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Cover Letter

Siena, 29/08/2019

Dear Editor,

I am sending the revised manuscript titled “Enriched Gellan Gum hydrogel as visco-
supplement” by Gemma Leone, Marco Consumi, Simone Pepi, Alessio Pardini, Claudia Bonechi,
Gabriella Tamasi, Alessandro Donati, Stefania Lamponi, Claudio Rossi and Agnese Magnani, that |

would like to be published as article on Carbohydrate Polymers.

The paper has been reviewed according to reviewers suggestions and comments. Major revisions

are highlighted in red.

Reviewer #1: The manuscript by Leone et al focuses on the use of an enriched gellan gum hydrogel
as a visco-supplement for intra-articular injection. This is an interesting and relatively new

application for gellan gum and could be of interest to readers of Carbohydrate polymers. There are
however, a number of considerations the authors should take before this is suitable for publication.

1) The major issue with the manuscript is that the importance of tribiological properties of
the hydrogel when used as an visco-supplement is not measured or even mentioned in the text.
Indeed the the authors state that " An ideal visco-supplement, that is able to adequately
perform its functions of joint lubricant and shock-adsorber' however lubrication properties
are not considered. This is important because previous work has shown that rheologically
matching to synovial fluid using polysaccharides does not necessarily produce similar
lubrication which is critical to its function. This should be discussed in more detail (see
Scholes et al 2016 Lubricants 4(4) pp.38, Thompson et al 2015 Lubricants 3 (2) pp 80-90
Smith et al 2014 Journal of the Mechanical behavior of Biomedical Materials 32 pp 177)

Authors would like to thank reviewer for the suggestion about tribology analysis. The
importance of tribological properties has been added in the conclusion section: “Despite the
rheological behavior of GP_p2 matches with commercial viscosupplements, it will be
necessary to test also its lubricating behaviour since rheological behaviour does not always

produce similar lubrication action. Different preparations based on gellan gum have already



been tested as lubricating agents showing several good aspects (Scholes, et al., 2016; Smith,
Fleming, Wudebwe, Bowen, & Grover, 2014; Thompson, Hunt, Smith, & Joyce,

2015). Thompson et al. (2015) reported that a combination of gellan gum and alginate produced
a transfer film when tested with UHMWPE pin, whereas when gellan gum is used by itself in
0.5% concentration (Scholes, et al., 2016) a better behavior was observed since no transfer film
is formed. However, gellan gum showed a lower wear value in comparison with bovine serum,
which is still used as the golden standard for lubrication test, despite its limitations, i.e. batch to
batch variance, degradation, precipitation and animal origin (Smith, Fleming, Wudebwe,
Bowen, & Grover, 2014). The presence of PVA coating could help in increasing GP_p2 wear

value in comparison GG core by itself.”

2) Line 87 "carbonate groups™? do you mean carboxyl groups

3)

4)

“Carbonate groups” have been corrected with “carboxyl groups” in line 87 and 197

Please give details of the crosslinking mechanism of STMP.

The crosslinking mechanism of STMP has been added. “STMP crosslinks polymer chains
following a two steps mechanism. The first step is the opening of STMP cycle by alcoholate
groups present along the polymer chain and formed thanks to basic pH. The second step is the
addition of a new polymer chain with the release of mainly pyrophosphate groups (Bejenariu,
Popa, Dulong, Picton, & Le Cerf, 2009; Lack et al., 2004; Lack, Dulong, Picton, Le Cerf, &

Condamine, 2007).”

How was the hydrogel washed and how did you ensure the excess reagents were
eliminated?
Description of washing procedure was added in the paper. “The obtained hydrogel (GP_p1)

was immersed in EtOH 96% O/N and then swollen in bi-distilled water O/N. Hydrogel was



then inserted into a dialysis membrane (cut-off 30000) and dialyzed against bi-distilled water
until complete elimination of excess reagents, verified by conductivity measurements of the
washing waters (GLP 32 CRISON conductimeter). Samples were freeze-dried.” “The hydrogel

(GP_p2) was washed following the same procedure used for GP_p1 and lyophilized.”

5) Use the prime symbol rather than an apostrophe for G prime and G double prime

The apostrophe was corrected with the prime symbol throughout the paper

6) What is the reason for heating to 900°C in the TGA test? as all organic matter would be

incinerated by 550°C.

TGA test has been cut at 600°C to calculate the degree of structuring of the material that is
expressed by the ratio between the weight loss percentage in the 400-600° and 200-400°C range.

Figure 3 has been changed.

7) Line 133 what was the fixed oscillation frequency?

The oscillation frequency values have been added: “oscillation frequencies (i.e. 0.1 Hz, 1 Hz and

10 Hz)”

8) Consistency with units i.e. h and hours

Hours was removed and h was used throughout the paper

9) The English writing needs a thorough review throughout the manuscript and especially in

the results and discussion



The paper was entirely revised by a native English speaker as suggested by the reviewer. Major

changes are highlighted in red.

10) Line 324 ""Human synovial fluid has an elastic modulus value (G *) of 23 Pa, a viscous
modulus value (G ™) equal to 7 Pa" It is well known that the mechanical behavior of Human
synovial fluid varies between different age groups and diseased states so it is miss leading to

state these figures.

