
T FSI 

\ŕ ÚSTAV 
KONSTRUOVÁNÍ 

Vysoké učení technické v Brně 
Fakulta strojního inženýrství 
Ústav konstruování 

Brno University of Technology 
Faculty of Mechanical Engineering 
Institute of Machine and Industrial Design 

EFFECT OF VISCOSUPPLEMENTATION 
ON FRICTION OF ARTICULAR 
CARTILAGE 

Ing. David Rebenda 
Autor práce 
Author 

doc. Ing. Martin Vrbka, Ph.D. 
Vedoucí práce 
Supervisor 

Disertační práce 
Dissertation Thesis 

Brno 2021 





ABSTRAKT 
Disertační práce se zabývá experimentálním studiem viskosuplementů na bázi kyseliny 

hyaluronové, které se aplikují do synoviálních kloubů postižených osteoartrózou. Hlavní 

pozornost byla věnována objasnění v l ivu koncentrace a molekulové hmotnosti kyseliny 

hyaluronové na tření v kontaktu kloubí chrupavky resp. změnám tření v kontaktu 

po smíchání osteoartritické synoviální kapaliny s exogénni kyselinou hyaluronovou. 

Důležitou součástí experimentů bylo rovněž studium Teologických vlastností synoviální 

kapaliny a kyseliny hyaluronové. Výsledky ukázaly, že molekulová hmotnost kyseliny 

hyaluronové významně ovlivňuje viskozitu a viskoelastické vlastnosti roztoku. Výrazná 

závislost mezi Teologickými vlastnostmi kyseliny hyaluronové a třením v kontaktu však 

nebyla pozorována. Přimíchání kyseliny hyaluronové do synoviální kapaliny způsobí 

výrazný pokles součinitele tření v kontaktu. Rozdíly mezi viskosuplementy obsahující 

kyselinu hyaluronovou s různou molekulovou hmotností ale nijak výrazné nejsou. Nicméně, 

výsledky poukazují na možné ovlivnění režimu mazání v důsledku vysoké molekulové 

hmotnosti kyseliny hyaluronové. Tyto původní výsledky rozšiřují pochopení mechanizmů, 

ke kterým dochází v kloubu bezprostředně do vstříknutí kyseliny hyaluronové a mohou být 

použity při dalším vývoji viskosuplementů či v klinické praxi. 

KLÍČOVÁ SLOVA 
kloubní chrupavka, viskosuplementace, kyselina hyaluronová, tření, reologie 
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ABSTRACT 
This dissertation thesis deals with the experimental analysis of hyaluronic acid-based 

viscosupplements which have been applied into the synovial joints in order to slow down 

the osteoarthritis progression. The main attention was paid to the effect of hyaluronic acid 

concentration and molecular weight on the articular cartilage friction as well as 

to the frictional changes after mixing of osteoarthritic synovial fluid with exogenous 

hyaluronic acid. A n important part of the experiments was also an analysis of synovial fluid 

and hyaluronic acid rheological properties. The results showed that the hyaluronic acid 

molecular weight can significantly affect the viscosity and viscoelastic properties 

of the solution. However, no dependency between the hyaluronic acid rheological properties 

and friction in the articular cartilage contact was observed. The admixture of hyaluronic acid 

into the synovial fluid caused a significant decrease in the coefficient of friction within the 

contact but the differences between individual viscosupplements were not so significant. 

Nevertheless, the results indicate a possible change in the lubrication regime due to the high 

molecular weight of hyaluronic acid. These original results deepen the understanding 

of the mechanisms that occur in the synovial joint immediately after the injection 

of hyaluronic acid and can be further used in the future development of viscosupplements 

or in clinical practice. 

KEYWORDS 
Articular cartilage, viscosupplementation, hyaluronic acid, friction, rheology 
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1 INTRODUCTION 

O A is one of the most common diseases of the musculoskeletal system among older people 

in developed countries. According to the O A R S I (Figure 1-1), approximately 55 mill ion 

adults were diagnosed with arthritis in the United States in 2015 [1]. However, the number 

of patients still increases mainly due to the aging population or the obesity of people. O A R S I 

assumes a twenty percent increase in patients over the next ten years. This brings a lot 

of attention to the development of new treatment methods or to the improvement of existing 

treatment methods and thus the reduction of treatment costs. 

• I I I ! 
Figure 1-1 Numbers of Patients with OA [1] 

Viscosupplementation is one of the non-invasive methods for the treatment of O A for more 

than 30 years. It consists in HA-based injection into the joint capsule. The original idea 

of viscosupplementation was the resumption of healthy SF rheological properties but long-

term results of medical studies also pointed out to some physiological effects inside the 

affected joint. However, there are still many debates about the effectiveness of this treatment 

method, which also leads to the conflicting recommendations of medical associations. This 

is mainly due to the unexplained phenomena which occur in the synovial joint after 

viscosupplementation. 

Most of the experimental studies, which are connected with viscosupplementation 

effectiveness, focus on the rheological analysis of osteoarthritic SF, H A or VSs . However, 

the connection between SF rheological changes after viscosupplementation and the friction 

in the osteoarthritic joint are still unclear. Interaction of H A with cartilage structure and other 

SF constituents plays an important role in the lubrication of articular cartilage. However, 

changes in the articular cartilage friction and lubrication, caused by increased concentration 

and molecular weight of H A in SF after viscosupplementation, are uncleaned. 
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Therefore, the aim of this PhD thesis is to provide an experimental analysis of frictional 

changes in the osteoarthritic synovial joint after viscosupplementation. The main attention 

is paid to the effect of H A concentration and molecular weight on the rheology of SF and 

the friction within the articular cartilage contact. So far, there is no such a complex study 

combining rheological measurements of SFs and H A solutions with an analysis of their 

frictional response within the articular cartilage contact. 

12 



2 STATE OF THE ART 

Articular cartilage is a white gloss porous tissue which covers sliding surfaces in big synovial 

joints like hip, knee or shoulder. Under physiological conditions, cartilage-on-cartilage 

motion is characterized by extremely low friction and minimal wear [2]. These excellent 

tribological properties are achieved by the biphasic structure of articular cartilage, i.e., 

by the interaction between its solid and fluid phase [3]. 

The solid phase makes up 20 - 30 % of the cartilage mass. It is composed of an extracellular 

matrix from collagen II fibers, proteoglycans and chondrocytes. Chondrocytes synthesize 

and repair the extracellular matrix [4]. Proteoglycans, mainly glycoprotein P R G 4 [5], are 

mostly contained in the middle layer of cartilage and less in the upper layer of cartilage 

(Figure 2-1). These macromolecules are able to bind water to each other. As a result, most 

of the interstitial fluid is close to the surface. Proteoglycans are also able to bind H A [6] and 

thus improve cartilage friction by forming a boundary lubricant layer on the cartilage 

surface. 

According to the orientation of collagen fibers and chondrocyte shape, cartilage structure 

can be divided into several layers (Figure 2-1) [7]. In the superficial zone, collagen fibers 

are parallel to the surface, which allows the transmission of high shear loads [3]. Contrary 

to this, collagen fibers are randomly organized in the intermediate zone, which results in 

better resistance against compressive load. 

Cartilage extracellular matrix is filled with SF. Water make up for 65 - 80 % of cartilage 

structure and is the main constituent of SF. Besides that, proteins, H A , phospholipids, PRG4, 

etc. are dissolved in SF. These constituents play an important role during articular cartilage 

lubrication. The effect of individual synovial constituents on the friction of articular cartilage 

wi l l be discussed in detail later. 

Figure 2-1 Scheme of articular cartilage structure [3] 
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2.1 Rheology of SF and HA 

The progression of O A is connected with changes in SF composition. Among other things, 

the concentration and molecular weight of H A are decreased. As commonly seen 

in the literature, the rheology of SF is strongly connected with H A characteristics. Proteins, 

even at high concentrations, contribute minimally to solution viscosity. Little or no effect 

of proteins on SF rheology was reported by Zhang et al. [8]. Authors utilized several 

techniques of viscosity measurements (different geometries - single gap, double gap, and 

parallel plate) to examine the role of bovine serum albumin and y-globulin on model SF 

rheology. Measurements were realized on T A Instruments A R - G 2 rheometer. The tested 

solutions were subjected to steady and oscillatory shear tests for different ranges of shear 

rate and oscillation frequencies. Model solutions composed of albumin (10 mg/ml), 

y-globulin (0.5 mg/ml) and H A (3.4 mg/ml) with a molecular weight of 1.6 M D a were 

dissolved in PBS to simulate SF. Results of steady shear tests with model SF and H A were 

very similar (Figure 2-2). Therefore, the concentration of albumin and y-globulin did not 

affect SF viscosity. The authors conclude that proteoglycan PRG4, which is also part 

of the synovial fluid, could affect the rheology. However, this SF constituent was not tested 

in the study. 

• • Model Synovial Fluid with SDS 
• O Hyaluronic Acid with SDS 
A A Hyaluronic Acid no SDS 
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Figure 2-2 Result of viscosity measurements with HA and model SF [8] 

Changes in SF composition and rheology due to the progression of O A were analyzed 

by Tyrnenopoulou et al. [9]. Sixteen samples of equine SFs were extracted from 

osteoarthritic fetlock joints. Results were compared with 6 samples obtained from normal 

joints. Refractometer was used to analyze the total amount of proteins in SFs. Total protein 

concentration (Figure 2-3) has increased from 1.37 ± 0.15 g/dl to 1.74 ± 0.14 g/dl whereas 

the concentration of H A decreased from 864.4 ± 260.42 ug/ml to 402.67 ± 131.3 u.g/ml 
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in the osteoarthritic SF. The reduced H A concentration affected the results of subsequent 

analysis of viscoelastic properties (Figure 2-3). Viscoelastic properties of osteoarthritic SFs 

were significantly lower compared to the ones obtained from normal joints. The intersection 

of storage and loss modulus curves has also changed. Crossover frequency moved from 

2 H z to 8 Hz . 

Variable Sumbrr of 
Joints (N) 

Mtmn 
(M) 

Standard 
Deviation SD) 

TP (g/dl) 
Normal 6 1.37 0.15 

TP (g/dl) 
OA 16 1.74 0.14 

TNC 
Normal 6 130.00 

TNC 
OA 16 243.13 41.10 

HA nil 
Normal 5 864.40 260.42 

HA nil 
OA 9 402.67 131-30 

0.1 1 10 

Frequency (Hz) 

Figure 2-3 Left: Total protein (TP) and HA concentration in normal and osteoarthritic SF. Right: Frequency 
sweeps of SFs [9] 

Differences in equine SF rheology due to O A were also analyzed by Borzachiello et al. [10]. 

However, rather different results of the oscillatory shear tests were observed. Lower values 

of storage and loss modulus were also measured for diseased SF. Nevertheless, an increased 

value of crossover frequency caused by lower concentration and molecular weight of H A 

was not reported. Contrary to the results of the previous study, a slight decrease in crossover 

frequency was reported. 

Differences in viscosity and viscoelastic properties of human SFs in patients undergoing 

primary and revision knee arthroplasty were analyzed by Mazzucco et al. [11]. The results 

were compared with bovine serum, which is commonly used as a lubricant during 

tribological tests of human joints and joint replacement. In total, 58 samples of SFs from 

patients undergoing primary arthroplasty and 19 samples from patients undergoing revision 

arthroplasty were tested. SFs and bovine serum were tested on a T A Instruments C S L 500 

rheometer in a concentric cylinder configuration. 

Pseudoplastic behavior was observed in all samples of SFs. Zero shear viscosity 

of individual samples varied by three orders of magnitude (Figure 2-4). SFs from patients 

with primary arthroplasty reported higher viscosity than samples from revision arthroplasty 

patients. The measured viscosities of SFs were approximately two orders of magnitude 

higher compared to the bovine serum. From the analysis of viscoelastic properties, most 

of the samples exhibited viscoelastic behavior. Crossover frequency of 1.8 H z was measured 

for primary arthroplasty patients, whereas a relatively high crossover point of 3.1 H z was 

measured for revision arthroplasty patients. 
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Figure 2-4 Viscosity of SF from patients who undergoes knee arthroplasty [11] 

Viscosity and viscoelastic properties of 13 SF samples aspirated from osteoarthritic joints 

were analyzed by Mathieu [12]. The rheological properties of pure SF, as well as SF mixed 

with native H A or commercial V S based on cross-linked H A , were discussed. The SF was 

mixed with H A or V S in a 1:1 ratio. This ratio corresponds to the in vivo 

viscosupplementation in clinical practice. H A had a molecular weight of 1.14 M D a . 

A s a V S , Synvisc® based on a cross-linked Hylan G-F 20 was used. Measurements were 

conducted at 25 ° C. This time, relatively large differences in viscosity between individual 

SF samples were also observed. The zero shear viscosity varied between 0.1 and 10 P a s 

(Figure 2-5a). For HA-based solutions, the results showed a significant difference between 

linear and cross-linked H A . Moreover, Synvisc® exhibited gel-like behavior during 

oscillatory shear tests whereas linear H A exhibited viscous-like behavior. The addition 

of linear H A into the SF caused only a slight increase of viscosity (Figure 2-5b) whereas the 

addition of Synvisc® to the SF led to a significant increase in viscosity across the whole range 

of shear rate. The viscosity of Synvisc® mixture was approximately 2 orders of magnitude 

higher than the viscosity of the linear H A mixture. 
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Figure 2-5 a) Viscosity of aspirated SF s, b) Viscosity of pure SF and mixtures with HA solutions [12] 

16 



Viscosity of different SFs was also investigated by Bingol et al. [13]. In total, seven SF 

samples were gathered post mortem from human knee joints. The age of patients was 

between 62 and 89 years. No clinical evidence of O A was mentioned. Therefore, a healthy 

or osteoarthritic SF could be tested. For comparison, the viscosity of H A from fermentative 

production was analyzed. Powder with a molecular weight of 1.7 x 10 6 g/mol was dissolved 

in P B S . The measurements were performed using T A Instruments A R G2 rheometer 

in cone-plate and plate-plate (SF samples due to their small amount) geometry. The highest 

measured zero shear viscosity of gathered SF was 445 Pa- s. This value is even outside of the 

commonly reported range of normal SF [14] and is in accordance with the reported gel-like 

character of the sample. On the contrary, 1.2 P a s and 2.5 P a s were the lowest measured 

zero shear viscosities. These low values were attributed to the progression of O A . 

A l l viscosity curves of gathered SFs are displayed in Figure 2-6a. The H A concentration 

dependence on the shear rate is shown in Figure 2-6b. The results showed a strong 

dependency between H A concentration and viscosity. With increasing concentration, 

the viscosity increased by four orders of magnitude. For high concentration solutions, 

the transition between Newtonian and non-Newtonian behavior occurred at lower values 

of shear rate. 

Another rheological characterization of SFs from 22 patients undergoing total knee 

arthroplasty and three commercially available VSs was performed by Bhuanatanondh [15]. 

The commercial VSs were represented by Orthovisc® and Suplasyn®, which are based 

on linear H A , and Synvisc®. Rheology measurements were performed in a cone-plate 

configuration (40 mm diameter cone with a 1° angle) at 37 °C. Viscosity dependence 

on shear rate was measured for a shear rate between 0.01 s"1 and 1 000 s"1. Consequently, 

storage and loss modulus dependency on the frequency of oscillating motion was measured 

at 5 % strain over the frequency range of 0.1 - 10 Hz . The average zero shear viscosity for 

SFs was 3.4 ± 2.9 P a s . A t a frequency of 0.5 Hz , a storage modulus of 2.14 ± 1.7 Pa and 
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Figure 2-6 a) Shear viscosities of human SFs, b) Influence of concentration on the viscosity of sodium 
hyaluronate [13] 
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a loss modulus of 1.63 ± 1 Pa were measured. A t a frequency of 2.5 Hz , the storage modulus 

increased to 3.55 ± 2.72 Pa and the loss modulus has changed to 2.51 ± 1.25 Pa. 

For commercial VSs (Figure 2-7a), the lowest viscosity across the entire range of shear rate 

was measured for V S with the lowest molecular weight H A - Suplasyn®. Cross-linked H A 

had the highest zero shear viscosity. Compared to low molecular weight H A , the viscosity 

at low shear rates was more than two orders of magnitude higher.Cross-linked H A also 

reported gel-like behavior during the measurement of viscoelastic properties (Figure 2-7b). 

Low molecular weight H A reported viscous-like behavior. To sum it up, the viscosity of VSs 

depends on molecular weight and H A cross-linking. 
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Figure 2-7 a) Viscosity of tested VSs, b) Viscoelastic properties of tested VSs (VS1 
VS2 = Suplasyn®, VS3 = Synvisc®) [15] 

10 

Orthovisc®, 

In a consequent study by Bhuanatanondh et al. [16], rheological changes after mixing 

of osteoarthritic SF with the same VSs were analyzed. SF was mixed in a 1:1 ratio with VSs 

while the experimental conditions have not been changed. M i x i n g of the V S with SF led 

to an increase in viscosity over the whole range of shear rate (Figure 2-8a). High molecular 

weight linear H A caused an increase in viscosity by one order of magnitude, cross-linked 

H A by two orders of magnitude. On the other hand, Suplasyn® did not perform quite well . 

Only a slight viscosity increase at higher shear rates was observed. Higher molecular weight 

of V S also led to a more pronounced shear-thinning behavior. Figure 2-8b shows the results 

of viscoelastic properties measurements. The admixture of low molecular weight H A caused 

an increase in the loss modulus and the solution exhibited liquid-like behavior. The addition 

of high molecular weight H A increased the values of storage and loss modulus by one order 

of magnitude and a crossover point at 1 H z was measured. The addition of cross-linked H A 

caused an increase of both modules by more than two orders of magnitude and the solution 

exhibited gel-like behavior over the whole range of oscillating frequency. 
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Figure 2-8 a) Viscosity of SF and mixtures with VSs, b) Viscoelastic properties of SF and mixtures [16] 

Several commercial VSs in their pure form and newly developed V S Hymovis® were 

analyzed by Finell i et al. [17]. Viscosity and viscoelastic properties were analyzed with 

a stress-controlled rheometer by T A Instruments in a 20 mm parallel plate geometry. 

Samples were heated to 25 °C by a Peltier plate. Firstly, to determine the region of linear 

response of the VSs , an initial strain sweep was applied to the tested samples. A l l products 

exhibited the independence of storage and loss modulus from strain in a region between 

0.1 and 50 %. Therefore, subsequent frequency sweeps were conducted at a 5 % strain. 

Results in Figure 2-9b showed that Hymovis®, Durolane® and Synvisc® exhibited gel-like 

behavior, whereas the crossover frequency lay below the range of knee motion frequency. 

The Durolane® crossover frequency was not even measurable. Gel-like behavior is typical 

for chemically cross-linked VSs with relatively high viscosity. However, Hymovis® was 

a hexadecyl deriváte based on the non-chemically cross-linked H A with a relatively low 

molecular weight of 700 kDa. Very similar results of Hymovis® and cross-linked H A 

products were also reported during steady shear measurements (Figure 2-9a). Zero shear 

viscosity (measured at a shear rate of 7-10"2 s"1) was approximately 2 000 Pa-s for Hymovis® 

and 1 300 Pa-s for Synvisc®. 

Hymovis® ( • ) 
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Synvisc® (O) 

Monovisc® i i 
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Figure 2-9 a) Viscosity curves of VSs, b) Viscoelastic properties of VSs [17] 
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Viscosity and viscoelastic properties of pure commercial HA-based VSs were also analyzed 

by Nicholls et al. [18]. Table 2-1 summarizes the values of all measured and calculated 

quantities - zero shear viscosity, shear-thinning ratio (ratio of zero shear viscosity 

and viscosity at 250 s"1) and crossover frequency. Differences between all tested products 

were seen in all of the investigated parameters. Several solutions had zero shear viscosity 

that fell outside the healthy SF viscosity range. Shear-thinning ratios of Euflexxa®, 

Gel-One® and Orthovisc® were the most similar to a healthy knee SF. The crossover 

frequencies of Orthovisc® (0.16 Hz) and Euflexxa® (0.1 Hz) were the closest to the values 

of a healthy knee SF too. Crossover frequencies of Synvisc® and Synvisc One® were below 

0.01 Hz , whereas Hyalgan® reported a crossover frequency of 10 Hz. This shows that cross-

linked products report gel-like behavior and Hyalgan® reported liquid-like behavior under 

kinematic conditions of the knee. To sum it up, Orthovisc® and Euflexxa® are the most 

similar to a healthy knee SF in terms of viscosity and viscoelasticity. 

Table 2-1 Rheological properties of tested HA-based VSs [18] 

Product Mw (kDa) Cross- Zero shear rate viscosity Shear thiiiiiin« ratio Crossover 
linking fooj (Pa «)) fao.t/feso) frequency (Hz) 

Hyalgan* 500-730 No 0.27 2.33 > 10c 

Supartz 620-1170 No 3.07 10.9 3.98 

Monovisc 1000-2900* Yes 56.4 51.5 2.51 

Orthovisc* 1000-2900 No 120.8 170.4 0.16 

Euflexxa'̂ 1 2400-3600 No 91.2 237.2 0.10 

Gel-One® N / A c Yes 190.2 243.0 i» 

Synvisc 6000d Yes 191.7 740.7 < o.o r 

Svnvisc- 6000'' Yes 184.4 651.2 < o.o r 

One® 

2.2 Effect of SF composi t ion on cart i lage friction 

In 2006, Forsey et al. [19] analyzed the frictional behavior of cartilage-on-cartilage contact 

lubricated by H A , D P P C or their combinations. The frictional measurements were performed 

on a pin-on-plate tribometer. The pin was loaded with a force of 25 N , which corresponded 

to a contact pressure of 1.3 M P a . The speed was set to 4 mm/s. The contact was lubricated 

by H A solution with a molecular weight of 3 M D a and a concentration of 5 mg/ml or 

10 mg/ml. The concentration of D P P C solutions was 100 mg/ml or 200 mg/ml. 

From the results in Figure 2-10, it can be concluded that the concentration of H A has 

no significant effect on friction. According to the authors, under boundary lubrication 

regime, the friction mainly depends on the biphasic structure of cartilage and the boundary 

lubricating layer which is mostly composed of proteins and phospholipids. On the other 
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hand, the D P P C concentration significantly affected the values of CoF. The highest decrease 

in friction was observed for the solution containing H A at a concentration of 10 mg/ml and 

D P P C at a concentration of 200 mg/ml. A l l measurements were conducted with fluorescently 

labeled H A . The consequent analysis showed that H A penetrates through the cartilage 

superficial layer into the intermediate layer. H A was concentrated around chondrocytes. 

It probably interacts with them via CD44 receptors and stimulates chondrocytes to 

synthesize new H A . 

• Ringers 

• HA5mg/ml 

H HA10mg/ml 

• DPPC 100mg/ml 

• DPPC 200mg/ml 
0 HA/DPPC (5mg.ml-

1/100mg.ml-1) 
• HA/DPPC (10mg.ml-

1/200mg.ml-1) 

Figure 2-10 Percentage difference in CoF for various lubricants [19] 

In the same year, Be l l et al. [20] analyzed the frictional behavior of cartilage-on-cartilage 

contact lubricated by H A . C o F under static and dynamic loading conditions was measured 

for healthy and mechanically damaged articular cartilage. Mechanically damaged cartilage 

exhibited higher values of the C o F during all measurements. H A proved to be a very 

effective lubricant. During static loading tests, the values of the CoF were significantly lower 

compared to the P B S . In the dynamic loading tests (Figure 2-11), the difference became 

apparent in the later stages of the measurement due to the lubricant discharge from the 

articular cartilage structure. 

0.12 

Loading Time (mire) 

Figure 2-11 CoF for damaged articular cartilage under dynamic loading conditions [20] 

21 



The effectiveness of interactions between H A , P R G 4 and S A P L within the boundary 

lubrication of cartilage-on-cartilage contact was investigated by Schmidt et al. [21]. Results 

were also compared with bovine SF. H A solutions with a concentration of 110 ug/ml, 

1 100 ug/ml and 3 300 ug/ml, P R G 4 solutions with a concentration of 4.5 ug/ml, 45ug/ml 

and 450 ug/ml and S A P L solutions with a concentration of 200 ug/ml were tested. 

The highest value of the C o F was measured for PBS and the lowest value was measured 

for SF (Figure 2-12). Solutions containing individual SF constituents always reduced friction 

in comparison with P B S , whereas a higher concentration of the constituents led to a more 

pronounced decrease. M i x i n g of H A with P R G 4 caused a more significant decrease 

of friction in comparison with simple solutions. The addition of S A P L did not cause 

any changes in friction. Based on the results of SF and H A + P R G 4 + S A P L solution, some 

other constituents of the SF, such as proteins, contribute to the reduction of friction. 
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Figure 2-12 Effect of HA, PRG4 and SAPL within articular cartilage friction [21] 

The formation of an adsorbed layer on the articular cartilage surface plays an important role 

within articular cartilage boundary lubrication. The P R G 4 gel layer on the cartilage surface 

plays an important role during hydration lubrication. Murakami et al. [22] focused on the 

synergistic reactions between these two layers. B y a series of reciprocating tests 

in a cartilage-on-glass configuration, they investigated the CoF development as well as 

the role of adsorbed fi lm within the hydration lubrication of cartilage. The frictional 

measurements were conducted at a contact pressure of 0.47 M P a , whereas the speed 

of movement was 20 mm/s and the stroke length was 35 mm. Saline solutions containing 

0.7 % albumin or y-globulin were used as lubricants. 

The values of the CoF (Figure 2-13) gradually increased during tests while the highest values 

were measured for y-globulin. y-globulin forms a boundary lubricating layer that protects 

the cartilage surface against wear. However, during the contact of surface irregularities, 

it has adhesive properties which resulted in higher friction. The addition of proteins into the 

saline solution also caused a reduction of friction after rehydration. This decrease was 
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attributed to the adsorption of proteins on the cartilage surface. Removal of the P R G 4 layer 

caused an increase of friction after rehydration. However, the friction at the end of 

measurement was lower. This type of behavior was attributed to the insufficient adsorption 

of y-globulin on the cartilage surface. 

A y -globulin 

40 60 80 100 

Sliding distance m 

Figure 2-13 Influence of proteins on articular cartilage friction [22] 

The role of H A within articular cartilage friction was further investigated 

by Kwiecinski et al. [23]. The main attention was paid to the H A molecular weight. Frictional 

measurements were performed in a cartilage-on-cartilage configuration while the contact 

was lubricated by H A solutions with a concentration of 3.33 mg/ml and a molecular weight 

of 20 kDa, 132 kDa, 780 kDa, 1 500 kDa and 5 000 kDa. H A solutions were tested in their 

pure form as well as mixtures with P R G 4 (concentration 450 ug/ml). 

Results showed that the reduction of friction caused by H A strongly depends on the H A 

molecular weight. For 5 000 kDa H A , the measured values of static and dynamic C o F were 

significantly lower compared to the 10 kDa H A . Based on the results in Figure 2-14a, a linear 

dependence between the C o F and molecular weight was observed. The addition of P R G 4 

caused a decrease in friction. However, the decrease in the C o F was independent of the H A 

molecular weight (Figure 2-14b). Similar CoF values were measured for all P R G 4 and H A 

mixtures. Thus, even low molecular weight H A can be effective within the formation of 

a protective boundary layer on the cartilage surface. However, the presence of P R G 4 in the 

solution is essential for its formation. 
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Figure 2-14 Dependence of the CoF on the HA molecular weight for: a) pure solutions, b) mixtures 
with PRG4 [23] 
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In another study by Murakami et al. [24], differences in friction between healthy and 

osteoarthritic cartilage lubricated by H A solutions were investigated. Reciprocating sliding 

tests were performed on a pin-on-plate tribometer in a cartilage-on-glass contact while the 

experimental conditions were the same as in the previous article [22]. Cartilage samples with 

underlying subchondral bone were extracted from porcine femoral condyles. The contact 

was lubricated with a 0.5 % H A solution (molecular weight of 950 kDa). H A solution was 

also mixed with albumin and y-globulin solutions with a concentration of 7 mg/ml. H A 

solution reported lower friction than the saline solution (Figure 2-15). The lowest values of 

CoF were measured for a mixture of H A and y-globulin. For a H A + albumin solution, the 

friction was very similar to pure saline. This indicates a synergistic reaction between H A 

and y-globulin and the adverse interaction between H A and albumin. Albumin, 

due to repulsive forces between negatively charged H A and albumin molecules, worsened 

H A adsorption. Thereby, only a negligible reduction of friction was observed. Similar results 

were obtained for damaged cartilage. The synergistic reaction between y-globulin and H A 

was also demonstrated during in situ observation of the contact area by the fluorescence 

microscope, y-globulin formed a thick adsorbed layer over the whole contact area. Contrary 

to this, albumin adsorbates on the cartilage surface were distributed locally. 

Sliding distance m 

Figure 2-15 CoF for a HA solution mixed with proteins [24] 

Long term complex study about the effect of SF constituents within the articular cartilage 

friction was completed by another study by Murakami et al. [25]. This time, 

the roles of albumin, y-globulin, H A and phospholipids were investigated. Saline solutions 

containing various combinations of albumin (0.7 or 1.4 wt%), y-globulin (0.7 wt%), H A 

(0.5 wt%, M W 920 kDa) and phospholipids (0.01 wt%) were used as lubricants. 

From the one-component solutions (Figure 2-16a), y-globulin exhibited the highest friction 

at the end of the measurement, whereas the lowest values of CoF were reported 

for phospholipids. Pure y-globulin exhibited even higher friction than pure saline. 

Differences in albumin and y-globulin behavior were attributed to the stronger adsorption 

properties of y-globulin. Due to the adsorbed film, the initial values of the CoF are lower. 

However, the binding of the protein molecules to the second contact body caused higher 

friction at the end of the measurement. The reactions of both proteins with phospholipids led 
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to a reduction of friction. M i x i n g of phospholipids and H A into one solution led 

to a significant decrease in friction (Figure 2-16b), which indicates the formation of complex 

structures formed by these two components. Admixing both proteins into the solution caused 

an even more significant decrease in friction. However, i f proteins were added to this 

solution separately, an increase in friction was observed. 

Each component of the SF has a role in cartilage lubrication. However, their interactions are 

also very important. M i x i n g of individual components into complex solutions can lead 

to increased friction. However, the complex model SF exhibited the lowest values 

of the coefficient of friction, y-globulin forms, thanks to its strong adsorption ability, 

a protective layer on the articular cartilage surface. H A increases the viscosity of the SF and 

forms a protective gel layer on the cartilage surface. 
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Figure 2-16 Frictional behavior of: a) one-component solutions, b) complex solution of HA, phospholipids and 

proteins [25] 

The concentration-dependent frictional behavior of y-globulin and H A within the boundary 

lubrication regime was also investigated by Park et al. [26]. Frictional measurements were 

performed with P B S solutions containing y-globulin at concentrations of 0.5 and 2 mg/ml 

and H A with a molecular weight of 1.63 M D a and concentrations of 1 mg/ml, 3 mg/ml and 

5 mg/ml. Pure P B S was used as a reference. The effect of frictional changes due to the O A 

was also analyzed. Cartilage samples were extracted from human hip joints at various stages 

of O A . The progression of O A was also monitored by surface topography measurements. 

