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Abstract: Knee Osteoarthritis (KOA), the most common knee degenerative disease, involve a slow
destructive process, leading to disability and ultimately total knee replacement. The progression of
KOA is related to the loss of rheological properties of the synovial fluid (SF), due to slow
immunological, inflammatory and enzymatic processes that cleave the hyaluronic acid (HA) and
decrease the concentration of specific proteins. Since no effective treatments have been found to halt
the progression of KOA, injection of HA-based viscoelastic gels combined with physiotherapy (PT)
is an alternative to symptomatic therapies. In order to evaluate the effect of viscosupplementation
and PT on the SF characteristics, the SF aspirated from the KOA was analytically,
spectrophotometrically and rheological analyzed, comparing the receiving groups of HA
Kombihylan® and groups that received Kombihylan® and complex PT. In patients treated with PT,
SF extracted 6 weeks after viscosupplementation had a superior elastic moduli (G') and viscous
moduli (G") profile behavior, a homogeneous distribution of proteins and polysaccharides in the
SF. In absence of PT, G' and G" profiles are non-uniform, suggesting an unorganized supplemented
SF with some clustering phenomena, proteins aggregation and reduced entanglement between HA
and macromolecular components in the SF, which also affects its bioadhesion properties to cartilage.

Keywords: hyaluronic acid; synovial fluid; ATR-FTIR spectroscopy; rheological properties;
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1. Introduction

Arthritis is a major health problem of the world with prevalence higher than many well-known
diseases like cancer, diabetes, and AIDS and raised incidence with the aging of the population [1].
Arthritis is recognized as one of the chronic disabling diseases and seriously affects the quality of life
with several clinical symptoms like pain, stiffness, swelling, deformity, and necrosis [2]. More than
100 forms of arthritis have been identified, but mainly include various inflammations in joints such
as osteoarthritis (OA) and rheumatoid arthritis (RA), synovitis and gout, bursitis, and traumatic
arthritis [3]. This alarming situation recommends more intensive studies for prevention, precise and
early diagnostics, and more efficient treatment for patients [4].

OA is an all-articular disease, generally affecting elderly patients, and involves articular
cartilage, subchondral bone, ligaments, capsule, synovium, and periarticular muscles, with destroyed
structures and lost function, ultimately leading to joint failure. In the case of damaged cartilage, the
tendons and the ligaments are stretched, resulting in pain. Eventually, the bones may rub against
each other causing severe pain, stiffness, and other symptoms. The joint pain is caused by the absence
of suitable synovial fluid (SF) which leads to the failure of boundary lubrication and thereby direct
bone-to-bone contact [5,6]. Therefore, the primary property of SF is to serve as a synovial lubricant,
absorbing the shocks and, additionally, to be a source of nutrition for the joint cartilage (Figure 1) [7].
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Figure 1. Synovial fluid (SF) macromolecular composition.

One of the main components of SF is the hyaluronic acid (HA), a high molecular weight
polysaccharide, which is involved in a wide range of physiological processes in the human body,
such as wound healing, tumor progression, and joint lubrication. HA interacts with lipidic
membranes in a manner that is related to the interaction of mono- and disaccharides with such
biomembranes and contributes to joint lubrication [8-10]. The changes in the concentrations of the
constituents, rheological properties alteration of degenerated SF, especially the reduced viscosity
compared to healthy SF, play a decisive role in the installation of joint diseases such as osteoarthritis
and arthrosis [11].

The lack of an effective strategy to understand biochemical and biophysical phenomena from an
OA perspective has led to different approaches to this much-discussed pathology, but with modest
results. The most effective therapy and medication are sought to ensure the restoration of joint
structures or at least preserve the integrity of the joint structures, pain relief, inflammation, and
dysfunction reduction, with few side effects and low long-term costs[4].

Common pharmacological treatment options include simple analgesics, nonsteroidal anti-
inflammatory drugs (NSAIDs), selective competitive inhibitors of cyclooxygenase (COX-2), intra-
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articular corticosteroid injections, viscosupplementation, and surgery. However, NSAIDs can cause
gastrointestinal problems, stroke, renal failure, and hypertension and have thrombotic potential,
especially at high doses [12].

Non-pharmacological strategies are a first-line approach to symptom management, and include
exercises, weight loss, and patient education [12, 13]. Physical activity of 150 min/week consisting of
moderate-intensity aerobic exercises or 2 days/week of moderate to vigorous physical activity in
muscle-strengthening exercises is important for maintaining physical function in knee OA (KOA).
An effective alternative with limited side effects in the management of KOA is the intra-articular
injection with HA-based viscoelastic substances and physical therapy (PT). Although all types of PT
that could be effective in reducing the symptoms of KOA are carefully studied, currently, there are
no guidelines for standardized PT protocols using effective combinations of physical agents and
medications to control the progression of KOA[13].

PT procedures are clinically proven tools and have an anti-inflammatory effect which makes
them extremely useful in reducing the symptoms of KOA. Both HA viscosupplementation and PT
have anti-inflammatory effects on low-grade inflammation in KOA, and the combination of the two
therapies can prolong the effects of HA viscosupplementation over time [14].

