Several 22 

dendritic, flower-like particles, like those shown in Figure 2A and D, were observed in debris 23 

from both tapers and cement-stem interfaces, but the method used here to assess the 24 

morphology (i.e. based on the particle AR), likely classified these particles as round or oval. 25 

Particle size and composition in relation to morphology 26 

The mean sizes of the round, oval and needle-shaped particles released from each taper and 27 

stem are shown in Table 6. The round particles are the smallest and the particle sizes increase 28 

for the oval and needle shaped debris. The statistical analysis, however, only showed 29 

significant differences between the sizes of the round and needle (p<0.05), and oval and needle-30 

shaped particles (p<0.05) originating from stem 1, and between the round and needle-shaped 31 

particles released from taper 2 (p<10-5).  The percentage of needle-shaped particles varies from 32 
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1 to 8% for all the samples, while the round and oval debris is more abundant (see Table 5) and 1 

the statistical differences may be a consequence of the small number of particle in the needle-2 

shaped category. 3 

The average composition (amount of Cr, Co and Mo) of the round and oval particles released 4 

from both tapers and both stems are shown in Table 7. The results were obtained from the 5 

STEM/EDX quantitative analysis of 5 to 11 particles from each wear site and morphology type, 6 

and did not include needle-shaped particles, which are more difficult to find to gain enough 7 

data for the statistical analysis. The comparison between the composition of the round and oval 8 

particles from the same source (i.e. round vs oval particles from tapers and round vs oval 9 

particles from stems) showed no significant differences (p>0.1 for both tapers and stems). 10 

Similarly, the comparison between the composition of the particles with the same morphology 11 

but with different origin (i.e. round particles from tapers vs round particles from stems and oval 12 

particles from tapers vs oval particles from stems) showed no significant differences between 13 

the mean Cr, Co and Mo amounts (p>0.5 for round particles and p>0.1 for oval particles). 14 

Discussion  15 

The low resolution characterisation techniques used in previous studies to characterise metal 16 

debris, provided general information about the morphology and composition of the micron-17 

sized wear and corrosion flakes, observed around the retrieved implants[15, 32, 37]. The ICP-18 

MS technique used in this study and in one of the previous works, gave information about the 19 

metals (type and amount) in these organo-metallic composites, but failed as a method to 20 

compare the characteristics of debris released from different wear sites. To understand the 21 

factors that are involved in the particle toxicity, the metal debris has to be released from the 22 

surrounding biological matrix, by methods that preserve the particles native properties. The 23 

detailed investigation of the digested flakes and the comparison between the isolated 24 

nanoparticles in the present study, revealed some differences between the physicochemical 25 

characteristics of debris released from CoCrMo tapers and cement-stem interface. Although 26 

both interfaces produce particles in the nanometre size range, most of them were smaller than 27 

20 nm, metal particles originating from the stems were significantly smaller than those released 28 

from the corresponding tapers. The proportion of round, oval and needle-shaped particles also 29 

varied with the origin, but the size of the particle in relation to morphology did not show 30 

significant differences for the major morphology groups (round and oval). These differences 31 

may be caused by the particular conditions at the taper and cement-stem interfaces. The 32 

cemented stems release material by micromotion between the hard ZrO2 clusters, localised at 33 
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the surface of the cement mantle, and the proximal region of the CoCrMo stem. This results in 1 

the release of flakes from the surface of the stem, which are then entrapped at the cement-stem 2 

interface and are subject to repeated loading conditions. The cyclic steps proposed by Bryant 3 

et al. to describe the fretting corrosion at the cement-stem interface could result in a resizing of 4 

the oxide flakes, and the generation of nanoparticles. The two taper interfaces in this study 5 

were formed of femoral head components from two different manufacturers fixed to stems 6 

from a third manufacturer. This mixing has been shown to influence the probability of 7 

revision[11] and the combination may have influenced the damage mechanism. However 8 

previous retrieval analysis[46] from the same joint pairings studied in this work indicated that 9 

the levels of loss were not increased above those of other large diameter metal on metal joints. 10 

Most of the taper-trunnion debris investigated in the present study was found at the base of 11 

trunnion, outside the contacting area. This suggests that the ions and particles released at the 12 

crevice might be flushed out from the crevice space, forming organo-metallic deposits around 13 

the male taper. While there was no particle size difference between the toggling (case 2) and 14 

non-toggling (case 1) tapers, there was a difference in the composition of the undigested flakes. 15 

The corrosion dominated mechanism (case 1) was characterised by increased levels of Co and 16 

Mo compared to Cr, while debris from a toggling head (case 2) (dominated by mechanical 17 

wear) showed more Cr than Co or Mo. The study by Hothi et al.[47] investigated the link 18 

between blood metal ion levels and taper damage, and indicated that high whole blood Co/Cr 19 

ratios are indicative of taper corrosion. This finding is supported by Case 1 where a corrosion 20 

dominated mechanism of materials loss resulted in a whole blood Co/Cr ratio of 5.1. However, 21 

