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Abstract: The rheological properties of synovial fluid (SF) are essential for the friction behavior and
wear performance of total joint replacements. Standardized in vitro wear tests for endoprosthesis
recommend diluted calf serum, which exhibits substantial different rheological properties compared
to SE. Therefore, the in vitro test conditions do not mimic the in vivo conditions. SF samples from
osteoarthritis knee patients and patients undergoing knee endoprosthesis revision surgery were
compared biochemically and rheologically. The flow properties of SF samples were compared to
synthetic fluid constituents, such as bovine serum albumin (BSA) and hyaluronic acid (HA). Interest-
ingly, HA was identified as a significant contributor to shear-thinning. Using the acquired data and
mathematical modelling, the flow behavior of human SF was modelled reliably by an adapted ad-
justment of biorelevant fluid components. Friction tests in a hard /soft bearing (ceramic/ UHMWZPE)
demonstrated that, in contrast to serum, the synthetic model fluids generate a more realistic friction
condition. The developed model for an SF mimicking lubricant is recommended for in vitro wear
tests of endoprostheses. Furthermore, the results highlight that simulator tests should be performed
with a modified lubricant considering an addition of HA for clinically relevant lubrication conditions.

Keywords: joint lubrication; synovial fluid; hyaluronic acid; friction test; rheological properties;
modelling; endoprosthesis testing

1. Introduction

Several studies have emphasized the dominant effect of the lubricant on the tribolog-
ical performance of endoprosthesis in vivo [1-4]. Joint simulators are used to test novel
implant designs, improve the wear resistance of implants, and explore in vivo wear mecha-
nisms. These tests are normed for knee-joint prostheses in the ISO standard 14243-1 and
ASTM test method F1715-96 [5,6]. Both standards require water-diluted calf serum (CS) as
a lubricant for the test. The lubricant in the test contains antimicrobial reagents to prevent
contamination, and the protein concentration has to be adjusted [5]. Nevertheless, this
standard allows great variations because the commercial available serum batches vary
in their composition, with regard to protein content and salt concentration, and due to
the type and amount of additives that can be added [7]. This leads to an experimental
variability that restricts inter-laboratory reproducibility of these tests [8]. Furthermore,
wear rates and observed failure modes in the simulator test do not always correlate with
in vivo occurring damage patterns [9]. In order to identify critical implants in simulator
tests, it is necessary to harmonize the in vitro test setups and to mimic in vivo conditions.

One key problem of the current in vitro simulator testing is that diluted CS does
not mimic the in vivo situation due to diverging rheological properties from synovial
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fluid (SF). SF has very special lubricating characteristics that are closely related to the
chemical composition [10-12]. In general, SF is a dialysate of blood plasma of the same
electrolyte composition without coagulation factors. It consists of 85% water with plasma
proteins (albumin, immunoglobulins, etc.), hyaluronic acid (HA), lipids, salts, enzymes,
inflammatory cytokines, and a small cellular fraction of predominantly synoviocytes,
monocytes, and lymphocytes [13,14]. The porous capillaries of the synovial membrane, as
well as the high molecular weight of HA in the interstitial space of the synovial cells, act as
a filter that generates the increased albumin content (40-70%) and albumin/globulin ratio
in the range of 1.2-2.3 in comparison to blood (ratio of 0.75) [15]. The protein concentration
and composition vary among the synovial joints as well as intra- and inter-individually,
also depending on the health status, such as progression of osteoarthritis (OA), and joint
inflammation [16,17]. The protein concentration is increased in patients with OA, as well
as in patients with an endoprosthesis, due to an increased permeability of the synovial
membrane [10,12-14,16-18]. The primary lubricating macromolecule in SF is HA that is
secreted by B-synoviocytes of the synovial membrane [17]. HA is a high molecular weight
non-sulfated glycosaminogylcan and consists of a linear polysaccharide with alternating
glucuronic acid and N-acetyl-glucosamine units. The molecular weight depends on the
chain length, which varies in vivo between 1-10 MDa [19]. HA binds large quantities of
water. Due to this specific property, the viscoelastic behavior, which is characterized by a
shear rate dependent viscosity and frequency dependent elasticity, can be explained [20-22].
At low shear rates, a solution with high molecular HA exhibits high viscosities and low
elasticity, while it acts in an elastic way at increasing shear rates or sliding speeds [23].
This shear-thinning behavior influences the lubrication mode (boundary or fluid film)
as well as the tribological properties of articulating joints [24]. The lubrication mode
mediates frictional properties and can consequently be essential in reducing friction at the
start of movements [24]. Although HA does not provide an interfacial lubricating effect
in vitro [25,26], its presence between two tribological surfaces determines friction [27]. As
shown by Bonnevie et al., the lubricating effect of HA can be described by a Stribeck-like
elastoviscous transition that allows deriving effective lubricating viscosities [28]. These
values and friction coefficients correlate well with an improved clinical outcome.

The viscous behavior of SF decreases with osteoarthritis, or the implantation of an
endoprosthesis. Despite an increased protein concentration in SF, a similar or decreased HA
content has been described in OA and patients with an endoprosthesis [12,29]. The influ-
ence of the protein concentration on the wear mechanisms has been investigated in different
simulator tests [30,31]. An increased protein concentration of more than 20 g/L is associ-
ated with decreased ultrahigh molecular weight polyethylene (UHMWPE) wear [30-32].
Moreover, the specific protein types and their proportion, as well as the surrounding
temperature, influence the friction and wear generation [2,3,31,33,34]. Different studies
have focused on the development of a lubricant to mimic healthy SF. Bortel et al. evolved a
synthetic fluid in a stepwise approach by adding typical reagents of native SF, such as HA
and bovine serum albumin (BSA), as substitutes for albumin and immunoglobulin G (IgG).
In tribological tests using UHMWPE pins against CoCrMo discs, the newly developed
lubricant shows more realistic results in comparison to serum test liquid [10]. Smith et al.
showed that a biopolymer blend of polysaccharides sodium alginate and gellan gum ex-
hibits similar rheological properties to SF and lubricates the surfaces more effectively than
BSA [35]. As a suitable biomimetic SF, Sava et al. demonstrated that phospholipid vesicles
filled with a glycoprotein gel ideally resembled the tribological behavior of healthy SF [36].

