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Abstract:

 Wear tests of joint prostheses are usually performed using bovine calf serum. The results from different laboratories are hardly ever comparable as, for example, the protein concentration and the protein composition of the serum-based test liquids vary. In addition, the viscosity of these test liquids is similar to that of water and does not match the more viscous synovial fluid. The present work was aimed at developing a synthetic synovial fluid as an alternative to the existing test liquids. Improved consistency and reproducibility of results at a similar price were required. Hyaluronic acid (HA), the lyophilized proteins bovine serum albumin (BSA) and immunoglobulin G (IgG), the phospholipid lecithin (PL) and salts were applied in a stepwise approach to replace the actually used test liquid based on newborn calf serum. The in vitro results obtained with ultra-high-molecular-weight polyethylene (UHMWPE) pins sliding against CoCrMo discs revealed that the developed synthetic synovial fluid fulfils the set requirements: increase of viscosity, reasonable cost, improved consistency and wear particles which resemble the ones found in vivo. The developed synthetic synovial fluid with 3 g/L HA, 19 g/L BSA, 11 g/L IgG, 0.1 g/L PL and Ringer solution is a more realistic alternative to the used serum-based test liquid.
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1. Introduction

Preclinical wear tests are necessary to predict the in vivo performance of joint prostheses. Conditions that mimic the in vivo situations are indispensable for significant and reliable results. The arising motion and load inside the joints during different movements are well understood [1,2] and the motion and load cycles for walking are normed by the ISO standards 14242-1/-3 and 14243-1/-3 for the simulation of hip and knee joints, respectively [3,4,5,6].

Different test liquids are commonly used for wear tests. The 2002 version of the ISO standard 14242-1 for hip joint simulators recommended the use of calf serum (25% ± 2%) diluted with deionized water. In this case, the problem arose that the starting protein concentrations of calf sera varied, e.g., from 30–50 g/L for foetal bovine serum, from 55–80 g/L for newborn calf serum (NCS) or from 63–83 g/L for bovine serum. Therefore the protein concentrations in the final test liquid varied. Since 2012, the calf serum should be diluted with deionized water to a protein concentration of 30 ± 2 g/L, but, since 2014, differing protein concentrations can be used if justified with in vivo data. In contrast, a dilution to 20 g/L is recommended by the actual ISO 14243-1:2009 standard for knee joint simulators. A concentration of 30 g/L is in agreement with studies of synovial fluids in hip prostheses where protein concentrations between 20 and 40 g/L, with an average at around 30 g/L were found [7,8,9,10]. However, tests reported in the literature use different test liquids e.g., based on pure calf serum [11,12], 90% bovine serum [13], 1:1 dilution [14], 30 g/L [15,16], 25% dilution [17] or pure water [18], which makes a comparison of the results difficult. In addition, the protein composition depends on the origin, race, age, nutrition etc. and might influence the outcome of a wear test too.

McNulty et al. investigated the effect of the protein concentration on the wear of differently crosslinked polyethylene liners against CoCrMo heads in a three-laboratory round robin test [19]. The reproducibility between the laboratories was poor because of differences in the test parameters of the individual laboratories. Nevertheless, they found that the wear rate doubled depending on the concentration, whereas usually lower wear was observed with higher protein concentration. In other studies with ultra-high-molecular-weight polyethylene (UHMWPE) on CoCrMo, the lowest wear was obtained in pure water while the wear rate increased with the addition of bovine serum [20,21]. In agreement with McNulty, a further increase of the protein concentration led to lower wear again [19,20,21]. Schwenke et al. obtained five times higher wear comparing two test liquids, but it is not clear whether this was an effect of the different protein concentrations (30 g/L vs. 19 g/L) or of the additives (ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) and antimycotics Patricin A vs. propylene phenoxetol and tris) [22]. The type and the composition of the serum play an important role, as shown by different authors [23,24,25]. Testing different proteins showed that they have different lubricating properties [26,27].

Compared to the existing test liquids, the composition of the synovial fluid is more complex, as it contains water, hyaluronic acid (HA), proteins (albumin, immunoglobulins, AGP, A1AT etc.), salts, enzymes, lipids, and cells of the joint capsule and components of the immune system. Its composition varies between individuals and between healthy joints and arthritic or diseased joints [7,8,9,10,27,28]. The healthy synovial fluid contains about 20 g/L of proteins (ranges between 5 and 38 g/L). The protein concentration often is elevated in diseased joints with a mean value of around 30 g/L, but top values of up to 60 g/L have been reported [29]. This is because in diseased joints the permeability of the synovial membrane for the plasma proteins is increased. Additionally, the ratio of the dominant proteins albumin and gamma globulins changes; while in healthy joints, the albumin/globulin ratio is in the range of 1.6:1–1.8:1 [30,31], diseases might either cause a reduction of the ratio down to 1:1 or even less [29] or an increase of the ratio above 2:1 [32]. The majority of glycosaminoglycans in the synovial fluid is HA, only 2% is chondroitin sulphate [33]. The concentration of HA in the synovial fluid is in the range of 2%–3% with molecular weights of 106–107 Da [29,31,33,34]. The concentration of the HA in diseased joints can drop to 0.3%–1.8% with molecular weights of 1–2 × 106 Da [29,33]. Although the concentration is diminished, the total mass per joint might be higher, as the volume of the synovial fluid increases. The decreased molecular weight is thought to be rather due to a defect in polymerization than to degradation [34,35,36]. In addition to the main HA/protein mixture, the synovial fluid contains salts (such as calcium, chloride, potassium and sodium) in concentrations lower than in the serum (Ca: 1.2–2.4, Cl: 87–138, K: 3.5–3.5 and Na: 133–139 mmol/L) [31,33].

