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Abstract:



Different pre-treatments applied to synovial fluids (SF) before their analyses are tested to characterize SF after storage under different conditions and to investigate their evolution along a viscosupplementation treatment. The main techniques proposed involve steric exclusion chromatography with triple detection (SEC) and viscometry; it is the first time that such a study is developed. SEC gives the molecular weight distribution and concentration of hyaluronan (HA) and proteins separately; the steady state viscosity is always non-Newtonian and not directly related to SF composition. Pre-treatment of SF (storage in cold, filtration, centrifugation) allows us to conclude that, in order to store SF, it is best to freeze it, even if in some cases, viscosity is modified but not the composition. All the data obtained (including protease pre-treatment) allow us to conclude that a small fraction of HA-protein complex forms a loose 3D-network and controls the rheology.
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1. Introduction


Synovial fluid (SF) is a viscoelastic system with a characteristic non-Newtonian behaviour, consisting of hyaluronan (HA) and proteins, at least partly involved in a loose physical 3D-network based on secondary interactions of electrostatic nature [1]. The existence of such a complex has been discussed at length in the literature [2,3,4,5,6,7,8] and it is still under debate: on one hand, non covalent protein-HA interactions seems to be admitted by many authors at neutral pH [3,4,5,6,7,8]; on the other hand, HA and proteins are claimed to be separated in the SF fluid [9] and other authors consider that the rheological behaviour depends essentially on the HA contribution [10,11]. In healthy adults, HA is claimed to have a molecular weight (MW) in the range of 4 to 5 × 106 with a concentration ranging from 2.5 to 4 mg/mL [12,13,14,15,16]. This means a total amount of HA ranging from 4 to 8 mg per human knee joint, since the volume of SF is assumed to be 1 to 2 mL in normal conditions [12,13]. This natural polysaccharide plays an important role in lubrication, shock absorption and viscoelastic behaviour of SF [3,4,13]. From literature, it is clear that there is a direct relationship between the severity of the disease and the rheological properties of SF, which are usually related to the characteristics of HA (both concentration and molecular weight). In inflammatory and degenerative joint diseases, mainly osteoarthritis (OA) and rheumatoid arthritis, the MW and concentration of native HA are reduced. At the same time, the viscosity of corresponding SF also decreases [8,12,17,18,19]. However one part of this decrease might be attributed to changes in the SF protein composition which is secondary to inflammation. Indeed HA is an anionic polyelectrolyte, able to interact with positively charged groups of proteins even at a very low level (it was estimated as 2% protein bound to HA) [8].



In fact, the local stiffness of HA (characterized by its ability to form H-bonds and a relatively high persistence length of approximately 8nm [20]) and its often high MW gives a large hydrodynamic volume and consequently a high viscosity in aqueous solution [21,22,23]. Its conformation and/or degree of expansion in solution is sensitive to ionic concentration, especially at a low level. In biological conditions, this effect can be neglected due to the screening of electrostatic intra-chain repulsions [21,22]. In salt excess (0.1 or 0.15 M NaCl), it was shown that concentration and high molecular weight of HA also impose the critical conditions for entanglements to occur and limit its viscoelastic character [23]. However, globular proteins have a very low contribution to the viscosity of aqueous solutions. Therefore it is clear that HA is an important polymer to study in relation to the behaviour of SF. HA concentration in SF is often determined by titration of hexuronic acid [10], but in the absence of direct determination of HA molecular weight, it has been suggested to determine the viscosity of synovial fluid as a function of HA concentration. One can in turn extrapolate to zero concentration in order to get the intrinsic viscosity, allowing us to compare the samples from different patients [10,12].



Viscosupplementation (VS) is a therapeutic concept involving intra-articular injections of a high MW HA [13]. VS is aimed to decrease OA pain and improve joint function by restoring SF physiological properties [24]. It is widely used in the treatment of knee and other joints affected by OA, but very little is known about the real changes of SF after HA injections. For this type of investigation, it is necessary to perform a study on OA synovial fluid before and after exogenous HA injections. Such a study necessitates storing the samples in convenient conditions and over a long period of time.



In this paper, we will discuss the influence of different pre-treatments such as temperature of storage, filtration and centrifugation on linear free HA characteristics on one hand, and the composition and rheological behaviour of OA SF on the other hand. This study is important in order to follow the evolution of SF during treatment of viscosupplementation, as well as to monitor the turnover of HA over time.




2. Results and Discussion


Our objective is to relate the composition of SF in proteins and HA with its rheological behaviour. It is known that even at high concentration proteins contribute minimally to solution viscosity (due to their low intrinsic viscosity around 3 mL/g). As commonly seen in the literature, the rheological behaviour of SF is claimed to be related to HA characteristics (concentration and molecular weight). Nevertheless, as was previously shown, HA-protein complex (even if only small amount of polymers is engaged) exists in SF which causes a particular non-Newtonian behaviour [3,25]. We have recently studied the influence of fibrinogen as a model of protein on the rheology of HA, and demonstrated the physical interaction at neutral pH which should be based on electrostatic interactions [1]. The viscometric characterization of such systems does not allow the direct determination of the role of HA molecular weight and/or concentration on the SF behaviour if the proteins are not completely separated from HA as previously claimed by Ogston and Sherman [7]. To avoid artefact, it was discussed by Sundblad [12] that the intrinsic viscosity of HA obtained by dilution and extrapolation to zero concentration (when the HA concentration is determined separately) is a good information, allowing us to compare SF characteristics corresponding to different diseases. From our research to date, the estimation of the intrinsic viscosity from a Huggins-type relationship at a finite concentration with a Huggins constant around 0.16 [12] gives a rough value due to the fact that for free HA in salt excess, the Huggins constant equals 0.4 [23]. Thus, the relation between intrinsic viscosity and MW is needed and it introduces the difficulty of having an absolute determination of the HA molecular weight [23]. Light scattering is the more powerful and adapted method to get MW values on well purified and calibrated samples, and the values obtained can be used as standard, allowing us to interpret results from volume of elution in SEC or mobility in electrophoresis after pronase treatment [26,27]. It is important to have a more direct determination of the composition of synovial fluids. To determine the composition of SF, a relatively new technique was proposed [28]: steric exclusion chromatography (SEC) which separates the components following their hydrodynamic volume. Different conditions are indicated in the literature: direct injection after dilution [26,29,30] or dilution and incubation with pronase [26,31] before the SEC experiment, using a light scattering detector or calibration with standards. The influence of such protease pre-treatment before SEC analysis will be also examined in this paper.