The effect of osteoarthritis on synovial fluid elastic and viscous moduli has been added and the
sentence changed in “A healthy human synovial fluid has a mean elastic modulus value (G') of 23
Pa and a mean viscous modulus value (G") equal to 7 Pa. These values drastically fall down to a
mean value of 7 Pa (G') and 5 Pa (G"), in the presence of osteoarthritis due to hyaluronan

degradation (Fakhari & Berkland, 2013).”

11) Figure 8 Check the error bars applied to the graph as they look identical for each time

point which you would not expect for such experiments.

An error occurred in the picture elaboration, the new image with correct error bars has been added

in figure 8

12) A video or image stills of the injectability of the hydrogels would be helpful and showing

how that compares with the commercially available product.

Image stills showing the injectability of GP_p2 hydrogel in comparison with a commercial

viscosupplement has been added as supplementary material (Figure S4).

Yours sincerely,

Gemma Leone

C&ﬁm‘ qu&.'_



Highlights (for review)

HIGHLIGHTS

e Gellan Gum (GG) hydrogel was coated with poly vinyl alcohol (PVA) then crosslinked by
STMP

e Mixed hydrogel showed higher structuring than bare GG hydrogel, which strengthened its
water interaction in terms of hydration not freezing water

e Mixed hydrogel showed increased resistance to sterilization as well as to shear and
compression stress without losing injectability

e Cytocompatibility towards chondrocytes was proven



*Response to Reviewers

The paper has been reviewed according to reviewers suggestions and comments. Major revisions

are highlighted in red.

Reviewer #1: The manuscript by Leone et al focuses on the use of an enriched gellan gum hydrogel
as a visco-supplement for intra-articular injection. This is an interesting and relatively new
application for gellan gum and could be of interest to readers of Carbohydrate polymers. There are
however, a number of considerations the authors should take before this is suitable for publication.

1) The major issue with the manuscript is that the importance of tribiological properties of
the hydrogel when used as an visco-supplement is not measured or even mentioned in the text.
Indeed the the authors state that " An ideal visco-supplement, that is able to adequately
perform its functions of joint lubricant and shock-adsorber' however lubrication properties
are not considered. This is important because previous work has shown that rheologically
matching to synovial fluid using polysaccharides does not necessarily produce similar
lubrication which is critical to its function. This should be discussed in more detail (see
Scholes et al 2016 Lubricants 4(4) pp.38, Thompson et al 2015 Lubricants 3 (2) pp 80-90
Smith et al 2014 Journal of the Mechanical behavior of Biomedical Materials 32 pp 177)

Authors would like to thank reviewer for the suggestion about tribology analysis. The
importance of tribological properties has been added in the conclusion section: “Despite the
rheological behavior of GP_p2 matches with commercial viscosupplements, it will be
necessary to test also its lubricating behaviour since rheological behaviour does not always
produce similar lubrication action. Different preparations based on gellan gum have already
been tested as lubricating agents showing several good aspects (Scholes, et al., 2016; Smith,
Fleming, Wudebwe, Bowen, & Grover, 2014; Thompson, Hunt, Smith, & Joyce,

2015). Thompson et al. (2015) reported that a combination of gellan gum and alginate produced
a transfer film when tested with UHMWPE pin, whereas when gellan gum is used by itself in
0.5% concentration (Scholes, et al., 2016) a better behavior was observed since no transfer film
is formed. However, gellan gum showed a lower wear value in comparison with bovine serum,
which is still used as the golden standard for lubrication test, despite its limitations, i.e. batch to

batch variance, degradation, precipitation and animal origin (Smith, Fleming, Wudebwe,



Bowen, & Grover, 2014). The presence of PVA coating could help in increasing GP_p2 wear

value in comparison GG core by itself.”

2) Line 87 "carbonate groups™? do you mean carboxyl groups

3)

4)

5)

“Carbonate groups” have been corrected with “carboxyl groups” in line 87 and 197

Please give details of the crosslinking mechanism of STMP.

The crosslinking mechanism of STMP has been added. “STMP crosslinks polymer chains
following a two steps mechanism. The first step is the opening of STMP cycle by alcoholate
groups present along the polymer chain and formed thanks to basic pH. The second step is the
addition of a new polymer chain with the release of mainly pyrophosphate groups (Bejenariu,
Popa, Dulong, Picton, & Le Cerf, 2009; Lack et al., 2004; Lack, Dulong, Picton, Le Cerf, &

Condamine, 2007).”

How was the hydrogel washed and how did you ensure the excess reagents were
eliminated?

Description of washing procedure was added in the paper. “The obtained hydrogel (GP_pl)
was immersed in EtOH 96% O/N and then swollen in bi-distilled water O/N. Hydrogel was
then inserted into a dialysis membrane (cut-off 30000) and dialyzed against bi-distilled water
until complete elimination of excess reagents, verified by conductivity measurements of the
washing waters (GLP 32 CRISON conductimeter). Samples were freeze-dried.” “The hydrogel

(GP_p2) was washed following the same procedure used for GP_pl and lyophilized.”

Use the prime symbol rather than an apostrophe for G prime and G double prime

The apostrophe was corrected with the prime symbol throughout the paper



6) What is the reason for heating to 900°C in the TGA test? as all organic matter would be

incinerated by 550°C.