However, there is only a limited number of studies that describe the properties of SF
from joints with endoprosthesis as well as an appropriate adaption of simulator test fluids.
On the one hand, the aim of this study was a rheological and tribological characterization
of OA and revision SF in comparison to serum-based test fluid. On the other hand, the
development of artificial SF that better mimics the rheological properties of OA and revision
SF was envisaged. Therefore, the following research questions were addressed:
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e How does the composition of the SF differ among patients undergoing primary
implantation due to OA and revision surgery?

e  How is the flow behavior related to changes in the chemical composition regarding
protein and HA concentration?

e  How can the flow behavior of human SF be mimicked by synthetic fluids?

2. Materials and Methods
2.1. Test Fluids

A total of 18 OA patient samples were aspirated prior to implantation of primary
total knee arthroplasty (OA, N = 18). In addition, 18 fluid samples were aspirated from
patients before they underwent a revision surgery of a total knee arthroplasty (Rev SF,
N = 18). All human samples were obtained at the Department of Orthopaedic Surgery
at the Magdeburg University Hospital after given written consent. Institutional review
board (IRB) approval for the study was provided by the local Ethical Committee of the
Otto-von-Guericke University Medical School, Magdeburg, prior to commencement of
the study (IRB No. 25_17). All SF samples were stored at —80 °C after aspiration until
further use.

Hip simulator test fluid (serum) was prepared according to ISO 14243-1:2014 by diluting
calf serum (BioWest, Nuaillé, France) to a protein concentration of 20 g/L, adding 10 mL/L
gentamycin, 250 ug/mL amphotericin B (both p.a. Biochrom GmbH, Berlin, Germany),
and 20 mM/L EDTA (Carl Roth GmbH, Karlsruhe, Germany) [5]. The used lot number of
calf serum was used for hip implant tests before and generated reasonable wear rates.

In order to determine an applicable model to mimic the properties of human SF,
components and compositions of synthetic SF were varied. The protein composition was
modified for pure bovine serum albumin (BSA Fraktion V, AppliChem GmbH, Darmstadt,
Germany) and calf serum (BioWest, Nuaillé, France) in different concentrations from 10 to
40 g/L. In addition, the HA concentration (molecular weight 1.7 x 10% Da, Euro OCT
Pharma GmbH, Bénen, Germany) was varied from 0.25 to 6 g/L. The influence of salts
was investigated by balancing either with Ringer solution (composition: 8.6 g/L sodium
chloride, 0.3 g/L potassium chloride, and 0.33 g/L calcium chloride, Fresenius Kabi AG,
Bad Homburg, Germany) or with deionized water (B. Braun Melsungen AG, Melsungen,
Germany). Four milliliters of each fluid sample was generated, and 44 different samples
were tested (see Table A1). All test fluids were prepared in sterile conditions and stored at
—80 °C until they were used for measurements.

2.2. Chemical Composition
2.2.1. Total Protein Concentration of SF

Total protein concentration was measured biochemically using a bicinchoninic acid
(BCA)-containing protein assay. In this process, divalent copper ions react quantitatively
with the proteins to form monovalent copper ions. In combination with BCA, these agents
result in a purple colored reaction product whose absorption can be evaluated photometri-
cally. In this study, the Pierce™ BCA protein assay kit (Thermo Scientific, Waltham, MA,
USA) was applied. A BSA standard curve was included to determine the protein con-
centrations of the samples. The Assay was conducted as described in the manufacturer’s
manual using a 96-well plate setup. SF samples were diluted 1:50 (final dilution in the
well) with PBS and measured as duplets. The absorbance was measured using a Tecan
Infinite 200 PRO spectrophotometer at 560 nm. The mean absorbance of the blank (PBS)
was subtracted from the mean absorbance of the SF samples. Total protein concentrations
were interpolated from the BSA standard curve.

2.2.2. Hyaluronic Acid Concentration in SF

An enzyme-linked immunosorbent assay (ELISA) was used to quantify levels of Hyaluro-
nan (HA) in SF samples. This analytical detection method relies on a specific antibody that
is fixed on a 96-well plate to bind the target antigen, in this case HA. A secondary an-
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tibody is given to the samples, which is previously labeled with an enzyme and then
also binds to the HA antigen in the sample. A color change is initiated by a substance
containing the enzyme’s substrate, which can then be detected by a photometer. The
Hyaluronan Immunoassay Quantikine ELISA Kit (DHYALO, R&D Systems Inc., Abingdon,
UK) was applied. Therefore, the SF samples were diluted 1:100,000 using the assay diluent.
Subsequently, the ELISA was performed as described in the manufactures” manual. The
absorbance was measured at 430 nm (Tecan Infinite 200 PRO). A HA standard curve
was included, and the HA content in the SF was determined by interpolation from the
standard curve.

2.3. Rheological Investigations

A rotational rheometer (MCR 502, Anton Paar, Graz, Austria) with a parallel plate
system was used with a 0.2 mm gap at 30 °C to determine the rheological properties of
seven OA and seven Rev SF test fluids. A minimum aspired volume of 7 mL determined
the selection of the 14 fluid samples from the total study group (N = 36). The top plate
(radius 25 mm, V4A) rotated on the fixed lower part. The viscosity was calculated from
the measured torque. The shear rate dependence of the viscosity was measured under a
logarithmic shear rate increase from 0.001 to 1000 s~ over 500 s (Figure 1A). The retention
time of one measuring point was one second. After a rest time of 5 min, each sample was
measured in triplicate.

A 1000+ B
100 4 l

104 Sample )
Holder Lubricant

0.1 \ Ceramic Ball /

- A

0014 B\ /
UHMWPE Pins
0.001 , . ; ; ; &
0 100 200 300 400 500
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Figure 1. Details on the performed rheological and friction tests. (A) Measurement protocol for the
flow behavior of the tested fluids with linear shear rate increase. (B) Ball-on-three plates test setup
for friction tests with the hard/soft pairing of ceramic against UHMWPE.

2.4. Mathematical Modelling of Flow Behavior

The flow behavior of all test samples was modelled mathematically according to the
Ostwald-deWaele model for pseudo-plastic fluids according to the standard DIN 1342-
3:2003-11 [37]. Therefore, shear stress, T, is determined by a consistency factor, A, which is
equal to the zero viscosity at the shear rate of 1 s~!, the shear rate, 7, and the exponential
flow index, n, which considers the shear-thinning effect.