The results of surface topography measurements showed a significant increase 

in osteoarthritic cartilage surface roughness. The surface roughness for healthy cartilage was 

137 ± 25 nm, while the surface roughness of 533 ± 196 nm was measured 

for the osteoarthritic cartilage. Results of all fictional measurements are summarized 

in Table 2-2. In healthy cartilage, no improvement in friction was observed for H A and 

y-globulin over P B S . Contrary to these results, the solution of y-globulin and H A 

at a concentration of 5 mg/ml caused an increase in the value of CoF. In the early-stage 

osteoarthritic cartilage, similar behavior was observed. In the severely damaged 
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osteoarthritic cartilage, solutions of both substances caused a significant decrease in friction. 

For y-globulin, the decrease depended on the protein concentration, whereas this dependence 

was not observed for H A . These differences between cartilage samples were attributed to 

a higher content of P R G 4 in healthy cartilage. The results also showed no correlation 

between the surface topography measurements and friction. 

Table 2-2 CoF values for human cartilage [26] 

Lubricant Concentration J fi + SD (R 2 ± SD, n=measurements number) 
I Normal Early OA I Advanced OA 

PBS 0.119 + 0.036 (0.973 + 0.031, 
n=16) 

0.151 ±0.039 (0.976 + 0.040, 
r = 16) 

0.409 + 0.119 (0.976 + 0.056, 
n = 16) 

HA 1.0 mg/ml 0.126±0.038 (0.928 + 0.059, 
n=16) 

0.160 + 0.059 (0.907 + 0.056, 
n=16) 

0.262+0.083 (0.959+0.060, 
n = 16) 

3.0 mg/ml 0.119 + 0.027 (0.976 + 0.017, 
n=16) 

0.152 + 0.059 (0.941+0.038, 
n = 16) 

0.269 + 0.119 (0.981 ±0.017, 
n = 16) 

5.0 mg/ml 0.181 +0.039 (0.971 +0.017, 
n=16) 

0.143 + 0.041 (0.940 + 0.038, 
n=16) 

0.221 +0.067 (0.914 + 0.074, 
n=16) 

y-globulin 0.5 mg/ml 0.207 + 0.042 (0.962+0.022, 
n=10) 

0.203±0.050 (0.979±0.011, 
n = 10) 

0.266+0.089 (0.962 + 0.038, 
n = 10) 

2.0 mg/ml 0.182 + 0.055 (0.932 + 0.031, 
n=10) 

0.213 + 0.053 (0.898 + 0.073, 
r = 10) 

0.126 + 0.039 (0.915 + 0.069, 
n=10) 

The findings from the previous study by Schmidt et al. [21] were further investigated by 

Ludwig et al. [27]. This time, the effect of H A and P R G 4 structure on friction within 

cartilage-on-cartilage contact was also investigated. Therefore, various solutions containing 

linear H A with a molecular weight of 1.5 M D a , Hylan G - F 20, P R G 4 and reduced/alkylated 

P R G 4 (potentially occur in osteoarthritic SF) were used as lubricants. Results were also 

compared with PBS and bovine SF. 

Results (Figure 2-17) showed that the concentration of P R G 4 and high molecular weight H A 

can affect the reduction of friction during the boundary lubrication. Most of the H A + P R G 4 

solutions exhibited nearly the same friction as bovine SF. However, solutions with a low 

concentration of one of these constituents were an exception. These results demonstrated 

that P R G 4 and high molecular weight H A concertation are crucial for cartilage-on-cartilage 

friction within the boundary lubrication regime. Furthermore, the addition of alkylated P R G 4 

to H A was inefficient within H A - P R G 4 synergism. This indicated that P R G 4 ' s tertiary and 

quaternary protein structure is important during the formation of a boundary lubricating layer 

on the cartilage surface. Finally, P R G 4 + Hylan G-F 20 solution reported lower values of 

CoF compared to the pure Hylan G-F 20. This indicates that synergy between H A and P R G 4 

could be achieved even with cross-linked H A . The results also indicated that HA-based VSs 

could be inefficient during the improvement of osteoarthritic joint friction due to the 

damaged structure of P R G 4 contained in osteoarthritic SF. Therefore, combined 

P R G 4 + H A VSs could be more effective within cartilage boundary friction while linear 

or cross-linked H A structure is applicable. 

In another study, Bonnevie et al. [28] investigated the role of H A and P R G 4 within articular 

cartilage lubrication. C o F dependency on Sommerfeld number was analyzed. Frictional 

measurements were realized on pin-on-plate tribometer while the contact couple consisted 
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of bovine cartilage and glass. P B S , H A (500 - 730 kDa, lOmg/ml), hexadecyl deriváte of 

H A ( H Y A D D 4 , 8mg/ml) and rh-Lubricin (20 ug/ml) were used as lubricants. 

^ +[PRG4] = 450 ug/mL +[PRG4] = 450 ug/mL 
N = 8 B N = 8 

P r e - S l i d i n g D u r a t i o n [ s e c ] 

Figure 2-17 Effect of Hylan G-F 20 on: a) Static CoF, b) Kinetic CoF [27] 

Based on the results, interaction between P R G 4 and H A that enhanced articular cartilage 

lubrication was identified. This synergy is based on the binding of P R G 4 on the articulating 

surface. Figure 2-18 shows the results of frictional measurements for intact cartilage 

and cartilage with removed P R G 4 layer. H A binds to the P R G 4 layer and creates a highly 

viscous layer. This interaction should be due to the entanglement of the molecules or should 

be dictated by the hydrophobic or hydrophilic nature of H A and P R G 4 molecules. The gel 

layer could be up to 4 times more viscous than the surrounding lubricant and should 

significantly reduce the articular cartilage friction. The formation of this layer was also 

confirmed by experiments with fluorescently labeled H A . 
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Figure 2-18 CoF dependency on Sommerfeld number for cartilage with/without PRG4 and PRG4 dissolved in 
lubricant [28] 
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Another mechanism of synergy, this time between H A and phospholipids, was introduced 

by Seror et al. [29]. The surface force balance technique was involved to analyze the friction 

forces between mica surfaces which were coated by avidin and biotinylated H A . H A 

and D P P C solutions were used as lubricants. Results for uncoated mica surfaces were similar 

for simple D P P C solution as well as for mixture of H A and D P P C . Measured values of CoF 

were approximately 0.3. However, the results of measurements with mica coated by H A 

were significantly lower. Values of C o F ranged in the thousands. The liposome structure 

of the phospholipids was disrupted and transformed into a lipid layer on mica. Due to this 

transformation, the hydrophilic headgroups of the D P P C were in contact. During movement, 

they exchange water molecules by diffusion. This synergy was called hydration lubrication. 

For effective boundary lubrication of cartilage, the formation of a robust boundary layer 

(Figure 2-19) composed of H A and D P P C is an essential thing. To bound H A 

on the articulating surface, avidin-biotin interaction was used. However, in the natural 

synovial joint, the attachment of the H A at the cartilage surface may be due 

to the entanglement of H A with the collagen network in the superficial layer. Another 

possibility is the previously described H A - P R G 4 interaction [28]. 

D P P C 

Biotin -
Avidin 

Figure 2-19 Scheme of HA-DPPC synergy [29] 

This research was further investigated by Zhu et al. [30]. Repeatedly, the surface force 

balance technique was involved to analyze the friction forces between mica surfaces. This 

time, the role of different phosphatidylcholine lipids in the form of liposomes was 

investigated. To be more specific, H S P C , D M P C and P O P C were studied. Under high 

pressure (up to 15 MPa) , H A - H S P C complex provided very efficient lubrication. The values 

of C o F were as low as 0.001. On the other hand, H A - D M P C and H A - P O P C complexes were 

effective only under low pressure up to 2 M P a . The extremely low values of the CoF were 

attributed to the previously described hydration lubrication [29]. The formation 

of the boundary lubricating layer was also confirmed by S E M images of the mica surface 

after the experiments (Figure 2-20). Better results of the H S P C under higher pressure were 

attributed to the stronger van der Waals attraction between the H S P C acyl tails. 

A significant reduction of friction due to the H A - l i p i d synergy was previously investigated 

only on the mica surface. H A - l i p i d layer, together with P R G 4 , has been proposed 

as a boundary layer that stands behind the extremely low friction in synovial joints. In 

another study, L i n et al. [31] investigated the H A - l i p i d synergy in contact of chicken tendon 
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and digit. The contact was lubricated by pure P B S , H A with a molecular weight of 1.5 M D a , 

H S P C and dopamine. The contact was loaded with a force of 0.4 N or 0.8 N and the speed 

of sliding motion was 0.5 mm/s or 2 mm/s. 

-BBS Avidin-bHA-DMPC 

Figure 2-20 SEM images of mica coated with Avidin-bHA and PCs: a) HSPC, b) DMPC, c) POPC [30] 

Based on the result in Figure 2-21, pure H A or H S P C decreased friction within the contact 

as the sparsely-attached liposomes provided some lubrication by their phosphocholine 

headgroups. However, a more pronounced decrease of friction was observed for the solution 

containing both of these constituents. A two-fold decrease of friction against simple 

solutions was attributed to a synergy between the H A and the PC- l ip id forming a dense 

complex exposing the highly hydrated phosphocholine groups. Even better results were 

measured for the lubricant with dopamine. Dopamine groups were bounded to collagen 

or G A G s at the tendon surface and increased H A coverage at the tendon surface. This study 

was the first evidence that H A / P C - l i p i d complexes strongly influence friction within 

biological surfaces. 
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Figure 2-21 Friction force as a function of cycles number under a normal load of: a) 0.4 N; b) 0.8 N [31] 
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L i u et al. [32] also used the previously mentioned surface force balance technique to assess 

the role of H A molecular weight within the boundary lubrication of articular cartilage. 

For this purpose, friction between mica surfaces coated with H S P C and low (35 kDa), 

medium (240 kDa) or high (1.8 M D a ) molecular weight H A were analyzed. Results (Figure 

2-22) showed that the boundary lubricating layer composed of high molecular weight H A 

provides very efficient lubrication. Values of the CoF were as low as 10"3 - 10"4. Moreover, 

the boundary lubricating layer was stable at contact pressures up to 12 M P a . However, 

for low and medium molecular weight H A , the initial low friction (u. ~ 10"2 - 10"3) increases 

at much lower pressures. This higher friction of H A with shorter chains was due to the lower 

adhesion energy to the mica surface coated with gelatin layer. Thus, they are easily removed 

by shear stress during sliding motion, especially at higher values of contact pressure. Authors 

suggest this as a cause of higher friction within the osteoarthritic synovial joint. 
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Figure 2-22 Friction force as a function of applied load between different surfaces: a) mica-gelatin-LHA-HSPC, 
b) mica-gelatin-MHA-HSPC c) mica-gelatin-HHA-HSPC [32] 

2.3 Role of v iscosupplementat ion in articular cart i lage friction 

Quite extensive research has already been conducted in the field of articular cartilage friction 

and lubrication. However, the viscosupplementation issue remains neglected. Only a limited 

number of articles that deal with the problematic of VSs frictional analysis have been 

published. One of the first articles which dealth with the friction of VSs was published 

by Cherniakova et al. [33]. The authors investigated the C o F differences within 

UHMWPE-on-s tee l contact lubricated by various commercially available preparations that 

are injected into the joint cavity during the treatment of synovitis. They investigated 

the differences between various groups of drugs with different mechanisms of action 

(antibacterial, anti-inflammatory, immunomodulatory, VSs) , as well as differences 

in products belonging to the same group. The results were compared with the values obtained 

for a healthy SF. 

The results of the CoF measurements are shown in Figure 2-23. The healthy SF exhibited 

the lowest CoF values. From the commercially available VSs , Diprospan® and Hyalgan® 
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exhibited the lowest C o F values. The differences in VSs behavior were attributed to their 

different viscosity. For example, Synvisc®, with its relatively high viscosity and gel-like 

structure, was not able to form a continuous lubricating layer on the polyethylene surface 

during the sliding motion. On the other hand, Hyalgan®'s much lower viscosity made 

it easier to form a continuous layer. The increase in friction during later stages of the 

measurements was attributed to the degradation of H A . The shortening of H A chains led 

to a decrease in viscosity and deterioration of the lubrication ability. 

0.12 

Figure 2-23 CoF of lubricating drugs: 1 - hydrocortisone, 2 - Kenalog®-40, 3 - Diprospan®, 4 - lincomycin, 
5 - Synvisc®, 6 - Hyalgan®, 7 - SF + blood serum, 8 - hydrocortisone + blood serum, 
9 - chondrosamine [33] 

Results of a study combining rheological and tribological analysis of the commercial VSs 

were published by Bonnevie et al. [34]. In total, six commercial VSs were tested. 

Measurements of viscosity and viscoelastic properties were conducted on a rotational 

rheometer T A Instruments D H R 3 in cone-plate configuration (40 mm cone with 2° angle 

and 50 urn gap) whereas C o F was measured on a custom-built tribometer in the bovine 

cartilage-on-glass configuration. 

The main conclusion was that the widely varying rheological properties of the tested VSs 

(Figure 2-24a) did not predict their frictional behavior within articular cartilage contact 

(Figure 2-24b). Adsorption of H A on the cartilage surface may cause a previously reported 

local increase in viscosity [28]. However, this is probably not possible for the HA-steel 

interface. Therefore, the measured viscosities may significantly vary from the H A effective 

viscosities within cartilage-on-cartilage contact during boundary lubrication. Interestingly, 

data from frictional measurements were significantly more predictive of the clinical 

outcomes. A strong correlation between the CoF and the reduction of pain reported 

by W O M A C scores was found. 
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Figure 2-24 a) Viscosity curves of tested VSs, b) CoF as a function of the Sommerfeld number [34] 

Prekasan et al. [35] also combined theological and tribological measurements for the 

assessment of VSs effectiveness. The effect of the SF :VS ratio on the viscosity as well as 

on the friction and wear of bovine cartilage were analyzed. Results showed that SF viscosity 

can be increased by viscosupplementation in a concentration-dependent manner. However, 

in accordance with previous studies, viscosity-wear dependency was not observed. The 

lowest wear of bovine cartilage was observed for the lowest concentration of V S in SF. In 

this case, wear was approximately the same as during measurement with pure inflammated 

SF. Higher concentrations of VSs led to higher values of wear. For S F : V S ratio, it should be 

noted that the 1:1 ratio is commonly used in clinical practice. The lowest wear was reported 

for pure H A . Therefore, the authors recommended to aspirate the inflammated SF from the 

osteoarthritic joint and replace it with pure H A . 
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Figure 2-25 a) Viscosity of different SF:VS ratio solutions, b) Wear of bovine cartilage lubricated by various 

SF:VS ratio solutions [35] 
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2.4 Artif icial articular cart i lage 

For articular cartilage friction and lubrication research, natural articular cartilage is 

occasionally replaced by artificial materials. P V A hydrogels are one of the considered 

materials for natural articular cartilage replacement due to their similar structure - porous 

structure with high water content and low elastic modulus. In this chapter, studies focused 

on the friction and lubrication of P V A hydrogels as well as their tribological comparison 

with natural articular cartilage are presented. 

One of the first studies about P V A hydrogel as artificial cartilage was published by 

Nakashima et al. [36]. Reciprocating sliding tests in P V A hydrogel-on-glass configuration 

were performed to identify the role of proteins albumin and y-globulin during boundary 

lubrication of the P V A hydrogel. The roles of proteins during the formation of the boundary 

lubricating layer were directly monitored by in situ observation of the contact area by a 

fluorescent microscope. Based on these results, a protein adsorption model was introduced 

(Figure 2-26). The role of albumin layer is to maintain a low shear layer on the hydrogel 

surface and adsorbed y-globulin protects the surface from wear. A n appropriate ratio of these 

proteins is also important for the protein boundary layer. Only a little wear reduction was 

observed for lubricants with only one protein or with an excessive concentration of one of 

them. 

Further in situ observation and frictional measurements of P V A hydrogel-on-glass contact 

were performed in a study by Murakami et al. [37]. The main attention was paid to the role 

of albumin:y-globulin ratio within the formation of a boundary lubricating layer. The protein 

adsorption was analyzed on a pin-on-plate tribometer. The spherical P V A hydrogel sample 

made a reciprocating sliding motion against the glass plate. The contact pressure was 

0.1 M P a . The speed of sliding motion was set at 0.2 mm/s and the stroke length was 4mm. 

The contact was flooded with saline solutions containing fluorescently labeled albumin and 

y-globulin. 

Albumin rich layer 

Figure 2-26 Adsorbed protein layer on PVA hydrogel surface [36] 
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Results of in-situ observation showed relatively weak adsorption of albumin. Molecules 

were distinguishable but the adsorbed film was very thin. On the other hand, y-globulin 

formed a smooth and uniform boundary layer. For a mixture of these two proteins, the 

amount of albumin in the adsorbed layer increased and the overall stability of the layer 

depended on the albumin:y-globulin ratio. Frictional measurements (Figure 2-27) showed 

that albumin worsened the adsorption ability of y-globulin, which led to a reduction 

of friction compared to the pure y-globulin solution. These results confirmed the previously 

presented protein adsorption model. 
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Figure 2-27 CoF values for protein solutions [37] 

Previous studies were further expanded by Yarimitsu et al. [38]. This time, H A was also 

involved as one of the lubricant constituents. The adsorption of H A from the albumin 

solution was significantly lower than from the H A and y-globulin solution. Due to their 

opposite electric charges, H A and albumin repel each other. Therefore, the adsorption of H A 

on the hydrogel surface is likely to be prevented by already adsorbed albumin. On the other 

hand, y-globulin and H A form complex structures. Thus, the interaction between y-globulin 

and H A contributes to the role of H A within boundary film formation and friction reduction. 

H A should also contribute to the formation of a lubricating fi lm by increasing the viscosity 

of the solution. 

The role of phospholipid D P P C within the lubrication of hydrogel-on-hydrogel contact was 

also investigated by Yarimitsu et al. [39]. Based on the results in Figure 2-28, C o F was 

reduced in a concentration-dependent manner for simple D P P C solutions. Wear of P V A 

hydrogel was also suppressed by high concentration D P P C solution and the wear mechanism 

shifted from adhesive to abrasive wear. Wear was reduced by an increase of liposomes in 

the contact area but the additional effect of friction reduction was not obtained due to the 

suppression of multi-lamellar phospholipid fi lm formation. This was probably due to the 

stabilization of liposomes. For D P P C and protein solutions, the results indicated that not 

only single constituent concentration but also relative concentration of protein and D P P C 

plays an important role within the formation of a boundary lubricating layer with very low 

friction. 
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Figure 2-28 CoF for protein and DPPC solutions [39] 

Previously mentioned results were expanded by another study by Murakami et al. [40]. 

The roles of individual SF constituents and their mixtures within P V A hydrogel friction and 

wear were investigated. Two types of P V A hydrogels prepared by F T and C D methods were 

also compared with porcine articular cartilage. Measurements were conducted 

on a pin-on-plate tribometer, whereas the contact pair consisted of P V A hydrogel 

ellipsoid/porcine femoral condyle and a glass plate. The sliding speed was 20 mm/s and the 

stroke length was 35 mm. Applied load was 2.94 or 9.8 N . 

As shown in Figure 2-29a, the articular cartilage and F T P V A hydrogel exhibited low initial 

friction with a subsequent gradual increase while F T hydrogel exhibited higher values 

of CoF. On the other hand, C D hydrogel exhibited lower friction with only a slight increase 

during the experiment. The differences in frictional behavior of P V A hydrogels were 

attributed to their different permeability and elastic modulus. Thus, permeability controls the 

biphasic fluid flow behavior and therefore the rate of fluid load support. The material 

properties strongly depend on the formation of hydrogen bonds and microcrytallities. 

The transparency of C D hydrogel corresponds to the uniform network structure, whereas 

milky freeze-thawing hydrogel corresponds more to the heterogeneous structure. 

For F T hydrogel, the addition of proteins into saline worsened the friction within P V A 

hydrogel-on-glass contact. On the other hand, H A or D P P C significantly reduced friction 

within the contact. Combination of H A and D P P C (Figure 2-29b) can maintain low friction 

with or without the addition of proteins albumin and y-globulin. 
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Figure 2-29 a) Friction of articular and artificial cartilage in saline, b) Influence of synovia constituents 
combinations on the friction of FT PVA hydrogel [40] 

The role of protein albumin within F T P V A hydrogel friction was also investigated by L i et 

al. [41]. For this purpose, C o F between steel ball and artificial cartilage plate was measured 

during the reciprocating motion. Results in Figure 2-30a showed 

a similar growth trend of the friction with increasing load for deionized water as well as for 

albumin solution. No significant differences were observed for these solutions. However, 

as the frequency of reciprocating motion increased to 2 Hz , different results were observed. 

CoF for deionized water was twice as high as that for albumin solution. This indicates 

a reduction of friction by albumin under high-frequency motion. 
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Figure 2-30 Effect of lubricant on CoF at a oscillating frequency of: a) 1 Hz, b) 2 Hz [41] 

A frictional comparison of C D and F T hydrogels with human cartilage was also conducted 

by Oliveira et al. [42]. The C o F was investigated using a pin-on-disc tribometer while the 

contact pair consisted of P V A hydrogel/cartilage and steel ball. The contact was lubricated 

by PBS or a simulated SF composed of bovine serum albumin (4 mg/ml) and H A (3 mg/ml). 

Based on Figure 2-31a, the hydrogel samples exhibited C o F values between 0.062 and 0.115. 
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Under the same experimental conditions, the measurement with human cartilage exhibited a 

higher value of CoF - 0.192. Due to the higher wear resistance, only C D hydrogel samples 

were tested under higher loads. Higher values of C o F were reported from the measurements 

with SF (Figure 2-3 lb) . The higher values of CoF were attributed to the interaction between 

H A or albumin and matrix of P V A hydrogel as well as to the conformation of the adsorbed 

molecules and their structural changes. Overall, C D hydrogels presented more similarities 

with natural articular cartilage in terms of morphology and mechanical behavior. 
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Figure 2-31 a) CoF for various CD and FT hydrogels b) Frictional comparison of CD hydrogels and human 
cartilage under different experimental conditions [42] 
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3 ANALYSIS AND CONCLUSION OF LITERATURE 
REVIEW 

SF is a complex solution composed of proteins, H A , phospholipids, P R G 4 , etc. These 

constituents separately and in combination with other SF constituents play an important role 

within the articular cartilage friction. The SF behaves like a non-Newtonian fluid. 

The authors of the article [8] confirmed that the proteins albumin and y-globulin do not affect 

SF rheology. The primary component influencing the SF rheological properties appears 

to be H A . Therefore, the pseudoplastic behavior of SF is caused by the straightening of the 

H A linear chains and their orientation in the fluid flow direction. The authors of the article 

assumed that P R G 4 can also affect the SF rheology. However, this phospholipid was not 

part of the experiments. 

During the progression of O A , the SF rheological properties are deteriorated due 

to a decrease in H A concentration [9] and molecular weight. In response to these changes, 

one of the viscosupplementation effects is to restore a healthy SF rheology by mixing SF 

with endogenous H A . However, based on the literature, it is hard to define healthy SF 

rheology. In the most frequently mentioned article by Rainer et al. [14], zero shear viscosities 

of a healthy SF in a range between 1 Pa-s and 175 Pa-s were measured. Bingol et al. [13] 

reported an even higher zero shear viscosity of 445 Pa-s for a SF gathered post mortem from 

the human knee of a 68 years old man. The rheological measurements of osteoarthritic SF 

also reported a large dispersion of data. The zero shear viscosities of the analyzed 

osteoarthritic SFs in a study by Mathieu et al. [12] varied by 3 orders of magnitude between 

0.1 Pa-s and 10 Pa-s. It seems that the exact composition and thus SF rheological properties 

strongly depend on the specific situation in the joint, such as the stage of O A . In the same 

article, significant differences between SF from the right and left knees of patients with 

bilateral O A were observed. As a result of lower H A concentration and molecular weight, 

SF viscoelastic properties are also aggravated. For example, Balazs [43] reported a crossover 

frequency of 0.4 H z for a healthy synovial fluid. This frequency represents the frequency 

of oscillating motion at which the elastic and viscous moduli cross and the transition from 

viscous-like to gel-like behavior occurs. Mazzucco et al. reported a crossover frequency 

of 1.8 H z for patients undergoing primary arthroplasty. The higher crossover frequency 

of osteoarthritic SF was also reported by Tyrnenopoulou et al. [9]. A crossover frequency 

of 8 H z was measured for equine osteoarthritic SFs, whereas 2 H z were measured 

for healthy equine SFs. 

The rheological properties of H A are mainly influenced by concentration, molecular weight 

and cross-linking. In general, VSs and H A solutions with higher molecular weight reported 

higher zero shear viscosities [11; 15; 17; 18; 34]. Significant differences in viscosity between 

linear and cross-linked H A are also evident [15; 17; 18]. Results of VSs viscoelastic 

properties usually report gel-like behavior of cross-linked VSs , viscous-like behavior 
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for VSs with low molecular weight H A and viscoelastic behavior with a crossover point 

for VSs with high molecular weight H A [15; 17]. The mixing of SF with V S causes an 

increase in viscosity and an improvement of the viscoelastic properties, while the rate of 

improvement significantly depends on the type of H A contained in the V S . For VSs with 

low molecular weight H A , almost no increase in viscosity was observed [16]. The addition 

of low molecular weight H A into osteoarthritic SF increased only the values of loss modulus. 

Therefore, this type of VSs is not very suitable for the improvement of osteoarthritic SF 

viscoelastic properties. Thanks to the higher storage modulus, the SF is able to carry a higher 

proportion of the load which is applied to the cartilage during motion. It also guarantees 

better shock absorption ability. VSs based on high molecular weight linear H A caused 

an increase in viscosity by one order of magnitude [12; 16]. Values of storage and loss 

modulus were also increased and a crossover point for a mixed solution was measured. 

In comparison with pure V S , a higher value of crossover frequency was observed. 

Cross-linked H A increased viscosity, storage and loss modulus by approximately two orders 

of magnitude, whereas the values of storage modulus were higher. Thus, SF mixed with 

cross-linked H A exhibited gel-like behavior. 

Contrary to the SF rheology, all SF constituents can significantly affect the articular cartilage 

friction. Due to its hydrophilic nature, protein albumin is very difficult to adsorb 

on the cartilage surface. The adsorbed fi lm is relatively thin and only locally distributed 

[22; 37]. On the other hand, y-globulin exhibited a highly hydrophobic nature. It forms 

an even and stable lubricating fi lm on the cartilage surface [22; 37]. During boundary 

lubrication, this protein layer protects the articular cartilage surfaces against direct contact 

of rubbing surfaces. Contrary to the saline or albumin solution, y-globulin friction is lower 

after rehydration but higher at the end of measurements. During boundary lubrication, 

adsorbed y-globulin tends to bind to the counterface articular cartilage. Breaking of the 

bonds leads to an increase in friction. When proteins are mixed, the presence of albumin 

in solution reduces the adsorption properties of y-globulin [38]. Albumin is able to adsorb 

to the y-globulin layer significantly better than to the cartilage surface. A t high 

concentrations, it also tends to replace y-globulin molecules. However, the albumin layer 

has low shear resistance and desorption may occur. The formation of a basic y-globulin layer 

is crucial to the stability of the adsorbed fi lm. The stability of the layer also depends on the 

albumin:y-globulin ratio in the protein solution. 

The addition of H A or phospholipids into PBS or saline wi l l also cause a decrease in friction. 

Schmidt et al. [21] reported a H A concentration-dependent decrease in articular cartilage 

friction. On the other hand, Forsey et al. [19] did not observe any dependence between H A 

concentration and friction. The reduction in cartilage friction lubricated by H A should also 

depend on H A molecular weight. In a study by Kwiecinski et al. [23], CoF values were 

significantly lower for 5 M D a H A compared to 10 k D a H A . A n approximately linear 

dependence between H A molecular weight and CoF was observed. Consequent observation 

of cartilage structure by fluorescence microscopy showed that H A penetrates through 
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the cartilage structure and concentrates around chondrocytes. It probably stimulates 

chondrocytes to synthesize new H A . In a study by L i u et al. [32], H A molecular weight 

affected friction within mica contact. CoF for high molecular weight H A was lower 

and boundary lubricating layer was more stable under higher pressures. The phenomenon 

was attributed to the higher adhesion energy between H A and coated mica surface. 

For phospholipids, concentration dependence on friction reduction was also observed 

[19; 21]. When phospholipids were mixed with H A , the reaction was synergistic within 

cartilage friction. However, the CoF values were higher compared to the SF and the effect 

of H A molecular weight was significantly reduced [23]. 

When H A and proteins were mixed, a significant difference between albumin and y-globulin 

was reported [24]. Due to the negatively charged molecules of albumin and H A , albumin 

worsened H A adsorption against simple H A solution. On the other hand, the reaction of H A 

with y-globulin is synergistic for cartilage friction. Due to the formation of complex 

structures, a gel layer on the cartilage surface caused a significant reduction in C O F 

compared to the H A + albumin solution. The admixture of albumin or y-globulin 

and phospholipids also reduces friction [25]. The friction is further reduced when H A is 

added to the solution and all four basic components of the SF are mixed. Complex SF showed 

the lowest values of CoF in all studies that worked with this solution [21; 23; 25; 27; 44]. 

Bonnevie et al. [26] also reported the binding of H A to P R G 4 on cartilage surface due 

to the entanglement of the molecules or due to the hydrophobic/hydrophilic nature of H A 

and P R G 4 molecules. H A created a highly viscous layer which significantly contributed 

to the articular cartilage friction. The formation of H A layer is an essential thing for 

a hydration lubrication mechanism presented by Seror et al. [29]. Due to the disruption 

of D P P C liposome structure, a l ipid layer on H A is created. During the movement, 

hydrophilic headgroups of D P P C exchange water by diffusion. Due to this lubrication 

mechanism, C o F within the mica contact ranged in the thousands. This lubrication 

mechanism was later demonstrated in a chicken tendon-digit contact [31]. This study was 

the first direct evidence that HA/phospholipid interaction strongly influences friction within 

biological surfaces. 

