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Abstract

Intra-articular injections of hyaluronic acid (HA) are widely used in the treatment of osteoarthritis. HA half-life varies
between products which might explain differences in effectiveness between viscosupplements. Aim. To compare the
resistance to degradation of linear and cross-linked viscosupplements using a rheological model combining mechanical and
oxidative stresses, mimicking what happens inside the joint following HA injection. Methods. The rheological properties
of 8 HAs were measured using a stress-imposed Rheometer DHR3. Strain sweeps were carried out to evaluate the
rheological properties at rest from 0.001 to 3000% at a frequency of | Hz. The complex modulus G*, in Pa, and the phase
tangent tan §, dimensionless, in the linear viscoelastic domain (LVED) were extracted. The oxidation tests were conducted
by exposing the product to H,O, for 30 minutes. The effect of oxidation was evaluated by measuring variations of G* and
tan §, using an oscillation time sweep. Those tests were carried out at a frequency of | Hz and at | % strain in the LVED.
Results. At rest, the different samples exhibited various viscous behaviors. During mixing process, G* decreased from
—6.4% to —31.3%. G* of low-molecular-weight HAs decreased more than that of medium molecular weight (MW) and
cross-linked products. After oxidative stress, G* variation ranged from —10.1% to —46.3%. Cross-linked HAs and those
containing mannitol resisted the best to degradation. Conclusions. We showed large variations in resistance to degradation
between viscosupplements. The duration of effectiveness of these products deserves to be compared in randomized
clinical studies.
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Introduction an average MW of 4 to 6 million Da.? HA plays a major role
in lubrication, shock absorption, and viscoelastic behavior
o ) , of the SF.!* This viscoelastic behavior, which depends on
uronic ac“? (also ?alled YlSCOSllpp lem?r,“at?on) have been both MW and concentration of HA,* allows the HA network
used to relieve pain and improve mobility in patients suf- to adapt to the mechanical stress applied. At low shear, such

fgjilg .fromh%{rilee olste()?rthriti.s h(OAEI)M%yaluroniclfacig as occurs during a slow movement, the linear chains of HA
(HA) is a high-molecular-weight ( ), non-sulfate align slowly in the direction of flow and behave like a
glycosaminoglycan consisting of alternating units of

N-acetylglucosamine and p-glucuronic acid molecules. HA
is naturally present in the extracellular matrix (ECM) of a
. . . . . . 2Domaine universitaire de Grenoble, Saint-Martin-d’Héres, France

number of tissues, especially in the skin, eye, hyaline carti- 3 . .

. . . . Department of Rheumatology, Hépital Nord Franche-Comté,
lage, and synovial fluid (SF). HA is synthesized by fibro-  Trevenans, France
blasts, chondrocytes, and synoviocytes.! The latter are c ding Auth
located in the synovial membrane of the diarthrodial joints orresponding Author: -

. . Thierry Conrozier, Department of Rheumatology, Hépital Nord
and release HA into the SF. In healthy SF, the HA chain is Franche-Comté, Cs 10490 Trevenans, 90000 Belfort, France.
mainly made of 10,000 to 12,000 disaccharide units giving Email: thierry.conrozier@hnfc.fr

For more than 30 years, intra-articular injections of hyal-

'Rheonova, Giéres, France

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-

NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages
(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/CAR
mailto:thierry.conrozier@hnfc.fr

Darsy et al.

225

viscous fluid. When the joint is subjected to fast impact
(i.e., running or jumping), HA molecules do not have
enough time to realign and exhibit elastic behavior, allow-
ing shock absorption.?

In OA, SF elastoviscosity is dramatically lowered when
compared with healthy SF because of a decrease in both HA
MW and concentration.’ Consequently, the ability of SF to
protect cartilage decreases, favoring cartilage degradation.
Beyond its mechanical properties, HA exhibits many bio-
logic functions that depend on interactions with specific
binding proteins (hyaladherins) such as the cell surface
hyaluronan receptor (CD44), HA-mediated motility
(RHAMM), and hyaluronan-binding proteins.>®