As there are only a few millilitres present in healthy joints [29,33], there is not enough synovial fluid available to perform hip simulator tests, where litres of test liquids are needed. Nevertheless, pin-on-disc experiments have been performed with synovial fluids. Lee et al. showed on mica sheets that, with a higher HA molecular weight, the friction increased while the wear decreased [37].

There are many different approaches to mimic the synovial fluid, most of them based on HA [25,28,35,38,39], carboxy methyl cellulose [40,41,42], polyvinylpyrrolidone [43] or polysaccharides (sodium alginate and gellan gum) [44,45] together a with single type of protein or with proteins from bovine serum. With these substances, the viscosity could be increased to values similar as in the synovial fluid [35,39,41,43,44,45]. Lubrication with synovial fluid usually results in lower friction than with artificial test liquids based on bovine serum albumin (BSA) [18,46] or bovine serum [40,47]. Other studies report even lower friction with HA in saline [46] while similar friction coefficients were obtained with a highly viscous test liquid containing carboxy methyl cellulose [41]. However, using a lubricant containing sodium alginate and gellan gum but no proteins, Thompson et al. found unrealistically low wear factors and a polyethylene transfer film, which is not typical for hip implants [45].

The aim of this study was to mimic the genuine synovial fluid by using HA and the most abundant proteins present in the synovial fluid, and this at reasonable costs. This permits one to overcome the problems of comparability and reproducibility and to find an ideal way to simulate the in vivo lubrication and thus to be able to predict the in vivo wear performance of joint prostheses. Different test liquids were prepared and their influence on the viscosity, the friction coefficient, the wear rate and the wear debris of UHMWPE pins in articulation with CoCrMo discs was investigated. The material pairing of UHMWPE on CoCrMo had been chosen, because it is the most often used in hip and knee prostheses and numerous in vivo and in vitro data is available for this material pairing.



2. Materials and Methods


2.1. Test Liquids

Six test liquids were prepared changing only one parameter at a time (Table 1). As a reference, a hip simulator test liquid according to ISO 14242-1:2014 was used (HiSi-mix). This consisted of NCS from New Zealand (Thermo Fisher Scientific, Waltham, MA, USA, Lot 8097790, 64 g/L protein concentration), diluted with deionized water to a protein concentration of 30 g/L. Sodium azide and EDTA were added (2 g/L and 3 g/L respectively; both p.a., Sigma-Aldrich Chemie GmbH, Steinheim, Germany) to inhibit bacterial growth and to bind metallic ions. The HiSi-mix with the same lot of NCS was used for hip simulator studies, showing reasonable wear rates that were comparable to in vivo data. The second test liquid contained a concentration of 3 g/L HA (technical; pure bulk Inc., Roseburg, OR, USA, Mw = 1.3 × 106 Da) in addition to the diluted NCS. Next, the deionized water was replaced by Ringer solution (RS, Laboratorium Dr. G. Bichsel AG, Unterseen, Switzerland). In a further step, the NCS was substituted by lyophilized proteins: First, only BSA (Bioclot GmbH, Aidenbach, Germany) with a concentration of 30 g/L was used as substituent, later, a mixture of 19 g/L BSA and 11 g/L immunoglobulin G (IgG, bioWORLD, division of GeneLinx International, Inc., Dublin, OH, USA) was used. In the final step, the phospholipid lecithin (PL, pure bulk Inc.) with a concentration of 0.1 g/L was added.


Table 1. Composition (g/L) of the individual test liquids (HiSi-mix: standard hip simulator mix).



	
Test Liquid

	
Components (g/L)




	
HA

	
NCS

	
BSA

	
IgG

	
PL

	
Deionized

	
RS




	

	
Hyaluronic Acid

	
Newborn Calf Serum

	
Bov. Serum Albumin

	
Immuno-Globulin G

	
Phospho-Lipid Lecithin

	
Water

	
Ringer Solution






	
HiSi-mix

	

	
30

	

	

	

	
balance

	




	
HA NCS

	
3

	
30

	

	

	

	
balance

	




	
HA NCS RS

	
3

	
30

	

	

	

	

	
balance




	
HA BSA RS

	
3

	

	
30

	

	

	

	
balance




	
HA BSA/IgG RS

	
3

	

	
19

	
11

	

	

	
balance




	
HA BSA/IgG PL RS

	
3

	

	
19

	
11

	
0.1

	

	
balance











The test liquids were prepared in a clean-room. They were stored at 4 °C and used within 48 h after preparation or kept frozen if used at a later time point. Powders were weighed on a balance with an accuracy of 0.01 mg (Mettler Toledo Intl., Columbus, OH, USA, AX205) and volumes were quantified with Eppendorf pipettes (Eppendorf, Hamburg, Germany).