Not much an effort was previously dedicated to the tribological measurements with 

commercial VSs . Cherniakova et al. [33] reported C o F values of three commercial VSs 

within UHMWPE-on-s tee l contact. Differences in their frictional behavior were attributed 

to their different viscosity. Bonnevie et al. [34] performed a rheological and frictional 

analysis of six commercial VSs . No dependency between viscosity and C o F within cartilage -

on-cartilage contact was observed. Nevertheless, a strong correlation between C O F and 

W O M A C scores was found. This pointed out the importance of frictional measurements 

within the assessment of VSs effectiveness. On the other hand, no dependency between VSs 

viscosity and wear of bovine cartilage was reported by Prekasan et al. [35]. 
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P V A hydrogels represent a possible substitute for articular cartilage within tribological 

measurements due to the similar mechanical properties with articular cartilage and biphasic 

porous structure. Murakami et al. [40] compared C D hydrogel and F T hydrogel with porcine 

articular cartilage. Biphasic lubrication was reported for both P V A hydrogels, whereas 

C D hydrogel exhibited lower CoF values than natural cartilage. Oliveira et al. [42] also 

compared F T and C D hydrogel with natural articular cartilage, whereas C D hydrogels 

presented more similarities with articular cartilage. The lubrication of P V A hydrogels was 

intensively studied by Murakami et al. [37; 40] and Yarimitsu et al. [38; 39]. In addition 

to the previously mentioned results, a simple D P P C solution reduced friction 

in a concentration-dependent manner within P V A hydrogel-on-glass contact. For D P P C 

mixed with proteins, the relative concentration of these two constituents plays an important 

role within a formation of a boundary lubricating layer. The combination of H A and D P P C 

exhibited very low friction with or without the addition of proteins. Therefore, the formation 

of a boundary lubricating layer composed of H A and phospholipids plays an important role 

during the lubrication of P V A hydrogel as well as natural articular cartilage. 

Based on the current state of art, studies focused on the frictional behavior of complex SFs 

with different compositions have not been published so far. There are no studies that would 

map the effect of the individual SF constituents' concentration within the frictional behavior 

of complex SF. Frictional differences between healthy and osteoarthritic SF within cartilage 

contact have not been analyzed yet. Most of the previously mentioned articles are focused 

on measurements with solutions containing only individual SF constituents or their mixtures. 

Tribological characterization of commercial V S s is also a relatively unexplored area 

of research. Studies focused on the CoF measurements with clear commercial VSs were 

recently published. However, the changes in frictional behavior of cartilage contact after 

mixing of osteoarthritic SF and V S were not analyzed, even though studies that dealt with 

changes in osteoarthritic SF rheology after mixing with VSs were published. Moreover, the 

literature reported a better correlation between C o F and W O M A C scores than between 

viscosity and W O M A C scores. Therefore, tribological measurements with complex SFs 

mixed with VSs could represent a better approach for viscosupplementation clarification. 

41 



4 AIMS OF THE THESIS 

The aim of this dissertation thesis is to clarify the changes in friction of a synovial joint 

model after viscosupplementation. The main emphasis is on the effect of H A concentration 

and molecular weight on the friction within the articular cartilage contact. For this purpose, 

rheological measurements of H A solutions and commercial VSs w i l l be conducted as well 

as the measurements of C o F within the model of a synovial joint. To achieve the main goal 

of this thesis, the solution of following sub-goals w i l l be necessary: 

• Development of a methodology for the extraction and storage of articular cartilage 

samples. 

• Selection of suitable H A solutions and VSs . 

• Preparation of protein solutions and model SFs. 

• Design of the experiments and approaches for an evaluation of VSs effectiveness. 

• Rheological analysis of selected H A solutions and VSs . 

• Series of experiments focused on the effect of SF composition on the friction of articular 

cartilage. 

• A series of experiments focused on the effectiveness of VSs within the articular cartilage 

friction. 

• Data analysis. 

• Results discussion and publication. 

4.1 Scientif ic quest ions 

• What is the effect of changes in SF composition due to O A on the friction of articular 

cartilage? 

• How are the viscosity and viscoelastic properties of H A solutions connected with 

the friction of articular cartilage? 

• How is the friction of articular cartilage influenced by the molecular weight of H A 

contained in the VSs? 

4.2 Hypotheses 

• A lower concentration of HA in osteoarthritic SF fluid will increase the friction within 

the articular cartilage model. 

The formation of a boundary lubricating layer on articular cartilage is mostly affected 

by the interaction between H A and P R G 4 [23; 28] or phospholipids [25; 29]. 

Due to the decrease of H A concentration, formation of this layer worsens. This w i l l lead 

to a higher CoF within contact. 
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The higher viscosity of HA and VSs will cause a more pronounced decrease of friction 

within a synovial joint model. 

The higher molecular weight and concentration of H A solutions or VSs leads to a higher 

value of zero shear viscosity [15; 17; 18]. Kwiecinski et al. [23] reported an 

approximately linear dependence between H A molecular weight and C o F within 

cartilage-on-cartilage contact lubricated by a simple H A solution. Therefore, it is 

expected that the higher viscosity of H A or V S w i l l cause a more pronounced decrease 

of friction within a synovial joint model. 

Large molecules of high molecular weight/cross-linked HA will perform better in the 

reduction of friction within the articular cartilage model. 

Kwiecinscki et al. [23] reported linear dependency between H A molecular weight 

and CoF within cartilage-on-cartilage contact. The question is how the H A molecular 

weight influences the reactions between H A and other SF constituents or cartilage 

structure. L i u et al. [32] reported better stability of boundary lubricating fi lm composed 

of high molecular weight H A . Due to this, boundary lubricating layer composed of high 

molecular weight/cross-linked H A w i l l exhibit lower values of CoF. 

This dissertation thesis is composed of three papers published in journals with impact factor. 

The first article is focused on the effect of kinematic and loading conditions on the friction 

within a cartilage-on-glass contact under reciprocating sliding motion. Several lubricants 

composed of individual SF constituents and their mixtures were employed as lubricants. 

Differences between healthy and osteoarthritic SF were also examined. The second article 

is focused on the H A molecular weight. Viscosity and viscoelastic properties of four H A 

solutions with a molecular weight between 77 and 2 010 k D a were analyzed as well as their 

frictional behavior in cartilage-on-glass contact. In the last article, we focused 

on the effectiveness of five commercially available VSs . Repeatedly, the viscosity 

and viscoelastic properties of VSs were examined. This time, changes in VSs rheology after 

mixing with osteoarthritic SF were also analyzed. Restoration of a healthy SF rheology after 

mixing of osteoarthritic SF with individual VSs was discussed. Changes in the friction 

of articular cartilage after viscosupplementation and differences between individual VSs 

were analyzed and discussed too. 

4.3 Thesis layout 
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5 MATERIALS AND METHODS 

5.1 Exper imental devices 

5.1.1 Rotational rheometers 

To analyze the flow properties of the tested lubricants, rheological measurements were 

conducted on two rotational controlled stress rheometers by T A Instruments (Figure 5-1) -

Discovery HR-3 and A R - G 2 . In this kind of rheometers, the tested sample is placed between 

two surfaces - a stationary bottom surface and a rotating top surface which is also called 

as geometry. Typical configurations or rotational rheometers are parallel plates, cone-plate 

or concentric cylinders. Parallel plates are usually used for gels, pastes or solids; cone-plate 

for low to high viscosity liquids and concentric cylinders for very low to medium viscosity 

fluids. For the rheological analysis of H A solutions, cone-plate and parallel plate 

configurations were used. A 60 mm diameter cone-plate set up with a 1° cone angle was 

used for the viscosity measurements on the H R - 3 rheometer and a 20 mm plate-plate 

configuration was used for the analysis of H A solution viscoelastic properties on the A R - G 2 

rheometer. The lower part of the geometry always consisted of a Peltier plate that uses 

the Peltier principle to control the temperature of tested solution. Rotating or oscillating 

geometry is usually attached to a shaft which is mounted in air or magnetic bearing and 

connected with an optical encoder. From the values of torque and angular displacement, 

rheological parameters like applied stress are counted by built-in-software. 

TA Instruments Discovery HR-3 TA Instruments AR-G2 

Figure 5-1 Rotational rheometers and their geometry configurations 

5.1.2 Pin-on-plate tribometer 

For the frictional measurements, commercially available tribometer U M T TriboLab (Bruker, 

Billerica, M A , U S A ) was used. U M T Tribolab is a modular tribometer that enables 

tribological experiments in a wide range of conditions. Due to its interchangeable lower 

drive (Figure 5-2), experiments under linear, rotational or oscillating types of motion can 
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be performed. The lower drive and loading mechanism of the tribometer offers big 

variability in the shapes of tested samples. Therefore, tribological measurements 

in pin-on-plate, pin-on-disc, ball-on-disc, block-on-ring and many other configurations 

are possible. Interchangeable biaxial load sensors are also a big advantage of this tribometer. 

Loading forces ranging between 1 m N and 2 000 N can be applied to the tested samples. 

Figure 5-2 Bruker UMT Tribolab 

A l l frictional measurements were conducted in a pin-on-plate configuration (Figure 5-3). 

The C o F was measured as a function of a time or sliding distance for the sliding pair of 

a stationary glass plate made from optical glass B270 (E = 71 GPa, ju = 0.22) and moving 

cartilage. Glass plate was mounted in a stainless steel chamber on a lower drive and heated 

via heating cartridges. Heating cartridges were controlled by the external temperature 

controller Hotcontrol c448 (Hotset C R , Pilsen, Czech Republic). Cartilage samples were 

mounted in a loading mechanism of the tribometer. Two types of cartilage were used during 

the experiments (chapter 5.2.2) - natural porcine articular cartilage and artificial cartilage 

based on P V A hydrogel. Two different types of sample holders were manufactured due 

to the different shapes of cartilage samples. Porcine cartilage samples had a cylindrical shape 

due to the methodology of extraction, whereas P V A hydrogel was prepared as a 2 mm thick 

plate. During the experiments, the porcine cartilage pin was mounted directly in a pin holder 

but the P V A hydrogel plate was deployed on the AISI 5200 steel ball with a diameter 

of 19 mm. Pin holder was connected to the loading mechanism of the tribometer and was 

doing a reciprocating sliding motion against the glass plate with defined load, speed and 

stroke length. Loading and frictional forces were continuously monitored by a biaxial load 

cell with a maximum capacity of 50 N which is mounted in the loading mechanism of the 

tribometer. From these data, the values of C o F were calculated. 
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Figure 5-3 Schemes of frictional measurements: a) cartilage-on-glass, b) PVA hydrogel-on-glass 

5.2 Test samples 

5.2.1 Lubricants 

Among other things, the first paper was focused on the effect of SF composition on friction 

within articular cartilage contact. We tried to investigate the role of individual SF 

constituents as well as changes in SF composition due to the O A on friction within 

the contact. Therefore, two types of model SFs and many other solutions which contained 

individual SF constituents or their mixtures were prepared. The composition of model SFs 

should correspond to healthy people and orthopedic patients who suffer from O A . PBS was 

used as a basic solution to which albumin (24.9 mg/ml), y-globulin (6.1 mg/ml), 

H A (1.49 mg/ml) and phospholipids (0.34 mg/ml) were added. The following products were 

used for preparation - bovine serum albumin (powder, > 96 %; A2153, Sigma-Aldrich, 

St. Louis, M O , U S A ) , y-globulin from bovine blood (powder, > 99 %; G5009, Sigma-

Aldrich, St. Louis, M O , U S A ) , sodium hyaluronate HySi lk (powder, quality class -

cosmetic; molecular weight = 820 - 1 020 kDa, Contipro, Dolní Dobrouč, Czech Republic) 

and L-a-Phosphatidylcholine (powder, Type X V I - E , lyophilized powder; > 99 %; vesicles 

form; P3556, Sigma-Aldrich, St- Louis, M O , U S A ) . Table 5-1 displays the concentration 

of individual constituents in model SFs. 

Table 5-1 Composition of model SFs 

Const i tuents Healthy SF Osteoarthr i t ic SF 

Albumin 20 mg/ml 24.9 mg/ml 

y-globulin 3.6 mg/ml 6.1 mg/ml 

HA 2.5 mg/ml 1.49 mg/ml 

Phospholipids 0.15 mg/ml 0.34 mg/ml 
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During the solutions preparation, individual constituents were dissolved in PBS overnight 

at 4 °C using a rocker-shaker (MR-12, Biosan, Riga, Latvia). Consequently, the solutions 

were mixed together and deeply frozen at -22 °C. Before the experiments, test tubes with 

solutions were thawed at laboratory temperature. 

Besides complex SFs, simple protein solutions and their mixtures with H A or phospholipids 

were prepared to examine their role during the friction of articular cartilage. 

The combinations of chosen lubricant constituents can be seen in Table 5-2. Lubricants with 

both concentrations, i.e., healthy and osteoarthritic were prepared and used for the frictional 

experiments. 

Table 5-2 The combinations of lubricant constituents 

Model f luid Const i tuents 

1 PBS 1 PBS 

2 PBS Albumin — 

3 PBS Y-globulin — 

4 PBS Albumin Y-globulin — 

5 PBS Albumin HA 

6 PBS Y-globulin HA 

7 PBS Albumin Y-globulin HA 

8 PBS Albumin — Phospholipids 

9 PBS Y-globulin — Phospholipids 

10 PBS Albumin Y-globulin — Phospholipids 

11 PBS Albumin HA Phospholipids 

12 PBS Y-globulin HA Phospholipids 

13 PBS Albumin Y-globulin HA Phospholipids 

One of the key parameters which affect H A rheology is the molecular weight. Therefore, 

the second article was focused on the effect of H A molecular weight on the viscosity and 

viscoelastic properties of tested solutions and on the friction of articular cartilage. To do that, 

four H A solutions with a concentration of 20 mg/ml and a molecular weight of 77 kDa, 

640 kDa, 1 060 kDa and 2010 kDa were prepared for the experiments. To prepare all these 

solutions, the required amount of H A powder (Contipro, Dolní Dobrouč, Czech Republic) 

with defined molecular weight was dissolved in P B S . To ensure the proper dissolution 

of H A in P B S , the solutions were stirred by a magnetic stirrer (SMHS-3 , Witeg 

Labortechnik, Wertheim, Germany) and heated to 60 °C for at least three hours. 
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The last article was focused on the rheological and frictional analysis of commercially 

available VSs . Based on the concentration, molecular weight and cross-linking 

of the contained H A , five different HA-based VSs were identified for the measurements. 

From the range of products which were currently available in the Czech Republic, Erectus® 

(Angelini Pharma Österreich, Vienna, Austria), Hyalgan® (Fidia Farmaceutici, Padua, Italy), 

Monovisc® (Anika Therapeutics, Bedford, M A , U S A ) , Optivisc Single® (Moss Vision, 

Wembley, United Kingdom) and Synvisc One® (Sanofi Genzyme, Ridgefield, N J , U S A ) 

were chosen for the experiments. Samples were used as provided by the local drugstore. 

Table 5-3 summarizes their basic properties based on the package leaflets and information 

from manufacturers' sites. To better analyze the changes in rheology and friction after 

viscosupplementation, V S s were tested as clear solutions and as mixtures in a 1:1 ratio with 

model osteoarthritic SF. 

Table 5-3 Summary of tested HA-based VSs 

Product 
HA Concentrat ion 

(mg/ml) 

HA Molecular 

Weight (mg/ml) 
Cross- l inking 

Package 

Volume (ml) 

Erectus® 12 1 100 No 2 

Hyalgan® 10 500 - 730 No 2 

Monovisc® 22 1 000 - 2 900 Yes 3 

Optivisc Single® 30 3 000 Yes 3 

Synvisc One® 8 6 000 Yes 6 

5.2.2 Cartilage samples 

During the frictional measurements, two types of cartilage were used - natural porcine 

articular cartilage and P V A hydrogel-based artificial cartilage. Specimens from intact 

porcine cartilage were extracted even with underlying subchondral bone from porcine 

femoral heads (Figure 5-4). The bones from 6 to 8 months old mature pigs having a mass 

around 100 - 120 kg were collected from a local butchery within a few hours of slaughter. 

Cylindrical cartilage specimens with a diameter of 5.6 mm were extracted by a hollow dri l l . 

Just one cartilage specimen from approximately the same area of the femoral head was 

extracted from each femur in order to get samples with approximately the same curvature 

of the cartilage surface and similar mechanical properties. Specimens were stored for 

no more than 2 weeks in a freezer at - 20 °C. Ha l f an hour before the experiments, cartilage 

samples were removed from the freezer and thawed at laboratory temperature. 
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Figure 5-4 Extraction of articular cartilage samples 

The methodology (Figure 5-5) of P V A hydrogel preparation, as artificial articular cartilage, 

was based on the study by Yarimitsu et al. [45]. The first step was the preparation of P V A 

(polymerization degree: 1700, saponification degree: 98.0 - 99.0 mol%, Kuraray, Tokyo, 

Japan) 15 wt% solution. The aqueous solution was poured into a previously manufactured 

acrylic mold and sealed. Fil led and sealed mold was consequently closed into a temperature 

and humidity-controlled chamber (SH-242, E S P E C , Osaka, Japan) and treated by a repeated 

freeze-thawing method. In total, four cycles of freezing and thawing were repeated. Each 

cycle consisted of 8 hours of freezing at - 20 °C and 16 hours of thawing at 4 °C. 

The resulting P V A hydrogel had a shape of a plate and was 2 mm thick. P V A - F T hydrogel 

was stored in deionized water at laboratory temperature to prevent drying due to its porous 

structure. 

Figure 5-5 Preparation of PVA hydrogel samples 

5.3 Exper imental design and condit ions 

5.3.1 CoF measurements 

To analyze the frictional behavior of articular cartilage, Bruker U M T Tribolab 

in pin-on-plate configuration was used. Before the experiments, the glass plate was mounted 

in a stainless steel chamber and was preheated to 37 °C by heating cartridges. The glass plate 
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was also cleaned with sodium dodecyl sulphate and isopropyl alcohol to prevent the 

contamination of the tested lubricant. Subsequently, the steel chamber was filled with 

preheated lubricant. The cartilage sample was mounted in a sample holder and connected 

to the loading mechanism of the tribometer. During the experiment, the cartilage was loaded 

by a constant force of 5 N or 10 N and was doing a reciprocating sliding motion against the 

glass plate. According to the mechanical properties of glass and natural/artificial cartilage, 

the contact pressure was approximately between 0.3 and 0.5 M P a . The sliding speeds of 

5 mm/s or 10 mm/s were selected to represent slow and normal walking conditions. The 

stroke length was set to 20 mm. Each experiment consisted of three loaded phases which 

were separated by two unloaded phases. During the unloaded phases, the cartilage sample 

was unloaded but still immersed in the tested solution to enable the rehydration of cartilage. 

Loaded phases lasted 250 s or 300 s. This corresponds to a sliding distance of 2 280 mm and 

2 740 mm. Cartilage rehydration phases lasted 300 s. During loaded phases, the normal and 

frictional forces were continuously monitored. From these data, CoF dependency on time 

or sliding distance was analyzed. In the later stages of PhD thesis, measurements were 

repeated with fresh samples of cartilage and lubricant to obtain more relevant data. Raw data 

of articular cartilage friction were presented to point out on the differences between 

individual cartilage samples. However, in the case of P V A - F T hydrogel, satisfactory 

repeatability of measurements was observed. Therefore, the mean values and standard 

deviations of C o F were calculated. 

5.3.2 Viscosity and viscoelastic properties 

A n important part of the second and third papers was the analysis of the rheological 

properties of H A solutions and VSs . Viscosity measurements were conducted on a T A 

Instrument Discovery HR-3 rheometer in a cone-plate configuration. The truncation gap was 

set to 52 urn. Based on the selected geometry and site of the truncation gap, approximately 

1 ml of tested solution was necessary for every measurement. The required amount of tested 

solution was applied on the Peltier plate which heated the tested solution to 37 °C. Redundant 

amount of tested fluid should affect the result of measurement. Therefore, it was trimmed 

away when the cone geometry was in the measurement position. Before the experiments, 

tested samples were conditioned by pre-shear. Rotational motion with an angular velocity 

of 50 rad/s was applied to the tested solutions for 1 s. Consequently, viscosity measurements 

began. During these steady shear tests, the shear rates ranging from 0.01 to 5 000 s"1 were 

applied to the tested fluids. As a result, shear rate-dependent viscosity data were obtained. 

These data were fitted to the Carreau-Yasuda model to designate the pseudoplastic behavior 

of H A solutions and VSs . To avoid inaccuracies due to the contamination, geometry surfaces 

were cleaned with isopropyl alcohol after every measurement. To obtain more relevant data, 

each experiment was repeated three times with a fresh sample of tested solution. Insufficient 

repeatability was observed in some low viscosity samples (77 kDa H A , Hyalgan® mixed 
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with model SF, etc.) at low shear rates due to the wall slip. Concentric cylinders geometry 

was not available at the time of measurement. Therefore, these data were excluded from the 

results. 

The second part of rheological measurements was an analysis of the viscoelastic properties. 

T A Instruments A R - G 2 rheometer in a parallel plate configuration was used to perform 

the S A O S tests. S A O S test analyzes the values of storage and loss modulus when a tested 

sample is subjected to the sinusoidal strain. Based on the selected geometry and gap size 

between parallel plates (1 400 urn), 0.44 ml of the tested solution was needed for each 

measurement. Same as the viscosity measurements, the tested solution was heated to 37 °C 

via Peltier plate. In the first step of the measurement, the linear response region of the tested 

sample was determined. Strain sweep with an oscillatory strain with an increasing amplitude 

ranging between 0.001 and 1.5 rad at a constant frequency of 1 H z was applied to the 

solution. Consequently, based on the result of a strain sweep, frequency sweep was 

conducted at 5 % oscillatory shear strain over a frequency range of 0.05 to 5 Hz . 

A l l experiments were repeated three times. As a result, data of dynamic modulus dependency 

on oscillation strain and frequency were obtained. 
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6 RESULTS AND DISCUSSION 

In the first experimental study, the effect of individual SF constituents or kinematic 

and loading conditions within articular cartilage friction was investigated. Frictional 

differences between physiologic and osteoarthritic SF were investigated as well as the role 

of individual SF constituents. The results showed that the CoF strongly depends on the 

lubricant composition and concentration. The highest values of C o F were measured for P B S . 

Addition of individual constituents always led to a decrease in C o F but the complex SF did 

not always report the lowest friction. For complex SFs, a concentration typical for patients 

suffering from O A , higher values of CoF were measured. 

Only a limited effect of protein solutions concentration was observed. C o F at the end 

of measurement was approximately 0.2 for all protein solutions containing albumin, 

y-globulin or both of them. Murakami et al. [25] reported a significant effect of proteins on 

the friction of articular cartilage. However, the concentration of their protein solutions was 

significantly lower. From our results, the protein frictional behavior seems to be not 

dependent on the concentration of the used proteins. These results were measured for simple 

protein solutions as well as their mixtures. According to another study 

by Murakami et al. [37], y-globulin forms a more stable lubricating fi lm than albumin. 

Therefore, the frictional behavior should be different. Our results did not confirm these 

findings probably due to the previously mentioned differences in protein concentrations. 

Measurements with mixtures of H A and proteins pointed out on a synergistic effect between 

y-globulin and H A whereas mixture of y-globulin and H A with physiologic concertation 

reported markedly lower friction against mixture of the same constituents with osteoarthritic 

concentration. However, higher friction was observed for a higher relative concentration 

of H A mixed with albumin or both proteins. Based on these results, H A seems 

to be unhelpful for albumin adsorption on the cartilage surface. Murakami et al. [24] 

attributed different reactions between H A and albumin or y-globulin to the same or opposite 

electric charges of the molecules. The admixing of PHs with protein solutions did not also 

have a synergic effect in most cases. Only insignificant frictional changes were observed 

when y-globulin or both proteins were mixed with phospholipids. The values of C o F were 

similar to the simple protein solutions. In the case of albumin and phospholipids, a sufficient 

boundary lubricating layer was not even formed. The C o F was only slightly lower than 

during measurement with P B S . This ineffectiveness of simple phospholipids concentration 

was also reported by Yarimitsu et al. [39]. When H A and phospholipids were mixed with 

proteins, lubricant containing albumin achieved similar friction as the model SF whereas 

a decrease of CoF was observed after mixing of y-globulin with H A and phospholipids. 

These mixtures reported the lowest values of CoF within all lubricants. 

For complex SFs, a negligible impact of speed was observed as well as for simple y-globulin 

solutions. Contrary to these results, there was a visible effect of speed for albumin-based 
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lubricants. According to the Kienle et al. [46], the value of CoF depends on the concentration 

of salt ions. Healthy concentrations of albumin and its mixture with H A reported an increase 

of friction with increased speed. On the contrary, a slight decrease was observed with same 

solution at osteoarthritic concentrations. It is likely that the adsorbed protein layer and H A 

have no effect on speed, and thus the whole effect is caused by the electric charge of albumin 

molecules. To sum it up, the effect of speed within the articular cartilage was complex and 

complicated to describe. The effect strongly depends on the composition of the lubricant and 

also on the concentration of individual constituents. This conclusion is also in accordance 

with the study by Yarimitsu et al. [39]. 

Results also showed that the higher load led to lower values of CoF. These results are caused 

by the biphasic structure of articular cartilage, respectively by the fluid load support 

of articular cartilage. Under load, cartilage interstitial fluid is squeezed out to the unloaded 

regions of the cartilage structure. This fluid flow is accompanied by high resistance due 

to the cartilage permeability. Higher load causes higher pressurization of the fluid and, 

therefore, higher portion of the load is transferred by the fluid phase. However, this 

mechanism does not work i f articular cartilage is loaded for a long period of time. Under 

these conditions, interstitial fluid is completely squeezed out of cartilage structure and 

boundary lubrication regime occur. During this lubrication regime, the effect of load within 

the articular cartilage friction can be different. 

The second article analyzed the effect of H A molecular weight on rheology and friction 

within articular cartilage contact. The results showed a strong dependency between H A 

molecular weight and viscosity. The lowest measured zero shear viscosity was 

0.013 ± 3 x l O " 3 P a s for 77 kDa H A , whereas the highest zero shear viscosity was 

107.1 ± 1.7 P a s for 2 010 kDa H A . Based on the literature, the zero shear viscosity of 

a healthy SF ranges from 1 to 175 Pa- s [47] whereas zero shear viscosity of the osteoarthritic 

SF ranges from 0.01 to 11 P a s [11; 12; 15]. From these results, it can be assumed that low 

viscosity VSs w i l l not perform well in a recovery of healthy SF rheology. Non-Newtonian 

shear-thinning behavior was observed in all H A samples. The rate of shear-thinning behavior 

was characterized by the value of no/r|3oo [14; 16]. Three out of four tested H A samples were 

consistent with results for commercial VSs . Nicholls et al. [18] reported values of 

shear-thinning ratio between 2.3 and 740.7 for commercial HA-based VSs . 

The H A viscoelastic properties were analyzed as well . 640 kDa H A and 1 060 kDa H A 

exhibited a viscous-like behavior in the whole range of tested frequencies. Only the results 

of 2 010 kDa H A reported a viscoelastic behavior with a crossover point at 0.4 Hz . 

This almost matches a crossover point frequency for a healthy SF reported by Balazs [43]. 

The crossover point of 0.4 H z means that the 2 010 kDa H A solution behaves like the elastic 

body during walking or running (correspond to a frequency of 0.5 and 2.5 H z [17]). 

Therefore, under these conditions, the articular cartilage surface should be protected against 

direct contact of rubbing surfaces and thus against wear or mechanical damage. 
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Frictional measurements with PBS reported very low initial values of CoF, just between 0.01 

and 0.015. However, at the end of the measurement substeps, CoF has increased up to 0.18. 

This behavior was attributed to the biphasic lubrication theory [48; 49]. Experiments with 

H A solutions showed a significant decrease in friction compared to the P B S . The lowest 

value of CoF measured at the end of loading phase was 0.009. Overall, H A solutions reported 

a large scatter of data. Therefore, no clear dependence between the H A molecular weight 

and the C o F within the cartilage-on-glass contact was observed. Contrary to these results, 

Kwiecinski et al. [23] reported a linear dependency between the H A molecular weight and 

cartilage friction. The results showed different interactions between H A and invidual 

cartilage samples. These differences were attributed to the differences in the geometry, 

structure and mechanical properties of cartilage samples. Cartilage Young's modulus 

or shear modulus may be affected by a different content of collagen fibers and proteoglycans. 

Different content of collagen fibers and proteoglycans across the tibia plateau were reported 

by Appleayrd et al. [50] or by Kiviranta et al. [51]. Moreover, differences in Young's 

modulus and Poisson ratio of various healthy cartilage samples from different people were 

reported by Richard et al. [52]. A l l these individualities also affect the friction within 

the articular cartilage contact [53; 54]. Results may also be affected by interactions between 

H A and SF residues which remained on the cartilage surface after extraction. Reactions with 

proteins can be either synergistic or unbeneficial for cartilage friction [24; 28; 45]. On the 

other hand, the reactions between H A and phospholipids are crucial for the effectiveness 

of H A within articular cartilage friction [19; 21; 25]. According to the hydration lubrication 

theory by Kle in et al. [5; 29; 55], H A bounds to the collagen fibers or P R G 4 presented in the 

articular cartilage structure to provide a robust boundary layer (composed of phospholipids) 

with extremely low friction. 

Finally, the last article was aimed at the rheological and frictional analysis of five 

commercially available HA-based VSs - Hyalgan®, Erectus®, Monovisc®, Synvisc One® 

and Optivisc Single®. VSs were analyzed in their pure form as well as mixtures in a 1:1 ratio 

with osteoarthritic SF. As with the previous article, shear-thinning behavior was found in all 

tested solutions. Nevertheless, the viscosity of VSs varied by the order of magnitudes. Some 

of the tested VSs fell beneath the reported range for healthy SF viscosity [47]. Therefore, 

they should not be able to restore healthy SF rheology. Shear.thinning in a wider ranges 

of shear rate and higher values of shear-thinning ratio were measured for VSs with high 

viscosity. For example, the highest value of the shear-thinning ratio was calculated for 

Synvisc One® - 983.86. Viscosity of VSs decreased approximately by one order 

of magnitude after mixing with model SF. Based on the results, Optivisc Single® and Synvisc 

One® were the only VSs which should be able to restore the reported rheology of a healthy 

SF. The zero shear viscosity measured for a mixture of Synvisc One® and model SF was 

37.76 ± 3 . 1 Pa-s and 18.56 ± 1.73 P a s for a mixture of Optivisc Single® and model SF. 

Mixtures of VSs and model SF also reported a decrease of shear-thinning ratio. 

The shear-thinning ratio of Synvisc One® decreased from 983.86 to 419.19. Shear-thinning 
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ratio of a healthy SF was reported by Fam et al. [47]. None of the tested VSs fell inside this 

range. 

Another part of the rheological measurements was the analysis of viscoelastic properties. 

Firstly, region of linear viscoelastic response was identified by a strain sweep. The constant 

values of storage and loss modulus were measured in a region from 0.7 % to 45 % strain. 

Therefore, subsequent frequency sweeps were conducted at a 5 % strain. VSs exhibited all 

three types of viscoelastic behavior. Monovisc® and Erectus® exhibited a purely viscous 

behavior which means that the values of loss modulus were higher than the storage modulus. 

Optivisc Single® exhibited a viscoelastic behavior with a crossover frequency at 0.3 Hz . 

