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Osteoarthritis (OA) is a chronic disease affecting joint functionality and often managed with hyaluronic acid
(HA) administration. In this study, a hydrogel based on a lactose-modified chitosan (CTL) reticulated with boric
acid has been developed as a viscosupplement for OA treatment. The rheological characterization allowed to
identify a composition whose properties were in line with those of commercial products (in the order of tens of
Pascal). The selected CTL-hydrogel showed biocompatibility and antioxidant activity in vitro, and it did not
influence cytokines release by macrophages. Degradation studies carried out over 24 h pointed out its higher
resistance to chemical degradation with respect to HA samples.

Overall, this study underlines the advantages of the CTL-hydrogel to address the treatment of OA and shed
light on an innovative application of CTL polymer, which is one of the main component of the proposed hydrogel

system and not used in mixture with other molecules.

1. Introduction

Osteoarthritis (OA) is a degenerative disease affecting synovial
joints and characterized by cartilage degradation, chronic inflamma-
tion, pain, stiffness and reduced mobility (Berenbaum, 2013; Chen
et al., 2017; Loeser, Goldring, Scanzello, & Goldring, 2012). Common
therapies for OA often involve the use of analgesics, topical compounds,
or the administration of solutions based on hyaluronic acid (HA) by
infiltrative therapy (Fakhari & Berkland, 2013; Rani et al., 2016; Zheng
et al., 2019). The main aim of intra-articular injections of HA is to re-
store the mechanical properties of synovial joints and to stimulate
specific biological responses that can improve the pathological condi-
tion (Fakhari & Berkland, 2013; Gupta, Lall, Srivastava, & Sinha, 2019;
Legré-Boyer, 2015). Although some beneficial effects in terms of re-
ducing pain and improving joint functionality have been reported, at
present the remission of the pathology remains a challenge. In spite of
the common use of HA-based solutions for OA treatment, these products
display several disadvantages such as the fast degradation of HA mo-
lecules when injected into the joints (Larsen, Dursema, Pollak, &
Skrabut, 2012; Lindenhayn, Heilmann, Niederhausen, Walther, &
Pohlenz, 1997; Lindqvist et al., 2002). The degradation of HA is mainly
due to the action of hyaluronidases (Bowman, Awad, Hamrick, Hunter,
& Fulzele, 2018; Piccirilli et al., 2016) and reactive oxygen species
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(ROS) (Mendoza et al., 2007; Stern, Kogan, Jedrzejas, & Soltes, 2007).
This aspect limits the permanence of HA at the intra-articular level and
accounts for the repeated number of injections that must be performed
in a short time frame (Bowman et al., 2018; Piccirilli et al., 2016).
Beside HA, the use of other natural polymers such as chitosan might
provide several advantages mainly due to their similarity to the struc-
ture, composition and mechanical behavior of the components of the
extracellular matrix (ECM) (Rodriguez-Vazquez, Vega-Ruiz, Ramos-
Ztniga, Saldana-Koppel, & Quinones-Olvera, 2015; Sultankulov,
Berillo, Sultankulova, Tokay, & Saparov, 2019). In this perspective, a
lactose-modified chitosan (namely “CTL”) reticulated with boric acid
has shown very peculiar and intriguing physical properties. Recently
dynamic cross-linked polymer networks of CTL and boric acid were
shown to possess a strain-hardening behavior under increasing me-
chanical stress resembling that already known for biopolymers of the
natural ECM such as collagen and actin (Cok et al., 2018; Furlani et al.,
2019). Moreover, the strong dependence in the scaling law between the
concentration of CTL and the zero-shear viscosity suggested interesting
applications of CTL-boric acid systems in viscosupplementation (Sacco
et al., 2017). Remarkable biological features of CTL have been identi-
fied both in vitro and in vivo: Donati and coworkers reported that this
polymer supports chondrocytes aggregation and proliferation stimu-
lating the production of collagen and glycosaminoglycans (GAGs)
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within an otherwise inert 3D architecture, in which lactose moieties
play a fundamental role in inducing this biological response (Donati
et al, 2005). The biological significance of this lactose-modified
polymer has been traced back to the interaction with the ubiquitous
Galectinl (Marcon et al., 2005). In addition, the beneficial effect of
intra-articular injections of a formulation based on CTL and HA was
recently reported in an in vivo rat model of OA knee (Salamanna et al.,
2019). The results pointed out that this formulation led to a reduction
of cartilage degeneration and synovium inflammation with respect to
the controls, a result that opens up for a potential use of this chitosan-
derivative in the field of OA treatment. Other in vitro and in vivo stu-
dies reported that this polymer is biocompatible when applied on bone
tissue (Marsich et al., 2013; Travan et al., 2012). Considering these
premises, the present study aims at the development and character-
ization of a CTL-boric acid cross-linked hydrogel to be employed as a
viscosupplement for OA treatment. The CTL-boric acid system can be of
peculiar interest in the osteoarticular field, given the possibility to tune
the rheological properties by modulating the polymer and cross-linker
concentration. Previous studies pointed out that the strain-hardening
behavior owing to the CTL-boric acid systems and resembling those of
the ECM of tissues can play a fundamental role in a mechan-
otransduction process (Cok et al., 2018; Sacco et al., 2017). This can in
turn stimulate peculiar biological responses that can improve the pa-
thological condition in OA. The ability of CTL hydrogel to act as a ROS
scavenger system and its increased resistance to degradation with re-
spect to HA pointed out some of the other advantages of using such
systems in case of OA occurrence. In this view, the properties of the
CTL-boric acid hydrogels were investigated in light of the final medical
application. This represents an innovative aspect of the proposed re-
search study, since the polymer CTL is not used as a component in
mixture with other molecules of known activities, but it is the CTL-boric
acid hydrogel itself the key system for the development of the final
medical device.

2. Materials and methods
2.1. Materials

Lactose-modified chitosan-hydrochloride form (CTL) with fractions
of N-acetyl-glucosamine (GlcNAc; “acetylated”, A) (Fy) = 0.16; glu-
cosamine (GlcNH,; “deacetylated”, D) (Fp) = 0.21; lactitol-substituted
D unit (N-alkylated GlcLac; “lactitol”, L) (FL) = 0.63 was kindly pro-
vided by BiopoLife S.r.L. (Trieste, Italy).

Dulbecco Modified Eagle Medium (DMEM), RPMI 1640, penicillin/
streptomycin and fetal bovine serum (FBS) were purchased from
Euroclone S.p.A.

