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Abstract

Purpose The aim of the present study was to investigate the tissue performance of the association of photobiomodulation (PBM)
and chitosan hydrogel (Ch), using in vitro and in vivo studies, in culture of chondrocytes and in an experimental model of
osteoarthritis (OA) in the knee of rats.

Methods The chitosan hydrogel was characterized by pH, gelation time, and degradation rate. For the in vitro study, chondrocyte
cells were seeded in the Ch irradiated or not with PBM to assess cell viability and proliferation after 1, 3, and 5 days. For the
in vivo study, sixty Wistar rats with OA were randomly distributed: control group (CG), Ch hydrogel injection (Ch), Ch hydrogel
injection associated with PBM (Ch/PBM).

Results The characterization results revealed that Ch hydrogels can be controlled precisely by variation of the urea and urease
concentrations. The in vitro findings demonstrated that Ch and Ch/PBM are biocompatible and noncytotoxic. The in vivo
findings showed that PBM associated with Ch prevented articular degeneration by stimulating anabolic factor (TGF-f3) and

reducing catabolic factor (TNF-«) and increasing the gene related to components of the cartilage extracellular matrix.
Conclusion In conclusion, the PBM associated with Ch can be used as a cartilage repair application.

Keywords Photobiomodulation - Articular cartilage - Knee osteoarthritis - Chitosan - Viscosupplementation

Introduction

Osteoarthritis (OA) is a multi-causal joint disease, which leads to
progressive degeneration of the articular cartilage, subchondral
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bone remodeling and fibrillation, and inflammation of the
periarticular soft tissues such as joint ligaments, capsule, synovial
membrane, and muscles, culminating in a full thickness loss of
the joint surface (Rieger et al. 2017). Consequently of all the
morphological modifications, a series of functional deficits are
observed such as the decrease of muscle strength, impairment in
balance and proprioception, increasing risk of falls and the level
of (Levinger et al. 2011; Roos et al. 2011).

Therefore, the development of innovative and more effi-
cient therapeutical intervention to treat OA symptoms is of
extreme clinical importance (Comblain et al. 2017). In this
context, photobiomodulation (PBM), also known as low-
level laser therapy, has also been considered a very promising
therapeutic intervention for cartilage tissue engineering, main-
ly due to its stimulatory effect on tissue metabolism and ability
of modulating the inflammatory process after an injury
(Bjordal et al. 2010; Hamblin 2016). Several studies have
demonstrated, in experimental models of joint inflammation,
that PBM can decrease the expression of chemotactic factors
and inflammatory cytokines and increase antioxidant enzyme
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levels (Bublitz et al. 2014; Pallotta et al. 2012). Also, clinical
trials have been demonstrated that PBM is able of reducing
pain levels, articular stiffness, and swelling, increasing the
functional performance in patients with OA (Rayegani et al.
2012; Yurtkuran et al. 2007).

Similarly, biomaterials for articular viscosupplementation
such as hyaluronic acid (HA) and chitosan (Ch) have been
frequently used (Comblain et al. 2017). Chitosan is a cationic
polysaccharide which is derived from naturally chitin and it
has gained lots of attention due to its ability to stimulate tissue
repair (Yan et al. 2014a), anti-inflammatory effects (Chung
et al. 2012), and biocompatibility (Vandevord et al. 2002).
Chitosan has a number of commercial and possible biomedi-
cal applications, such as bandages to reduce bleeding, antibac-
terial effects, and articular viscosupplementation (Comblain
etal. 2017; Dantas et al. 2011). Recently, in vitro studies have
suggested that chitosan could induce the expression of carti-
lage matrix components (such as collagen and proteoglycans)
and reduce inflammatory and catabolic mediator’s production
by chondrocytes (Comblain et al. 2017; Dantas et al. 2011).
Furthermore, in vivo studies demonstrated that Ch prevented
cartilage degradation and synovial membrane inflammation in
experimental models of OA (Kaderli et al. 2015; Zhang et al.
2017).

Although, there are many evidence that PBM and Ch have
positive stimulatory effects on joints with OA, the effects of
the association of both treatments were not studied yet. In this
context, based on the promising effects of PBM and Ch on
OA, it was hypothesized that both therapeutic approaches,
used in association, may favor the metabolism of
chondrocytes (using in vitro studies) in the cartilage structure
and, also, decrease the inflammatory process in an experimen-
tal model of OA. Thus, the aim of the present study was to
investigate the tissue performance of the association of
photobiomodulation and chitosan hydrogel, using in vitro
and in vivo studies, in culture of chondrocyte cells and in an
experimental model of OA in the knee of rats, respectively.
For this, we developed a first study where the more appropri-
ated protocol for Ch hydrogel manufacturing was developed
and the characterization of the samples was made. After that,
the chosen samples were used for the biological studies.