Case 2 had a higher level of taper loss (3.479mm3 vs. 3.291mm3) but the whole blood Co/Cr 22 

ratio was 1.46. This indicates that the damage mechanism, toggling vs. non-toggling, may 23 

influence the state (ionic or particulate) in which the material is released and the resultant 24 

measured ion levels.  25 

At equal volumes of debris, the small particles show an increased specific area compared to 26 

the large particles, which makes them more susceptible to dissolution. CoCrMo debris 27 

originating from hip replacements can release Cr and Co ions by corrosion. Co2+ is listed among 28 

the carcinogenic compounds, and is believed to be the culprit for ALTRs and systemic 29 

manifestations[48, 49]. Cr3+ is the most thermodynamically stable form of Cr, but other species 30 

such as Cr2+ or Cr6+ can result from the in vivo redox processes. Among these species, Cr6+ has 31 

a well-documented cytotoxicity and genotoxicity, but its presence in the body, following hip 32 
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replacements, has never been reported. Cr6+ is an unstable form of Cr, and tends to be rapidly 1 

reduced to the more stable Cr3+.  2 

Here, the composition and phase analyses using EELS, SAED and XANES identified only Cr3+ 3 

from both CoCrMo tapers and cement-stem interfaces. The composition and chemistry (phase) 4 

did not differ with the origin, nor with the particle morphology. For the EELS and XANES 5 

analysis, the particles were still partially embedded in the surrounding matrix, which may have 6 

interfered with the investigations. The EELS provided Cr/O ratios below or above the ratio of 7 

the pure Cr2O3 phase. The results however were consistent with previous studies which 8 

reported a similar ratio for the Cr2O3 phase[45]. A more efficient dissolution of the surrounding 9 

matrix and thus cleaner particles for the EELS analysis could be achieved by using other 10 

digestion protocols such as an alkaline treatment[39, 44]. XANES analysis compared the 11 

spectra of the samples with those of pristine Cr2O3 and CrH8O8P, and the linear fitting showed 12 

a better match with the oxide phase however, the shift of the edge peaks could be justified by 13 

the presence of both Cr oxide and phosphate species in the partially digested flakes.  14 

The spatial resolution of the I08 beamline (Diamond Source Ltd. Harwell, Science and 15 

Innovation campus, UK) is ~20 nm, but this wasn’t achieved in this study. The clusters 16 

analysed had a dmax of 1-5 μm and were therefore larger than the individual nanoparticles 17 

investigated with STEM, SAED and EDX, which were completely released from the organic 18 

matrix. The STEM and EDX analysis of the cleaned nanoparticles originating from the taper 19 

and stem 2 did not show any P. It is possible therefore, that the larger clusters characterised 20 

with EELS, STXM and XANES contained Cr2O3 nanoparticles embedded in a matrix of 21 

organic material and Chromium Phosphate. The cleaning procedure used here might be the 22 

reason why there was no evidence of Chromium Phosphate in the high resolution imaging 23 

studies, as the Chromium Phosphate was within the matrix surrounding the Cr2O3 particles in 24 

a non-particulate form which was then removed. The existence of Chromium Phosphate in an 25 

amorphous state in debris from tapers is supported by the SAED work of Wang [50], which 26 

demonstrated no detectable crystalline structure within debris identified as containing Cr, P 27 

and O. 28 

The presence of Chromium Phosphate, Cr2O3 and CoCr particles in tissue samples from around 29 

failing hip prostheses with evidence of damage at the tapers[32, 41-43, 50] and cement-stem 30 

interfaces[14] has been previously reported. The conditions within the crevice[51] and in the 31 

lysosomal compartment inside macrophages can favour particle dissolution and formation of 32 



14 
 

phosphate precipitates, which have been previously found in periprosthetic tissue around hip 1 

implants[33, 43]. The debris investigated in these previous studies, was not processed to release 2 

and clean the metal nanoparticles and the imaging and characterisation was undertaken at the 3 

lower resolution and thus did not reveal the characteristics of the Cr2O3 nanoparticles, 4 

identified in this study.  5 

The fragments used for the ICP-MS analysis may also not reflect the composition of the flake 6 

digested and characterised with the electron microscopy techniques. ICP-MS is a destructive 7 

analytical technique and thus the flake used to determine the composition cannot be retrieved 8 

and further used for the detailed structural characterisation.  9 

Conclusions 10 

The results of the present study suggest that the processes occurring at the interfaces within hip 11 

replacements can influence the resultant products which are released. More mechanically 12 

driven processes result in a greater ratio of Cr to Co or Mo within the corrosion flakes. Both 13 