TGA test has been cut at 600°C to calculate the degree of structuring of the material that is
expressed by the ratio between the weight loss percentage in the 400-600° and 200-400°C range.

Figure 3 has been changed.

7) Line 133 what was the fixed oscillation frequency?

The oscillation frequency values have been added: “oscillation frequencies (i.e. 0.1 Hz, 1 Hz and

10 Hz)”

8) Consistency with units i.e. h and hours

Hours was removed and h was used throughout the paper

9) The English writing needs a thorough review throughout the manuscript and especially in

the results and discussion

The paper was entirely revised by a native English speaker as suggested by the reviewer. Major

changes are highlighted in red.

10) Line 324 "*Human synovial fluid has an elastic modulus value (G *) of 23 Pa, a viscous
modulus value (G ™) equal to 7 Pa™ It is well known that the mechanical behavior of Human
synovial fluid varies between different age groups and diseased states so it is miss leading to

state these figures.



The effect of osteoarthritis on synovial fluid elastic and viscous moduli has been added and the
sentence changed in “A healthy human synovial fluid has a mean elastic modulus value (G') of 23
Pa and a mean viscous modulus value (G") equal to 7 Pa. These values drastically fall down to a
mean value of 7 Pa (G') and 5 Pa (G"), in the presence of osteoarthritis due to hyaluronan

degradation (Fakhari & Berkland, 2013).”

11) Figure 8 Check the error bars applied to the graph as they look identical for each time

point which you would not expect for such experiments.

An error occurred in the picture elaboration, the new image with correct error bars has been added

in figure 8

12) A video or image stills of the injectability of the hydrogels would be helpful and showing

how that compares with the commercially available product.

Image stills showing the injectability of GP_p2 hydrogel in comparison with a commercial

viscosupplement has been added as supplementary material (Figure S4).
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Abstract

Viscosupplementation, i.e. intra-articular injection of hyaluronic acid derivatives, is considered as
the most effective treatment for patients with mild to moderate osteoarthritis. Even if hyaluronic
acid is still considered as the gold standard, research is now focusing on the development of new

products with enhanced injectability and yet reasonable viscoelastic behavior for OA treatment.

A Gellan Gum (GG) hydrogel was synthesized and coated with crosslinked polyvinyl alcohol
(PVA) to protect the polysaccharide from degradation during sterilization and improve its
performance for the foreseen application. Thermal analyses indicated that mixed hydrogel showed a

higher degree of structuring than the bare polysaccharide core without losing its swelling properties,
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thanks to the hydrophylicity of both coating and cross-linking agent. The PVA coating increased
elastic and viscous moduli of the polysaccharide core conferring it a higher resistance to shear and
compression and better thixotropic properties. Despite the double crosslinking, hydrogel was

injectable. Cytocompatibility towards chondrocytes was verified.

Keywords: Gellan Gum; STMP; PVA; Swelling; Viscosupplement; Rheology

1. Introduction

Osteoarthritis (OA) is a degenerative joint disease caused by a cronic inflammatory state of joints
reflected in pain, stiffness and loss of range of motion (Carr, 1999). The loss of joint functionality
mainly derives from the decrease of viscoelastic properties of the synovial fluid, the natural
lubricating system present in the cavities of synovial joints (Ringdahl & Pandit, 2011). Synovial
fluid is a blood plasma dialysate containing proteoglycan 4 (PRG4), hyaluronic acid (HA), and
surface active phospholipids (SAPL). It appears as a thick, stringy, egg-like consistency fluid
(Prekasan & Saju, 2016). Pharmacological therapies cannot treat OA, but only reduce symptoms
and pain, so viscosupplementation results to be the most effective treatment for patients with mild
to moderate osteoarthritis. It consists in intra-articular injection of hyaluronic acid (HA) derivatives
along with corticosteroid injection (Legré-Boyer, 2015). The viscoelastic behavior of synovial fluid
depends on HA, so, when a decrease in its molecular weight or concentration occurs, it leads to pain
(Balazs, 2003). HA with molecular weight ranging from 500 to 6000 kDa has been used for the
development of viscosupplements (Haridas & Rosemary, 2019). Fakhari & Berkland (2013),
comparing different HA based commercial viscosupplements, underline the need for development
of products with enhanced injectability and yet reasonable viscoelastic behavior for OA treatment.
Indeed, if linear HA solutions have a lower viscosity, making injection easier, they are not as
effective as crosslinked HA preparations because of their lower viscoelastic properties.

Nevertheless, the higher the viscoelastic properties, the higher the force required to be injected.
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Moreover, if crosslinking HA significantly improves its viscoelastic properties and residence time,
it only slows down HA physiological degradation by hyaluronidases with production of low
molecular weight fragments, whose pro-inflammatory action is well known (Rayahin, Buhrman,

Zhang, Koh, & Gemeinhart, 2015).

This has directed research to find adequate hyaluronan substitutes for viscosupplementation, even if
Hyaluronan still remains the gold standard. Very few studies on Gellan Gum, a linear, anionic
extracellular polysaccharide with repeating tetrasaccharide units of d-glucose, d-glucuronic acid, d-
glucose, and I-rhamnose (Jansson, Lindberg, & Sandford, 1983), have been done for this application
despite its wide use in biomedical engineering (Bonifacio et al., 2018; Jana & Sen, 2019; Kytyf et
al., 2017; Novac, Lisa, Barbu, Alhaique, & Popa, 2013; Pacelli et al., 2016; Tsai et al., 2018). We
aim to develop a Gellan Gum based viscosupplement. Gellan gum, as well as the majority of
polysaccharides, is thermosensitive and this can reflect in a high sensitivity to sterilization process.
Biomedical products are mainly sterilized by ETO sterilization and Gamma irradiation and both

these methods can deeply affect polysaccharide properties (Haridas & Rosemary, 2019).