Only Synvisc One® reported the purely elastic behavior over the whole range of tested 

frequencies. However, from the measured data, an apparent crossover point beneath 

a frequency of 0.05 H z may be considered. After mixing, VSs reported the lower values 

of dynamic modulus and the higher frequencies of crossover point but their type 

of viscoelastic behavior remained. For example, the results of Optivisc Single® mixture still 

exhibited the viscoelastic behavior with a crossover point at 1.2 Hz . This V S mixed with 

model SF was also the most similar solution to the healthy SF. However, the mixture of SF 

and Optivisc Single® exhibits the viscous response under the frequency of 0.5 H z which 

corresponds to the walking frequency [17]. This may be a big shortcoming of this V S . 

Only mixed Synvisc One® preserved his gel-like behavior even at very low frequencies. 

The last part of the VSs analysis was focused on the friction within the artificial cartilage 

( P V A hydrogel)-on-glass contact. Articular cartilage was substituted by P V A hydrogel due 

to unsatisfactory repeatability of measurements and ambiguity of the previous article's 

conclusions. Based on the current state of the art, P V A hydrogel is an acceptable substitute 

in terms of friction and lubrication. Clear SF reported even lower initial values of CoF than 

during measurements with natural porcine articular cartilage. The initial values of CoF 

ranged between 0.05 and 0.065. However, at the end of measurements, the values of CoF 

raised to 0.107. HA-based VSs exhibited considerably lower friction compared 

to the osteoarthritic SF. Differences in friction were not as significant as in the case 

of rheology even though the literature reports dependency between H A concentration [19] 

or molecular weight [23] and friction within articular cartilage contact. Moreover, different 

frictional behavior between individual VSs was observed. Some of them (Erectus® 

or Hyalgan®) exhibited time-dependent frictional behavior with friction drops caused by the 

rehydration of hydrogel structure. This type of behavior points to the biphasic lubrication 

regime within the contact. Other V S (Optivisc Single® or Synvisc One®) reported constant 

values of C o F during the measurements. Even the effect of rehydration was negligible. 

This type of frictional behavior corresponds more to the boundary lubrication regime within 

the contact. During this lubrication regime, friction is strongly influenced by a boundary film 

adsorbed on the surface of the hydrogel. This type of behavior may also be attributed 

to the large molecules of high molecular weight H A . According to Forsey et al. [19], low 

molecular weight H A can penetrate deeper layers of cartilage structure. L i u et al. [32] also 
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reported lower adhesion energy between low molecular weight H A and mica. Therefore, 

low molecular weight H A is not very effective during the boundary lubrication of articular 

cartilage. Another important role plays the H A viscoelastic properties. Based 

on the viscoelasticity measurements, Synvisc One® exhibited a gel-like behavior over the 

whole range of tested frequencies. Therefore, it behaves like an elastic body even during the 

oscillating motion with very low frequency. To sum it up, Synvisc One® seemed to be the 

most appropriate HA-based solution for the viscosupplementation of SF in terms of friction 

Its mixture with SF reported the lowest value of CoF at the end of measurement -

0.009 ± 0 . 0 0 0 8 . 
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Abs t rac t : A r t i cu l a r cart i lage ensures s m o o t h m o t i o n of na tu ra l synov ia l jo in ts opera t ing at v e r y l o w 
f r i c t i o n . H o w e v e r , the n u m b e r of pa t ien ts su f fe r i ng f r o m j o i n t diseases, u s u a l l y associated w i t h 
car t i lage deg rada t i on , con t i nuous l y increases. Therefore, an u n d e r s t a n d i n g of cart i lage t r ibo log ica l 
b e h a v i o u r is of great interest i n o rde r to m i n i m i z e i ts deg rada t i on , p rese rv i ng the re l iab le f u n c t i o n 
of the jo in ts . The a i m of the present s t u d y is to p r o v i d e a comprehens i ve c o m p a r i s o n of f r i c t i ona l 
b e h a v i o u r of a r t i cu la r car t i lage, f ocus i ng o n the effect of s y n o v i a l f l u i d c o m p o s i t i o n ( i ) , speed ( i i ) , 
a n d l oad ( i i i ) . The expe r imen ts w e r e rea l i zed u s i n g a p i n -on -p l a te t r i bome te r w i t h rec ip roca t ing 
m o t i o n . The a r t i cu la r car t i lage p i n w a s l oaded against s m o o t h glass p la te w h i l e the tests consis ted 
of l o a d i n g a n d u n l o a d i n g phases i n o rde r to enable car t i lage r e h y d r a t i o n . Va r ious m o d e l f l u i ds 
con ta in ing a l b u m i n , y - g l o b u l i n , hya lu ron i c ac id , a n d p h o s p h o l i p i d s we re p repa red i n t w o d i f ferent 
concentrat ions s imu la t i ng phys io log ic and osteoarthr i t ic synov ia l f l u i d . Two di f ferent speeds, 5 mm/s 
a n d 10 m m / s w e r e a p p l i e d , a n d the tests w e r e ca r r ied o u t u n d e r 5 N a n d 10 N . I t w a s f o u n d tha t 
p ro te in -based so lu t i ons exh ib i t a lmos t n o d i f ference i n f r i c t i o n coef f ic ient , i n d e p e n d e n t l y of the 
concen t ra t i on of the const i tuents . H o w e v e r , the b e h a v i o u r is cons ide rab ly changed w h e n a d d i n g 
hya lu ron ic ac id a n d phospho l i p i ds . Especia l ly w h e n in te rac t ing w i t h y - g l o b u l i n , f r i c t i on coeff ic ient 
decreased substant ia l ly . I n genera l , an i m p o r t a n t ro le of the i n te rac t i on of f l u i d cons t i tuen ts w a s 
observed . O n the o ther h a n d , a l i m i t e d effect of speed w a s detected fo r m o s t o f the m o d e l f l u i ds . 
Final ly, i t was s h o w n that elevated load leads to l ower f r i c t i on , w h i c h corresponds w e l l w i t h p rev ious 
observa t ions . Fu r the r s t u d y s h o u l d concent ra te o n speci f ic e x p l o r e d p h e n o m e n a f ocus i ng o n the 
deta i led stat ist ical eva lua t ion . 

K e y w o r d s : b i o t r i b o l o g y ; a r t i cu la r car t i lage; coef f ic ient of f r i c t i o n ; t r i bo l og i ca l p roper t i es ; 
synov ia l f l u i d 

1. I n t r o d u c t i o n 

Joint os teoar th r i t i s ( O A ) represents one of the mos t c o m m o n diseases a l l over the w o r l d . I t is 
est imated that more 50% of the adu l t p o p u l a t i o n i n the US w i l l be d iagnosed w i t h jo in t O A by 2040 [1]. 

A r t h r i t i s is a degenerat ive disease of ar t icu lar cart i lage, usua l l y occur r ing i n large synov ia l jo in ts such 
as h ips a n d knees [2] . Never the less, i t is repo r ted tha t the occurrence of a r th r i t i s increases also i n the 
case of s m a l l j o in ts such as e l bows , w r i s t s , o r f ingers [3,4]. O A m a i n l y affects o l de r peop le [5] a n d 
i ts presence g r a d u a l l y g r o w s w i t h age. I t is character ized b y a s t rong j o i n t p a i n w h i c h o f ten leads to 
m o v e m e n t d isab i l i t ies . Because o f the avascu lar a n d aneu ra l na tu re of the a r t i cu la r car t i lage, there 
are l i m i t e d poss ib i l i t ies of c u r i n g O A [6]. One of the op t i ons is to a p p l y h y a l u r o n i c ac id (HA) -based 
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v iscosupp lements . H o w e v e r , the ef f ic iency is n o t guaran teed a n d the t rea tment effect o f ten lasts fo r 
a l i m i t e d t ime [7]. Therefore, the on l y chance for the pat ients suf fer ing f r o m O A is o f ten represented by 
the jo in t replacement, the numbe r of w h i c h g radua l l y increases w i t h r a p i d g r o w t h repor ted w i t h i n the 
last decade [8]. To prevent fu r ther substant ia l increases i n the numbe r of jo in t replacements, p reven t ing 
the degradat ion of ar t icular cart i lage seems to be a cha l leng ing task for u p c o m i n g decades. I n that case, 
k n o w l e d g e of the t r i bo l og i ca l p roper t i es of s y n o v i a l f l u i d cons t i tuents a n d the i r in te rac t ions c o u l d 
he lp to deve lop n e w therapeut ic procedures fo r the t rea tment of O A . 

The m a i n func t i on of the ar t icular cart i lage is to ensure the transfer of l oad d u r i n g movemen t w h i l e 
keep ing a ve ry l o w coeff icient of f r i c t ion [9]. The jo ints operate i n several lubr ica t ion regimes, dependent 
o n the l o a d i n g cond i t i ons . The t r i bo log i ca l p e r f o r m a n c e of a r t i cu la r car t i lage is m o s t l y associated 
w i t h its b i -phasic character [10]. Sol id-phase consists m o s t l y of the co l lagen f ibres a n d proteoglycans, 
w h i l e the l i q u i d phase is represented b y the water and d isso lved salt ions [6]. The biphasic character of 
l ub r i ca t i on w a s descr ibed i n [11]. The au thors s h o w e d tha t the l i q u i d b o u n d to the car t i lage t issue is 
able to t ransfer pa r t of the l oad . I n the case of pe rmanen t l oad , the l i q u i d is p u s h e d ou t of the contact 
zone to the u n l o a d e d reg ions. A m i n o r p o r t i o n of the l oad is b e i n g s u p p o r t e d b y the l i q u i d , a n d the 
g r a d u a l increase i n f r i c t i o n is measu red . The l u b r i c a t i o n m o d e s tead i l y changes f r o m the so-cal led 
b iphasic to boundary . 

The dependence of f r i c t ion on t ime was demonst ra ted by Forster and Fisher [12,13]. I t was s h o w n 
that the v a l u e of the f r i c t i o n factor g r o w s u n t i l the w h o l e l o a d is t r a n s m i t t e d o n l y b y a so l i d phase 
of the car t i lage. T h u s , the ab i l i t y to r ehyd ra te p u s h e d l i q u i d back to the p r e v i o u s l y l o a d e d t issue 
s ign i f i can t l y affects l u b r i c a t i o n pe r f o rmance . H o w e v e r , r e h y d r a t i o n i tsel f is i n f l uenced b y s l i d i n g 
speed [14] or whe the r the contact p o i n t is m o v e d to another locat ion [15]. Since the lubr i ca t ion reg ime 
depends n o t o n l y on the compos i t i on of the lubr ican t b u t also on the st ructure of the cart i lage, several 
studies analysed the effect of the deg rada t i on of the cart i lage t issue. Bel l et a l . [16] ana lysed the effect 
of the co l lagen n e t w o r k d i s r u p t i o n . I t was s h o w n that the damaged cart i lage samples reached h igher 
values of the f r i c t i on coeff icient. 

The reg ion between contact pairs is f i l l ed w i t h the synov ia l f l u i d (SF), w h i c h also acts as a b o u n d a r y 
l ub r i can t [15]. Recent s tud ies ana lysed the a d s o r p t i o n p roper t i es of s y n o v i a const i tuents . I t w a s 
s h o w n that prote ins s ign i f icant ly affect the adsorp t ion of the H A [17-19]. Synergic effect of y - G l o b u l i n 
and H A w a s f u r t he r observed , y - g l o b u l i n adsorbs o n the car t i lage surface w h i l e H A adsorbs o n the 
p r o t e i n layer, f o r m i n g stable l u b r i c a t i n g f i l m e x h i b i t i n g l o w e r f r i c t i on . H o w e v e r , such an effect w a s 
no t measu red w h e n u s i n g a l b u m i n a n d H A . A n a m o u n t of s tud ies w a s a i m e d at d e t e r m i n i n g the 
const i tuents responsible for lub r i ca t ing propert ies. H i l l s and But t ler [20] s tud ied the effect of enzymat ic 
degradat ion of var ious const i tuents. N o s igni f icant change i n f r i c t ion was observed w i t h the d isso lv ing 
H A . The st rongest i m p a c t w a s observed w i t h the d e g r a d a t i o n of p h o s p h o l i p i d s (PHs) . H o w e v e r , 
a s l ight imp rovemen t i n lubr ica t ion propert ies was observed i n terms of the degradat ion of the proteins. 
O n the contrary, Bel l et a l . [21] examined the effect of the concent ra t ion of the ions i n the salt so lu t i on 
and H A , w i t h s ign i f icant i m p r o v e m e n t i n t r ibo log ica l proper t ies be ing observed w h e n a d d i n g H A to 
the so lu t i on . Forsey et a l . [22] e xam ined the impac t of H A a n d PHs . I t w a s s h o w n tha t the ef f ic iency 
of H A w a s n o t d e p e n d e n t o n the concent ra t ion . H o w e v e r , the concen t ra t ion h a d a ma jo r i m p a c t o n 
the t r ibo log ica l p roper t ies of PHs . I n the f o l l o w i n g s t u d y [23], the in f luence of PHs a n d pro te ins w a s 
observed, s h o w i n g a s l igh t increase i n the f r i c t i on coeff ic ient fo r l i p i d a n d p r o t e i n - i m p a i r e d cart i lage 
compared to the reference cart i lage sample. The differences were apparent especial ly at shorter l oad ing 
t imes. The effect of l ub r i c i n was analysed i n the u p c o m i n g s tudy [24], i n w h i c h the synov ia l f l u i d was 
col lected f r o m the i n d i v i d u a l s w i t h decreased l u b r i c i n presence. Synov ia l f l u i d w i t h less l u b r i c i n h a d 
m u c h worse t r ibo log ica l proper t ies compared to the synov ia l f l u i d of a hea l thy i nd i v i dua l s . Moreover , 
L u d w i g et a l . [25] and Schmid t et a l . [26] showed that the comb ina t ion of l ub r i c i n , H A and PHs results 
i n a synergic i m p r o v e m e n t of the t r ibo log ica l proper t ies . 

I t w a s s h o w n above tha t extens ive research has been ca r r ied o u t r e g a r d i n g a r t i cu la r car t i lage 
behav iour . H o w e v e r , w i t h respect to l i m i t e d abi l i t ies of cart i lage t reatment , va r ious authors a i m e d at 
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the poss ib i l i t y of the car t i lage rep lacement i n recent years. I n tha t case, p o l y v i n y l a l coho l h y d r o g e l 
(PVA) seems to be a su i tab le an t i c i pa t i ng m a t e r i a l [27]. Recent ly, severa l s tud ies have focused o n 
the analys is of P V A h y d r o g e l t r i bo log i ca l p roper t ies . H y d r o g e l has s im i l a r p roper t i es to the n a t u r a l 
cart i lage [17]. The impac t of the i n d i v i d u a l components of synov ia l fluid o n f r i c t i on was invest igated. 
I t w a s f o u n d tha t the const i tuents i n contact w i t h the glass p la te h a d the same effect as i n n a t u r a l 
car t i lage. The effect of the adso rbed p r o t e i n layer w a s s t u d i e d i n [18] c o n c l u d i n g tha t the adso rbed 
prote ins have a s ign i f icant effect on f r i c t ion . I n par t icu lar , y - g l o b u l i n l ed to reduc t ion of f r i c t i on va lue. 
H o w e v e r , i n the f o l l o w i n g s t u d y [28] , w h e r e the separate i m p a c t of the const i tuents w a s eva lua ted , 
the effect of y - g l o b u l i n w a s s h o w n to be the oppos i te . I n the nex t pape r [29] , the effect o f a P H s i n 
comb ina t i on w i t h p ro te ins w a s invest iga ted. I t was s h o w n , that the concent ra t ion of PHs has a major 
impact o n the t r ibo log ica l propert ies. I n the studies led b y K le i n [30-32] , i t was s h o w n that the presence 
of proteoglycans has a pos i t ive effect on the f r i c t iona l proper t ies, a n d that f r i c t ion depends on the type 
of the P H used w h e n c o m b i n e d w i t h H A . 

Based o n the above references, i t can be c o n c l u d e d tha t a r t i cu la r car t i lage has been ex tens ive ly 
invest igated over the last f ew decades. Var ious studies focus ing on cart i lage behav iour m a y be f o u n d ; 
however , there is a lack of complex f r i c t iona l assessment so far. Therefore, the a i m of the present s tudy 
is to p r o v i d e a comprehens i ve analys is o f the f r i c t i ona l response of a r t i cu la r car t i lage cons ide r i ng 
the effect of s y n o v i a l fluid c o m p o s i t i o n , speed, a n d l o a d . The l o a d i n g a n d k i nema t i c cond i t i ons are 
des igned based o n l i te ra ture i n o rde r to m i m i c c o m m o n d a i l y act iv i t ies (s low, n o r m a l w a l k i n g , stair 
c l imb ing—eleva ted load) . I n add i t i on , since i t is assumed that synov ia l fluid compos i t i on p lays a major 
ro le i n j o i n t l u b r i c a t i o n , the m a i n a t t en t i on is p a i d to the concen t ra t i on a n d m u t u a l in te rac t ions of 
i n d i v i d u a l synov ia l fluid const i tuents. The present s tudy shou ld po in t to the fundamenta ls of cart i lage 
f r i c t i on . Fu tu re s t u d y shou ld concentrate o n specif ic observed phenomena , focus ing o n the i m p r o v e d 
stat ist ical eva lua t ion . 

2. M a t e r i a l a n d M e t h o d s 

The expe r imen ts w e r e ca r r ied o u t i n p i n -on -p l a te c o n f i g u r a t i o n u s i n g c o m m e r c i a l t r i bome te r 
Bruker U M T Tr iboLab (Bruker, Bi l ler ica, M A , USA) . The contact of porc ine ar t icu lar cart i lage p i n a n d 
s m o o t h glass p la te w a s inves t iga ted . The cart i lage specimens we re p repa red f r o m a po rc ine f emora l 
head. The bones were col lected f r o m a local bu tchery shor t l y after s laughter ing of six to e ight mon ths 
o l d mature p igs h a v i n g a mass a r o u n d 100-120 k g . Pins of a d iameter of 5.6 m m were cored ou t us ing 
a h o l l o w d r i l l f r o m the f e m o r a l heads. The s u b c h o n d r a l bone w a s re ta ined a l o n g w i t h the car t i lage 
tissue fo r p rope r f i xa t i on d u r i n g the f r i c t i on tests. A f t e r p repara t ion , cart i lage p ins we re s tored i n the 
phospha te bu f fe red sal ine (PBS) s o l u t i o n fo r one h o u r i n o rde r to ensure suf f ic ient t issue h y d r a t i o n , 
a n d w e r e t h e n f rozen at - 2 2 °C u n t i l f u r t h e r use. O p t i c a l glass p la tes w e r e used , since the na tu re 
of glass m i m i c s the super f i c ia l layer of a r t i cu la r car t i lage u n d e r w e t cond i t i ons , as d iscussed be low. 
The tests w e r e c o n d u c t e d at t w o d i f fe ren t s l i d i n g speeds of 5 m m / s a n d 10 m m / s , represen t ing s l o w 
and n o r m a l w a l k i n g cond i t ions . To exp lore the ro le of l oad , t w o d i f ferent levels of n o r m a l force we re 
cons idered; 5 N a n d 10 N , i n par t icu lar . F o l l o w i n g the elastic p roper t ies of the ar t icu lar cart i lage [33], 
the glass ( techn ica l datasheet) , a n d the cu r va tu re of the car t i lage p i n , the contact pressure s h o u l d 
cor respond to app rox ima te l y 0.3 to 0.5 M P a . S imi la r l oad was a p p l i e d i n p rev ious references dea l ing 
w i t h car t i lage i nves t i ga t i on [34,35]. D u e to the sof t na tu re of the a r t i cu la r car t i lage, the size of the 
contact area cor responds to the w h o l e p i n contact surface. I n a l l the tests, the st roke l eng th of 20 m m 
w a s used . The research p l a n is schemat ica l l y s h o w n i n F igu re 1. In i t i a l l y , the tests u n d e r the g i v e n 
cond i t ions w i t h six r a n d o m l y chosen m o d e l fluids (no. 2 , 4 , 6 , 1 0 , 1 2 , 1 3 , see Table 1) we re p e r f o r m e d 
t w o t imes i n o rde r to check the repea tab i l i t y of the exper imen ts . A s sat is factory comp l i ance of the 
data w a s observed together w i t h c o n f i r m a t i o n of some expectat ions based o n the l i te ra tu re , the rest 
tests were p e r f o r m e d on l y once f o l l o w i n g the be low descr ibed procedure. However , i n the case of any 
doub t , the exper iments we re repeated aga in i n o rder to c o n f i r m the v a l i d i t y of the conclusions. 
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Before the test, the glass plate was cleaned us ing a s o d i u m dodecy l sulphate so lu t ion and i sop ropy l 
a l coho l a n d t h e n d r i e d b y pressed air. The l ub r i can ts a n d the car t i lage spec imens w e r e t h a w e d at 
r o o m tempera tu re fo r 30 m i n a n d w e r e s tored i n a f l u i d b a t h to a v o i d d e h y d r a t i o n . Each exper imen t 
cons is ted of f i ve s teps—three f r i c t i o n ( l oad ing ) steps a n d t w o u n l o a d i n g steps i n o rde r to enable 
car t i lage r e h y d r a t i o n [18,28]. Focus ing o n d a i l y ac t iv i t ies such as w a l k i n g , the a r t i cu la r car t i lage is 
repeated ly l oaded a n d u n l o a d e d w i t h i n v e r y shor t t i m e in te rva ls . Th is is d i f f i cu l t to s imu la te u s i n g 
a l abo ra to r y tester. There fore , each l o a d i n g phase l as t i ng 250 s w a s f o l l o w e d b y 300 s u n l o a d i n g . 
Therefore, the ove ra l l d u r a t i o n of the exper imen t w a s 22.5 m i n (12.5 m i n of f r i c t i on steps a n d 10 m i n 
of r e h y d r a t i o n ) . The schemat ic i l l u s t r a t i o n o f the test p rocedu re is s h o w n i n F igu re 2. Focus ing o n 
Figure 3, the d isp layed data correspond to the t h i r d (last) f r i c t ion step. The values of f r i c t ion presented 
i n Figures 4 -6 co r respond to the f r i c t i on at the end of the t h i r d test. 

Material Methods 

Used lubricants 
I Albumin 
i y-globulin 
I Hyaluronic acid 
i Phospholipids 

•V.V 

different lubricant composition 

Different concentrations 
• Osteoarthritic concentration 
* Physiologic concentration 

Cartilage samples 

Used porcine femoral head samples 
y 

Different experimental conditions 

Pin-on-plate tribometer 

5 mm/s 10 mm/s 5 N 10 N BrukerUMT Tribolab 

•• • 

Pin holder 
Cartilage sample 

Lubricant 
Glass plate 

Containment bath 

Reciprocating motion 

A scheme of the experimental apparatus 

Figure 1. A research plan of the study. 
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1100 1150 1200 1250 1300 1350 
Time (s) 

Figure 2. A schematic illustration of the test procedure. 

I n the present s tudy , v a r i o u s m o d e l so lu t i ons w e r e tested. PBS w a s used as a base f l u i d , w h i l e 
a l b u m i n , y - g l o b u l i n , H A , and PHs were added . The const i tuents were in i t i a l l y separately so lved w i t h 
PBS o v e r n i g h t at 4 °C u s i n g l abo ra to ry rocker -shaker (MR-12 , B iosan, R iga , La tv ia ) . Subsequent ly , 
the i n d i v i d u a l so lu t i ons w e r e m i x e d together i n o rde r a l b u m i n , y - g l o b u l i n , H A , P H s . Focus ing 
o n the specif ic cons t i tuen ts , the f o l l o w i n g p r o d u c t s w e r e used . Bov ine s e r u m a l b u m i n (powde r , 
>96%; A2153, S i g m a - A l d r i c h , St. L o u i s , M O , U S A ) , y - g l o b u l i n f r o m b o v i n e b l o o d (powde r , >99%; 
G5009, S i g m a - A l d r i c h , St. L o u i s , M O , U S A ) , H A = S o d i u m H y a l u r o n a t e H y S i l k ( p o w d e r , q u a l i t y 
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class—cosmet ic; mo lecu la r w e i g h t = 820-1020 k D a , C o n t i p r o , D o l n í D o b r o u č , Czech Repub l i c ) , a n d 
PHs = L-a-Phosphat idy lcho l ine (powder , Type XVI -E , l yoph i l i zed p o w d e r ; >99%; vesicles f o r m ; P3556, 
S i g m a - A l d r i c h , St. L o u i s , M O , U S A ) . A f t e r p r e p a r a t i o n , the l ub r i can ts w e r e f r ozen at - 2 2 °C u n t i l 
f u r t h e r use. The f l u i d s of t w o d i f fe ren t concent ra t ions w e r e p r e p a r e d , rep resen t ing b o t h hea l thy 
(phys io log ic ) a n d os teoar th r i t i c s y n o v i a l f l u i d concent ra t ions [36]. The c o m b i n a t i o n s of the chosen 
lub r i can t const i tuents can be seen i n Table 1, a n d the used concentrat ions i n Table 2. 

Table 1. The combinations of the constituents in the lubricants. 

M o d e l F l u i d Constituents 

1 PBS — — — — 
2 PBS A l b u m i n — — — 
3 PBS — y-i globulin — — 
4 PBS A l b u m i n y-i globulin — — 
5 PBS A l b u m i n — Hyaluronic acid — 
6 PBS — y-i globulin Hyaluronic acid — 
7 PBS A l b u m i n Y1 globulin Hyaluronic acid — 
8 PBS A l b u m i n — — Phospholipids 
9 PBS — Y1 globulin — Phospholipids 
10 PBS A l b u m i n Y-i globulin — Phospholipids 
11 PBS A l b u m i n — Hyaluronic acid Phospholipids 
12 PBS — Y-i globulin Hyaluronic acid Phospholipids 
13 PBS A l b u m i n Y- i globulin Hyaluronic acid Phospholipids 

Table 2. Used concentrations of the constituents [36]. 

Constituents 
Physiologic Concentration 

(mg/mL) 
Osteoarthritic Concentration 

(mg/mL) 

A l b u m i n 20.00 24.90 
y-globulin 3.60 6.10 

Hyaluronic A c i d 2.50 1.49 
Phospholipids 0.15 0.34 

3. Resu l ts 

3.1. The Effect of Fluid Composition 

The resul ts o f f r i c t i o n coef f ic ient d u r i n g the t h i r d step of the test f o r v a r i o u s lub r i can ts are 
s u m m a r i z e d i n F igu re 3. The resul ts fo r l ub r i can ts of p h y s i o l o g i c a l concen t ra t i on (PC) of the 
const i tuents are s h o w n i n the left , w h i l e osteoarthr i t ic concentrat ion (OC) f lu ids are s h o w n i n the r igh t 
f igures. A s can be seen i n F igure 3, the values of the f r i c t i on coeff ic ient fo r p u r e PBS reach the h ighest 
va lues fo r the w h o l e d u r a t i o n of the expe r imen t . Thus , the const i tuents a lways led to l o w e r f r i c t i on . 
I t is also ev ident f r o m the f igure that the m o d e l synov ia l f l u i d does no t a lways reach the lowest f r ic t ion . 

For the lub r i can ts at PC, i t is seen tha t the va lues of the f r i c t i o n coef f ic ient are v e r y s im i l a r to 
those of a m o d e l synov ia l f l u i d d u r i n g the test for prote in-based lubr icants (Figure 3a). The differences 
are s m a l l , a n d i t is n o t poss ib le to c lear ly assess w h i c h l ub r i can t leads to bet ter pe r f o rmance . I n the 
case of a concen t ra t ion t y p i c a l fo r pa t ien ts su f fe r ing f r o m os teoar thr i t i s , the m o d e l f l u i d has i n fe r i o r 
t r ibo log ica l p roper t ies t h a n fo r the PC. H o w e v e r , fo r the lubr icants con ta in ing o n l y the pro te ins , o n l y 
a s l ight change of the f r i c t ion coeff icient is observed. A l l the observed lubr icants achieved lower values 
of f r i c t i on t han p u r e PBS. 

A d d i t i o n of H A does n o t cons ide rab ly change the resul ts c o m p a r e d to the p r o t e i n s o l u t i o n 
lub r i can ts (F igure 3c,d). I n the case of a PC (F igure 3c), the l owes t va lues of f r i c t i o n w e r e ach ieved 
w i t h the y - g l o b u l i n a n d H A . H o w e v e r , i n the case of a l b u m i n a n d b o t h p ro te ins m i x t u r e s w i t h H A , 
no v is ib le change occurred. Simi lar to the p ro te in so lu t ion lubr icants w i t h o u t the add i t i on of H A , these 
lub r i can ts have ach ieved comparab le va lues as the m o d e l f l u i d . A t O C (F igure 3d) a s im i l a r resu l t 
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is obse rved . L i k e w i s e , as i n the case of the p r o t e i n s o l u t i o n lubr ican t s , these a c h i e v e d l o w e r va lues 

of f r i c t ion t han a m o d e l f l u i d . W h e n c o m p a r i n g the v a l u e s of the f r i c t ion coefficient w i t h lub r i can t s 

con ta in ing o n l y proteins, a s l ight decrease i n fr ic t ion is seen w h e n the H A is a d d e d ind ica t ing pos i t ive 

l ub r i ca t i ng effect of H A . 

PB5 (1) 
Model fluid (13) 

" Albumin (2) 
Y-GlobLilin (3) 
Albumin + Y-Globulin (4) 

" Albumin (2) 
Y-GlobLilin (3) 
Albumin + Y-Globulin (4) 

100 150 
Time (5) 

100 150 
Time (5) 

PBS (1) 
Model fluid (13) 
Albumin + PHs (8) 
Y-Globulin + PHs (9) 

100 150 
Time (5) 

100 150 
Time (s) 

PBS f l ) 
Model fluid (13) 
Albumin (2) 
y-Globulin 13) 
Albumin + y-Globulin (4) 

100 150 
Time (s) 

PBS(l) 
- - - Model fluid (13) 

Albumin + HA (5) 
y-Globulin + HA (6) 

\ Albumin + y-Globulin + HA (7} 

Albumin + HA (5) 
y-Globulin + HA (6) 

\ Albumin + y-Globulin + HA (7} 

I PBS(l) 
J — Model fluid (13) 
1 Albumin + HA (5) 

y-Globulin + HA (6) 
Albumin + y Globulin + HA (7) 

1 Albumin + HA (5) 
y-Globulin + HA (6) 
Albumin + y Globulin + HA (7) 

' ŕ 
100 150 

Time (s) 

PBS(l) 
Model fluid (13) 

" Albumin + PHs (81 
y-Globulin + PHs (9) 
Albumin + y-Globulin + PHs ( 1 0 ) - -

" ' ' - - ' J U 

" Albumin + PHs (81 
y-Globulin + PHs (9) 
Albumin + y-Globulin + PHs ( 1 0 ) - -

1—,—,—,—,— 1—1—1—1—•—1 1—'—1—1—1—1 
100 150 

Time (s) 

I PBS(1 
- - - Model fluid (13) 

Album n 4- HA + PHs (11) 
v-Glob 1 i n + HA + PHs (12) 

PBS (1) 
Model fluid (13) 
Albumin f HA -f PHs (11) 
Y-Globulin + HA + PHs (12) 

100 150 
Time (s) 

Figure 3. Dependence of the friction coefficient on time for various protein- (a,b), H A - (c,d), (PHs)- (e,f), 
and H A + PHs- (g,h) based lubricants; PC (left) and OC (right). H A : hyaluronic acid; P H : phospholipids; 
PC: physiologic concentration; O C : osteoarthritic concentration. 