Phosphate-buffered saline (PBS), boric acid (H3BO3), sodium
chloride (NaCl), lactate dehydrogenase-based TOX-7 kit, collagenase
type II, hyaluronidase from bovine testes, lysozyme from chicken eggs
white, phorbol-12-myristate-13-acetate (PMA), lipopolysaccharides
(LPS), acetic acid, ethanol, Neutral Red (NR), Triton X-100, sodium
hypochlorite (NaOCl) solution (6-14 % active chlorine, EMPLURA®),
hydrogen peroxide (H,0,), iron(II) sulfate heptahydrate (FeSO4-7H,0),
dichloro-dihydro-fluorescein diacetate (DCFH-DA), potassium hydro-
xide (KOH), methanol, 2,2’-Azobis-(2-amidinopropane) (ABAP), so-
dium hydroxide (NaOH) hyaluronic acid sodium salt from Streptococcus
equi (53747; molecular weight: ~1.5—1.8 x 10° Da) were purchased
from Sigma Aldrich (USA). Human TNF-a ELISA kit and IL-10 Human
ELISA kit were purchased from Novex® by Life Technologies™. For
hydrogel preparation, sterile water for pharmaceutical use (Eurospital
Spa) was used.

2.2. Preparation of CTL-boric acid hydrogels

CTL-based hydrogels reticulated with boric acid were prepared by
solubilizing CTL in sterile water for pharmaceutical use, considering

final concentrations in the range of 2 %-4 % w/v (Furlani et al., 2019).
After solubilization, PBS 10X was added to the mixture at the final
concentration of 1X and the pH was set at 7.4 by adding sodium hy-
droxide (NaOH) to the CTL-solutions. Boric acid (initial concentration
50 mM, pH 7.4 in PBS 1X) was added to the mixture under mechanical
stirring to enable hydrogel formation. Hydrogels with different com-
position were prepared by varying the final concentration of CTL (in the
range of 2% w/v - 4% w/v) and boric acid (in the range of 2 mM - 3
mM). The hydrogels were named C2-B2 (CTL 2% w/v — boric acid 2
mM), C2-B3 (CTL 2% w/v — boric acid 3 mM), C3-B2 (CTL 3% w/v —
boric acid 2 mM), C4-B2 (CTL 4% w/v — boric acid 2 mM).

2.3. Sterilization of CTL-hydrogels by autoclave

CTL-hydrogels were sterilized by autoclave (Steristream 2 -
Newmed S.r.1) to characterize them in their final form, for uses at the
clinical level. The sterilization cycle comprises a pre-heating phase,
followed by the sterilization phase (121 °C for 15 min, pressure in the
range of 1.1-1.2 bars) (Rafael et al., 2019).

2.4. Frequency sweep (FS) and long stress sweep (LSS) measurements on
CTL-boric acid hydrogels

Frequency sweep (FS) and long stress sweep (LSS) measurements on
both autoclaved and non-autoclaved CTL-boric acid hydrogels were
performed by means of a controlled stress rheometer Haake Rheo-Stress
RS150 operating at 25 °C or 37 °C (Cok et al., 2018; Furlani et al., 2019;
Sacco et al., 2017). FS and LSS analyses allowed to investigate the
variation of the elastic (G”) and viscous (G””) moduli as a function of
frequency and applied stress (t), respectively. For FS tests, a roughened
plate device was employed (HPP35 profiliert: @ =35 mm; gap: 1 mm; ©
=4 Pa; frequency range: 0.01 —100 hertz - Hz). For each hydrogel
composition, the samples were tested in duplicate. For LSS measure-
ments, the C3-B2 AC hydrogels were tested by employing the same
plate geometry (frequency: 2.5 Hz; gap =0.5 mm). During each mea-
surement, a solvent trap was used to prevent sample evaporation.

2.5. Isolation of chondrocytes from porcine articular cartilage

Chondrocyte cells were obtained from knee-articular cartilage har-
vested from adult pigs kindly provided by a slaughterhouse, following a
procedure previously described (Scognamiglio, Travan, Borgogna,
Donati, & Marsich, 2020). Thin slices of cartilage tissue were cut and
incubated with a solution containing hyaluronidase (270 U/mL), pe-
nicillin (500 U/mL) and streptomycin (500 U/mL). Enzymatic digestion
was allowed for 1 h at 37 °C. A second enzymatic incubation was per-
formed in collagenase type II (250 U/mL), penicillin (500 U/mL),
streptomycin (500 U/mL) at 37 °C overnight under shaking. Tissue
fragments were removed by filtration and isolated cells were cultured in
DMEM supplemented with FBS 10 %, penicillin/streptomycin 0.25 %,
at 37 °C and 5% COs,.

2.6. In vitro biocompatibility (lactate dehydrogenase assay)

Lactate dehydrogenase (LDH) assay was performed on primary
chondrocytes isolated from pig’s articular cartilage and on an osteoblast
cell line (Osteosarcoma MG-63 cell line, ATCC number: CRL-1427) to
evaluate in vitro the biocompatibility of C3-B2 hydrogels after auto-
clave (C3-B2 AC), following a protocol reported in the literature with
slight modifications (Scognamiglio et al., 2020). The cells were cultured
in cell medium (DMEM) supplemented with FBS 10 % and penicillin/
streptomycin 0.25 %, at 37 °C and 5% CO,. MG-63 cells were plated at
the final density of 50,000 cell/well in a 12-well plate. The day after
seeding, fresh DMEM was added to each well (1.5 mL) and the hydrogel
(0.5 mL) was added to cells by using trans-well permeable supports
(Costar® Transwell® Permeable Supports; diameter: 12 mm,



polycarbonate membrane with 0.4 um pore size), which favor the dif-
fusion of substances through a permeable membrane. Chondrocytes
were seeded at the final density of 50,000 cell/well in 24-well plates.
The day after seeding, 1.5 mL of fresh DMEM was added to the wells
and a trans-well system (Costar® Transwell® Permeable Supports; dia-
meter: 6.5 mm, polyester membrane with 3 um pore size) was used for
the delivery of the hydrogel to cells. Cells cultured in plain medium
were employed as growth control, while cells treated with Triton X-100
(final concentration 0.01 % v/v) were considered as positive control of
cell death. For LDH assay, cellular medium (45 pL) from each well was
collected 24 and 72 h from treatment and incubated with the LDH mix
solution (30 pL LDH assay substrate, 30 uL. LDH cofactor, 30 pL dye
solution) for 30 min in the dark. To stop the enzymatic reaction, 15 pL
HCI 1 N were added to each well. Absorbance values were read at 490
nm and 690 nm with a spectrophotometer (Infinite 200PRO Nano-
Quant, Tecan). At each time point, the percentage of released LDH was
calculated by normalizing the absorbance values of treated or untreated
cells over the absorbance of the cellular lysis. For each series of sam-
ples, four replicates were considered. Statistical analysis of data was
performed using Student’s T-test.