The objective of this study was to evaluate in vivo the ability of combined therapy based on
intra-articularly HA supplementation (Kombihylan®) and PT to improve the properties of SF
collected from knees with moderate KOA. The PT program includes TENS currents, LASER
photostimulation, low-dose ultrasound, exercises, and cryotherapy.

TENS (Transcutaneous electrical nerve stimulation) are rectangular single-phase or biphasic
pulsed currents that are distributed over the skin to stimulate the underlying nerves to produce
intense analgesia [15]. TENS selectively activates the fastest conduction velocity large-diameter non-
nociceptive Abeta-fiber, to reduce nociceptor sensitivity and activity at a segmental level [15].
According to Qi and James, Abeta-fiber non-nociceptive primary sensory neurons are involved in the
pathogenesis of KOA pain in rat models [16]. TENS reduces pain in KOA by activating native opioid
receptors and selectively stimulating large-diameter, non-noxious, dermatome-corresponding
afferents [17,18]. TENS also has an anti-inflammatory effect which has been less studied, as it is used
in PT mainly for its analgesic effects. TENS may reduce the inflammatory process by lowering pro-
inflammatory cytokines levels (especially IL-6) through two possible mechanisms: activates opioid
release by the central nervous system and the pain gate mechanism (gate theory) [19,20].

Ultrasound (US) is a high-frequency therapy that uses mechanical vibrations with frequencies
between 1 and 3 MHz. The US stimulates cellular and molecular effects within cells that are involved
in healing processes [21]. US is a non-invasive and safe form of PT used in KOA. US in KOA controls
the symptoms and has a potential cartilage repair effect [22]. US promotes collagen formation,
regulates inflammatory responses, and induces cartilage repair at low doses [23,24]. Priscila Daniele
de Oliveira Perrucini et al. have shown that US at 0.2 W/cm? with 10% duty-cycle is much more
effective with a higher bio-stimulatory response than US at 0.5 W/cm? with 20% duty-cycle. Low-
dose US decreased IL-6 cytokine production from both- the area directly exposed to treatment and
from serum levels [25].

Current KOA treatment protocols do not include Low-Level Laser Therapy (LLLT) for lesser-
known reasons. LLLT is a form of low-power LASER photo biostimulation. LLLT has significant
analgesic, and anti-inflammatory effects and a bio-modulatory effect on microcirculation which helps
to heal tissues and reduce lymphoedema [26,27]. Béla Hegedus et al. have shown that LLLT in KOA
reduced pain and improved knee function in 27 patients who underwent a 4-week therapy program
with two sessions per week. The LLLT used was a GaAlAs diode laser with a power of 50 mW and a
wavelength of 830 nm [28]. Stausholm MB et al. in a systematic review and meta-analysis of RCTs
published in 2019, investigated whether there is an LLLT dose-response relationship in KOA. The
study used eligible articles from PubMed, Embase, Physiotherapy Evidence Database, Cumulative
Index to Nursing and Allied Health Literature, and Cochrane Central Register of Controlled Trials.
According to this study, LLLT significantly reduces pain and inflammation in KOA using two types
of LASER: 904 nm wavelength with 1-3 ] and 785-860 nm wavelength with 4-8 ] power [29].
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Cryotherapy is a safe and widely used PT procedure in the control of post-traumatic pain,
inflammation, and edema management. Cryotherapy is not usually found in KOA treatment
guidelines but Barbosa et al. have shown that this procedure has an anti-inflammatory effect.
Cryotherapy reduces leukocyte migration and decreases the concentration of inflammatory cytokines
in the synovium on posttraumatic KOA in rat models [30]. Garcia et al. demonstrated in an Evidence-
Based Narrative that cryotherapy is used to reduce chronic local pain. Searches were done in PubMed
tracking human studies between 2000 and 2020 that included the application of cryotherapy to
patients with chronic pain disease. Twenty-five studies were selected that met the criteria, 22 of which
were RCTs, that local applications of cryotherapy have analgesic, anti-inflammatory and anti-
edematous effects in patients with rheumatic pain including those with degenerative pathology such
as KOA [31]. Local cryotherapy positively influences local edema and lower the level of pro-
inflammatory cytokines, which are actually key elements in assessing the effectiveness of different
treatments on inflammation [32]. Studies have suggested that the anti-inflammatory effect of
cryotherapy is due to reduced levels of the pro-inflammatory cytokine TNF-a and increased levels of
the anti-inflammatory cytokine IL-10 [33,34,35]. Cryotherapy was used in this study to reduce the
joint temperature during the session, especially after exercises, to protect the intraarticular injected
HA-biopolymer.

Guidelines from The American Academy of Orthopaedic Surgeons, the American College of
Rheumatology, and the European League Against Rheumatism, are consistent in recommending
physical exercises (PE) because they can relieve pain, reduce disability and increase the quality of life
in KOA [36,37,38]. There is evidence of the benefits of PE in KOA. Individuals who undergo a
moderate PE program can expect a reduction in knee pain and disability during and immediately
after the program [39]. Strength training PE restores quadriceps muscle strength, relieving knee pain
and stiffness and improving shock absorption during walking [40,41,42]. Isokinetic PE is an effective
form of training for muscle toning of the quadriceps useful in the management of KOA and has an
anti-inflammatory effect by reducing serum levels of C-reactive protein, TNF- and IL-6 [43]. The
isometric (static) exercise used in KOA involves isometric contraction of the thigh and calf muscles.
Miyaguchi et al. demonstrated that LS increases its viscosity which is associated with increased
hyaluronan molecular weight, in groups of subjects who underwent an isometric cavdriceps exercise
at a 12-week program. This suggests that isometric PE has a positive effect on the rheological
properties of LS, which is degraded in KOA and loses its vasoelastic properties through
inflammatory, enzymatic and immunological mechanisms [44].