A further set of the expe r imen t s w a s c o n d u c t e d w i t h the lub r i can t s based o n P H s (F igure 3e,f). 

A t the P C (Figure 3e), it c a n be seen that the a d d i t i o n of P H s does not h a v e a synerg ic effect i n mos t 

cases. In the case of y - g l o b u l i n a n d a l b u m i n conta in ing lubricants , the g radua l g r o w t h of the fr ic t ion is 

a lmost the same for the first 120 s. H o w e v e r , i n the case of a l b u m i n , the g r o w t h cont inues d u r i n g the 

test, a n d the e n d v a l u e is a b i t h igher . In the case of a c o m b i n a t i o n of prote ins , the v a l u e is s i m i l a r to 



Materials 2020,13,1334 7 of 16 

the m o d e l f l u i d . Results of O C f lu ids are s h o w n i n F igure 3f. F o c u s i n g o n the combina t ion of a l b u m i n 

a n d y - g l o b u l i n , a l t h o u g h the i n i t i a l v a l u e is h i g h e r t h a n for the m o d e l f l u i d , f r i c t ion g r o w t h is less 

steep than that of the m o d e l f lu id . For sole pro te in lubricants , the va lue of f r ic t ion is l ower than that of 

the m o d e l f l u i d d u r i n g the test. M o r e o v e r , the g r o w t h cu rves are steeper t han that of the l ub r i can t 

con ta in ing bo th the proteins. There is a cross po in t at a r o u n d 200 s w h e n the fr ic t ion of s imp le p ro te in 

so lu t ions exceeds the f r i c t ion of m i x e d so lu t i on . Never the less , the obse rved f r i c t ion is a l w a y s l o w e r 

than that of the m o d e l f l u i d . 

W h e n H A a n d P H s are present i n the lub r i can t , s i m i l a r resul ts are seen at b o t h concent ra t ions 

(Figure 3g,h). The g r o w t h cu rves are s i m i l a r for m o d e l f l u i d a n d the a l b u m i n lubr ican ts . The va lues 

start at the same v a l u e at each concent ra t ion . H o w e v e r , at O C , the g r o w t h is steeper a n d the f r i c t ion 

reaches h i g h e r va lues . T h e l o w e s t f r i c t ion is o b s e r v e d for the y - g l o b u l i n l ub r i can t d u r i n g the test. 

L i k e w i s e , the g r o w t h is steeper at the O C . 

3.2. The Effect of Concentration 

It is ev iden t f r o m F i g u r e 4b that H A w i t h y - g l o b u l i n has a synerg ic effect. A t P C , i t achieves 

the l o w e s t f r i c t ion for a l l the inves t iga t ed lubr i can t s . H o w e v e r , w h e n the concen t ra t ion of H A w a s 

l o w e r ( O C ) , there w a s a n o b v i o u s increase of f r ic t ion s i m i l a r to that of the m o d e l f l u i d . Never the less , 

i n the case of a c o m b i n a t i o n of prote ins or s i m p l e a l b u m i n w i t h H A , o n l y a l i m i t e d change of f r ic t ion 

is observed . 

Y-G (3) A+Y-G (4) Model fluid (13) Y-G+HA(6) A+Y-G + HA(7) Model fluid (13) 

I I 
Y-Q+PHsO) A+Y-G+PHs (10) Model fluid (13) 

Physiologic concentration 
• Osteoarthritic concentration 

A+PH5+HA (11) Y-G + PHs + HA (12) Model fluid (13) 

Figure 4. The effect of concentration on the friction coefficient for various protein- (a), protein + H A -

(b), PHs - (c), and H A + PHs- (d) based lubricants. (A—Albumin , y-G—y-Globul in) . 

In the case of a d d i t i o n of P H s to the solut ions (Figure 4c), a v e r y s l ight decrease i n f r ic t ion can be 

seen for the lubricants con ta in ing a l b u m i n . D u r i n g the test, this lubr icant exhib i ted the highest values of 

the fr ic t ion coefficient. W h e n the concentra t ion w a s al tered, the concentra t ion of bo th the components 

(a lbumin , P H s ) decreased; therefore, it is evident that their combina t ion affects the fr ic t ional behaviour . 

O n the contrary, n o change of f r i c t ion is o b s e r v e d w h e n y - g l o b u l i n o r c o m b i n a t i o n of a l b u m i n a n d 

y - g l o b u l i n w a s used . F o r H A a n d P H s - b a s e d lub r i can t s (F igure 4d) , a major increase of f r i c t ion is 

observed for a l l the ana lysed lubr icants . Va lues of f r ic t ion are s i m i l a r at each concent ra t ion for m o d e l 

f l u i d a n d a l b u m i n lubr icant . H o w e v e r , w h e n o n l y y - g l o b u l i n w a s used , a l o w e r v a l u e of f r ic t ion w a s 

observed . Fur the rmore , the f r ic t ion w a s the lowes t f r om a l l the obse rved lubr icants d u r i n g the test. 
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3.3. The Effect of Speed 

For a complex m o d e l f l u i d , a negl ig ib le impac t of speed is observed independen t l y of concentrat ion, 
as is s h o w n i n Figure 5. O n the other h a n d , there is a v is ib le effect o f speed for a lbumin-based lubr icant . 
By l o w e r i n g the speed to 5 m m / s , a decrease i n f r i c t ion is observed at PC, b u t there is a s l ight increase at 
O C for s ingle p ro te i n lubr icants . For p u r e y - g l o b u l i n , the effect of speed seems to be no t as impor tan t . 
A t PC, a l i t t l e i m p r o v e m e n t of the f r i c t i o n is observed , b u t at O C a s m a l l increase of the f r i c t i o n is 
ev iden t . H o w e v e r , c o m p a r e d to a l b u m i n , these changes are m u c h lower . For c o m b i n a t i o n of the 
pro te ins , the change i n the va lues at b o t h the s tud ied concentrat ions is s imi lar . I n b o t h cases, a s l igh t 
r e d u c t i o n i n the f r i c t i o n coef f ic ient occurs w h e n the speed decreases. The resul ts fo r p ro te in -based 
lubr icants u n d e r t w o d i f ferent speeds are s h o w n i n F igure 5a,b. 

5 mm/s 
10 mm/s 

Ulli 
A (2) VG(3) A+v-G (4) Model fluid (13) 

LISI 
V-G + HA(6] A+V-G + HA{7) Model fluid (13) 

llrill 
V-G + PHs (9) A + Y - G + P H S (10) Model fluid (13) 

J I I II I l/S _ 
10 mm/s H 

III 
A+HA+PH5 (11) y-G+HA+PHs (12) Model fluid (13) 

5 mm/5 
10 mm/s 

Y - G (3) A+y-G (4) Model fluid (13) 

J I 
y-G + HA[6) A+V-G+HA(7) Model fluid (13) 

V-G+PHs (9) A+Y-G+PHs (10) Model fluid (13) 

5 inn 
10 m 

1/5 
m/s 1 1 

A+HA + PHs ill) y-G+HA+PHs (12) Model fluid (13) 

Figure 5. The effect of speed on the friction coefficient for various protein- (a,b), H A - (c,d), PHs - (e,f), 
and H A + PHs- (g,h) based lubricants; P C (left) and O C (right). 
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In the case of a d d i t i o n of H A to a l b u m i n , the impac t of speed is v e r y s i m i l a r to the pu re a l b u m i n 

(Figure 5c,d). A t the P C , a n apparent decrease of f r i c t ion is obse rved w h e n the speed is l o w e r e d , bu t 

no effect i s o b s e r v e d at the O C . F o r y - g l o b u l i n , a v e r y s m a l l increase i n the coefficient of f r i c t ion is 

observed at b o t h concentrat ions. H o w e v e r , c o m p a r e d to the a l b u m i n , this increase is negl ig ib le . A l s o , 

a l b u m i n w i t h y - g l o b u l i n has a s i m i l a r effect at b o t h o b s e r v e d concent ra t ions . W i t h a r e d u c t i o n i n 

speed, a n ev iden t r e d u c t i o n of the f r ic t ion coefficient occurs. 

A d d i t i o n of P H s l e d to opposi te speed effect for a l b u m i n so lu t ion at O C (Figure 5f). A s is d i sp l ayed 

i n the f igure , w i t h the decrease of speed , a subs tan t i a l r e d u c t i o n of the coefficient of f r i c t ion occurs . 

H o w e v e r , at P C , o n l y a m i n i m u m effect is observed (Figure 5e). The effect of P H s o n pure y - g l o b u l i n is 

the opposi te . For the combina t ion of a l b u m i n a n d y - g l o b u l i n , a s l ight increase of f r ic t ion is observed at 

P C ; h o w e v e r , n o effect is o b s e r v e d at the O C . F o r the c o m b i n a t i o n of H A a n d P H s - b a s e d lubr ican t s 

(F igure 5g,h), a decrease i n f r i c t ion is o b s e r v e d w i t h the r e d u c t i o n of the speed for the y - g l o b u l i n 

con ta in ing lubricant . H o w e v e r , there is no considerable change i n the fr ic t ion coefficient for the m o d e l 

f l u i d a n d the a l b u m i n - c o n t a i n i n g so lu t ion . 

3.4. The Effect of Load 

Based o n F i g u r e 6, it c a n be c o n c l u d e d that the i m p a c t of l o a d o n f r i c t ion is the same for a l l the 

lub r i can t s a n d concent ra t ions . O n l y the difference i n t e rms of percentage change c a n be iden t i f i ed . 

I n d e p e n d e n t l y of the test l ub r i can t , l o w e r f r i c t ion coefficients w e r e o b s e r v e d for h i g h e r l eve l s of 

l o a d . F i g u r e 6a,b s h o w s the l o a d dependence for l ub r i can t s c o n t a i n i n g o n l y the pro te ins . The mos t 

apparent fr ict ion reduct ion occurs at bo th the concentrations w h e n s imp le y - g l o b u l i n so lu t ion is app l i ed . 

In par t icular , at O C , the decrease is more p r o n o u n c e d . L i k e w i s e , the decrease is more p r o n o u n c e d at 

O C w h e n the lub r i can t conta ins o n l y a l b u m i n . A s l ight change is obse rved for lubr ican t s c o n t a i n i n g 

the m i x t u r e of a l b u m i n a n d y - g l o b u l i n . T h e decrease i n f r i c t ion for the c o m p l e x P C is cons ide rab le ; 

nevertheless, v e r y l i t t le effect is obse rved at O C w h e r e the difference i n f r ic t ion va lues is the lowest . 

Af ter a d d i n g H A to the pro te in solut ions (Figure 6c,d), the greatest decrease of f r ic t ion is observed 

for a l b u m i n c o n t a i n i n g l ub r i can t at P C . O n the contrary, for the l ub r i can t w i t h y - g l o b u l i n , o n l y 

a negl ig ib le effect is achieved. For a combina t i on of proteins , the decrease is s imi l a r to that of a m o d e l 

f lu id . A t O C , the most apparent decrease is observed for a combina t i on of proteins . For the lubr icants 

c o n t a i n i n g o n l y one of the p ro te ins , the o b s e r v e d effect i s s i m i l a r bu t m u c h l o w e r t han that of the 

c o m b i n a t i o n of the proteins . 

F i g u r e 6e,f s h o w the effect of l o a d c o n s i d e r i n g the l ub r i can t s w i t h the a d d i t i o n of P H s . A t P C , 

a major r e d u c t i o n of f r i c t ion is obse rved for s ing le p r o t e i n lubr ican ts . F o r a c o m b i n a t i o n of prote ins , 

the decrease is s l i g h t l y l o w e r t h a n that of the m o d e l f l u i d . C o n t r a r y , at O C the mos t cons ide rab le 

decrease of f r i c t ion is obse rved for the lub r i can t c o n t a i n i n g a l b u m i n . The f o l l o w i n g are a y - g l o b u l i n 

a n d the combina t ion of proteins. The decrease of these is s imi la r ; however , it is more p r o n o u n c e d than 

for the O C . The i m p a c t of the l o a d w i t h the a d d i t i o n of b o t h H A a n d P H s is s h o w n i n F i g u r e 6g,h. 

T h e mos t cons ide rab le decrease c o n s i d e r i n g P C lubr i can t s is o b s e r v e d for the c o m p l e x m o d e l f l u i d . 

H o w e v e r , at the O C , the decrease of f r ic t ion is the lowes t for the m o d e l f l u i d . The decrease of f r ic t ion 

for the s ingle p r o t e i n lubr icants is s i m i l a r at P C . 
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Figure 6. The effect of load on the friction coefficient for various protein- (a,b), H A - (c,d), P H s - (e,f), 
and H A + PHs- (g,h) based lubricants; P C (left) and O C (r ight). 

4. Discussion 

The results s h o w that the f r ic t ion coefficient s t rong ly depends o n b o t h the u sed c o m p o s i t i o n a n d 

the selected l ub r i can t concen t ra t ion . In the case of l ub r i can t s c o n t a i n i n g o n l y p ro te ins , the l i m i t e d 

effect of the concen t ra t ion or the c o m p o s i t i o n is obse rved . E a c h lubr ican t reached a p p r o x i m a t e l y the 

v a l u e of the f r i c t ion coefficient at a r o u n d 0.2. The effect of H A or P H s has been a n a l y s e d i n severa l 

studies. Seror a n d co-workers , as s h o w n i n the w o r k s [30,31], used a v i d i n , w h i c h is a p ro te in extracted 

f r o m e g g w h i t e s . M u r a k a m i et a l . [17,18,28,29] p r e d o m i n a n t l y e x a m i n e d the character is t ics of the 

h y d r o g e l a p p l y i n g different concent ra t ions of the const i tuents . H o w e v e r , c o m p a r e d to the present 
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results, their chosen concentrat ions were one order of m a g n i t u d e l o w e r t han the concentrat ions u s e d 

at the present study. 

The quant i ty of each constituent w a s chosen to represent the actual concentrations occur r ing i n the 

h u m a n body. S t u d y [28] u s e d the same set of lubr icants ; however , the concentrat ions e m p l o y e d were 

lower b y approx imate ly one order of magni tude . W i t h the use of such l o w concentrations, a substantial 

effect of the proteins o n lubr ica t ion propert ies was observed. H o w e v e r , w h e n u s ing a h igher amoun t of 

prote in , as was used i n the present study, no difference i n the lubr ica t ion propert ies was demonstrated. 

P ro te ins are a d s o r b e d on to the surface of the a r t i cu la r car t i lage a n d create a b o u n d a r y l u b r i c a t i n g 

f i l m . A c c o r d i n g to F igu re 3, the l u b r i c a t i n g capac i ty seems to be not dependen t o n the concent ra t ion 

or the u s e d p r o t e i n . It ra ther l o o k s l i k e each p r o t e i n is suff icient i n o rde r to create a l u b r i c a t i n g 

f i l m . M o r e o v e r , the same effect w a s o b s e r v e d w h e n b o t h the p ro te ins w e r e used . P ro te ins that d o 

not con t r ibu te to the f o r m a t i o n of the l u b r i c a t i o n f i l m p r o b a b l y d o no t h a v e a n y subs tan t i a l effect 

o n f r i c t ion . I n reference [37], the au thors a n a l y s e d the a d s o r p t i o n p roper t i e s o f the p ro te ins o n the 

car t i lage surface. It w a s s h o w n that y - g l o b u l i n fo rms a m o r e stable l u b r i c a t i n g f i l m t h a n a l b u m i n , 

a n d the v a l u e s of f r i c t ion s h o u l d therefore be different f r o m each other. H o w e v e r , as stated before, 

no s u c h effect w a s o b s e r v e d . It i s a s s u m e d that th is in f luence is caused p r i m a r i l y b y the different 

concentrat ions of the prote ins . 

In Table 2, it can be seen that the percentage change of concent ra t ion (cons ider ing P C a n d O C ) is 

not the same for a l l the constituents. Therefore, i n order to s tudy the effect of H A or P H s , concentrat ion 

changes were mos t ly taken to be related to the concentrat ion of the p ro te in at each chosen concentrat ion 

set. F o r lub r i can t s w i t h y - g l o b u l i n , F i g u r e 4 s h o w s a r a p i d increase of f r i c t i on that is d e p e n d e n t o n 

the concen t ra t ion of H A . The synerg ic effect of these c o m p o n e n t s is thus ev iden t . H o w e v e r , w h e n 

f o c u s i n g o n a l b u m i n a n d a c o m b i n a t i o n of p ro te ins , h i g h e r f r i c t ion is o b s e r v e d at a h i g h e r re la t ive 

concentrat ion of H A . In a d d i t i o n , H A seems to have a negat ive effect o n the adsorp t ion of a l b u m i n o n 

the ar t icu lar cart i lage surface. Th i s f i n d i n g is i n c o m p l i a n c e w i t h p r e v i o u s observat ions [38]. 

T h e concen t ra t ion of P H s a n d y - g l o b u l i n is h i g h e r i n the case of O C . H o w e v e r , the re la t ive 

concent ra t ion of these consti tuents is v e r y s imi lar . In F igu re 4, no change of the f r ic t ion coefficient for 

lubricants con ta in ing y - g l o b u l i n as w e l l as a combina t i on of proteins w a s observed. The f r ic t ion va lue 

is s imi l a r to that w h e n o n l y p ro te in con ta in ing lubr icants are used. O n the contrary, it is apparent that 

the c o m b i n a t i o n of a l b u m i n a n d P H s at P C a n d O C does no t f o r m a sufficient b o u n d a r y lubr ican t . 

T h e f r i c t ion l e v e l at P C is o n l y s l i g h t l y l o w e r t h a n that of P B S . A l t h o u g h the f r i c t ion at O C is l ower , 

the v a l u e is s t i l l h i g h e r t h a n lub r i can t c o n t a i n i n g o n l y a l b u m i n . In the s t u d y [29], i t w a s s h o w n that 

add i t i on of P H s is not a lways necessari ly associated w i t h the reduc t ion of fr ic t ion. Fur thermore , i n [22] 

it w a s demonst ra ted that f r ic t ion is s ignif icant ly affected b y the concentra t ion of the P H s a n d proteins. 

In the case of combina t ion of H A a n d P H s , it is ev ident f r om Figure 4 that each lubr icant exhibi ted 

s l i g h t l y e leva ted va lues of the f r i c t ion coefficient at O C . In genera l , the lowes t f r i c t ion w a s a c h i e v e d 

w i t h the l ub r i can t c o n t a i n i n g y - g l o b u l i n . H o w e v e r , the l ub r i can t s w h e r e a l b u m i n w a s presen ted 

a c h i e v e d a s i m i l a r f r i c t ion as the m o d e l f l u i d at b o t h concent ra t ions . In the p r e v i o u s reference [29], 

the l o w e s t f r i c t ion w a s detected for the c o m b i n a t i o n of a l l the c o m p o n e n t s of the m o d e l f l u i d . It is 

therefore l i k e l y that, as is the case w i t h the a d d i t i o n of P H s , f r i c t ion is s t r o n g l y d e p e n d e n t o n the 

concent ra t ion of the prote ins i n the lubr icant . 

Focus ing o n the effect of speed, a ve ry interest ing s imi l a r i ty be tween protein-based a n d H A - b a s e d 

lubr icants is observed. The percentage change is not as considerable for the lubr icant w i t h y - g l o b u l i n , 

as is a lso the case w i t h the m o d e l f l u i d . H o w e v e r , i t is ev iden t f r o m F i g u r e 5 that for lubr ican t s 

c o n t a i n i n g a l b u m i n , the m a g n i t u d e of the effect of speed d e p e n d s o n the concent ra t ion . The i m p a c t 

of speed has been s t u d i e d i n the l i tera ture p r e v i o u s l y [14]. T h e au thors f o u n d that the coefficient 

of f r i c t ion d e p e n d s o n the concen t ra t ion of salt ions . A s i m i l a r dependence w a s o b s e r v e d w i t h the 

a l b u m i n c o n t a i n i n g lub r i can t , e v e n i f H A is a d d e d . F o r l o w e r concent ra t ions , w h i c h is a P C for 

a l b u m i n , the increase of f r i c t ion is o b s e r v e d w i t h increased speed . O n the contrary, w h e n a l b u m i n 

concentrat ion is increased to O C , w h i c h represents g r o w t h b y a r o u n d 20%, a s l ight l o w e r i n g of f r ic t ion 
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c a n be seen i n F i g u r e 5. It i s l i k e l y that the a d s o r b e d p r o t e i n l aye r a n d H A h a v e n o effect o n speed , 

a n d thus the w h o l e effect is c aused b y the present charge of a l b u m i n mo lecu l e s . H o w e v e r , w h e n 

H A a n d P H s are a d d e d , the l i m i t e d effect of speed is obse rved . P H s are a lso cha rged mo lecu l e s ; 

however , the l u b r i c a t i o n m e c h a n i s m is different. W h e n o n l y P H s are a d d e d to the a l b u m i n so lu t ion , 

a s t rong effect of speed is o b s e r v e d o n l y at O C . A t the P C , a s m a l l increase of f r i c t ion is obse rved ; 

h o w e v e r , i t is m u c h less p r o n o u n c e d as i n the case of O C . T h e effect thus a p p a r e n t l y d e p e n d s o n 

w h i c h pro te ins a n d w h i c h concent ra t ion is cons ide red , s i m i l a r as it is w i t h the effects of c o m p o s i t i o n 

a n d concentra t ion . The f ind ings are i n accordance w i t h the p r e v i o u s observat ions [29], w h e r e s t rong 

inf luence of concent ra t ion w a s obse rved as w e l l . 

It is s h o w n that w i t h increasing load , the fr ic t ion coefficient decreases for a l l the a p p l i e d lubricants . 

T h e i m p a c t of l o a d w a s p r e v i o u s l y e x p l a i n e d b y W a l k e r et a l . [39]. U n d e r a constant l o a d , the f l u i d 

is s l o w l y p u s h e d in to a r e g i o n w h e r e the car t i lage is no t l o a d e d . H o w e v e r , the p o r o u s s t ructure of 

the ar t icu lar cart i lage causes h i g h resistance w h i c h is a c c o m p a n i e d b y the increase of pressure ins ide 

of the car t i lage t issue. A h i g h e r l o a d causes h i g h e r pressure , a n d thus the l i q u i d phase c a n transfer 

a larger p o r t i o n of the l o a d . That expla ins the decrease of the f r ic t ion coefficient. The decrease is thus 

caused b y the s t ructure of the car t i lage a n d no t b y the p roper t i es of the lubr ican t . It can be a s s u m e d 

that the l eve l of f r ic t ion r educ t ion m a y be related to the thickness a n d p e r m e a b i l i t y of the l ub r i ca t i ng 

f i l m . Therefore, the creat ion of b o u n d a r y l ub r i ca t i ng f i l m affects o n l y the rate of the f r ic t ion d rop . 

T h e au thors r ecogn ize seve ra l d r a w b a c k s of the p e r f o r m e d s tudy. The m o s t i m p o r t a n t p o i n t is 

related to measurement repeatability. Since the art icular cartilage is a b io log ica l tissue, the repeatabil i ty 

is u sua l ly not as g o o d as i n the case of technical materials . The m a i n mo t iva t i on for the pe r fo rmed s tudy 

w a s to p r o v i d e a v e r y c o m p l e x c o m p a r i s o n of car t i lage f r i c t iona l b e h a v i o u r focus ing o n the effect of 

speed, l oad , a n d s y n o v i a l f l u i d compos i t ion . It is general ly r e c o m m e n d e d to p r o v i d e seven repetit ions 

at m i n i m u m for b i o l o g i c a l s amples . W h e n s u m m a r i z i n g a l l the s t u d i e d c o n d i t i o n s a n d f lu ids , this 

w o u l d l e a d to n e a r l y 600 separate expe r imen t s , each l a s t i ng n e a r l y 23 m i n . C l e a r l y , th is c o u l d not 

be d o n e d u e to (i) a m o u n t of car t i lage samples , (ii) costs of m o d e l f l u ids , a n d (i i i) r e q u i r e d t i m e for 

testing. H o w e v e r , it s h o u l d be po in t ed out that the authors f o l l o w e d v e r y strict exper imenta l procedure. 

T h e car t i lage spec imens w e r e ext rac ted f r o m the same par ts o f the p o r c i n e f e m o r a l bones co l lec ted 

shor t ly after s laughte r ing f rom a loca l butcher. In the case of a n y s u s p i c i o n about the c o n d i t i o n of the 

bone , o r ex t rac t ion of the car t i lage p i n , these s amples were i m m e d i a t e l y e x c l u d e d . A t the b e g i n n i n g 

of the s tudy, s ix r a n d o m lubr i can t s w e r e chosen , a n d the expe r imen t s w e r e repeated t w o t imes i n 

order to check the repeatabili ty. A s v e r y satisfactory compl iance was observed, further measurements 

were rea l ized o n l y once. Never theless , the results of the tests were ana lysed independen t ly b y va r ious 

m e m b e r s of the research t eam i n o rder to p reven t unc lea r conc lus ions . If necessary, the exper iments 

u n d e r some c o n d i t i o n s w e r e repeated m o r e t imes . Therefore, e v e n i f the au thors c o u l d not p r o v i d e 

extensive statist ical analys is i n the present study, it is a s s umed that the f ind ings are relevant s h o w i n g 

clear f i n d i n g s a n d dependenc ies . T h i s s tatement is s u p p o r t e d b y a c o m p r e h e n s i v e da ta set w i t h 

clear effects across a w i d e range of l ub r i can t s a n d e x p e r i m e n t a l c o n d i t i o n s . In a d d i t i o n , excel lent 

repeatabi l i ty c o u l d be ob ta ined for three consequence f r ic t ion tests p e r f o r m e d w i t h each spec imen , as 

i l lus t ra ted i n F igu re 2. A c c o r d i n g to the au thor ' s best k n o w l e d g e , s u c h a c o m p l e x s t u d y has not been 

i n t r o d u c e d before. O u r fur ther m o t i v a t i o n is to c o m b i n e the i n f o r m a t i o n about f r i c t iona l b e h a v i o u r 

w i t h direct i n s i tu observat ion of the contact u s ing fluorescent mic roscopy m e t h o d [40]. This technique 

makes it poss ib le to qua l i t a t ive ly assess the f i l m thickness together w i t h the de t e rmina t ion of the role 

of i n d i v i d u a l s y n o v i a l f l u i d const i tuents [41]. M o r e o v e r , the m a i n m o t i v a t i o n for the present s t u d y 

w a s to p r o v i d e a c o m p r e h e n s i v e assessment of the car t i lage f r i c t iona l behav iou r . Specif ic o b s e r v e d 

phenomena are g o i n g to be invest igated i n the u p c o m i n g study. This s h o u l d focus o n specific condi t ions 

a n d f lu ids , concent ra t ing o n f u l l y re levant stat ist ical desc r ip t ion . 

F o c u s i n g o n the p r e v i o u s research, it w a s f o u n d that h u m a n s y n o v i a l f l u i d exh ib i t s s igni f icant 

differences i n v i s c o s i t y [36]. H o w e v e r , i t s h o u l d be e m p h a s i z e d that a l l the f l u i d s e m p l o y e d i n the 

present s tudy were p repared ar t i f ic ia l ly f rom the same constituents of the same series p r o v i d e d b y the 
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same p roduce r s . A l t h o u g h there is a n apparen t difference i n content of i n d i v i d u a l par t s r e g a r d i n g 

p h y s i o l o g i c a n d osteoarthri t ic f l u i d , the v i s cos i t y difference w a s f o u n d to be neg l ig ib l e v a r y i n g f r o m 

2.6 to 2.8 mPa-s for P C a n d O C , respect ively . Therefore , it i s a s s u m e d that the difference i n f r i c t ion 

cor responds to in terac t ion of the consti tuents rather t han to the effect of viscosi ty . 

A fur ther l i m i t a t i o n of the s t u d y is re la ted to the contact mechan ic s . T h e present p a p e r uses 

cartilage-on-glass contact. It is pa r t i cu la r ly compl ica ted to investigate real cartilage-on-cartilage contact 

i n the labora tory . T h e p o i n t i s that it is n e a r l y i m p o s s i b l e to get a flat car t i lage s a m p l e of suff icient 

s ize i n o rde r to enable m u t u a l m o t i o n i n the range of a c o u p l e of m i l l i m e t r e s at least. Therefore, one 

of the r u b b i n g surfaces is often subs t i tu ted b y t echn ica l m a t e r i a l [12,13,23,28]. G l a s s as a counter 

face w a s u s e d b y M u r a k a m i et a l . [28], a m o n g others. It has been d i s c u s s e d i n the l i tera ture that 

se lec t ion of glass m a y benefit f r o m its p roper t ies . G l a s s is gene ra l l y v e r y s m o o t h , h a r d , n o n p o r o u s , 

a n d i m p e r m e a b l e , c o m p a r e d to a r t i cu la r car t i lage; h o w e v e r , it exh ib i t s a h y d r o p h i l i c n e g a t i v e l y 

cha rged nature , c o r r e s p o n d i n g to p r o t e o g l y c a n o n supe r f i c i a l l aye r of a r t i cu la r car t i lage u n d e r w e t 

condi t ions [42]. Thus , glass is cons idered to be a suitable counterpart mater ia l . Fur ther m o t i v a t i o n for 

u s i n g glass is re la ted to the p o s s i b i l i t y of v i s u a l i z a t i o n of l ub r i can t f i l m f o r m a t i o n [43] u s i n g o p t i c a l 

fluorescent mic roscopy [40] i n future. The results w i l l be confronted i n the u p c o m i n g study. Moreover , 

it s h o u l d be e m p h a s i z e d that glass appa ren t l y has a v e r y l i m i t e d effect o n f r i c t iona l behav iou r . T h i s 

c o u l d be c lear ly seen d u r i n g the experiments . Af te r r ehydra t ion , f r ic t ion d r o p p e d to the same leve l as 

was at the b e g i n n i n g of the test; i nd i ca t ing that there were no molecules adsorbed o n the glass surface 

w h i c h w a s f l ooded a l l the t ime. 