2.7. In vitro tests with macrophages

Human U937 cell line from human lung (monocytic-like lympho-
blast - ECACC 85011440) was cultured in RPMI-1640 supplemented
with FBS 10 %, penicillin 100 U/mL, streptomycin 100 pg/mL and t-
glutamine 2 mM, at 37 °C, 5% CO,, following a protocol of culturing
conditions reported in the literature with slight modifications (Baek
et al., 2009; Garrelds et al., 1999). Undifferentiated U937 cells were
seeded on 12-well plate (150,000 cell/well) and differentiation in
macrophage-like cells was induced by the addition of phorbol-12-
myristate-13-acetate (PMA; final concentration: 15 ng/mL). After 3
days incubation, cellular medium was discarded and replaced with
RPMI-1640 (1 mL) to allow restoration of cells for 1 day. Fresh medium
(1.5 mL) was then added and the cells were treated with C3-B2 AC
hydrogels (“C3-B2”) and C3-B2 AC hydrogels in the presence of lipo-
polysaccharides (LPS) - (“C3-B2-LPS”; final concentration of LPS: 1 ug/
mL). C3-B2 AC hydrogel (0.5 mL) was delivered to cells by using a
trans-well system (Costar® Transwell® Permeable Supports; diameter:
12 mm, polyester membrane with 0.4 um pore size). In the case of “C3-
B2-LPS” samples, LPS was added to the wells 1 h after the incubation
with the hydrogel. In the case of cells treated with C3-B2 hydrogels
autoclaved samples were employed. Cells cultured in RPMI-1640 (un-
treated cells) and cells cultured in the presence of LPS (LPS; final
concentration: 1 pg/mL) were considered as negative and positive
controls, respectively.

2.8. Quantification of tumor necrosis factor-a (TNF-a) and interleukin-10
(IL-10) release by U937 cells

Enzyme-Linked Immunosorbent Assay (ELISA) for the quantifica-
tion of Tumor Necrosis Factor-a (TNF-a; Human TNF-a ELISA kit) and
Interleukin-10 (IL-10; IL-10 Human ELISA kit) were used according to
the manufacturer’s protocols. The aim of these tests was to investigate
the effect of CTL-hydrogel treatment in stimulating macrophages to
synthesize cytokines that might be involved in the inflammatory pro-
cess in case of OA occurrence. Cellular supernatants from differentiated
U937 macrophages were collected 6 h (for the analyses of TNF-a) and
24 h (for the analyses of IL-10) after treatment. The absorbance was
read at 450 nm (FLUOStar® Omega — BMG Labtech spectrophotometer)
and the concentration of cytokines in each sample was calculated by
using a calibration curve. The values of cytokine concentration (pg/mL)
were normalized over the viability of macrophages, established by
Neutral Red assay (see section “2.9 Neutral red (NR) assay on macro-
phages”). Three replicates were considered for each series of samples.
For statistical analyses of data one-way ANOVA test was used, and p-

value < 0.05 was considered as statistically significant.

2.9. Neutral red (NR) assay on macrophages

The viability of adherent U937 macrophages was evaluated by the
neutral red (NR) assay following a protocol described in the literature
with slight modifications (Cordier, Gulumian, Cromarty, & Steenkamp,
2013). This test allowed to normalize the signals corresponding to cy-
tokines synthesis (see section “2.8 Quantification of Tumor Necrosis
Factor-a (TNF-a) and Interleukin-10 (IL-10) release by U937 cells”) over
cellular viability. Neutral red (NR) powder was prepared by dissolution
in water (5 mg/mL) and centrifuged at 16,000g for 10 min to remove
any insoluble residue. A diluted solution of NR (final concentration: 100
pg/mL in PBS 1X) was added to each well (400 pL) and incubation was
allowed at 37 °C for 20-30 min. After incubation, the wells were wa-
shed with PBS 1X and a solution containing ethanol (50 % v/v), acetic
acid (1% v/v) in water was added to each well (400 uL). The solution
(150 pL) was transferred into a 96 multiwell plate and the absorbance
was measured at 540 nm using a plate reader spectrophotometer (In-
finite 200Pro NanoQuant, Tecan). For each series of sample, three re-
plicates were considered.

2.10. Peroxyl-radical scavenging capacity (PSC) assay

The antioxidant capacity of CTL-hydrogels and solutions containing
CTL, boric acid and hyaluronic acid (HA) as single components was
evaluated by the peroxyl-radical scavenging capacity (PSC) assay
(Adom & Liu, 2005). This test enabled to evaluate the ability of com-
pounds to scavenge peroxyl-radicals. The polymeric hydrogel (CTL 3% -
boric acid 2 mM) was prepared as described in section “2.2 Preparation
of CTL-boric acid hydrogels”. Solutions containing CTL and HA were
prepared at the concentration of 3% w/v in PBS 1X, pH 7.4. All samples
were sterilized by autoclave at the conditions reported in section “2.3
Sterilization of CTL-hydrogels by autoclave”, diluted in water and tested at
three final concentrations, after the addition of the reagents required
for the test. The final concentration of samples tested for PSC assay is
reported in Table 1.

For the assay, non-fluorescent dichloro-dihydro-fluorescein diace-
tate (DCFH-DA) was dissolved in methanol (final concentration: 2.5
mM) and 80 pL of solution were added to 900 pL of potassium hydro-
xide (KOH) solution (final concentration: 1 mM) to hydrolyze diacetate
(DA) groups. The reaction was carried out for 5 min at room tem-
perature (RT), and the solution was then diluted by the addition PBS 1X
to reach the final volume of 6 mL (DCFH solution). The samples (100
uL) were transferred on a 96-well plate and an equal volume of DCFH
solution was added. A solution containing 2,2’-Azobis-(2-amidinopro-
pane) (ABAP) at the concentration of 20 mM in PBS 1X was prepared,
and 50 pL of this solution were added to each well to trigger the oxi-
dation of DCFH to fluorescent DCF. As control reaction, samples con-
taining only DCFH and ABAP were employed. Quercetin (final

Table 1
Final composition of samples for PSC assay.

Sample name Final composition

CTL-B (1) CTL 0.4 % - boric acid 0.27 mM
CTL-B (2) CTL 0.2 % - boric acid 0.13 mM
CTL-B (3) CTL 0.1 % - boric acid 0.07 mM
CTL (1) CTL 0.4 %

CTL (2) CTL 0.2 %

CTL (3) CTL 0.1 %

B (1) boric acid 0.27 mM

B (2) boric acid 0.13 mM

B (3) boric acid 0.07 mM

HA (1) HA 0.4 %

HA (2) HA 0.2 %

HA (3) HA 0.1 %
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Fig. 1. a, b) elastic - G’ (a) and viscous - G” (b) moduli of non-autoclaved (NAC; white bars) and autoclaved (AC; patterned bars) CTL-boric acid hydrogels at 25 °C. c,
d) elastic - G’ (¢) and viscous - G” (d) moduli of non-autoclaved (NAC; white bars) and autoclaved (AC; patterned bars) CTL-boric acid hydrogels at 37 °C. The G’ and

G” values were considered at the frequency of running - 2.5 Hz (n = 2).

concentration: 8 M) was used as positive control of scavenger activity.
The kinetic of the reaction was carried out at room temperature for 40
min. Fluorescence was monitored at 485 nm (excitation) and 540 nm
(emission) with a fluorescent spectrophotometer (FLUOStar® Omega —
BMG Labtech spectrophotometer). For all samples, the areas under
curve (AUC) for the fluorescent reaction were integrated and data
employed for calculating the scavenger activity, according to Eq. (1)

Scavenger activity (%) = (1 - (S.A./C.A.)) *100 (€8}

Where S.A. = AUC for samples; C.A. = AUC for control reaction.