T=A9" 0= Aq"Y M)

Dynamic viscosity, 1, is defined as the relationship between shear stress, T, to shear
rate, y. To obtain the proper model parameters, the viscosity-shear rate curves were
approximated with the bisquare-weighted least-squares method, optimized on the relevant
datarange 7 > 1s~!. The parameters of the approximation were assumed to be dependent
on the chemical composition of the fluid, i.e., on protein and HA content.

A = A(cua), n = n (Cpr,CHA) )
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For the consistency factor, A, it was assumed that it depends only on the HA concentra-
tion. This assumption is based on experimental data, which shows a much higher sensibility
concerning HA content in comparison to all other tested constituents (Figures 4 and 5). In
addition, it was observed that data changes rapidly in the HA axis and also behaves non-
linearly in logarithmic and semi-logarithmic space. Therefore, it was decided to describe
its dependence as a logistic curve, using the following equation:

a
A= T ep(b(am—0) ©)

where parameters 4, b, and ¢ are usually calculated based on the maximal gradient, the
amplitude of function, and the symmetry point location, respectively. In this case, this
function is used as an approximation of damped exponent, because it behaves almost
exponentially until cya = 2 g/L and grows slower after that threshold point. Therefore,
the parameters are calculated via the bisquare-weighted least-squares method using the
approximated data.

The exponent parameter, 1, is approximated as a linear function of HA concentration
(cqa) and protein content (cpr), which can be expressed as follows:

n = a-cga + Pcpr +1 4)

To estimate « and B, the linear least-square method was used. It is worth mentioning
that this model considers a Newton-behavior of Ringer solution as a limit case of the
model liquid.

In order to mimic native flow curves by adjusting the constituents of HA and protein
content, interior-point nonlinear optimization was used with the following parameters:

e error function, which should be minimized

E(cHa, cpr) = (

Alepa) — AOA)Z n n(cua, cpr) — noa
Aoa noA

2
> = Ep+ Ey (5)

e gradient tolerance of tol(|VE (cua, cpr)|,) = 1x107°
e  variable bounds 0.0 g/L < cya < 6.0 g/Land 0.0 g/L < cpr < 60.0 g/L

All analyses were performed using Matlab Software (Mathworks Inc., Natick, MA, USA).

2.5. Friction Measurements

A hard/soft pairing typical for joint arthroplasty was simulated in a ball-on-three
plates friction test. Stribeck curves were recorded using a compartment cell in a tribometer
(MCR 502 with T-PTD 200 tribology cell, Anton Paar, Graz, Austria). The test setup is
illustrated in Figure 1B and resembles a hip joint, yet the joint geometry is negligible
for the abstracted study of friction [38]. A Biolox®delta femoral head (CeramTec GmbH,
Plochingen, Germany, r; = 14 mm, E; = 350 GPa, v; = 0.25) was tested against a specimen
of ultra-high molecular weight polyethylene (UHMWPE, Chirulen® GUR 1020, ISO 5834-2,
E; = 500 MPa, v, = 0.32). Therefore, plates with a diameter of 6 mm and a length of
6 mm were turned from UHMWPE (R, = 1.6 um). For one test, three UHMWPE pins were
mounted in a three-point sample holder with a radial distance of 120° and an angle of 45°
to the vertical plane (Figure 1B). The femoral head of zirconia toughened alumina with
additives of SrO, Y,0O3, and Cr,O3 (d = 28 mm, R, = 6.3 nm =+ 2.2 nm) was inserted in the
measuring shaft, which rotates [36]. Then, 1.5 mL of the test fluid was filled in the sample
holder. The test was started, consisting of two intervals. For the first five minutes, a normal
force of 5 N was applied, resulting in a contact pressure of 9.5 MPa in each UHMWPE
pin (physiological joint contact pressures for hip approximately 10 MPa [39,40] and for
knee inlays, 5-21 MPa [41,42]). The system was allowed to relax at 37 °C, simulating
body temperature. Then, the sliding velocity was increased logarithmically from 0.001 to
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1000 mm/s at a constant normal load of 5 N, and a total of 81 data points were determined.
The data point ramp was determined, decreasing logarithmically, starting with 10 to 1 s.
Each data point was calculated from the individual values over 10 s. All tests were carried
out in triplicate, always changing the contact points of the femoral head against new,
unused UHMWPE pins with a new fluid charge.

2.6. Statistical Analysis

The descriptive data are given as median or mean =+ standard deviation (SD). Dif-
ferences between the study groups were investigated using either a one-way analysis
of variance (ANOVA) as parametric method with a Holm-Sidak post-hoc test [43]. For
non-parametric data, a Kruskal-Wallis test [44] was applied, together with a Dunn’s test to
identify the explicit groups [45]. For all statistical tests, the level of significance was set to
significant at p < 0.05 (*), very significant at p < 0.01 (**), extremely significant at p < 0.001
(***) and at p < 0.0001 (****). The statistical analysis was performed using Origin software
2018 (OriginLab Corporation, Northampton, MA, USA).

3. Results
3.1. Patient Data of Human Samples

The aspirated SF volumes from the human knee joints varied between 2 to 11 mL. All
tested SF exhibited a yellow transparent color and were free from blood contamination.
The indication for the primary implantation of a knee arthroplasty was osteoarthritis. The
primary human OA samples were classified according to the Kellgren-Lawrence score
(KLS), which grades the severity of OA according to radiographic features, such as presence
of osteophytes, joint space narrowing, and subchondral sclerosis, in five groups: from non
(grade 0), light (grade 1), minimal (grade 2), moderate (grade 3), to severe (grade 4) [46].
The patient characteristics are listed in Table 1 along with as the demographic patient data.

Table 1. Patient demographics of the aspirated SF samples (values are given as mean + SD).

