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ARTICLE INFO ABSTRACT

Keywords: Intra-articular injection of hyaluronic acid (HA) is commonly used to treat early-stage articular cartilage lesions

Articular cartilage lesions (ACLs). While effective in restoring mechanical function, its long-term efficacy is limited by short stability and

MicrosFructured hyaluronic acid hydrogel modest chondroprotective activity. A promising approach to enhance clinical outcomes is to combine HA with

Glucosinolates bioactive compounds. Here, we developed a novel microstructured HA (HA-MPya-BGL) that releases benzyl-
glucosinolate (BGL), a glucosinolate (GLS) derived from the Brassicaceae family. HA-MPy-BGL was designed to
fulfil two essential requirements for cartilage repair: (i) improving the physicochemical properties of HA to
prolong its stability through the incorporation of HA crosslinked microparticles, and (ii) boosting its chon-
droprotective potential by exploiting the bioactivity of BGL. Additionally, HA-MPys-BGL was designed for tar-
geting GLS directly to the articular site, thus overcoming the limitations associated with oral supplementation.
HA-MPya-BGL demonstrated good rheological characteristics and exhibited resistance to enzymatic degradation
in vitro. Biological assays demonstrated its cytocompatibility and chondroprotective effects on human joint cells:
HA-MPya-BGL increased the expression of type 2 collagen, the major component of cartilage matrix, and reduced
the expression of degenerative markers such as type 1 and 10 collagens, matrix metalloproteinase-13 (MMP-13),
and A Disintegrin and Metalloproteinase with Thrombospondin motifs 5 (ADAMTS-5) in mesenchymal stromal
cells. Furthermore, HA-MPpa-BGL mitigated inflammation by reducing the nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkf) pathway in a co-culture of chondrocytes and synoviocytes. As a proto-
type of GLS-releasing HA, HA-MPya-BGL represents a significant advancement in infiltrative therapies and lays
the ground for further research on GLS-based treatments for ACLs.

1. Introduction diseases, and are recognized as a relevant orthopaedic problem world-
wide [1]. ACLs are mostly caused by trauma and osteoarthritis (OA) [2]

Articular cartilage lesions (ACLs) of the knee encompass a spectrum and, to a lesser extent, by osteonecrosis and osteochondritis dissecans

of damage, ranging from focal defects to advanced degenerative [1,2]. Because of its avascular nature, articular cartilage (AC) has
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limited access to growth factors and cells necessary for healing, which
leads to a poor capacity for self-repair during ACLs [3,4]. The most
critical concern is ACLs' triggered joint inflammation, which accelerates
cartilage degradation and disrupts polysaccharides like hyaluronic acid
(HA), chitosan, and chondroitine sulfate within the native extracellular
matrix (ECM). A reduction in these molecules can weaken joint tissues
[5], resulting in increased stiffness, swelling, and pain. In severe cases,
this can lead to reduced lubrication, diminished mechanical support,
impaired function, and ultimately to joint replacement surgery [6]. HA
is a polysaccharide that plays a significant role as a lubricant and shock
absorber; during ACLs, it is reduced in the synovial fluid (SF) due to
increased hyaluronidase (HAS) and reactive oxygen species (ROS)
activity.

Given the functional importance of such polysaccharides, several
viscosupplementation and tissue engineering strategies for ACL injuries
have been developed to restore the natural properties of articular
cartilage [7-9]. Moreover, they are particularly appreciated for their
biocompatibility, bioactivity and biodegradability, and greater stability
compared to proteins like silk, gelatin, and collagen [19]. Among these
options, intra-articular (IA) injections of HA [8,10] are one of the most
effective methods for enhancing the impaired viscoelasticity of the SF,
improving joint biomechanics, and protecting cartilage structure
[9,11,12]. Despite its advantages, current HA treatments have some
limitations, including a short duration within the joint, the requirement
for multiple injections, inadequate rheological and physico-chemical
properties, and sometimes adverse events (such as pain and reactions
at the injection site) [13-15].

To address these challenges, new methods have been developed to
chemically modify HA formulations. In particular, cross-linking re-
actions have been employed to increase HA's half-life and enhance its
residence time, resulting in improved health benefits [16,17].

In addition to viscosupplementation strategies, other treatment op-
tions for ACLs have focused on inhibiting inflammatory-catabolic pro-
cesses and improving chondroprotection. Advances in this field include
the local IA administration of anti-inflammatory drugs, maximising drug
effect directly at the site of action and minimizing their systemic side
effects [18,19]. Several approaches have combined HA (or other
hydrogels) with drugs such as dexamethasone [20] and ketoprofen [21].
In this context, natural compounds have been explored as potential
therapeutic alternatives to drugs due to their pleiotropic biological ef-
fects along with a safer profile [22-24]. However, the combination of
hydrogel with nutraceuticals has only recently emerged. Glucosinolate
(GLS)-based products, derived from cruciferous vegetables, first
emerged for their potential applications in cancer prevention. Then,
evidence of their anti-inflammatory and antioxidant effects revealed
broader benefits, particularly in chronic conditions [25], including
certain musculoskeletal disorders [26,27]. The benefits of oral GLS
administration have historically been ascribed to their highly active
breakdown products, isothiocyanates (ITC), which are produced by the
enzymatic action of plant myrosinase or gut bacteria [26,28,29]. In the
context of ACL injuries, GLS hydrolysis products showed the ability to
prevent cartilage destruction and chondrocyte degeneration [30,31].

Despite their potential, several limitations of ITC have been
described. First, the metabolism rates of GLSs to ITCs vary among in-
dividuals [32], and they also respond differently to ITCs [32]. Addi-
tionally, ITCs may interfere with the pharmacokinetics of other drugs
[33], have low stability due to their hydrophobic nature [34], and
display high reactivity in active microenvironments, such as those found
in ACLs. This reactivity can potentially generate ROS, exacerbating
oxidative stress and inflammation. Moreover, ITCs may lose effective-
ness under various conditions [35], partly because of their volatile na-
ture [36].

The evidence for a direct active role of GLSs in exerting health
benefits is growing [37-45], highlighting the potential to exploit their
inherent activity as safer molecules in comparison to their breakdown
products (ITCs). In this context, it is essential to note that, unlike ITCs,
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which are more easily distributed throughout the body [30], GLSs have a
limited ability to reach human tissues upon oral administration. GLSs
are hydrolysed into metabolites by myrosinase in the upper gastroin-
testinal tract or may transit to the colon (particularly if cooked crucif-
erous vegetables are ingested), where they are further hydrolysed by the
resident microflora [39]. Hence, the development of novel delivery
systems that can provide proper biologically active concentrations of
GLS at the site of injury is crucial for addressing this significant chal-
lenge and offering innovative treatment options. This transition from a
metabolite-centric perspective to an exploration of GLS action could
enhance our understanding and boost the use of these compounds in
clinical applications. Among various GLS-containing plants, those highly
rich in benzyl-glucosinolate (BGL), also known as glucotropaeolin, an
aromatic hydrophilic compound, have shown remarkable anti-
inflammatory and antioxidant effects, potentially beneficial for
arthritis [16,18,19,46].

This study aimed to use BGL as a representative active GLS to create a
novel prototype of injectable GLS-releasing HA microstructured hydro-
gel with the goal to facilitate future therapeutic applications through the
delivery of bioactive concentrations of BGL/GLS within the joint. In this
preclinical in vitro study, we particularly aimed to assess both the safety
and efficacy profile by examining BGL ability to inhibit inflammatory
mechanisms and promote chondrogenic differentiation, key processes
for promoting joint health and regeneration in vivo. To better mimic the
joint microenvironment, we adopted resident joint cells and selected
specific in vitro models to achieve reliable results that could maximize
the translational potential of our findings. The formulation, designed to
balance ease of injection and extended HA half-life, comprises BGL-
loaded crosslinked HA microparticles dispersed in a non-crosslinked
HA aqueous solution (Scheme 1). A comprehensive characterisation of
the developed system and its components was conducted, including
chemical, morphological, and rheological analyses, as well as the study
of BGL release kinetics. Subsequently, the BGL-loaded microstructured
HA underwent rigorous in vitro testing on human articular joint cells to
assess its safety (by viability, cytotoxicity, and cell morphology tests)
and efficacy (by assessment of anti-inflammatory activity and chon-
drogenesis). The general objective of this study was to boost the
advancement of HA-based IA therapy, exploiting the anti-inflammatory
and anti-catabolic properties of BGL, while offering an alternative
strategy to oral supplementation of GLS.