Data were reported as mean values * standard deviation of three
independent experiments. Statistical analysis of data was performed
using Student’s T-test.

2.11. Degradation of CTL hydrogels by sodium hypochlorite (NaOCl)
solution and Fenton’s reagent

The degradation of CTL hydrogels and HA solutions by means of
sodium hypochlorite (NaOCl) and Fenton’s reagent was monitored over
time by FS measurements on autoclaved samples. Degradation studies
performed by chemicals or enzymes (see section “2.12 Engymatic de-
gradation of CTL hydrogels by lysozyme”) were performed (CTL-hydrogels
and HA solutions) to investigate the degradation kinetics of hydrogels
under conditions that simulate or emphasize the in vivo conditions and
which might contribute to CTL-hydrogels degradation in case of OA
occurrence.

In the case of degradation by NaOCl solutions, autoclaved CTL hy-
drogels (final concentration: CTL 3% w/v — boric acid 2 mM) and HA
solutions (final concentration: 1.5 % w/v) were treated by adding
NaOCl solutions at the final concentration of active chlorine 0.015 %,
0.037 %, 0.074 % and 0.150 %.

For Fenton reaction, H,O, and FeSO,4-7H,0 solutions (150 L) were

added to the autoclaved samples (1.5 mL) at the final concentration of
20 mM and 1.6 mM, respectively. This solution was named “H,0,-Fe?*
(A)”. The effect of a second solution named “H,0,-Fe2* (B)” was also
investigated at the final concentration of H,O, 10 mM and FeSO4-7H,0
0.8 mM, by adding the solution (150 uL) to the autoclaved samples (1.5
mL).

FS measurements were performed after 6 h and 24 h incubation
with the chemicals by means of a controlled stress rheometer Haake
Rheo-Stress RS150 operating at 25 °C and equipped with a smooth plate
device. At each time point, the hydrogels were loaded onto the plate of
rheometer (CC60/1°-99018; @ =60 mm; gap =51 pm; t =4 Pa) for the
measurement. For each condition and time point, the values of G’ at 2.5
Hz were considered. The results were reported assuming the G’ values
of untreated C3-B2 AC hydrogels and autoclaved HA solutions (G’ at
time 0) as 100 %. For each condition, three replicates were performed.

2.12. Enzymatic degradation of CTL hydrogels by lysozyme

The effect of lysozyme on CTL-hydrogels was evaluated by time
oscillatory measurements. For the enzymatic reaction, CTL hydrogels
were autoclaved and lysozyme from chicken eggs white (final con-
centration: 12,000 U and 37,500 U) were added to the hydrogel (final
concentration: CTL 3% w/v — boric acid 2 mM AC) and mixed for 1 min
before rheological measurements. Time oscillatory measurements were
performed by means of a controlled stress rheometer Haake Rheo-Stress
RS150 operating at 25 °C and equipped with a smooth cone-plate device
(geometry: CC60/1°-99018; @ =60 mm; gap: 1 mm; t: 4 Pa; frequency:
2.5 Hz).



3. Results

3.1. Preparation of CTL-boric acid hydrogels and rheological
characterization

CTL macromolecules are known to reticulate with the inorganic
agent boric acid, leading to the formation of dynamic cross-linked
polymeric networks (Cok et al., 2018; Furlani et al., 2019). CTL-hy-
drogels with different compositions were prepared by varying para-
meters such as the final concentration of the polymer (in the range of
2% w/v - 4% w/v) and boric acid (in the range of 2 mM-3 mM) in the
mixture. The hydrogels underwent sterilization by autoclave and the
rheological properties of both autoclaved (AC) and non-autoclaved
(NAC) hydrogels were investigated by frequency sweep (FS) measure-
ments. For each formulation type, the values of elastic (G”) and viscous
(G”) moduli at the frequency of 2.5 Hz (frequency of running) were
considered. These measurements were performed at the temperature of
25 °C and 37 °C (Fig. 1 and Table S1, Supporting information). The
values of G’ and G” moduli at the frequency of 0.5 Hz (frequency of
walking) were also reported (Table S2, Supporting information).

The values of G’ and G” at the frequency of 2.5 Hz were in the range
from few Pascal to tens of Pascal, depending on hydrogel composition.
At this frequency, only a negligible effect of autoclave treatment on the
complex viscosity of the hydrogels was observed (data not shown).
Among the formulations tested, C3-B2 AC hydrogels display viscous
and elastic moduli in the range typically encompassed by commercial
products for viscosupplementation (Nicholls, Manjoo, Shaw, Niazi, &
Rosen, 2018) and close to those of healthy young synovial fluid, which
displays values of 23 Pa and 7 Pa for G’ and G” respectively, at the
frequency of 2.5 Hz (Fakhari & Berkland, 2013; Fam, Bryant, &
Kontopoulou, 2007). For these reasons, this specific formulation was
employed for further characterization. The FS spectra of C3-B2 AC
hydrogels at the temperature of 25 °C and 37 °C are reported in Fig. 2(a
and b).

At both temperatures, the hydrogel composed by CTL and boric acid
displays a viscoelastic behavior with a viscous modulus (G”) higher
than the elastic modulus (G") at low frequencies. The frequency sweep
performed at 25 °C shows a cross-over point between elastic and viscous
response at around 1.5 Hz.

LSS measurements were performed on C3-B2 AC hydrogels to
evaluate the stress-strain relationship after autoclave, both at 25 °C and
37 °C (Fig. 3).

The spectra show the presence of a linear response to applied stress
that extends up to approximately 100 Pa and point out a minor influ-
ence of temperature. For larger values of the applied stress, a strain-
hardening behavior emerges at both 25 °C and 37 °C although to a
different extent. Indeed, G” shows a six-fold and a three-fold increase at
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Fig. 3. Long stress sweep spectrum of C3-B2 AC hydrogels at 25 °C (black) and
37 °C (red). The elastic - G’ (squares) and viscous - G” (rounds) moduli are
reported as function of stress. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

25 °C and at 37 °C, respectively.

3.2. In vitro biocompatibility (LDH assay) on cells treated with C3-B2 AC
hydrogels

Given the potential use of this material in direct contact with os-
teoarticular tissues, the hydrogel C3-B2 AC was assayed for in vitro
biocompatibility on both osteoblast-like and chondrocyte cells (Fig. 4).