Viscosupplementation is a treatment used worldwide for
limb OA (mainly knee OA), which aimed to restore the
rheological homeostasis of the SF by injecting a solution of
HMW HA intra-articularly.? The aim of the treatment is to
protect articular cartilage from degradation and conse-
quently to decrease pain and improve joint motion.
Viscosupplementation effect is not fully clarified and is
probably due to several mechanisms such as promotion of
endogenous HMW HA production, interaction with pain
receptors, and various anti-inflammatory effects.” Although
this therapy has been used for more than 3 decades and is
recommended in several guidelines for the management of
OA,¥3 the use of viscosupplementation in OA remains a
topic for debate regarding treatment efficacy and safety and
the best dosing regimen. These discrepancies may originate
from differences between the marketed HA products'# that
widely vary in MW (from 0.7 to more than 90 MDa), con-
centration (ranging from 0.8 to 32 mg/mL), origin (cocks-
comb extraction or bacterial biofermentation), and
molecular structure (linear or cross-linked). HA is a very
unstable and heat-sensitive molecule. The molecular mass
and the viscosity may be decreased due to the damage of
bonds in the polymeric chains. HA is susceptible to degra-
dation under a variety of conditions such as heat, acid
hydrolysis, and oxidative depolymerization reactions.
Conversely, HA remains relatively stable during the freeze-
drying process.!> The major problem faced by manufactur-
ers of HA is that the latter, once injected, is rapidly degraded,
limiting the time of intra-articular residence to only a few
days.'® HA degradation is the result of 2 different mecha-
nisms. The first one is mediated by specific enzymes (hyal-
uronidases) while the second one is nonspecific, due to
reactive oxygen species (ROS).>!” OA is a degenerative
joint disease of multifactorial origin in the pathogenesis of
which ROS play a deleterious effect.'®!° Interleukin-1b (IL-
1b) activates the production of large amounts of ROS which
are themselves involved in the production and/or the activa-
tion of collagenase matrix metalloproteinase-1 and in chon-
drocyte apoptosis.'® There is substantial evidence that ROS
are involved in HA degradation in inflammatory joint dis-
eases, such as rheumatoid arthritis and OA.!” Optimizing

clinical effectiveness of viscosupplementation by reducing
HA degradation in situ, and therefore increasing the time of
contact with the diseased tissue, can be obtained by the
addition of ROS scavenging molecules (mannitol or sorbi-
tol)?! and/or by cross-linking.

Our hypothesis is that viscosupplements, whether linear
or cross-linked, may differ greatly from each other and their
resistance to degradation varies accordingly. The aim of the
present study is to compare in vitro the resistance to ROS-
mediated degradation of 8 marketed viscosupplements that
differ in molecular structure, viscoelastic behavior, and HA
concentration, by studying their rheological properties
before and after mixing them with hydrogen peroxide
(H,0,), a well-known method to degrade polysaccharides
through a radical mechanism.-?

Methods

Viscosupplements to be Assessed

In this study, 8 HA viscosupplements, 4 linear and 4 cross-
linked, were compared. The characteristics of the investi-
gated viscosupplements are given in Table 1. Both
HAPPYCROSS® and OSTENIL PLUS® contain
mannitol.

Rheological Assessment

The rheological properties were measured using a stress-
imposed Rheometer DHR3 (TA Instruments; New Castle,
DE, USA) with a rough 25-mm-diameter plate—plate geom-
etry according to ISO 3219-1 and ISO 3219-2 standards for
good rheometric practice. During the experiments, the tem-
perature was regulated by a Peltier effect module. The lower
plane was conditioned to the measurement temperature of
25°C, with an accuracy of 0.5°C.

The samples were put on the lower plate directly from
their syringes without any needle. The upper plate was low-
ered to a trim gap of 1,050 um. Any excess product was
removed with a spatula. The gap was set to 1,000 um. Each
experiment was repeated 3 times, to obtain the mean and
standard deviation.

Determination of Viscoelastic Properties

Strain sweeps were carried out to evaluate the rheological
properties at rest and in particular if the samples were gelled
or not. They were performed from 0.001 to 3000% at a fre-
quency, f, of 1 Hz. The complex modulus G*, in Pa, and the
phase tangent tan 6, dimensionless, in the linear viscoelastic
domain (LVED) were extracted.

G* is the complex resultant of the elastic and viscous
moduli G’ and G". It reflects the overall consistency of the
product at rest. Tan J is the ratio between G” and G'. It is
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Table |I. Characteristics of the Studied Hyaluronic Acid Viscosupplements.