Parameter OA Rev SF
Number of patients 18 18
Age (years) 59 + 13 (26-80) 72 + 9 (56-84)
Gender
Female 6 (33 %) 9 (50 %)
Male 12 (67 %) 9 (50 %)
_ Femur: Co-28Cr-6Mo (N = 18)
. Grade 2 (N =7) Tibia: Ti-6A1-4V (N = 10),
KLS/Implant material of each component Grade3 (N =7) C0-28Cr-6Mo (N = 8)
Grade 4 (N =4) Inlay: UHMWPE (N = 18)
Implantation time (years) n.a. 8.5+ 6.4 (1-17)
Side of the joint
Left 10 (56%) 12 (67%)
Right 8 (44%) 6 (33%)
BMI (kg/m?) 32.3 + 6.6 (24.5-50.3) 30.7 £ 5.2 (22.4-38.7)

Regarding the Rev SF samples, all TKA exhibited an ultra-high molecular weight
polyethylene (UHMWPE) bearing that was paired with a femur component of Co-28Cr-6Mo
alloy. The tibial component was either made of Ti-6Al-4V alloy (N = 10) or Co-28Cr-6Mo
alloy (N = 8). The mean implantation time was 8.5 & 6.4 years and ranged from 1 to 17 years.
The manufacturers included the companies Link, Centerpulse, Sulzer Medica, Zimmer,
Peter Brehm, and Mathys. The reason for revision surgery was sepsis (N = 9) or aseptic
implant loosening (N = 9) that was accompanied by very severe inlay wear on both condyle
sides (N = 4) or mild inlay wear (N = 5).
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3.2. Concentration of Proteins and HA

The total protein and HA concentrations for the analyzed SF are listed in Table 2.
The range among the investigated groups of primary and revision surgery shows large
inter-individual differences, as shown by the standard deviations.

Table 2. Protein and HA concentration of the tested human joint fluids (values given as mean + SD
(minimum-maximum)).

Protein [g/L] HA [g/L] Number of Samples
OA 38.1 £+ 8.9 (21.5-55.3) 2.8 £1.1(04-5.9) N=18
Rev SF 40.5 + 9.8 (24.1-59.3) 1.7 4+ 1.5 (0.2-5.2) N=18

The mean protein content of revision SF is increased by 6.3% compared to OA SF.
HA concentration varied inter-individually in a range between 0.2 g/L and 5.9 g/L, but
not between the groups. Based on the limited number of samples, the influence of patient
demographics, such as gender, age or Kellgren-Lawrence score, could not be evaluated.

3.3. Rheological Properties

The influence of the applied shear-rate on the viscosities of 14 selected SF are illustrated
as flow curves in Figure 2. In contrast to human SF, simulator test serum with a protein
concentration of 20 g/L shows a decreased viscosity at all applied shear rates from 0.001 to
1000 s—!. However, human OA and Rev SF exhibit a pronounced shear-thinning with
increasing shear rates; diluted serum demonstrates a pseudo-Newtonian behavior at a
shear rate above 50 s~!. The viscosity of human SF is reduced by a maximum factor of
10,000 at the highest shear rate in comparison to zero viscosity. With increasing shear
rates (>2 s~ 1), the viscosity of human SF from OA patients and revision SF converge in
similar magnitudes.

A B
10° 4
Rev SF|
4 Serum
102 wl
1
3

— — 10' 4
7 7 3
= =
B =3
z Z 1074
7 Z
S 51 (3
RZ K {4
> > 1014 L v,

102

1073 b T T T T T 1 - 10 A T T T T T I.
10 102 10" 10° 10! 10 10° 10°% 10?2 10" 10° 10! 10° 10°
Shear rate [1/s] Shear rate [1/s]

Figure 2. Shear rate dependent flow curves of the different tested fluids at 30 °C. (A) Osteoarthritic
synovial fluid samples (N = 7) and serum. (B) Patient samples from revision surgery (N = 7) and
simulator test serum.

In addition, zero-viscosity was determined at a shear rate of 0.001 s~! and compared
to the viscosities at a shear-rate of 1000 s~!. The results are illustrated in Figure 3. As
already indicated by the graphs in Figure 2, serum exhibits a significantly lower viscosity
in comparison to the human SF samples. It can be observed that human OA and revision
SF samples exhibit a wide inter-individual variation in terms of viscosity, ranging from
0.002 to 0.013 Pa-s at 1000 s .
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Figure 3. Results of the viscosity measurements for OA (N =7) and Rev SF (N = 7) as well as serum
test fluid at 30 °C (data as median). (A) Zero viscosities at a shear rate of 0.001 s~ ! exhibit significant
differences between the test groups (p < 0.01, ANOVA with Holm-Sidak post-hoc test). (B) Viscosities
at a shear rate of 1000 s—! converge in magnitude and significant differences are present in all study
groups (p < 0.01, Kruskal-Wallis with Dunn’s test).

As the human SF was markedly different in several rheological parameters compared
to serum, the effect of the chemical composition of proposed biorelevant model fluids on
the rheological properties was investigated. Therefore, the flow curves of relevant fluid
components with variation of protein composition and content, HA, and physiological salt
concentration were determined and are shown in Figure 4.
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Figure 4. Flow curves for model fluids of different chemical compositions over a shear rate range
from 0.001 to 1000 s~ 1. (A) Influence of the protein content on the flow behavior of water diluted
BSA and serum. (B) Comparison of serum diluted with deionized water and BSA diluted with
Ringer solution to the protein contents of 10 g/L, 20 g/L and 30 g/L without HA. (C) Influence of
physiological salt concentration on the flow behavior by comparing Ringer solution to deionized
water at a constant protein concentration of 30 g/L without HA (0 g/L) and a HA content of 2 g/L.
(D) Flow curves of fluids with different concentrations of HA in BSA with Ringer solution and a
constant protein content of 30 g/L.

