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Abstract

:

Osteoarthritis (OA) is one of the frequent conditions in the orthopaedic practice. The number of OA patients is increasing and the efficacy of the current treatment methods is relatively low in terms of slowing or even preventing of the disease progression. The current research suggests that the lubrication function of the cartilage depends on its articulating surfaces. These surfaces are characterized by extracellular matrices with a three-dimensional porous structure that ensures a proper lubrication regime to protect the surface against the wear. Viscosupplementation is one of the possible treatments to slow the OA progression. This therapeutic intervention is frequently used in the clinical practice for the knee osteoarthritis. Viscosupplementation can, to a certain extent, supplement the lubrication ability of the cartilage by doping the hyaluronic acid (HA) and thus delay the degradation. However, selection of a proper viscosupplement remains a challenge, both in terms of the correct evaluation of the HA properties and their interaction with different stages of the OA. The viscoupplements differ in their HA molecular weight that may influence the CoF development from both the short term and the long-term perspective. The aim of this study is to analyze the coefficient of friction (CoF) between the real surfaces of a bovine cartilage after applying viscosupplements. The experiments were conducted on a pin-on-plate tribometer with a real bovine cartilage to simulate the lubrication regimes of a human joint. The model joint was doped with 4 different commercially available viscosupplements with different molecular weights and cross-linking of the HA. The OA damage was simulated by using a model synovial fluid with a concentration that corresponds to an OA patient. A compression of the cartilage surface was observed during the experiment and the interstitial fluid drained away from the porous cartilage structure. This, in combination with a migrating contact area (MCA), led the synovial fluid (SF) to mix with the viscosupplement. Decrease in the CoF was observed after the application of the viscosupplements with an increasing molecular weight. This was observed under a functional boosted cartilage lubrication regime, what suggests that the viscosupplementation yields the benefits especially for the conditions where the cartilage is not substantially damaged by the OA.
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1. Introduction


Osteoarthritis (OA) is one of the most challenging conditions in the orthopaedic practice. This statement is linked to both the incidence of a disease in older population as well as to relatively low efficacy of the current treatment methods in terms of slowing or even preventing of the disease progression. In fact, all intraarticular and surrounding periarticular structures including muscles are affected during OA development with cartilage degradation being the hallmark of the disease. Patients with an advanced OA located at the sites of lower limb have difficulties to walk requiring often total joint replacement (TJR) to relieve them from the symptoms and improve the functions. About 10% of men and 18% of women aged over 60 years undergo hip or knee TJR [1].



A more precise understanding of the pathophysiology of OA might open a way to more targeted and thus more effective treatment strategies. A joint cartilage is damaged during osteoarthritic process directly via the intraarticular injury, and indirectly as a result of chronic overload and chronic inflammation [2]. The latter mechanism is associated with a growing concentrations of inflammatory cytokines and enzymes observed in the affected joints that lead to the destruction of cartilage matrix [3]. Cartilage degradation in the OA has several stages with the initial pathological change linked with depletion of the hyaluronan-aggrecan network followed by degradation of the collagen fibrils. The last stage is associated with a severe cartilage disintegration and bone-on-bone contact of articulating joint surfaces [4,5].



Surface mechanisms are impacted by the cartilage deterioration as well. The porous cartilage surface structure leads to several dominant lubrication regimes: a boundary lubrication [6,7] and two cartilage-specific lubrication regimes: a weeping and a boosted lubrication regime. McCutchen et al. studied the weeping regime that was based on the porous structure and elasticity of the cartilage, where the pressurized synovial fluid flowed to separate the surfaces during movement [8]. Several following studies showed that the pressurized interstitial fluid was able to transfer most of the load during the first 100–200 s [9]. After this, the lubrication regime changed to the boosted lubrication regime as observed by Walker et al. They found that the joint cartilage behaved much like a filter that releases water and retains macromolecules—a process inverted to the weeping lubrication regime. This enabled creation of a viscous lubrication film containing mostly the hyaluronic acid as a lubricant [10,11,12].



In case of a prolonged static load of a joint, the fluid flows away from the contact area, what leads to a boundary lubrication regime, where the two lubricated surfaces come into physical contact. A damaged or an OA-degraded joint surface loses its properties and thus disables the boosted and wheeping regimes, what leads to a more rapid deterioration and pain symptoms.