W h e n s u m m a r i z i n g the d r a w b a c k s of the paper , s i m p l i f i e d l o a d i n g a n d k i n e m a t i c c o n d i t i o n s 

s h o u l d be h i g h l i g h t e d as w e l l . It is apparen t that h u m a n large s y n o v i a l jo in ts (hips , knees) w h i c h 

u sua l l y suffer f rom osteoarthrit is, operate unde r transient l o a d a n d k inemat ics . H o w e v e r , it s h o u l d be 

m e n t i o n e d that l abora tory p in -on-p la te rec iproca t ing tes t ing became a rout ine es tabl ished technique 

w h e n e x a m i n i n g f r ic t ion , l u b r i c a t i o n , a n d w e a r mechan i sms i n b i o t r i b o l o g y area. H o w e v e r , va r iab le 

change of l o a d throughout the stroke, different length of i n d i v i d u a l strokes, or more complex eight- l ike 

or s p i r a l - l i k e m o t i o n m i g h t be a m o t i v a t i o n for future research. T h i s i d e a is s u p p o r t e d b y f i nd ings 

p r o v i d e d b y M y a n t et a l . [44], w h o descr ibed a clear effect of transient m o t i o n o n lubr ica t ion behav iour 

of ar t i f ic ia l joints. 

5. Conclusion 

T h e present s t u d y deal t w i t h c o m p l e x assessment of f r i c t iona l b e h a v i o u r of a r t i cu la r car t i lage. 

The experiments were rea l ized u s ing pin-on-plate reciprocat ing tr ibometer w h i l e the contact of porc ine 

f e m o r a l car t i lage a n d s m o o t h glass p la te w a s s t u d i e d . T h i r t e e n m o d e l lub r i can t s w e r e c o m p a r e d , 

focus ing o n the role of concent ra t ion a n d m u t u a l in terac t ion of i n d i v i d u a l s y n o v i a l f l u i d consti tuents. 

T h e expe r imen t s w e r e ca r r i ed out u n d e r t w o speeds c o r r e s p o n d i n g to s l o w a n d n o r m a l w a l k i n g . 

F u r t h e r m o r e , t w o leve ls of l o a d m i m i c k i n g w a l k i n g a n d stair c l i m b i n g w e r e cons ide red . T h e m a i n 

f ind ings are s u m m a r i z e d i n the f o l l o w i n g poin ts . 

F o c u s i n g o n the differences i n concen t ra t ion of f l u i d const i tuents c o r r e s p o n d i n g to p h y s i o l o g i c 

a n d osteoarthritic s y n o v i a l f l u i d , o n l y a l i m i t e d effect o n fr ic t ion was observed w h e n protein-based 

lubr icants were a p p l i e d . 

The lowest f r ic t ion w a s general ly observed for the mix ture of y - g l o b u l i n , H A , a n d P H s , i nd i ca t ing 

the apparent role of in te rac t ion of the const i tuents . In a d d i t i o n , the impor t ance of H A a n d P H s 

despite its l o w e r concent ra t ion w a s demons t ra ted . 

The effect of H A a n d P H s can be further d iscussed i n re la t ion to s l i d i n g speed. The results s h o w e d 

that these const i tuents l ead to s t ab i l i zed f r ic t ion w i t h a neg l ig ib le speed effect. 

A n increased l o a d l e d to l o w e r f r i c t ion , i n genera l . T h i s f i n d i n g is i n agreement w i t h p r e v i o u s 

scientific observat ions . 
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R e g a r d i n g the i m p l i c a t i o n for b i o t r i b o l o g i c a l tes t ing of a r t i cu la r car t i lage, the i m p o r t a n c e of 

the in t e rac t ion of p ro te ins w i t h H A a n d P H s s h o u l d be h i g h l i g h t e d . Therefore, it is s t rong ly 

r e c o m m e n d e d to e m p l o y c o m p l e x m o d e l f lu ids w h e n e x a m i n i n g cart i lage behaviour . 

Fu r the r research s h o u l d exp lo re the role of t ransient k i n e m a t i c a n d l o a d i n g cond i t i ons , a m o n g 

other things [44]. In add i t i on , the role of other constituents (e.g., lubr ic in) s h o u l d be clar i f ied, as it 

has been ind ica ted i n the literature that it m a y influence cartilage lubr ica t ion propert ies [25,26,45]. 
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Abstract: H y a l u r o n i c a c i d ( H A ) inject ions represent one of the mos t c o m m o n m e t h o d s for the 

t reatment of os teoar thr i t is . H o w e v e r , the c l i n i c a l resul ts of th is m e t h o d are u n a m b i g u o u s m a i n l y 

because the m e c h a n i s m of ac t ion has not been c l ea r ly c la r i f i ed yet . V i s c o s u p p l e m e n t a t i o n consists , 

inter a l ia , of the i m p r o v e m e n t of s y n o v i a l f l u i d rheologica l propert ies b y injected so lu t ion . The present 

paper deals w i t h the effect of H A molecu la r w e i g h t o n the rheologica l propert ies of its so lut ions a n d 

also o n f r ic t ion i n the ar t icular cart i lage m o d e l . V i scos i t y a n d viscoelast ic propert ies of H A solu t ions 

were a n a l y z e d w i t h a ro t a t iona l rheometer i n a cone -p l a t e a n d p l a t e -p l a t e con f igu ra t i on . I n total , 

four H A solut ions w i t h mo lecu la r we igh t s be tween 77 k D a a n d 2010 k D a were tested. The fr ic t ional 

measurements were rea l ized o n a commerc i a l t r ibometer B ruke r U M T Tr iboLab , w h i l e the coefficient 

of f r i c t ion ( C o F ) d e p e n d e n c y o n t i m e w a s m e a s u r e d . The contact c o u p l e cons i s ted of the a r t icu la r 

car t i lage p i n a n d the p la te m a d e f r o m o p t i c a l glass. The contact w a s f u l l y f l o o d e d w i t h tested H A 

so lu t ions . Resu l t s s h o w e d a s t rong d e p e n d e n c y b e t w e e n H A m o l e c u l a r w e i g h t a n d its r heo log i ca l 

proper t ies . H o w e v e r , n o clear dependence b e t w e e n H A m o l e c u l a r w e i g h t a n d C o F w a s r evea led 

f r o m the f r i c t iona l measurement s . T h i s s t u d y presents n e w i n s i g h t i n to the dependence b e t w e e n 

rheologica l a n d fr ic t ional behavior of the art icular cartilage, w h i l e such an extensive inves t iga t ion has 

not been presented before. 

Keywords: a r t icu lar cart i lage; h y a l u r o n i c ac id ; rheo logy; f r ic t ion 

1. Introduction 

A n ar t icular carti lage is a k i n d of hya l ine carti lage w h i c h covers s l i d i n g surfaces i n large s y n o v i a l 

joints (e.g., the h i p or knee). U n d e r phys io log ica l condi t ions , the articular cartilage creates s l i d i n g surfaces 

w i t h extremely l o w fr ict ion a n d m i n i m a l wear. It can also absorb impact loads quite w e l l . The cartilage 

structure consists of a f l u i d a n d s o l i d phase , w h i c h de te rmine its m e c h a n i c a l p roper t i es [1]. A s o l i d 

phase is c o m p o s e d of a n ex t race l lu la r m a t r i x f r o m co l l agen f ibr i l s a n d p ro teog lycans . A c c o r d i n g to 

the or ienta t ion of co l lagen f ibr i ls , the carti lage structure can be d i v i d e d into several layers: superf ic ia l , 

m i d d l e , deep a n d calcif ied zones [2]. C o l l a g e n fibrils are oriented tangential ly to the cartilage surface i n 

the superf icial zone whereas they are mos t ly perpendicular to the surface i n the deep zone. The col lagen 

content is the h ighes t i n the super f i c i a l zone a n d decreases t o w a r d s the deep zone . O n the contrary, 

the p ro teog lycan content is the lowest i n the superf ic ia l zone. The superf ic ia l zone also has the highest 
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porosity, w h i c h means the highest content of f l u i d phase. Th i s inters t i t ia l f l u i d is m a i n l y c o m p o s e d of 

water a n d electrolytes [3]. 

A cartilage-on-cartilage m o t i o n exhibits v e r y l o w fr ic t ion under phys io log i ca l condi t ions . H o w e v e r , 

u n h e a l t h y l i fes ty le , obesity, o r t r aumat i c in jur ies c a n l e a d to the d a m a g e of the a r t i cu la r car t i lage 

a n d c a n cause diseases s u c h as os teoar thr i t i s , chond ropa thy , etc. Os teoar th r i t i s i s one of the mos t 

c o m m o n diseases of the muscu loske le ta l system. These days , it afflicts about 70% of people o lder than 

70 years [4]. Os teoar th r i t i s is cha rac te r i zed b y a n i m b a l a n c e b e t w e e n the synthes i s a n d w e a r of the 

art icular cartilage. The surface of the cartilage shows areas of softening, f ibr i l la t ions , or erosions. In the 

later stage, there m a y even be areas of cartilage loss. This cartilage damage leads to a d is t rac t ion of the 

car t i lage l u b r i c a t i o n m e c h a n i s m a n d a h i g h e r f r ic t ion . P rog res s ion of osteoarthri t is i s also connec ted 

w i t h changes i n the c o m p o s i t i o n of the s y n o v i a l f l u i d [5]. Os teoar th r i t i c s y n o v i a l f l u i d is d i l u t e d b y 

i n f l a m m a t o r y effusion a n d the concent ra t ion of the i n d i v i d u a l componen t s is chang ing . 

V i s c o s u p p l e m e n t a t i o n is one of the n o n i n v a s i v e m e t h o d s for the c u r i n g of os teoar thr i t is . 

T h i s m e t h o d consis ts of in t ra -a r t i cu la r inject ions w i t h h y a l u r o n i c a c i d ( H A ) in to the jo in t capsu le . 

T h e o r i g i n a l t heory about v i s c o s u p p l e m e n t a t i o n [6] a s s u m e d the i m p r o v e m e n t of the r h e o l o g i c a l 

propert ies of s y n o v i a l f l u i d b y exogenous H A . H i g h e r v i scos i ty a n d i m p r o v e d viscoelas t ic proper t ies 

s h o u l d lead to better lubr ica t ion a n d l o w e r fr ic t ion of the osteoarthrit ic ar t icular cartilage. Exogenous H A 

can be detected i n the s y n o v i a l f l u i d for on ly a few days after the injection but m e d i c a l studies [7] reported 

pos i t ive effects of this treatment m e t h o d even after 6 mon ths . Th i s p o i n t e d out another p h y s i o l o g i c a l 

effect of this treatment m e t h o d such as a synthesis of endogenous H A or an ant i - inf lammatory effect [8]. 

H o w e v e r , the m e c h a n i s m of ac t ion of v i s c o s u p p l e m e n t a t i o n has not been suff ic ient ly c la r i f ied yet. 

H y a l u r o n i c a c i d ( H A ) is a p o l y m e r of disacchar ides c o m p o s e d of D - g l u c u r o n i c ac id a n d N - a c e t y l 

D - g l u c o s a m i n e . It is one of the p r i m a r y cons t i tuents of s y n o v i a l f l u i d . I n a h e a l t h y s y n o v i a l joint , 

the concen t ra t ion va r i e s b e t w e e n 1 a n d 4 m g / m L [9,10], a n d the m o l e c u l a r w e i g h t ranges f r o m 

4 k D a u p to 8 M D a [11]. H A is the m a i n const i tuent w h i c h affects the r h e o l o g y of s y n o v i a l f l u i d [12]. 

Concen t ra t ion a n d molecu la r we igh t are the key parameters w h i c h affect the v iscos i ty a n d viscoelastic 

p roper t i es of H A so lu t ions . S o l u t i o n s w i t h a h i g h e r concen t ra t ion exh ib i t a h i g h e r v i s c o s i t y [13,14], 

the same as solut ions w i t h h igher molecu la r we igh t s [13,15]. Solu t ions w i t h h igher molecu la r weigh ts 

also report h ighe r va lues of the storage ( C ) a n d loss (G") m o d u l u s [13,15], a n d the v a l u e of crossover 

f requency is decreas ing [14]. L o n g e r p o l y m e r chains need more t ime to d isentangle so the mo lecu l a r 

t r ans i t ion f r o m a p r e d o m i n a n t l y v i s c o u s response to a n elastic response occurs at l o w e r frequencies. 

In os teoar thr i t ic s y n o v i a l f l u i d , the concen t ra t ion a n d m o l e c u l a r w e i g h t of H A is decreased [16]. 

Exogenous H A w h i c h is injected into the joint capsule d u r i n g v i scosupplementa t ion , s h o u l d restore the 

rheologica l propert ies of heal thy s y n o v i a l f l u i d . D u e to the l o w concentrat ion a n d molecu la r we igh t of 

endogenous H A , the rheologica l propert ies of m i x e d s y n o v i a l f l u i d w i t h v i scosupp lement are p r i m a r i l y 

dependent o n exogenous H A . The best results are obta ined for s y n o v i a l f lu ids m i x e d w i t h cross- l inked 

H A [17,18]. 

T h e s u p e r i o r t r i b o l o g i c a l p roper t i e s ( l o w f r i c t ion a n d m i n i m a l wea r ) of the a r t i cu la r car t i lage 

u n d e r p h y s i o l o g i c a l c o n d i t i o n s s eem to be es tabl i shed b y a n in te rac t ion b e t w e e n the s o l i d a n d f l u i d 

phase. H o w e v e r , a de t a i l ed c o o p e r a t i o n b e t w e e n the car t i lage s t ructure a n d the s y n o v i a l f l u i d has 

not been c la r i f i ed yet . T h e s u p e r i o r t r i b o l o g i c a l p e r f o r m a n c e w a s a t t r ibu ted to m a n y l u b r i c a t i o n 

m o d e s s u c h as b o u n d a r y l u b r i c a t i o n [19], w e e p i n g l u b r i c a t i o n [20], o r m i c r o - e l a s t o h y d r o d y n a m i c 

lub r i ca t ion [21]. H u m a n s y n o v i a l joints operate unde r var iab le l o a d i n g a n d mot ions i n c l u d i n g r o l l i n g 

a n d s l i d i n g d u r i n g va r ious d a i l y activit ies. Therefore, the lubr ica t ion of na tura l s y n o v i a l joints is l i k e l y 

to be ac tua l i zed not b y a s ing le l u b r i c a t i o n m o d e bu t b y a synergis t ic c o m b i n a t i o n of them. In recent 

years , theor ies about a d a p t i v e m u l t i m o d e l u b r i c a t i o n [22,23], b iphas i c l u b r i c a t i o n [24], o r h y d r a t i o n 

l u b r i c a t i o n [25] have been p u b l i s h e d . 

T h e i m p o r t a n c e of H A w i t h i n these v a r i o u s l u b r i c a t i o n r eg imes of the a r t i cu la r car t i lage w a s 

a l ready p r o v e d . H A so lu t ions s h o w e d l o w e r va lues of coefficient of f r i c t ion c o m p a r e d to the s i m p l e 

so lu t ions s u c h as p h o s p h a t e buffer sa l ine (PBS) [26] o r R i n g e r ' s s o l u t i o n [4]. U n l i k e the rheology, 
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the in terac t ion be tween H A a n d other s y n o v i a l f l u i d const i tuents p l a y s an impor t an t role. A mix tu re 

of H A a n d p h o s p h o l i p i d s [27] leads to a l o w e r f r i c t ion c o m p a r e d to a s i m p l e p h o s p h o l i p i d so lu t i on . 

Sur face-anchored H A m o l e c u l e s c o m p l e x syne rg i s t i c a l l y w i t h l i p i d s present i n the s y n o v i a l f l u i d 

to f o r m a b o u n d a r y l u b r i c a t i n g l aye r w i t h v e r y l o w f r i c t ion (ji w 0.001) [28]. M o l e c u l e s of p r o t e i n 

y - g l o b u l i n a n d H A h a v e a different electr ic charge so the i r m o l e c u l e s attract each other a n d f o r m 

complex structures, w h i c h contributes to the lower fr ic t ion [29,30]. O n the other hand , a l b u m i n a n d H A 

have the same electric charge a n d they repel each other. This interact ion is not useful for the reduc t ion 

of f r ic t ion [29,30]. 

T h e H A m o l e c u l a r w e i g h t has a s ign i f ican t i m p a c t o n the r h e o l o g y of s y n o v i a l f l u i d . 

R h e o l o g i c a l s tud ies h a v e s h o w n that H A w i t h a h i g h e r m o l e c u l a r w e i g h t exh ib i t s h i g h e r v i s c o s i t y 

a n d better v iscoe las t ic proper t ies . H A a lso p l a y s a n i m p o r t a n t role i n the r e d u c t i o n i n f r i c t ion i n the 

osteoarthritic joint. Tr ibo log ica l studies s h o w e d a significant decrease i n fr ic t ion after the a d d i t i o n of H A 

to the tested lubr ican t a n d also the impor tance of H A i n the fo rma t ion of b o u n d a r y lub r i ca t ing layers 

o n the cart i lage surface. H o w e v e r , so far, no one has focused o n h o w the H A molecu l a r w e i g h t affects 

the fr ic t ion of the ar t icular cartilage. Therefore, this s tudy is focused o n the changes i n cartilage fr ic t ion 

caused b y differences i n H A m o l e c u l a r we igh t . The i nves t i ga t i on is based o n the c o m b i n a t i o n of the 

deta i led rheology descr ip t ion of H A - b a s e d solut ions a long w i t h its impac t o n the fr ic t ional behavior of 

the art icular cartilage. A c c o r d i n g to the author ' s best k n o w l e d g e , such methodology, poss ib ly b r i n g i n g 

an impor t an t i m p l i c a t i o n for c l i n i c a l pract ice, has not been a p p l i e d before. V i s c o s u p p l e m e n t a t i o n is a 

procedure w h i c h is c o m m o n l y used to cure osteoarthritis i n m a n y h u m a n joints but results reported b y 

patients s h o w substant ia l differences. Therefore, it is impor t an t to examine h o w the m a i n const i tuent 

of v i s c o s u p p l e m e n t (i.e., H A ) affects the f r ic t ion of the ar t icu lar cart i lage. 

2. Materials and Methods 

The rheologica l propert ies of tested h y a l u r o n a n solut ions were de te rmined u s i n g a T A Instruments 

D i s c o v e r y H R - 3 rheomete r ( T A Ins t ruments , N e w Cas t l e , D E , U S A , F i g u r e l a ) . E x p e r i m e n t s w e r e 

conduc ted u s ing a stainless-steel cone a n d plate geometry (60 m m diameter cone w i t h a 1° cone angle). 

T h e t empera ture w a s set to 37 ° C d u r i n g a l l expe r imen t s . In the s teady shear test, the shear rates 

r a n g i n g f rom 0.01 to 5000 s"1 w e r e a p p l i e d to the tested f lu ids . D e p e n d e n c y of v i s cos i t y o n shear rate 

(v i scos i ty curves) w a s eva lua t ed . T h e v i scoe las t ic p roper t i e s of the tested so lu t i ons w i t h a h i g h e r 

v i s c o s i t y w e r e a n a l y z e d b y p e r f o r m i n g a s m a l l - a m p l i t u d e o sc i l l a t o ry shear test ( S A O S ) u s i n g a T A 

Ins t ruments A R - G 2 rheomete r ( T A Ins t ruments , N e w Cas t l e , D E , U S A ) F i g u r e l a ) i n a p l a t e -p la t e 

c o n f i g u r a t i o n (20 m m d iame te r plate) . The S A O S test measures the elastic a n d v i s c o u s m o d u l u s , 

w h e n the tested m a t e r i a l is subjected to s i n u s o i d a l s t ra in . F r e q u e n c y s w e e p measu remen t s w e r e 

c o n d u c t e d at 5% s t r a in ove r a f requency range of 0.05-5 H z . F r e q u e n c y sweeps w e r e p e r f o r m e d at 

s t ra in a m p l i t u d e w h i c h w a s d e t e r m i n e d to be i n the l inear v i scoe las t ic range. Tempera tu re w a s set 

to 37 ° C . TJynamic m o d u l i w e r e d e t e r m i n e d as a f unc t i on of the a n g u l a r frequency. A l l exper iments 

were repeated three t imes w i t h a fresh s a m p l e of H A . F r o m these data , average va lues a n d s t anda rd 

dev ia t ions were counted . 

I n a n effort to u n d e r s t a n d the effect of H A m o l e c u l a r w e i g h t o n the r h e o l o g y a n d f r i c t ion of 

cartilage, a l l experiments were pe r fo rmed u s ing s imple H A solut ions w i t h different molecu la r weights . 

In tota l , four H A so lu t ions w i t h a concen t r a t i on of 20 m g / m L a n d a m o l e c u l a r w e i g h t of 77 k D a , 

640 k D a , 1060 k D a a n d 2010 k D a w e r e tested. So lu t i ons w e r e p r e p a r e d f r o m H A p o w d e r ( C o n t i p r o , 

D o l n í D o b r o u č , C z e c h Republ ic ) b y d i s so lu t ion of the requi red amoun t of p o w d e r i n P B S . The so lu t ion 

w a s s t i r red b y a magne t i c s t i r rer a n d hea ted to 60 ° C for at least three h o u r s to ensure the p r o p e r 

d i s s o l u t i o n of H A . 

The reciprocat ing s l i d i n g tests were conduc ted o n a commerc ia l t r ibometer Bruker U M T Tr iboLab 

(Bruker , B i l l e r i c a , M A , U S A ) i n a p in -on -p l a t e c o n f i g u r a t i o n (F igure l c ) . T h e coefficient of f r i c t ion 

w a s inves t iga t ed as a f unc t i on of t ime for the s l i d i n g p a i r of the s ta t ionary glass p la te m a d e f r o m 

the o p t i c a l glass B270 a n d the m o v i n g p o r c i n e car t i lage s p e c i m e n . T h i s s p e c i m e n w a s l o a d e d w i t h 



Materials 2020,13, 2659 4 of 14 

a constant l o a d of 5 N . The s l i d i n g speed of 10 m m / s w a s selected a n d the r ec ip roca t ing s t roke w a s 

20 m m . The contact was fu l ly f looded w i t h H A so lu t ion . To m i m i c the temperature of the h u m a n body, 

the l ub r i can t w a s hea ted to 37 ° C v i a h e a t i n g car t r idges i n a steel chamber . Before each exper imen t , 

an u n l o a d e d car t i lage s a m p l e w a s i m m e r s e d i n l ub r i can t for 320 s to let the car t i lage soak w i t h 

lubr ican t . A t the e n d of this p r e l i m i n a r y phase , the car t i lage w a s l o a d e d a n d the f r i c t ion test s tar ted 

immedia te ly . Af te r 300 s (75 cycles, s l i d i n g dis tance of 2740 m m ) , the s l i d i n g test w a s in te r rup ted a n d 

the carti lage w a s u n l o a d e d for another 320 s. Th i s u n l o a d e d phase is impor tan t for the r ehydra t ion of 

the cart i lage spec imen . Subsequently, the rec iprocat ing test w a s restarted i m m e d i a t e l y after r e load ing 

a n d c o n t i n u e d for ano ther 300 s. The u n l o a d i n g phase w a s repeated t w i c e so three tests u n d e r the 

same c o n d i t i o n s w e r e p e r f o r m e d (F igure l c ) . The f r i c t ion a n d the n o r m a l force w e r e c o n t i n u o u s l y 

m o n i t o r e d t h r o u g h a b i a x i a l force sensor connected to the p i n holder . F r o m these data, the coefficient 

of f r i c t ion w a s ca lcu la ted . S l i d i n g tests w e r e repeated four t imes u n d e r the same c o n d i t i o n s w i t h 

four different car t i lage s a m p l e s a n d fresh s a m p l e s of tested lub r i can t . B e t w e e n tests w i t h different 

lubr icants , cart i lage samples w e r e i m m e r s e d i n P B S . 

Methods I Materials 

Figure 1. Scheme of research plan: (a) rheological measurements; (b) cartilage sample preparation; 
(c) frictional measurements; (d) tested solutions. 

Intact cartilage specimens w i t h u n d e r l y i n g subchondra l bone were prepared f rom porcine femoral 

heads (Figure l b ) . Porc ine femurs were ob ta ined f rom the loca l s laughterhouse w i t h i n a few hour s of 

slaughter. C y l i n d r i c a l cart i lage spec imens w i t h diameters of 5.6 m m were extracted f rom the femora l 

heads u s ing a h o l l o w d r i l l . Just one cartilage spec imen f rom approx imate ly the same area of the femoral 

h e a d w a s ext rac ted f r o m each femur . A f t e r p r ep a r a t i o n , the s p e c i m e n w a s s tored i n the freezer at 

- 2 0 ° C i n a P B S s o l u t i o n for n o more t han 2 weeks . T h i s p rocedure s h o u l d s l o w d o w n the b i o l o g i c a l 

d e g r a d a t i o n of the car t i lage t issue. It has a lso been r epor t ed [31] that s t o r i n g the a r t i cu la r car t i lage 

u n d e r these c o n d i t i o n does not change its mechan ica l propert ies . H a l f a n h o u r before the exper iment , 

the cart i lage w a s r e m o v e d f rom the freezer to t h a w at r o o m temperature. 
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3. Results and Discussion 

3.1. Rheology of HA 

First ly, the v iscos i ty of a l l the tested H A solut ions was measured. The v iscos i ty curves (a v iscos i ty 

dependence o n shear rate) of a l l four H A s a m p l e s w i t h different m o l e c u l a r w e i g h t s are s h o w n i n 

F i g u r e 2a. T h e results s h o w e d a s t rong d e p e n d e n c y b e t w e e n the v i s c o s i t y a n d m o l e c u l a r w e i g h t of 

H A . The highest v i scos i ty w a s measu red for H A w i t h a mo lecu l a r w e i g h t of 2010 k D a a n d the lowes t 

for 77 k D a H A ove r the w h o l e range of shear rate. The m e a s u r e d ze ro shear v i s c o s i t y (v i scos i ty for 

the l o w e s t tested shear rate - 0.01 1/s) for a l l tested samples w a s (mean v a l u e + s t anda rd dev ia t ion) : 

107.1 + 1.7 Pa-s; 11.6 + 0.4 Pa-s; 1.67 + 0.05 Pa-s. The v i scos i ty of 77 k D a H A was not measured at v e r y 

l o w shear rates d u e to the l i m i t a t i o n s of the e x p e r i m e n t a l m e t h o d o l o g y . V i s c o s i t y w a s m e a s u r e d o n 

the rheometer i n a cone-p la te conf igura t ion ; the measurement of s u c h l o w v i scos i ty f l u i d at v e r y l o w 

shear rates i n th is c o n f i g u r a t i o n w a s no t poss ib le . The ze ro shear rate v i s c o s i t y of this s a m p l e w a s 

measured at 0.1 1/s a n d the measured va lue is 0.013 + 3 x l O " 3 Pa-s. The zero shear rate v i scos i ty of the 

s y n o v i a l f l u i d f r om a heal thy joint ranges f rom 1 to 175 Pa-s [32], w h i l e the zero shear rate v i scos i ty of 

the s y n o v i a l f l u i d obta ined f rom osteoarthrit ic joint ranges f rom 0.01 to 11 Pa-s [15,17,32,33]. Based o n 

the ze ro shear v i scos i t ies , tested H A so lu t i ons c o r r e s p o n d to the os teoar thr i t ic s y n o v i a l f l u i d o r to 

the l o w v i s c o s i t y s y n o v i a l f l u i d f r o m a h e a l t h y jo in t e v e n t h o u g h the concen t ra t ion of H A is m u c h 

higher . Interest ingly, s tudies w i t h c o m m e r c i a l v i s c o s u p p l e m e n t s a lso exh ib i t a large d i s p e r s i o n i n 

results . T h e ze ro shear rate v i s c o s i t y of c o m m e r c i a l v i s c o s u p p l e m e n t s c a n v a r y b e t w e e n 0.5 a n d 

190 Pa-s [34,35]. It can be a s s u m e d that these l o w v i scos i t y H A so lu t ions w i l l no t p e r f o r m w e l l i n the 

recovery of the rheo log ica l propert ies of osteoarthri t ic s y n o v i a l f l u i d after m i x i n g w i t h it. R e s u m p t i o n 

of the rheo log i ca l p roper t ies of hea l t hy s y n o v i a l f l u i d after m i x i n g osteoar thr i t ic s y n o v i a l f l u i d w i t h 

v i s cosupp l emen t is one of the m a i n objectives of v i s cosupp lemen ta t ion . 

H A e x h i b i t e d the n o n - N e w t o n i a n shear t h i n n i n g b e h a v i o r (v i scos i ty decrease w i t h i nc reas ing 

shear rate). M o l e c u l e s of H A are en t ang l ed a n d m o s t resistant to f l o w at l o w shear rates. A t h i g h 

shear rates, molecu les d isentangle a n d a l i g n i n the shear f ie ld . The strongest shear t h i n n i n g behav io r 

c a n be o b s e r v e d w i t h 2010 k D a H A . H A w i t h l onge r p o l y m e r cha ins a l l o w for a greater n u m b e r of 

entanglements a n d consequent ly for a h igher va lue of zero shear v iscos i ty a n d a stronger shear t h i n n i n g 

b e h a v i o r [18]. O n the other h a n d , the shear t h i n n i n g b e h a v i o r for 77 k D a H A is r e l a t i ve ly w e a k a n d 

c a n be o b s e r v e d i n a v e r y s m a l l range of shear rates. T h i s H A s a m p l e exh ib i t s N e w t o n i a n b e h a v i o r 

most of the t ime. Fo r example , the rate of shear t h i n n i n g behav io r can be a n a l y z e d b y the v a l u e of ^p, 

w h i c h is the ra t io of the ze ro shear rate v i s c o s i t y a n d the v i s c o s i t y at some de f ined v a l u e s of shear 

rate [18,36]. Ca l cu l a t ed va lues of shear t h i n n i n g ratio for a l l four H A samples are stated i n Table 1. 

Shear t h i n n i n g ratios for s y n o v i a l f l u i d f r om n o r m a l joints v a r y be tween 70 a n d 250 or be tween 5 a n d 

40 for the s y n o v i a l f l u i d asp i ra ted f r o m joints w i t h osteoarthri t is . F o r c o m m e r c i a l v i s cosupp lemen t s , 

this ra t io ranges b e t w e e n 2.3 a n d 651.2 [37]. Three out of four tested H A samples are consistent w i t h 

results of osteoarthri t ic s y n o v i a l jo int or v i s cosupp lemen t s w i t h l o w m o l e c u l a r w e i g h t H A again . 

The second part of the rheologica l measurements w a s an analysis of the viscoelast ic propert ies of 

the tested H A solu t ions . F igu re 2b contains results of the f requency sweep measurements . The g r a p h 

contains the storage a n d loss m o d u l u s dependency o n the frequency of osc i l la t ing m o t i o n for three H A 

solut ions . Viscoelas t ic proper t ies of 77 k D a H A were not measurable i n the p la te -p la te conf igura t ion . 