2. Materials and Methods

2.1. Materials

The viscoelastic material with the commercial name Kombihylan® was purchased from
Ropharm® (Romania) and used with approval no. 11306 from 2020. Kombihylan® is a biological
matrix with a molecular weight of 3 MDa in the form of a viscoelastic solution containing HA which
is obtained by bacterial fermentation of a Streptococcus strain. The study was conducted according
to the guidelines of the Declaration of Helsinki and was approved by the Institutional Review Board
(or Ethics Committee) of Micromedica Medical Clinic with no. 32 from 28 January 2020. All patients
signed informed consent. The product was administered intra-articular by an orthopedic specialist
to patients with moderate KOA.

2.2. Study design and Procedure Steps (PS)

The SFs were collected from nine patients divided into 3 groups (Table 1.). For patients with no
procedure (n=3) 2-3 ml of synovial fluid was aspirated from their knees: Control 1, Control 2, and
Control 3. Patients who received Kombihylan® (3 MDa) viscosupplementation and physiotherapy
(n=3): P1, P2, and P3; and the patients (n=3) that received injections only: P4, P5, and P6. Patients P1,
P2, and P3 underwent 10 consecutive days of PT including TENS currents, LASER biostimulation,
low-dose ultrasound, exercise, and cryotherapy. SF samples were taken from all patients immediately
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after viscosupplementation of the knee joint and after 6 weeks assessed the rheological and
spectroscopic behavior.

For inclusion criteria, eligible patients were those diagnosed with symptomatic moderate KOA
who showed no signs of local inflammation, and had not infiltrations with other viscoelastic
substances or glucocorticoids in the past 12 months. Patients with only one symptomatic knee were
also included. Exclusion criteria were: known allergy or hypersensitivity to sodium hyaluronate or
any of the Kombihylan® ingredients and patients with signs of local inflammation or hydrarthrosis.
Patients with pre-existing infections or skin disease at the injection site, with inflammatory rheumatic
disease or systemic disease, or with known systemic bleeding disorders were also excluded.

Few steps (PS1-PS5) were followed in order to perform the experiments.

PS1: Using sterile techniques, an aspiration from the osteoarthritic knee was performed from the
suprapatellar region with a needle and syringe to depressurize the joint capsule. About 2-3 mL of SF
was aspirated from the knee joint to reduce post-procedural swelling, preventing the increase in

intra-articular pressure.
PS2: Intra-articular infiltration was performed with the viscoelastic product Kombihylan® (3
mL) in the suprapatellar region using the same needle.
PS3: After removing the needle, the patient was asked to walk for 5-10 min to “homogenize” the
viscoelastic product.
PS4: After 72 h, a group of three patients started the program of PT for 10 consecutive days (2

weeks).

PS5: 6 weeks later, SF was aspirated from the osteoarthritic knee joint and evaluated,
rheologically and spectroscopically.
All tested synovial fluids are presented in Table 1.

Table 1. Tested SFs and applied procedure.

3 *
No Encoded Characteristics (Sr(slt«l;ml) pH  Colour Clarity g‘;ﬁgie)
1. HA R'a W . Kombihylan® 76 722 Clear Transparent 0
viscoelastic HA
. . Amber-
2. Control 1 Patient with no procedure 0.88 7.14 Yellow Transparent 144 +4
3. Control 2 Patient with no procedure 0.86 7.18 3?11235_ Transparent 143+1
4. Control 3  Patient with no procedure 0.83 6.89  Yellow Transparent 101 +2
P1Initial 5 L atient !
5. MV initial(supplemented) 5-10 0.40 7.03  Yellow Transparent 110+3
min movement
Patient 2
P2 Initial S . . . Amber-
6. MV 1n¥t1al(supplemented) 5-10 0.68 6.88 Yellow Transparent 61 +2
min movement
Patient 3
P3 Initial S . . . Amber-
7. MV 1n¥t1al(supplemented) 5-10 0.88 7.14 Yellow Transparent 53+1
min movement
. Patient 1 after PT (2 weeks Amber-
8. P1 Final PT + 4 weeks rest) 0.66 7.32 Yellow Transparent 99+5
. Patient 2 after PT (2 weeks Amber-
9. P2 Final PT + 4 weeks rest) 0.68 7.28 Yellow Transparent 67 +1
. Patient 3 after PT (2 weeks Amber-
10.  P3Final PT + 4 weeks rest) 0.64 7.42 Yellow Transparent 69 +2
0 Patient 4
P4 Initial S . .. Amber-
11. MV m?tlal(supplemented) 5-10 0.72 7.19 Yellow Transparent 104 +2
min movement
Patient 5
P5 Initial S . . . Amber-
12. MV 1n¥t1al(supplemented) 5-10 0.76 6.87 Yellow Transparent 120+4
min movement
Patient 6
P6 Initial S . . . Amber-
13. MV initial(supplemented) 5-10 0.76 7.24 Yellow Transparent 59 +2

min movement
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Amber-

14, P4 final Patient 4 final (6bweek rest) 0.74 7.32 Transparent 113+3
Yellow

15. P 5 final Patient 5 final (6week rest) 0.62 7.51 ?5112?;_ Transparent 128+3

16. P 6 final Patient 6 final (6week rest) 0.70 7.37 ?311235_ Transparent 70+2

2.3. Physiotherapy Treatment

PT1: TENS conventional for 30-40 min using two channels at 100 Hz at 100 us rectangular
biphasic pulses.