A variety of methods have been tested to affect the clinical course of the disease, however, no one of them has a disease-modifying effect [13]. A viscosupplementation (VS) is still among the most frequent therapeutic interventions used in the clinical practice for knee osteoarthritis (KOA). The treatment was first described by Balazs et al. [14] in 1993 as an injection of the hyaluronic acid (HA) into affected joints to restore the physiologic viscoelasticity in the synovial fluid (SF). A number of following studies tested different molecular weights of the HA, ranging from 0.5 to 10 MDa [15] and analysed the impact of the HA cross-linking and different concentrations on the SF behaviour and biotribology [16,17].



The HA exhibits a unique viscoelastic behavior with regard to the joint functions. During an impact loading, the HA chains remain unchanged, and its elastic properties moderate the surface load. Vice versa, when the motion is slow, the HA chains unravel acting as a viscous lubricant [18,19]. The HA also participates in the biological processes in the joint. Therefore, an exogenous HA delivers both the biologic stimulation and an improvement of the physical and tribological features of the SF, i.e., a higher viscosity or a better force absorption and lubrication features of the SF [13]. As mentioned above, the viscosity of the SF varies significantly depending on the age, gender, body mass index, or the overall health conditions of a patient. Galandáková et al. [20] investigated the SF of patients with the end-stage of the OA, finding that the viscosity varied from 8 mPa/s up to 171 mPa/s.



Behavior of the lubricant in the contact is often characterized by the coefficient of friction between the contact surfaces. In most of the existing experiments, the cartilage samples articulate against a geometrically precise object. Cartilage samples can maintain their hydration and lubrication properties provided that particular kinematic conditions are met. One of most important conditions is that the contact area moves faster than is the time necessary for the fluid diffusion [21]. This is described as a stationary contact area (SCA). If the articulating surfaces are curved and the contact is not stationary, a migrating contact area (MCA) occurs. The MCA is closer to the real joint behaviour [9,22,23].



Experimental studies designed for the cartilage on cartilage (CoC) contact pair configuration with the MCA are rare [19,24]. However, this type of experiments can bring the most relevant results for the lubrication analysis and describe the cartilage behaviour in the initial stages of the OA.



A degraded cartilage with damaged surface structures loses its lubrication abilities. Therefore, VS can, to a certain extent, supplement the lubrication ability of the cartilage by doping the HA and thus delay the degradation. However, the selection of the proper viscosupplement and the determination of the appropriate time intervals for administration remains a challenge. The characteristics of the applied HA may influence the coefficient of friction (CoF) as well as the biological behaviour of the viscosupplement. However, the long-term clinical effect of the treatment is controversial and often influenced by the individual conditions of the patients. Several studies concluded that VS had limited to negligible effects, often explained as placebo [25,26,27,28]. In fact, there is a discordance between the wide clinical usage of the VS and the results of the systematic reviews/meta-analysis. The solution may lie in further research in this field, including more experimental studies are necessary to describe the viscosupplement behaviour directly in the joint contacts and its tribological effects on the joint surfaces or on the lubrication mechanisms. The aim of this study is to analyze the CoF between the real surfaces of the bovine cartilage after applying viscosupplements with different molecular weights.




2. Materials and Methods


2.1. Simulator


A universal tribometer (UMT Bruker TriboLab, Billerica, MA, USA) in the pin-on-plate configuration was used for the CoF measurements. The device was equipped with a two-axis piezoelectric force sensor (DFH 5.0 G), with 5 N load and 2.5 mN resolution. The cartilage pin was secured by a clutching clamping and pushed against the cartilage plate. A significant inequality of the samples was compensated with a tilting table, dimensioned for a normal load of 10 kN. Heating was secured by two heating cartridges for 37 degrees. The speed motion of the pin and the normal load were maintained by a feedback regulation integrated in the experimental device (Figure 1).




2.2. Samples


The samples were harvested from calves that were approximately 24 months old. The time between the slaughter and the samples harvesting did not exceed 48 h. In the meantime, the tissue was kept at 8 °C. The femoral condyle was cut with an oscillating saw to harvest the plate sample. Subsequently, the cartilage pins of about 9.5 mm on average were pressed. The cartilage plates and pins were removed along with the subchondral bone and rinsed in the PBS. The samples were stored in a phosphate buffered saline (PBS) at −22 °C (Figure 2).



