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Abstract: The synovial fluid is responsible for adequately lubricating, moisturizing, and nutritional human joints. This liquid should have
appropriate viscoelastic properties and ensure a low coefficient of friction in biotribological systems. Many artificial synovial fluid
preparations used in viscosupplementation treatments are based on hyaluronic acid. This work aimed to evaluate the influence
of molecular weight on the functional properties of solutions based on hyaluronic acid. 1% solutions based on hyaluronic acid with five
different molecular weights from 50,000 Da to 2 MDa were made. Rheological (viscosity, viscoelasticity), tribological (coefficient of friction,
wear assessment), and wettability tests were carried out. Significant differences were observed in the rheological tests, where the viscosity
strictly depends on the molecular weight of the hyaluronic acid. It has been shown that the molecular weight of HA has little effect
on the coefficient of friction. On the other hand, the differences in the tribological wear are much more significant. The molecular weight
of biopolymers is one of the essential parameters in developing new artificial synovial fluids. Using a higher molecular weight of hyaluronic

acid increases viscosity and wettability, resulting in less tribological wear.
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1. INTRODUCTION

A lubricant called synovial fluid is an essential component in
the lubrication system of synovial joints. It is responsible for the
proper functioning of joints and supports all movements performed
by this biotribological system (1,2). Synovial fluid is a composition
of blood plasma dialysate and particles secreted by cells in the
synovial space. These particles include hyaluronic acid and prote-
oglycan 4 (lubricin and surface zone protein). (3,4). Albumin and
globulin also play an important role in the composition of the
synovial fluid. y globulin particles combine with hyaluronic acid
molecules. These ingredients are characterized by a high degree
of interaction with each other. This combination exhibits strong
adsorption with the substrate, creating a lubricating boundary
layer. Albumin is mainly responsible for filling the lubricating layer
by self-accumulation, while exhibiting low shear. Albumin has the
ability to bind to the boundary layer, which is formed by globulin
with HA molecules (5,6). The synovial fluid fills the entire joint
cavity and mainly performs metabolic functions, i.e.,
it is responsible for the nutrition of the joint cartilage (3,4,7). It is a
clear, viscous liquid with a slightly yellow color. Cellular and mo-
lecular components of synovial fluid describe unique properties
in maintaining proper joint homeostasis (7,8). The volume of
synovial fluid may depend on many aspects. This amount can be
different for each person. This is mainly determined by the quality
of a person's life, e.g. whether he or she practices sports or has a
sedentary lifestyle. It also depends on genetic and physiological
conditions. Lifestyle, diet and body posture also have a significant
impact. Synovial fluid volume is reported in a wide range in the
literature. Hui A.Y. (7) and Blewis M.E. (4) suggest that in the
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human knee joints, synovial fluid volume oscillates between 0.5 -
2 ml. Kraus V. (9) and Brannan S. (10) present that the volume of
synovial fluid is around 4 ml. However, Gait A., et.al. (11) claim
that in a healthy knee joint, the synovial fluid reaches a volume of
up to 9.6 ml. Synovial joints are characterized by very complicated
mechanics. Their very low motion resistance (u = 0.001-0.01)
makes it difficult to define the type of lubrication clearly. In joints,
there is mixed lubrication, which consists of hydrostatic
and boundary lubrication (12). Hydrostatic lubrication takes ad-
vantage of the unevenness on the joint surfaces and the viscosity
of the lubricant provided by hyaluronic acid. It consists of squeez-
ing the intercellular fluid out of the cartilage and creating a layer
that separates the surfaces exposed to high friction (1,12).
Boundary lubrication occurs mainly during periods of very high
load at low speeds, i.e., when the lubricant film is the same
as or less than the roughness of the joint surfaces (1,13). Bounda-
ry lubrication occurs at the boundaries of the articular surfaces,
protecting the rubbing surfaces before cartilage decompression
takes place, where fluid desaturation occurs, cartilage can in-
crease in volume by up to 10% (1,12).