PT2: LLLT, 904-nm GaAlAs probe, 3 kHz frequency with a 5 Joules/point, and a maximum of 40
Joules/application.

PT3: US: 8 min of 0.2-0.3 W/cm?at 1 MHz with a 10% duty cycle.

PT4: PE: over 40 min per session with moderate-intensity exercise that included the following:
active exercises, isokinetic, isometry and neuro-proprioceptive facilitation (PNF): contract-relax,
reversal of antagonists, repeated stretch and hold-relax

PT5: 15 min Cryo-push cryotherapy

2.4. Fluids charactersitics, pH and glucose concentration

Synovial liquid pH measurements were carried out on an multi-parameter (HI2020 - edge®
Multiparameter pH Meter, Hanna Instruments, USA). A three point calibration (pH = 4.01, 7.00 and
10.01) was performed, using standard buffer solutions (Hanna Instruments, USA). The concentration
of glucose was measured by using a portable glucometer (Accu-chek Performa®, Roche Laboratories,
USA).

2.5. Drop Deposition of Synovial Fluid and Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

SF specimens were examined for their characteristics and some preparative steps were
performed. Small volume (15 ul) drops of synovial fluid were deposited into 24 wells plate for cell
culturing, at 37°C, and allowed to dry overnight, semi-covered, then examined the following day
using light microscopy (Inverted Phase Contrast Microscope, Leica, Wetzlar, Germany) and
stereomicroscopy (Stereomicroscope, Optika, Ponternica, Italy) and Infrared spectroscopy.
Attenuated total reflectance Fourier transform infrared spectroscopy — ATR-FTIR (Nicolet Summit
Pro FTIR Spectrometer with Everest ATR accessory, Thermo ScientificTM, Waltham, MA, USA) was
used to evaluate the compositional changes in the synovial fluid. All samples were acquired using a
diamond crystal at room temperature. The measurements were performed in a range of 400-4000
cm™!, with a spectral resolution of 4 cm, with 16 repetitious scans averaged for each spectrum. Prior
to measurement, the materials were conditioned at 25°C and 65% relative humidity for 24 h.

2.6. Rheological measurements of synovial fluids

The rheometry measurements of the present work were carried out using Kinexus Pro+
rotational rheometer (Malvern Instruments Ltd., Worcestershire, United Kingdom), fitted with
parallel plate geometry. All experiments were performed at a controlled temperature of 37 °C, and
the experimental data were registered with rSpace for Kinexus Pro 1.7 software. The temperature of
the samples was controlled with an accuracy of + 0.1°C, by the Peltier system of the rheometers, on
the testing plate. The amount of sample required for the rheological evaluation was 0.6 ml and the
rest was used for the spectroscopic analysis and bioadhesion tests. For the SF viscosity and
viscoelastic properties measurements, steady shear test and oscillatory shear test were performed.
The strain test was mainly performed to establish the limits of the linear viscoelastic range (LVR).
This test offers valuable information regarding the mechanical and structural stability of the SF. For
the strain test, the angular frequency was kept constant, 10 rad/s, while the amplitude of deformations
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was varied between 0.01 and 100%. Frequency sweep tests were carried out at a constant amplitude
of 1% (within the LVR), in a frequency domain between 0.01 and 200 rad/s.

2.7. Bioadhesive characteristics

Bioadhesion tests were performed on a TA.XT Plus® Texture Analyzer (Stable Micro Systems,
Godalming, United Kingdom) fitted with module for bioadhesion tests [45,46], on two types of
surfaces: simulating biological membrane and chicken cartilage. A cellulose membrane from a
dialysis tubing 12,000 Da, pre-boiled and cooled at room temperature, has been prepared for in vitro
experiments. Fresh cartilage was obtained from condyle of chicken femur and special prepared for
experiment. The cartilage pieces were collected from chicken legs at least one week following their
slaughter and conserved hydrated in physiological solution, together with the synovial membrane,
without freezing.

The cellulose membrane/ cartilage pieces were fixed in the holding device and 200 uL of
Phosphate Buffered solution (pH 7.2, 0.01M) was added to simulate the physiological environment;
the whole system was introduced in a controlled temperature medium (heated distilled water at
37°C, under stirring, 200 rpm). The dried synovial fluid samples were attached to the bottom of the
moving probe (cylindrical graphite probe — 8 mm diameter), which was lowered to the cellulose
membrane and maintained for the pre-determined time (30 s) at a contact force of 9.80665 mN. Data
collection and analysis were performed using the Texture Exponent software and maximum
detachment force and the work of adhesion were calculated based on the force-time plots. Four
samples were measured for each synovial fluid-based film.