In this context, the hypothesis of this study is that the protection of Gellan Gum (GG) hydrogel with
a structural polymer, as poly vinyl alcohol (PVA), could increase the stability of GG towards
sterilization and improve its rheological properties, without affecting the injectability. In current
study, a mixed hydrogel consisting of a GG hydrogel covered by a crosslinked coating of PVA was
developed. PVA is a nontoxic, water soluble, biocompatible, and biodegradable polymer widely
applied in the biomedical field. It is approved by the US Food and Drug Administration (FDA) and
the European Medicine Agency (EMA) for medical and pharmaceutical applications (Leone et al.,
2015). Two different procedures were set up to obtain the mixed hydrogel. This study assessed
physicochemical and rheological characterization of the mixed hydrogel and its in vitro

performance towards chondrocytes.

2. Experimental
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2.1 Materials

Poly vinyl alcohol (PVA) (MW 195 kDa; hydrolysis degree: 98%), sodium trimetaphosphate
(STMP) (MW 305.9 Da), Gellan Gum (Phytagel ™), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and all reagents and solvents were purchased from Sigma-

Aldrich (Milan, Italy).
2.2 Preparation of mixed hydrogels

Gellan Gum (GG) and Poly vinyl alcohol (PVA) were used to obtained mixed hydrogels following

two different procedures:
* Procedure 1: One-Step Procedure (p1)

A 5% w/v PVA solution was prepared in distilled H,O. GG was added to this solution to gain a
final concentration of 1%. The solution was kept at 90 °C on a magnetic stirrer until GG was
completely dissolved. The pH was brought to 12 by adding NaOH 2M, to favour the deprotonation
of carboxyl groups of GG and hydroxyl groups of both polymers. STMP was added in a molar ratio
1:1 with PVA. pH was maintained to 10. The reaction lasted 2 h at 75 °C. The obtained hydrogel
(GP_p1) was immersed in EtOH 96% O/N and then swollen in bi-distilled water O/N. Hydrogel
was then inserted into a dialysis membrane (cut-off 30000) and dialyzed against bi-distilled water
until complete elimination of excess reagents, verified by conductivity measurements of the

washing waters (GLP 32 CRISON conductimeter). Samples were freeze-dried.
* Procedure 2: Two-steps procedure (p2)

Gellan gum was dissolved in distilled water (1% w/v) at 90°C under magnetic stirring. EDC was
added (previously solubilized in 96% EtOH) in a 1. 1 molar ratio with GG, the reaction was left for
24 h. The product (GG _core) was purified by washing and dipped in a 5% w/v PVA solution. pH

was lowered to 10, and STMP added in a molar ratio of 1: 1 with PVVA. Solution was kept under



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

mechanical stirring for 24 h. The hydrogel (GP_p2) was washed following the same procedure used

for GP_p1 and lyophilized.

2.3 Infrared spectroscopy

FTIR spectra of dried mixed hydrogels (GP_p1; GP_p2), single polymer hydrogels (PVA_STMP;
GG_core) and pristine polymers (PVA195kDa and GG) were recorded using a Nicolet Thermo
5700 apparatus operating in attenuated total reflection (ATR) equipped with a 45° Germanium
crystal as internal reflection element. The spectra were acquired between 4000 and 750 cm ™ and 64
scans at a resolution of 2.0 cm™* were averaged. FTIR spectra were analyzed using OMNIC™

software (Della Giovampaola et al., 2017)
2.4 Crosslinking density

Crosslinking density was measured and expressed as mesh size following the methodology reported

by Gan et al. (2017). Mesh size can be calculated using the equation (1):
&= [(G'NA)RT]™? 1)

G'": storage modulus (Pa),
Na: Avogadro number (mol™)
R: molar gas constant (Pa m* mol * K™?)

T : temperature (K)

2.5 Thermogravimetry (TGA)

Q600 analyser (TA Instruments-Waters, USA) was used to quantify hydrogels and polymers weight
loss as a function of heating. Dried samples (10-15 mg) were put in a platinum crucible and heated
from 30°C to 600°C (heating ramp 10°C min™) under nitrogen gas (Leone, De Vita, Magnani, &
Rossi, 2016). Swollen hydrogels (20 mg in weight) were heated up to 200 °C (heating ramp 10 °C

min™®) under nitrogen gas, to quantify their total water (WH).
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2.6 Swelling Ratio

The swelling ratio (SR%) was calculated using the following formula:

SR%= [(Ws-Wd)/ Ws] * 100

Where Ws and Wd are the weight of swollen and dry hydrogel, respectively. Ws was obtained by
dipping samples (15 mg) in NaCl 0.9% or bi-distilled water in a thermostatic bath at 37 °C. The

weight was monitored until it reached the plateau.