The synovial fluid is the main factor contributing to the synovi-
al joints' longevity. The articular surfaces are characterized by
very good lubrication and high wear resistance and usually show
no signs of wear for most or even the whole life. Despite these
advantages, in the case of any injury, the healing of the joint
is complicated and time-consuming. The joints in the human body
are subject to many debilitating diseases. Any health problems
related to the incorrect chemical composition of the lubricant
orits incorrect secretion can lead to biological damage to the
synovial joints caused by excessive friction (1,2,13-19).

Due to its high biocompatibility, hyaluronic acid is widely used
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in medicine and bioengineering (20). Hyaluronic acid is a nega-
tively charged biopolymer. It consists of alternating units of D-
glucuronic acid and N-acetylglucosamine. In a healthy synovial
joint, its concentration is about 1-4 mg/ml (3,12,21). Hyaluronic
acid is mainly responsible for rheological and tribological proper-
ties. Molecular weight plays an important role in the organization
and arrangement of hyaluronic acid molecules and ensures the
ability of synovial fluid to dissipate energy (8,22-24). In addition,
many nanotribological studies suggest that the chemical bonding
of hyaluronic acid particles with the joint surface is necessary
to reduce friction in the biotribological system. As a result, it also
reduces the wear of the articular surfaces (1,3). Natural synovial
fluid has a molecular weight of 6 000 — 7 000 kDa, while synovial
fluid with rheumatoid disease has a lower mass of 3 000 —5 000
kDa. When any chemical or physical disorder occurs in the syno-
vial joints, the quality of hyaluronic acid deteriorates. This is relat-
ed to reduced lubricating capacity and reduced rheological proper-
ties. (25,26). The properties of hyaluronic acid depend on the
molecular weight. With a molecular weight of 0.4 - 4 kDa, hyalu-
ronic acid has non-apoptotic properties and is an inducer of heat
shock proteins. At higher molecular weights, such as 20 - 200
kDa, biological processes, such as wound healing or embryonic
development and ovulation, are already involved. With a molecu-
lar weight above 500 kDa, hyaluronic acid can be used as a space
filler (20,27-29). Hyaluronic acid also shows the ability to improve
surface wettability, which is a crucial aspect during lubrication.
Wettability is related to surface friction; higher wettability, lower
wear (30).

In the event of a disease or injury to the synovial joint, there
is immediate inflammation and a very large reduction in the vis-
cosity of the synovial fluid. As a result, the lubrication system
deteriorates, which can lead to the destruction of the articular
surfaces (8). Viscosupplementation is the most commonly used
method for treating joint pain caused by the disease. It is
a procedure in which preparation is injected into the joint cavity to
replace the natural synovial fluid (8,31-37). The literature confirms
the appropriateness of administering hyaluronic acid during visco-
supplementation. It is effective, especially during degenerative
synovitis. Hyaluronic acid improves the fluidity of the synovial
fluid, inhibits the degradation of HA in the remains of the natural
synovial fluid, increases the viscosity of the synovial fluid, and
additionally helps to fight inflammation and relieve pain in the joint
(7,8,12,13,21,38).

Although there has been a lot of research into the develop-
ment of artificial synovial fluid, there are still many aspects that
would be good to expand upon. Many of the substitutes used
in viscosupplementation today provide relief to patients, but the
results are very short-lived or inadequate. For this reason, re-
search has been conducted on the potential basis of artificial
synovial fluid. This manuscript focuses on the molecular weight of
hyaluronic acid and its influence on the rheological and tribological
properties of tested solutions.

Hyaluronic acid with a mass of 750kDa - 1MDa is within the
molecular weight range of one of the currently used commercial
preparations, which is Hyalgan (39). To demonstrate the differ-
ences in lubricity, the molecular weights of the hyaluronic acids
were examined over a fairly wide range from 30 kDa to 2 MDa.
After dissolving HA in water, the solutions were mixed on
a magnetic stirrer until a homogeneous mixture was obtained.
All preparations were stored in closed glass containers
in a laboratory incubator at 370C for 24 hours before the test.
Each solution was tested three times for statistical purposes.
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2. MATERIALS AND METHODS

To evaluate the influence of the molecular weight of hyaluron-
ic acid on the rheological and tribological properties, the solutions
shown in Tab. 1 were prepared.