Materials and methods
Preparation of chitosan hydrogels

Chitosan (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
at a concentration of 2.5 w/v% in 0.100 M HCI. Urease (type
II from Jack beans, U1500, Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in sterile phosphate-buffered saline,
(PBS, pH 7.4) at a concentration of 30 and 50 U mL. Urea
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved at a
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concentration of 7.5 and 10 M in Milli-Q (Millipore,
Burlington, MA, EUA) water and sterilized by filtration over
a 0.2-um filter.

In order to prepare 1.5 w/v% chitosan hydrogels, 1 mL
chitosan solution was mixed with 0.67 mL urease (30 or
50 U mL), according to a previous study (Yan et al. 2014b).
Thereafter, 10 pL of the urea (7.5 or 10 M) solution was added
and mixed at room temperature which resulted into hydrogel
solutions (Table 1). For the hydrogel used in the degradation
test and in vitro experiments, the chitosan was mixed with
urease and urea, and then the hydrogel was injected into
Teflon molds (4 mm in diameter and 3-mm thick). After ge-
lation time at room temperature, hydrogels were removed
from the molds.

Characterization of the chitosan hydrogel
pH versus time

The pH analysis was performed with the pH meter electrode
(Kasvi, Parana, Brazil) placed in a hydrogel freshly prepared
immediately after addition of the 10 puL urea. Thus, the pH
was recorded for 1, 3, 10, and 45 min at room temperature.
The pH was recorded to investigate the speed at which the pH
changed under different hydrogel compositions (Yan et al.
2014b).

Optimization of the gelation kinetics

The inverted vial method was used to assessed gelation time,
as described by Wang et al. (2017). Briefly, 1 mL of freshly
prepared hydrogel solution was placed in a 2-mL Eppendorf
vial. To determine the gel transition time, the vials were
inverted horizontally every 30 s and the time at which the
hydrogel did not flow was recorded as the gelation time.

Degradation rate

The degradation of the chitosan hydrogel in buffer solutions
was determined by mass loss. Hydrogels were incubated in
10 mL of PBS containing 1.5 pg/mL lysozyme (Sigma-
Aldrich, St. Louis, MO, USA) at 37 °C. The medium was

Table 1 Different formulations of the chitosan hydrogel

Groups Urease Urea
(U/mL) M)

30U/7.5M 30 7.5

50U/7.5M 50 7.5

30 U/10 M 30 10

50 U/10 M 50 10
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refreshed every 3 days and the mass of the (patted-dry)
hydrogels was monitored at 15, 30, and 60 days. The degra-
dation rate was expressed as the percentage of the remaining
weight (initial weight — final weight) (Chen et al. 2014).

In vitro experiments
Procedures for chondrocyte extraction

All the experiments involving animals were approved by the
Institutional Animal Care Committee guidelines
(2478130315).

For chondrocyte extraction, three Wistar rats (weight +
100 g) were anesthetized with ketamine chloride (80 mg/kg)
(Syntec, Sao Paulo, Brazil) and xylazine (10 mg/kg) Syntec,
Sao Paulo, Brazil), and cartilage samples from both femurs
were removed using a scalpel. Immediately after the surgery,
the animals were euthanized individually by carbon dioxide
asphyxia.

Slices of cartilage were incubated in 0.25% type I collage-
nase in Dulbecco’s modified Eagle’s medium (DMEM)
(Vitrocell, Brazil), overnight at 37 °C in 5% CO,. The cells
were then seeded onto tissue culture flasks for expansion and
maintained as subconfluent monolayers in DMEM. Cells
from the 4th passage were used for the in vitro experiments.

All the procedures were performed under strict aseptic con-
ditions in a biological safety cabinet. For the in vitro experi-
ments, cells were divided into 3 groups: (1) control group
(CG): cells seeded on tissue culture plastic, (2) chitosan group
(Ch): cells seeded on chitosan 30 U/mL urease and 10 M urea,
(3) chitosan and PBM group (Ch/PBM): cells seeded on chi-
tosan 30 U/mL urease and 10 M urea and irradiated with PBM
1.417.

Prior to cell seeding, chitosan hydrogel solution containing
urea (10 M) and urease (30 mL) dissolved in culture medium
was placed in 35-mm Petri plate and incubated in tissue cul-
ture growth medium supplemented with 10% FBS (Life
Technologies, Carlsbad, USA) at 37 °C, and 5% CO, for at
least 24 h, in order to remove possible side products of the
hydrogel formation (such as NH3). After this period, the me-
dium was discarded. Subsequently, chondrocytes were seeded
in direct contact with the chitosan hydrogen at a density of
5.10* cells/0.75 cm?. The cell culture medium was changed
every 2-3 days, and the cells were cultured for 1, 3, and
5 days.

PBM by gallium-aluminum-arsenide (GaAlAs) diode
(Photon Laser I, DMC® equipment Ltda, SP, Sao Carlos,
Brazil) was used in the following parameters: 808-nm wave-
length, continuous irradiation mode, 0.028-cm? spot area, en-
ergy density 50 J/em?, 50-mW power output, 28-s irradiation
time, 1.4-J total energy. The PBM irradiation was performed
with the laser pointer tip in direct contact with the plate every

24 h. One, three, or 5 days after irradiation, cell viability and
proliferation were assessed.