The model of synovial fluid was prepared according to the research findings of Galandova et al. to simulate the structure of the SF in patients suffering from the 2nd and 3th stage of osteoarthritis [20]. A PBS served as a base of the synovial fluid, with gradually mixed-in albumin (powder, ≥96%; A2153, Sigma-Aldrich, St. Louis, MO, USA), y-globulin (powder, ≥ 99%; G5009, Sigma-Aldrich, St. Louis, MO, USA), HA (molecular weight = 820–1020 kDa, Contipro, Dolní Dobrouč, Czech Republic) and phospholipids (powder, type XVI-E, lyophilized powder; ≥99%; vesicle form; P3556, Sigma-Aldrich, St-Louis, MO, USA). Mixing-in was conducted overnight for 12 h at the temperature of 37 °C.



Four commercial viscosupplementation agents were used (Table 1): Hyalgan® (Fidia Farmaceutici, Padova, Italy), Ostenil® (TRB Chemedica), Synvisc ONE® (Sanofi Genzyme, Ridgefield, NJ, USA) a Hyruan ONE® (LG Chemical Ltd., Pharmac.div., Yongjej-dong, Iksan). The viscosupplements were chosen based on their molecular weight and HA crosslinking. The agents were provided by local commercial suppliers and stored in the fridge at the temperature of 8 °C. The viscosupplements were diluted with the model SF at 1:1 ratio.




2.3. Experimental Design


Viscosupplementation effects were observed using two types of experiments. The first experiment simulated the state where a viscosupplementation agent was applied to the patient. The friction pair was lubricated with the model SF for the first 600 s, then a viscosupplementation agent was added. After 1800 s, the contact was unloaded for 600 s to observe the impact of rehydration. The experiment then proceeded under the same conditions for another 1200 s. The measurements were repeated for all four viscosupplementation agents (Table 2).



The second experiment simulated the state, where the SF was fully mixed with the viscosupplementation agent after being applied to the joint. The measurements were first made only with the SF. Then the SF was drained from the cartilage using a vacuum pump for an hour. Next, the same measurements were repeated with a mixture of SF and the viscosupplementation agent. The measurements consisted of five loading phases (lasting 300 s each) and of four unloading phases (lasting 150 s each) to ensure the rehydration of the cartilage. The measurements were repeated for three contact pairs and for all the viscosupplementation agents. The actual load force and frictional forces were measured to calculate the CoF. The position of pin in load axes and the speed of the pin movement were also observed (Figure 3).




2.4. Data Processing


The raw data were filtered from the extreme speed and the load values to remove the data in the dead centre, where the boundary conditions of the experiment were not met. The filtration boundaries have been set for ± 5%. In the next step, we excluded the data distorted due to a large response to the feedback intervention. These data were filtered based on a sudden change of pin position. This could be the case of a large local curvature of surface where the boundary conditions were not met. For this purpose, a floating filter was developed to filter the data according to the standard deviation of pin position in the Z axes for each cycle of pin movement. In the next step, basic statistic values, such as quartile or arithmetic mean, were calculated. A regression analysis and two-sample t-tests with level of significance α = 0.05 were conducted. This approach was used for all the measurements. The tests simulating the application of the viscosupplementation agent were presented on a scatter chart, with time values on the x axes and ∆ CoF values on the y axes. The tests simulating the state after the mixing were presented on a boxplot.





3. Results and Discussion


Two sets of experiments were conducted to analyse the effects of commercial viscosupplements on CoF within the cartilage-on-cartilage contact as well as on the deformation of cartilage samples during the measurements. The first set of experiments, viscosupplementation application tests, was designed to simulate the state with a viscosupplement being applied to a patient. Therefore, a viscosupplement was added to the model SF during the measurement. The second set of measurements, the liquid mixing tests, simulated the state where the SF and the viscosupplement were fully mixed.



3.1. Viscosupplementation Application Tests


The viscosupplementation application tests, which lasted 3600 s, consisted of three phases: the run-in phase, the viscosupplementation phase, and the final phase after rehydration. The results of the time dependence of CoF for the four tested viscosupplements can be seen in Figure 4 and the evolution of cartilage deformation in the z-axis during measurements can be seen in Figure 5.