Tab. 1. Chemical composition of hyaluronic acid solutions

Concentration Molecular Weight

(wt %) Hyaluronic acid Solvent

30 000 — 50 000 Da
(Chemat, CM61910C)

50 000 - 100 000 Da
(Chemat, CM00050C)

200 - 400 kDa
(Chemat, CM01180C)

750 kDa - 1 MDa
(Chemat, CM77330C)

1-1,5MDa
(Chemat, CM45820C)

2 MDa
(Chemat CM39020C)

deionized

0,
1% water

Rheological tests were performed on a Rheostress 6000
(Thermo Fisher Scientific, Waltham, MA, USA). Measurements of
viscosity and viscoelasticity were conducted in the titanium plate-
plate system at 370C (Fig. 1).

lNORMAL LOAD

w TARQUE

Fig. 1. Scheme of rheological measurement system
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Fig. 2 Ball-on disc tribological system
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A moving plate with a diameter of 35 mm was used during the
viscosity and viscoelastic tests. The gap between the movable
and fixed plates was 1 mm. 1 ml of the solution was used for each
test. Viscosity was tested in the range of 0.01 - 100 1/s. In the
viscoelastic tests, the loss and storage modulus were determined
at a constant strain value of y = 0.01, in the frequency range of
0.1 — 10 Hz. All measurements were repeated three times to
confirm the reliability of the study, and the results were presented
as the average value of all samples.

Tribological tests were performed on a UMT TriboLab (Bruker,
Billerica, MA, USA) with a ball-on-disc system (Fig. 2).

A metal-ceramic rubbing pair was used in the friction node.
The sample was CoCrMo discs (Tab. 2) with a height of 5 mm and
a diameter of 8 mm, while the counter-sample was an aluminum
oxide (99,5% AI203) ball with a diameter of 6 mm.

Table 2. Chemical composition of the CoCrMo sample

Co Cr Mo Mn Si
rest 27,72 5,78 0,65 0,37
c Al Zr Ti
0,036 <0,02 <0,01 <0,01

Before the tribological test, the metal samples were thoroughly
ground and polished to a mirror effect. Sandpaper with gradations
of 2 500, 3 000, and 5 000 was used for grinding, while Al203
suspension was used for polishing. Before the measurement,
each sample was washed in an ultrasonic bath in ethanol and
deionized water. In tribological tests, a special holder connected
to a thermostat was used to maintain the temperature of 370C.
Measurements were made in reciprocating motion at a constant
frequency of 2 Hz for 30 minutes. The normal force was SN. Al
measurements were repeated three times to confirm the reliability
of the study, and the results were presented as the average value
of all samples.

Analysis of wear marks was performed using a LEXT
OLS4000 confocal microscope (CLSM, Olympus, Tokyo, Japan).
The laser in a microscope scans horizontally, but it does it layer
by layer. The scanning step pitch was 0.05 um. The size of the
scanned surface, including the friction point, was 1400x480 um.
The images were taken without any filters. The measurements
were carried out using special computer software cooperating with
a microscope that allows it to work in 3D space and evaluate the
volume of wear tracks.

Contact angles were determined using an Ossilla goniometer.
A drop of 5 pl of the tested solution was applied to each CoCrMo
metal sample using a micropipette (Fig. 3).

Fig. 3. The image of the sample droplet application and the designated
angles
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Then, the contact angles were determined using specialized
goniometer software cooperating with a computer. The red lines at
the bottom of the camera image (Fig. 3) indicate the area of the
drop. These are lines corresponding to the border points of the
preparation drop, which can be set with a slider. The green and
blue lines indicate the tilt angle, which allows the left and right
angles to be determined. The average of these angles gives the
contact angle.