2. Materials and methods
2.1. Synthesis of crosslinked HA microparticles (MPya)

Crosslinked HA microparticles (MPya) were prepared by a water-in-
oil (w/0) emulsion following a procedure described by Seong et al. [47]
with some modifications. Briefly, HA powder (Hyaluronan sodium salt,
Contipro a.s., Czech Republic, MW: 1000-1250 kDa) was dissolved in
0.25 M NaOH to obtain a 5% w/v HA solution. After complete dissolu-
tion, the crosslinker, 1,4-butanediol diglycyl ether (BDDE, Thermo-
Scientific, Kandel, Germany) was added to the solution at different
concentrations (1%, 4%, and 10% v/v), and the final mixture was
emulsified in seed oil (6% v/v) on a magnetic stirrer at 1800 rpm for 48
h at 25 °C. At the end of the crosslinking reaction, the resulting micro-
particles (named MP[x]yga with x = 1, 4, or 10%) were vacuum-filtered
several times with acetone to remove oil residues, followed by repeated
washings with acetone-water gradient co-solvent and finally with pure
distilled water. The MP[x]ya were centrifuged three times at 10000 rpm
for 10 min and freeze-dried for 48 h. Preliminary chemical evaluations
were performed on MP[x]y to select the most promising % crosslinking
before preparing microstructured hydrogels.

2.2. Preparation of BGL-loaded MPys (MPya-BGL)

BGL (PhytoLab GmbH&Co, Germany) was loaded into the MPy, at
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Scheme 1. Schematic flowchart that combines the chemical and biological characterisations of the developed microstructured injectable BGL-releasing hyaluronic
acid (HA) for ACLs. A. Design and bioproduction: (1) synthesis of cross-linked microparticles (MPya); (2) production of dried MPy,; (3) formation of microparticles
loaded with BGL (MPya-BGL); (4) preparation of microstructured hydrogels (HA-MPya-BGL) by dispersion of microparticles in a non-cross-linked HA. B. Biological
characterisation of HA, HA-MPy,, and HA-MPy4-BGL: (5) assessment of cytocompatibility on CH (chondrocytes), OB (osteoblasts), MSC (mesenchymal stromal cells),
and SYN (synoviocytes); (6) evaluation of anti-inflammatory effect in co-culture systems with CH and SYN under interleukin beta (IL-1p) stimulation; (7) analysis of
regenerative effect in 3D pellet cultures of MSC in terms of chondrogenic differentiation. HA: hyaluronic acid; NMR: nuclear magnetic resonance; SEM: scanning
electron microscopy; OM: optic microscope; BDDE: 1,2-butanediol diglycyl ether; CH: chondrocytes; OB: osteoblasts; MSC: mesenchymal stromal cells; SYN: syn-
oviocytes; w/o: water in oil. Created in BioRender. Velino C. (2025) https://BioRender.com/yld9iki.

two concentrations. At first, 520 pL of two stock solutions of BGL dis-
solved in ultrapure water (0.06 mg mL™! and 0.12 mg mL™!) were
respectively added to 10 mg of dried MPy, and gently mixed to let the
particles swell and absorb BGL. BGL, absorbed by the microparticles, is
stabilized within the HA matrix primarily through hydrogen bonding
between the -OH groups of HA chains and -OSO3 and -OH groups of the
BGL. BGL-loaded MPy (MPya-BGL) were then lyophilised for 24 h to
eliminate the excess water and reconstitute the solid powder. Lyophili-
zation ensured the stable retention of BGL molecules within the parti-
cles. According to this procedure, the nominal final concentrations of
MPya-BGL were 0.31 wt% and 0.62 wt%.

2.3. Preparation of microstructured hydrogels

Preliminary evaluations were performed on different MPy, concen-
trations (6.6%, 10%, and 20% w/v) dispersed in a 10 mg mL ™! aqueous
solution of non-crosslinked HA to select the most promising in terms of
rheological properties or cytocompatibility, before preparing micro-
structured hydrogel loaded with BGL. 10 mg mL™! concentration was
selected to obtain viscosities comparable to those found in HA formu-
lations commonly used in clinical viscoscupplementation [8,11]. These
formulations were named HA-MPya 6.6%, HA-MPya 10%, and HA-
MPyp 20%, respectively. BGL-releasing microstructured hydrogels were
further prepared by dispersing MPya-BGL (0.31 / 0.62 wt%) at 6.6% in a
10 mg mL ! aqueous solution of non-crosslinked HA to obtain 5 uM and
10 uM BGL concentrations, named HA-MPya-BGL 5 and HA-MPy-BGL
10, respectively.

2.4. Enzymatic degradation tests

Tests of enzymatic degradation were carried out by placing the MPyp
in a shaking incubator at 37 °C for one week in a solution containing
hyaluronidase 1 (HAS) enzyme (Hyaluronidase from bovine serum,
400-1000 U mg ™, Sigma Aldrich) at two concentrations (10 U mL™*
and 100 U mL™ ). At predetermined time points (24 h, 48 h, 96 h and 1
wk), an aliquot of the solution was withdrawn to evaluate the particle
morphology with optical microscopy and rheological analysis.

2.5. Loading efficacy and release kinetics tests

The evaluation of loading efficacy (LE%) and the release kinetics
were conducted using a HA-MP[1]ya formulation loaded with a 0.62 wt
% solution of Rhodamine B (RhB) as a model molecule. RhB was chosen
due to its higher molar extinction coefficient compared to BGL, enabling
sensitive detection even at low concentrations. Briefly, RhB-loaded MP
[1]ga particles were placed in a modified open-ended Falcon tube. A 10
mg mL ! HA solution was added to reconstitute a HA-MP[1]ga.RhB
6.6% formulation. This tube was then placed inside a 50 mL Falcon tube
containing 10 mL of 0.01 M PBS (pH 7.4). A cellulose dialysis membrane
(14 kDa cutoff) separated the two solutions, allowing RhB exchange
between the particle dispersion and PBS. This double-tube system was
placed in a shaking incubator at 37 °C. At specific time intervals (30 min,
1h,2h,4h,6h,24h,48h, and every wk, up to 7 wks), the PBS solution
was analyzed by UHPLC-MS and replaced with fresh PBS.

2.6. Characterisation methods

Nuclear Magnetic Resonance (lH NMR) spectroscopy (Bruker
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Avance 600 MHz, Bruker, MA, USA) was used to determine the HA
degree of modification (MoD), as an estimation of the crosslinking de-
gree of the microparticles. Before the analysis, crosslinked MP[x]ya
were hydrolysed in a 1 M HCI solution for 24 h at 60 °C, then freeze-
dried for 24 h and finally dissolved in dg- dimethylsulfoxide. The MoD
was calculated by comparing the ratio of the relative peak integrals at §
=1.5and 6 = 1.77, corresponding to the methyl groups of BDDE and the
N-acetyl groups in HA, respectively, using Eq. (1):

MoD% = % x 100 €]

Scanning electronic microscopy (SEM) analysis was performed using
a Leica/Cambridge Stereoscan 360 (Oxford Instruments, UK), with an
accelerating voltage of 20 kV on gold-sputtered samples. Images were
taken at 300x and 2000 x magnification.

Optical microscopy (OM) images were captured using an Axioskop
microscope (Zeiss, West Germany) to determine particle diameter before
and after water absorption and calculate the swelling factor (SwF) by
applying Eq. (2):
Vwet - Vdry

dry

SWF% = x 100 2)

where Vye and Vqry are the volumes of the wet and dried particles,
respectively, calculated considering HA-MPyy4 spherical in shape. Image
analysis was performed with the free software ImageJ (ImageJ 1.52a
freeware) on more than a hundred particles, and values were calculated
as the average value + standard deviation.

Rheological characterisation was performed using an Anton Paar
MCR102 rheometer (Anton Paar GmbH, Graz, Austria) with a 25 mm
plate-plate configuration, keeping a plate-plate gap distance of 0.3 mm.
The temperature was controlled by the integrated Peltier system and a
Julabo AWC100 cooling system. The temperature varied from 25 °C to
37 °C, depending on the specific analysis. Amplitude sweep tests were
performed at a fixed frequency of 1 Hz by increasing the deformation
amplitude (y) from 0.1% to 1000%. This test determined the viscoelastic
properties (storage modulus: G’; loss modulus: G"). Viscosity (1) flow
curves were obtained using the same instrumental set-up in a controlled
shear rate mode. An increasing shear rate from 0.1 to 1000 s~! was
applied at 25 °C. Oscillatory Time sweep tests were performed at 0.5 Hz
with a fixed deformation amplitude of 0.1%, both 3 min after hydrogel
preparation (at 25 °C) and after its ejection from a 25-Gauge needle
(inner diameter 16 mm) (at 37 °C). Measurements of G’ and G’ were
taken throughout. Similarly, rotational time sweep tests were performed
at a constant shear rate of 0.1 s™1, both after hydrogel preparation and
after ejection from the needle, measuring viscosity. These experiments
aimed to assess potential changes in hydrogel rheological properties
during a simulated in vivo injection.