2.7 Differential Scanning Calorimetry (DSC): free and bound water

A differential scanning calorimeter (DSC-TA Q2000) was used to measure the ice melting
behaviour of swollen hydrogels. Swollen hydrogels, 15-20 mg in weight, were inserted in
aluminium pans, cooled to -40 °C and then heated to 40 °C (heating rate 2 °C/min) to measure the

ice melting enthalpy.

2.8 Rheological Analysis

All rheological analyses were carried out at 37 °C using a Discovery HR-2 Rheometer (TA
Instruments) equipped with a plate-plate geometry (@ = 4 cm) on samples swollen in NaCl 0.9%
w/v. Preliminary strain sweep tests were run to identify the Linear Viscoelasticity Region (LVR)
recording elastic modulus of the materials at fixed oscillation frequencies (i.e. 0.1 Hz, 1 Hz and 10

Hz) while varying the strain % from 0.1 to 10%.

Elastic and viscous moduli in shear and in compression mode (G' -G" and E'- E", respectively) of
samples (shear strain: 0.25%) were measured as a function of oscillation frequency in the range 0.1-
10 Hz before and after sterilization. Samples were sterilized by high temperature steam sterilization
following the conditions set up by Haridas & Rosemary (2019), i.e. 118 °C for 5 min. A
superimposable measure was done after the passage of swollen hydrogels through a syringe (needle

G16) to verify their injectability.
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Thixotropy of hydrogels was assessed with a loop test. Elastic (G') and Viscous (G") moduli were
measured increasing the oscillation strain from 0.2% to 30%. Then, the oscillation strain was

decreased to the initial value, following the same procedure.

2.9 In vitro cytotoxicity: cell viability, proliferation and adhesion

Cytotoxicity of selected hydrogels was evaluated applying the direct contact tests (ISO 10995-5:
Biological evaluation of medical devices — Part 5: Tests for cytotoxicity: in vitro methods) which is
adequate for testing any kind of sample. NIH3T3 mouse fibroblasts and human chondrocytes were
propagated following the standardized procedure previously reported (Leone et al., 2019).
Fibroblasts viability was quantified by Neutral Red uptake test after 24 h of incubation, whereas
human chondrocytes viability and proliferation after 1, 7, 14 and 21 days of incubation, reading the

absorbance at 540 nm (UV/visible spectrophotometer, Lambda 25, Perkin Elmer)

2.10 Statistical Analysis

Multiple comparisons were performed by one-way ANOVA and individual differences tested by
Fisher’s test after the demonstration of significant intergroup differences by ANOVA. Differences

with p<0.05 were considered significant (Leone et al., 2018).

3. Results and Discussion

3.1 Mixed hydrogels synthesis

Two different procedures were set up to synthesize mixed hydrogels (scheme S1). One-step
procedure (procedure 1), which consists in mixing GG and PVA together and adding STMP, failed,
as indicated by infrared analysis (section 3.2). Contrarily, the two-steps procedure (procedure 2),

permitted to synthesize a mixed hydrogel. The first step consisted in GG core crosslinking. 1% w/v

7
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GG solution was used since higher concentrations reflect in too viscous solutions to obtain a
chemical gel whereas lower concentrations do not allow a significant crosslinking density. A stable
hydrogel was formed thanks to the formation of ester bonds (Lee, Chen, & Tsao, 2010) following a
mechanism close to what already observed by Benegas, Zornio, Borge, Porto, & Soldi (2013) using
other polysaccharides. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was chosen since it
is able to stably crosslink gellan gum and it is preferable to Ca* ions, for the foreseen application,
to avoid tissue calcification and brittleness (Lee, Tsai, Wenb, & Huang, 2012). In the second step
GG_core was dipped in a 5% w/v PVA solution and crosslinked by STMP. Concentration of PVA
and STMP solutions were 5% and 10%, respectively. PVA solution with a concentration lower than
5% wiv hinders the cross-linking reactions (Leone et al., 2010; Leone, Bidini, Lamponi, &
Magnani, 2013; Leone et al., 2019). STMP concentration was chosen as an adequate compromise
between solubility of crosslinking agent and excessive dilution of the final solution, which again
hinders the crosslinking reaction in favor of attachment of pending phosphate moieties. Also pH
represents a crucial parameter to gain crosslinking by STMP as widely reported. STMP crosslinks
polymer chains following a two steps mechanism. The first step is the opening of STMP cycle by
alcoholate groups present along the polymer chain and formed thanks to basic pH. The second step
is the addition of a new polymer chain with the release of mainly pyrophosphate groups (Bejenariu,
Popa, Dulong, Picton, & Le Cerf, 2009; Lack et al., 2004; Lack, Dulong, Picton, Le Cerf, &
Condamine, 2007). Here, PVA crosslinking by STMP was carried out at pH10. This pH value
permits the STMP cycle opening and attachment to deprotonated hydroxyl groups of PVA without
breaking the core ester bonds, which are pH sensitive. Mechanical stirring, during the addition of

STMP, favors the formation of a homogeneous hydrogel without air bubbles or hydrogel particles.

3.2 Infrared Spectroscopy
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Hydrogels crosslinking was verified by IR analysis. Mixed hydrogel (GP_p1), obtained using
procedure 1, is compared with a PVA-STMP hydrogel (Figure S1). The two spectra are perfectly
superimposable, indicating that STMP reacts only with PVVA, under the reaction conditions.
Therefore, we can conclude that procedure 1 is not effective in obtaining the proposed mixed

hydrogel.