During the run-in phase, the CoF values increased with time for all tested viscosupplements. This is mainly attributed to biphasic cartilage lubrication. Initial CoF values, ranging from 0.01 to 0.025, were observed for individual viscosupplements. At the end of the run-in phase, the CoF values of the individual viscosupplements were as follows: 0.024 for Synvisc ONE®, 0.020 for Ostenil®, 0.017 for Hyruan ONE® and 0.013 for Hyalgan®. However, it should be noted that the differences between individual viscosupplements could be significantly affected by the differences in the shape of cartilage sliding surfaces. Therefore, the overall efficacy was analysed by the percentage decrease of CoF between the run-in phase and the final phase after rehydration. A change in the pin position from 0 to 0.11 mm was also observed during the run-in phase for all viscosupplements except for Hyruan ONE®. This type of behaviour was attributed to the porous cartilage structure saturated with the lubricant together with the lubricant squeeze under the applied load. Hyruan ONE® showed the lowest grades of deformation, probably caused by the location of cartilage sample extraction on the surface of the bovine joint.



During the viscosupplementation phase, the viscosupplement was applied directly to the model SF between the articulating surfaces and the changes (increase/decrease) in cartilage-on-cartilage friction were analysed. The time of CoF stabilization was considered as the time when the liquids were ideally mixed. To determine the effects of the viscosupplementation agent on CoF, the phase ranging from 600 to 1200 s was interpolated by a linear regression line (Figure 6).



No significant efficacy was observed throughout the viscosupplementation phase for Hyalgan® and Ostenil® in terms of CoF changes. Synvisc ONE® and Hyruan ONE® showed more pronounced differences together with differences in the gradient of the CoF decrease. Taking into account the speed of the effect, Hyruan ONE® and Synvisc ONE® showed a significantly faster decrease in CoF values based on linear regression values. Ostenil® showed a slower decrease, while Hyalgan® even reported a slight increase in CoF values. The initial CoF value for Hyalgan® was 0.0134. This was followed by a slight increase to 0.0142. As mentioned above, the application of the other viscosupplements led to a decrease of the CoF. Ostentil showed the initial values of 0.0196, followed by a decrease to 0.0177. Synvisc ONE® showed the highest initial values of 0.0245, followed by a decrease to 0.0198. Hyruan ONE® showed initial values of 0.0172, followed by a decrease to 0.0136. The application of viscosupplementation agents had no effect on the progression of cartilage deformation. No local changes were observed after the application. In the last phase, all the fluids were considered mixed. Rehydration of cartilage did not have any further effects on the development of CoF for the three viscosupplements with a lower molecular weight (MW): Ostenil®, Hyalgan®, and Synvisc ONE®. Hyruan ONE® showed some effect of rehydration, with a decrease in the CoF value from 0.0136 to 0.012. When comparing the end CoF values after the first and third phases, we observed the following: Hyalgan® showed a CoF increase of 17.6%, Ostenil® 8% decrease, Synvisc ONE® 23% decrease, and Hyruan ONE® 28% decrease.



For cartilage deformation data in Figure 5, Hyruan ONE® reported an increase in the first 300 s. After that, it stabilized more or less at a value of 0.03. On the other hand, Hyalgan®, Ostenil® and Synvisc ONE® showed a similar logarithmic trend of the deformation development as during the run-in phase. Hyalgan® and Ostenil® showed the most significant increase in the first 500 s, when the cartilage deformation reached a value of 0.1 mm. During the same period, Ostenil® showed an increase of 0.08 mm. Compared to the first phase, this increase was lower and about 200 s longer. In the third phase, no flattening of cartilage deformation development was observed. The end values of the Z position were 0.113 mm for Hyalgan®, 0.109 mm for Ostenil®, and 0.116 mm for Synvisc ONE®.




3.2. Liquid Mixing Tests


Liquid mixing tests were performed on 12 pairs of bovine cartilage samples. First, a reference measurement with a model synovial fluid was made for each contact pair. Consequently, SF was drained from the cartilage structure and the new measurement was performed with a mixture of SF and viscosupplementation agent (mixed in a 1:1 ratio). Each of the viscosupplements was analyzed with three different cartilage samples. Based on the results, the average values and standard deviations of the CoF of the reference and comparative measurements were calculated (Figure 7).