2.2. Viscosity Measurements

The viscosity of the test liquids was analysed using a rotational viscometer with Couette geometry (Anton Paar, Graz, Austria, MCR 300). The bob (radius 14.254 mm, length 46.92 mm) was rotated inside the cup (inner radius 14.462 mm) with different velocities, thus the liquid film of a thickness of 0.208 mm was sheared at different rates. By measuring the torque, the viscosity η was calculated. The test protocol consisted of three intervals: first, the shear rate was stepwise increased from 0.1 Hz up to 1000 Hz, followed by the second two minutes interval with a constant shear rate of 1000 Hz and the third interval with decreasing shear rates from 1000 Hz back to 0.1 Hz. The upper limit was chosen to minimize measurement errors due to turbulences in the analyte, preferential orientation or degradation of proteins and/or HA polymeric chains. The time between two different shear rates was 12 s and the data for one measuring point were the average and the standard deviation of the last two seconds of these intervals.



2.3. Tribological Testing

For the tribological tests, UHMWPE (GUR 1020, Ticona, Florence, KY, USA, according to ISO 5834-1 and -2) were turned to pins of a diameter of 9.52 mm and a length of 20 mm (RMS Foundation, Bettlach, Switzerland). The roughness of the pins and discs was determined with confocal microscopy (details in Section 2.6.2). The mean arithmetic roughness Ra on the end plane was 0.4 ± 0.1 µm. The end of the pins used for the friction measurements was turned to a radius of 36 mm (Stalder Startech GmbH, Bettlach, Switzerland, Ra = 1.5 ± 0.2 µm) in order to maintain higher contact pressures and to avoid artefacts due to edges. Prior to testing, the pins were packed under nitrogen (Früh Verpackungstechnik AG, Fehraltorf, Switzerland) and were gamma irradiated with 30 kGy (Leoni Studer AG, Däniken, Switzerland) according to the guidelines for sterilization of polymeric implant devices.

The counterface discs used for the friction and wear tests were made of a wrought low carbon CoCrMo alloy used for implants (according to ISO 5832-12). They were ground and subsequently polished with nine, six and 3 μm diamond paste on a polishing machine (Struers GmbH, Willich, Germany). The final polishing step was performed with an acidic alumina suspension (OP-A suspension, Struers GmbH), resulting in a mean arithmetic roughness Ra of 7 ± 3 nm.



2.4. Friction Measurements

The friction was measured on a reciprocal pin-on-disc tribometer (Figure 1), developed in cooperation with the Bern University of Applied Sciences, Switzerland [48]. The curved UHMWPE pin was screwed onto the movable measuring block on top, which then was attached to the frame of the tribometer by two vertical springs. The normal force was adjusted to 1 N via precision screws adjusting the elongation of the two springs. The counterpart beneath was a polished CoCrMo disc placed in a stainless steel vessel. The vessel was filled with about 10 mL test liquid and was mounted on a reciprocal drive allowing sliding speeds in the range of 1–20 mm/s. The friction forces were measured on the upper measuring block which was laterally clamped by four parallel arranged ceramic beam force sensors which were preloaded with 150–175 mN. The forces were calibrated using test weights and the accuracy was better than 1%. The control of the linear motor and the data acquisition (sampling rate 100 Hz) was done with Labview software (national instruments corporation, Austin, TX, USA).

Figure 1. Schematic drawing of the reciprocal pin-on-disc tribometer. The measuring block is mounted on two adjustable springs, which allow for adjusting the required load. Underneath, the disc immersed in the test liquid is moved reciprocally while the friction force is measured by two force sensors placed on both sides of the measuring block.
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Prior to each experiment, a running-in was performed at a sliding speed of 10 mm/s for 3 h (Figure 2). The main experiment consisted of intervals of 30 min with increasing sliding speeds ranging from 1–20 mm/s (1, 2, 4, 7, 12 and 20 mm/s). The sliding distance was 10 mm. The applied load of 1 N led to a contact pressure of about 5 MPa. The test liquids were freshly prepared for each test, but not renewed during a test. All friction measurements were performed at room temperature (21 ± 1 °C) in a clean room. Each experiment was done in triplicate.

Figure 2. Friction coefficient of an experiment demonstrating the test protocol with 3 h running-in prior to the tests at different sliding speeds. The black line is the average per minute and the grey lines are the standard deviations. The test liquid used in this experiment was the standard hip-simulator test liquid (HiSi-mix).
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The software Octave was used for the data processing (gnu.org, version 3.6.2, operated with GUI Octave 1.7.0). The procedure imported the raw-data generated by the tribometer, i.e., friction force, normal force, time and sliding speed. Because of small vibrations of the measuring block with a frequency of about 20 Hz, a triangular smoothing with m = 7 was applied (covering 60 ms). Since the sliding speed was not constant at the endpoints of the reciprocal motion, only the friction coefficients obtained at the central 5 mm were taken into account. The reported values are the averages ± the standard deviations of the three samples over the last 25 min of the 30 min at each sliding speed.