H A w i t h m o l e c u l a r w e i g h t s of 640 k D a a n d 1060 k D a exh ib i t ed a v i s c o u s - l i k e b e h a v i o r i n the w h o l e 

range of tested frequencies (i.e., the va lues of G " were a l w a y s h ighe r t han the va lues of G ' ) . O n l y the 

resul ts of H A w i t h the h ighes t m o l e c u l a r w e i g h t e x h i b i t e d a v iscoe las t ic behav io r , p r e sen t ing a 

c rossover p o i n t at 0.4 H z . T h i s p o i n t ind ica tes a t r ans i t i on f r o m the v i s c o u s to elastic behav ior . 

The s o l u t i o n shows the v i scous behav io r at l o w frequencies, because the mo lecu l a r chains can release 

stress b y d i sen t ang lemen t a n d m o l e c u l a r rea r rangement d u r i n g the p e r i o d of o sc i l l a t i on . H o w e v e r , 

at h i g h frequencies, chains cannot disentangle d u r i n g the short p e r i o d of osc i l la t ing m o t i o n ; therefore, 

the s o l u t i o n exh ib i t s elastic b e h a v i o r [38]. T h e c rossover f requency is a l so i m p o r t a n t because i t 
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de te rmines to w h a t extent the f l u i d absorbs o r d i ss ipa tes ene rgy [18]. B a l a z s [39] r epo r t ed n e a r l y 

the same v a l u e of c rossover p o i n t f requency for h e a l t h y s y n o v i a l f l u i d o b t a i n e d f r o m the knees of 

i n d i v i d u a l s over the age of 52. The crossover po in t of 0.4 H z means that, d u r i n g n o r m a l d a i l y activities, 

such as w a l k i n g or r u n n i n g (frequency of 0.5 a n d 2.5-3 H z [40]), the 2 010 k D a H A s o l u t i o n behaves 

l ike the elastic body. It can adsorb mechanica l energy a n d thereby it c o u l d protect the ar t icular cartilage 

against mechanica l damage or wear. Values of G ' a n d G " of a l l tested H A solut ions at the frequencies of 

0.5 H z a n d 2.5 H z are stated i n Table 1. The results s h o w e d that the magn i tudes of G ' a n d G " increase 

w i t h the mo lecu l a r w e i g h t of H A a n d the po ten t i a l crossover po in t m o v e s to l o w e r frequencies. 
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Figure 2. (a) Viscosity as a function of shear rate for H A solutions w i t h different molecular weights; 
(b) Elastic (G') and viscous (G") modu l i as a function of frequency for H A solutions w i t h different 
molecular weights. 

Table 1. Rheological properties of tested H A solutions. 

0.5 Hz 2.5 Hz Crossover 
MW 

(kDa) 
Zero bhear 

Viscosity (Pas) 
10 

'/300 G ' (Pa) G" (Pa) G ' (Pa) G" (Pa) 
Frequency 

(Hz) 
2010 107+1.7 113.9 101 + 3.5 92.3 + 4 220 ± 9.5 125 + 6.3 0.4 
1060 11.6 + 0.4 17.8 13.5 + 1.5 29 + 2.5 55.8 ± 5.6 67.5 ± 5.3 -
640 1.67 + 0.05 4.1 0.4 + 0.04 5.8 + 0.03 5.4 ± 0.3 22.2 ± 0.2 -
77 0.013 ± 3 x 10' 3 1.3 - - - -

3.2. Cartilage Friction Analysis 

A distance-dependent fr ict ional behavior for four cartilage samples lubr ica ted b y P B S is s h o w n i n 

F igure 3. The in i t i a l f r ic t ion is v e r y low, as is typ ica l for the intact cartilage. The values of the coefficient 

of f r i c t ion (CoF) are b e t w e e n 0.01 a n d 0.015. H o w e v e r , the C o F is g r a d u a l l y i nc r ea s ing w i t h s l i d i n g 

distance. A t the e n d of the first measurement substep ( s l id ing distance of 2740 m m ) , the values of C o F 

have increased to 0.15-0.18. This behavior corresponds to the theory of b iphas ic lubr ica t ion b y A t e s h i a n 

et a l . [3,24,41]. T h e f r i c t ion is s t r ong ly i n f l u e n c e d b y l o a d s u p p o r t f r o m p r e s s u r i z e d in te rs t i t i a l f l u i d 

(i.e., b y e x u d a t i o n a n d r e h y d r a t i o n of the cart i lage po rous structure d u r i n g the l o a d e d a n d u n l o a d e d 

phases of gai t cycle) . A f t e r the s l i d i n g d i s tance of 2740 m m , the car t i lage s p e c i m e n w a s u n l o a d e d 

for 320 s. W h e n the car t i lage s a m p l e w a s r e l o a d e d a n d the r ec ip roca t i ng test restar ted, f r i c t ion w a s 

s ign i f i can t ly decreased f r o m the p r e v i o u s h i g h l e v e l . T h i s r ecove ry of l o w f r i c t ion w a s caused b y 

the p r e v i o u s l y m e n t i o n e d r e h y d r a t i o n of car t i lage, bu t the i n i t i a l v a l u e s of C o F are s l i g h t l y h i g h e r 

than i n the first measurement substep. Th i s p h e n o m e n o n c o u l d be caused b y insufficient r ehydra t ion 

of the car t i lage or b y p a r t i a l r e m o v a l of the b o u n d a r y l u b r i c a t i n g l aye r f r o m the car t i lage surface. 

In the s econd a n d t h i r d measurement substeps, a v e r y s i m i l a r f r i c t iona l b e h a v i o r to the first substep 

w a s o b s e r v e d . H o w e v e r , the i n i t i a l a n d f ina l v a l u e s of C o F w e r e s l i g h t l y h i g h e r c o m p a r e d to the 

p rev ious substep. 
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Figure 3. Coefficient of friction as a function of a sliding distance for four cartilage samples lubricated 
by phosphate buffer saline (PBS). 

A f t e r th is i n i t i a l set of expe r imen t s , a l l four car t i lage s amples w e r e tested w i t h a l l four H A 

so lu t ions as lub r i can t s . T h e resul ts of these expe r imen t s are stated i n F i g u r e 4. E a c h g r a p h conta ins 

data measu red w i t h one car t i lage s p e c i m e n a n d four H A so lu t ions w i t h different m o l e c u l a r we igh t s . 

T h e resul ts s h o w e d a s ign i f ican t decrease i n f r i c t ion c o m p a r e d to the p u r e base s o l u t i o n (i.e., P B S ) . 

S imi l a r trends were p u b l i s h e d i n studies [4,30,42]. The most s ignif icant decrease can be observed w i t h 

s a m p l e 4 (F igure 4d) . A t the e n d of the f r i c t iona l tests, the v a l u e s of C o F m e a s u r e d w i t h H A w i t h 

different m o l e c u l a r w e i g h t s v a r i e d b e t w e e n 0.009 a n d 0.03 c o m p a r e d to the v a l u e of 0.16 m e a s u r e d 

w i t h pure P B S . O n the other h a n d , sample 2 (Figure 4b) exhib i ted the highest values of CoF . A t the end 

of the f r i c t iona l tests, va lues of C o F v a r i e d b e t w e e n 0.05 a n d 0.9 d e p e n d i n g o n the m o l e c u l a r w e i g h t 

of H A . The h ighes t f r i c t ion for s a m p l e 2 w a s measu red w i t h 77 k D a H A a n d the lowes t f r i c t ion w i t h 

1060 k D a H A . Never the le s s , the f r i c t ion m e a s u r e d w i t h s a m p l e 2 a n d 1060 k D a H A w a s s t i l l h i g h e r 

than a n y results of sample 4. 

O v e r a l l , H A solut ions s h o w e d a larger scatter of data compared w i t h the rheologica l measurements, 

a n d n o clear dependence b e t w e e n the m o l e c u l a r w e i g h t (v iscos i ty) of H A a n d the f r i c t ion i n the 

cartilage m o d e l can be observed. The s tudy b y K w i e c i n s k i et a l . [43] repor ted an app rox ima te ly l inear 

dependency be tween the H A molecu l a r w e i g h t a n d the coefficient of f r ic t ion i n cart i lage-on-cart i lage 

contact . H i g h e r m o l e c u l a r w e i g h t of H A leads to l o w e r v a l u e s of C o F . T h i s t r end c a n be p a r t i a l l y 

obse rved w i t h s ample 1 (Figure 4a) a n d 3 (Figure 4c). 

F igure 5 contains the same data as F igure 4 but each g raph contains data of measurements w i t h a l l 

four cartilage samples a n d one H A so lu t ion . The data s h o w e d that the H A so lu t ion interacts differently 

w i t h each cartilage sample. O v e r a l l , the results s h o w e d re la t ively significant fr ict ion differences be tween 

car t i lage samples . These differences c o u l d be affected b y differences i n the geometry , s t ructure a n d 

m e c h a n i c a l p rope r t i e s of car t i lage samples . E a c h car t i lage s a m p l e w a s extracted f r o m one po rc ine 

f e m o r a l h e a d f r o m a p p r o x i m a t e l y the same area. H o w e v e r , s tud ies b y A p p l e a y r d et a l . [44] o r b y 

K i v i r a n t a et a l . [45] s h o w e d a different content o f c o l l a g e n f ibr i l s a n d p ro t eog lycans across the t ib ia 

plateau, patellae, etc. These differences affect the mechanica l propert ies of the cartilage, such as Y o u n g ' s 

m o d u l u s o r Shear m o d u l u s . M o r e o v e r , R i c h a r d et a l . [46] r epo r t ed differences i n Y o u n g ' s m o d u l u s 

a n d P o i s s o n ra t io b e t w e e n the h e a l t h y car t i lages f r o m s ix pa t ien ts w i t h f e m o r a l n e c k fracture only . 

Samples f rom four different cart i lage areas were tested o n each femora l head . These differences i n the 

m e c h a n i c a l p roper t i es of the car t i lage sample , resp. the l o c a t i o n of s a m p l e ext rac t ion , a lso affect the 

f r ic t ion of the cart i lage [47,48]. Some differences i n the geomet ry of samples can also be caused b y the 

m e t h o d o l o g y of their extract ion. 
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Figure 4. Coefficient of friction as a function of a s l iding distance for hyaluronic acid (HA) solutions 
wi th a molecular weight of: (a) cartilage sample 1, (b) cartilage sample 2, (c) cartilage sample 3, 
(d) cartilage sample 4. 
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solutions 

Coefficient of friction as a function of a s l iding distance for four cartilage samples and H A 
wi th a molecular weight of: (a) 77 kDa, (b) 640 kDa, (c) 1060 kDa, (d) 2010 kDa. 

A n impor tan t role m a y also be p l a y e d b y poss ib le interact ions be tween H A a n d the residues of 

s y n o v i a l f l u i d o n the surface of the carti lage. A l l samples were ba thed i n P B S p r i o r to the fr ic t ional 
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measurements. Solut ions , such as s o d i u m d o d e c y l sulphate or a lcohol , are c o m m o n l y used p r i o r to the 

b io t r ibo log ica l exper iments to c lean the surfaces of the proteins, p h o s p h o l i p i d s , etc. [49-51]. H o w e v e r , 

these solutions c o u l d poss ib ly damage the structure of the cartilage. Reactions between H A a n d proteins 

can be either synergistic or unbeneficial for cartilage friction [29,30,42]. However , the reactions between H A 

and phosphol ip ids seem to be crucial for the effectiveness of H A i n lower ing friction [4,27,52]. The theory b y 

K l e i n et a l . [28,53-55] assumes that H A m a y complex w i t h l ip ids such as Dipa lmi toy lphospha t idy lchol ine 

( D P P C ) , that are present i n the ar t icular cartilage a n d i n the s u r r o u n d i n g s y n o v i a l f l u i d , to p r o v i d e a 

robust b o u n d a r y layer w i t h extremely l o w friction. 

Different resul ts of e v e r y car t i lage s p e c i m e n s h o u l d a lso be re la ted to the inconsis tent results of 

v i scosupplementa t ion i n c l in i ca l practice. Some studies report pos i t ive effects of v i scosupplementa t ion . 

M a h e u et a l . [56] report an improvemen t i n the p a i n or funct ion of osteoarthrit ic joints u p to 40 months 

after v i s cosupp lemen ta t i on . T i k i z et a l . [57] repor ted a s ignif icant r e d u c t i o n i n V A S ( V i s u a l A n a l o g u e 

Scale) a n d W O M A C (Western O n t a r i o a n d M c M a s t e r U n i v e r s i t i e s Os teoar th r i t i s Index) indexes for 

a p e r i o d of 6 m o n t h s i n pat ients w i t h h i p os teoar thr i t i s . Never the le s s , au thors d i d no t f i n d any 

s igni f icant differences b e t w e e n v i s c o s u p p l e m e n t s w i t h h i g h a n d l o w m o l e c u l a r w e i g h t s . O n the 

other h a n d , m a n y s tudies d i d not f i n d differences b e t w e e n H A a n d a n t i - i n f l a m m a t o r y d r u g s [58] or 

placebo [59]. Some of t hem even report an increased r isk of serious adverse event after therapy [60,61]. 

A m b i g u i t y of results leads to the n o n - u n i f o r m recommendat ions of in ternat ional m e d i c a l associations. 

For example , the Eu ropean Society for C l i n i c a l a n d E c o n o m i c Aspec t s of Osteoporosis a n d Osteoarthri t is 

( E S C E O ) r ecommends v i s cosupp lemen ta t i on for the a d v a n c e d p h a r m a c o l o g i c a l management of knee 

osteoarthrit is i n patients w h o r ema in symp toma t i c despite the use of non-s te ro ida l an t i - in f lammatory 

d r u g s [62]. O n the o ther h a n d , Os teoar th r i t i s Resea rch Soc ie ty In te rna t iona l ( O A R S I ) cons iders 

v i s cosupp l emen ta t i on as uncer t a in bu t poss ib le for the treatment of knee osteoarthri t is [63]. 

E x p e r i m e n t s w i t h the a r t i cu la r car t i lage s h o w e d a large d i s p e r s i o n i n results . The m a i n reasons 

are l i k e l y to be the differences i n s t ructure a n d shape b e t w e e n the i n d i v i d u a l car t i lage spec imens . 

Therefore , for o u r future s tudies o n v i s c o s u p p l e m e n t a t i o n , a car t i lage subs t i t u t i on is one of the 

poss ib i l i t ies to i m p r o v e the repeatabi l i ty of the measurements . The subs t i tu t iona l ma te r i a l s h o u l d be 

more h o m o g e n o u s i n its mechan i ca l proper t ies bu t i t s h o u l d s t i l l have s i m i l a r mechan ica l proper t ies , 

be po rous a n d exhib i t l o w va lues of C o F . O n e o p t i o n m a y be the use of hydroge l s based o n p o l y v i n y l 

a l coho l ( P V A ) . These mater ia ls are, a m o n g others, d e v e l o p e d a n d tested i n the l o n g t e rm as a sui table 

mate r ia l for the replacement of d a m a g e d osteoarthri t ic cart i lage [64-68]. F igu re 6 contains the results 

of the i n i t i a l expe r imen t s w i t h P V A h y d r o g e l as a car t i lage rep lacement . The test r i g , e x p e r i m e n t a l 

condi t ions a n d tested lubr icants were the same as before. Samples f rom freeze- thawing P V A h y d r o g e l 

were made accord ing to the s tudy b y Y a r i m i t s u et a l . [29]. The h y d r o g e l sample was replaced after each 

experiment. Results s h o w e d a decrease i n C o F d u r i n g the in i t i a l r un - in phase. Af te r this, most of the H A 

solut ions exhib i ted constant fr ict ion. Values of C o F were even lower than d u r i n g the experiments w i t h 

car t i lage samples . C o n t i n u o u s l y , e v e n i n th is case, n o d i rec t dependence b e t w e e n the H A molecu l a r 

w e i g h t a n d C o F can be seen. 

Fo r a de ta i led s tudy o n the effect of v i scosupp lementa t ion o n the f r ic t ion of the ar t icular cartilage, 

more c o m p l e x lubr icants s h o u l d be tested. Interact ion be tween H A a n d other const i tuents p l a y s a n 

impor tant role i n the lubr ica t ion of the art icular cartilage [27-30]. Therefore, lubricants conta in ing other 

s y n o v i a l f l u i d const i tuents (proteins, p h o s p h o l i p i d s , etc.) s h o u l d be tested. M o r e rel iable results m a y 

also be obta ined f rom measurements w i t h commerc ia l v iscosupplements rather than f rom experiments 

w i t h p u r e H A solut ions . The m e t h o d o l o g y of f r ic t ional exper iments a lso has some shor tcomings . 

Cons tan t speed a n d l o a d d u r i n g s l i d i n g m o t i o n d o not co r r e spond to the cond i t i ons i n real h u m a n 

joints. The cart i lage-on-cart i lage conf igura t ion is l i k e l y to exhib i t l o w e r va lues of C o F w h i c h w i l l 

be closer to the rea l joints. H o w e v e r , impor t an t f ind ings w i l l a l l o w the i n - s i t u obse rva t ion of the 

cart i lage-on-glass contact b y op t i ca l me thods , w h i c h assumes the transparent ma te r i a l of one of the 

surfaces. Fluorescent microscopy shou ld be suitable for this appl icat ion. It a l lows the s tudy of the behavior 

of the i n d i v i d u a l components of complex lubricants a n d is a l ready used for lubr ica t ion analysis of joint 
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replacements i n the author 's laboratory [49,69]. The pin-on-plate tribometer for the in-s i tu observation of 

cartilage-on-glass contact b y fluorescent m ic roscopy is current ly unde r deve lopment [70]. 
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Figure 6. Coefficient of friction as a function of s l id ing distance for po lyv iny l alcohol (PVA) 
hydrogel-on-glass configuration and FtA solutions wi th different molecular weights. 

4. Conclusions 

The present pape r a n a l y z e d the rheo log ica l proper t ies of H A so lu t ions w i t h different m o l e c u l a r 

w e i g h t s a n d a lso the f r i c t iona l b e h a v i o r of these so lu t i ons i n the car t i lage-on-glass contact d u r i n g 

r ec ip roca t ing s l i d i n g tests. R o t a t i o n a l rheometers w e r e e m p l o y e d i n o rde r to a n a l y z e the v i s c o s i t y 

a n d v i scoe las t ic p roper t i e s of H A so lu t i ons w i t h m o l e c u l a r w e i g h t s v a r y i n g b e t w e e n 77 k D a a n d 

2010 k D a . The pin-on-pla te t r ibometer w a s later e m p l o y e d to ana lyze the C o F dependency o n t ime i n 

the carti lage-on-glass contact lubr ica ted b y these H A solut ions . The m a i n conclus ions w h i c h emerged 

f rom the measu red data are s u m m a r i z e d i n the f o l l o w i n g points : 

• R h e o l o g i c a l measurements s h o w e d a s t rong dependency be tween the m o l e c u l a r w e i g h t a n d the 

v i scos i ty or viscoelast ic proper t ies of H A solut ions . H A solut ions w i t h h ighe r mo lecu l a r we igh t s 

exh ib i t ed h ighe r viscosi ty , d y n a m i c m o d u l i a n d shear t h i n n i n g ratio. 

• T h e c rossover p o i n t w a s m e a s u r e d o n l y for one of the tested H A samples . B a s e d o n the 

ob ta ined data , it c a n be a s s u m e d that a h i g h e r m o l e c u l a r w e i g h t of H A leads to l o w e r va lues of 

crossover frequency. 

• C o F measurements s h o w e d a substant ia l d i spe r s ion i n the results, s h o w i n g no clear dependency 

be tween the H A molecu l a r w e i g h t a n d the f r ic t ion i n the cart i lage-on-glass contact. 

• M e c h a n i c a l p roper t i e s a n d o v e r a l l c o n d i t i o n s of i n d i v i d u a l car t i lage s amples c a n s ign i f i can t ly 

affect the effectiveness of H A so lu t i ons d u r i n g the r ec ip roca t i ng s l i d i n g m o t i o n . I n m o s t cases, 

each car t i lage s a m p l e e x h i b i t e d the h ighes t a n d the lowes t va lues of C o F d u r i n g measurements 

w i t h different H A so lu t ion . 

• U n c l e a r results m a y s u p p o r t the con t r ad ic to ry conc lus ions of m e d i c a l s tudies w h o s e results are 

s t rongly dependent o n the i n d i v i d u a l patient 's condi t ions . The cartilage cond i t i on a n d compos i t i on 

of s y n o v i a l f l u i d c a n s ign i f ican t ly affect the effectiveness of v i s cosupp lemen ta t ion . 

• Different results of rheo log ica l a n d f r ic t ional measurements m i g h t also s h o w the insuff ic iency of 

rheo log ica l measurements i n the assessment of v i scosupp lemen t s effectiveness. 
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Abstract 

The present paper explores the effect of viscosupplementation on the friction of articular 
cartilage depending on the rheology of viscosupplements. The experiments were realized on 
rotational rheometers and a tribometer in pin-on-plate configuration. Five commercially 
available viscosupplements and their mixtures with synovial fluid were tested. The results 
showed differences by the order of magnitudes between viscosupplements viscosity and no 
viscoelastic properties in some of them. The friction was substantially affected by the addition 
of viscosupplement into the model synovial fluid. In most cases, mixtures of synovial fluid and 
viscosupplement even showed similar friction as clear viscosupplements. This study is the basis 
for a better understanding of the short-term changes in articular cartilage frictional behavior 
after the viscosupplementation of synovial joint. 
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1. Introduction 

A natural articular cartilage is a biphasic material composed of an extracellular matrix of 
collagen fibers, proteoglycans and chondrocytes [1]. The interstitial fluid is composed of water 
which makes up to 70 - 80 % of the cartilage structure. Thanks to its unique structure and 
synergy between the solid and fluid phase, the cartilage plays an important role in the 
lubrication mechanisms of heavily loaded synovial joints, such as hip or knee [2]. Under 
physiological conditions, the cartilage-on-cartilage contact is characterized by extremely low 
friction and excellent wear resistance^]. However, there are still many ambiguities about the 
lubrication mechanism of the articular cartilage. It seems that various mechanisms of fluid f i lm 
or boundary lubrication may occur in the synovial joint according to the kinematic and loading 
conditions [4, 5, 6]. In general, the cartilage lubrication mechanism is called adaptive 
multimode lubrication [5, 7, 8]. Under certain circumstances, boundary lubrication [9, 10], 
weeping lubrication [3], biphasic lubrication [11, 12], hydration lubrication [13, 14] and others 
may occur. 

During biphasic lubrication, exudation of interstitial fluid from cartilage is expected to 
contribute to the fluid film formation [15]. Therefore, time-dependent frictional behavior is 
expected under compressive loading while the interstitial fluid pressurization is controlled by 
permeability and pressure. The articular cartilage has low permeability; thus it can considerably 
contribute to load support by fluid pressurization [16]. Ateshian et al. [12] assumed that the 
time-dependent frictional behavior depends on the rate of interstitial fluid exudation from the 
cartilage extracellular matrix and rehydration of cartilage. L o w friction could be sustained for 
a long time i f the fluid load support is preserved at sufficient levels. Therefore, migrating 
contact area [17], rehydration by cartilage unloading [18] or hydrodynamic effect [19] are 
crucial for the proper function of the cartilage. 

Under severe conditions, a direct contact between cartilage surfaces in a synovial joint 
may occur. In these conditions, adsorbed film formation on the cartilage surface is an essential 
prerequisite for cartilage low friction and minimal wear maintenance. Interaction between the 
cartilage complex structure and the interaction with individual constituents of an adsorbed film 
should also be considered. It has already been reported that the main constituents of adsorbed 



film on cartilage surfaces are proteins [9, 10, 20], glycoproteins [21, 22], hyaluronic acid (HA) 
[20, 23, 24] and phospholipids [9, 24, 25]. However, a detailed interaction and synergy between 
individual constituents of synovial fluid (SF) and the cartilage structure is still a subject of many 
scientific studies. 

The articular cartilage is considered as a natural high-water content hydrogel. 
Reproduction of its structure and tribological performance using artificial materials could lead 
to the improvement of artificial joints lifetime. Polyvinyl alcohol ( P V A ) hydrogel seems to be 
a suitable candidate for artificial articular cartilage due to great biocompatibility and mechanical 
strength [26, 27, 28]. The main drawback of hydrogels that prevents their implantation into a 
human joint is the excessive wear under loading conditions of heavily loaded joints [29, 30]. 
Murakami et al. [31] reported that the adaptive multimode lubrication can be adapted for three 
types of P V A hydrogels - freeze-thawing (FT), cast-drying (CD) and hybrid, whereas C D on 
FT hybrid gel had the best frictional results. L i et al. [32] also reported a biphasic lubrication 
behavior in cartilage-on-FT hydrogel contact with a reduction of friction after the addition of 
H A into a basic solution. In another study by Murakami et al. [26], C D hydrogel-on-glass 
exhibited even lower friction than the cartilage-on-glass contact. Nakashima et al. [30] analyzed 
the P V A hydrogel-on-glass contact by fluorescent microscopy. The appropriate concentration 
ratio of albumin and y-globulin mixed with H A remarkably reduced wear which indicates that 
the adsorbed boundary lubricating fi lm with optimum structure plays an important role in the 
long-time durability of hydrogels as with natural articular cartilage. 

Due to the adaptive multimode lubrication, the cartilage can maintain low friction and 
wear under physiological conditions for a long period of time. These conditions can 
significantly change during joint diseases, such as osteoarthritis or rheumatoid arthritis. 
Osteoarthritis is one of the most common diseases of locomotor system and a major pathology 
among the elderly in western societies. In these days, about 70 % of people older than 70 years 
suffer from mobility disorders which are caused by primary osteoarthritis [33]. Secondary 
osteoarthritis, caused by joint injuries such as trauma, surgery or infection [34], also becomes 
a problem among younger people with an active lifestyle. The imbalance between the cartilage 
synthesis and wear leads to the progressive damage of cartilage tissue and considerable pain. 
The cartilage surface shows areas of softening, fibrillation or erosion [35] during various stages 
of osteoarthritis. In the later stage, the areas of cartilage loss with revealing of the underlying 
subchondral bone can be detected. This cartilage degeneration is surely connected with a 
distraction of cartilage lubricating mechanism [36, 37, 38] and changes in the composition of 
SF [39] which is diluted by an inflammatory effusion. 

Intra-articular injections with H A have been a method for improvement of lubrication 
conditions preventing pain and motion disabilities due to osteoarthritis for more than 30 years 
[40, 41]. This therapy is called viscosupplementation based on the restoration of pathological 
SF viscosity. Many biological mechanisms of H A in the osteoarthritic joint have also been 
reported [42,43,44]. Despite these various proven effects of intra-articular H A , clinical studies 
report inconsistent results of this treatment method in clinical practice. For example, Maheu et 
al. [45] or Tik iz et al. [46] reported a reduction of pain after viscosupplementation. On the other 
hand, Bannuru et al. [47] or Jevsevar et al. [48] did not observe substantial differences between 
viscosupplements (VSs) and placebo or anti-inflammatory drugs. These conflicting conclusions 
lead to contradictory clinical recommendations [49] and also to inconsistent suggestions of 
international medical associations [50, 51]. 



Many in vitro studies about viscosupplementation are focused on rheology. Higher 
concentration and molecular weight lead to higher viscosity and dynamic modulus [52, 53]. 
Furthermore, the viscosity dependency on molecular weight can be affected by partial cross-
linking. Better results are usually obtained for cross-linked hyaluronic based solutions [53, 54]. 
It is well understood, that VSs exhibit non-Newtonian shear thinning behavior but their in vivo 
efficacy cannot be fully described by flow properties measured by rotational rheometers. H A 
interacts with proteins and other constituents of SF [55] and creates complex structures which 
can significantly improve the boundary lubrication of cartilage. For example, a mixture of H A 
and phospholipids exhibits lower friction in comparison with pure phospholipids solution [25]. 
Seror et al. [24] reported extremely low values of CoF (ju ~ 0.001) in cartilage-on-mica contact 
due to a boundary lubricating layer in which the surface-anchored H A complex synergistically 
with lipids. Interaction between H A and proteins, especially with y-globulin, w i l l also play an 
important role in boundary lubrication of articular cartilage. According to Murakami et al. [18] 
and Yarimitsu et al. [56], y-globulin and H A have opposite electric charges which contribute to 
the creation of complex structures with a positive impact on the cartilage friction. Despite all 
this evidence, not many tribological studies about VSs were published. Cherniakova et al. [57] 
analyzed the frictional behavior of various drugs (antibacterial, anti-inflammatory or VSs) 
which are injected into the joint cavity during synovitis. The frictional analysis of six VSs in 
cartilage-on-glass contact was performed by Bonnevie et al. [58]. However, changes in VSs 
rheology and friction after mixing with osteoarthritic SF were not measured or analyzed. 

Although a relatively large attention has already been dedicated to the issues of intra
articular H A injections, many ambiguities still need to be clarified. Therefore, this study aimed 
to evaluate the rheological and frictional behavior of five commercially available VSs that are 
currently used in the Czech Republic. We tried to designate the extent to which their rheological 
and viscoelastic properties measured by conventional rotational rheometers are correlated with 
their lubricating properties in a model of synovial joint in which the natural articular cartilage 
is replaced by P V A hydrogel. We also hope that our conclusions w i l l have an overlap in 
medicine and help orthopedists with the choice of V S for a specific patient. From our best 
knowledge, the selection of V S is usually based on the orthopedic clinical experience. 

2. Materials and methods 

2.1. Rheological measurements 

To designate the impact of VSs and SF rheological properties on friction, the shear rate-
dependent viscosity and frequency-dependent dynamic modulus were measured by commercial 
rotational rheometers. Viscosity measurements were performed using a T A Instruments 
Discovery HR-3 rheometer (TA Instruments, New Castle, D E , U S A , Figure la). A 60 mm 
diameter cone-plate set up with a 1° cone angle was used. In steady shear tests, the shear rates 
ranging from 0.01 to 5 000 s"1 were applied to the tested fluids while these fluids were heated 
up to 37 °C by a built-in Peltier plate. The data of shear rate-dependent viscosity were fitted to 
the Carreau-Yasuda model to designate the pseudoplastic behavior of the commercial VSs and 
their mixtures with model SF. Additionally, T A Instruments A R - G 2 (TA Instruments, New 
Castle, D E , U S A , Figure la) rheometer was used to perform small-amplitude oscillatory 
(SAOS) tests to analyze the viscoelastic properties of tested solutions. A 20 mm plate-plate 
configuration was used and lubricant samples were heated to 37 °C during the tests. The S A O S 
test analyzes the dynamic modulus when a fluid sample is subjected to sinusoidal strain. In all 



measurements, an initial strain sweep with an oscillatory strain of a 1 H z constant frequency 
and an amplitude between 0.001 and 1.5 rad was applied to the VSs to determine the linear 
response region of the tested samples. Based on these results, subsequent frequency sweeps 
were conducted at 5 % oscillatory shear strain over a frequency range of 0.05 to 5 Hz . A l l 
rheological experiments were conducted three times with a fresh sample of tested fluid. From 
these data, average values were calculated and presented in graphs in the following chapter. 