UHPLC—MS analyses were carried out on a Waters ACQUITY ARC
UHPLC/MS (Milford, MA, USA) system consisting of a QDa mass spec-
trometer equipped with an electrospray ionization interface and a 2489
UV/Vis detector (the detected wavelength was 300 nm). The separations
were performed on a Synergi Hydro column RP (4 pm particle size), 150
x 4.6 mm (Phenomenex, Torrance, CA, USA). The mobile phase was a
binary mixture of HoO (0.1% formic acid) and ACN (0.1% formic acid),
and an isocratic elution (50:50, v/v) at the flow rate of 1.1 mL min~! was
applied. 10 pL of the sample solution was injected. Electrospray ioni-
zation was performed in a positive mode in the mass scan range
50-1200 Da, detecting the Q(+) ion at 443 m/z.

2.7. Isolation of articular joint cells

The in vitro experiments were conducted on human chondrocytes
(CH), osteoblasts (OB), mesenchymal stromal cells (MSC), and syno-
viocytes (SYN) to explore the effects of our prototype on the primary cell
types present in the joint. This approach aims to enhance the
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translational potential of our preclinical in vitro studies.

CH, OB, MSC, and SYN were isolated from the femur, tibial plateau,
and synovium obtained from the clinical unit of the Rizzoli Orthopaedic
Institution in accordance with the approval of the Ethics Committee (CE
AVEC:34/2021/Sper/IOR; number: 0000929), and all participants
provided informed consent before their inclusion in the study.

CH were isolated from the femur of articular cartilage through an
enzymatic treatment. Briefly, cartilage fragments were enzymatically
digested with 13.25U mL ! pronase (Sigma Aldrich) for 1 h at 37 °C and
with 545 U mL~! collagenase II (Sigma Aldrich) for 1 h and 30 min at
37 °C in an incubator in a humidified atmosphere with 5% CO,. Cell
suspension was cultured in Dulbecco's Modified Eagle medium (DMEM)
(Fisher Scientific, Hampton, New Hampshire, US) with 10% fetal bovine
serum (FBS) (Euroclone, #ECS5000L). OB and MSC were isolated from
the tibial plateau, respectively, by mechanical and enzymatic isolation
procedures and Ficoll gradient separation. Briefly, fragmented bone
tissue was digested with 35.6 U mg™' of collagenase P (Roche Di-
agnostics, Monza, Italy) and suspended in an isolation medium ‘enzyme
medium’ (composed of Ham's F12 no calcium, DMEM no calcium, 25 pg
mL~! ascorbic acid, 100 U/100 pg Pen/strepto, 4 mM glutamine, and 2
mM calcium) for 2 h at 37 °C in a 5% CO; incubator. The bone chips
were then cultured in Petri dishes (Corning, 100 mm; approximately 1
mL of bone per dish) with complete medium. Supernatants, containing
MSCs, produced during mechanical isolation processes for obtaining
bone chips, were then stratified on Ficoll (Cederlane) during centrifu-
gation at 2500 rpm for 20 min. The resulting cell ring was collected,
washed, centrifuged at 1600 rpm for 7 min, and cultured in o-MEM +
15% FBS supplemented with 0.05 g/500 mL penicillin G, and 25 pg
mL~! ascorbic acid. SYN were isolated from synovium through me-
chanical separation and cultured in OPTIMEM (Life Technologies Italia,
Monza, Italy) with 10% FBS, supplemented with 100 U/mL penicillin-
streptomycin, in a humidified atmosphere, at 37 °C with 5% CO,. CH,
SYN, MSC, and OB were maintained in culture with medium changes
twice weekly and trypsinised with trypsin-EDTA solution upon reaching
90% confluence for subsequent biological assays.

2.8. Invitro studies on the cytocompatibility of HA-MPps and HA-MPya-
BGL: focus on several human joint cells

The cytocompatibility of microstructured hydrogels was evaluated at
24 and 72 h following the International Organization for Standardiza-
tion (ISO) 10993-5:2009 Part 5 standard [48].

Direct contact tests were preferred due to the unique characteristics
of the developed HA system, which made performing a conventional
extract test unfeasible. However, to gain more indications on the po-
tential toxic substances released from HA-MPy,a, we conducted a specific
experiment using a reliable alternative option, the transwell system. In
this setup, any leachable toxic substances from the system, placed in an
insert above the cell monolayer, can diffuse through the porous mem-
brane of the transwell and reach the underlying cells.

The cytocompatibility of the tested materials was assessed on four
distinct primary human cell cultures (CH, OB, SYN, and MSC) to
determine their overall biocompatibility with joint cells and their suit-
ability for musculoskeletal applications. Joints are complex anatomical
structures composed of multiple tissues, including cartilage, synovial
membrane, and bone, each characterised by specific cellular composi-
tions and biological functions. Because these tissues may respond
differently to implanted materials, it is essential to assess biocompati-
bility across diverse cellular environments. This comprehensive
approach helps minimize the risk of adverse reactions while boosting the
translational potential for tissue regeneration and functional recovery.

This direct approach allowed us to gain valuable insights into cell
interactions with the hydrogel as well as the biological responses (cell
behaviour, adhesion, and proliferation). For the cytocompatibility as-
says, all cell cultures, at passage 2, seeded at a density of 4 x 10 cells
per well in 48-well plates, were kept in culture medium at 5% CO5 and



L. Gambari et al.

37 °C to allow the formation of a half-confluent monolayer to ensure
adherence and progression to exponential cell growth. Subconfluency
and cellular morphology were verified before initiating the treatments.
The culture medium was carefully removed and discarded, and the
selected treatments were added in a final volume of 500 pL, ensuring
complete coverage of the cell monolayer. Regarding the microstructured
hydrogels, the non-crosslinked HA matrix was transparent at the optical
microscope, while the MPs were well visible as round materials with
different cell coverage depending on their concentration (6.6% and 20%
w/v). Simultaneously, negative and positive controls, including un-
treated/healthy cells (CTRL) and cells treated with 0.1% Triton™ X-100
(Sigma Aldrich, St. Louis, MO, USA) (TRY; as dead cell controls), were
prepared. Cell cultures were exposed to sample materials and analyzed
at two time points: 24 and 72 h.

2.8.1. Qualitative assessments of cytocompatibility

For qualitative evaluation, the interaction between cells and HA-
MPya or HA-MPya-BGL was observed with an inverted and fluorescence
microscope, focusing on examining general morphology, cell viability
and the absence of cell reactivity around and in direct contact with the
tested hydrogels.

Alterations in cell morphology were assessed by qualitative
morphological grading of cell reactivity performed with and without
metachromatic staining with toluidine blue (TB) at the inverted micro-
scope (Nikon Eclipse 90i). For TB staining, cells were incubated with a
0.1% TB solution (Sigma-Aldrich) for 30 s at RT, followed by three
washes with PBS-1x. Morphological and reactivity grading were
assessed according to ISO 10993-5:2009, reporting a grade from 0 (no
morphological changes and reactivity) to 4 (severe morphological
changes and reactivity). Moreover, qualitative assessment of cell
viability was performed with a Live/Dead (L/D) assay (Invitrogen,
Waltham, MA, USA) and neutral red uptake (NRU) test. Regarding the L/
D assay, cells were incubated with calcein-AM/ethidium bromide
working solution and then examined at the inverted fluorescent micro-
scope. Fluorescein isothiocyanate (FITC) and tetramethyl rhodamine
(TRITC) filters were used to assess the live (green staining) and dead (red
staining) cells, respectively. NRU test exploits the ability of cells to
incorporate this dye into their lysosomes [49]. After a washing step with
PBS-1x, cells were incubated with a 1.6% NR solution at 37 °C with 5%
CO; for 30 min and then monitored and captured at the inverted
microscope.

2.8.2. Quantitative assessments of cytocompatibility

Quantitative evaluations included the assessment of cell prolifera-
tion, inhibition of cell growth, and increase in cell death. In accordance
with the ISO 10993-5:2009 guideline, a reduction of cell viability
greater than 30% was considered indicative of cytotoxicity. After 24 and
72 h incubation, the culture medium was used for the LDH assay, and
400 pl of the appropriate assay-specific solutions were added to the cell
monolayer, according to the specific assay protocols (Alamar blue and
NRU tests). In particular, cell metabolism was evaluated with the Ala-
mar Blue assay, using Alamar Blue™ Cell Viability Reagent (Invitrogen,
Thermo Scientific, Waltham, MA, USA) diluted 1:10 in culture medium
and incubated at 37 °C with 5% CO, for 4 h. Absorbance measurements
were performed at 570 and 600 nm with the TECAN Infinite® 200 PRO
microplate reader (Tecan Italia S.r.l., Cernusco Sul Naviglio, Italy).
Cytotoxicity was also evaluated by measuring enzyme release from cell
cultures using a lactate dehydrogenase (LDH) assay kit (Roche, Man-
nheim, Germany). Following the manufacturer's instructions, 100 pl of
supernatants from both control and experimental groups were incubated
with the working solution containing the dye for about 20 min at RT,
followed by stop solution addition and, finally, absorbance was read at
492-620 nm with a TECAN microplate reader. Moreover, early cyto-
toxicity was assessed by the NRU test followed by the NR dye extraction
(extraction solution composed of 49% deionized water, 50% absolute
ethanol and 1% glacial acetic acid) and absorbance quantification (540
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nm) with a TECAN microplate reader.