Finally, to study the properties of synovial fluids and particularly their rheological properties, it is important to store the samples after isolation in clearly defined conditions which do not modify their characteristics (composition and viscosity). Given this objective, the influences of storage at 4 °C, freezing at –21 °C and thawing were examined; the same treatments were also tested on pure HA, used as reference.



2.1. Composition of synovial fluid by SEC


The conditions adopted in this work for SEC experiments allow us to separately determine the characteristics of HA and proteins in a very dilute synovial fluid [25] (Figure 1). Identification was completed using a ultra-violet detector (UV) permitting us to conclude that proteins are (in most cases) completely separated from linear HA (Figure 2). These results confirm the data from literature obtained with only one different column (Superose 6 from Pharmacia [29] or TSK 6000PW from Toyo Soda [28,30]).


Figure 1. SEC chromatogram of a synovial fluid allowing the determination of soluble proteins and HA molecular weights and their concentrations. T = 30 °C, eluent 0.1 M NaNO3. LS is the light scattering signal (red); AUX 1 is the refractive index signal (blue); AUX 2 is the viscometric signal (green).
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Figure 2. Specific UV identification of protein elution in SEC experiment on a synovial fluid.
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HA is eluted first with a large hydrodynamic volume and a high molecular weight as shown by the large light scattering and viscosity signals under the eluted peak. Secondly, the protein pool is eluted, with a large signal for weight concentration (refractive index signal) and very small signals for viscosity and light scattering. Some of the data obtained for the composition and viscosity of different synovial fluids (named LSn) are given in Table 1. Values of the molecular weight characterizing HA and proteins at their respective concentration peak are also given in Table 2. Due to the low concentration of HA in SEC analysis, the integrals of refractive index and light scattering signals for the weight-average molecular weight calculation remain small. Better precision to compare SF is obtained at the concentration peaks of HA and proteins. Nevertheless, a good agreement is found between the different series of data (see Table 1 and Table 2).



Table 1. Characteristics of different synovial fluids obtained by SEC after different pre-treatments.







	

	
[HA] g/L in SF

	
Mw HA × 10−6

	
*Average C*Mw × 10−6

	
[Proteins] g/L in SF

	
Mw Proteins × 10−5

	
Viscosity (Pa.s) at 1 s−1






	
LS 1

	

	

	

	

	

	




	
Initial

	
1.57

	
1.6

	
2.35

	
29

	
1.03

	
0.737




	
Frozen

	
1.9

	
1.08

	
2.05

	
30

	
1.18

	
0.978




	
Filtrated on 0.8 μm

	
1.8

	
1.2

	
2.00

	
30.5

	
1.13

	
0.630




	
Initial after centrifugation

	
1.9

	
1.26

	
2.28

	
28.6

	
1.23

	
0.830




	
LS2

	

	

	

	

	

	




	
Initial

	
1.13

	
1.25

	
1.41

	
29.5

	
1.42

	
0.059




	
Frozen

	
1.18

	
1.2

	
1.21

	
29.3

	
1.23

	
0.061




	
Filtrated on 0.8 μm

	
1.2

	
1.07

	
1.12

	
30.5

	
1.41

	
0.043




	
LS3

	

	

	

	

	

	




	
Initial

	
0.72

	
0.95

	
0.75

	
28.2

	
1.12

	
1.792




	
Frozen

	
1.25

	
1.12

	
1.51

	
30.1

	
1.33

	
1.677




	
Filtrated on 3 μm

	
0.82

	
1.08

	
0.78

	
21.2

	
1.24

	
0.364




	
LS4

	

	

	

	

	

	




	
Initial

	
0.68

	
1.12

	
0.78

	
28.3

	
1.12

	
1.601




	
Frozen

	
1.2

	
1.10

	
1.43

	
30.2

	
1.31

	
1.492




	
Filtrated on 3 μm

	
0.71

	
1.20

	
0.77

	
26.0

	
1.30

	
0.458




	
Initial after centrifugation

	
1.5

	
1.06

	
1.78

	
31.1

	
1.39

	
1.342




	
LS12

	

	

	

	

	

	




	
Initial

	
0.51

	
1.65

	
0.79

	
29.5

	
1.28

	
0.066




	
Frozen

	
0.45

	
1.07

	
0.48

	
28.0

	
1.27

	
0.031








C*Mw is given with C in g/L and Mw en g/mol.








Table 2. Molecular weight of HA and proteins at the maximum of concentration peak signal in SEC.







	
References for SF

	
M of HA at peak

	
M of Proteins at peak






	
LS1 initial

	
1,560,000

	
83,000




	
 after freezing

	
1,277,000

	
83,400




	
 filtrated

	
1,547,000

	




	
 after centrifugation

	
1,397,000

	




	
LS2 initial

	
1,450,000

	
86,750




	
 after freezing

	
1,035,000

	
85,800




	
 filtrated

	
1,235,000

	




	
LS3 initial

	
1,276,000

	
87,100




	
 after freezing

	
1,218,000

	
88,500




	
 filtrated

	
1,228,000

	




	
LS4 initial

	
1,611,000

	
88,300




	
 after freezing

	
1,680,000

	
89,600




	
 filtrated

	
1,298,000

	




	
 after centrifugation

	
1,217,000

	












In all cases, the intrinsic viscosity of proteins is found equal to 2.9–3.1 mL/g (data not shown) in agreement with a globular conformation and a weight-average molecular weight around 100,000 (Table 1). M value at peak is around 85,000 (Table 2). The effective separation on the SEC columns is justified when the product M [η] representing the hydrodynamic volume of the different polymers is estimated: the molecular weight of hyaluronan is in the range of 1 × 106 with an intrinsic viscosity in the range of 2,000 mL/g. In conclusion, the product M [η]~2 × 109 (mol.mL) is very high compared to that of proteins (M [η]~3 × 105 (mol.mL)) allowing the effective separation in SEC.