Standardized wear tests for knee endoprostheses require the use of diluted calf
serum [5]. The comparison of flow behavior between the standard model liquids, serum,
or BSA (Figure 4A) reveals a similar behavior. Different protein concentrations in serum
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Viscosity, Pa-s

10+ L
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and BSA show higher variation at smaller shear rate, ¥ < 1 s~1 but behave similar at
higher shear rates. This fact demonstrates that an increase in protein content also slightly
increases the viscosity for serum and BSA. For the tested protein concentrations, Ringer
solution, as a physiological source of salt, as a diluent for BSA in comparison to water
diluted serum, does not influence the flow behavior (Figure 4B). The influence of a Ringer
solution in combination with HA was measured and is shown in Figure 4C. For very low
shear rates, ¢ < 0.1 571, a physiological salt condition simulated by the Ringer solution
seems to slightly deteriorate the shear-thinning effect of the model liquids with 2 g/L HA.
Interestingly for an increased shear rate, 7y > 1 s 1 the shear-thinning effect is reduced for
Ringer diluted HA model liquids in comparison to water diluted HA model liquids. This
marked influence can only be seen in the presence of HA and not for fluids without HA. As
illustrated in Figure 4D, HA exhibits the biggest impact on the flow curves and accordingly
represents the main parameter for the flow behavior of any model fluid. An increased HA
concentration increases the zero viscosity, raises the curve magnitudes, and reduces the
slop of the flow curve. For the physiological relevant HA concentrations (0-6 g/L), the
viscosity increases with increasing HA content by up to 100-fold. Consequently, HA was
identified as the key parameter to model the rheological behavior of synthetic SF.

3.4. Modelling of Flow Behauvior

The flow curves of all tested model liquids were mathematically modelled using the
Ostwald—-de Waele equation. Exemplary solid line curves for the curve fit of the tested
components are shown in Figure 5 (further liquid compositions are given in Figure Al).

SA in water. protein content =20 ¢
Serum in water B%”\‘.‘ .111 water, protein content =20 g/1

X pr. cont. =30g/1, HA cont. =0g/l NG x ;R g ::’* ; |
X pr. cont. HA cont. =0g/I g b * HA con -
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x pr. cont. =30g/l, HA cont. =2g/] %
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Z
5
; i ’ 104 L - - N . .
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(o4
BS.I‘})HHI Ringer, protein content =20 g/1
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< HA cont.=1 g/l
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HA cont.=4 g/
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Viscosity, Pa-s

107 L . .
107 10° 107
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Figure 5. Viscosity dependence on the tested shear rate approximated via the Ostwald—-de Waele model (solid lines). (A) Vari-
ation of HA concentration from 0 to 2 g/L for water diluted serum. (B) Approximation of flow curves for water diluted BSA
at a protein concentration of 20 g/L for different HA content from 0 to 2 g/L. (C) Mathematical model curves for 20 g/L
BSA diluted with Ringer solution for varying HA concentration from 0 to 6 g/L.
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The results show that protein content has only a minor influence on the flow behavior
in comparison to the marked increase of the viscosity due to HA as constituent (Figure 5A).
Independent of the protein composition (serum or BSA), the HA content exhibits a marked
influence on the flow curves (Figure 5B,C, Appendix A). The variation in HA concentration
determines the zero viscosity as well as the curve’s inclination, as illustrated for water
diluted 20 g/L BSA base solution in Figure 5B. Consequently, an increase in HA concen-
tration causes a stronger shear-thinning. Regarding a physiological salt concentration, no
influence can be observed in samples without HA, but a pronounced effect occurs with
increasing HA content (Figure 5B in comparison to Figure 5C).

The parameters of the flow behavior approximation were assumed to be dependent
on the chemical composition of the model liquids, i.e., on protein and HA content. There-
fore, the parameters are calculated via the bisquare-weighted least-squares method using
the approximated data from the BSA in Ringer solution curves. The parameters of the
consistency factor, A, are equal toa = 230Pas,b = 137L/g,c = 527 g/L. The
adjusted R-square of approximation is equal to R? = 0.99, demonstrating an ideal match.
The results of the approximation are shown in Figure 6.

A L. L B . . S R
BSA in Ringer approximation Serum in water with BSA in Ringer approximation
10! [ 10* ¢
10" ¢ 10° }
» 10 LE » 1071}
< 102 < 102}
P O pr. cont. =10 g/] f
N, ¢ pr. cont. =20 g/l 4+ Serum in water, pr. cont. = 10 g/1
10 8 ¢{ pr. cont. = 30 p,;‘jl 107 ¢ + Serum in water, pr. cont. = 20 g/1
Y pr. cont. = 40 g/1 i 4 Serum in water, pr. cont. = 30 g/]
| approximation | ——BSA in Ringer
10~ L ‘ : : 1074 L . : : :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
HA content, g/I HA content, g/l

Figure 6. Description of consistency factor, A, with logistic function according to the HA content. (A) Approximated curve

based on Ringer diluted BSA in comparison with the experimental data of varying BSA protein content (1040 g/L) in

Ringer solution. (B) Approximated function of BSA in Ringer solution with the test data of different water diluted serum

contents (10-30 g/L).

The results show a strong correlation between the approximated function and the
experimental data of BSA diluted with Ringer solution. Interestingly, a good correlation
is also shown for the serum-based fluids at varying HA content (Figure 6B). At very low
HA content (<1 g/L), the scattering of the parameter values is bigger in contrast to an
increased HA. This trend is also displayed in the variability coefficient instead of the
standard deviation with a variability coefficient of 0.2412 for 0.5 g/L HA and a reduced
value of only 0.0463 for 4 g/L HA content.

Furthermore, the exponent parameter, #, is approximated as a linear function of HA
and protein content. The results of the approximation are shown in Figure 7. The parameters
= —-873x10"2L/gand B = —1.63 x 1073 L/g indicate a significant contribution of HA
to the viscosity formation of the model liquids. The adjusted R-squared of approximation
is equal to R? = 0.978, which demonstrates a strong correlation between the real and
approximated data. It can also be observed in Figure 7A,B that the protein content of a
model liquid has a stronger influence on the flow index when HA content is lower than
1 g/L. For example, the standard deviation of the n parameter is 2.79 x 1072 for 0.5 g/L
HA content in comparison to 3.87 x 1073 for 4 g/L HA content.



Lubricants 2021, 9, 87

11 of 20

BSA in Ringer

BSA diluted in Ringer solution as well as serum represent distinctive rheological
behavior in comparison to human SF. In order to mimic each patient’s individual flow be-
havior, interior-point nonlinear optimization is used to determine the appropriate chemical
composition, namely HA and BSA concentration, of a synthetic fluid so that consistency
factor, A, and flow index, n, of the shear-thinning resemble the patient’s data. The results of
approximation are shown in Figure 8 and Table A2. The median of error values is equal to
5.7 x 1073, which indicates a good compliance of the optimization. Based on the model pa-
rameters, it can be observed that there is a tendency of an increased HA content (>3.5 g/L),
which is required to model the OA samples, and a decreased HA content (<3.5 g/L) is
necessary to simulate the revision samples. For human OA samples, the mean values of the
HA and total protein content of the model liquids are equal to cya = 3.67 g/L £0.62 g/L
and Cpr = 58.95 g/L +3.47 g/L , respectively. In the case of revision SF, the following mean
concentrations for HA and total protein were determined: cyp = 2.43 g/L +0.96 g/L and
cpr = 56.41 g/L 4+5.67 g/L . These values are relevant concentrations for the model liquids
to mimic ideally the biorheological behavior of human OA and revision SE.