2.9. In vitro studies on the anti-inflammatory and regenerative potential
of HA-MPy5-BGL

The efficacy of microstructured hydrogels was evaluated in specific
in vitro models that mimic the joint microenvironment, considering the
multifaceted aspects of OA that affect cartilage repair. This evaluation
focused on three key aspects: the hydrogel anti-inflammatory properties,
pro-chondrogenic effect, and anti-catabolic actions. By addressing these
interconnected factors, this study aimed to provide a comprehensive
understanding of how microstructured hydrogels could facilitate carti-
lage repair in the ACL setting.

2.9.1. Effect of HA-MPya-BGL on inflammation

To evaluate anti-inflammatory activity, an in vitro model of
inflammation was set up by co-culturing human CH and SYN at a ratio of
3:1 in a 24-well plate using a total volume of 1 mL (total number of cells
seeded 16 x 10%). The cultures were maintained in DMEM medium at
37 °C with 5% CO». After 24 h from cell seeding, the co-cultures were
stimulated with interleukin 1 p (IL-1p) at a concentration of 10 ng mL ™
(Cell Guidance Systems, Cambridge, UK) and treated or not with HA-
MPya-BGL 5/10 up to 7 days. The co-cultures of CH and SYN stimulated
with IL-1 B represented the control group. All samples were observed
with the inverted microscope and acquired to detect any signs of cyto-
toxicity. Supernatants from the co-cultures were collected to assess
cytotoxicity through the LDH test, as detailed in the section on cyto-
compatibility. Cells were harvested for analysis with the quantitative
reverse transcription-polymerase chain reaction (QRT-PCR). In partic-
ular, RNA was extracted from co-cultures using RNA pure solution
(Euroclone, Milan, Italy), treated with DNase I (DNA-free Kit, Ambion,
Austin, TX, USA) and then reverse transcribed using SuperScript™
VILO™ cDNA Synthesis Kit (Life Technologies) on 2720 Thermal cycler
(Applied Biosystem, Life Technologies) at 25 °C for 10 min, 42 °C for 60
min, 85 °C for 5 min, and 4 °C for 30 min. Forward and reverse primers
for the PCR amplification of key inflammatory markers are detailed in
Table S2 and include nuclear factor kappa-light-chain-enhancer of
activated B cells (NFKp), induced nitric oxide synthase (iNOS), inter-
leukin 6 (IL-6), Monocyte Chemoattractant Protein-1 (MCP-1), and
cyclooxygenase-2 (COX2) - as well as two critical catabolic markers,
metalloproteinase 13 (MMP-13) and A Disintegrin And Metal-
loproteinase With Thrombospondin Motifs 5 (ADAMTS-5), which are
highly expressed in OA. SYBR Premix Ex Taq (TaKaRa Biomedicals,
Tokyo, Japan) was used for Real-Time PCR, that was run in a LightCycler
Instrument (Roche Molecular Biochemicals) as follows: 1 cycle (activa-
tion) at 95 °C for 10 s; 40 cycles (amplification) at 95 °C for 5 s (dena-
turation), at 60 °C for 20 s (annealing/extension); 1 cycle (melting
curve) at 95 °C (denaturation), at 65 °C for 15 s (annealing), at 95 °C
(extension); cooling 40 °C for 30 s. PCR products were relatively
quantified with the comparative CT method, compared to the house-
keeping mRNA expression of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (Table S2).

2.9.2. Effect of HA-MPys-BGL on chondrogenic differentiation

For chondrogenic differentiation, pellet cultures of expanded human
MSCs (5 x 10° MSC/pellet) were first obtained through centrifugation at
1400 rpm for 7 min and then incubated at 37 °C with 5% CO- for
approximately one week. These pellet cultures were then treated with
HA-MPya-BGL while immersed in a 500 pl of chondrogenic medium
(high-glucose DMEM (Gibco, Thermofisher Scientific, Monza, Milan, IT)
with 50 mg mL~! insulin-transferrin-selenium -+ premix (BD Bio-
sciences, Franklin Lakes, New Jersey, US), 10% FBS, 1077 M dexa-
methasone, 50 pg mL ™! ascorbate-2phosphate, 1 mM sodium pyruvate,
and 100 U mL™'-100 pg mL™! pen-strepto, all from Sigma Aldrich)
supplemented with the chondrogenic factors 10 ng mL~! TGF-p3 (Cell
Guidance Systems, Cambridge, UK). The culture medium and HA-MPy-
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BGL were replaced twice a week, and pellet cultures were analyzed after
21 days. Samples were fixed with 4% paraformaldehyde (Sigma Aldrich)
for 15 min at RT, snap-frozen in liquid nitrogen using the Tissue-Tek®
optimal cutting temperature (OCT) compound (Sakura Finetech, CA,
USA), and sliced into 10 pm sections with a cryostat. Sections were
stained with Gill IIl Haematoxylin for 30 s at RT, rinsed in tap water for
10 min, and then stained with 0.1% safranin O for 3 min and 0.03% fast
green for 5 min at RT to assess tissue architecture and proteoglycan
content. Moreover, the safranin-O/fast green staining was semi-
quantified using Bern's score, which is commonly employed to eval-
uate cartilage cultures and engineered pellets in vitro. This scoring
method assesses specific parameters, including safranin stain, cell
morphology and cell spacing, through a microscope (Nikon, Melville,
NY, USA) [50]. The score ranges from 0 to 9, where a lower score in-
dicates optimal chondrogenesis and a higher score suggests no chon-
drogenesis. Immunohistochemistry for type 1 collagen (COL1), type 2
collagen (COL2), type 10 collagen (COL10), MMP-13, and ADAMTS-5
was carried out with a colorimetric kit (Biocare Medical, Walnut
Creek, CA, USA). Briefly, sections were incubated for 90 min at 4 °C with
anti-human antibodies against COL1 (clone 5D8-G9, Sigma Aldrich, 5
pg mL™1), COL2 (clone 6B3, Sigma Aldrich, 5 pg mL™!), COL10 (Sigma
Aldrich, 0.5 pg mL™1), MMP-13 (R&D Systems, Minneapolis, MN; 5 mg
mL*I), and ADAMTS-5 (MyBioSource, 5 pg mL ). After three washes
with PBS-1x, the sections were incubated with a multi-linker bio-
tinylated secondary antibody and alkaline phosphatase-conjugated
streptavidin for 20 min at RT (Biocare Medical, Pacheco, CA, US). Fast
Red solution (Biocare Medical) was applied for colorimetric reactions,
and the nuclei were counterstained with Gill IIl haematoxylin for 30 s at
RT before being rinsed with tap water. Sections were evaluated under an
Eclipse 90i microscope (Nikon), and microscopic fields (20x magnifi-
cation) for semi-quantitative analysis were examined using the Hue/
Saturation/Intensity system, with results expressed in percentages,
where 100% represents maximum positivity and 0% denotes minimum
positivity. Data of protein expression obtained by immunohistochem-
istry quantification were further analyzed by calculating specific ratios,
usually adopted to evaluate cartilage quality, due to their ability to
discriminate between healthy tissue (high COL2, low COL1, low MMP-
13) and fibrocartilage or degenerated tissue (high COL1, high MMP-13
and ADAMTS-5). In particular, we examined COL2/COL1, COL2/
COL10, COL2/MMP-13, and COL2/ADAMTS-5 ratios. The COL2/COL1
ratio was used to assess the chondrogenic differentiation, estimating a
good chondrogenesis (high ratio) or fibrocartilage formation (low ratio).
The COL2/COL10 ratio was used to provide insights into the progression
toward a mature chondrogenic phenotype versus a hypertrophic state.
COL2/MMP-13 and COL2/ADAMTS-5 ratios were used to give more
information on the tissue neo-formed after chondrogenic differentiation,
by measuring the balance between cartilage formation and degradation.
Increased ratios of COL2/COL1, COL2/COL10, COL2/MMP-13, and
COL2/ADAMTS-5 indicate a favourable environment for cartilage
development and maintenance.

2.10. Statistical analysis and software

GraphPad Prism 10 software was used for statistical analysis. The
Kolmogorov-Smirnov (K-S) test was used to assess data distribution.
Outliers, checked by a ROUT (Q = 1%) test, were removed from each
data set when present. Single-factor analysis of variance (ANOVA) was
employed to assess the statistical significance of the results. We per-
formed a two-way ANOVA and Dunnett's multiple comparisons test for
analyses of biocompatibility (Alamar blue, LDH and NR) and effect
(chondrogenesis and inflammation). p < 0.05 (*), p < 0,01 (**), p <
0.001 (***), and p < 0.0001 (****) were considered statistically
significant.
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3. Results and discussion
3.1. Influence of crosslinking on MP[x]ya swelling and rheology

The MP[x]ys were obtained using an inverse w/o emulsion by
crosslinking HA with BDDE, selected for its better biodegradability and
cytocompatibility compared to other crosslinkers [51]. Analysis of the
peaks at 1.76 and 1.55 ppm in the 'H NMR spectra (Figs. S1, S2, S3)
allowed us to calculate the degree of modification (MoD) [94], whose
values are reported in Table 1. The data show that the MoD lineraly
increases with the amount of BDDE added during the crosslinking
reaction.