2.5. Wear Tests

The wear resistance of flat UHMWPE pins articulating against CoCrMo discs was tested on a six-station, bidirectional pin-on-disc device (AMTI, Watertown, MA, USA, OrthoPOD). The pins (n = 3 for each test liquid) and the discs were immersed in 10 mL of the test liquids, which were kept at 37 ± 1 °C. To minimize bio-deterioration due to bacteria during the long-term wear measurements, silver-coated copper wires were inserted into the test chambers. They corroded there and thus released copper and silver ions—which have an antimicrobial effect—into the test liquid. The motion profile consisted of a rectangular motion path (10 mm × 5 mm) with varying applied peak loads of 250 N—10 N—125 N—10 N at the corners (3.5 MPa maximum contact pressure). The cycles lasted 1 s and were repeated continuously. Each test was carried out for 2 million cycles with sample weighing at 0.25, 0.5, 1, 1.5 and 2 million cycles. To compensate for the soaking, one pin was exposed to the same test liquid and heated to 37 ± 1 °C but was neither exposed to load nor to motion.

Before weighing, the pins were cleaned in an ultrasonic bath for 10 min, first with cleaning detergent (Borer Chemie AG, Zuchwil, Switzerland, deconex 12 PA) and afterwards twice in deionized water. After rinsing with isopropanol, they were stabilized for one hour in an exsiccator (relative humidity 49%). Weighing was repeated once and the average of the two measurements was taken. If the two measurements for one pin differed by more than 0.03 mg, all pins were measured again corresponding to the protocol suggested in ISO 14242-2 [49]. After weighing, the test chambers with the pins and discs were reassembled and filled with fresh test liquid for further testing. Wear was determined by measuring the weight loss of the pins during the tests, corrected with the weight gain due to soaking. The wear rates were determined applying linear fits through the corrected weights of the pins without taking the zero-time point into account (according to ISO 14242-2 [49]).



2.6. Sample Characterisation


2.6.1. Proteins

The presence of salts in the lyophilized proteins BSA and IgG was investigated using X-ray photoelectron spectroscopy (XPS, Kratos Analytical, Manchester, UK, Axis Nova) as this information was not provided in their datasheets. Photoelectrons were generated with monochromatic AlKα-irradiation (225 W). Charging of the samples was overcompensated with a charge neutralizer using slow electrons. The photoelectrons were detected with a hemispherical analyser operated at 40 eV pass energy for the detailed spectra and 80 eV pass energy for the survey spectra (full-width at half maximum of Ag3d5/2 of 0.6 and 0.9 eV respectively). The data processing was performed using CasaXPS software (Casa Software Ltd, Teignmouth, UK, version 2.3.15). Charging was corrected by referencing the binding energy of aliphatic carbon to 285 eV [50]. Besides carbon, oxygen and nitrogen from the peptides, BSA contained 0.8 ± 0.1 wt% phosphorus and sulphur together with 0.3 wt% sodium. In the case of IgG 0.7 ± 0.1 wt% sulphur, 4 ± 1 wt% sodium, traces of magnesium and 6 ± 2 wt% chlorine were detected. The binding energy of P2p3/2 was at 133.2 ± 0.1 eV indicating that phosphorus was present as phosphate [51]. Sulphur 2p3/2 at 163.7 ± 0.1 eV could be from elemental sulphur or sulphides [51]. Chlorine at 198.8 ± 0.2 eV originates from chlorides [51].



2.6.2. Surface Characterisation

The surface of the pins was documented by light microscopy (Leica Microsystems GmbH, Wetzlar, Germany, Leica DMI 5000M) and scanning electron microscopy (SEM; Carl Zeiss AG, Jena, Germany, EVO MA25). The topography of the pins and discs was investigated using a confocal microscope with a 20X object lens (NanoFocus AG, Oberhausen, Germany, µSurf, data processing with µSoft analysis XT, V6.2.6122). Topographies were flattened by a plane (excluding the areas containing elevations). Roughness values were determined according to ISO 4287 and 4288 after extracting more than ten profiles from the topographies.



2.6.3. Particle Analysis

The morphology of the wear particles was determined using SEM. 5 mL of the test liquids collected after 1.5 million cycles of the wear tests were diluted with 40 mL of hydrochloric acid (37%, p.a., Merck KGaA, Darmstadt, Germany) and heated in a water bath to 50 °C for three hours to dissolve the proteins. After cooling, 1 mL of this solution was diluted with 100 mL methanol (Merck KGaA, SeccoSolv) and filtered using a 0.05 μm filter (Merck KGaA, millipore). All utilized equipment was rinsed with 0.2 μm filtered, deionized water prior to usage in order to minimize the risk of contamination of the samples by dust or other particles. Prior to the examination using SEM, the filters were dried in an exsiccator and sputter-coated with gold (Leica Microsystems GmbH, Wetzlar, Germany, Bal-Tec SCD 050).