The data pointed out that, for both cell types, the treatment with the
CTL-hydrogel did not affect cellular viability with respect to untreated
cells. At variance, in the case of cells treated with the positive control
(Triton X-100) the percentage of released LDH was significantly en-
hanced, indicating a cytotoxic response. Overall, these results showed
the absence of cytotoxic reactions caused by the treatment with the
hydrogel for both cell types.

3.3. Release of cytokines by macrophages treated with C3-B2 AC hydrogels

CTL-boric acid hydrogels were employed to evaluate the ability to
influence cytokine expression in both activated and non-activated
macrophages in vitro. For this test, macrophages were incubated with
C3-B2 AC hydrogels, in the presence and in the absence of lipopoly-
saccharides (LPS), and the release of Tumor Necrosis Factor-a (TNF-a)
and Interleukin-10 (IL-10) was quantified by ELISA assay. As control,
cells grown in cellular medium (untreated) and cells treated with LPS
only were considered. At selected time-points, the cellular medium was
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Fig. 2. Frequency sweep spectra of C3-B2 AC hydrogels at 25 °C (a) and 37 °C (b). The variation of G’ (full symbols) and G” (open symbols) moduli is reported as

function of frequency.
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Fig. 6. Scavenger activity of CTL-hydrogels and solutions containing CTL, boric acid and hyaluronic acid at three concentrations (high: (1); medium: (2); low: (3)).
Quercitin represents the positive control of scavenger activity (n = 3; *: p-value < 0.05; **: p-value < 0.01; NS: not significant).

collected and the concentration of the two cytokines quantified. The
results were normalized over cellular viability as determined by neutral
red assay. The results are reported in Fig. 5.

The production of TNF-a was evaluated 6 h after treatment of cells,
since this cytokine is known to be produced during the early phase of
the inflammatory response (Parameswaran & Patial, 2010). The results
pointed out that the treatment of cells with the hydrogel C3-B2 AC did
not stimulate the synthesis of TNF-a, since no significant differences
were observed with respect to untreated cells. At variance, the addition
of LPS to cell culture medium stimulates the release of TNF-a by
macrophages. Interestingly, in the presence of both the C3-B2 hydrogel

and LPS, the synthesis of TNF-a did not significantly differ with respect
to the treatment with LPS only. IL-10 release by macrophages led to the
same conclusions: no significant increase in IL-10 titer was noticed in
the presence of CTL-boric acid hydrogel with respect to untreated cells;
conversely, for the samples “LPS” and “C3-B2-LPS” an increased release
of IL-10 occurred. No significant variations in IL-10 expression occurred
between LPS-treated samples. Overall, these results indicate that the
hydrogel per se did not stimulate macrophages and that it did not en-
hance the inflammatory response triggered by a pro-inflammatory sti-
mulus (LPS).



3.4. Scavenger properties of CTL-boric acid hydrogels

The peroxyl-radical scavenging capacity (PSC) of CTL-boric acid
hydrogels was evaluated in vitro. This test was performed by employing
autoclaved CTL-boric acid hydrogels at three concentrations. As re-
ference samples, solutions of CTL, of boric acid and of a high molecular
weight hyaluronic acid (HA) were employed. As positive control of
scavenger capacity, a compound known for its antioxidant ability
(quercetin) was considered (Fig. 6).

The results pointed out that the CTL-boric acid hydrogels display the
highest scavenger capacity among the compounds considered. CTL so-
lutions tested at the same concentration display a lower scavenger ca-
pacity with respect to corresponding cross-linked hydrogels. This is
more evident at the highest concentrations (CTL-B (1) and CTL-B (2)),
for which significant differences in the ability to scavenge ROS were
noticed, while at the lowest concentration (CTL-B (3) and CTL (3)) no
significant differences occurred.

In the case of boric acid and HA solutions only, a minimal scavenger
activity was detected (Fig. 6). For both CTL-hydrogels and CTL solu-
tions, a concentration-dependent scavenger activity occurred.

3.5. Degradation of C3-B2 AC hydrogels by Fenton reaction

The resistance of C3-B2 AC hydrogels and HA solutions to de-
gradation by Fenton reaction was evaluated by frequency sweep mea-
surements at 6 and 24 h after incubation, using H,O, and an iron
containing solution at two concentrations, reported as “H,0,-Fe? " (A)”
and “H,0,-Fe2"(B)”. The concentration of both components in the
former case (A) was twice as much as the one in the latter case (B). The
results are reported in Fig. 7.

The experimental data indicate that the two polymer systems show
a different degradation kinetics as well as a different sensitivity of the
elastic modulus to the oxidative degradation process. Overall, the C3-
B2 hydrogel after 24 h of treatment shows a 51.1 % = 12.1 % reduction
of the elastic modulus at the highest concentration of Fenton reagent
used, against 81.5 % *+ 7.9 % of reduction shown by HA at the same
time point. Interestingly, the degradation rate of the C3-B2 hydrogel
decreases over time at both reagent concentrations, and reaches a value
close to zero at around 24 h. The behavior of the HA solutions appears
opposite, with a more pronounced increase in the rate of degradation
after 6 h of treatment.

3.6. Degradation of C3-B2 AC hydrogels by sodium hypochlorite (NaOCI)
solutions

The resistance to oxidative degradation exerted by sodium
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hypochlorite (NaOCl) solutions was evaluated over time on C3-B2 AC
hydrogels and HA solutions after autoclave. At each time point, FS
measurements were performed and the values of G’ at 2.5 Hz recorded
(Fig. 8).

The results point out that C3-B2 AC hydrogels and HA solutions
display a different behavior after the treatment with NaOCl solutions. In
the case of C3-B2 hydrogels, a concentration-dependent increase of the
elastic modulus was observed up to the final concentration of 0.074 %
active chlorine. This effect can be ascribed to the increase of pH due to
the addition of NaOCI solutions. Indeed, the bind of CTL molecules to
boric acid increases by increasing the pH (Pezron, Leibler, Ricard,
Lafuma, & Audebert, 1989), and this process might result in the en-
hancement of the rheological properties of the CTL-hydrogels. In this
case, it can be hypothesized that a double effect occurs: when added to
the CTL-hydrogels, NaOCl triggers the degradation of CTL polymer,
while in the meantime the increase of pH determines an enhancement
of the cross-linking degree among the CTL-molecules; indeed the
binding of such cross-linkers to diols occurs in a pH-dependent manner
(Pezron et al., 1989). Overall, these simultaneous events result in the
increase of G’ values for CTL-hydrogels. When the final concentration of
0.150 % active chlorine is used, a concentration-dependent reduction of
the elastic modulus is observed over time. In this case, the effect of
degradation on the cross-linked polymeric matrix overcomes the addi-
tional cross-linking of boric acid so causing the progressive reduction of
the elastic modulus over time. In the case of HA solutions, the decrease
of the elastic modulus is almost completed during the first six hours
incubation. Moreover, under these experimental conditions, there is no
dependence of degradation from active chlorine concentration; indeed,
concentrations equal to and higher than 0.037 % of active chlorine
determine a complete degradation of HA molecules after few hours of
incubation.