From Table 1, it is concluded that there is no significant difference neither between the values of concentration and molecular weight for HA in the different SF tested, nor for proteins characteristics. The molecular weight and concentration of HA in initial OA SF are between 1 to 1.6 × 106 (g/mol) and 0.6 to 1.6 g/L respectively. These results are in agreement with those obtained previously on a wide range of SF, showing that the concentration of HA varies from 0.2 to 2.5 g/L and soluble proteins from 20 to 35g/L [25]. The values of Mw found for the different HA are also in good agreement with the data from the literature (1 to 3 × 106 g/mol), especially when the authors use the SEC analysis [28,29,30]. In addition, the products C*Mw obtained for the different SF tested can be related to the viscosity measured at a given shear rate (here 1 s–1)(Table 1). It is clear that these values are not following a parallel trend: for example, LS1 and LS2 with higher C*Mw have lower viscosity compared with LS3 and LS4. This indicates that different interactions with proteins exist in the different SF which control rheology, even if the yield and average Mw of these proteins are of the same order of magnitude and are probably engaged in the complex at a low rate. As suggested before, the interaction is based on random electrostatic interaction between positive sites in proteins and anionic sites of HA.



It is interesting to discuss the relation between composition and viscosity of SF: the larger viscosities are obtained with initial LS3 and LS4 which have lower contents in HA compared with LS1 and LS2 (even if the Mw is of the same order of magnitude) as mentioned previously (Table 1). This confirms that some interactions between HA and proteins may cause the increase of the effective viscosities. Considering the values of Mw and HA concentration given in Table 1 (from 0.6 to 1.6 g/L and Mw = 1 to 1.6 × 106), it is possible to estimate the viscosity of a HA solution (at same concentration and molecular weight) in the absence of proteins, from the relation between viscosity and the product (Mw*C) as given in the literature (but only valid in the Newtonian plateau) [21,23]. We note that the calculated values are much lower than the measured ones, confirming the existence of hyaluronan-protein interactions to form a loose physical network. For LS3, the calculated viscosity equals 2 × 10−3 Pa.s, while the experimental value is 1.79 Pa.s; for LS12, it is found 2.2 × 10−3 Pa.s when the measured value is 6.6 × 10−2 Pa.s. Some other values are given in Table 3, confirming the large difference between calculated and experimental viscosity values. These values also confirm that the product C*Mw is not in direct relation with the viscosity of SF. It is the first time that this type of experiments (SEC associated with rheology) is developed on a large series of synovial fluids allowing us to draw a clear conclusion.



Table 3. Characteristics of different synovial fluids obtained by SEC analysis and viscometry at 25 °C.Comparison with calculated viscosity values.







	

	
Mw HA × 10-6

	
C HA g/L

	
Mw Proteins× 10-5

	
C Proteins g/L

	
C*Mw × 10-6 for HA

	
η Pa.s (1 s–1) at 25 °C






	
LS5

	
3.36

	
2.3

	
0.94

	
18.8

	
7.7

	
2.98 (calc: 0.176)




	
LS6

	
1.53

	
2.1

	
1.23

	
24.7

	
3.2

	
1.66 (calc:0.024)




	
LS7

	
3.44

	
1.4

	
1.35

	
33.5

	
4.8

	
0.49 (calc:0.043)




	
LS8

	
1.14

	
1.9

	
2.20

	
35

	
2.1

	
0.22 (calc:0.003)




	
LS9

	
1.45

	
1.1

	
2.90

	
32

	
1.6

	
0.08 (calc:0.002)













2.2. Stability of linear HA and SF at 4 and −21 °C.


We were interested in testing the stability of SF stored at 4 °C or frozen (–21 °C) after collection from a patient, so as to be able in the future to investigate large series of SF along viscosupplementation treatments. These two storage techniques are mentioned in the literature [28,29,30]. As a model, a linear HA was tested in the same conditions and the results obtained for molecular weight distribution are given in Figure 3.


Figure 3. Influence of pre-traitement on molecular weight distribution of pure hyaluronan. ▲Initial linear HA;● linear HA stored at 4°C;♦ HA after freezing at –21 °C.
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There is a near overlapping of the molecular weight distributions as well as of viscosity data: Mw of the initial polysaccharide after direct dissolution equals 644,000, after one month at 4 °C it gives Mw = 633,000, and after freezing and thawing Mw = 600,000. From these results, our conclusion is that for a pure HA, the solution properties and molecular weights are quite independent from the conditions adopted to store the samples. Nevertheless, for longer storage times, it seems advisable to recommend freezing HA solutions.



From our previous results on SF stability [25], it was shown that SF kept at 4 °C is stable over a long period of time (2 months). This agrees with recommendations from Balazs [10,16,32]. But to preserve samples, it is recommended to freeze them for longer storage time; this technique is adopted by other authors [28,29,30]. It is important to demonstrate that the pre-treatment used has no significant influence on the properties and composition of SF. For that purpose, the rheological behaviour of different SF tested before and after freezing is shown in Figure 4, and some viscometric experimental values are given at 1 s–1 in Table 1.


Figure 4. Influence of freezing at –21 °C on rheological behaviour of 4 different SF measured at 25 °C. Open signs correspond to the initial SF; the corresponding filled signs are the frozen SF. ○●LS1; □■ LS2;◊ ♦ LS3; △▲LS4.
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The steady state viscosities of the initial SF studied at low shear rate vary in a ratio of around 100 and are always non-Newtonian even at lower shear rates than represented in Figure 4. The influence of freezing on the viscosity is shown clearly dependant on the nature of the synovial fluid considered. In one case (LS1), the viscosity after freezing increases in relation to a reinforcement of the network junctions, as observed previously in some polysaccharide physical gels. Self association of HA was mentioned in NaCl aqueous solution [33] but also at low temperatures [34,35]. For the SF named LS2, there is no modification whatsoever. For LS3 and LS4, a very small decrease of the viscosity corresponds to a small modification of the physical network.





In a separated series of experiments, initial SF is divided in two parts: one is kept at 4 °C and the other is frozen at –21 °C. Measurements are performed after different periods of time to control the stability at 4 °C and to observe the role of successive freezing and thawing. The results are given in Figure 5. It is confirmed that the stability of SF is good at 4 °C after 15 days but, in this specific case, the first cycle of freezing and thawing causes a large decrease in the viscosity of the SF examined (named LS12).