The w/0 microemulsion resulted in the formation of nearly perfectly
spherical and homogeneous microparticles with a diameter in the range
of 50-90 pm, as observed from both SEM and OM (Fig. 1, Table 1).
According to Fig. 1 and Table 1, the amount of BDDE influences particle
size, as higher crosslinker concentrations resulted in larger particles. To
understand MPya behaviour in solution, the mean diameter distribution
of dry and swollen particles was determined by OM both in water and in
a 10 mg mL~! HA solution, and the corresponding swelling factor (SwF)
of the MPy were calculated (Fig. 1, Table 1). As evidenced by the mean
diameter variations between dry and swollen MP[x]ys with different
BDDE concentrations, a higher crosslinking degree resulted in less par-
ticle swelling (with the SwF of differently crosslinked samples being
statistically different (p < 0.0001)). Additionally, all types of MPya
swelled more in water than in the non-crosslinked HA solution (p <
0.0001). SEM micrographs provided a closer look at the MP[x]y, surface
morphology: as expected, particle porosity was influenced by the
amount of crosslinker used during synthesis (Fig. 1), with an increase in
BDDE concentration that led to a pore size decrease.

Besides affecting the swelling behaviour, the crosslinking degree
plays a crucial role in injectable materials, as it regulates the mechanical
and rheological properties of the resulting microstructured-HA hydro-
gel. Amplitude sweep tests and viscosity flow curves were carried out to
evaluate how the crosslinking degree impacts the overall mechanical
response of the microstructured hydrogels, obtained by dispersing MP
[x]ua in water at different concentrations (i.e. 6.6, 10, and 20% w/v,
Fig. S4). The same tests were carried out for comparison on a non-
crosslinked HA solution (10 mg mL™1), which exhibited, as expected,
an evident liquid-like behaviour (Fig. S5). As shown in the supporting
information (Fig. S4), all the H,O-MP[x]y4 formulations exhibit gel-like
behaviour (storage modulus G' > loss modulus G"). The only exception is
given by HoO-MP[10]y4 6.6%, corresponding to the highest crosslinking
ratio and the lower particle concentration, which displays a liquid-like
behaviour (G’ > G), likely due to MP poor swelling in an aqueous me-
dium. G' and G’ were significantly affected by the extent of crosslinking.
Specifically, the two moduli decreased by nearly two orders of magni-
tude from Hy0-MP[1]ga to HyO-MP[10]ya across all tested particle
concentrations. This trend can be attributed to the swelling behaviour of
MP[x]ya, as lower crosslinking leads to a higher swelling factor. Vis-
cosity (1), on the other hand, showed a less pronounced variation with
the crosslinking degree, with the most significant difference observed
between HoO-MP[10]ga and the other two formulations. When evalu-
ating the effect of particle concentration on G, G" and 7, an overall in-
crease in these parameters was observed with increasing MP[x]ya
content. This effect was more pronounced for lower crosslinked particles
(MP[1]ya), which displayed the stiffest behaviour.

3.2. Effect of crosslinking degree on rheology

Two-component microstructured hydrogels were obtained by
dispersing MP[x]ya at varying concentrations (6.6, 10, and 20% w/v) in
a 10 mg mL™! aqueous solution of non-crosslinked HA. This two-
component system was designed to function as both a viscosupple-
ment and a delivery system for GLS. HA was chosen as it is one of the
main components of the AC and SF, thus it is considered an attractive
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Table 1
Degree of modification (MoD), mean diameters (D) and Swelling Factor (SwF) in HA solution and H,0 of MP[x]ya with different crosslinker concentrations. Mean +
SD.
Sample BDDE (% v/v) MoD (%) Dyry (pm) Dyerrzo (Hm) Dyerria (pm) SWFr20 (%) SWFga (%)
MP[1]ga 1 10.5 48 + 10 204 + 44 181 + 40 74+ 6 53+7
MP[4]ya 4 15.0 70 + 14 242 + 40 193 + 34 57+8 23 +4
MP[10]ga 10 31.7 87 +17 247 + 64 245 + 26 24 +3 18+7
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Fig. 1. Morphological characterisation of MP[x]ya. (A-C): SEM micrographs of MP[1]ya (A), MP[4]ya (B), and MP[10]ya (C), at 300x (left) and 2000x (right);
(D-F): OM photographs of MP[1]ya (D), MP[4]ya (E), and MP[10]ya (F), captured before (left) and after swelling (right) in HA solution. Scale bar: 15 pm (SEM
300x); 5 pm (SEM 2000x); 100 pm (OM pictures); (G-I): mean diameter distribution of dry and swollen particles in water (blue curve) and in HA (red curve) of MP

[11ua (G), MP[4]ua (H), and MP[10]ga (D).

material to develop tunable hydrogels for ACLs, being superior to other
polysaccharides in terms of lubricating activity [52]. Understanding the
physical properties and interactions within this two-component system
is crucial for predicting its clinical outcomes in treating ACLs. Therefore,
a thorough rheological characterisation was carried out to optimize the
microstructured hydrogel formulation in terms of MPya crosslinking
degree and concentration, considering Hymovis®, a commercial HA
hydrogel widely used in clinics [53], as a benchmark. The effect of MP
[x]ga concentration is highlighted in Fig. S6 for HA-MP[1]ya, HA-MP
[4]1ga and HA-MP[10]ga. As expected, increasing particle concentration
results in an increase in both G' and G'.

On the other hand, the effect of the crosslinking degree is reported in

Fig. 2. When comparing particles with different crosslinking degrees
added at the same concentrations to the HA solution, we observed that
the highest G' values (Fig. 2, left column) were associated with the
formulation containing the least crosslinked particles (HA-MP[1]ya),
consistent with the results obtained from the HoO-MP[x]ya dispersion
previously described in Section 3.1. In terms of viscosity (Fig. 2, right
column), all tested hydrogel formulations display lower viscosities at
low shear rates compared to the commercial product Hymovis®. Inter-
estingly, as the crosslinking degree increases, the viscosity progressively
decreases. This trend culminates in the sample HA-MP[10]ya, which
exhibits a viscosity similar to that of the non-crosslinked HA solution.
Like Hymovis®, hydrogels exhibit a shear-thinning behaviour, where
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Fig. 2. Effect of MPy, crosslinking degree on the rheological properties of microstructured hydrogels. Amplitude sweep tests (left) and viscosity flow curves (right)
for HA-MP[x]ya formulations with varying degrees of crosslinking (x = 1, 4, 10) at A) 6.6% w/v, B) 10% w/v, and C) 20% w/v.

viscosity decreases with increasing shear rate. This non-Newtonian
behaviour is crucial for injectable materials, as the high shear stresses
encountered during injection cause a massive decrease in viscosity,
thereby facilitating injectability. The enhanced characteristics of the
two-component system are evident when comparing the rheological
behaviour of the MP[x]ya with the same crosslinking degree and con-
centration dispersed in HA vs water (referred to HA-MP[x]ya and H2O-
MP[x]ya, respectively): the soluble HA enhances the stiffness of the
hydrogels by increasing both G' and G’ (Fig. S7), as well as the viscosity

(Fig. S8), thereby proving the stabilizing effect of the HA matrix in the
formulation.

Lastly, time sweep tests and rotational sweep tests (Fig. S9) carried
out on HA-MP[x]ya at 6.6 w/v revealed that, when hydrogels are sub-
jected to high shear stress that mimics injection conditions, they display
good recovery of both G' and G" (Fig. S9A) as well as of viscosity
(Fig. S9B). This confirms the gel-like behaviour's preservation and the
mechanical features' overall maintenance. Importantly, these findings
indicate good injectable performance while retaining the desired
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properties for functioning as a possible viscosupplement in the articular
joint.

Rheological characterisation identified HA-MP[1]yy, at all the con-
centrations tested, as the most promising candidate for an injectable
viscosupplement. Among the tested formulations, it exhibited the
highest G’ and G, indicating a strong and elastic material. Furthermore,
HA-MP[1]ya displayed a higher viscosity than HA-MP[4]ya and HA-MP
[10]ga, suggesting its potential to effectively restore the impaired
rheological and lubricating properties of the articular joint in ACLs.
Additionally, it demonstrated good resistance to high shear stresses and
a good recovery of its properties after a simulated injection. At low shear
stresses, HA-MP[1]ya displays a lower viscosity than the commercial
product Hymovis®, which could lead to a low perceived injection pain.
Based on these combined properties, HA-MP[1]y, (hereafter referred to
as HA-MPy,) was chosen for further chemical and biological evaluation.