3.7. Engymatic degradation of C3-B2 AC hydrogels

Resistance to enzymatic degradation was assessed upon the treat-
ment of C3-B2 AC hydrogels with lysozyme, which can cleave glycoside
bonds in chitosan and peptidoglycans of bacterial walls (Tomihata &
Ikada, 1997; Torsteinsdottir et al., 1999). Lysozyme enzyme is ex-
pressed in different tissues and variations in the level of its expression
were found in the different biological fluids (Hankiewicz & Swierczek,
1974). In the present case, lysozyme was employed at concentrations 7-
and 20-times higher than that previously found in serum (Hankiewicz &
Swierczek, 1974), i.e. 12,000 U and 37,500 U, respectively (Fig. 9).

The results show that when lysozyme is used at a concentration 7-
fold higher than that of serum, only a slight reduction in G’ and G”
moduli occurs over time, indicating that the enzyme exerts a negligible
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Fig. 7. (a) Relative variation of G’ modulus with time for C3-B2 AC hydrogels undergoing Fenton reaction with H,0,-Fe2* in conditions (A) (red) and (B) (black). (b)
Relative variation of G’ modulus with time for hyaluronic acid solutions undergoing Fenton reaction with H,0,-Fe?* in conditions (A) (green) and (B) (blue) (n = 3).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Relative variation of G’ modulus from incubation time for C3-B2 AC hydrogels (a) and hyaluronic acid solutions (b) treated with sodium hypochlorite
solutions containing active chlorine at the final concentration of 0.015 % (black line), 0.037 % (red line), 0.074 % (blue line) and 0.150 % (green line) (n = 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

effect on CTL-hydrogels. As expected, increasing the enzyme con-
centration up to 20-fold higher than that of serum leads to a con-
siderable variation of elastic and viscous moduli over time.

4. Discussion

The management at clinical level of osteoarthritis (OA) has long
been carried out by the administration of products based on hyaluronic
acid (HA), although their short life-time in OA joints due to chemical
and enzymatic degradation highlighted the need for more effective
therapeutic solutions. In order to overcome the main limitations asso-
ciated to the use of HA-based products, the addition of protective
components such as mannitol was explored to prevent HA degradation
and extend its permanence in situ (Conrozier, Mathieu, & Rinaudo,
2014; Conrozier, 2018). Other polymers such as chitosan and chitosan-
derivatives have been recently employed in combination with HA to
improve the efficacy of viscosupplements and confer additional func-
tional properties (Kaderli et al., 2015; Salamanna et al., 2019). Among
chitosan derivatives, CTL, a lactose-modified chitosan, is of particular
interest for its increased biological and physical-chemical properties.
Indeed, CTL-boric acid hydrogels are characterized by the presence of
transient cross-links in the polymeric network that account for the non-
linear rheological behavior of the constructs. In this perspective, the
presence of lactose flanking groups is the key feature of the CTL
polymer that allows the formation of transient crosslinks through the
binding of boric acid (Cok et al.,, 2018; Sacco et al., 2017). This
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rheological response resembles that of proteins composing ECM of tis-
sues, and it represents a signal that regulates mechanisms such as cells
fate, spreading and activity in a complex process known as mechan-
otransduction (Chaudhuri et al., 2015, 2016). As an additional ad-
vantage, the addition of boric acid to the CTL samples allows the for-
mation of 3D reticulated structures without using covalent crosslinks
that can cause cell toxicity. In view of an application as viscosupple-
ment, the possibility of CTL-hydrogels to mediate the cellular response
through a mechanotransduction process provides an additional ad-
vantage of these systems for OA applications and cartilage regenera-
tion. A deeper investigation on the correlation between the strain-
hardening behavior of the hydrogels and their bioactivity will be car-
ried out in future work.

In this research study, several formulations of CTL-hydrogels were
prepared by varying the final concentration of polymer (CTL) and cross-
linker (boric acid). The hydrogels were sterilized by autoclave and
characterized from a rheological and biological point of view.

The rheological properties of CTL-boric acid hydrogels were in-
vestigated by frequency sweep (FS) and long stress sweep (LSS) ana-
lyses. FS analyses pointed out the impact of sterilization on the rheo-
logical properties of the hydrogel formulation and showed that G’ and
G” moduli are influenced by the temperature and by the polymer-cross-
linker ratio. The mechanical spectra of C3-B2 AC hydrogels underline
their viscoelastic features and the presence of a cross-over point be-
tween the elastic and viscous moduli (Fig. 2). This behavior nicely
mirrors the one displayed by the synovial fluid (Madkhali, Chernos,
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Fig. 9. Time oscillatory measurements on C3-B2 AC hydrogels incubated with lysozyme 12,000 U (red line) and 37,500 U (blue line). Untreated C3-B2 AC hydrogel
(black line) is also reported. The variation of G’ (a) and G” moduli (b) over time are reported. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)



Grecov, & Kwok, 2016) and that shown by a high molecular weight
autoclaved hyaluronic acid at a concentration of 1.5 % (Fig. S1, Sup-
porting information). FS results highlight the variation of G’ and G”
moduli among the different CTL-hydrogel formulations (Fig. 1). To
model the in vivo behavior of the formulations, the frequency of 2.5 Hz
was selected as resembling the knee-joint under solicitation from run-
ning (Nicholls et al., 2018). For all formulations both G’ and G”” moduli
at 37 °C were lower than those at 25 °C as the increase in temperature
weakens the boric acid binding thus lowering the transient entangle-
ments in the polymeric network. The rheological properties of CTL
hydrogels can be modulated by varying the ratio between polymer and
cross-linker, a feature that can be exploited when a medical device with
tunable mechanical properties is sought. Rheological measurements
performed on commercial products for infiltrative therapy indicate that
viscosupplements can appear either as dilute solutions or as materials
with elastic-solid characteristics (Nicholls et al., 2018) with a difference
in G’ and G” spanning over approximately two orders of magnitude. It
should be noted that the formulation C3-B2 AC displays viscous and
elastic moduli in the range of those of commercial products (Nicholls
et al., 2018) and close to those of healthy synovial fluid (Fakhari &
Berkland, 2013; Fam et al., 2007), and this oriented the selection of C3-
B2 hydrogel formulation for further characterization. The sterilization
of the hydrogels is of paramount importance for any potential use in the
field of biomaterials. The use of the autoclave resulted an efficient and
validated method for sterilization of hydrogels with limited effect on
their mechanical performance regardless the composition. Indeed, fo-
cusing on the C3-B2 hydrogel, the autoclave sterilization caused a re-
duction in G’ and G” moduli of about 11 % and 7%, respectively. LSS
measurements enabled to investigate the variation of the rheological
properties on applied stress for the formulation C3-B2 and pointed out
its strain-hardening behavior, which might play a relevant role in a
mechanotransduction process. In the case of CTL-boric acid systems,
LSS spectra are characterized by an extended linear response to the
stress applied, followed by strain-hardening for a value of the stress
which exceeds 172 Pa and 196 Pa at 25 °C and 37 °C, respectively
(Fig. 3). In general terms, the extent of this response depends on the
hydrogel composition and on the conditions employed for the analysis.
The strain-hardening behavior of CTL-boric acid hydrogels has already
been described in the literature on non-autoclaved hydrogels (Cok
et al., 2018; Furlani et al., 2019). In this study, this peculiar mechanical
response was investigated on sterilized hydrogels (C3-B2 AC) thus in
their potential final form for application in viscosupplementation. The
LSS spectra pointed out that, at the frequency of 2.5 Hz, the autoclaved
C3-B2 hydrogels retain their strain-hardening behavior both at 25 °C
and at 37 °C, suggesting that this property might be maintained when
the hydrogel is employed in the human body. This mechanical response
to applied stress is of particular interest because it mimics the behavior
of the ECM of tissues (Cok et al., 2018; Furlani et al., 2019).