Figure 5. Influence of successive cycles of freezing (at –21 °C) and thawing after different periods of time (in days d) on the SF named LS12. Experiments for storage at 4 °C are joined. Measurements are performed at 25 °C. The arrow indicates the drop in viscosity after the first freezing.
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After this first step, successive freezing does not significantly change the viscosity. The stability of SF at 4 °C is confirmed, but freezing destabilized the network in LS12 which has in fact the lowest initial viscosity (compared to the previous samples tested) and consequently the less stable 3 D-network. If the steady state viscosity as a function of the shear rate for LS2 (Figure 4) and LS12 (Figure 5) are compared, it is clear that they are quite different: LS12 has a large non-Newtonian behaviour, whereas for LS2 there is nearly no shear rate influence at low shear rate. This behaviour indicates more efficient protein-HA interaction (or a larger amount of complex formed) in LS12 forming a loose network which is destabilized by freezing (when LS2 is nearly not perturbed).





The compositions of the SF after freezing are not clearly modified (Table 1). In some cases, molecular weight of HA appears to decrease (LS1 and LS12) and its concentration increases slightly (LS1, LS3, LS4). In these SF, proteins concentration also increases in relation to the disruption of HA- protein association, with only a small influence on the resulting viscosity. An exception is shown regarding LS12, where concentration, molecular weight of HA and viscosity decrease. In the literature, it was also previously found that freezing causes a small decrease in MW, passing from 1.3 to 1 × 106 (Table 5 in reference 29).



In conclusion, it is clear that the influence of freezing pre-treatment depends on the synovial fluid to be studied. But in the majority of cases, when the viscosity is not too low, freezing can be applied to store SF without significant modification.




2.3. Role of filtration and centrifugation on the composition and rheology of SF


Synovial fluid is constituted of HA and a small portion of proteins which form a physical network, playing an important role in the global viscosity as previously discussed. For the purpose of characterization, it is important to be able to separate these components to simplify the analysis. Centrifugation to separate cells followed by chemical analysis was proposed by Balazs [14,32], but it does not allow us to separate protein contribution. Otherwise, different pre-treatments were adopted to separate HA from proteins, from which an enzymatic hydrolysis allowed us to eliminate proteins [5,6,31,36]. In our analysis, we intend to compare treatments of filtration and centrifugation used before characterizing the SF especially by SEC. As a first step, SF were filtrated through porous membranes with pore diameters of 0.8 μm for LS2 and LS1, and with 3 μm for LS3 and LS4. Due to their much larger viscosity, meaning also a more cross-linked system, it was not possible to pass LS3 and LS4 through a porous 0.8 μm membrane in absence of dilution. Their viscosity was determined before and after filtration; all the values are given in Table 1 and Figure 6.


Figure 6. Influence of filtration on rheological behaviour. Open signs for the initial SF; corresponding filled signs correspond to the filtrated samples. ○●LS1; □■ LS2; △▲LS3; ▽▼LS4.
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It is clear that filtration of SF directly after aspiration from the knee (in absence of dilution) has a very important role in the rheology of synovial fluid. Nevertheless, it again appears to depend on the nature of the SF tested: the decrease in viscosity is very large for LS3 and LS4, the more viscous samples, even if they were filtrated on larger pores membranes, but their protein content also decreases. On the other hand, much lower variation is obtained for LS1 and LS2 (values are given in Table 1). For all the samples, the concentration and molecular weight of HA on filtrated samples are in the same range of magnitude as for the initial SF.



Two of these SF were centrifuged at 50,000 g during 20 minutes at 4 °C. The small sediment was then isolated and weighted. The sediments from LS1 and LS4 represent around 3 w%. The rheological behaviour is barely modified compared to the initial state, corresponding to a stable network. It remains larger than that of the filtrated state, especially for LS4 (Figure7). Our conclusion is that centrifugation does not appear to modify the rheological properties of SF especially on highly viscous fluids in which the 3D- network looks stable.


Figure 7. Comparison of the influence of filtration and centrifugation on viscosity, as a function of shear rate for two synovial fluids at 25 °C. Respectively: initial, centrifugated and filtrated SF ○● ♦ LS1; □ ■ ▼ LS4.
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The composition of SF after centrifugation was analyzed: the molecular weight distribution is not significantly modified but it is more sensitive when compared with the molecular weight at the peak signal of SEC: very small decreases in M are obtained (Table 2). As a conclusion, it is shown that only small modifications are observed between the content and molecular weight of HA obtained after filtration or after centrifugation, in comparison with their initial characteristics. From these results, it is concluded that there is no separation between proteins and HA isolated and/or engaged in the 3D- network during these pre-treatments. We also conclude that the structure of the SF is not perturbed definitively, which would prevent us from interpreting the viscosity data in terms of HA composition.



Our conclusion is that, as soon as recovered, the synovial fluids may be frozen and then be stored over a long period of time without significant modification in their composition nor in their rheological behaviour. A 3D-network is clearly responsive to the rheological behaviour of SF. It can be at least partially separated (on some SF), by filtration on porous membrane, with no major modification in its composition but exerting a major influence on rheology. Large dilution applied on initial SF before filtration (on 0.2 μm pores membrane able to eliminate, if still stable, the majority of protein-HA complex) and injection in SEC experiment as proposed in our work, permits a good separation between HA and proteins which are then characterized individually.




2.4. Influence of protease pretreatment on composition and rheology of SF


A 30 g/L solution of bacterial HA was tested as reference, and the same addition of protease was performed on HA and on SF at room temperature. It is shown that there is no change in the Newtonian viscosity for pure HA after protease treatment (Figure 8). It is shown that the viscosity even at high C*Mw remains Newtonian whereas SF was usually non-Newtonian. With SF, a large change in viscosity, especially at low shear rate, is observed in the presence of protease and the behaviour becomes Newtonian with a viscosity at low shear rate of around 0.03 Pa.s. In the same time, the SF becomes clearer corresponding to the disruption of HA/protein aggregates.


Figure 8. Steady state viscosity as a function of the shear rate before (open symbols) and after (closed symbols) protease addition. HA at 30 g/L in 0.15 M NaCl (○,●); SF (□,■). Continuous lines are the Williamson fits used to determine the zero shear rate viscosities. The arrow represents the drop in viscosity after enzymatic treatment.



[image: Polymers 01 00016 g008]








It is thus important to compare SEC results and control the SF composition after protease action. In Figure 9, the two chromatograms (A and B) of the enlarged part of eluted materials for two types SF are shown before and after protease action. Chromatogram A described SF composition as applied in the rheological test (Figure 8).