Manufacturer
Branded Name Country Structure HA Concentration HA MW
HAPPYCROSS® Vivacy Cross-linked 35 mg/2.2 mL NA
France 1.6%
HYMOVIS/HYADD4® Fidia Cross-linked 24 mg/3 mL NA
Italia 0.8%
HYALEXO CROSS® YooYoung pharmaceutical Cross-linked 60 mg/3 mL NA
Korea 2%
HYAJOINT PLUS® SciViscion Biotech Inc. Cross-linked 60 mg/3 mL NA
Taiwan 2%
ARTHRUM VISC 75® LCA pharmaceutical Linear 75 mg/3 mL 2.4 MDa
France 2.5%
OSTENIL PLUS® TRB CHEMEDICA Linear 40 mg/2 mL 1-2 MDa
Switzerland 2%
SINOVIAL HL® IBSA Farmaceutici Linear 64 mg/2 mL Mixing in a I:I ratio of 0.1 MDa and
Italia 3.2% 1.4 MDa
GO-ON ONE® Viatris Linear 60 mg/6 mL 0.8-1.5 MDa
USA 1%

HA = hyaluronic acid; MW = molecular weight.

Table 2. Average Values of Complex Modulus and Phase
Tangent Obtained with the Strain Sweeps in the LVED.

Complex
Modulus G*

Brand Name Structure (Pa) tan o (-)

HAPPYCROSS® Cross-linked 157 = 9.1 0.17 = 0.003
HYMOVIS/HYADD4® Cross-linked  49.0 = 0.6 0.25 = 0.001
HYALEXO CROSS®  Cross-linked 378 = |5.5  0.23 = 0.007
HYAJOINT PLUS® Cross-linked 169 =87 0.22 = 0.008
ARTHRUM VISC®75  Linear 401 = 5.0 0.52 = 0.003
OSTENIL PLUS® Linear 221 £9.0 0.66 = 0.002
SINOVIAL HL® Linear 31.8+ 1.4 2.36 * 0.068
GO-ON ONE® Linear 373 £ 0.1 6.48 + 0.004

LVED = linear viscoelastic domain.

related to the molecular network morphology. Any change
in its value indicates a change in the microstructure. If tan &
in the LVED is inferior to 1, the product is considered
gelled.

In a previous rather similar study,?’ the assessed rheo-
logical parameters were G’, G”, and the complex viscosity
n* which is equal to G* divided by the constant 2nf where
f is the frequency. The viscosity is a dynamic parameter
normally obtained in flow conditions. As strain sweeps tests
are mainly quasi-static, it therefore seems more relevant to
work with modules.

Induction of Oxidative Stress

The 8 HA viscosupplements mentioned above were sub-
jected to oxidative stress generated by the addition of H,O,
(30%, Sigma Aldrich) at a final concentration of 5.4% (v/v).

A volume of 1 mL of each HA commercial sample was
put on the lower plate. 0.1 mL of H,0, was added giving a
ratio of 10:1. The mix was stirred for 10 seconds with a
spatula. The upper geometry was then lowered in the same
way as described above. Delay time between addition of
H,0, and first measurement was around 1 minute.

The oxidation tests were conducted by exposing the
product to H,0, for 30 minutes. The effect of oxidation was
evaluated by measuring the evolution of G* and tan 8 in real
time, using an oscillation time sweep. Those tests were car-
ried out at a frequency of 1 Hz and at 1% strain in the LVED.
The initial and final values of the complex modulus G* and
of the phase tangent tan & were extracted as well as the G*
maximum and tan & minimum.

Results

Strain Sweeps

At rest, without any oxidative stress, the different samples
of this study exhibited different behaviors. As shown in
Table 2, the consistency G* presented a variation over 3
decades (from 3.73 to 378 Pa). A high G* was linked to
either a cross-linked or HMW structure. Nonetheless,
HYMOVIS® has a low constancy equivalent to that of
SINOVIAL HL® despite being cross-linked. This lies prob-
ably in the specificity of its cross-linking, which is not
obtained with 1.4-butanediol diglycidyl ether (BDDE) but
using hexadecylamide, giving formation of reversible inter-
actions yielding a gel-like structure.

In terms of tan §, as shown in Figure 1, all the
cross-linked samples, including HYMOVIS®, exhibited a
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Figure |. Comparison of tan § values for the different viscosupplements in the viscoelastic linear domain without oxidative stress.
The horizontal dotted line, for tan § equal to |, marks the boundary between soft solid (tan 6 < ) and structured liquid (tan 5 > ).