The treatment of macrophages with C3-B2 AC hydrogels did not
affect the expression of TNF-a and IL-10. With reference to the specific
field of OA, recent studies highlighted that OA is a multifactorial dis-
order caused by events such as mechanical stress, inflammation, bio-
chemical processes and metabolic factors (Ayhan, Kesmezacar, &
Akgun, 2014). The contribution of inflammation in OA has long been
investigated, and it is still debated whether inflammatory reactions play
a major role in the onset of OA or in OA progression (Ayhan et al.,
2014). In OA joints, inflammation mainly involves the innate immune
response (Mora, Przkora, & Cruz-Almeida, 2018) and it is characterized
by the production of pro-inflammatory and anti-inflammatory cyto-
kines, which can alter the metabolic activity of tissues and lead to a
progressive degeneration of articular cartilage (Goldring & Goldring,
2004; Mueller & Tuan, 2011; Wojdasiewicz, Poniatowski, & Szukiewicz,
2014). In particular, the role of macrophages in OA progression has
been described: these cells can differentiate into pro-inflammatory or
anti-inflammatory cells (Murray & Wynn, 2011) in response to various
stimuli and environmental changes (Porcheray et al., 2005; Stout et al.,

2005). The activity of macrophages can also be stimulated by en-
dogenous HA fragments originated from degraded ECM components
(Jiang, Liang, & Noble, 2011). Considering that external stimuli can
promote the activation of macrophages, in vitro tests were performed to
investigate whether CTL-hydrogels influence cytokine production. The
results pointed out that the treatment of non-activated U937 cells with
C3-B2 hydrogels did not lead to any significant increase of TNF-o and
IL-10 basal production with respect to untreated cells (Fig. 5). At var-
iance, a significant increase of released TNF-a and IL-10 occurred in the
presence of a pro-inflammatory stimulus (LPS). C3-B2 AC hydrogels
were also added to cells in combination with LPS, to simulate a con-
dition in which a viscosupplement is administered in an inflammatory
environment (OA joints). Also in this case, the hydrogel does not alter
the expression of the cytokines with respect to the cells treated with
only LPS. Taken together, these results point out that C3-B2 hydrogels
do not stimulate non-activated macrophages and do not affect the ac-
tivity of macrophage cells in term of cytokines synthesis and release.

The peroxyl scavenger activity of CTL-hydrogels was higher than
that of CTL and HA solutions. Inflammatory processes are often asso-
ciated to an increased oxidative stress. The role of reactive oxygen
species (ROS) in OA pathogenesis has been widely reported in the lit-
erature (Duan, Zhang, Zhang, & Cai, 2018; Lepetsos & Papavassiliou,
2016; Pazdzior et al., 2019; Pinto, Rao, & Rao, 2008). In OA, the in-
creased amount of ROS leads to events such as synovial inflammation,
cartilage degradation, cellular damages and apoptosis (Henrotin, Kurz,
& Aigner, 2005; Lepetsos & Papavassiliou, 2016). In this perspective,
scavengers for free radicals can be beneficial in case of OA occurrence.
The effect of compounds with antioxidant and scavenger activity has
long been investigated in the onset and prevention of OA progression.
For instance, N-acetylcysteine internalized by cells can scavenge ROS
through increasing the production of glutathione (Schreck, Rieber, &
Baeuerle, 1991). Other anti-inflammatory compounds employed for OA
applications have the ability to inactivate ROS and inhibit cellular
apoptosis (Hu et al., 2019). The CTL-boric acid hydrogels developed in
this research display the ability to inactivate peroxyl radicals in vitro, in
a dose-dependent manner (Fig. 6). The concentration-dependent effect
observed for CTL-hydrogels serving as scavenger has been described
also for other polysaccharide-based materials and compounds (Luan
et al., 2018; Mu et al., 2012; Olasehinde, Mabinya, Olaniran, & Okoh,
2019). Although to a lower extent, the same trend of CTL hydrogels and
the dose-dependent scavenger activity was observed for CTL solutions.
Interestingly, at the highest concentrations, the scavenger capacity of
CTL in solution was lower than that shown by the corresponding hy-
drogel, which suggests the central role held by the cross-linked poly-
meric network for ROS inactivation. Indeed, it can be hypothesized that
the presence of crosslinking points in CTL hydrogels enhances the ex-
posure of the CTL molecules to ROS, which increases the number of
inactivated peroxyl radicals, while in the case of CTL in solution a
minor accessibility of the polysaccharidic chains results in a lower
scavenger capacity. In this view, the CTL hydrogels cross-linked with
boric acid can be considered as high-capacity scavenger systems. In the
latest years, biomaterials employed for OA treatment have been sup-
plemented with polyols such as mannitol and sorbitol that display
scavenging activity (Conrozier et al., 2014; Conrozier, 2018; Migliore
et al., 2014). The use of these molecules in combination with HA vis-
cosupplements limits polysaccharide degradation by ROS and improves
its permanence in situ (Conrozier et al., 2014; Conrozier, 2018).

CTL hydrogels display a higher resistance to degradation induced by
Fenton reaction and NaOCl solutions than HA samples. In the case of
CTL-hydrogels, the resistance to radical degradation was assessed by
the Fenton reaction. Two concentrations of H,O,-iron ions in solution
were employed leading to the formation of two different amounts of
hydroxyl radicals. The data (Fig. 7) show that in the case of HA samples
the degradation process occurs gradually over time, leading to an al-
most complete degradation after 24 h (Fig. 7). In the case of C3-B2
sample, the degradation process that takes place during the first 6 h



incubation is more pronounced than that observed for HA solutions
(Fig. 7a). In the case of C3-B2 hydrogel, it can be hypothesized that
hydroxyl radicals affect the structure of the polysaccharidic cross-linked
matrix in a first instance; after an initial degradation phase of the
polysaccharide molecules, the matrix re-arrange and new transient
bonds form within the hydrogel due to its dynamic feature (Cok et al.,
2018; Sacco et al., 2017).