The size of the particles was measured using a laser diffractometer (Beckman Coulter Inc., Brea/Indianapolis, IN, USA, LS 13320). A slightly different digestion protocol was applied: Prior to the digestion process, the test liquid was sonicated for 15 min and let under magnetic stirring for another 15 min. Hydrochloric acid was added to the liquid sample (ratio 5:1) and heated to 60 °C for 55 min under magnetic stirring (400 rpm). An aliquot of 1 mL was diluted in 100 mL absolute ethanol. 0.45 mL of the resulting solution were analysed with the laser diffractometer. The measurement was repeated three times to reduce the risk of measuring artefacts (e.g., air bubbles). The data were processed applying the Mie diffraction model.




2.7. Statistics

The values are reported as average ± standard deviations. Statistical testing was performed applying an independent two-sided Student’s t-test with unequal variances if not further specified.




3. Results


3.1. Viscosity

A viscosity of 0.94 ± 0.03 mPas was measured for the HiSi-mix at all shear rates (Figure 3). This was close to the viscosity of water (0.86 ± 0.03 mPas), which was used as a reference. By adding 3 g/L hyaluronic acid, the viscosity increased to 12–65 mPas. A shear thinning was observed, meaning that the viscosity decreased with increasing shear rates. The viscosity decreased slightly after salts were added by using RS instead of water to dilute the serum (HA NCS RS vs. HA NCS). Substituting the newborn calf serum by defined proteins led to a further slight decrease of the viscosity.

Figure 3. Shear rate dependence of the viscosity of different test liquids and comparison to the literature [34,36]. The standard deviation of the measurements was smaller than the size of the symbols. Abbreviations: HiSi-mix: Hip simulator test liquid according to ISO 14242-1, HA: hyaluronic acid, NCS: newborn calf serum, RS: Ringer solution, BSA: bovine serum albumin, IgG: immunoglobulin G, PL: phospholipid (lecithin in this study).
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3.2. Friction

The friction coefficients are presented in a Stribeck plot [52] with the Sommerfeld number on the x-axis (Figure 4). The Sommerfeld number is defined as the product of the viscosity and the sliding speed divided by the applied load. All friction coefficients were between 0.045 and 0.09. The highest friction was obtained for the HiSi-mix at low speeds. With increasing sliding speeds, the friction coefficients decreased (two-sided, paired Student’s t-test: p < 0.001, except for sliding speed of 7 mm/s vs. 4 mm/s: p = 0.8), where the decrease was most pronounced for the HiSi-mix. The addition of HA led to a decrease of the friction coefficient compared to the HiSi-mix (p = 0.0002), while the addition of the salts did not affect friction (p = 0.4). The lowest friction was measured at high sliding speeds using the test liquids containing HA and NCS. Replacing the NCS with single proteins led to a slight increase at slow sliding speeds (p = 0.01). Large variations between the individual repetitions of the experiments were observed for the test liquids HA NCS, HA BSA RS and HA BSA/IgG RS, leading to high standard deviations. A higher reproducibility was obtained with the test liquids HiSi-mix, HA NCS RS and HA BSA/IgG PL RS. The latter showed a smaller sliding speed dependency but similar friction coefficients as the HiSi-mix at high sliding speeds.

Figure 4. Stribeck plot with the friction coefficients of ultra-high-molecular-weight (UHMWPE) pins vs. CoCrMo discs lubricated with different test liquids. The sliding speeds varied between 1 and 20 mm/s.
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3.3. Gravimetric Wear

The weight loss of the UHMWPE pins steadily increased with the performed cycles (Figure 5). The average wear rates were between 5.5 ± 0.6 and 10.7 ± 0.4 mg/million cycles (Table 2). The lowest wear rates were obtained with BSA as the only protein (p < 0.01), followed by HA NCS (p < 0.05). The wear rates were higher using the other test liquids, while there were no significant differences among these (p > 0.05) except for HA NCS RS vs. HA BSA/IgG PL RS with p = 0.03. For a comparison with other studies, the wear coefficient k is given in Table 2. This is the volumetric wear rate taking into account the polyethylene density of 936 kg/m3 [53] and being normalized with the applied load-distance curve.

Figure 5. Wear of UHMWPE pins sliding against CoCrMo discs in the HiSi-mix and in the test liquid containing hyaluronic acid, bovine serum albumin, immunoglobulin G, the phospholipid lecithin and ringer solution (HA BSA/IgG PL RS). The soaking of non-loaded reference pins was determined to compensate for the uptake of test liquid.
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Table 2. Wear rate and wear coefficient of ultra-high-molecular-weight polyethylene (UHMWPE) pins sliding on CoCrMo discs in different test liquids.


	Test Liquid
	Wear Rate (mg/million Cycles)
	Wear Coefficient (mm3/Nm)





	HiSi-mix
	8.2 ± 0.9
	3.0 ± 0.3 × 10−6



	HA NCS
	6.8 ± 0.1
	2.4 ± 0.1 × 10−6



	HA NCS RS
	9.0 ± 0.7
	3.3 ± 0.2 × 10−6



	HA BSA RS
	5.5 ± 0.6
	2.0 ± 0.2 × 10−6



	HA BSA/IgG RS
	10.0 ± 0.6
	3.6 ± 0.2 × 10−6



	HA BSA/IgG PL RS
	10.7 ± 0.4
	3.9 ± 0.2 × 10−6














3.4. Surface Characterisation

The toolmarks on the pins from the machining were removed during the wear tests (Figure 6a). Some scratches were observed both on the pins and the discs (Figure 6e). On the latter, they often had a rectangular shape corresponding to the performed track. While the roughness of the disc was not affected by the wear test, the roughness of the pins was reduced from Ra = 0.4 ± 0.1 µm before the test to 0.10 ± 0.05 µm after the test. Additionally, the pins exhibited features that looked like pitting. Investigating these features using confocal microscopy showed that they were in fact elevations (Figure 6c,d) composed of small particles (Figure 6f,g).