Determination of cell metabolic activity

Alamar Blue® (Thermo Fisher Scientific, Waltham, MA,
EUA) was used to evaluate cell metabolic activity. Alamar
Blue® was diluted in cell culture media (10%), and it was
added directly to chondrocytes. Following, the plate was in-
cubated in a cell culture incubator at 37 °C for 4 h. Afterwards,
200 pL of each sample was transferred to a 96-well plate (in
duplicates). Finally, the plate was read in a spectrophotometer
(Bio-Tek Instruments, Winooski, USA) at 570 nm and
600 nm (van Houdt et al. 2015).

Cell proliferation

In order to determine, cell proliferation was quantified the
amount of DNA by using the Quanti Fluor® dsDNA quanti-
tation kit (Promega, Leiden, The Netherlands). After the cell
culture experiments, chondrocytes were washed with PBS
twice, homogenized in 1 mL of Milli-Q water, frozen, and
thawed twice before analysis. Subsequently, 100 pL of the
DNA sample or standard was incubated with 100 uL of work-
ing solution in the dark for 10 min. Then, the samples were
read in a spectrophotometer (Bio-Tek Instruments, Winooski,
USA) at 530 nm (van Houdt et al. 2015).

In vivo experiments
Surgical procedures

Good laboratory animal practice was observed according to
the international standards for animal experimentation and
following approval by our institution’s Animal Care and
Ethics Committee (2478130315). Animals were maintained
in plastic cages with sawdust bedding, with light—dark periods
of 12 h and controlled temperature (24 +2 °C), and with un-
restricted access to water and commercial diet.

All animals were submitted to general anesthesia induced
by intraperitoneal injection of 80 mg/kg ketamine (Dopalen;
Vetbrands; Sao Paulo; Brazil) and 10 mg/kg xylazine
(Anasedan; Vetbrands; Sao Paulo; Brazil). The left knee was
trichotomized and sterilized, then a skin incision lateral para-
patellar was carried out, whereby the patella was dislocated
laterally to provide access to the joint space. After, with the
flexed knee, the anterior cruciate ligament (ACL) was isolated
and transected. The complete transection of the ligament was
confirmed by Lachman testing. Thus, incision was sutured
and antiseptically treated. Furthermore, all rats were given
appropriate postoperative care. The knee OA induction proto-
col was performed as previously described by Galois et al.
(2004). Animals were randomly divided into 3 groups (n =
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20 per group): (1) CG: OA animals without treatment, (2) Ch:
OA animals submitted to chitosan hydrogel injection, (3) Ch/
PBM: OA animals submitted to chitosan hydrogel injection
and PBM.

Treatment

Chitosan hydrogels were prepared as described above.
According to our characterization results, chitosan hydrogel
containing 10 m urea and 30 U/mL urease was used based on
its handling properties. Then, the chitosan hydrogel (30 pL)
was injected intra-articular 4 weeks after knee OA induction.

PBM treatment with GaAlAs diode (Photon Laser II,
DMC® equipment Ltda, SP, Sdo Carlos, Brazil) started
4 weeks after OA induction. For the treatment, PBM was used
in the following parameters: 808-nm wavelength, continuous
irradiation mode, 0.028-cm® spot area, energy density 50 J/
cm?, 50-mW power output, energy 1.4 J, and 28-s irradiation
time. PBM was applied through the punctual contact tech-
nique at 2 points on medial and lateral sides of knee joint,
3 days/week, for 12 and 24 sessions (4 and 8 weeks of treat-
ment, respectively).

Retrieval of specimens

Rats were individually euthanized by carbon dioxide asphyxia
in different set points (4 and 8 weeks after treatments). Then,
left knees were removed and immediately fixed in 10% form-
aldehyde (Merck, Darmstadt, Germany) for 24 h.

After fixed, the specimens were decalcified in 4% diamine
tetra-acetic acid (EDTA) (Merck, Darmstadt, Germany) and
embedded in paraffin blocks. Thin sections (5 pm) were pre-
pared in the longitudinal plane, using a micrometer (Leica
RM-2145, Wetzlar, Germany). Afterwards, the laminas were
stained with hematoxylin and eosin (HE stain, Merck,
Darmstadt, Germany). Moreover, other sections were obtain-
ed for the immunohistochemical analysis.

Histological descriptive analysis

The samples stained with HE were used to evaluate histopath-
ological alterations in the articular cartilage. Thus, two blinded
observers performed the descriptive analysis assessing cellular
organization, cartilage structure, and amount of cells. The
specimens were examined using a light microscope (x 100;
Leica Microsystems AG, Wetzlar, Germany) (Sanches et al.
2018).