BSA in Ringer

o poy 6\9\ ¢ HA cont. = 0g/l
? BSA cont. 10 g/1 — — - o HA cont. 0.25 g/1

SA cont. = 20 g/ T @ o N
B\‘ A (_"m - .“ g/l 0.9 & & = o HA cont. 0.5 g/
BSA cont. 30 g/1 ’ & " » HA cont 1 2/1
BSA cont. = 40 g/1 H-\ t::li‘ -9 L,'l
0.8¢ HA cont. = 4 g/l
HA cont. = 6 g/l
NN = 0.7
\ 0.6
\ 05
s 0.4+
2 3 4 5 6 10 20 30 40
HA content, g/1 BSA content, g/1

Figure 7. Solid line curves of the approximated flow index, n, of the Ostwald—-de Waele model based on the double-linear
law. (A) Iso-BSA lines for different protein concentrations (10 to 40 g/L) dependent on the HA content. (B) Iso-HA lines for
a concentration range from 0 to 6 g/L according to BSA content.

A

model A, Pa-s

107 5 B
1.0 5
O oA
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10" e 0.8
© =
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Figure 8. Chemical composition of synthetic model fluids to mimic the flow behavior of human OA and Rev SF samples.
(A) Determined consistency factors, A, and (B) flow indexes, n, for the representative model fluids.
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3.5. Friction Behavior

The results of the friction tests of human SF samples and serum in a hard/soft pairing
of UHMWPE against alumina ceramic are illustrated as mean Stribeck plots in Figure 9A.
As the sliding speed increases from 0.001 to 1000 mm /s, the friction coefficients decrease
slightly. The serum test fluid exhibits the highest friction, starting with a mean friction
coefficient of 0.14 at low speed, which decreases to 0.05 at 1000 mm/s. Based on the course
of the mean friction coefficient, the serum values are widely scattered. In contrast, the OA
samples exhibit a mean friction coefficient of 0.1 at lowest sliding speed that decreases
to a minimum of 0.03 at maximum speed. A similar course of curve reveal the Rev SF
samples that start at a mean value of 0.09 at low speed and end with 0.04 at the highest
speed of 1000 mm/s. Interestingly, the human samples are constantly below the serum
friction coefficients.

A B
Serum, BSA in Ringer, pr. content = 30 g/l
0.16 &— Serum 016 —<&— Serum
' 1 ©—O0A o HA =025 g/l
Rev KSF ——HA=05¢g/
60000 o-HA=1¢g/l
0 %6, HA=6g/
0.12 S % Q? 0000 -
= SN \¢ o oy
g ¢ X 2 R
3 Tb% “ 0<>o<> = ORI } b
5 X 2 37 ar o %,
2 0.8 % S 4 X %0,
5] < = O
5 - <><><> 8 y N
= ey = > &
3 AR, s} 2 o (o)
= e %C = Ooooo\ %
0.04 %MN 0.04 - %
0.00 T T T T T T 0.00 T T T T T T
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

Sliding speed. mm/s Sliding speed, mm/s

Figure 9. Stribeck curves show the mean friction coefficients for increasing sliding speed of ultra-high molecular weight
polyethylene (UHMWPE) pins against alumina ceramic lubricated with different test fluids. (A) Comparison of friction
coefficients between serum (n = 3), human OA (N =7, n = 3), and Rev SF (N = 7, n = 3). (B) Friction coefficients of different
synthetic model fluids with increasing HA concentration (0.25-6 g/L) (data as mean, n = 3).

Furthermore, mean Stribeck plots of the synthetic model fluids in a similar UHMWZPE/ ce-
ramic pairing for different HA concentrations were determined and are shown in Figure 9B.
In contrast to serum, the addition of HA to BSA-Ringer solution with a protein content of
30 g/L reduces markedly the friction coefficients, starting at 0.09 to 0.011 at lowest speed
and decreasing to 0.04 at the highest speed. The mean curves demonstrate that, at a lower
shear rate, the mean friction coefficients overlap, whereas, at shear rates of >1 mm/s, a
distinct trend in the dependence of HA concentration is present. Consequently, the highest
HA concentration of 6 g/L exhibits the lowest friction, followed by the test fluid with 1 g/L
HA in contrast to the fluid samples with only 0.25 g/L or 0.5 g/L HA. The results show
that varying the HA content of the model fluid results in Stribeck curves that resemble
those of human samples (Figure 9A,B).

4. Discussion

The study was aimed at the understanding of the influencing factors on the rheological
properties of human SE. Therefore, biochemical composition and rheological properties of OA
and revision SF from the knee joint were investigated. In a further approach, a synthetic fluid
model was developed to mimic the rheological properties with biorelevant components.
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4.1. Chemical Composition

The composition of human SF was determined regarding total protein and HA con-
centrations (Table 2). In comparison to healthy SF with a mean protein concentration of
20 g/L [10,31], the protein concentration is about two-fold increased for OA and revision
surgery SFE. This increase in total protein content is proposed to be a marker of degenerative
processes in the joint, causing higher permeability of the synovial membrane for serum
contents, such as albumin [10,12-14,17,18]. The HA concentration in the tested SF was
similar between OA and revision SF, with a range from 0.2 to 5.9 g/L. The measured
HA concentrations are comparable to previously described levels of HA in the SF of OA
joints [12,19,47 48].