Figure 9. Chromatograms of two different synovial fluids (A and B) before (black) and after protease treatment (red).The traces are those for the polymer concentration; enlargement of the HA signal is shown at a elution volume of around 15 mL.
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The analysis of HA molecular weight given at maximum concentration (first peak) shows the same values before and after enzymatic treatment. It is clear that after enzymatic treatment, the first peak (corresponding to HA elution) is better separated from that of proteins in Figure 9A. Nevertheless, the difference between chromatograms before and after enzyme treatment again depends on the state of proteins (degree of aggregation) or HA-protein association: the second small peak in elution may exist or not, depending on the particular SF tested (compare chromatograms (A) and (B) in Figure 9). From this data, we conclude that the action of protease may be recommended to make the SEC analysis easier (but preventing protein analysis). Nevertheless, the differences observed in the analyses remain small and do not fundamentally change our previous conclusions. In Figure 10, the molecular weight distribution for the two components of SF given in Figure 9 B is shown. After enzymatic treatment, the initial protein peak (corresponding to Mw~100,000) is shifted to a much lower molecular weight due to partial hydrolysis. However HA molecular weight distribution remains located at the same position.


Figure 10. Molecular weight distribution of proteins and HA before (black) and after (red) protease treatment, corresponding to chromatograms shown in Figure 9B.
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3. Experimental Section


Different SF (named LSn with n = 1 to 12) were obtained during a therapeutic procedure by sterile aspiration of the affected joint in patients suffering from knee OA. In all patients, arthrocentesis was carefully performed by an experienced senior rheumatologist, using a needle of 50 mm/20 G in order to remove as much SF as possible before HA viscosupplement injection. SF was then collected in sterile tubes to study the role of pretreatment. As soon as possible after the aspiration, the samples were separated in different aliquots. The samples were either stored at 4 °C for different periods of time, frozen at –21 °C or centrifuged at 50,000 g and 4 °C for 20 minutes. After centrifugation, the supernatant was analyzed and a small amount of sediment was isolated, dried and weighted.



A bacterial protease Type XIV, from Sptreptomyces griseus was used to hydrolyze proteins and highlight their role both in SEC analysis and in the rheological behaviour of SF. An enzymatic solution was prepared by direct dissolution of 1mg protease in 2 mL of a 0.15 M phosphate buffer at pH = 7. A few μL were added to 5 mL of synovial fluid, and then left for 24 hours at ambient temperature. A sample of initial SF was stored in the same conditions as a blank.



A bacterial linear hyaluronan (Mw~650,000) at 10 g/L in 0.15 M NaCl was chosen as the model to test the role of storage and freezing on characteristics of pure HA. A linear HA (Mw = 195,000) at 30 g/L in 0.15 M NaCl was used for the test, with protease added in the same conditions as for synovial fluid, to control its role on HA. These HA samples obtained by fermentation were delivered by ARD cy (Pomacle, France).



Synovial fluids and linear HA were characterized by size exclusion chromatography (SEC) using a Waters Alliance GPCV2000 (USA) equipped with three detectors on line: a differential refractometer, a viscometric detector, and a multi angle laser light scattering (MALLS) detector from Wyatt (USA) [21,37,38]. The concentration of HA in the sample that was injected was lower than 0.5 g/L (synovial fluids are usually diluted in the eluent in a ratio 1/5 before injection) with an injection volume of 100 μL using two columns in series (Shodex OH-pack 805 and 806). These columns allow the separation of high hydrodynamic volume HA molecules from proteins of lower values. Knowing the volume injected and the dn/dc, it is easy to determine the eluted polymer concentration. In this treatment, it is supposed that no low MW HA are eluted in the same time as proteins, which would suppose a molecular weight for HA as low as Mw < 10,000 (calculated for the same hydrodynamic volume as proteins). Before injection, all the samples were filtrated on a 0.2 μm pore membrane (“Sartorius AG” cellulose acetate filter) in order to retain large aggregates (or eventually flocculated proteins). The eluent used was a 0.1 M NaNO3 aqueous solution (which remains of the same order as ionic concentration in physiological conditions), at 30 °C as elution temperature and a flow rate of 0.5 mL/min. The MW distribution and weight-average molecular weight (Mw) of the eluted polymers were obtained as characteristics of the biopolymers. The refractive index increment was dn/dc = 0.153 for HA, and 0.190 for protein pool [39]. Only soluble proteins were detected in SEC experiments. Few experiments were performed with an additional detector, a Waters 2487 Dual Absorbance detector allowing us to locate the proteins in the elution profile at a fixed wavelength of 280 nm. Advantage of SEC technique is that the direct determination of the molecular weight of HA and proteins (completely separated in the majority of cases) is obtained without calibration, even if the concentrations determined are slightly underestimated due to the eventual retention of a small amount of HA/proteins complex during filtration. The protease pre-treatment used to hydrolyze proteins gives a better SEC separation, but it is not necessary in the majority of cases. The large ratio in weight fraction between proteins and HA involves a delicate determination of the HA characteristics, but on the average, all of the values obtained in successive analysis consistently give the same type of values. Better precision is obtained when the molecular weight values at maximum of the concentration peak in chromatograms are compared.



The total amount of soluble proteins was also determined using the Bradford titration following dilution of the SF (ratio 1/20). The interference with HA was taken into account in a calibration curve performed with BSA. The HA content of SF is much lower than that of proteins and its contribution does not exceed 2% in the protein determination. The content of soluble proteins determined by SEC was confirmed by the direct Bradford titration.



The rheological behaviour of SF was determined with an AR 1000 rheometer from TA Instruments (USA) at 25 °C using a cone and plate geometry (4 cm diameter plate with 3.59° cone). Steady state viscosity η was determined as a function of the shear rate γ in flow experiments.




4. Conclusions


Firstly, this work was performed to investigate the role of pre-treatments of SF on its rheological properties and composition determined by SEC. Our primary objective was to establish the best conditions possible for storage of SF samples after their collection from knees. They would later be used for further investigation, particularly to study the role of viscosupplementation treatment on resulting SF compostion and viscometric behaviour. Unfortunately, it is difficult to draw one unique conclusion: the results depend essentially upon the structure of the considered SF (mainly proteins and HA contents) especially when the viscosity is low in relation with a looser and instable network established between HA and proteins. The influence of different pre-treatments (freezing, filtration, and centrifugation) on viscosity measured as a function of the shear rate and on the composition obtained by SEC on different SF has been discussed. Given this analysis and results, we conclude that freezing has a relatively weak influence on rheology and composition in the majority of cases, especially given SF with large initial viscosity. Freezing is thus recommended for storage over a long period. In the absence of dilution, centrifugation (even at high rate) does not modify the 3D-network nor the rheology, the structure and the composition of the SF. Filtration on porous membranes, in the absence of dilution, causes a dramatic decrease in viscosity, especially for SF with higher viscosity, due to retention by the filter of the highly cross-linked fraction of polymers. Concerning the compositions of the different SF samples, they are not particularly perturbed by the different pre-treatments, especially when compared to the supposed low amount of loosely cross-linked material which is clearly evidenced.