CoCrMo tapers and cement-stem interfaces generate Cr2O3 nanoparticles, with the cement-14 

stem interface generating smaller particles compared to those from tapers.   15 

 16 

 17 
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Figure Legends 1 

 2 

Figure 1: Retrieved femoral components with wear and corrosion products (arrows) Case 1: A 3 

and B, Case 2: C and D.  4 

Figure 2: RedLux height map images of the taper surface showing the material loss a different 5 

mechanisms of loss from the taper. 6 

Figure 3: The HAADF-STEM micrographs of partially digested flakes and particles released 7 

from (A, E, I) taper 1; (B, F, G) stem 1; (C, G, K) taper 2; (D, H, L) stem 2. The inset in Fig. 8 

2A represents the SAED pattern of a cluster of Cr2O3 nanoparticles, while the insets in Fig. 2E-9 

L are FFT patterns and show the particles are crystalline. 10 

Figure 4: The HAADF-STEM micrograph and the Cr and O map of representative particles 11 
released from CoCrMo tapers and cement-stem interface. 12 

Figure 5: The EELS spectra of a standard Cr2O3 sample and debris from taper 1 and stem 1, 13 

showing the O K edge and Cr L2,3 peaks at 532 and 577 eV respectively. 14 

Figure 6: The representative Cr L2,3 XANES spectra of debris from taper 2, stem 2 and standard 15 

Cr2O3 and CrPO4 material. 16 

Figure 7: The PSDs of debris released from CoCrMo tapers (blue) and cement stem interface 17 

(red). (A) shows the PSDs of particles originating from stem 1 and taper 1 and the 18 

corresponding mean sizes; (B) shows the PSDs and mean sized of debris from stem 2 and taper 19 

2; (C) shows the PSDs and mean sizes of particles from all stems and all tapers. p<0.001*; 20 

p<10-8**. 21 

 22 

















Table 1: Information about the patients and implants used in the study. 

  Case 1  Case 2  
Head make Adept (cast, heat 

treated) 
BHR (cast) 

Head size and offset (mm) 46+0  50+4 
Taper make CPT (wrought) CPT (wrought) 
Taper size (mm) 12/14 12/14 
Age at Primary (years) 62 58 
Time In-Vivo (months) 113 101 
Blood Co Ions (nmol/l) 6520 102 
Blood Cr Ions (nmol/l) 1450 69.9 
Bearing Combined Wear 
Rate (mm3/yr) 0.42 0.683 



Table 2: The amount of Cr, Co and Mo, and the total percentage of metal within the 

undigested flakes. 

 
Sample Cr% Co% Mo% Total Metal % 
Taper 1 5.9 7.8 6.1 19.8 
Stem 1 14.5 2.3 2.0 18.8 

Taper 2 29.2 5.6 3.1 37.9 
Stem 2 10.1 2.3 1.5 13.9 



Table 3: Cr/O ratio and composition of Cr2O3 standard material and debris from taper 1 and 

stem 1, obtained from the quantitative EELS analysis. 

 

Sample O (at.%) Cr (at.%) Cr/O 
Cr2O3 50.3±1.1 49.7±1.1 0.99 
Stem 1_1 56.5±1 43.5±1 0.77 
Stem 1_2 61.2±2 38.8±2 0.63 
Stem 1_3 54.9±0.4 45.1±0.4 0.82 
Taper 1 58.6±1.5 41.2±1.5 0.71 



Table 4: The number of particles used for the size distributions, the size ranges and the mean 

and median dmax for each taper and stem, and all tapers and all stems. 

 

 
Sample No of particles Size range Mean dmax Median dmax 
Taper 1 75 4-64 nm 24 nm 20 nm 
Stem 1 85 4-49 nm 17 nm 16 nm 

Taper 2 107 6-67 nm 24 nm 22 nm 
Stem 2 115 6-37 nm 16 nm 14 nm 

     
All tapers 182 4-67 nm 24 nm 21 nm 
All stems 200 4-49 nm 16 nm 15 nm 



Table 5: The results of the morphology study, indicating the % of round, oval and needle 

shaped particles for each taper and stem sample.  

  

 

 

 

Sample Round % Oval % Needle shaped  % 
Taper 1 48 49 3 
Stem 1 54 41 5 

Taper 2 39 53 8 
Stem 2 72 27 1 



Table 6: The mean sizes of the round, oval and needle-shaped particles released from tapers 

and stems. 

*significant difference between oval and needle (p<0.05) and round and needle (p<0.05) 

**significant difference between round and needle (p<10-5) 

 

 

 

 

 

 

Sample  Mean dmax   

Round Oval Needle-shaped 

Taper 1 21 nm 25 nm 37 nm 

Stem 1* 15 nm 19 nm 23 nm 

 

Taper 2** 21 nm 26 nm 32 nm 

Stem 2 15 nm 18 nm 25 nm 



Table 7: The average composition of round and oval particles released from tapers and 

stems, resulted from STEM/EDX quantitative analysis. 

 

 

 

 

Sample Morphology Composition 

Cr% Co% Mo% 

Tapers Round  82 17 1 

Oval  85 13 2 

Stems Round 84 15 1 

Oval 81 18 1 
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