3.3. Invitro cytocompatibility assessment of HA-MPy

Several cytocompatibility analyses were carried out by direct
methods, which are highly recommended to study any intended use of
an implantable biomaterial in direct contact with the patient's tissue at
long term [54]. In particular, we tested the least (HA-MPyy 6.6%) and
most concentrated (HA-MPya 20%) microstructured hydrogels,
comparing them to the non-crosslinked HA solution (10 mg mL™1),
which served as a control group to test potential harmful effects after
chemical modification.

Figs. 3A and 3B show the results of Alamar blue quantification,
expressed as a percentage of proliferation compared to untreated cells
(CTRL) at 24 h and 72 h post-treatment, respectively. This assay relies on
metabolically viable cells to convert a substrate into a coloured product.
As expected, treatment with TRY resulted in a significant decrease in cell
proliferation (p < 0.0001). Interestingly, joint cells exhibited various
responses in terms of proliferation to the two tested HA-MPya concen-
trations. In particular, treatment with HA-MPy, 6.6% in all cell types
tested did not reduce proliferation at both 24 and 72 h, similarly to the
HA solution. Conversely, treatment with HA-MPya 20% demonstrated a
time-dependent reduction in cell proliferation compared to CTRL, but
the effects varied among joint cells. Notably, OB showed an early
decrease in proliferation by 34% (p < 0.01) at 24 h, which increased to
57% (p < 0.05) at 72 h. Conversely, HA-MPya 20% did not significantly
reduce cell proliferation in CH, SYN, and MSC at 24 h, yet it led to
substantial decreases at 72 h, with reductions of 67% (p < 0.001), 58%
(p < 0.001), 56% (p < 0.05) for CH, SYN and MSC, respectively. The
mean values of proliferation inhibition observed after treatment with
HA-MPy, 20%, exceeding 30% in OB at 24 h and in CH, OB, SYN and
MSC at 72 h, suggest a potential cytotoxic profile for the highest con-
centration of MPya microparticles, according to ISO 10993-5:2009 [55].

Assessments of the cell-biomaterial interaction using inverted mi-
croscopy and cell morphology with TB staining further supported Ala-
mar blue findings, as reported in Figs. S10 and S11. HA and HA-MPy,
6.6% groups showed approximately 80-90% cell confluence and
maintained a morphology and a metachromatic stain comparable to the
CTRL, whereas the HA-MPya 20% group showed lower cell confluence,
low methacromatic stain and moderate morphological changes for all
cell types, including enlarged cytoplasm, increased cytoplasmic pro-
cesses, elongated shapes and release of small particles (Fig. S10). The
microscopic analysis indicated a good interaction between HA-MPy,
6.6% and all cell types, which is critical for successful tissue engineering
approaches (Fig. S11). In particular, we observed cell surface attach-
ment to HA-MPyy 6.6% (indicated by M) with no cell lysis and reduction
of cell growth, reporting a grade 0 of reactivity in accordance with ISO
10993-5:2009. In contrast, cells treated with HA-MPya 20% exhibited
some signs of morphological degeneration with different degrees of
morphological and reactivity changes at 24 and 72 h and different cell
sensitivity, especially at 24 h. In particular, we noticed in OB at 24 h,
rounded cells and not more than 50% inhibition and reactivity zone
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limited to the area under specimens (grade 2), while CH, SYN and MSC
displayed no cell lysis or round cells and only a slight non-significant
inhibition of cell growth (grade 0). At 72 h, all cell types displayed
moderate morphological and reactivity changes (grade 3), reporting
rounded cells or lysed cells and approximately 60-70% growth inhibi-
tion and reactivity changes limited to the area under the specimen
(grade 2). These characteristics reflect a clear reactivity, typically
associated with a degeneration zone and lysis of cells around the tested
biomaterials [55].

Overall, HA-MPyp 20% displayed changes in cell-biomaterial in-
teractions, cell morphology, and metabolic activity, which may result
from the cytotoxic effects of the material or from either alterations or
injuries caused by the direct contact of cells with the microparticles.
Notably, microparticles appear as dense, rounded structures, which
hinder the visibility of the underlying cell layer; moreover, due to their
heavier weight compared to the non-crosslinked HA, they do not remain
in suspension; instead, they settle at the bottom of the well, creating
varying coverage over the underlying cell layer based on the concen-
tration used. In particular, when using HA-MPy, at a concentration of
6.6%, we observed that a significant portion of the cell monolayer was
visible beyond the non-crosslinked HA. Conversely, when the HA-MPyp
20% system was employed, visualizing the underlying cell layer was
challenging due to the near-complete coverage by HA-MPya 20%. This
observation led us to hypothesize that the inhibition of cell metabolism
by HA-MPy, 20%, detected by the Alamar blue assay, may result from a
reduced oxygen concentration caused by the extensive coverage of the
monolayer cell culture by the microparticles dispersed in HA. Indeed,
this feature can be attributed to the choice of in vitro direct contact
methods, which are often more susceptible to mechanical damage and
may also experience inadequate delivery of nutrients and oxygen/CO; to
the cells, especially when using hydrogels [55].

To test this hypothesis, we performed a limited investigation
involving HA-MPys 20% treatment on each cell type, comparing the
direct versus indirect contact method. In the indirect contact scenario,
the HA system was confined within a transwell chamber, while the cells
were placed at the bottom of the wells. These findings indicated that
each cell type exhibited metabolic inhibition when in direct contact,
whereas no inhibition was noted when in indirect contact, thereby
supporting our hypothesis (Fig. S12).

To further ascertain the presence of cytotoxicity, we employed a
comprehensive set of methods according to ISO 10993-5:2009. This
approach was aimed at minimizing potential bias that could arise from
relying on a single cytotoxicity assay, as no single test can definitely
indicate cytotoxicity. The analyses were performed only at 72 h, which
represented the time frame exhibiting the most significant metabolic
impairments. Initially, we performed the LDH assay, which indicated no
cytotoxicity for both HA-MPyp 6.6% and HA-MPya 20% (Fig. 3C). The
LDH assay is a widely recognized method for evaluating cytotoxicity by
measuring the release of LDH enzyme into the culture medium following
damage to the cell membrane. However, some authors have noted that
the LDH test may be less sensitive than the NRU or MTT assays in
detecting early cytotoxicity. Our results align with this evidence,
prompting us to conduct further analyses to assess cell viability using
two methods that are more sensitive to early toxicity: the L/D analysis
and the NRU method (Figs. 3D, S13A). In particular, ISO standards re-
gard lysosomal integrity, as detected by the NRU method, as a highly
sensitive indicator of cell viability. The L/D assay confirmed the lack of
cytotoxicity for HA-MPya 6.6%, whereas some dead cells were observed
after treatment with HA-MPy 20% in CH, OB, and SYN (Fig. S13B). The
NRU assay showed high viability (indicated by red positivity) of CH, OB,
SYN, and MSC under all tested conditions, except for the control of cell
mortality (TRY) and the treatment with HA-MPya 20%, which displayed
reduced NRU levels (Figs. 3D, S13A). The NR dye was extracted and
quantified, showing a slight increase in viability after the treatment with
HA-MPyp 6.6% for CH (14%), OB (22%), SYN (10%) and MSC (27%)
compared to the CTRL. Conversely, treatment with HA-MPya 20%
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Fig. 3. Biocompatibility of HA and HA-MPy, 6.6% and 20% on cells of the articular joint. A-B) Histograms of the metabolic activity assessed by Alamar blue test at
24 and 72 h for chondrocytes (CH), osteoblasts (OB), synoviocytes (SYN), and mesenchymal stromal cells (MSC) of untreated cells (CTRL), trytonX-100 treated (TRY),
hyaluronic acid treated cells (HA), cells treated with crosslinked HA microparticles dispersed in a 10 mg mL ! aqueous solution of non-crosslinked HA at 6.6% (HA-
MPyp 6.6%) and 20% (HA-MPy, 20%). ****p < 0.0001: CTRL versus TRY in CH, OB, SYN and MSC at 24 and 72 h; **p < 0.01: CTRL versus HA-MPya- 20% in OB at
24 h; ***p < 0.001: CTRL versus HA-MPy4- 20% in CH and SYN at 72 h; *p < 0.05: CTRL versus HA-MPy,- 20% in OB and MSC at 72 h. C) Graphical representation
of the cytotoxic activity assessed by the LDH test at 72 h for CH, OB, SYN and MSC of CTRL, TRY, HA, HA-MPy, 6.6%, and HA-MPy,a 20% treated cells. ****p <
0.0001: CTRL versus TRY in CH and SYN at 72 h; **p < 0.01: CTRL versus TRY in OB at 72 h; ***p < 0.001: CTRL versus TRY in MSC at 72 h; ***p < 0.001: CTRL
versus HA in CH and SYN at 72 h; ****p < 0.0001: CTRL versus HA in OB and MSC at 72 h; **p < 0.01: CTRL versus HA.MPy4 6.6% in OB at 72 h; ****p < 0.0001:
CTRL versus HA.MPy, 20% in MSC at 72 h. D) Graphical representation of the Neutral Red (NR) absorbance at 72 h for CH, OB, SYN, and MSC of the CTRL, TRY, HA,
HA-MPy, 6.6%, and HA-MPy, 20% groups. **p < 0.01: CTRL versus TRY in CH at 72 h; *p < 0.05: CTRL versus TRY in ON and MSC at 72 h; ***p < 0.001: CTRL
versus TRY in SYN at 72 h; *p < 0.05: CTRL versus HA-MPya 20% in CH at 72 h; **p < 0.01: CTRL versus HA-MPy, 20% in SYN at 72 h.

resulted in a significant decrease in viability (indicated by decreased red 3.4. Crosslinking-mediated stabilization of microstructured hydrogels
positivity) for CH (67%, p < 0.05) and SYN (52%; p < 0.0001) at 72 h, against degradation
while showing a non-significant decrease for OB (16%) and MSC (46%).