4.2. Rheological Properties

It was observed that diluted serum does not represent the biorheology that is present
in artificial joints. The tested human OA and revision SF exhibit a non-Newtonian behavior
with a shear-rate dependent viscosity. At lower shear rate, the investigated groups show
a pronounced variation, whereas at higher shear rates this difference was not detectable.
The results are in concordance with the findings published by Schurz and Ribitsch, who
found distinct viscosity ranges for healthy and pathological SF at lower shear rates [16].
Interestingly, the flow curves of revision SF exhibit a wider inter-individual variation of
the shear-thinning decrease in contrast to the tested OA samples (Figure 2). While some
samples exhibit a high zero-viscosity similar to OA samples, other samples reveal a lower
zero-viscosity with a minor shear-thinning drop. The great variances in flow behavior can
be attributed to the individual status of degeneration and inflammation, as well as the syn-
ovial membrane integrity of each patient [19]. Furthermore, multiple factors influence the
postoperative formation of a pseudo synovial membrane and consequently the secretion of
SF after implantation of an endoprosthesis [49]. Consequently, the best possible preserva-
tion of synovial structures during any surgical intervention is of uppermost importance.
Particularly in patients with total joint arthroplasty, attention should be paid to a sustained
regeneration of the synovial fluid [50].

Regarding the influence of the typical constituents of human SEF, we identified a
predominant effect of the HA concentration on the flow properties (Figure 4). Without HA,
a comparison between bovine serum and BSA shows a similar shear-thinning. However,
in order to exclude the batch dependence of bovine serum, BSA as the main protein in
SF is recommended as a basic compound for any synthetic test fluid. Furthermore, our
results show that an increased total protein concentration, from 10 to 30g/L, has only a
minor influence on viscosity increase especially at lower shear rates (Figure 4A). In order
to set a physiological salt concentration, Ringer solution is added to the test liquids. At
similar protein concentrations, the addition of Ringer solution results in a slight viscosity
decrease at lower shear rates (Figure 4B,C). HA addition to the model liquid increases the
viscosity for all shear rates and consequently intensifies the shear-thinning, as shown in
Figure 4C,D. This effect has been shown in previous studies that investigated the influence
of HA supplemented fluids on the flow behavior [10,51].

4.3. Flow Curve Simulation Model

Based on the determined influence of the tested chemical composition of SF, a phe-
nomenological model was proposed to describe the shear-thinning depending on the
chemical composition of biorelevant components. The generated model shows a good fit
with the determined experimental data. BSA-Ringer base solution is suggested as a suitable
model liquid, to which increasing amounts of HA are included. The rheological properties
of the different model liquids were compared to serum as the standard simulator test fluid.
The consistency factors, A, and exponents, n, of both base substances with varying HA
content are illustrated in Figure 10.

An influence of serum protein content can be observed on both parameters A and
n for samples without HA content. However, a good correlation is given when HA is
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added to the serum test fluid, particularly at 1 g/L and 2 g/L. Due to the batch-dependent
variation of serum protein composition, pure BSA is suggested as the dominant serum
protein to allow a better reproducibility in comparison to calf serum.

In order to mimic the flow behavior of patient samples, the chemical composition of a
synthetic model fluid was determined based on the developed model. The results report a
sufficient correlation of the flow curves between the native samples to the synthetic model
fluids (Table A2). The variation of HA for OA (3-5 g/L) and revision SF (1-3.7 g/L) in a
BSA-Ringer base solution allows one to mimic individual flow properties (Figure 8).

Serum in water
——BSA in Ringer, prot. cont. = 10 g/1
———BSA in Ringer, prot. cont. = 20 g/1
BSA in Ringer, prot. cont. = 30 g/l
BSA in Ringer, prot. cont. = 40 g/1

4 Serum in water, pr. cont. = 10 g/
+ Serum in water, pr. cont. 20 g/

1
1
1

" : . 0.4L . . . ; .
2 3 4 5 6 0 1 2 3 1 5 6
HA content, g/1 HA content, g/1

Figure 10. Rheological properties of serum test fluid samples in comparison to the model liquid of BSA-Ringer solution.
(A) Consistency factor, A, and (B) shear-thinning exponent, n, according to HA content.

4.4. Friction Behavior

As the rheological properties directly influence the friction behavior of a tribological
pairing [2,10,35], friction tests were performed with the human OA, Rev SE, and model
fluids in a hard/soft paring of UHMWPE against alumina ceramic (Figure 9). The friction
coefficients for serum are within the range of 0.05 to 0.12, which is similar to other stud-
ies [10,52]. However, human OA and revision SF exhibit comparable friction coefficients
in the range of 0.03 to 0.1, which are far below the serum. This demonstrates that bovine
serum test fluid exhibits inferior friction properties in comparison to pathological and revi-
sion SF, thus not representing the in vivo lubrication condition. The addition of HA lowers
the friction coefficients for the model liquids in the tested material pairing, which can be at-
tributed to the viscosity increase [10,52]. Consequently, HA is an indispensable constituent
for the characteristic flow behavior in artificial joints. The derived model fluids result in
similar friction behavior to human OA and revision SF in contrast to serum. However,
there is only a limited number of studies that investigated the effect of HA addition to a
serum lubricant on wear rates of simulator studies [10,31,51]. Wang et al. found no different
wear rates when adding 0.34 g/L HA to serum in a simulator study [31]. In contrast, Des-
jardins et al. found a significantly increased UHMWPE wear rate using bovine serum with
1.5 g/L HA in comparison to serum standard lubricant, but with damage patterns similar
to in vivo retrievals [51]. Mazzucco et al. described a correlation of lower HA concentration
in SF, causing diminished flow properties in wear related failure [12]. Nevertheless, the
results of this study demonstrate that the representative HA concentrations are insufficient
in modelling the flow behavior of periprosthetic SF. Rather, a combination of increased
BSA protein concentration with HA addition is needed in order to mimic ideally the flow
behavior. Simulator studies have to verify HA as a supplement lubricant constituent for
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realistic wear testing. In this context, long-term wear tests on knee implants according to
ISO 14243-1 are planned to evaluate the wear behavior of the artificial lubricants.

There are some limitations regarding the presented study. Only a small number of
human SF samples was investigated, and the determined chemical composition is limited
to protein and HA concentration. Further parameters, including salt concentration, protein
composition (e.g., albumin/globulin ratio), lipids, and enzymes should be measured in
future studies, as these will clearly influence the rheological properties of SE. For simplifica-
tion, some effects have been omitted from the mathematical model function. For instance,
the dependency of the consistency factor, A, on the protein content and digression of its
influence by significant HA amounts. The recommended synthetic model fluids are limited
to the applied HA, which exhibits a molecular weight of 1.7 x 10° Dalton.