2.8. Statistical Analysis

The results obtained were expressed as mean + standard deviation (SD) of the mean values for
each experiment, generally made in triplicate. The bioadhesion tests required 6 replicates for the
considerable reduction of the method errors. Statistical analysis was performed by applying one-way
ANOVA and Tukey posthoc analysis. Differences between groups were considered statistically
significant for p <0.05.

3. Results and discussions

3.1. Hyaluronic acid effect on synovial fluid characteristics

SF is a biological gel involved in joint physiology and includes small molecular and
macromolecular components, generally secreted by cells. Lubrication in the natural synovial joint is
possible due to the particular macromolecular composition of the SF, the interactions between
constituents and with the articular surfaces. The principal components of the SF are HA, lubricin,
proteins, and surface active phospholipids (especially phosphatidylcholine) [47]. These lubricants are
secreted by cells (chondrocytes in articular cartilage and synoviocytes in synovium), and
concentrated in the joint cavity and deficiencies in this lubricating composition or structure contribute
to the damaging of articulating cartilage surfaces [48]. The main component of the SF is the HA, a
linear polysaccharide formed by repeating disaccharide units of D-glucuronic acid and N-acetyl
glucosamine linked by 3 (1, 4) and {3 (1, 3) glycoside bonds. In physiological conditions, HA appears
as a sodium salt (HAs), negatively charged, highly hydrophilic, and surrounded by a sphere of water
molecules linked by hydrogen bonds. The architecture of this natural biopolymer exhibits excellent
physicochemical and biological properties such as high water-binding capacity and interesting
viscoelastic behavior [49], non-immunogenic and non-inflammatory characteristics, and totally
biodegradable features [50]. Based on its unique properties, HA is intensively studied for various
medical applications, such as wound healing, drug delivery and synovial fluid substitute.

Other components in SF include protein (content is about 2%), proteoglycan 4 (PRG4 - lubricin)
and surface active phospholipids (SAPL, especially phosphatidylcoline) [51]. Many proteic
components of SF are derived from blood plasma and proteins secreted from the surrounding tissue,
and high-abundance proteins include albumin, serotransferrin, apolipoprotein A, and several

d0i:10.20944/preprints202305.0239.v1
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immunoglobulins [52]. In the synovial joint is secreted lubricin, a glycoprotein which form coatings
over the cartilage surface, providing boundary lubrication and preventing protein and cell adhesion
[53]. Lubricin-assisted boundary lubrication is produced at very low sliding speeds and is based on
formation of a lubricating film with thickness close to the surface roughness or asperities on the
opposing cartilage surfaces. In the absence of lubricin, the protein and cell adhesion occurs and the
friction increase, favoring a stick-slip phenomenon at the joint [54]. Small molecules, ions and salts
are completing the synovial fluid composition.

Laboratory analysis for all tested SFs showed amber-yellow or yellow colour and transparent
fluids (Table 1), indicating OA as joint disease. The pH of normal SF is 7.31-7.64 with a mean of 7.43.
The pH in the presence of inflammation declines on average to 7.22 and range of 6.85 to 7.41 (mean
7.19) for joint diseases were reported in literature [55]. The pH values in tested SFs are presented in

Figure 2.
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Figure 2. Value of pH for Kombihylan® and synovial fluids (SF) from Control group, Group A (supplemented,
5-10 min movement), Group B - after PT (2 weeks PT + 4 weeks rest), Group C (supplemented, 5-10 min
movement) and Group D (supplemented, 5-10 min movement, 6 weeks rest). Each value represents the mean +
standard error mean (n=3) (* p <0.05, ** p <0.01).

The SFs in Control group present a wide distribution of pH values with a mean of 7.07, in
agreement with other authors’ findings regarding the role of pH in OA development [56]. Values of
pH between 7 and 7.2 were also measured for SFs from Group A (supplemented, 5-10 min movement)
and Group C (supplemented, 5-10 min movement). The acidifying of the synovial fluid in OA is
explained by some authors by initial joint inflammation and activation of cathepsin K, an acidic
cysteine endoproteinase that degrades collagen from cartilage, influencing the synovial fluid too.
This enzyme overexpressed in OA joints, is produced by phenotypically altered chondrocytes, which
may initiate or accelerate cartilage degeneration. The activated cathepsin K stresses the intimate
relationship between synovial fluid microenvironment and cartilage, contributing to the progressive
degeneration of the cartilage [57]. In Group B - after PT (2 weeks PT + 4 weeks rest), and Group D
(supplemented, 5-10 min movement, 6 weeks rest) the pH of the synovial fluid approached the
normal values, as a result of the homogenization and lubrication effect induced by Kombihylan®,
with a large contribution of the PT.

A high variability of the glucose concentration was observed in tested SFs. The highest values
were measured in Control group. High concentrations of glucose have been associated with OA.
Under limited amounts of oxygen the glucose is converted to lactate or pyruvate, which then enters
the Krebs cycle. Anaerobic glycolysis occurs at an increased rate in OA-affected chondrocytes and
glucose is released in synovial fluid[58]. Generally, the supplementation with hyaluronic and PT
leaded to reduction of the glucose concentration.