The full histograms correspond to partially or totally cross-linked products and the striped ones to linear products.

gel-like behavior with values around 0.2 which means a
strong contribution of G’, the storage modulus, the solid
part. For linear products, a gel is obtained with the HMW
HAs (OSTENIL PLUS® and ARTHRUM VISC® 75).
However, those gels were less solid-like than cross-linked
HAs. The linear samples with lower MW (SINOVIAL HL®
and GO ON ONE®), that are not gelled, had tan & superior
to 1. They can be called structured liquids. With all these
samples we had a fairly complete panel of what may exist in
terms of rheological behavior of viscosupplements.

Study of Oxidation Kinetics

The study of tests under oxidative stress showed, for most
samples, an evolution in 2 phases with first an increase of
complex modulus G* for a few minutes, followed by a
decrease of this modulus over time (Fig. 2). The first
phase most probably corresponds to a recovery due to the
thixotropic properties of the material which occurs after
the mixing between the product and the oxidizing agent
before the measurement. The decrease can be attributed to
the degradation of viscoelastic properties under oxidative
stress.

Mechanical stress. We first evaluated the mechanical impact
of the mixing of HA with hydrogen peroxide on the rheo-
logical properties. During oxidation tests, the more consis-
tent the sample, the more complicated the mixture is and the
more it requires mechanical action on the product. It is pos-
sible to evaluate the impact of this mixing while consider-
ing the thixotropy (i.e., the temporal recovery of rheological
properties following the mechanical stress of the mixture)
by calculating the G* and tan § variations between the vis-
coelastic linear domain without oxidative stress and the

o
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Figure 2. Evolution of the complex modulus G* over time
after contact with the oxidizing agent. The curve presented here
is that obtained for the HAppycross© sample.

maximum—or minimum for tan d—values during the oxi-
dation tests.

On fragile samples, mixing induced a decrease in mod-
ules and a change in the nature of the microstructure. Figure
3A shows that the greatest variations were recorded for lin-
ear samples especially SYNOVIAL HL® and GO-ON-
ONE®. The implementation had a small influence on the
HAPPYCROSS® sample. For the other cross-linked sam-
ples, the influence was more pronounced probably because
the mixing with the oxidizing agent induced fragmentation
of the samples. Concerning the nature of the microstructure,
it is considered that it is not altered below a 10% variation.
In this respect, all samples apart from GO-ON-ONE® did
not have their microstructure impacted (Fig. 3B). However,
all these results should be nuanced because there was prob-
ably a competition between oxidation and thixotropy.
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Figure 3. Complex viscosity G* (A) and tan & (B) variations between the viscoelastic linear domain without oxidative stress and
the maximum—or minimum for tan 3—values during the oxidation tests for the different samples. The full histograms correspond to
partially or totally cross-linked products and the striped ones to linear products.

Oxidative stress. To evaluate the impact of the oxidative
stress, by taking into account the mixing process, the per-
centage of variation of G* or tan 6 was evaluated. It was
calculated as the relative difference between the values in
the LVED and the final values of the oxidizing tests (AG™*
and tan o, ). Figure 4A shows the variations of AG*,_ over
the 20 minutes of the test. Although a decrease was always
observed, the moduli of linear products decreased more
than those of cross-linked products.

The signature of the microstructure was evaluated
through the tan 6, , variation. Figure 4B shows that all the
cross-linked products exhibited either no microstructure
modification (i.e., HAPPYCROSS®) or a more pronounced
viscous liquid character inducing an increase in tan 5. For
the linear viscosupplements, the changes also go toward a
more pronounced viscous liquid character with the excep-
tion of GO-ON-ONE® which exhibited a decrease in tan o.

Discussion

The decrease in G* modulus and the variations in tan &
demonstrate that oxidative stress deteriorates the viscosup-
plements through microstructure changes. The results,

showed in Figure 4, suggest that hydrogen peroxide alters
the chains of HA by fragmenting them, making them more
liquid-like. This change is more pronounced for linear prod-
uct. For GO-ON-ONE®, there is an exception where the
strong degradation is linked to a drop in G* that goes with a
decrease in tan §. Unsurprisingly, our study shows large dif-
ferences in resistance to oxidative stress-related degrada-
tion between linear and cross-linked HA. More surprisingly,
it also highlights significant differences between linear HA
products. However, we did not find large differences
between cross-linked HAs, whatever the HA concentration
was (ranging from 0.8% to 2%), apart from the
HAPPYCROSS® which only shows a 10% decrease in
consistency and almost no change in microstructure.