IR spectra of GG_core and native GG polymer were recorded and compared (Figure 1). Both
spectra show the stretching band of hydrogen bonded OH groups and the CH, moieties symmetric
and asymmetric stretching double band (Leone, Consumi, Lamponi & Magnani, 2012). From the
comparison of the two spectra, the formation of inter-chain bonds between the GG filaments is
evident. Specifically, carboxyl groups of glucuronic acid, activated with EDC, react with the
primary hydroxyl groups of the glucose molecules, with formation of an ester bond, as evidenced
by the appearance of the band centered at 1715 cm™. Furthermore, the band related to the
hemiacetal system (C-O-C) of the saccharide unit shifts from 1033 cm™ to 1094 cm™. A similar
shift was found by Benegas, Zornio, Borge, Porto, & Soldi (2013) in Guar Gum hydrogel
crosslinked by EDC and by Lee, Chen, & Tsao (2010) in Gellan Gum —EDC hydrogel. The cross-

linking procedure is effective.
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Figure 1: Infrared spectra of GG polymer (grey) and crosslinked GG_core (black)

IR spectrum of GP_p2 hydrogel is compared with the spectrum of a hydrogel obtained by cross-
linking PVA with STMP (Figure 2). Besides the typical IR bands of PVA crosslinked by STMP
(Leone et al., 2019), the GP_p2 spectrum shows the saccharide hemiacetal system (C-O-C) band at
1094 cm™, which is absent in the spectrum of PVA. Moreover, the ester C=0 band at 1720 cm™ is
still present, indicating that the subsequent PVA cross-linking procedure does not provoke the

breakage of the ester bonds obtained during the Gellan Gum cross-linking.
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Figure 2: Infrared spectra of PVA-STMP hydrogel (grey) and GP_p2 (black)

3.3 Crosslinking density by mesh size evaluation

The average mesh size (&) was calculated using the elastic modulus value (G') at 37°C. Mesh size is
defined as the distance between valid crosslinking points (Gan et al., 2017). The higher the mesh
size, the lower the crosslinking density. GP_p2 mixed hydrogel has a significantly higher
crosslinking density in comparison with GG_core, 28+1 nm and 353 nm, respectively (p<0.05).

This let us to suppose the presence of a crosslinked coating on the internal core.
3.4 Thermogravimetric analysis (TGA)

Thermographs of GP_p2, GG polymer and PVA polymer are depicted in Figure 3.
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Figure 3: Thermographs obtained plotting the derivative of weight versus temperature (30-600°C)

of GP_p2 hydrogel and native components, PVA polymer and GG polymer .

Thermograph of GP_p2 shows the typical band of both PVA (360 °C and 440 °C) and GG (246 °C,
shoulder). The new large band, centered at 317 °C, can be related to crosslinked GG (i.e. shift to
higher temperature due to crosslinked chains). Thermogravimetry can be used also to evaluate the
degree of structuring of the material, that is expressed by R (Leone et. al, 2017). R is the ratio
between the per cent weight loss in 400-600 °C temperature range and the per cent weight loss in
200-400 °C temperature range. The breakage of the crosslinked portion of the polymer is registered
in 400-600 °C, whereas degradation of free aliphatic chains occurs in the 200-400 °C range. We

found an R value of 0.18 and 0.23 for GG_core and GP_p2, respectively. A significant increase
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(p<0.05) in the structuration of the material is found after addition of PVA to GG-core. This

confirms the effectiveness of the second procedure to obtain a mixed hydrogel.

3.5 Swelling ratio

Hydrogels are three-dimensional structures consisting of hydrophilic polymers capable of absorbing
water by swelling. The lubricating and "shock-adsorber" action of a hydrogel depends on its

swelling capacity, that is, in turn, strictly dependent on hydrophilicity of the material.

Both GG_core and GP_p2 reach the swelling equilibrium during the first hour both in physiological
solution and in water. No significant difference (p>0.05) is found between the two hydrogels in the
same swelling medium (SR % = 92+2 %), whereas a significant difference (p<0.05) is registered
moving from physiological solution to water with an increase of about five per cent points (SR % =
97+1%). Sodium ions partially shield anionic moieties thus decreasing the repulsion among chains

and, as a consequence, the swelling ratio.

3.6 Differential scanning Calorimetry: free and bound water

When a polymeric hydrogel is dipped in water a first layer of water molecules strictly bind to the
hydrophilic sites of the polymer (non freezing water). Thanks to the presence of this first layer, a
second layer of ordered water molecules distribute above the first layer with the aim of forming the
highest number of hydrogen bonds (freezing bound water). Finally, thanks to this second layer,
hydrogel is able to open itself and absorb water (freezing free water or bulk water) (Leone et al.,
2013; Qu, Wirsen, & Albertsson, 2000). Following the procedure developed by Li, Xue & Cheng

(2005) we can quantify the three kinds of water in a polymeric swollen hydrogel.