The CoF values ranged from 0.0051 to 0.0163 for the reference measurements. All samples showed a significant change in CoF between the reference and comparative measurements. A significant decrease in CoF was observed for all measurements except for measurements 1a, 1b and 4a. An increase in CoF was observed for Hyalgan® in two cases. The first measurement showed an increase of 20% and the second 34%. In the last measurement, a decrease in CoF by 9% was observed. Ostenil® measurements showed a decrease in CoF in all cases. Similarly, a decrease in CoF was observed for Synvisc ONE® for all measurements. In the case of Hyruan ONE®, CoF decreased in two cases. A 5% increase in CoF was observed in the first measurement. A 19% and 9% decrease was observed for the second and third measurements. On the basis of these results, an average change in the CoF was calculated for each viscosupplementation agent. Hyalgan® showed an average Increase in CoF of 15%. There was an average decrease of 7% for Ostenil®. The highest average decrease in CoF of 21% was observed for Synvisc ONE®. The last product, Hyruan ONE®, showed an average decrease of 8%.



The results of cartilage deformation measurements during liquid mixing tests showed a logarithmic trend similar to that in the case of viscosupplementation application tests. Maximum values of deformation were always reached at the end of the individual loading phases, lasting 300 s. The average values and standard deviation of cartilage deformation at the end of the individual loading phases for clear SF and all viscosupplementation agents are shown in Figure 8. For clear SF, cartilage deformation values at the end of the loading phases were quite similar for all loading phases, between 0.067 and 0.072 mm. Hyalgan® reported higher values of cartilage deformations compared to pure SF. Furthermore, the cartilage deformation values increased from 0.078 mm to 0.089 mm during the measurement. Ostenil® also showed higher cartilage deformation values compared to pure SF. However, no trend in the results was observed while the deformation ranges between 0.069 and 0.078 mm. Hyruan ONE® reported a lower deformation than SF. Apart from the last loading phase, the results reported a downward trend. The deformation decreased from 0.065 mm to 0.057 mm. Except for the initial loading phase, the lowest cartilage deformation values between 0.05 and 0.053 mm were measured for Synvisc ONE®.



Our study evaluated the effects of four commercially available viscosupplements for OA on friction between bovine cartilage samples, simulating a pre-osteoarthritic stage of joint lubricated by a model synovial fluid. The molecular weight of hyaluronic acid and the cross-linking of the HA were the key parameters for the selection of the viscosupplements. We analyzed two experimental setups. The viscosupplementation application tests simulated the behaviour of the viscosupplement with the solution applied directly to the osteoarthritic joint and the liquid mixing tests simulated a situation in which the SF and viscosupplement were already fully mixed. The results revealed a significant decrease in the CoF after the addition of the high-MW viscosupplement to the pure OA SF, as well as significant differences in results between the individual viscosupplements.



During all measurements, the reported values of CoF were not higher than 0.025. These values are relatively close to the real joint conditions with a migrating contact area [22,23]. Moreover, the CoF was constant during the measurements. The surface deformation increased, which corresponds to the assumed CoF development between two joint surfaces as described by Caligaris a Ateshian [29]. Due to a pressurized fluid and a compressed surface, we assumed a boosted lubrication regime as defined by Walker et al. [12]. The cartilage-on-cartilage configuration is a great benefit of this study compared to other studies in which various substitute materials such as glass, mica, or hydrogel have been often used to mitigate the cartilage structure [15,30,31]. This reimbursement leads to changes in the lubrication regimes within the contact. However, the use of two cartilage surfaces caused a problem for the CoF measurements due to a variation in the surface curvature of cartilage samples. This limited the repeatability of the data. Therefore, we mainly focused on the relative differences between the measurements to evaluate the effects of viscosupplements and to show their effects on cartilage friction. The individual viscosupplements were mutually compared using the ANOVA. The mutual comparison of the differences in the CoF decrease showed no statistical significance (p value < 0.05).



The absolute value of CoF can also be influenced by factors related to cartilage extraction, such as the location of the sampling [32], the cartilage structure, and the cartilage thickness that plays an important role in the cartilage lubrication [8,9,12]. It is also important to understand that the size of the contact area changes when two surfaces with various curvature radius articulate. This is accompanied by continuous compression during articulation and by changes in contact pressure with subsequent impact on CoF [33]. The compression of the cartilage structure is accompanied by a drain of the fluid from the cartilage structure. During the run-in phase of the viscosupplementation application tests, three of four cartilage samples showed a gradual increase in deformation with a maximum size of 0.11 mm. The deformation value of the last contact pair was only 0.03 mm. This was probably caused by a different thickness of the cartilage and the subchondral bone. In general, the fluid drain did not have any effect on the development of CoF. This was related to an interstitial lubrication regime, where the pressurized fluid flows through a porous cartilage structure to a high pressure area [10]. As the fluid flowed, the viscosupplement got mixed up with the SF.