3.2. Fourier-transform infrared (FTIR) data

Various methods have been tested in order to characterize the healthy or pathological SF, from
biochemical analysis and structural evaluation of the macro and micro molecular components, to
mechanically tests. Fourier-transform infrared (FTIR) spectroscopy was previously shown as being
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able to distinguish between healthy and serum SF samples with OA and has been considered as
screening approach for diagnosis. Chondroitin sulfate (CS) profile in SF from a representative knee
injured patient and on aggrecan purified from the same SF sample were compared and modifications
in sulfated glycosaminoglycan have been identified [59]. In FTIR spectra differences in the C=O
stretching vibrations (amide I region, 1584-1720 cm™) and in C-O stretching vibrations of
carbohydrate moieties (HA, 984-1140 cm) have been observed comparing with control, suggesting
that FTIR spectroscopy could be an alternative analytical method to detect OA-related changes in HA
from the SF, compared to the current immunoassay and chromatographic methods that often require
more sophisticated instrumentations and sample processing [60].

In order to evaluate the effect of viscosupplementation and PT on the SF characteristics, the SFs
aspirated from the osteoarthritic knee joint were spectrofotometrically analysed and compared with
control group, raw Kombihylan® viscoelastic HA, HA and chondroitin sulphate. The ATR-FTIR
spectra of pure HA (Figure 3.A) presents characteristic peaks: the peak located at 3296.95 cm is
associated with intra- and intermolecular stretching vibration of -OH group, and the stretching
vibration of the hydrogen bond from -NH- group, respectively; the symmetric stretching vibration
from 2855.45 cm! corresponds to the -CH: groups; the bands from 1596.53 cm™ and 1405.37 cm! are
correlated with symmetric and asymmetric vibration of COO- ionized group while the peak from
1023.26 cm! is related with the C-O-C hemiacetalic system saccharides units [61,62].
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Figure 3. ATR-FTIR spectra for hyaluronic Acid (HA), Chondroitin sulphate (CS), Kombihylan®, and synovial
fluid (SF) collected from the Control Group (CG)

In the CS spectra, the region above 3000 cm~! is dominated by the OH stretching vibration. The
band at 1372.58 cm~! was due to the sulfate and that from 1227.81 cm™! is attributed to S=O group.
The peak at 850 cm~! corresponds to the C-O-S vibration [63]. The Kombihylan® product presents
both polymers groups with a stronger highlighting of the peaks attributed to HA. It can be observed
for all fluids extracted from the control group a decrease in the absorbance bands in 980 - 1140 cm™
domain, corresponding to the carbohydrate content (sugar bands) and an overexpressed of the amide
I region (1584-1720 cm™), indicating an increased content of total proteins, based on the composition
of SF (Figure 3.B). ATR-FTIR data for the SF collected from patients with supplemented and PT
procedures are presented in Figure 4.

The sugar bands in the domain 980 - 1140 cm™ are less intense for patients supplemented, 5-10
min movement, with PT treatment (PT, 2 weeks) and finally SF sampling after 4 weeks of resting,
comparing to no PT treatment (Figure 4.A and 4.B). These results indicate an important role of the PT
on the interactions between the supplemented Kombihylan® product and SF: the supplementation
gel, rich in HA, interact with synovial fluids and form a homogenous system without any separation
and clustering, working as one phase synovial-like fluid [64]. The sugar absorption bands do not
change as intensively in the case of keeping the patient at rest after supplementing with Kombihylan®
and 5-10 min movement (Figure 4.C and 4.D) suggestion that ATR-FTIR spectroscopy could be used
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as primary screening method for evaluation the treatment evolution in the case of the patients with
moderate KOA.
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Figure 4. ATR-FTIR spectra for synovial fluid (SF) collected from patients: Group A (supplemented, 5-10 min
movement), Group B - after PT (2 weeks PT + 4 weeks rest), Group C (supplemented, 5-10 min movement) and
Group D (supplemented, 5-10 min movement, 6 weeks rest)

3.3. Rheological properties

The SF rheology influences the joints tribology either in healthy persons, or individuals with
pathological background. For instance, there was demonstrating that the rheological behaviour of SF
is changed at the appearance of arthritis or OA, exhibiting decreased viscoelasticity. The function of
the joints is strongly related to the condition of the SF, especially with the proteins and HA
organization and their interactions [65].

It was found that intra-articular injection of HA restores SF viscoelasticity at patients with KOA,
and decreases cytokines with pro-inflammatory effect and the number of lining cells, lymphocytes
and macrophages; an increased number of fibroblasts and the amount of collagen after the
supplementation with HA gels was also observed [66,67].

In the present research the rheological properties were investigated for SF extracted from
patients with moderate KOA, after application of different treatments: supplemented, 5-10 min
movement and after PT (2 weeks PT + 4 weeks res); patients supplemented 5-10 min movement and
supplemented, 5-10 min movement, 6-week rest (Figure 5 — Figure 7). The research included
rheological characterization of solutions of Kombihylan® as well as complete rheological
characterization of SF, i.e., viscosity measurements, measurements of the elastic moduli (G)’, viscous
moduli (G”), and J (the ratio of the viscous modulus over the elastic modulus, and indicates the
tendency of a fluid to dissipate energy (i.e., more viscous-like) or to store energy (i.e., more elastic-
like)). All experiments have been performed in conditions simulating the biological environment
(37°C).