TGA can quantify the total water in a swollen hydrogel (WH), whereas DSC permits to quantify the
freezable water (i.e. freezable free water plus freezable bound water: fW= ff\W+foW). DSC

endothermic profiles of completely swollen GP_p2 hydrogel and GG _core are depicted in Figure 4.
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261
262  Figure 4: DSC endothermic melting profile of frozen swollen GP_p2 and GG_core hydrogels.
263

264  The effect of PVA on GG-core in terms of free water and bound water is evaluated and the values

265  reported in Table 1.
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Table 1: WC % (% water content by TGA), WH (Total water by TGA), nfW (not freezing Water),
fW (freezing water by DSC), % fW (percentage of freezing water), ffW-bfW (Subdivision of

freezing water in free freezable water and bound freezable water expressed as percentage).

WC (%) WH (mg) nfW (mg) fw (%) ffW-bfW (%)
GG_core | 96.2+0.4 5.29+0.06 = - 5.28+#0.03(99%) -
GP_p2 82.1+0.2 4.50+0.02 0.47+0.03 4.03%0.02 (90%) 79%-21%

------ : not detectable

GG_core and GP_p2 significantly differ in the shape of water fusion peak. DSC analysis confirms
the poor structuration of GG_core. Indeed, all adsorbed water is quantified as freezable water (99%)
and cannot be subdivided into freezable free water and freezable bound water. GG_core
thermograph shows only one freezing point (0.55°C) that can be related to free water, being located
at a relative high temperature. Indeed, the free water and pure bulk water have the same melting
point, as reported by Li et al. (2005). Consistently with the increase in crosslinking density, a
significant increase of the not freezable water, i.e. water strictly bound to the structured polymer
network, is found for GP_p2. GP_p2 shows 90% of freezable water, that can be subdivided into
freezable free water (79%, freezing point: -0.10 °C) and freezable bound water (21%, freezing
point: -0.72 °C). The higher the amount of not freezable water the higher the freezable bound water

and lower its freezing point.

Thermal analyses, TGA and DSC, show that both samples have a high percentage of free water
(WfH) confirming the high hydrophilicity of the materials already highlighted by the value of water
content, expressed as SR%. The results show a significant difference in terms of non-freezable
water percentage (WnfH). Hydration water cannot be quantified for GG_core, thus confirming the
effect of PVA coating on structuration of GG_core. The high structuration should help the
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developed material not to be drained into micro-capillaries. Indeed, as reported by Fakhari &
Berkland (2013), in a healthy joint, high molecular weight HA seems to form a “shell” at the tissue

—fluid interface to opposite the drainage.

3.6 Rheological analysis (AR)

An ideal viscosupplement, that is able to adequately perform its functions of joint lubricant and
"shock-adsorber"”, must have very precise rheological characteristics. First, it must have elastic
modulus greater than viscous modulus under shear (G'>G") and compression (E' > E") stress.
GG_core and GP_p2 were freeze-dried and sterilized by high temperature steam sterilization. No
significant weight loss (p>0.05) was measured prior and after sterilization for GP_p2 whereas a

minimal 10% weight loss was found for GG_core.

Elastic and viscous moduli of GG_core and GP_p2 were recorded after 1, 7, 14 and 21 days of
immersion in physiological solution, before and after being sterilized. All the hydrogels show
G'>G" throughout the analyzed frequency range. Post-sterilization G' and G" trend of GG_core and
GP_p2 after 1 and 21 days of immersion in physiological solution are depicted in Figure 5, whereas
G'and G" trend of both the hydrogels after 1 and 21 days of immersion in physiological solution are

depicted in Figure S2.
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Figure 5: Post —sterilization Storage Shear Modulus (G'- black) and Loss Shear Modulus (G-
grey) curves of GP_p2 and GG_core hydrogels in the frequency range 0.1-10 Hz after 1 and 21

days of immersion in physiological solution.

Hydrogels are stable with no significant variations in their rheological behavior over time (p>0.05).
G', G",E'and E" at 2.5 Hz are summarized in Table 2 and compared with those of Synvisc™,
Orthovisc™, Hyalgan™ (currently commercially available FDA approved viscosupplements) and

those of a healthy synovial fluid (Fakhari & Berkland, 2013).
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Table 2: Elastic and viscous moduli values in shear and compression mode at 2.5 Hz

G' (Pa) G" (Pa) E' (Pa) E" (Pa)
Healthy Synovial Fluid * | 23 7 Il /l
Hyalgan™* 0.6 3 I Il
Orthovisc™* 60 46 1 1
Synvisc™* 111+13 25+2 I 1
GP_p2 248+16 28+6 45514161 275481
GG_core 140+11 12+3 5580+170 I

All data are significantly different (p<0.05)

/- no data

* (Fakhari & Berkland, 2013).

A healthy human synovial fluid has a mean elastic modulus value (G') of 23 Pa and a mean viscous
modulus value (G") equal to 7 Pa. These values drastically fall down to a mean value of 7 Pa (G')
and 5 Pa (G"), in the presence of osteoarthritis due to hyaluronan degradation (Fakhari & Berkland,
2013). G'and G" of GG_core and GP_p?2 are higher than those of synovial fluid but comparable to
those of Synvisc™ which, currently, from a rheological point of view, is the most suitable
viscosupplement (Fakhari & Berkland, 2013). Indeed, the majority of commercially available
viscosupplements have both G' and G" greater than the human synovial fluid, to increase the
residence time after injection. The cross-linked PVA coating significantly increases the elasticity of
the material when subjected to shear stress, thus improving its performance in comparison with the

polysaccharide alone.