Secondly, concerning the techniques used for characterization (composition analysis) of synovial fluids, the use of SEC with triple detection after filtration on 0.2 μm membrane of the diluted SF is demonstrated as important. Measurement of steady state viscosity performed directly or after freezing the initial SF is also convenient to obtain information on the behaviour of synovial fluids. Our results also show that viscosity cannot be used to approach the molecular weight due to shear rate effect in viscometers (in relation with the non-Newtonian behaviour), but also due to the influence of interactions between HA and proteins (even after partial elimination). Such influence leads an increase in viscosity, due to formation of a loose 3D-network.







References


	1. 
Rinaudo, M. Rheological investigation on hyaluronan-fibrinogen interaction. Int. J. Biol. Macromol. 2008, 43, 444–445. [Google Scholar] [CrossRef] [PubMed]

	2. 
Weigel, P.H.; Fuller, G.M.; LeBoeuf, R.D. A model for the role of hyaluronic acid and fibrin in the early events during the inflammatory response and wound healing. J.Theor.Biol. 1986, 119, 219–234. [Google Scholar] [CrossRef] [PubMed]

	3. 
Fergusson, J.; Boyle, J.A.; McSween, N.M.; Jasani, M.K. Observations on the flow properties of the synovial fluid from patients with rheumatoid arthritis. Biorheology 1968, 5, 119–131. [Google Scholar] [PubMed]

	4. 
Nuki, G.; Ferguson, J. Studies on the nature and significance of macromolecular complexes in the rheology of synovial fluid from normal and diseased human joints. Rheol. Acta 1971, 10, 8–14. [Google Scholar] [CrossRef]

	5. 
Ogston, A.G.; Stanier, J.E. On the state of hyaluronic acid in synovial fluid. Biochem. J. 1950, 46, 364–376. [Google Scholar] [PubMed]

	6. 
Ogston, A.G.; Stanier, J.E. The dimensions of the particle of hyaluronic acid complex in the synovial fluid. Biochem. J. 1951, 49, 585–590. [Google Scholar] [PubMed]

	7. 
Ogston, A.G.; Sherman, T.F. Degradation of the hyaluronic acid complex of synovial fluid by proteolytic enzymes and by thylenediaminetetra-acetic acid. Biochem. J. 1959, 72, 301–305. [Google Scholar] [PubMed]

	8. 
Fam, H.; Bryant, J.T.; Kontopoulou, M. Rheological properties of synovial fluids. Biorheology 2007, 44, 59–74. [Google Scholar] [PubMed]

	9. 
Blix, G. Studies of glycoproteins, Studies in glycoproteins. Acta Physiol. Scand 1940, 1, 29–42. [Google Scholar] [CrossRef]

	10. 
Balazs, E.A.; Sundblad, L. Viscosity of hyaluronic acid solutions containing proteins. Acta Soc. Med. Ups. 1959, 64, 137–146. [Google Scholar]

	11. 
Balazs, E. Therapeutic use of hyaluronan. Struct. Chem. 2009, 20, 341–349. [Google Scholar] [CrossRef]

	12. 
Sundblad, L. Studies on hyaluronic acid in synovial fluids. Acta Socetatis Medicorum Upsaliensis 1953, LVIII, 113–238. [Google Scholar]

	13. 
Balazs, E.A.; Denlinger, J.L. Viscosupplementation: A new concept in the treatment of osteoarthritis. J. Rheumatol. 1993, 20, 3–9. [Google Scholar]

	14. 
Seppala, P.O.; Balazs, E.A. Hyaluronic acid in synovial fluid. III. Effect of maturation and aging on the chemical properties of bovine synovial fluid of dufferent joints. J. Geronto. 1969, 24, 309–314. [Google Scholar] [CrossRef]

	15. 
Dahl, L.B.; Dahl, I.M.; Engström-Laurent, A.; Granath, K. Concentration and molecular weight of sodium hyaluronate in synovial flouid from patients with rheumatoid arthritis and other arthropathies. Ann. Rheum. Dis. 1985, 44, 817–822. [Google Scholar] [CrossRef] [PubMed]

	16. 
Balazs, E.A.; Watson, D.; Duff, I.F.; Roseman, S. Hyaluronic acid in synovial fluid.I. molecular parameters of hyaluronic acid in normal and arthritis human fluids. Arthritis Rheum. 1967, 10, 357–376. [Google Scholar] [CrossRef] [PubMed]

	17. 
Balazs, E.A. Intercellular matrix of connective tissue. In Handbook of the Biology of Aging; Finch, C.E., Hayflick, L., Eds.; Van Nostrand Reinhold: NewYork, NY, USA, 1977; pp. 222–240. [Google Scholar]

	18. 
Schurz, J. Rheology of synovial fluids and substitute polymers. JMS-Pure Appl. Chem. 1996, A33, 1249–1262. [Google Scholar]

	19. 
Balazs, E.A. The physical properties of synovial fluid and the special role of hyaluronic acid. In Disorders of the Knee; Helfet, A., Lippincott, J.B., Eds.; Cy: Philadelphia, PA, USA, 1982; pp. 61–74. [Google Scholar]

	20. 
Haxaire, K.; Braccini, I.; Milas, M.; Rinaudo, M.; Perez, S. Conformational behavior of hyaluronan in relation to its physical properties as probed by molecular modelling. Glycobiology 2000, 10, 587–594. [Google Scholar] [CrossRef] [PubMed]

	21. 
Fouissac, E.; Milas, M.; Rinaudo, M. Shear-rate, concentration, molecular weight, and temperature viscosity dependences of hyaluronates, a wormlike polyelectrolyte. Macromolecules 1993, 26, 6945–6951. [Google Scholar] [CrossRef]