OARSI score system
The progression of OA was assessed and compared according

to the Osteoarthritis Research Society International (OARSI).
Two experienced observers performed the scoring in a blinded
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manner. Briefly, the system evaluated for the presence of os-
teoarthritis grade (OARSI grades 0 to 6) and osteoarthritis
stage (OA stages 0 to 4). Thus, it results in the osteoarthritis
scoring (OA scoring: (OARSI grade) x (OA stage)) (Sanches
et al. 2018).

Immunohistochemistry analysis

For the immunohistochemistry analysis, the sections were
deparaffinized and rehydrated in graded ethanol; each
specimen was pretreated in a steamer (Philips Walita,
Brazil) with 0.01 M citric acid buffer (pH 6) for 5 min
for antigen retrieval. After, the endogenous peroxidase
was inactivated with 0.3% hydrogen peroxide in PBS so-
lution for 20 min and then blocked with 5% normal goat
serum in PBS solution for 10 min. Following, the speci-
mens were incubated with anti-IL4 polyclonal primary
antibody at a concentration of 1:200 (Santa Cruz
Biotechnology, Santa Cruz, USA) overnight at 4 °C in a
refrigerated environment. This was followed by applica-
tion of biotin-labeled secondary antibody (ABC kit, PK-
6200, Vector laboratories, Burlingame, CA, USA) at 1:5
dilution for 30 min. Colorimetric detection was done with
a diaminobenzidine substrate (DAB, SK-4100, Vector
laboratories, Burlingame, CA, USA) and hematoxylin
(Merck, Darmstadt, Germany). For a negative control,
the primary antibody was omitted, and PBS alone was
applied.

The immunostaining was assessed according to the pres-
ence of the immunomarkers qualitatively and semi-
quantitatively in five pre-determined fields using a scoring
scale ranging from 1 to 4 (1 = absent, 2 = slight, 3 = moderate,
and 4 = intense) for immunohistochemical analysis. The anal-
ysis was performed by observers in a blinded manner.

ELISA assays for synovial fluid analyses

In order to obtain the synovial fluid, the cavity was lavage
with 0.1 mL saline, and 0.1 mL synovial fluid was aspirated
and centrifuged for 10 min at 4500 rpm. Then, the supernatant
was stored in Eppendorf tubes at —80 °C. Concentrations of
tumor necrosis factor-oc (TNF-x) in synovial fluid samples
were measured using the rat TNF-o ELISA Kit (R&D
Systems, Minneapolis, USA), following the manufacturer’s
recommendations. Reactions were read (Bio-Tek
Instruments, Winooski, USA) at 450 nm and expressed in
pg/mL.

Quantitative real-time polymerase chain reaction
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used

to isolate total RNA from the cells. In brief, TRIzol re-
agent was added to the sample and then chloroform was
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mixed vigorously with the sample and centrifuged at
12,000g for 15 min at 4 °C. Following, the aqueous phase
of the sample was collected and mixed with isopropanol
and centrifuged. After, the extract was washed with 75%
ethanol. Successively, the RNA pellet was dissolved in
RNase-free water, and concentration and purity were de-
termined using Nanoview (Life Technologies, Carlsbad,
USA). RNA samples with an A260/A280 ratio < 1.8 were
excluded.

Total RNA was reverse-transcribed into cDNA, and then
the cDNA samples were subjected to quantitative real-time
polymerase chain reaction (QRT-PCR) using the Applied
Biosystems StepOne'™ Real-Time PCR System (Life
Technologies, Carlsbad, USA). Oligonucleotide primers were
designed for (actin, Collagen 2, and TGF-3 (Table 2) using
the Primer Express Software 2.0 (Applied Biosystems, Foster
City, USA). All real-time primers were initially tested against
standards, and a standard curve was generated.

The PCR conditions were 10 min of denaturation at
94 °C, followed by 40 cycles consisting 15 s of denatur-
ation at 94 °C, 1 min of annealing at 60 °C, and 45 s of
extension at 72 °C, with a final extension step at 72 °C for
2 min. In addition, negative control reactions with no
template (deionized water) were included in each run.
The housekeeping gene used to normalize expression data
was Pactin. The 2-AACT method was used for the analy-
sis of relative gene expression.

Statistical analysis

The normality of all variable’s distribution was verified using
Shapiro—Wilk’s W test and homogeneity with Levene. The
analyses pH versus time, degradation rate, cell proliferation,
OARSI score system, ELISA assays for synovial fluid, and
quantitative real-time polymerase chain reaction (COL-2 and
TGF-3) were data with homogeneous and normal distribu-
tion, thus one-way ANOVA was used with the Tukey test.
However, the optimization of the gelation kinetics, determina-
tion of cell metabolic activity, and immunohistochemistry
analysis exhibited non-normal and non-homogeneous data.
Thereby, it was performed ANOVA and the Kruskal-Wallis
test with the Mann—Whitney post-test. The GraphPad
Software (PRISM; La Jolla, CA, USA) was used to carry
out the statistics analysis. Values of p <0.05 were considered
statistically significant.