According to the ISO 10993-5:2009 standard [55], samples are deemed In vivo degradation of HA viscosupplements by HAS is a major
cytotoxic if the NR signal drops below to 70% of the CTRL [55]. Despite concern in OA treatment, affecting their efficacy [112]. To this end, the
the observed decrease in viability, these data indicate the lack of cyto- HA-MPy, 6.6% formulation was tested against enzymatic degradation
toxicity, with borderline values for CH. Collectively, our data indicate to evaluate its response to HAS activity, by in vitro mimicking enzymatic
that the treatment with HA-MPya 6.6% is cytocompatible, similar to degradation occurring in the articular microenvironment during OA
reference HA. In contrast, HA-MPya 20% showed decreased cell prolif- [56]. Two HAS concentrations were selected based on degradation
eration accompanied by some signs of early toxicity, characterised by studies reported in the literature [57]. When incubated with HAS 10 U
lysosomal and nuclear damage, along with metabolic impairment, mL~! (Fig. 4A-C) at physiological conditions (PBS, 37 °C), HA-MPya
occurring before any permanent damage to the cell membrane. Based on exhibited good stability in terms of morphological and rheological fea-
these data, we selected HA-MPy, 6.6% as the optimal condition for tures for up to 96 h: the particles maintained their spherical shape
loading the GLS molecule, BGL. during this time, and the rheological parameters (G, G’ and ;) showed a
— oh B10 ] —on
10%n—u —— 24h 1 — 24h
E et —— 96h o b —— 96h
38 eseglCog 1w 'EA 1w
/] Ry %00 g ] M a
oo B0l 9000, T
- E o—0——0-00 'GE’U o —_ b a .
00100_ e 085 w100y a * ~
Eg _I-IIIIII-..-:-. SG“O_,\ E':- A“ A“ -‘.‘“
o 1 = - o - i A
il E '::. 810"+ e ta, e
| - n e A -
10 i A L
107 & 4 A i bt |
3 badoa abhad
10 T T T 10° T T T J
1 10 100 1000 1 10 100 1000
Shear Strain (%) Shear rate (s™)
100
C 24h ~ D e RhB@HA-MP[1],4 6.6%
e e RhB@HAyy 10 mg/mL
80 - - o ”
L ]
L s o o
& °
o 00 °
— 1)
© " °
o
L 404 p:
o)
1w 2 g
7 20 o
: 3
0 e T T T T T I Ll
— 0 7 14 21 28 35 42 49
Time (days)

Fig. 4. A) Amplitude sweep test and B) viscosity flow curves measured after different times of enzymatic degradation of HA-MPy, 6.6% system at HAS concentration
of 10 UmL ™! (24 h, 96 h, and 1 week). C) Optical microscopy images of MPy, at 24 h and 1 week (scale bar: 50 um). D) Kinetic release profiles of RhB from the non-
crosslinked HA solution (black curve) and the HA-MP[1]ya (red curve).
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slight decrease, albeit their gel-like behaviour was preserved. However,
after 1 week of incubation, a significant drop in both modulus and vis-
cosity was observed. Since the particles remained intact (Fig. 4C), this
suggests that the non-crosslinked HA matrix was primarily degraded by
the enzyme. As expected, this effect was more pronounced at a higher
enzyme concentration (100 U rnL’l) (Fig. S14). Here, the complete
degradation of soluble HA occurred within 24 h, while particle degra-
dation appeared to start only after 1 week. These results underscore the
efficacy of crosslinking in stabilizing the material against enzymatic
degradation, even at high enzyme concentrations. The greater resistance
of HA-MPy, to enzymatic degradation suggests a longer duration in the
OA joint and more effective action than non-crosslinked HA.

3.5. RhB loading and kinetic release study

The feasibility of delivering a bioactive molecule via an injectable
microparticle system offers the advantage of IA administration, thereby
enhancing the functionality and bioavailability of the substance
compared to oral delivery. Release profiles were obtained for two for-
mulations: the first involved the direct loading of RhB as a model
molecule within the 10 mg mL ! non-crosslinked HA solution (HAsoL),
and the second involved RhB loaded within the MP[1]ya particles before
dispersion in the HA solution (Fig. 4D). Consistent with previous ob-
servations, this particular formulation was chosen for its optimal rheo-
logical profile and demonstrated good cytocompatibility. Consequently,
other formulations were not subjected to drug release testing in this
phase. The release data for both formulations were fitted with the
Weibull function, a commonly used empirical equation for describing
drug release kinetics [58,59]. This model was chosen due to its flexi-
bility in adapting to diverse release kinetics from complex matrices. The
Weibull model provided an excellent fit (R2 > 0.999, Table S1) for both
RhB release profiles, revealing key differences driven by HA cross-
linking. After 7 weeks of in vitro experiment, HA-MPy, released ca.
62% of the encapsulated molecule while HAgop, released ca. 82%.
Additionally, the shape parameter (4) was higher for HA-MPy, than for
HAgoL (suggesting swelling/erosion-controlled, sigmoidal release from
the particles rather than a diffusion-driven process for the non-
crosslinked solution). The lower maximum release and the g > 1 value
for HA-MPy, distinctly highlight the effective role of particle cross-
linking in significantly retarding and modulating the release kinetics
of the model drug compared to the simpler, faster release from the non-
cross-linked solution. This gradual release is likely to occur in vivo, of-
fering a promising approach to addressing the inflammatory charac-
teristics of the OA microenvironment. Initially, this system can provide a
rheological effect, and subsequently, it is expected to exert bioactive
effects through the release of the BGL compound. This dual function
could significantly enhance the treatment outcomes for OA.

3.6. Cytocompatibility assessment of HA-MPya-BGL 5 and HA-MPyy,-
BGL 10

Assessing cell viability and activity is imperative for the future
application of any developed biomaterial. To evaluate the safety profile
of HA-MPys loaded with BGL at a concentration of 5 pM and 10 pM, we
performed several in vitro direct contact analyses on articular cells, as
detailed above. Including all these cell types is important for the
translational relevance of our assays because, in vivo, IA delivery of this
HA-MPya-BGL system will interact with these cells, directly contributing
to its effectiveness in repairing ACLs. HA-MPya was used as a control
group to assess the effects of the addition of BGL.

Fig. 5A shows the quantitative analysis of the proliferation rate with
the Alamar blue test in the CTRL and experimental groups at 72 h.
Treatment with HA-MPya-BGL 5 led to a slight decrease in the prolif-
eration rate for most cell types compared to the control, except for MSCs.
However, the average values of proliferation inhibition remained below
the 30% threshold. This indicates that the delivery system used in our
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culture conditions lacks cytotoxicity, in accordance with ISO 10993-
5:2009. Notably, HA-MPya-BGL 10 treatment resulted in a prolifera-
tion rate that was similar to the CTRL for CH and SYN, while OB and
MSC exhibited higher values than the CTRL, though not statistically
significant.

The microscopic analysis (Fig. 5B) and TB staining (Fig. S15) show
cells morphology similar to CTRL cells and that cells adhered to HA-
MPya-BGL 5 and 10 without displaying any signs of ‘reactivity’: no cell
lysis and reduction of cell growth was detected, reporting a grade O of
reactivity in accordance with ISO 10993-5:2009.

The cytotoxicity assay, measured by LDH levels and reported in
Fig. 5C, indicated that HA-MPyj, both alone and when loaded with 5 pM
and 10 pM BGL, is not cytotoxic to any of the cell types tested. Of note,
treatments with HA-MPya, HA-MPya-BGL 5, and HA-MPya-BGL 10
showed lower cytotoxicity values than the CTRL, reaching the most
significant decrease in MSC (p < 0.0001). Results from the NRU assay,
which evaluates the ability of live cells to incorporate NR in lysosomes,
are shown in Figs. 5D and S16A. All cell types showed NRU in the
lysosomal anionic sites, indicating cell viability, with particularly higher
measurement values after the treatments with HA-MPya-BGL 5 and 10.
However, HA-MPya-BGL 5 in CH showed a significant decrease (p <
0.05). Fig. S16B illustrates cell viability assessments using the L/D assay,
where both the CTRL and experimental groups showed 95% of live cells
with intact membranes, stained with a green dye and no red staining.
These findings confirm the results obtained from the NRU test, rein-
forcing the biocompatibility and non-cytotoxicity of the HA-MPy, and
HA-MPya-BGL treatments.