	22. 
Fouissac, E.; Milas, M.; Rinaudo, M.; Borsali, R. Influence of the ionic strength on the dimensions of sodium hyaluronate. Macromolecules 1992, 25, 5613–5617. [Google Scholar] [CrossRef]

	23. 
Milas, M.; Rinaudo, M. Characterization and properties of hyaluronic acid (hyaluronan). In Polysaccharides: Structural Diversity and Functional Versatility, 2nd ed.; Dimitriu, S., Ed.; Dekker: New York, NY, USA, 2005; pp. 535–549. [Google Scholar]

	24. 
Balazs, E.A.; Gibbs, D.A. The rheological properties and biological function of hyaluronic acid. In Chemistry and Molecular Biology of the Intercellular Matrix; Balazs, E.A., Ed.; Academic Press: London, UK, 1970; pp. 1241–1254. [Google Scholar]

	25. 
Mathieu, P.; Conrozier, Th.; Rozand, Y.; Vignon, E.; Rinaudo, M. Rheologic behaviour of osteoarthritic synovial fluid after addition of hyaluronic acid. Clin. Orthop. Relat. Res. 2009, 467, 3002–3009. [Google Scholar] [CrossRef]

	26. 
Kvam, C.; Granese, D.; Flaibani, A.; Zanetti, F.; Paoletti, S. Purification and characterization of hyaluronan from synovial fluid. Anal. Biochem. 1993, 211, 44–49. [Google Scholar] [CrossRef] [PubMed]

	27. 
Lee, H.G.; Cowman, M.K. An agarose gel electrophoretic method for analysis of hyaluronan molecular weight distribution. Anal. Biochem. 1994, 219, 278–287. [Google Scholar] [CrossRef] [PubMed]

	28. 
Saari, H.; Konttinen, Y.T. Determination of synovial fluid hyaluronate concentration and polymerisation by high performance liquid chromatography. Ann. Rheum. Dis. 1989, 48, 565–570. [Google Scholar] [CrossRef] [PubMed]

	29. 
Adam, N.; Ghosh, P. Hyaluronan molecular weight and polydispersity in some commercial intra-articular injectable preparations and in synovial fluid. Inflamm. Res. 2001, 50, 294–299. [Google Scholar] [CrossRef] [PubMed]

	30. 
Praest, B.M.; Greiling, H.; Kock, R. Assay of synovial fluid parameters: hyaluronan concentration as a potential marker for join diseases. Clin. Chim. Acta 1997, 266, 117–128. [Google Scholar] [CrossRef] [PubMed]

	31. 
Dunn, S.L.; Waddell, D.D.; Kolomytkin, O.V.; Veigel, P.H.; Marino, A.A. Polydispersity and concentration of hyaluronan in synovial fluid from patients with advanbced osteoarthritis. In Proceedings of the 7th International Conference on hyaluronan, Charleston, VA, April 2007.

	32. 
Balazs, E.A. Viscoelastic properties of hyaluronic acid and biological lubrification. Univ. Mich. Med. Cent. J. 1968, 255–259. [Google Scholar]

	33. 
Balazs, E.A. Physical chemistry of hyaluronic acid. Fed. Proc. 1958, 17, 1086–1093. [Google Scholar] [PubMed]

	34. 
Turner, R.E.; Lin, P.; Cowman, M.K. Self-association of hyaluronate segments in aqueous NaCl solution. Arch. Biochem. Biophys. 1988, 265, 484–495. [Google Scholar] [CrossRef] [PubMed]

	35. 
Fujiwara, J.; Takahashi, M.; Hatakeyama, T.; Hatakeyama, H. Gelation of hyaluronic acid through annealing. Polym. Int. 2000, 49, 1604–1608. [Google Scholar] [CrossRef]

	36. 
Okamoto, A.; Miyoshi, T. A biocompatible gel of hyaluronan. In Hyaluronan, Vol. 1: Chemical, Biochemical and Biological Aspects; Kennedy, J.F., Phillips, G.O., Williams, P.A., Hascall, V.C., Eds.; Woodhead Pub.: Cambridge, UK, 2002; pp. 285–292. [Google Scholar]

	37. 
Rinaudo, M. Advances in characterisation of polysaccharides in aqueous solution and gel state. In Polysaccharides: Structural Diversity and Functional Versatility, 2nd ed.; Dimitriu, S., Ed.; Dekker: New York, NY, USA, 2005; pp. 237–252. [Google Scholar]

	38. 
Rinaudo, M.; Roure, I.; Milas, M. Use of steric exclusion chromatography to characterize hyaluronan, a semi-rigid polysaccharide. Int. J. Polym. Anal. Charact. 1999, 5, 277–287. [Google Scholar] [CrossRef]

	39. 
Vendrely, C.; Valadie, H.; Bednarova, L.; Cardin, L.; Pasdeloup, M.; Cappadoro, J.; Bednar, J.; Rinaudo, M.; Jamin, M. Assembly of the full-length recombinant mouse prion protein I. Formation of soluble oligomers. Biochim. Biophys. Acta-Gen. Subj. 2005, 1724, 355–366. [Google Scholar] [CrossRef]





© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





media/file18.png
LS, AUX (volts)

LS, AUX (volts)

(A)

Chromatograms

—— 29mr10_01
—— 29mr10-03_01

0.04

0.03

0.02

0.01

0.00

—_—
o

20
Volume (mL)

(B)

Chromatograms

25

— 18mr11-0_01
— 19mr11-05_01

0.06

0.04—

0.02}—

0.00 . .