Results
Characterization of the chitosan hydrogel

For pH versus time analysis, 1 min after measurement, a
significantly lower value was observed in hydrogel
30 U mL/10 M compared with 30 U mL/7.5 M, 50 U mL/
7.5M, and 50 UmL/10 M. Additionally, the 30 UmL/7.5M
showed a lower pH value compared with 50 U mL/7.5 M and
50 UmL/10 M. In the second period analyzed (after 3 min),
30 UmL/7.5M continued with significantly lower pH values
when compared with 50 U mL/7.5 M and 50 U mL/10 M.
Similarly, 30 U mL/10 M demonstrated lower statistically
significant difference compared with 50 U mL/7.5 M and
50 U mL/10 M. Additionally, in the same period, hydrogel
50 U mL/10 M demonstrated higher values of pH compared
with 50 U mL/7.5 M. For 10 min after measurement, it was
possible to verify that hydrogel 50 U mL/7.5 M exhibit pH
significantly higher compared with 30 U mL/10 M.
However, when this hydrogel was compared with 50 U mL/
10 M, the results showed a difference significantly lower of
pH value for 50 U mL/7.5 M. For the last period, hydrogel
50 U mL/10 M continued with higher pH compared with
30 UmL/7.5 M and 50 U mL/7.5 M. Interesting, hydrogel
50 U mL/7.5 M demonstrated lower statistically significant
difference compared with 30 U mL/10 M. The final pH
values were controlled by the amount of urea with the highest
pH values observed for hydrogel containing the highest urea
concentrations (Fig. 1a).

Figure 1b demonstrates the evaluation of the gelation
time. Values found for hydrogels containing 30 U/mL
urease and 7.5 M urea were significantly higher compared
with the values for the other concentrations. Furthermore,
hydrogels containing 50 U/mL urease and 10 M urea pre-
sented a statistically smaller concentration when com-
pared with other concentrations.

The percentage of remaining weight after 15, 30, and
60 days mainly depended on the urease concentration, with
degradation increasing with increasing urease concentration.
Hydrogel containing 50 U/mL urease and 10 M urea demon-
strated a higher increase in the degradation rate when com-
pared with hydrogel containing 30 U mL/7.5 M and hydrogel
30 U mL/10 M, after 15 days. In addition, hydrogel 50 U/mL
urease and 7.5 M urea presented a higher degradation rate
compared with hydrogels containing 30 U mL/7.5 M and
hydrogel 30 U mL/10 M, after 60 days (Fig. 1c).

Table 2 Real-time PCR primers
Gene

Forward primer

Reverse primer

Bactin
Col-2
TGF-

ACCAGTTCGCCATGGATGAC
CCTTCCCATTGTTGACATTGC
AAGTGGAATGGGTCGGAAATT

TGCCGGAGCCGTTGTC
TCCACACCAAATTCCTGATCAG
TGAAGGGTGTTCCAAAAACTGA
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Fig. 1 Characterization of the chitosan hydrogel. a pH as a function of
urease and urea concentration. b Gelation time (min) as a function of
urease and urea concentration. ¢ Degradation curves for the various
hydrogels after soaking for 15, 30, and 60 days in PBS containing
1.5 pg/mL ™" lysozyme. Significant differences of p < 0.05 are represent-
ed by single asterisk (*) and @ versus 30 U mL/7.5 M, 50 U mL/7.5 M,

In vitro experiments
Determination of cell metabolic activity

Figure 2a shows the metabolic activity of rat chondrocytes.
On days 1, 3, and 5, the cell metabolic activity was signifi-
cantly higher for CG compared with Ch and Ch/PBM.
Interestingly, Ch/PBM was significantly increased compared
with Ch only on day 1.

Cell proliferation

Cell proliferation for the chondrocytes is shown in Fig. 2b. For
cell proliferation, CG showed significantly lower DNA con-
tent values compared with Ch and Ch/PBM on day 1.
Interestingly, after 3 days, it was possible to observe a signif-
icantly increase DNA content values in CG when compared
with Ch and Ch/PBM. At the same period, Ch/PBM showed a
significant increase in DNA content values compared with
Ch. After 5 days, CG presented a statistically significant in-
crease DNA content values compared with Ch/PBM.
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and 50 U mL/10 M. + versus 50 U mL/7.5 M and 50 U mL/10 M. #
versus 50 U mL/7.5 M and 50 U mL/10 M. & versus 50 U mL/7.5 M. %
versus 50 U mL/7.5 M and 50 U mL/10 M. $ versus 30 U mL/10 M and
50 U mL/10 M; ++ versus 30 U mL/7.5 M and 50 U mL/7.5 M; § versus
30 U mL/10 M. € versus 30 U mL/7.5 M and 30 U mL/10 M. o versus
30 UmL/7.5M and 30 U mL/10 M

Animal experiment
Histological descriptive analysis

Figure 3a demonstrates an overview of the histopathological
analysis of the cartilage tissue for the experimental groups. In
the first experimental period, all treated groups presented sim-
ilar histological findings, with moderate sings of degradation,
vertical fissures extending into the mid zone, and
hypercellularity of the chondrocytes most prominently adja-
cent to fissures.