Our study reports, imperfectly of course, what can hap-
pen in OA joints when HA is injected. HA is subjected to
both mechanical (joint movement) and oxidative (presence
of ROS) stress. We clearly showed that cross-linking, and
thus a gelled character, gives the advantage to limit the del-
eterious influence of both oxidative and mechanical stress
on the macromolecule structure. Conversely, the impact of
HA-MW on the resistance to degradation (that was not
directly measured, but was assessed using the complex
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Figure 4. Complex modulus AG*  (A) and Atan &, (B) variation between the values in the linear viscoelastic and the end of
oxidation tests for different viscosupplements. The full histograms correspond to partially or totally cross-linked products and the

striped ones to linear products.

viscosity values, which indirectly reflect the MW) does not
seem of major importance. This was suggested by the nearly
same resistance to H,O,-related degradation of Go-On
One® (AG* = —46.3%) and Arthrum Visc® 75 whose MW
is much higher (AG* = —44.9%). Similarly, its concentra-
tion does not seem to protect, either, HA from ROS degra-
dation, since the most concentrated viscosupplement,
Sinovial HL® (HA concentration 3.2%), was the one that
resisted the least oxidative degradation.

In contrast, less differences were found between cross-
linked HAs both in G* (—10.1% to —25.4%) and tan & (+3%
to +15.2%). Cross-linking consists in linking together dif-
ferent chains of linear HA by covalent bonds, either chemi-
cally or physically. Hence, the rheological properties,
stability, and half-life of the native HA can be enhanced by
creating a 3-dimensional (3D) structure and forming a
hydrogel.?? Several studies showed that the half-life of the
injected HA was greatly prolonged by the cross-linking

process, in addition to the fact that the latter improves the
viscoelasticity. Thanks to cross-linking, the HA residence
time can reach up to 28 days.?*?* This finding does not
prove that cross-linked HAs have a long-lasting effect than
linear ones. However, the only 3 viscosupplements that
have shown clinical efficacy for up to a year are all cross-
linked.?6-28 Several single-dose linear viscosupplements
have been shown to be non-inferior to a cross-linked com-
parator.?*! However, these studies only lasted 6 months
and did not make it possible to judge the respective efficacy
of the long-term treatments.

It is also interesting to underline that only HAPPY-
CROSS®, which combines cross-linking and mannitol,*>33
presented a decrease in the complex modulus AG* <
10%. The HAPPYCROSS® and OSTENIL® samples con-
tain Mannitol as an antioxidant. These 2 products, in their
respective category (cross-linked and linear), were the least
affected by oxidative stress (Fig. 4A and 4B). As it stands,
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it seems that the presence of this antioxidant gives an advan-
tage toward oxidation and a double advantage with the
cross-linking of the product containing it.

Unfortunately, in the present study, we were not able to
investigate whether the type of sterilization predisposes the
hydrogels to a greater or lesser degradation. Steam heat was
used for the sterilization of all the studied viscosupple-
ments. This process generally needs temperatures between
121°C and 130°C for short periods, 15 to 20 minutes, but
we could not have access to the precise conditions of steril-
ization of each product studied. However, it has been clearly
demonstrated that heat sterilization modifies both the micro
and macrostructures of gels.>**

Conclusion

In summary, the present study shows very large differences
of resistance to degradation between viscosupplementation
products. We have been able to show that under the effect of
a combined mechanical and oxidative stress, the reduction
in viscosity could vary according to a ratio of 1 to 5 depend-
ing on the products. Both cross-linking and mannitol make
it possible to decrecase HA depolymerization when sub-
jected to an oxidative stress. These differences might
explain the wide variations of half-life between HA prod-
ucts. Although it can be assumed, it is not known whether
such differences have a significant impact on the clinical
effectiveness or the duration of the products’ effectiveness.
Face-to-face clinical trials are needed to assess the impact
of the half-life on the magnitude of the effect and the dura-
tion of the efficacy of the different viscosupplements.
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