Volume (mL)

25 30





media/file13.png
10.00

1.000
°

viscosity (Pa.s)

0.1000

0.01000
1.000

s o

10.00
shear rate (1/s)

100.0





media/file9.png
1.000

oe
ae
o e
o
o
0.1000
DA AR
" .
° o
°
.
.
.
0.01000
0.1000 1.000 10.00 100.0

shear rate (1/s)





media/file10.png
i oL S12 Initial
De e S12 4°C-15d
1 i ) o0LS12 4°C-5d
- 0. s .S12 -21°C-9d
» | o oLS 12 -21°C-50d
© o o® oLS 12 -21°C-15d
o o vLS 12 -21°C-90d
fe) [
oboo $
e °
0.1000— "o_ ®
. °
i o ®
i o o .
] v © o, @
EI A A v oo °
. ] o I DO [m] [
i L] \
° © ] .V Z v 70 g ™
[ ]
| ° o % 0m Lo, .’ 8 o o n; o
¢ . ¢ . . ° a? “o o®
* . e % 4 “V ay o®
¢ L 2 ® n® .9 O p@
i * o m9 P . o n; Do
) u o Be
® g o DO
* L e .o m
4 . uQ g
 J
0-01000 I I ‘ I I ‘ I I
0.1000 1.000 10.00

shear rate (1/s)






media/file5.png
Differential Weight Fraction

Differential Molar Mass

°
8
T

o
®
T

Tstorder

Molar Mass (g/mol)





media/file15.png
1.000

® o
m‘ o
e 88 goe g8 2893823832030
¢ 8 I B R T S T S-S ST
z .
n
o 0.1000 .
o
2 a
>
nu
o
- - .-. - nn
- ...E-ll
.
—
i
—
0.01000
0.1000 1.000 10.00 100.0

shear rate (1/s)





media/file19.png
Differential Weight Fraction

Differential Molar Mass 18mr11-0_01

Norm= Log
0.25, 1storder
L 19mr11-05_01
F Norm=Log
E 1storder
020
015~
010
0.05F
0.00C M S| | | P
1.0x10° 1.0x10* 1.0x10° 104107

1.0x10°
Molar Mass (g/mol)





media/file14.png
;; _
© .
o 1.000 - .
S o) 8
> 7 IS E )
= i ® n
7)) ] v . ° =)
(o] 7 Y \4 : g !
(& v * . l
L * .o .
> v v : [ ]
0.1000 v .
] v
B v
0.01000 -
1.000 10.00

shear rate (1/s)

100.0





media/file6.png
Differential Weight Fraction

Differential Molar Mass e 09mr01-9_01
Norm=Log

0.10 1storder

B A  09mr01-06_01

B Norm=Log

- 1storder
0.081— e  09mr01-07_01

N Norm= Log

N 1storder
0.06—
0.04—
0.02—

' N
O_CD- 1 1 I T N N

1.0x10* 1.0x10’

Molar Mass (g/mol)





nav.xhtml


  polymers-01-00016


  
    		
      polymers-01-00016
    


  




  





media/file11.png
10.00

viscosity (Pa.s)

0.1000

0.01000
0.1000

1.000 v

1.000

EN
v s
v s
. v o
¢ 0 M
.
o
S 0
v H
Ty
T,
. v
a
a
5 o g
° a
..
PR

shear rate (1/s)

10.00

100.0





media/file1.png
Peak ID - 04mr12-02_01

40

5X3 1
a4
. .
1 O
™
m
L
©
=~ / AP
Ir-rrrrrrrrrrrrrtrr
-l .&- o .-..H.Mr.-...r.w.r-u...r..r bbby,
. ] o
N
...\
-Alnuctncl.ncn“lnnl\-c
lnnl.lnf AAAAAAAAA ]
AAAAAAAAAAAAAAAA “esae,
- |
] ©
< T
| | | 1 | | | | 1 1 1 | | h | o
© © < N < N
(@ (@ (@ (@ (@ nﬂ

XNV “LXNV “LL# ST

Volume (mL)





media/file16.png
viscosity (Pa.s)

0.01000

0.1000

1.000 10.00 100.0
shear rate (1/s)





media/file2.png
Detection signals

: : ! 5
O Light scattering
O UVsignal Og
u}
(u]
J*-/
10 12 14 16 18 20

Elution volume (mL)






media/file20.png
Differential Weight Fraction

Differential Molar Mass o 18mr11-0_01
Norm=Log
0.25 1storder
i 19mr11-05_01
n Norm=Log
N 1storder
0.20—
0.15:—
0.10:—
0.05—
OOO- |||||| i) ) 1 L1 1 111
1.0x10° 1.0x10% 1.0x10° 1.0x10° 1.0x107

Molar Mass (g/mol)





media/file7.png
10.00

1.000

(s ed) A}soosia

0.1000

100.0

10.00

shear rate (1/s)

1.000

0.1000

0.01000





media/file12.png
- A
| V A
v A
] v A
v A
i v A
v A
v A
i v A
v A
o v a
o °© o , v &
—
° o vV A
® 10004 Y v 9 e o ° o v A
© ] v ® o e ° o vV oa
hy oA, oy e ., © v a
~— B A A Y (@) o v A
4 A [ v A
A v [ (o]
3’ v e O vV a
— B [ ] (e} v
0 A L v e © $
o - A \4 [ ] 0 A
A v ® o v a
3] A A Y ® o vV a
2 - a v * 3 vV a
v ® o
> A v ® vV a
A v s vV a
A s
0.1000 P )
. o o o o = I A Y
b o o o A v
i ] - =] o o O A v
] = n . u ] o4 A
7 = u u | ] ] . o
| | . o
_ u ] - a o
. . o4
] - a
a .
0.01000 _— —
0.1000 1.000 10.00

shear rate (1/s)

100.0





media/file3.png
Detection signals

0.5

O Light scattering
O UVsignal
10 12 14 16 18 20 22

Elution volume (mL)

24





media/file0.png
LS #11, AUX1, AUX2

Peak ID - 04mr12-02_01

N

ey

Proteins

Ls#11
AUX1
AUX2

20
Volume (mL)





media/file17.png
LS, AUX (votts)

LS, AUX (volts)

Crvomatograms Zom 10,01
29m10:03_0

20
Volume (mL)

(B)
Chromatograms

o
>
R
T

°

o
S
T

20
Volume (mL)





media/file8.png
10.00

e O [ =) n
o O mD B
o@n O BO
ol O [ [u] r
o6 O [ [s]
e O mo
=S
o | =
0@ O u L ©
—
O3 O [ Ju] r
ced® O ED B
oene® O [ [u] n
o ® O [ [u} B
ced @ O [ ]s] N
o¢¥gq @ O [ _m]
Oo«d @ O m B
ovd @ O m
O +d ® O [ 1]
=
< o ® O ] rQ
[
© wd e O Om B
O wd ® O Om |
O €iq e O 0Om r
X | ® O o = =
© wid ® O u] [ ]
O Y4 ® O o .
O d ®@ O on B
o &ad ® O O =
o
«d ® O [ 1] o
o
T I I i,, I I 7,, I I m
o o o o
o o o
o o o
. - -
- N
o e
o

(sed) A31soosiaA

shear rate (1/s)