After 8 weeks, histopathologic evaluation exhibited in-
tensesignsofdegradation, with superficialzone delamination
oftheentire cartilage surface, clustering of chondrocytes, and
cystformation within the cartilage matrix in CG. Similar, sec-
tions from Ch presented fissures and fibrillation along the
entire cartilage, abnormal chondrocyte orientation, and pro-
liferation along the superficial layer. However, for Ch/PBM,
itpresented lessintense sings oftissue degradation with initial
surface discontinuity at the superficial zone and disorganiza-
tion of the chondrocytes in the cartilage region when com-
pared with CG.
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OARSI score system

Figure 3b shows the OARSI evaluation for cartilage degenera-
tion. No statistically significant differences were detected among
the experimental groups after 4 weeks. In addition, the OARSI
score for cartilage degeneration showed a significantly higher
score for CG when compared with Ch/PBM, after 8 weeks.

Immunohistochemistry analysis

Qualitative evaluation demonstrated that IL-4 immunostain-
ing was observed mainly in the nucleus of the chondrocytes
for all experimental groups (Fig. 4a).

In the first experimental period, semi-quantitative analysis
demonstrated no statistically significant differences detected
among the groups. Additionally, immunohistochemistry
semi-quantitative analysis showed significantly lower IL-4
expression for CG compared with Ch after 8 weeks of treat-
ment. No other difference was observed between the treated
groups (Fig. 4b).

ELISA assays for synovial fluid analyses

TNF-o¢ concentration in synovial fluid was markedly
increased in all groups. A significant decrease in
TNF-x concentration was evident in Ch and Ch/PBM
compared with CG after 4 weeks. However, no signifi-
cant difference was found in the TNF-« after 8 weeks
(Fig. 5).

Quantitative real-time polymerase chain reaction
COL-2 gene expression

Figure 6a shows the results of gene expression of COL-
2. No significant difference was found among the ex-
perimental groups after 4 weeks. In addition, the gene
expression analysis exhibited a significant increase of
COL-2 observed in the Ch compared with the CG and
Ch/PBM.
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Fig. 3 a Histological descriptive
analysis. Organization of
chondrocytes (arrow), fibrillation
and irregularities (arrowhead),
joint cartilage (JC), subchondral
bone (b). (Stain: HE; scale bar:
100 um). b OARSI score system.
Significant differences of p < 0.05
are represented by a single
asterisk (*). CG, control group;
Ch, chitosan group; Ch/PBM,
chitosan and PBM group

a CG

4 Weeks

8 Weeks

Ch Ch/PBM

Score

HCG

I uch

LICh/PBM

8 weeks

4 weeks

TGF-B gene expression

The relative gene expression showed that Ch and Ch/PBM
increase TGF-f3 expression compared with CG after 4 weeks.
No other difference was observed between the treated groups
after 8 weeks (Fig. 6b).

Discussion

This study aimed to investigate the in vitro and in vivo re-
sponses and cartilage repair potential of PBM associated with
chitosan hydrogels. The main findings showed that it was
possible to control the pH and hence the kinetics and degra-
dation of chitosan hydrogels. The in vitro experiments showed
that chondrocytes remained viable and proliferate on chitosan
with or without PBM. In addition, in vivo experiments dem-
onstrated the Ch/PBM and Ch produced a chondroprotective
effect by modulate inflammation, stimulating as anabolic ef-
fectors, which can slow the progression of OA.
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It is well known that PBM is able of decrease the level of
cartilage damage and produce a better tissue structure,
biomodulating the inflammatory process and reducing swell-
ing. Moreover, chitosan can be used for different applications
such as articular viscosupplementation, which is a interven-
tion that proposes through an intra-articular injection of chito-
san to deal with OA symptoms and to restore joint function
(Pallotta etal. 2012). Thus, it was expected that the association
of the viscosupplementation and PBM would culminate in an
earlier resolution of the inflammatory process and reduce car-
tilage damage.

In order to explore the efficacy of chitosan as a potential
viscosupplementation material in articular cartilage repair, a
chitosan hydrogel with enzymatic control was used. Thus, this
study showed that final pH values and gelation time of chito-
san hydrogels were controlled by the concentration of urease
and urea. These results corroborate with other studies that
used pH-induced monolithic hydrogels which can be pro-
duced via uniform neutralization of slightly acidic chitosan
solutions with ammonia generated from enzymatic hydrolysis
of urea 30. Moreover, the literature shows that higher
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urease and urea caused hydrogel to have faster gelation
(Wlodarczyk et al. 2018). In addition, the study findings
showed that independent of urea and urease concentration,
the chitosan hydrogels resulted in a remaining weight of up
to 60% after soaking in lysozyme-containing PBS for 60 days.
Our results corroborate those of Yan et al. (2014b) that show
that degradation rates of chitosan at higher urease concentra-
tions were faster degraded.