3. RESULTS AND DISCUSSION

The effect of molecular weight on the viscosity of tested solu-
tions is shown in Fig. 4.
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Fig. 4. Viscosity of hyaluronic acid based solutions

The viscosity of tested solutions increases with increasing mo-
lecular weight, which was confirmed by Snetkov et al. (20). High
molecular weight hyaluronic acid exhibits interesting rheological
properties by forming a tangled network of flexible polysaccharide
molecules. Viscosity is a measure of the flow resistance of a given
solution. This means that the molecular weight affects the flow.
The lower the molecular weight, the lower the effect on flow, and
therefore the lower the viscosity (40). It can be seen that prepara-
tions with a higher molecular weight in the range of 750 kDa to 2
MDa are in the viscosity range of natural synovial fluid (1 - 175
Pas) (31). According to the literature, solutions with a viscosity
below 1 Pas are considered almost watery, while above this val-
ue, solutions are considered viscous (40). Three solutions with the
highest molecular weights show a downward trend in viscosity
with increasing shear rate. This indicates that these solutions are
non-Newtonian fluids, consistent with the behavior of naturally
occurring hyaluronic acid in the synovial fluid. The literature shows
that the synovial fluid is non-Newtonian because the dynamic
interactions between individual hyaluronic acid polymers depend
mainly on the shear rate (21,40). Dynamic viscosity is constant at
lower shear rates. As the shear rate is increased, it is observed
that the solutions are characterized by fluid dilution adequate to
the increase in shear rate. Shear-thinning effect occurs. This is
characteristic of pseudoplastic fluid (21,41,42). At low shear rates,
strong intermolecular interactions occur, creating strong network
entanglement, which results in high flow resistance, i.e. high
viscosity. However, at high shear rates, intermolecular interactions
weaken, which is associated with the disentangling of molecular
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networks. This causes the resistance to decrease and the parti-
cles to align in the direction of flow, assuming a much lower vis-
cosity (43). Shear rate is a measure of flow. Fluid shear occurs
whenever it is forced to move. The highest shear rate tested
corresponds to the shear rate of the fluid passing through the
syringe. Therefore, the viscosity drops significantly and
is independent of the molecular weight. This is due to the ar-
rangement of the particles in the flow current lines. This is a desir-
able effect in viscosupplementation (20,40,44,45). In contrast, the
viscosity at low shear rates is considered zero shear viscosity. It is
strongly related to the molecular weight value (20,40,46).

In Fig. 5 is shown the behavior of the storage modulus G' and
the loss modulus G" as a function of frequency, with a constant
strain of 0.01.
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Fig. 5. Storage modules G’ and loss modulus G” as a function of the
oscillating frequency f for solutions based on hyaluronic acid
of different molecular weight: a) 30 000 — 50 000 Da, b) 750 kDa
- 1MDa, c¢) 200 - 400 kDa, d) 750 kDa — 1 MDa, e) 1 — 1,5 MDa,
f)2 MDa

Obtained data can be divided into two groups, according to
the previously described viscous and aqueous preparations de-
pendencies. In the upper row, there are preparations based on
low molecular weight hyaluronic acid, while in the lower row, there
are preparations with high molecular weight hyaluronic acid. For
more aqueous formulations, these characteristics are less clear,
and the results are more unstable, while in the case of more
viscous formulations, the characteristics match literature assump-
tions. The loss modulus G" (viscosity) is a measure of the energy
dissipated into the material in which the deformation has been
imposed. The storage modulus G' (elasticity) is a measure of the
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energy that has been stored in the material in which the defor-
mation has been imposed and is adequate to elastic defor-
mations. The solutions retain a viscous liquid nature at low fre-
quencies (G">G’) and become more flexible at higher frequencies
(G>G") (7). This parameter is significant in artificial synovial
fluids due to the preservation of viscous and elastic properties.
Such a fluid can absorb mechanical energy and protect the carti-
lage from damage or increased wear (20). It should be noted that
the higher the molecular weight, the higher the loss modulus G'
and the storage modulus G". It can also be seen that the higher
the molecular weight, the intersection of G' and G" occurs at lower
frequencies, this is visible for viscous solutions (7,8,20,47).

Tribological tests were carried out for a broader analysis of the
influence of the molecular weight of hyaluronic acid on the func-
tional properties of artificial synovial fluid solutions. The behavior
of lubricating solutions during tribological tests is shown in Fig. 6.