Figure 6. Microscopy images of a pin (a) and disc (e) after the wear test in HA BSA/IgG PL RS; (b) Intensity of the confocal image of the marked rectangle in (a) and (c) the corresponding topography; (d) Profiles extracted from the topography, crossing the elevations on the top, in the middle and on the bottom (positions indicated with blue lines). The profiles were shifted by 60 and 120 µm for a better overview; (f) Scanning electron microscope (SEM) image of the elevation marked in (b) and of the structure on the top of that elevation (g).
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3.5. Wear Debris

Wear debris was analysed by SEM (Figure 7). The most abundant particles were small granular particles in the sub-micron range together with fibrils in various lengths. The granular particles sometimes formed larger agglomerates. A multimodal size distribution was observed with laser diffraction, centred at 0.07, 0.3 and 2 μm by volume and at 0.06 μm by number (Figure 8). No difference in the size distributions of wear particles obtained with the different test liquids was observed.

Figure 7. SEM-image of wear particles collected after the wear test lubricated with HA BSA/IgG PL RS showing round particles, fibrils and agglomerates.
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Figure 8. Diameter of wear particles ((a) by volume, (b) by number) determined with laser diffraction. For a better overview, the curves were shifted by a multiple of 2%.
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4. Discussion


4.1. Constituents and Their Concentrations

Based on the composition of the genuine synovial fluid, the composition of the test liquids were changed step-by-step from the HiSi-mix according to ISO 14242-1 to a synthetic synovial fluid composed of the pure substances HA, BSA, IgG, PL and RS (Table 1). The concentration of HA was determined in pre-experiments [54] in order to reach the required viscosities found in human synovial fluids [34,36,41,55,56]. The total protein concentration of 30 g/L corresponds to the ISO 14242-1:2014 standard and to an average protein concentration found in patients with osteoarthritis [8,9,10,28]. BSA and IgG were chosen because they are the most prominent proteins in the synovial fluid and available in large quantities. The ratio of 1.7:1 corresponds to the ratio found in synovial fluids [30,31]. The phospholipid lecithin was added since phospholipids are supposed to act as boundary lubricants [57].



4.2. Viscosity

Increasing the concentration of HA highly increases the viscosity [54]. The viscosities of test liquids containing 3 g/L HA were within the values for genuine synovial fluids from healthy joints (Figure 3: green curves) and from rheumatoid joints (red curves) [34,36]. The HA used in this study had a molecular weight of 1.3 × 106 Da, which is comparable to HA in diseased joints [8]. HA builds hydrogen bonds both with water and with other HA molecules. With more and longer HA chains, more entanglements are formed and thus both higher concentrations and higher molecular weights lead to a viscosity increase. Former studies showed that the viscous behaviour of the synovial fluid was mainly determined by the presence of HA [34,35,36,56].

Adding RS to the test liquids caused a slight decrease of the viscosity. By adding RS, salts and herewith ions were added to the test liquid. This led to an electrical screening of dissociated acid groups over a shorter distance. Thus, less hydrogen bonds were formed and therefore the bonding forces between the HA chains were diminished, resulting in a decrease of the viscosity.

Substituting NCS by single proteins led to a further reduction of the viscosity. The total amount of the proteins was constant and the main proteins were the same, thus a limited effect on the viscosity by the proteins was expected. Because the datasheet of the proteins did not contain information about the salt content, it was determined with XPS (see Section 2.6.1). It was found that BSA contained about 2 wt% of ionic elements (sodium, phosphorus and sulphur) while IgG even contained 10 wt% ionic elements, which was mainly sodium chloride. This led to an additional salt content of 0.6 wt% for BSA and of 1.5 wt% for BSA/IgG in the test liquids. Therefore, an enhanced neutralisation of the dissociated acid groups of the HA took place, which explains the further decrease of the viscosity.



4.3. Friction and Wear

The friction tests were performed at sliding speeds ranging from 1–20 mm/s. The slow sliding speeds represent the situation in a hip prosthesis of a slowly walking person while the higher sliding speeds are present at fast walking. The resulting friction coefficients were similar as found in studies for UHMWPE sliding on CoCrMo lubricated with rheumatoid synovial fluids (0.04–0.06 [41,58]). The obtained wear coefficients of 2–4 × 10−6 mm3/Nm were in the same range as clinically observed wear with an average of 0.137 mm/year and a range from 0.02 ± 0.02 to 0.27 ± 0.01 mm/year, depending on the individual study reviewed by Kurtz et al. [59]. This corresponds approximately to a wear factor of 1.4 × 10−6 mm3/Nm (range 0.2–2.8 × 10−6 mm3/Nm, conversion according to [60]).