During the viscosupplementation application tests, four commercially available HA-based viscosupplements showed different trends in CoF development (Figure 4). A CoF increase was observed for Hyalgan® after its application. The relative change in CoF in the final phase compared to the run-in phase was 0.0023. On the other hand, a decrease in CoF was observed for Ostenil®, with a gradient of −9.9 × 10−7 and a relative change in the CoF of 0.0023. Synvisc ONE® and Hyruan ONE® showed an effect three times faster compared to Ostenil®. The Synvisc ONE® gradient was −3.7 × 10−6 with an average decrease of 0.0041. The Hyruan ONE® gradient was −3.5 × 10−6 with an average decrease of 0.003. The results of the liquid mixing tests showed similar trends. Solutions with higher molecular weights showed a decrease in the CoF. However, in this case, it was Synvisc ONE® that showed the most substantial CoF decrease, by 22% on average. Hyruan ONE®, as the solution with the highest MW, also showed a decrease in CoF, with the exception of one sample with critical values of the surface curvature.



These results suggest a connection between the MW and the viscosupplement efficiency. Low-MW solutions, such as Hyalgan®, cannot interact with the cartilage surface and extracellular matrix to improve the lubrication characteristics. An approximately linear dependence between HA MW and CoF within the cartilage-on-cartilage contact was already published by Kwiecinski et al. [34]. The existing literature offers two possible explanations for this phenomenon. Viscosupplementation changes the rheological properties of synovial fluid. These changes are more significant for solutions containing high MW or cross-linked HA that cannot flow through the cartilage structure [18]. A highly viscous lubrication film is created on the cartilage surface, which is accompanied by a significant CoF decrease. Therefore, it is assumed that viscosupplementation changes the weeping lubrication regime to the boosted lubrication regime [12]. However, the human joint can operate at relatively high values of shear rate, up to 105 s−1 [35]. Therefore, due to the shear thinning behaviour of HA, improvement of SF rheology does not appear as the true viscosupplementation mechanism of action. Furthermore, some studies [15,36] have already published no direct dependency between the HA rheology and the cartilage-on-glass friction. Another explanation suggests that there are stronger adhesion forces between the high-MW HA and the cartilage surface [37]. Longer linear molecules of high-MW HA a make multiple contact with lubricin molecules within the cartilage superficial zone. The resulting robust gel-like layer is an essential foundation for an interaction with the phospholipids and the subsequent hydration lubrication between their phosphocholine headgroups [38].



Despite that we showed the contribution of different VS to both the decrease of CoF and cartilage deformation experimentally the clinical usefulness of VS is still difficult to prove in the randomized clinical studies and their meta-analysis. In fact, some meta-analysis find the clinically important effect maintaining for several weeks [39,40,41] while the others report very limited or no benefit from the intra-articular administration of VS especially when the long-term effects of this treatment was evaluated [42,43,44]. There was reported significant inter-trial heterogeneity related to trial size, particular product used, frequency of VS administration, blinded outcome assessment or publication status [43]. The contradictory findings of the research are consequently reflected in the guidelines of international medical associations such as the Osteoarthritis Research Society International (OARSI) [45].



On the other hand, at least one recent meta-analysis revealed the clinical effect for high molecular weight HA concluding that the high-molecular weight product had better outcomes for up to 6 months at the site of the hip [46]. In addition, a recent randomized-controlled trial reports better effect on patient’s performance, disability and activity of daily living for a combination of platelet-rich plasma (PRP) and high molecular weight HA [47]. Interestingly, some clinical data support also the intraarticular administration of high molecular weight HA with corticosteroids or other substances to affect simultaneously the inflammation accompanying OA progression [48]. Taken together, it seems that the HA product characteristics like molecular weight and cross-linking could affect its performance on the OA joint. However, Caligaris et al. [29] questioned the effects of viscosupplementation on joints with damaged cartilage. This corresponds to the theoretical assumptions on lubrication regimes, where cartilage plays a crucial role. In such cases, the improved viscoelastic and frictional properties of the synovial fluid cannot compensate for the degradation of the cartilage extracellular matrix. As a result, only earlier stages of OA are appropriate for VS interventions. Further high-quality investigations evaluating the effect of intraarticular administration of high-molecular weight HA in earlier stages of KOA in particular patients are therefore highly warranted to identify those who will show clinically meaningful response to HA injections as opposed to those who are unlikely to benefit from this intervention.