The Kombihylan® product, shown in Figure 5A, exhibits the rheological behavior of a polymeric
mixture based on low and high molecular weight polymers solution; across the frequency range
demonstrate viscoelastic behavior with elastic response at low frequencies (G'>G”, based on CS and
HA contribution to the elastic response) and viscous response at high frequencies (G”> G’, based on
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HA viscous response). The SF from the control group (moderate KOA, no supplementation or
treatment) doesn’t present substantially different pattern on their viscoelastic properties. However,
the G" and G” values varied from a patient to another one, indicating that in OA many factors
contribute to the variability of the rheological properties of SF, including the modification in
inflammatory components, joint geometry, and pathology history. Alterations within the joint
determine the properties of the SF to a larger extent. The values ranged from 0.1 Pa to 10 Pa, ten times
less than the supplementation fluid based on HA and CS (Kombihylan®).

The G" and G” of the SF from the patients supplemented, 5-10 min movement and after PT (2
weeks PT + 4 weeks rest) are presented in Figure 5.B and 5C. For all cases analyzed, G”">G’, as the
result of the interactions between polysaccharides from Kombihylan® and components from
biological SF, contributing to the viscous response. The values for elastic modulus increased, in some
cases doubling up, indicating a uniform distribution of the HA hydrogel among the components of
SF, process stimulated in the movement conditions. The lower elastic behavior of the SF, at the
physiological shear rates, is evidence for an interaction of hyaluronate with proteins, especial
lubricin, where lubricin decreases the degree of entropy of an otherwise stiffer molecule. An increase
in the persistence length due to these interactions would stabilize the HA molecule that is likely to
form entanglements. PT treatment contributed to a homogenous distributions and new organization
of the proteins and polysaccharides into SF, stimulating stronger interactions and G’ and G” slightly
decreased (Figure 5.C); a higher contribution of the viscous modulus was noticed. The presence of
lubricin and other glicoproteins helps synovial fluid to store and dissipate the energy of impact
during normal walking gait, and assure the lubrication, together with other HA-binding proteins. In
absence of PT(Figure 4D and 4E) the G’ and G” profiles are non-uniform in frequency sweep tests,
suggesting a non-organized supplemented SF, with some clustering phenomena, multi-protein
polymeric aggregates, and low level of entanglement between HA and macromolecular component
in SF [68].
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Figure 5: Elastic (G') and viscous (G") moduli for synovial fluid (SF) collected from: control group (CG) and
Kombihylan® product (A); patients supplemented, 5-10 min movement and after PT (2 weeks PT + 4 weeks rest)
(B and C); patients supplemented, 5-10 min movement and supplemented, 5-10 min movement, 6 weeks rest (D
and E)

The PT effect is highlighted in the values of tan 6 = G"/G', a measure of how elastic (tan 6 <1) or
plastic (tan 0 > 1) is the behavior of the tested SF (Figure 6), where tan d represents the ratio of the
viscous to elastic response of a viscoelastic gel or, in another words, the energy dissipation potential
of the material.
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Figure 6. The variation of tan & with frequency (Hz) for synovial fluid (SF) collected from: control group (CG)
and Kombihylan® product (A); patients supplemented, 5-10 min movement and after PT (2 weeks PT + 4 weeks
rest) (B and C)
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The values for tan 0 are positive for all tested SF, indicating a more elastic fluid then plastic one.
Appling a load to the synovial gel, some part of the applied load is dissipated by the energy
dissipation mechanisms (such as segmental motions) in the bulk of synovial polymeric network, and
other part of the load is stored into polymeric component from SF and will be release upon removal
of the load. The tan d decreasing indicates that the biological gel acts more elastic now and by
applying a load, it has more potential to store the load rather than dissipating it; the effect is more
pronounced in SF after PT (Figure 6.C). The tan 0 increasing is associated with more energy
dissipation potential in supplemented SF, and it is produced in one case with PT; such behavior is
attributed to the presences of intense inflammatory processes that change the synovial proteins
interactions with HA.

The application of a constant shear stress on the samples was performed in order to evaluate the
time needed for the SF (control and supplemented) to adjust its response to the stress conditions
(Figure 7). In general, the viscosity of OA SF is lower compared to healthy SF, attributed to a
structural rearrangement of the HA chains, and low molecular weight proteins (e.g., albumin), which
significantly contribute to this distribution [69].
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Figure 7. The variation of viscosity for synovial fluid (SF) collected from: control group (CG) and Kombihylan®
product (A); patients supplemented, 5-10 min movement and after PT (2 weeks PT + 4 weeks rest) (B and C);
patients supplemented, 5-10 min movement and supplemented, 5-10 min movement, 6 weeks rest (D and E)

The SF presents a time-dependent viscosity effect being considered a thixotropic fluid, and the
behavior is emphasized in OA [70]. The supplementation with Kombihylan® determines the increase
in viscosity (Figure 7.B) but a large variability is present based on patient specificity. Hyaluronan
from the supplementation gel could, by its osmotic contributions and formation of flow barriers in
the limiting layers, be a regulator of the SF. The time-dependency decreases after PT when, in the
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share rate test condition, the viscosity reaches constant values (Figure 7.C, P1, P3). The
supplementation with no mobilization procedure determined a sharp decline of the viscosity in the
first’s moments of application of the mechanical loading (Figure 7.E). In choosing a combination of
treatments that involve lubricants the viscosity should be high enough to provide a continuous fluid
film in the contact area, but not too high so as to create friction due to viscous shear. The knee involves
low speeds and high loads, and higher viscosity is recommended [71]. Furthermore, the synovial
membrane that separates SF from plasma allows small globular proteins (albumin and globulins) to
freely interchange between blood and SF and the process is more intense in rheumatoid arthritis. For
such patients simultaneously higher albumin concentration was found in their SF and a smaller than
normal albumin concentration in their plasma [72].