This is currently the most comprehensive study investigating the influence of HA and
protein content on the flow behavior, presenting a first model to mimic ideally human OA
and periprosthetic SF samples.

5. Conclusions

The biochemical composition of joint fluids influences the rheological, and conse-
quently the tribological, performance of native and artificial joints. Based on the presented
experimental approach, a suitable model was developed to describe the effect of biorele-
vant components (BSA and HA content) on the rheological behavior. It was observed that
diluted serum does not resemble the biorheology of human SE, but the simple addition of
HA and an increased BSA content adapts the rheological behavior to make the test fluid
more comparable to realistic physiological conditions.
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Appendix A

B%ﬁ in Ringer, Protein content =10 g/1

Viscosity, Pa-s
s

—
S
=

1071

BSi%2 in Ringer, Protein content =30 g/1

10°

Viscosity, Pa-s

—
<
~

101

X

X X X X

HA cont.=0 g/l
HA cont.=0.5 g/1
HA cont.=1 g/1
HA cont.=2 g/1
HA cont.=4 g/l

10°
Shear rate, 1/s

X

X X X X X X

HA cont.=0 g/1
HA cont.=0.25 g/1
HA cont.=0.5 g/l
HA cont.=1 g/1
HA cont.=2 g/1
HA cont.=4 g/l
HA cont.=6 g/1

10°

Shear rate, 1/s

Bl%fx in water, Protein content =10 g/1

Viscosity, Pa-s

X

X
X
X

HA cont.=0 g/1
HA cont.=0.5 g/1
HA cont.=1 g/l
HA cont.=2 g/1

10°
Shear rate, 1/s

BS‘i‘& in Ringer, Protein content =20 g/1

102

Viscosity, Pa-s

10~

B%} in Ringer, Protein content =40 g/1

10°

107!

Viscosity, Pa-s

102

107°

10°

X

X X X X X X

HA cont.=0 g/1
HA cont.=0.25 g/1
HA cont.=0.5 g/l
HA cont.=1 g/1
HA cont.=2 g/1
HA cont.=4 g/1
HA cont.=6 g/l

10"

Shear rate, 1/s

X

X X X

HA cont.=0.5 g/I
HA cont.=1 g/1
HA cont.=2 g/l

HA cont.=4 g/1

10°
Shear rate, 1/s

BISOJIX in water, Protein content =20 g/1

Viscosity, Pa-s

Figure Al. Cont.

X

X
X
X

HA cont.=0 g/1
HA cont.=0.5 g/1
HA cont.=1 g/1
HA cont.=2 g/1

10°
Shear rate, 1/s



Lubricants 2021, 9, 87

17 of 20

BSA in water, Protein content =30 g/1

100)}

33

10"
Shear rate, 1/s

X X X

HA cont.=0 g/1 |

HA cont.=0.5 g/1
HA cont.=1 g/l

HA cont.=2 g/1

BSA in water, Protein content =40 g/1

Viscosity, Pa-s

10724

10°

Shear rate, 1/s

x  HA cont.=0.5 g/1
x HA cont.=1 g/l
x  HA cont.=2 g/]

Figure A1. Approximation of the flow behavior via the Ostwald-de Waele model for BSA test fluids diluted either with
Ringer solution or deionized water, varying the protein content from 10 to 40 g/L and HA concentration from 0 g/L up

to6 g/L.

Table A1. Chemical composition of the synthetic lubricants.

Serum Deionised Ringer Volume
No. (g/L) BSA (g/L) HA (g/L) Water Solution (mL)

1 30 0.25 balance 4
2 30 0.5 balance 4
3 30 1 balance 4
4 30 2 balance 4
5 30 4 balance 4
6 30 6 balance 4
7 20 0.25 balance 4
8 20 0.5 balance 4
9 20 1 balance 4
10 20 2 balance 4
11 20 4 balance 4
12 20 6 balance 4
13 10 0.5 balance 4
14 10 1 balance 4
15 10 2 balance 4
16 10 4 balance 4
17 40 0.5 balance 4
18 40 1 balance 4
19 40 2 balance 4
20 40 4 balance 4
21 30 balance 4
22 20 balance 4
23 10 balance 4
24 40 0.5 balance 4
25 40 1 balance 4
26 40 2 balance 4
27 30 0.5 balance 4
28 30 1 balance 4
29 30 2 balance 4
30 20 0.5 balance 4
31 20 1 balance 4
32 20 2 balance 4
33 10 0.5 balance 4
34 10 1 balance 4
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Table A1. Cont.
Serum Deionised Ringer Volume

No. (g/L) BSA (/L) HA(g/L) Water Solution (mL)
35 10 2 balance 4

36 30 balance 4

37 20 balance 4

38 10 balance 4

39 30 balance 4

40 20 balance 4

41 10 balance 4

42 30 0.5 balance 4

43 30 1 balance 4

44 30 2 balance 4

Table A2. Optimized chemical composition of model liquids to mimic human OA and revision SF
data. C}Jﬁ : HA content, CZf . protein content, E: error function parameter, E5: error function of
consistency factor, A, Ep: error function of exponent parameter, 7.

Sample cyry (gL crt [g/L] E Ea En
OA1 3.2 60 0.0096183 0.0002375 0.0093808
OA?2 3.27 60 0.0469458 0.0008402 0.0461056
OA3 5 60 0.0073376 0.0002346 0.0071031
OA4 3.33 60 0.0109873 0.0002571 0.0107302
OA5 3.25 60 0.0052849 0.0001364 0.0051485
OA6 3.45 60 0.0032126 8.18 x 107° 0.0031307
OA7 417 60 0.0053263 0.0001243 0.005202
RevKS1 1.05 47.45 858 x 10711 9,00 x 10712 7.68 x 10711
Rev KS 2 3.23 60 0.0038182 0.0001019 0.0037163
Rev KS 3 3.7 60 0.0134239 0.0002845 0.0131395
Rev KS 4 2.86 60 0.0056988 0.000167 0.0055317
Rev KS 5 2.09 59.99 440 x107° 218 x107°% 419 x107°
Rev KS 6 2.59 60 0.0585443 0.0012587 0.0572856
RevKS7 3.18 60 0.0091594 0.0002284 0.008931
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