3.3. Limitations


The main challenge of our research was to obtain several cartilage surfaces with approximately the same geometry and mechanical properties. For example, Richard et al. [49] reported differences in Young’s modulus and the Poisson ratio between the cartilage samples extracted from various areas of the human femoral head, which can consequently influence the friction of the articular cartilage [32]. This surely affects the overall CoF values and the evaluation of the viscosupplementation effects. The short-term experiments were repeated on three different samples extracted from the same joint type on the basis of the joint surface curvature. For future research, it would be beneficial to repeat the measurements on more samples and to consider extracting the samples from an identical area of the joint. Our research covered four viscosupplements selected on the basis of their molecular weight. Because of the minimal effects of the viscosupplement containing low-MW HA on the CoF, it would be interesting to select a wider range of the MW values graded in greater detail. It will allow us to define the threshold value of the MW, which affects the development of the CoF.



In our study, a model synovial fluid, which corresponds to patients with the end stage of OA, was used. However, viscosupplementation is expected to be more effective in the early stages of osteoarthritis, during which the cartilage extracellular matrix is not completely worn out. It could also be interesting to study the interactions between the viscosupplement and the individual SF constituents in more detail.





4. Conclusions


The aim of this study was to observe the effects of the VS on the tribological behaviour of a cartilage to contribute to the discussion over the efficiency of the viscosupplementation in OA joints. The experiments were conducted on a pin-on-plate tribometer with a real bovine cartilage to simulate the lubrication regimes of a human joint. The OA damage was simulated using a model synovial fluid. Two distinctive states were selected for our evaluation: the state after the viscosupplementation application and the state when the SF was fully mixed with the viscosupplementation agent.




	
A decrease in the CoF was observed after application of viscosupplements with a higher molecular weight to the SF. Various viscosupplements also differ significantly from each other based on their molecular weight. We observed a linear decrease of the CoF with an increasing molecular weight.



	
The surface of the cartilage was compressed during the experiments and the interstitial fluid drained from its porous structure. This, together with the effects of the migrating contact area led to mixing of the SF with the viscosupplement.



	
The viscosupplementation decreases the CoF under a functional boosted cartilage lubrication regime. This means that the viscosupplementation yields the most benefits for conditions where the cartilage is not substantially damaged by the OA.
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Figure 1. Scheme of pin-on-plate tribometer. 
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Figure 2. Harvesting of the articular cartilage samples. 
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Figure 3. Scheme of experimental design. 
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Figure 4. Development of the CoF for various viscosupplements. 
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Figure 5. Deformations of cartilage samples during the experiment. 
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Figure 6. CoF decrease during the viscosupplementation phase. 
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Figure 7. Comparison of CoF after viscosuplementation. 
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Figure 8. Analysis of deformations for cartilage samples. 
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Table 1. Specifications of viscosupplements.
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Samples

	
HA Concentration

(mg/mL)

	
HA Molecular Weight

	
Crosslinking

	
Volume

(mL)






	
Viscosupplement

	
Hyalgan

	
10

	
500–730

	
NO

	
2




	
Ostenil

	
10

	
1600

	
NO

	
2




	
Synvisc ONE

	
8

	
6000

	
YES

	
6




	
Hyruan ONE

	
20

	
>6000

	
YES

	
3




	
Model synovial fluid

(SF)

	
Albumin

	
γ-Globulin

	
Phospholipids

	
Hyaluronic acid




	
24.9 mg/mL

	
6.1 mg/mL

	
0.34 mg/mL

	
1.49 mg/mL
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Table 2. Kinematic conditions.






Table 2. Kinematic conditions.





	Test
	Load

(N)
	Velocity (mm/s)
	Number of Cycles

(-)
	Duration

(s)
	Cycling Distance (mm)





	Viscosupplementation application test
	10
	10
	1200
	3600
	30



	Liquid mixing test
	10
	10
	700
	2100
	30
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