Additionally, it was evaluated the in vitro cellular response
of PBM associated with chitosan hydrogel. In this study, cell
metabolic activity showed that all CG were significantly
higher compared with either Ch/PBM and Ch. However, all
Ch/PBM and Ch groups presented that cell viability still
reached 80% of that of the control. According to 33, cytotoxic
effect is considered when reduction of cell viability by more
than 30% occurs. Thus, these findings are supported by the
many in vitro studies that have already demonstrated that chi-
tosan is biocompatible and noncytotoxic (Yan et al. 2014b)
(Sivashankari et al. 2017). For cell proliferation, Ch/PBM and
Ch showed a DNA content peak on day 1, following with
DNA content decrease in 3 and 5 days. Similarly, other studies
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showed that PBM and chitosan promoted the cell proliferation
(Mighri et al. 2015; Wu et al. 2008).

Taken together, it is possible to suggest that these results
could be related to the cell density. Confluence conditions in
cell culture may interfere in replication and transcription, thus
modifying the apoptotic response observed in confluent pri-
mary cells (Carvalho et al. 2003). Thus, the increased cell
proliferation in Ch and Ch/PBM groups, on day 1, may have
promoted cell confluence which culminated in cell apoptotic
response. Thereby, it may explain the lower viability found in
the Ch and Ch/PBM compared with the control group. On that
way, it was showed that total number of cells and total cell
density increased with time, but after that, the higher-density
cultures expanded more slowly accompanied with high apo-
ptosis levels (Song et al. 2009).

In addition, it is possible that PBM parameters used in this
study promoted the dose-response, since it is well known that
there are dose-dependent effects of PBM and the “Arndt—
Schulz Law” is frequently quoted as a suitable model to de-
scribe the dose-response curve. Thus, weak stimuli slightly
accelerate vital activity, stronger stimuli raise it further, but a
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peak is reached and even stronger stimuli suppress it, until a
negative response is finally achieved, which determines that
stimulatory or inhibitory effects on biological tissues can be
elicited depending on the amount of energy (Hamblin et al.
2011; Huang et al. 2009). In view of the aforementioned, it is
possible to suggest that the energy from PBM, used in the
in vitro analysis, was too high and may have overstimulated
chondrocyte cells, preventing it to have a proliferation
increase.

Furthermore, in this study, the qualitative histological and
OARSI analyses showed similar findings in all groups in the
first experimental period. However, on week 8, Ch/PBM was
capable to attenuate OA modifications. It was recently dem-
onstrated that chitosan may be used as a unique biological
agent to prevent and treat osteoarthritis (Wu et al. 2008). It
has been reported that PBM has a stimulatory effect on carti-
lage metabolism (Assis et al. 2016; Bublitz et al. 2014), which
together with the chitosan ability to reduce the signs of syno-
vitis might further influence in preventing cartilage degrada-
tion (Kunanusornchai et al. 2016).

Some cytokines, such as IL-4, has been demonstrated to
have a chondroprotective effect, by regulating the anabolic
effectors which can slow the progression of OA
(Kunanusornchai et al. 2016). In the present study, immuno-
histochemistry analysis demonstrated an increased the IL-4
for Ch compared with other experimental groups after
8 weeks, indicating that this treatment had the ability to atten-
uate the progression of OA. In addition, it was demonstrated
that IL-4 is a chondroprotective agent which inhibits IL-13
and TNF-a synthesis (Nordback et al. 2015).

It has been known that excess production of the inflamma-
tory cytokines plays vital roles in the development of OA
(Vincent et al. 2013). Among these cytokines, TNF-« has
been shown to perform a pivotal role in OA as it contributes
to cartilage matrix degradation (Heikkil4 et al. 2017). TNF-«
could activate inflammatory cells, which subsequently synthe-
size others pro-inflammatory chemokines to maintain inflam-
mation in the development of OA (Mabey et al. 2016). Our
findings demonstrated that Ch/PBM and Ch decreased TNF-
expression after 4 weeks, which may interfere in proteolytic
pathways, exerting a protective effect against cartilage degra-
dation in induced OA in rats. Some studies have demonstrated
that PBM and Ch decreased pro-inflammatory cytokines such
as prostaglandin E2, IL-1(3, and TNF-o expression (Assis
et al. 2016; Azuma et al. 2015; Guo et al. 2011).