GG_core and GP_p2 hydrogels were subjected to a thixotropic test. The presence of the crosslinked

PVA coating improves the thixotropic properties of the polysaccharide core. Indeed, GP_p2
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336 completely recovers its rheological properties, whereas in GG_core a minimal reduction in both
337  moduli values occurs (Figure 6). However, both materials can be injected. The comparison between

338 acommercial viscosupplement and GP_p2 hydrogel injectability is reported (Figure S4).
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340 Figure 6: Storage (G') and loss (G") moduli trend of GP_p2 and GG_core hydrogels as a function

341  of increasing and decreasing oscillation strain.
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Hydrogels exhibit a different behavior in compression. Both hydrogels show E' > E" along the
analyzed frequency range, further confirming the obtained chemical cross-linking. Nevertheless, the
elastic component of GG_core is not sufficient to make the material resistant to compression.
Indeed, the viscous component (E") completely falls down because of the complete release of the
liquid phase (Table 2). This is also correlated to the absence of bound water, as evidenced by the
DSC analysis. The mixed gel, under the same conditions, is much more stable. Figure 7 shows E'
and E" trend for GG_core and GP_p2 after 1 and 21 days of immersion in physiological solution. E'
and E" after 7 and 14 days of immersion are not reported since no variations in values and trend are

observed.
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Figure 7: Post-sterilization Storage Compression Modulus (E'- black) and Loss Compression
Modulus (E"-grey) curves of GP_p2 and GG_core hydrogels in the frequency range 0.1-10 Hz after

1 and 21 days of immersion in physiological solution.
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3.7 Cytotoxicity and cytocompatibility

Preliminary test on hydrogels cytotoxicity was performed according to the ISO / FDIS 10993-5
standards. Hydrogels were placed in contact with a monolayer of immortalized mouse fibroblasts
(line NIH3T3) for 24 h and then the amount of neutral red incorporation was measured to evaluate
both the direct toxic effect (contact) and the indirect toxic effect caused by the release of toxic
substances that could interfere with cellular vitality. No cytotoxic effect towards fibroblasts is
found. No significant difference (p>0.05) in neutral red uptake (NRU) by cells in contact with
samples or medium and control (HDPE) was found (Figure S3). GG_core and GP_p2
cytocompatibility towards HC was also assessed by NRU as a function of incubation time, and
results are depicted in Figure 8. A time dependent cell proliferation is observed for all the samples.
Cell proliferation percentage upon contact with both GG_core and GP_p2, was not statistically

different from medium (p>0.05) and positive control (HDPE) at each time step.
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Figure 8: Percentage of chondrocytes proliferation as a function of incubation time (1, 7, 14 and 21

days) evaluated by the Neutral Red Uptake assay. Cell proliferation percentage represents the per
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cent increase with respect to starting cells number which represents 0% (t=0). Error bars represent
standard deviation (n=3). No statistically difference (p>0.05) for all the samples in comparison with

medium or positive control (HDPE).

4. Conclusions

A mixed hydrogel based on Gellan Gum (GG) and Polyvinyl alcohol (PVA) was synthesized as
potential substitute for the commercially available viscosupplements used in osteoarthritis therapy.
Two different synthesis routes were followed. The first one, simultaneous cross-linking of PVA and
GG by STMP, was unsuccessful, whereas the second procedure, articulated in 2 consecutive
crosslinking phases, allowed to synthesize a product, which has proved to be potentially suitable for
the foreseen application. The effect of PVA coating on GG-core was analyzed by thermal analysis.
GP_p2 showed a higher degree of structuring than the GG_core. However, this did not affect the
swelling properties, thanks to the hydrophylicity of both coating and cross-linking agent. The main
effect of the coating was observed in terms viscoelastic characteristics. Both hydrogels have G' and
G" values greater than those of the synovial fluid, and comparable with Synvisc®, which is the
most commonly used viscosupplement. Thixotrophy analysis indicated that GG_core and GP_p2
are injectable and therefore usable as viscosupplement. However, both the resistance to
compression and the thixotropic behavior indicate a better performance of GP_p2 hydrogel in

comparison with GG_core.

Despite the rheological behavior of GP_p2 matches with commercial viscosupplements, it will be
necessary to test also its lubricating behaviour since rheological behaviour does not always produce
similar lubrication action. Different preparations based on gellan gum have already been tested as
lubricating agents showing several good aspects (Scholes, et al., 2016; Smith, Fleming, Wudebwe,
Bowen, & Grover, 2014; Thompson, Hunt, Smith, & Joyce, 2015). Thompson et al. (2015) reported

that a combination of gellan gum and alginate produced a transfer film when tested with UHMWPE
22
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pin, whereas when gellan gum is used by itself in 0.5% concentration (Scholes, et al., 2016) a
better behavior was observed since no transfer film is formed. However, gellan gum showed a
lower wear value in comparison with bovine serum, which is still used as the golden standard for
lubrication test, despite its limitations, i.e. batch to batch variance, degradation, precipitation and
animal origin (Smith, Fleming, Wudebwe, Bowen, & Grover, 2014). The presence of PVA coating
could help in increasing GP_p2 wear value in comparison GG core by itself. Both hydrogels are

not cytotoxic and cytocompatible towards chondrocytes.
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