3.4. Filmogen characteristics and bioadhesive properties

Microscope images of human SF dried drops at low magnification show a heterogeneous deposit
(Figure 8).

100pm

Figure 8. Microscope images of human synovial fluids (SF) and Kombihylan®

The supplementation fluid (Kombihylan®) - based film presents a uniform aspect with no cracks
and separation. Contrariwise, the SF-based films present two main regions: glassy film with some
separation areas at the drop edge and fern-shaped crystalline deposit in the drop center [64]. The
crystalline area is more pronounced in SF from patient supplemented, 5-10 min movement (P1 and
P5) and is correlated with primary interactions of the supplementation component with proteins and
glycoproteins from SF. The application of PT procedure diminished the clustering tendency, a
uniform center was resulted and a diffusive border between glassy part and the core area. Such
results indicate an integral distribution of the supplementation fluid after PT treatment.

In vitro bioadhesion studies on SF-based films were performed using simulating membrane
(cellulose membrane) and a TA.XT Plus texture analyzer. The force required for detachment of the
film from the biological membrane was recorded and the high values of the detachment forces
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indicate strong interactions. Maximum force of detachment and work of adhesion are presented in
Figure 9 and Figure 10.
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Figure 9. Bioadhesion properties of synovial fluid-based films, tested on simulating membrane, as detachment
force and work of adhesion. Values were expressed as the mean of six independent experiments. Each value
represents the mean + standard error mean (n = 6) (* p < 0.05, ** p <0.01).

The bioadhesion tests express the composition and interactions in SFs, especial for the polymeric
networks and their changes in pathological conditions, composition of the administrated
supplementation gels and additional procedures that contribute to the proteins, polysaccharides and
glycoproteins interfusion. Proteins and polysaccharides, containing hydrophilic networks with
numerous functional polar groups (such as -COOH, -OH, -NH: and -SOs), which are bioadhesion
inducers [73]. It must be taken into account that electrostatic forces, namely, ionic interaction, van der
Waal’s forces and hydrogen bonds also contribute to the adhesion process [74,75]. The functional
groups, chain length, degree of hydration, concentration, charge, are characteristics that may
influence the bioadhesive nature of the protein and polysaccharides [76]. Lubricin is composed of a
central mucin domain flanked by globular N- and C-termini, somatomedin B-like domain and
hemopexin-like domain. The mucin is an attraction area for the bioadhesive proteins (albumin) or
polysaccharide (HA, CS) and their interactions contribute in a joint to the lubrication process [53].
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Figure 10. Bioadhesive properties of synovial fluid-based films tested on chicken cartilage, as detachment force
and work of adhesion. Values were expressed as the mean of six independent experiments. Each value represents
the mean + standard error mean (n =6) (* p <0.05, ** p <0.01, ** p < 0.001).

In the performed tests on simulating membranes and cartilage, high values of the maximum
force of detachment and work of adhesion were registered for Kombihylan® supplementation
product. Component polymers, HA and CS are bioadhesive and have the ability to bind on the
cartilage surface and to contribute to the lubrication process. The SF from the control group presents
lower values for the registered bioadhesion parameters, suggesting a variety of interactions between
polymeric components with less possibilities of distribution onto articular cartilage. The
supplementation with Kombihylan® improves the bioadhesion properties of the SF and PT is
favorable for the macromolecules distribution and bioadhesion, with potential in increasing the
lubrication characteristics. During motion, in OA joint the SF enters and convers the gaps on the
cartilage, and the pressure increase as the gap converges; a hydrodynamic lift and forces the surfaces
apart like a wedge are created. The thickness of the film formed by the fluid should be slightly greater
than the surface roughness in order to minimize asperity contact. Kombihylan® works in synergy
with lubricin, while PT contributes to the supplementation fluid distribution and finally improves
the SF spreading onto textured cartilage surface.

4. Conclusions

In this study, synovial fluids collected from moderate OA knees were analysed in order to
evaluate combined therapy with hyaluronic acid — based supplementation gel (Kombihylan®) and
PT. Several changes in SF characteristics (pH normalisation, glucose concentration) were identified
and the PT role on the interactions between the supplemented Kombihylan® product and synovial
fluid was pointed out. PT treatment contributed to a homogenous distributions and new organization
of the proteins and polysaccharides into synovial fluid, translated in higher contribution of the
viscous modulus to the viscoelastic rheological behavior. The SF presents a time-dependent viscosity
with behavior of thixotropic fluid, and dependency decreases after PT when, in the share rate test
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condition, the viscosity became constant. HA and CS improve bioadhesive properties of the SF and
PT is favorable for the macromolecules distribution and bioadhesion, contributing to the lubrication
process. We showed that PT plays a key role in the non-surgical treatment of KOA, effectively
controlling the SF composition, biorheology, glycoproteins distribution and the lubrication process
with positive effect on the patients.
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