Thus, it is possible to suggest that Ch was capable to mod-
ulate the inflammation by reducing catabolic (TNF-o) and
stimulating anabolic cytokines (IL-4) which can result in a
chondroprotective effect. As a result, the chondroprotective
effect influenced the COL-2 expression observed in the Ch
group after 8 weeks, possibly by the stimulation of chondro-
cyte activity, and prevented matrix degradation. It is well
known that COL-2 is one of the main components of the

extracellular matrix and it is markedly degraded with the pro-
gression of OA (Zhou et al. 2016). Moreover, several evi-
dence have demonstrated that TGF-[3 favors the articular car-
tilage repair by stimulating events in chondrogenesis and the
production of ECM proteins such as type II collagen and
aggrecan (Finnson et al. 2012; Zhou et al. 2016). Thus, this
study showed that Ch and Ch/PBM increased TGF-f3 expres-
sion compared with CG after 4 weeks. It is known that TGF-f3
plays an essential role in cartilage integrity and that it is a
powerful tool to prevent or repair articular damage by
counteracting the deleterious effects of pro-inflammatory cy-
tokines (IL-13 and TNF-o) and inhibiting protease produc-
tion (Davidson et al. 2007; Roman-Blas et al. 2007). Our
results demonstrated that Ch and Ch/PBM could increase the
gene related to components of the cartilage extracellular ma-
trix, which can be related to the histological and immunobhis-
tochemistry analyses in the Ch and Ch/PBM groups. It was
expected that the association of the viscosupplementation and
PBM would culminate in a chondroprotective effect.
However, the findings demonstrated that PBM was not effec-
tive in producing any extra stimulus to tissue for OA treat-
ment. It is possible to suggest that these results could be relat-
ed to the PBM parameters used in the present study. Although
the effects of the PBM have been demonstrated by many au-
thors, the regulatory mechanisms of PBM on tissues are poor-
ly understood, especially when associated with a biomaterial.
It may be due also to the redox potential of the target cells,
which is associated with stimulation of cell function if it shifts
toward oxidation and with inhibition if toward reduction.
However, the reasons for the stimulatory and inhibitory effects
of laser on cartilage repair remain unclear and warrant further
investigation (Karu and Kolyakov 2005).

An important factor that should be considered in OA is the
pain, which is the main symptom. Clinical trials have demon-
strated that PBM has the ability to reduce swelling and pain
and increase the functional activity in knee OA patients
(Perrot 2015). Thus, PBM could be an effective therapeutic
modality used for pain relief and improvement of function in
patients with OA, mainly due to its ability to stimulate tissue
metabolism, modulate the inflammatory process, and thus in-
duce pain relief (Assis et al. 2016; Huang et al. 2015; Vassdo
et al. 2020).

In addition, it is known that the ends of the articulating
bones are covered with a layer of smooth, whitish tissue, the
articular cartilage. These bones move over one another, lubri-
cated by synovial fluid, a product of the synovial lining of the
joint. During movement, the synovial fluid acts as a lubricant
and shock absorber, protecting the articular cartilage and joint
structures from compressive and shear forces and thereby re-
ducing articular cartilage wear. Also, it supplies oxygen and
nutrients to the surrounding tissues and removes carbon diox-
ide and metabolic wastes. During osteoarthritis, synovial fluid
becomes less viscous and inflammatory substances come into
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direct contact with sensory nerve cells in the joint, producing
the sensation of pain (Chakrabarti et al. 2020).

In view of this, the use of viscosupplementation, medical
procedure during which a gel-like fluid is injected into the
knee joint, has been used as part of the therapeutic arsenal in
the conservative treatment of osteoarthritis of the knees
(Hunter 2015; Strand et al. 2015). Thus, hyaluronic acid is
currently used clinically as viscosupplements to relieve OA
pain (Bannuru et al. 2011; Webb and Naidoo 2018). The vis-
coelastic properties of hyaluronic acid are directly related to
molecular weight and concentration and are shear dependent.
With slow movement and low shear, the linear chains of
hyaluronic acid align slowly in the direction of the flow, and
hyaluronic acid becomes more viscous, acting as a lubricant.
In contrast, with faster impact, such as running or jumping,
hyaluronic acid has inadequate time to re-align and has greater
shock-absorbing properties. Thus, there is a need for more
studies to investigate other materials that could be used in
viscosupplementation (Henrotin et al. 2015).

There remains a need for robust scientific studies to help
reduce the uncertainty around viscosupplementation and its
role in a management strategy for OA. At the current time,
the place of viscosupplementation in therapy and the decision
as to which patient may be a candidate remain an individual-
ized choice for discussion between the patient and treating
physician.

This study was limited to a morphological protein and gene
evaluation, information on the influence of Ch or Ch/PBM
viscosupplementation on pain assessment. Also, it was per-
formed on only one Ch application, thus it is required to in-
vestigate about the viscosupplementation injection frequency.
Furthermore, there still is a need for additional high-quality,
randomized control trials with placebos or comparators to
clearly delineate the role of viscosupplementation in the treat-
ment of pain in OA.

Conclusion

The results found in the present study indicate that the Ch and
Ch/PBM prevented tissue degeneration by reducing catabolic
and stimulating anabolic cytokines which can result in a
chondroprotective effect. Therefore, these data highlight the
potential of the association of PBM with Ch, to be used as a
cartilage repair application.
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