Several authors draw different conclusions about whether or not HA is a necessary constituent for boundary lubrication in vivo and in vitro [40,61,62]. HA shows little adsorption on surfaces [63] and thus is unlikely to act as boundary lubricant. However, adding HA to the test liquids led to lower friction for all applied sliding speeds. This can be explained by plotting the friction coefficient vs. the Sommerfeld number (viscosity × speed/load, Figure 4) in a so-called Stribeck plot [52,64,65,66]. A low Sommerfeld number indicates boundary lubrication to be the dominant mechanism while at a higher number—e.g., due to higher viscosity or at higher sliding speeds—mixed lubrication takes place. In the boundary lubrication regime, the load is carried by the asperities of the two surfaces or by the adsorbed boundary film respectively while in the mixed lubrication a thicker liquid film is established taking over some of the load. At a much higher Sommerfeld number there is hydrodynamic lubrication, where the asperities are fully separated by the test liquid. However, hydrodynamic lubrication is unlikely the case for hard-soft-pairings of joint replacements because of the relatively low sliding speed and the high roughness of the soft component, which is typically larger than the lubricating layer [66,67,68]. In agreement with these theoretical considerations, all test liquids showed a decreasing friction coefficient with increasing sliding speed (i.e., a higher Sommerfeld number), changing from the boundary to the mixed lubrication regime. However, the film thickness could not have been assessed and thus it is unknown, to what extent the lubricant film thickness actually contributed to the lubrication. Another reason might be the decreasing thickness of the boundary film made of adhering proteins, as shown for a CoCr head sliding against glass in diluted BCS [69], which could have led to reduced friction too. The presence of HA led to lower friction and wear, which was likely because of the viscosity increase. In agreement, Guenther et al. observed a decrease in the wear of cross-linked polyethylene pins in articulation with CoCr discs, when HA was added to the test liquid [70]. They explain this effect with the higher osmolality and thus an increase in thermal stability of the proteins [70]. However, they performed their tests at a higher sliding speed of 64 mm/s, which led to mixed lubrication rather than boundary lubrication with fewer asperities being in contact, and thus the viscosity was presumably a less important factor for their tests.

Adding salts to the test liquid led to an increase of wear (HA NCS RS vs. HA NCS), probably because of the reduction of the viscosity by the additional salt, leading to more asperities being in contact. In contrast, Guenther et al. got a reduction in wear of the cross-linked polyethylene pins with the addition of salts (phosphate buffered saline) to a NCS-based test liquid, which they explain as well with higher protein stability because of the increased osmolality [70]. However, this was a test liquid without HA and at higher sliding speeds too. Therefore, it can be concluded that at lower sliding speeds and with HA in the test liquid, the changes in viscosity have a larger effect than the changes in the osmolality.

Proteins immediately adsorb on the surfaces [63,71] where they form a boundary lubricating layer. Albumin denatures upon adsorption on a hydrophobic surface (UHMWPE) and forms less hydrated, high shear-strength layers, whereas globulins tend to form highly hydrated layers [27,72]. This often leads to an increase in friction [27,72]. In contrast, the type of the proteins used here had only a minor effect on the friction. Only at small sliding speeds was the friction slightly higher with pure proteins instead of the NCS. If no proteins are present to protect surfaces, polymer is transferred to the counter surface [18,71,73,74] and the wear mechanism changes from abrasive wear to third-body wear because of the transferred polyethylene [73]. However, there is usually less UHMWPE-wear in water compared to serum based test liquids [20,21,73] while there is less soaking of the non-polar UHMWPE in polar water compared to higher soaking in the presence of proteins, as shown by Brandt et al. for tibial inserts [75] and by unpublished investigations with UHMWPE pins performed at the RMS Foundation. Thus, the absorption of water and proteins into the material close to the surface likely impairs its mechanical strength and thus its wear resistance.

In contrast to the friction coefficient, the type of the proteins had a major effect on the wear: the lowest wear was measured with BSA as the only protein. This was confirmed by a repetition of the experiment with another three pins. Wang et al. performed wear tests with test liquids (without HA) where they added BSA to NCS, obtaining BSA/IgG ratios from 0.5–4 at a constant total protein concentration of 20 g/L [23]. With increasing ratios, they had decreasing UHMWPE-wear [23]. Exchanging the NCS by alpha calf serum led to higher wear for BSA-rich test liquids [23], demonstrating that the type and concentration of proteins can strongly affect the resulting wear, as also found by others [22,24,25,26]. However, in the presence of HA, similar wear rates were obtained for the test liquids HA NCS RS and HA BSA/IgG RS. This indicates that the BSA/IgG ratios of 0.7–0.8:1 in NCS [23] for the HA NCS RS and of 1.7:1 for the HA BSA/IgG RS were similar enough to produce similar wear rates. The PL led to a higher reproducibility of the resulting friction coefficients and to slightly higher wear. Since the concentration was only 0.1 g/L, it is likely that the PL acts as a boundary lubricant. Otherwise, it would have had only a negligible effect.