Figure 1 Research plan: a) Rheological measurements, b) Preparation of PVA-FT hydrogel, c) Frictional 
measurements, d) Tested VSs 

2.2. Tested viscosupplements and model SF 

In total, five different HA-based commercially available VSs (Figure Id) were identified 
for rheological and frictional measurements - Erectus® (Angelini Pharma Österreich, Vienna, 
Austria), Hyalgan® (Fidia Farmaceutici, Padua, Italy), Monovisc® (Anika Therapeutics, 
Bedford, M A , U S A ) , Optivisc Single® (Moss Vis ion, Wembley, United Kingdom) and Synvisc 
One® (Sanofi Genzyme, Ridgefield, N J , U S A ) . VSs were selected based on the concentration, 
molecular weight and cross-linking of contained H A . Samples were used as provided by the 
local suppliers. Table 1 summarizes basic information on VSs based on the package leaflets. 

Table 1 Summary of tested HA-based VSs 

Product HA Concentration 
(mg/ml) 

HA Molecular 
Weight (kDa) Crosslinking Package 

Volume (ml) 
_ ® 
Erectus 12 1 100 No 2 

® 

Hyalgan 10 500 - 730 No 2 

® 
Monovisc 

22 1 000 - 2 900 Yes 4 

® 
Optivisc Single 

30 3 000 Yes 3 

® 
Synvisc One 

8 6 000 Yes 6 



A l l VSs were tested as clear solutions and also as mixtures in a 1:1 ratio with model SF 
to better examine the effect of VSs on the rheology of SF and also on friction in the 
osteoarthritic joint. The model SF composition was based on the research of Galandáková et al. 
[39] and should correspond to the composition of SF of orthopedic patients who suffer from 
osteoarthritis. Phosphate buffer saline (PBS) was used as a basic solution to which albumin 
(24.9 mg/ml), y-globulin (6.1 mg/ml), H A (1.49 mg/ml) and phospholipids (0.34 mg/ml) were 
added. The following products were used for preparation - Bovine serum albumin (powder, > 
96 %; A2153, Sigma-Aldrich, St. Louis, M O , U S A ) , y-globulin from bovine blood (powder, > 
99 %; G5009, Sigma-Aldrich, St. Louis, M O , U S A ) , Sodium Hyaluronate HySi lk (powder, 
quality class - cosmetic; molecular weight = 820 - 1 020 kDa, Contipro, Dolní Dobrouč, Czech 
Republic) and L-a-Phosphatidylcholine (powder, Type X V I - E , lyophilized powder; > 99 %; 
vesicles form; P3556, Sigma-Aldrich, St- Louis, M O , U S A ) . The model synovial fluid 
constituents were solved with PBS overnight at 4 °C using a rocker-shaker (MR-12, Biosan, 
Riga, Latvia). After this, solutions were mixed together and deeply frozen at -22 °C until further 
experiments. Prior to the experiments, test tubes with model SF were taken out of the freezer to 
thaw at laboratory temperature. Model SF was mixed with VSs by a magnetic stirrer ( S M H S -
3, Witeg Labortechnik, Wertheim, Germany). 

2.3. Frictional measurements 

In order to determine the frictional properties of tested HA-based VSs , two series of 
reciprocating sliding tests with clear and mixed VSs were performed on the commercial 
tribometer Bruker U M T TriboLab (Bruker, Billerica, M A , U S A ) . Sliding tests were conducted 
in pin-on-plate configuration (Figure lc ) while the coefficient of friction (CoF) as a function of 
sliding distance was investigated. The contact pair consisted of the stationary glass plate made 
from optical glass B270 and the moving specimen made from P V A - F T hydrogel. The plate 
from P V A - F T hydrogel was deployed on the AISI 52100 steel ball with a diameter of 19 mm 
and mounted in the loading mechanism of the tribometer. P V A - F T hydrogel was loaded with a 
constant load of 10 N and was performing a reciprocating sliding motion with a sliding speed 
of 10 mm/s. The stroke length was set to 20 mm. The contact pair was fully flooded with clear 
V S or mixture with SF during tests and the lubricant was heated to 37 °C v ia heating cartridges 
mounted in a stainless-steel chamber. Each test consisted of three of these loaded phases (Figure 
lc) . Each phase lasted 300 seconds and the P V A - F T hydrogel sample traveled a sliding distance 
of 2740 mm. Loaded phases were separated by two unloaded phases. During unloaded phases, 
the P V A - F T hydrogel sample was unloaded but still immersed in tested lubricant for another 
300 seconds. These unloaded phases are important for the rehydration of the P V A - F T hydrogel 
sample. During the experiments, frictional and loading forces were constantly monitored by a 
biaxial load cell which was connected to the loading mechanism of the tribometer. From these 
data, the values of CoF were calculated. A l l frictional measurements were conducted three 
times under the same conditions with fresh samples of P V A - F T hydrogel and lubricant. 
Average values and standard deviations from these three experiments were calculated and 
presented in the following chapter. 

2.4. P V A - F T hydrogel 
P V A - F T hydrogel (Figure lb) was prepared according to the study by Yarimitsu et al. 

[59]. Firstly, 15 wt% aqueous solution of P V A (polymerization degree: 1700, saponification 
degree: 98.0 - 99.0 mol%, Kuraray, Tokyo, Japan) was prepared. The liquid hydrogel was 
poured into an acrylic mold and sealed. The P V A solution-containing mold was treated by a 



repeated freeze-thawing method in a temperature and humidity-controlled chamber (SH-242, 
E S P E C , Osaka, Japan). Four F T cycles were repeated while each cycle consisted of 8 hours of 
freezing at - 20 °C and 16 hours of thawing at 4 °C. The P V A - F T hydrogel was 2 mm thick in 
its swollen state. P V A - F T hydrogel was stored in deionized water at laboratory temperature to 
prevent the hydrogel from drying out. Before experiments, approximately 2 x 2 cm samples 
were carved from the hydrogel plate. 

3. Results 

3.1. Rheology 

Firstly, steady shear experiments with all tested lubricants were performed. Figure 2 
contains data of shear rate-dependent viscosity for five tested VSs . They were tested as clear 
solutions (Figure 2a) and also as mixtures in a 1:1 ratio with model osteoarthritic SF (Figure 
2b). A s expected, a shear-thinning behavior was found in each of the V S . However, viscosities 
vary by the order of magnitudes between various VSs . Based on the zero shear rate viscosity 
(viscosity at 0.01 1/s), VSs can be divided into three groups - with high (Synvisc One®, Optivisc 
Single®), medium (Monovisc®, Erectus®) and low (Hyalgan®) viscosity. The highest zero shear 
rate viscosity was measured at Synvisc One® - 325.8 ± 3 . 4 Pa-s and the lowest viscosity was 
measured at Hyalgan® - 0.139 ± 0.016 Pa-s. VSs with higher viscosity also exhibit shear-
thinning behavior in wider ranges of shear rate. 

Mix ing of VSs with model SF led to a significant decrease of viscosity compared to the clear 
VSs . The decrease of viscosity for all samples was approximately by one order of magnitude 
but differences between individual mixtures and a division into three groups by the viscosity of 
solutions remained. The highest zero shear rate viscosity was also measured for Synvisc One® 
mixed with model SF - 37.76 ± 3 . 1 Pa-s and the lowest viscosity was measured for a mixture 
of Hyalgan® and SF - 0.0244 ± 0.0005 Pa-s. 
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The subsequent part of the rheological measurements was the analysis of VSs viscoelastic 
properties. Before a frequency sweep, an initial strain sweep with a constant frequency of 1 Hz 
and an increasing amplitude was applied to all tested solutions to identify the region of VSs 
linear viscoelastic response. Figure 3 shows the dynamic moduli-strain dependence of four of 
the tested VSs . Hyalgan® was excluded from the viscoelastic analysis due to its low viscosity. 
Nearly all VSs showed no dependency between storage (G') or loss ( G " ) modulus and a strain 
in a wide region from 0.7 to 45 %. Therefore, subsequent frequency sweeps were measured at 
5 % strain. 
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Figure 3 Dynamic modulus as a function of strain at co = 1 Hz 

Frequency sweep curves over a frequency range from 0.05 to 5 H z for clear VSs are 
shown in Figure 4a. A l l three types of viscoelastic behavior were observed between tested 
solutions. Very similar results were obtained for Monovisc® and Erectus®. These two solutions 
exhibited a purely viscous behavior, i.e., values of loss modulus were higher than the storage 
modulus over the whole tested range of oscillation frequency. The highest values of dynamic 
moduli were measured for Optivisc Single®. In addition, this V S exhibited a viscoelastic 
behavior with a crossover frequency at 0.3 Hz . The value of dynamic modulus at this point was 
134.2 Pa. The crossover point represents a transition between the viscous and elastic behavior 
of tested solution. During low frequency oscillating motion, linear molecular chains untangle 
to release stress. However, linear chains cannot untangle during high frequency oscillating 
motion due to the short period of movement. Thus, elastic or gel-like behavior of the solution 
can be observed. Synvisc One® exhibited the gel-like behavior over the whole range of 
oscillation frequency. From data, we can still assume that the crossover frequency lies beneath 
0.05 Hz . 

Figure 4b shows frequency sweep curves for VSs mixed with model SF. Only data for 
Optivisc Single® and Synvisc One® are presented. Accurate data for the lower viscosity samples 
were not measurable due to the limitations of plate-plate geometry. In general, the mixing of 
V S with model SF led to the lower values of dynamic modulus and the crossover point was 
moved to a higher frequency. Optivisc Single® still exhibits the viscoelastic behavior with a 



crossover point at 1.2 H z and Synvisc One* preserved its gel-like behavior over the whole range 
of oscillation frequency. 

1000 

100 

_2 

O 

10 

0.1 
0.01 

^ A A A A A A A A A A A A A A A A 

AAAAAAAAAAAAAA 

10 

1000 

100 

2. 10 

o 

0.1 
0.1 1 

Frequency (Hz) 

• Erectus® G' • Erectus® G" • Monovisc® G' 
• Monovisc® G" • Optivisc Single® G' O Optivisc Single® G" 
• Synvisc One® G' A Synvisc One® G" 

0.01 

b) 

\7^A.fiAAAAAAZ 

L A A A A A A A 

\ A A A A A A A 

y 
\7^A.fiAAAAAAZ 

L A A A A A A A 

\ A A A A A A A 

10 0.1 1 

Frequency (Hz) 

• Optivisc Single® + SF G' O Optivisc Single® + SF G" 

• Synvisc One® + SF G' A Synvisc One® + SF G" 

Figure 4 Dynamic modulus as a function of the frequency: a) clear VSs, b) VSs mixed with model SF 

3.2. Friction 

The following part of the V S analysis was focused on friction. C o F dependency on a 
sliding distance in the contact between the P V A - F T hydrogel and the optical glass B270 was 
measured. The contact was fully flooded with V S , model SF or a mixture of these two solutions 
in a 1:1 ratio. A l l results can be seen in Figure 5. It is noted that, even for clear SF, the initial 
values of CoF are very low, between 0.05 and 0.065. Nevertheless, CoF rapidly increases with 
sliding distance until the loaded phase finishes. A t the end of the loaded phases, the values of 
CoF range between 0.105 and 0.107. A l l commercial VSs exhibited a considerably lower 
friction compared to the pure SF but there are differences in the shape of frictional curves 
between the individual VSs . For example, Erectus® (Figure 5a) exhibited a time-dependent 
frictional behavior similar to pure SF. On the other hand, values of CoF for Optivisc Single® 
(Figure 5d) and Synvisc One® (Figure 5e) are nearly constant. Synvisc One® just reports the 
decrease of friction during the running-in phase of the measurement. Even the effect of 
rehydration is, in the case of Optivisc Single® and Synvisc One®, negligible, which points to 
the different lubrication regime. Overall, the lowest friction was measured for Synvisc One®. 
A t the end of measurement, the value of C o F was 0.008 ± 0.0004. 

The addition of V S into the model SF caused a significant decrease in friction. In most 
cases, the frictional behavior of mixed solutions is very similar to that of clear VSs . The only 
exception is Hyalgan® which also exhibited a greater dispersion of data compared to other 
mixtures. In the case of Erectus® and Optivisc Single®, the friction of mixtures with model SF 
exhibited even lower friction than the clear V S . Nevertheless, in terms of friction in hydrogel-
on-glass contact, the Synvisc One® seems to be the most suitable V S whereas its mixture 
exhibited the lowest value of CoF at the end of frictional measurement - 0.009 ± 0.0008. 
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4. Discussion 

4.1. General discussion 

The present study was aimed at the evaluation of the rheological and frictional properties 
of five commercially available HA-based solutions which are used for viscosupplementation of 
SF in the osteoarthritic joint. The research was carried out using a conventional rotational 
rheometer enabling to analyze viscosity and viscoelastic properties of tested solutions. Besides, 
a pin-on-plate tribometer was utilized for CoF measurements in a model of a synovial joint. In 
order to get more relevant data, all experiments were repeated three times. Sufficient 
repeatability of results was observed under most conditions. 

H A is a main constituent of SF which contributes to its viscoelastic properties. According 
to Zhang et al. [60], protein aggregation or any other interactions do not affect the rheological 
properties of SF in comparison with pure H A solution. In a healthy synovial joint, SF contains 
a linear chain structure H A with a molecular weight of approximately 5 M D a [61]. From the 
tested VSs , only Synvisc One® contains H A with higher molecular weight (Table 1). However, 
Synvisc One® is composed of a mixture of two cross-linked H A derivatives (Hylan A and B) 
[62] which have a branched structure of H A chains. From these two derivatives, only Hylan A 
can penetrate the cartilage structure and interact with CD44 receptors [63]. This makes a cross-
linked products different from the linear chain structure of H A within the healthy synovial joint. 

The original idea of viscosupplementation was the resumption of rheological properties 
of a healthy SF. However, the literature reports a marked difference between healthy SF 
viscosities. Fam et al. [64] reported zero shear rate viscosities of healthy SF in a range between 
1 and 175 P a s . For comparison, zero shear rate viscosity of osteoarthritic SF ranges from 0.01 
to 11 P a s [52, 53, 65]. Some of the tested VSs fell beyond the range for healthy SF, even in 
their pure forms. From our results, only Optivisc Single® and Synvisc One® should be able to 
restore the rheological properties of a healthy SF. Measured zero shear rate viscosities after 
mixing of these VSs with osteoarthritic SF were 18.56 ± 1.73 P a s for Optivisc Single® and 
37.76 ± 3.1 P a s for Synvisc One®. 

A l l tested solutions exhibited the non-Newtonian shear-thinning behavior. In general, 
VSs with higher viscosity also exhibit a much stronger shear thinning behavior, i.e., the rate of 
viscosity decline with increasing shear rate is more pronounced. The rate of shear-thinning 
behavior can be, for example, characterized by the value of r|o/r|3oo, which is the ratio of the 
zero shear rate viscosity and the viscosity at the shear rate of 300 1/s [54, 66]. Calculated values 
of the shear-thinning ratio are stated in Table 2. The highest value of the shear-thinning ratio 
was calculated for Synvisc One® - 983.86 and the lowest value for Hyalgan® - 2.48. M i x i n g of 
VSs with model SF led to a reduction of shear thinning behavior of solutions. For example, the 
shear-thinning ratio of clear Synvisc One® drops from 983.86 to 419.19 for a mixed solution 
with model SF. Fam et al. [64] reported a shear-thinning ratio in the range between 70 and 250 
for healthy SF and in the range between 5 and 40 for SF aspirated from the osteoarthritic joint. 
None of the VSs mixtures fell inside the range of healthy SF. These differences may result in a 
SF that does not operate similarly to a healthy SF within the joint under severe conditions. 



Table 2 Summary of VSs rheological and frictional properties 

Product 
Zero Shear 
Viscosity 

(Pas) ^300 

0.5 Hz 

G' (Pa) G" (Pa) 

Crossover 
Frequency 

(Hz) 
CoF (-) 

ERECTUS® 1.53 ±0.171 5.38 1.9 ±0.7 6.7 ± 1 > 5 0.019 ±0.0005 

ERECTUS® + SF 0.145 ±0.010 2.49 - - - 0.012 ±0.0019 

HYALGAN® 0.139 ±0.016 2.48 - - - 0.012 ±0.0004 

HYALGAN® + SF 0.0244 ± 0.0005 1.44 - - - 0.029 ±0.0045 

MONOVISC® 1.02 ±0.032 3.47 2.4 ±0.2 7.9 ± 0.4 > 5 0.012 ±0.0016 

MONOVISC® + SF 0.112 ±0.012 1.89 - - - 0.015 ±0.0050 

OPTIVISC SINGLE® 176.2 ±6.1 193.15 197.2 ±14 159 ±9.1 0.3 ±0.01 0.017 ±0.0019 

OPTIVISC SINGLE®+ SF 18.56 ±1.73 47.85 23.7 ± 0.5 28.5 ±0.4 1.2 ±0.03 0.013 ±0.0006 

SYNVISC ONE® 325.8 ±3.4 983.86 71.5 ±2.9 22.3 ± 0.6 <0.05 0.008 ± 0.0004 

SYNVISC ONE®+ SF 37.76 ±3.1 419.19 17.6 ± 1.6 8.1 ±0.9 <0.05 0.009 ±0.0008 

The crossover frequency for healthy SF reported by Balazs et al. [67] was 0.41 Hz . 
Mazzucco et al. [65] reported a crossover point of 1.8 H z for osteoarthritic SF. From the tested 
VSs , Optivisc Single® mixed with osteoarthritic H A was the most similar to the healthy SF with 
a crossover frequency of 1.2 Hz . However, the physiological frequencies of the knee joint were 
defined as 0.5 H z for walking and 2.5 H z for running [68]. This means that a mixture of SF and 
Optivisc Single® exhibits the viscous response during walking and the elastic response during 
running. Only the mixture of Synvisc One® and osteoarthritic SF behaves like the elastic body, 
even at low frequencies of the joint movement. Therefore, it can absorb mechanical energy and 
protect the articular cartilage structure against direct contact of the rubbing surfaces. 

Figure 6 summarizes the values of C o F at the end of the frictional measurements. 
Differences in frictional properties of VSs are not so significant as in the case of rheological 
properties. The viscosity of H A is primarily influenced by molecular weight [54, 69] and 
concentration [70]. Dependency between H A molecular weight [71, 72] or concentration [33] 
and friction within the cartilage contact was also reported. St i l l , no direct connection between 
viscosity and C o F was observed. 

Two types of frictional behavior were observed in Figure 5. Some solutions exhibited 
approximately logarithmical dependency between C o F and the sliding distance and substantial 
declines in friction caused by the rehydration of P V A - F T hydrogel during the unloaded phases 
of experiments. This type of behavior points to the biphasic lubrication within the contact. Other 
solutions exhibited approximately a constant C o F with no declines after the rehydration. This 
type of behavior corresponds more to the boundary lubrication. In this lubrication regime, the 
cartilage low friction is controlled by the adsorbed film which is, among others, composed of 
H A . According to the Stribeck curve for articular and artificial cartilage [2, 8], the lubrication 
regime is strongly influenced by the viscosity of the lubricant. However, there are several other 
explanations for these results. A low molecular weight H A is able to penetrate the cartilage 
structure [33]; therefore, it is more biologically active [73]. L i u et al. [74] also reported a lower 
adhesion energy between the low molecular weight H A chains and the gelatin layer on the mica 
surface in comparison with high molecular weight H A . Therefore, the high molecular weight 



H A is more effective within the formation of a boundary lubricating layer on the cartilage 
surface. Viscoelastic properties of H A may also affect the lubrication regime within the contact. 
Pure and mixed Synvisc One® exhibited a gel-like behavior over the whole range of frequencies 
(Figure 4). This means that Synvisc One® behaves like an elastic body during the oscillating 
motion which corresponds with constant friction, i.e., the boundary lubrication regime in Figure 
5e. A n apparent decline of CoF can be seen during the first phase of measurements. This is 
probably caused by the formation of H A boundary layer on the surface of P V A hydrogel. On 
the other hand, VSs , such as Erectus® and Monovisc®, exhibited the viscous-like behavior 
during the measurement of viscoelastic properties (Figure 4a). Logarithmical shapes of their 
frictional curves in Figure 5a and Figure 5c rather correspond with biphasic lubrication, i.e., 
fluid lubrication within the contact. 

Surprisingly, mixed Erectus® and Optivisc Single® reported even lower values of C o F 
than the clear V S (Figure 6). This surely points out on some synergistic reactions between 
individual components of SF and H A within VSs . Lipids presented in synovial fluid can interact 
with surface-anchored H A to form a boundary lubricating layer with extremely low friction 
[24]. Due to different electric charges, H A is also able to form complex structures with y-
globulin, which contributes to the lower friction [25]. 

• Separate Mixed 

• • ml • m 
Erectus® Hyalgan® Monovisc® Optivisc Single® Synvisc One® 

Figure 6 CoF at the end of measurements for all tested lubricants 

4.2. Limitations 

Shortcomings of the performed analysis and the motivation for further research should be 
pointed out. Viscosities of Erectus®, Hyalgan® and Monovisc® mixtures were generally very 
low. Viscosity measurements of these low viscosity fluids at low shear rates were not possible 
due to the limitations of cone-plate geometry. Therefore, these data are missing in Figure 2b. 
Viscoelastic properties of some VSs and their mixtures were not measurable. Coaxial cylinder 
geometry or double-gap cylinder geometry of the rotational rheometer should be more 
appropriate for the rheological analysis of these solutions. More samples of osteoarthritic SF 
should be involved in the study to emphasize the individual patient's condition. Zero shear rate 
viscosity of osteoarthritic SF ranges between 0.01 and 11 P a s [52, 53, 65] whereas we used 
only one sample with zero shear rate viscosity of 0.03 Pas . The concentration of individual 
synovial fluid components also changes during the progression of osteoarthritis [39], and our 
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previous study [75] showed that these changes may affect friction within the cartilage-on-glass 
contact. Frictional measurements under constant speed and load do not correspond with 
complex kinematic and loading conditions within synovial joints. Many studies about articular 
cartilage and P V A hydrogels [32, 76, 77] pointed out the effect of experimental conditions on 
the values of CoF within the contact. Although we highlighted many similarities between the 
articular cartilage and P V A hydrogels in the introduction section, the P V A hydrogel cannot 
fully mitigate the structure of articular cartilage. In recent years, publications denying the fluid 
load support theory in hydrogels were also published [78, 79]. As a counterpart to the P V A 
hydrogel, we used the optical glass which is not suitable to mitigate the cartilage due to its 
artificial structure and different mechanical properties or wettability. Therefore, future studies 
should focus on frictional measurements in cartilage-on-cartilage contact. For a deeper 
understanding of tribological changes in synovial joints after viscosupplementation, in situ 
observation of the contact area should also be a very powerful tool. In our laboratory, we have 
already developed a simulator which enables contact visualization by fluorescent microscopy 
with simultaneous measurement of C o F within the contact [80]. Fluorescence microscopy wi l l 
allow for the study of the behavior of fluorescently labeled synovial fluid components within 
the contact. Fluorescence microscopy as an optical method requires transparent material at one 
of the rubbing surfaces. Therefore, a cartilage-on-cartilage configuration is not possible for 
these types of experiments. We suggest replacing one of the cartilage surfaces by transparent 
P V A hydrogel or polymethyl methacrylate ( P M M A ) . From our point of view, this w i l l be the 
best model for the study of articular cartilage lubrication and its changes after the injection of 
H A into the synovial joint capsule. 

5. Conclusions 

The present paper aimed at the rheological and frictional analysis of five commercially 
available solutions for viscosupplementation of osteoarthritic SF. Rotational rheometers in 
cone-plate and plate-plate configuration were used to analyze the rheological properties of clear 
VSs and their mixtures with osteoarthritic SF. A pin-on-plate tribometer was used to evaluate 
the frictional behavior of these solutions in the contact between the P V A hydrogel as a model 
of articular cartilage and the glass. The main conclusions are summarized in the following 
points: 

• Substantial differences in the rheological properties of individual VSs were observed. 
• Mixtures of osteoarthritic SF with Optivisc Single® or Synvisc One® exhibited the most 

similar results when compared to the SF within the healthy synovial joint. 
• Widely varying rheological properties of tested VSs did not predict their frictional 

properties. Differences in the frictional behavior of individual VSs were not as substantial 
as differences in their rheological properties. 

• M i x i n g of osteoarthritic SF with a specific V S led to a significant decrease of viscosity and 
deterioration of viscoelastic properties compared to the clear V S . 

• On the contrary, the worsening of frictional properties was not so noticeable. Values of CoF 
measured for clear VSs and their mixtures were similar for most of the tested V S . In some 
cases, the mixing of V S and osteoarthritic SF leads to even lower values of CoF compared 
with the clear V S . This refers to some synergistic reactions between H A and synovial fluid 
components. 



• The molecular weight of H A and its viscoelastic properties can possibly affect the 
lubrication regime within hydrogel-on-glass contact. 

Further investigation should focus on (a) measurements with more samples of 
osteoarthritic SF, (b) application of transient loading and kinematic conditions, (c) frictional 
measurements of cartilage-on-cartilage contact (d) in situ observation of cartilage-on-hydrogel 
(potentially glass or P M M A ) contact by fluorescent microscopy. 
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7 CONCLUSIONS 

The present PhD thesis deals with the effect of viscosupplementation on friction within the 

osteoarthritic articular cartilage. Viscosupplementation is an O A treatment method for more 

than 30 years but the effectiveness of this treatment method is still debatable. Mainly due to 

the unexplained mechanisms which occur in a synovial joint after viscosupplementation. 

The main attention of the research was paid to the rheological analysis of VSs and 

osteoarthritic SF so far. However, little is known about the effect of viscosupplementation 

on the friction of articular cartilage. Moreover, dependency between the rheological 

properties of VSs and friction within articular cartilage has not been proven yet. Such 

knowledge could lead to the development of new, more effective VSs and also help in 

clinical practice with the picking of appropriate VSs for individual patients. 

The first part of this PhD thesis describes the current state of the art in the field 

of viscosupplementation and related areas. Studies focused on the rheology of healthy and 

osteoarthritic SF are presented. The second part of the current state of the art is focused 

on the effect of SF composition and viscosupplementation on friction within the articular 

cartilage. Studies about artificial articular cartilage are presented too. Based on the critical 

analysis of the current state of the art, the main goal of this PhD thesis was to clarify 

the changes of articular cartilage frictional behavior after viscosupplementation. Attention 

was also paid to the rheology of VSs and the changes of articular cartilage friction due 

to O A . 

The following sections of PhD thesis deal with the employed experimental devices 

and experimental conditions. Subsequently, the original results of this thesis are presented 

in the form of three articles which were published in journals with impact factor. The first 

article was focused on the effect of SF composition, speed and load on the frictional behavior 

of articular cartilage. For this purpose, several protein solutions and two model SFs were 

used in order to analyze the role of individual SF constituents during articular cartilage 

friction. Apart from this, differences in frictional behavior between a healthy 

and osteoarthritic SF were examined. The most important conclusion was that the interaction 

between H A and phospholipids plays an important role in the friction of articular cartilage. 

Focusing on the differences between physiologic and osteoarthritic SF, only a limited effect 

on friction was observed. The second paper's goal was to clarify the effect of H A molecular 

weight on the rheology of SF and friction within articular cartilage. Molecular weight 

significantly affected H A viscosity and viscoelastic properties but no clear dependency 

between H A molecular weight and friction within cartilage-on-glass contact was observed. 

In the last article, the effectiveness of five commercially available VSs was examined. 

Substantial differences in VSs rheology were observed. However, widely varying 

rheological properties did not predict VSs frictional properties. Differences in the frictional 

behavior of individual VSs were not as significant as differences in their rheology. 
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Nevertheless, changes in the lubrication regime due to the H A molecular weight were 

observed. 

The current PhD thesis presents original results which extend the knowledge in the field 

of articular cartilage friction. Description of the frictional changes in a synovial joint after 

the addition of exogenous H A is one of the key things to clarify the issues of 

viscosupplementation. Presented data could lead to the development of new more effective 

VSs . Results could also be useful in clinical practice, whereas the literature reported a 

correlation between friction and pain reduction among patients with O A . Further 

investigation should focus on the measurements with even more complex model SFs. 

Glycoprotein P R G 4 and molecular weight of H A should be taken into account. Application 

of transient loading and kinematic conditions during the cartilage-on-cartilage frictional 

measurements would bring the results closer to the real situation. Some of the results should 

be examined in more detail. In situ observation of articular cartilage by florescent 

microscopy should bring more information about the changes in articular cartilage tribology 

after viscosupplementation. The main contribution of the thesis can be summarized into the 

following points: 

• Frictional differences between physiologic and osteoarthritic SFs with an emphasis on 

individual constituents were analyzed. 

• Analysis of the effect of H A molecular weight on rheology and friction within articular 

cartilage was conducted. 

• The effectiveness of five commercially available VSs was investigated. Their rheology 

and ability of a healthy SF rheology resumption was analyzed. The changes in friction 

within the articular cartilage model after the addition of V S in the osteoarthritic SF were 

also described. 

Regarding the scientific questions, the obtained knowledge can be summarized 

in the following bullet points: 

• "A lower concentration of HA in osteoarthritic SF fluid will increase the friction within 

articular cartilage model." 

Despite the expectation, changes in SF composition due to the progression of O A did not 

have a significant effect on the cartilage friction. However, the progression of O A is also 

connected with a decrease in H A molecular weight. This information was not taken into 

account during the preparation of the model SFs. The first hypothesis was falsified. 

• "Higher viscosity of HA and VSs will cause a more pronounced decrease of friction 

within a synovial joint model. " 

The H A solutions and cross-linked HA-based VSs with high molecular weight exhibited 

higher viscosity and better viscoelastic properties. The lowest value of CoF within 

artificial cartilage contact was measured for V S with the highest molecular weight -

Synvisc One®. Sti l l , no direct dependence between H A rheology and friction within 

natural or artificial cartilage was observed. The second hypothesis was falsified. 
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"Large molecules of high molecular weight/cross-linked HA will perform better in 

reduction of friction within articular cartilage model. " 

No direct dependence between molecular weight and CoF within a model of synovial 

joint was observed, even though the lowest C o F was measured for V S with the highest 

molecular weight - Synvisc One®. However, frictional measurements with high 

molecular weight or cross-linked H A VSs (Optivisc Single®, Synvisc One®) mostly 

exhibited frictional behavior which corresponds to the boundary lubrication regime. The 

results of some other VSs , like Hyalgan® or Erectus®, corresponded more to the biphasic 

lubrication regime. Therefore, changes in a lubrication regime due to the H A molecular 

weight were observed. These findigs could be further tested by in situ measurements 

of articular cartilage contact by fluorescent microscopy. The frictional measurements 

with fluorescently stained H A solutions with different molecular weight and consequent 

cartilage histology would show i f H A is able to penetrate the cartilage structure or just 

adheres on the cartilage surface to create a boundary lubricating layer. Nevertheless, to 

the extent of work that was carried out within this dissertation thesis, the third 

hypothesis was falsified. 
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