All of the tested preparations have similar coefficients of fric-
tion, ranging from 0.18 to 0.25. In the results presented, the differ-
ences can be considered minor. Also, almost all measurements
are within the margin of error. Based on the literature and the
results obtained, it can be concluded that different molecular
weights of hyaluronic acid do not clearly influence the resistance
to movement (48,49).

Although the molecular weight has very little effect on the co-
efficient of friction, more significant wear trends can be observed.
The average volume of the wear tracks is shown in Fig. 7.
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Fig. 6. Coefficient of friction as a function of time for solutions based on

hyaluronic acid
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Solutions based on hyaluronic acid with a molecular weight of
2 MDa showed the lowest wear (15483 £ 209 um3). However,
the highest decrement of metal disc (26 702 £ 1607 um3) has
been achieved for the lowest molecular weight solution. The
results obtained confirm that wear does not always correlate with
friction coefficient. An example is a preparation based on hyalu-
ronic acid with a high molecular weight of 2MDa, which provides
the best protection against wear among the tested solutions, while
exhibiting one of the highest coefficients of friction. Moreover,
there are significant wear protection benefits due to the higher
molecular weight. It is likely that the high molecular weight pro-
vides better wear protection due to its better ability to capture and
immobilize other molecules that initiate loss in the sample materi-
al. This is also related to the viscoelasticity, which is higher de-
pending on the higher molecular weight of hyaluronic acid. Higher
viscoelastic values provide better adhesion to surfaces while
increasing elasticity between surfaces. Protecting surfaces from
excessive wear may be more related to the adhesive and elastic
properties of the fluid than to the coefficient of friction itself. (49-
52).

In this study, contact angle measurements were also per-
formed to evaluate how changes in the molecular weight of hyalu-
ronic acid affect wettability. The results of the contact angle
measurements are shown in Fig. 8.
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Fig. 8. Contact angle for solutions based on hyaluronic acid

Contact angle measurements indicate that molecular weight
has no significant effect on wettability. All solutions have contact
angles below 900, which means that they all have a hydrophilic
nature and good wettability. There is a slight tendency for higher
molecular weight solutions, where the solution is viscous, to have
slightly higher contact angles than low molecular weight hyaluron-
ic acid based solutions. Literature reports confirm that the contact
angle is not strictly related to the molecular weight of solutions
(20,46,53).

Low molecular weight acid is often used for skin regeneration.
This is due to its ease of penetration through the skin, one of the
benefits of which is to accelerate the wound healing process. In
addition, low molecular weight acid has unstable rheological
properties, which was confirmed in tests (Fig. 4), and is subject to
rapid degradation (54-59). High molecular weight hyaluronic acid
is suitable for injection and can act as a space filler, which pro-
vides better cushioning. Such an effect is highly desirable be-
cause viscosupplementation is used for damaged joints that need
support. Furthermore, the literature has confirmed better analge-
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sic and anti-inflammatory effects for high-molecular-weight hyalu-
ronic acid. It is definitely longer lasting than using low molecular
weight acid (20,27,29,60-62). However, not all commercial artifi-
cial synovial fluid preparations are based on a high molecular
weight acid, and this work confirms the legitimacy of its use.

4. CONCLUSIONS

The correlation between wear and viscosity is responsible for
the proper functional properties of lubricants. The viscosity of the
solution depends on the molecular weight. It has a significant
effect on whether the solution will be aqueous or viscous. The
viscosity of the tested compositions increases with increasing
molecular weight. The coefficient of friction is not directly correlat-
ed to the wear rating. More relevant information can be deduced
from the wear volume - the higher the molecular weight, the lower
wear. Good protection of the surface against wear is ensured by
high viscoelasticity, which provides a protective layer and ensures
better adhesion, eliminating excessive abrasion. The molecular
weight of hyaluronic acid solutions does not significantly affect
wettability. Higher molecular weight hyaluronic acid solutions
show more favorable viscoelasticity, viscosity, and wear results. It
should be noted that the results of this study may be helpful in
selecting an appropriate base for artificial synovial fluid prepara-
tion and are only a starting point for further investigation.
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