4.4. Wear Particles

Granular particles and fibrils were produced during the wear test. The granular particles often formed agglomerates. Determining the particle size with laser diffraction results in an average particle diameter, independent of the shape of the particles; even fibrils are reduced to an average diameter. With SEM, depending on the pore size of the filter, the smallest particles might get lost during filtration. Because of these two reasons generally smaller particle size distributions are obtained using laser diffraction compared to particle analysis with SEM, where often the length of the particles is measured. Taking into account this difference in methodology, similar wear particles with similar size distributions were observed in this work as in vivo [76,77,78,79] and in vitro [74,80]. The composition of the test liquid did not significantly affect the size of the particles. Mabrey et al. showed that the size distribution depends on the location of the prosthesis [76], thus it’s likely that the size rather depends on the loading and motion pattern than on the presence of HA, salts or the type of proteins present in the test liquid.



4.5. New Test Liquid for Prostheses Testing?

The material costs for the test liquids as they were used in this study were about 55 €/L (HiSi-mix, HA NCS RS), 11 €/L (HA BSA RS) and 85 €/L (HA BSA/IgG RS, HA BSA/IgG PL RS). The main factor influencing the material costs of the artificial synovial fluid was the IgG. However, if other suppliers are involved, the costs can be reduced to around 40 €/L and thus even go under the costs for the HiSi-mix. In this calculation only the raw material costs were taken into account, neither storing (capacity) nor preparation were added. The NCS has to be stored frozen and additionally each lot has to be evaluated. All the test liquids need preparation time of a few hours; there was no significant difference from one to the other.

The initial idea was to adjust the salt content with the use of RS. However, the XPS-analysis revealed that the proteins BSA and IgG contained additional salts, leading to higher salt concentrations in the synthetic synovial fluid than initially planned. Thus, for the recipe of the test liquid HA BSA RS, the RS should be diluted with deionised water and for the test liquids containing BSA/IgG deionised water instead of RS should be used. As in this study no antibacterial agents were used in order to mimic the synovial fluid as close as possible (except for the HiSi-mix), silver wires were introduced during wear tests, releasing silver ions. A limitation of this study was that the bacterial growth was not measured. Since bacterial growth could affect the results [81,82], the use of this approach with silver wires is not suitable for joint simulators, especially because much more liquid is used. Thus, the use of antibacterial agents should be determined regarding their influence on the tribological performance.

The advantage of the reproducible synthetic synovial fluid is that it would allow a comparison between the results obtained by different testing laboratories. The obtained wear rates of UHMWPE pins on CoCr discs were similar to the use of the HiSi-mix, thus the results are comparable at least to some extent with earlier results. However, a new recipe containing antibacterial agents requires further investigations including hip simulator tests using different material pairings in order to validate the synthetic synovial fluid. A disadvantage of the synthetic synovial fluid is that the viscosity strongly depends on the molecular weight of the HA, thus—if changing to another batch of HA—the concentration of HA has to be determined performing by viscosity measurements. On the other hand, Guenther et al. showed that the concentration of HA did not affect wear [70]. However, adjusting the concentration of HA is far less work compared to a hip simulator study necessary to evaluate a different batch of NCS for the HiSi-mix.




5. Conclusions

In total, six test liquids were prepared using a step-by-step substitution of the existing NCS with the main constituents present in genuine synovial fluid. Viscosity, friction and wear measurements were performed for all liquids.


	Using 3 g/L HA, the shear-dependent viscosity was in the range of human synovial fluid for diseased joints. The friction regime most likely changed from boundary lubrication at low sliding speeds to mixed lubrication at moderate sliding speeds, leading to lower friction coefficients and lower wear rates.


	Adding ions with the addition of RS led to an electrical screening of the dissociated acid groups over a shorter distance. Therefore, fewer hydrogen bonds between the HA chains were formed, leading to a slight decrease of the viscosity, which might explain the increase of wear.


	Replacing the NCS with selected proteins led to a further decrease of the viscosity, because the lyophilized proteins contained salts. With BSA as the only protein, the decrease of the viscosity led to higher friction at low sliding speeds. However, the wear tests were performed at higher sliding speeds of 20–40 mm/s and thus were not affected by the higher friction at low sliding speeds. In contrast, the lowest wear rate was obtained with BSA as the only protein. With the addition of IgG and PL, the wear rate increased, whereas, with adding both of them, the most realistic synthetic synovial fluid was realised. This also had the advantage of the best reproducibility of friction and wear.


	The obtained wear particles were mostly granular particles together with fibrils. The size distribution was similar for all test liquids and comparable to the ones produced in vivo.




Based on this work, the test liquid containing 3 g/L HA, 19 g/L BSA, 11 g/L IgG, 0.1 g/L PL and Ringer solution was the most comparable to genuine synovial fluid with a similar viscosity and similar lubrication properties, resulting in clinically relevant friction and wear coefficients. For prosthesis wear testing, the use of 3 g/L HA, 19 g/L BSA, 11 g/L IgG and 0.1 g/L PL together with an antimicrobial agent such as sodium azide is suggested. However, this recipe needs first to be validated. The cost for this synthetic synovial fluid is reasonable and comparable to existing test liquids used for prosthesis testing. Additionally, this synthetic synovial fluid can be reproduced independent from location and thus would allow a better comparison of tests performed in different laboratories.
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