The rearrangement of the polysaccharide matrix prevents a more
extensive reduction of the rheological properties for prolonged in-
cubation. Indeed, a limited reduction in G’ modulus is further observed
after 6 h of incubation and up to 24 h, indicating that hydroxyl radicals
have only a negligible effect on the hydrogel structure. In the case of
HA, the absence of covalent bonds among HA molecules turns out in a
more pronounced reduction of the rheological properties that occurs
gradually over time (Fig. 7b). The transient features of the molecular
interactions in C3-B2 hydrogels might account for the higher variability
of G’ values with respect to HA samples.

Further studies will clarify the molecular mechanism by which ROS
are scavenged by CTL-hydrogels.

The degradation of C3-B2 hydrogel and HA solutions by NaOCl
solutions has also been investigated in this research study (Fig. 8).
Hypochlorite is one of the ROS involved in OA pathogenesis (Lepetsos &
Papavassiliou, 2016). The CTL-hydrogel and HA were treated with
NaOCl solutions at different final concentration of active chlorine. As
expected, the presence of NaOCl even at the lowest tested concentration
of active chlorine (0.015 %) has a detrimental effect on hyaluronan in
24 h (Fig. 8b), leading to the cleavage of the polysaccharidic chains
(Stern et al., 2007). At variance, in the case of C3-B2 AC hydrogels, the
effect of degradation was evident over time only when the samples
were treated with 0.150 % active chlorine, while with lower con-
centrations an increase of G’ modulus was observed after 6 h incuba-
tion. The different behavior of these two polysaccharide systems might
be related to their different structure. As to the case of degradation
induced by ROS formed by Fenton reaction, it can be hypothesized that
also for NaOCl solutions the cross-linked matrix of CTL-hydrogels has a
protective role in preventing degradation of the system, which suggests
a higher resistance of CTL-hydrogels when undergoing to increased
oxidative stress conditions. Along this line, it is interesting to note that
the use of concentrations of active chlorine up to 0.074 % determines
an increase in G’ in the first 6 h. This could be likely traced back to the
increase of pH, which causes a higher binding of boric acid. At variance,
0.150 % of active chlorine degrades the CTL chains to a higher extent
which is likely non-compensated by extra crosslinking due to pH in-
crease and results in the overall loss of the elastic modulus over time
(Fig. 8a). As for samples treated with Fenton’s reagent, also in this case
the higher variability of data for C3-B2 hydrogels can be ascribed to the
transient features of the chemical interactions between CTL and boric
acid.

The treatment of CTL hydrogels with lysozyme at concentrations
higher that those found in the human body showed a concentration-
dependent effect on CTL-hydrogels degradation; considerable effects
were noticed only for the higher of the two tested conditions. When
injected in synovial space the lifetime of HA viscosupplements can be
threatened also by hyaluronidases that lead to chain cleavage. In this
perspective, the use of CTL-hydrogels provides the advantage of not
being sensitive to hyaluronidases, an aspect that might account for an
increased hydrogel stability in situ. The stability of CTL-hydrogels can
instead be affected by lysozyme, which is found in human body fluids
and tissues at different concentrations (Hankiewicz & Swierczek, 1974).
This aspect was investigated in vitro by measuring the rheological
properties of the hydrogel after enzyme treatment (Fig. 9). The lyso-
zyme concentrations employed were 7-folds and 20-folds higher than
those found in serum (Hankiewicz & Swierczek, 1974), in order to boost
chain cleavage in vitro with respect to the in vivo environment. After
the addition of lysozyme to the samples, the rheological properties of
C3-B2 AC hydrogel were investigated by time oscillatory
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measurements. The enzyme catalysis was allowed for the duration of
the time oscillatory test (30 min) and variation of the viscous and
elastic moduli were monitored over time. As expected, a concentration-
dependent effect on hydrogel degradation was noticed, although only
the higher of the two concentrations tested could exert a detrimental
effect on the CTL-hydrogel structure. The lower concentration (7-fold
higher than that of serum) had only a minimal effect on the hydrogel
structure, suggesting that the C3-B2 hydrogel is likely to withstand
enzymatic degradation at the in vivo conditions.

5. Conclusions

This study describes the development and characterization of a
hydrogel based on the polysaccharide CTL reticulated with boric acid
for viscosupplementation in OA treatment. Rheological analyses on
different CTL-hydrogel formulations pointed out the effect of autoclave
and enabled to identify a formulation whose mechanical properties
were in the range of those of commercial products for viscosupple-
mentation. The CTL-hydrogel formulation selected in this study display
a strain-hardening behavior in response to applied stress and the results
highlight the influence of the temperature in determining the extent of
such behavior, which might account for a mechanotransduction pro-
cess. C3-B2 AC hydrogels showed a good biocompatibility in vitro and
the ability of not stimulating the activity of macrophages in terms of
cytokines release. The beneficial effect of the CTL-boric acid hydrogel
was related also to its ability of acting as a scavenger system for ROS,
which are involved in the OA pathology. These studies pointed out that
the CTL-hydrogel displays a higher ROS scavenger capacity than the
corresponding CTL samples in solution when tested at the highest
concentration, suggesting a central role held by the cross-linked poly-
meric network in ROS inactivation. The hydrogel degradation was in-
vestigated by Fenton’s reaction, NaOCl and lysozyme treatment. When
treated with Fenton’s reagents, C3-B2 AC hydrogels display a higher
resistance to degradation and a different degradation kinetics than HA
samples, suggesting the occurrence of a matrix rearrangement and the
formation of new transient bonds inside the hydrogel network that
prevent further degradation. Similarly, low concentrations of NaOCl
exert a detrimental effect on HA samples, while determining an en-
hancement of the elastic modulus of CTL-hydrogels owing to the in-
crease of pH, which leads to a higher binding of boric acid and to the
strengthening of the hydrogel structures. At concentration 0.150 % of
active chlorine, the effect of hydrogel degradation was more pro-
nounced as it was not compensated by extra-binding of boric acid due
to the increase of pH. The increased resistance to chemical degradation
with respect to HA points out that an additional advantage in using
these reticulated hydrogels might be related to their increased stability
and half-life after injection in OA joints. Further studies will be per-
formed to evaluate the efficacy of the proposed system in vivo.
Enzymatic degradation studies pointed out a very limited effect of ly-
sozyme on hydrogel degradation. Overall, these results support the use
of this hydrogel biomaterial in a pathological condition involving in-
flammation and ROS production and provide some evidences for its
potential beneficial effects in case of OA occurrence.
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