From a biological view, using HA as a matrix and MPy,a as the
encapsulation method for BGL creates a biomimetic environment that
promotes positive cell responses. Specifically, both the HA-MPys-BGL 5/
10 systems demonstrated a good cytocompatibility profile, showing
optimal cell viability and no signs of cytotoxicity across all cell types,
particularly for SYN and MSC, with no notable differences between the
two doses. Although a slight inhibition of proliferation rate was
observed at 24 h, remaining below 30%, all cell types showed an
increased proliferation rate over the long term. This indicates no
metabolic changes, consistent with the limits proposed by ISO-
9001:2009.

3.7. Assessment of chondroprotection by HA-MPya-BGL

Recognizing ACLs as joint organ disorders characterised by a com-
plex interplay of inflammatory and catabolic processes that result in
joint degeneration and reduced capacity for cartilage regeneration, this
study was specifically designed to evaluate the effects of HA-MPya-BGL
in modulating processes associated with ACLs.

3.7.1. Assessment of anti-inflammatory effects by HA-MPya-BGL

To provide proof-of-principle for HA-MPya-BGL effectiveness in
modulating inflammation, we established a co-culture of primary
human CH and SYN under IL-1f stimulation. This co-culture model was
preferred over monocultures of CH, as it better mimics the crosstalk
between cartilage and synovium, which is crucial in regulating inflam-
mation, offering a more reliable assessment of the potential effects of IA
delivery of novel therapeutics. Exogenous stimulation with IL-1p was
chosen as it is one of the master inflammatory cytokines implicated in
arthritic joint damage and is highly expressed in osteoarthritic CH and
SYN [5]. Here, we observed that treatments with HA-MPya and HA-
MPya-BGL exerted an anti-inflammatory effect compared to IL-1p-
stimulated control (Fig. 6). IL-1p-treated cells displayed a worse
morphology than HA-MPya and HA-MPya-BGL-treated groups, sug-
gesting a protective effect of HA-MPya both alone and in combination
with BGL (Fig. 6A). To further assess their potential benefits on articular
cell viability during inflammation, we conducted the LDH assay. Inter-
estingly, this analysis revealed a significant decrease in LDH release after
the treatment with HA-MPya (p < 0.01) and HA-MPy-BGL at both 5 and
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Fig. 5. Viability and cytotoxicity evaluations of HA-MPyp 6.6%, HA-MPys-BGL 5 and HA-MPy4-BGL 10 on cells of the articular joint. A) Histograms of the metabolic
activity assessed by Alamar blue test at 72 h for chondrocytes (CH), osteoblasts (OB), synoviocytes (SYN), and mesenchymal stromal cells (MSC) of untreated cells
(CTRL), trytonX-100 treated (TRY), hyaluronic acid treated cells (HA), HA-MPy, 6.6%, HA-MPya-BGL 5 and HA-MPy4-BGL 10. ****p < 0.0001: CTRL versus TRY in
CH, OB, SYN and MSC at 72 h; ***p < 0.001: CTRL versus HA-MPy4-BGL 5 in CH and SYN at 72 h; *p < 0.05 CTRL versus HA-MPy-BGL 5 in OB at 72 h; *p < 0.05
CTRL versus HA-MPya-BGL 10 in CH at 72 h; **p < 0.01 CTRL versus HA-MPy,-BGL 10 in SYN at 72 h. B) Representative inverted microscopic images of HA-MPyja-
BGL 5 and HA-MPys-BGL 10 in CH, OB, SYN and MSC at 72 h. Scale bar: 50 pm (lower panel). C) Graphical representation of the cytotoxic activity assessed by LDH
test at 72 h for CH, OB, SYN, and MSC of CTRL, HA-MPy5 6.6%, HA-MPya-BGL 5 and HA-MPy-BGL 10 treated cells in the control and experimental groups. ****p <
0.0001 CTRL versus TRY in CH, OB, SYN and MSC at 72 h; **p < 0.01 CTRL versus HA-MPy, in OB at 72 h; *p < 0.05 CTRL versus HA-MPy, in SYN at 72 h; **p <
0.0001 CTRL versus HA-MPy, in MSC at 72 h; ****p < 0.0001 CTRL versus HA-MPy-BGL 10 in OB at 72 h; ***p < 0.0001 CTRL versus HA-MPy-BGL 10 in MSC at
72 h. D) Graphical representation of the NR absorbance for CH, OB, SYN, and MSC in the control and experimental groups at 72 h. **p < 0.01 CTRL versus TRY in CH;
’ip < 0.05 CTRL versus TRY in OB, SYN and MSC; *p < 0.05 CTRL versus HA-MPy,-BGL5 in CH.
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Fig. 6. Anti-inflammatory evaluations for HA-MPy, alone and in combination with BGL 5 pM and BGL 10 puM in chondrocyte/synoviocyte co-cultures. A) Repre-
sentative images of cell monolayers at inverted microscope at 72 h. Scale bar: 50 pm. B) Graphical representation of LDH activity. C-I) Graphical representation of
mRNA expression (%GAPDH) expressed as fold increase vs IL-1p treatment of inflammatory markers NFkB, iNOS, COX-2, IL-6, MCP-1, MMP-13, and ADAMTS-5 in
the IL-1p, HA-MPy and HA-MPy,-BGL 5/10 treated groups. *p < 0.05: IL-1f versus HA-MPy4 and HA-MPya-BGL 5/10 for NFkB; **p < 0.01: IL-1f versus HA-MPyya-
BGL 5 for iNOS; **p < 0.01 IL-1p versus HA-MPy, and HA-MPya-BGL 5/10 for iNOS; **p < 0.01: IL-1B versus HA-MPya-BGL 5 for COX-2.

10 pM concentrations (p < 0.001), compared to the IL-1p-stimulated Overall, these data suggest a protective effect of IL-1p treatment by
control (Fig. 6B). Moreover, gene expression analysis showed a reduc- HA-MPya-BGL. Notably, plants known to contain BGL showed remark-
tion in mRNA expression of NFkB (p < 0.05) and some of its downstream able anti-inflammatory properties. Similarly, treatment with ethyl ace-
effectors (Fig. 6C-1). In particular, the most significantly downregulated tate fraction from the roots of Brassica rapa has been shown to inhibit

gene was iNOS, which exhibited a 50% inhibition with HA-MPy, and a pro-inflammatory mediators (including COX-2 and iNOS) through the
70-80% inhibition by HA-MPya-BGL at both 5 and 10 pM concentra- suppression of NFkB in both an arthritis rat model and
tions (p < 0.01). MMP-13 showed a marked inhibition of approximately lipopolysaccharide-treated murine macrophages [76]. However, these

80% in response to each treatment, although this effect was not statis- preclinical studies did not determine whether the observed biological
tically significant. COX-2 exhibited a more modest inhibition (20-30%), effects were exclusively attributable to BGL or its metabolite. Interest-
achieving statistical significance solely for HA-MPpa-BGL 5 (p < 0.01). ingly, our findings indicate that BGL within HA-MPya reduces the
Conversely, neither HA-MPya nor HA-MPya-BGL effectively inhibited expression of some inflammatory markers, suggesting that it may
the IL-1p-mediated activation of IL-6, MCP-1 and ADAMTS-5. partially mediate the beneficial effects of these extracts. Overall, these
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results underscore the potential role of HA-MPya-BGL in influencing key
biological mechanisms associated with joint degradation by modulating
IL-1p-induced NFkp signalling. Inhibiting inflammation at the early-
stage of ACL is crucial for reducing the OA progression [5], potentially
making this approach a ‘safer’ alternative to current oral anti-
inflammatory drugs.

3.7.2. Assessment of chondrogenic effects by HA-MPya-BGL

In addition to addressing inflammation, enhancing the healing ca-
pacities of ACLs is another crucial factor in counteracting OA progres-
sion, as they do not heal spontaneously. Most treatment strategies focus
on promoting chondrogenic differentiation to restore ACLs [60]. To
date, there is no evidence directly linking the extracts of plants con-
taining BGL or BGL itself to the promotion of cartilage regeneration. To
thoroughly analyse the potential of HA-MPys-BGL 5 and 10 in pro-
moting cartilage repair, we tailored our research to assess its ability to
modulate MSC toward a chondrogenic phenotype. To this end, we used
one of the most reliable models: MSC pellet which are recognized for
their capability to activate signalling pathways that go beyond cartilage
repair, enhancing cell-cell and cell-matrix interactions. As shown in
Fig. 7A, treatment with HA-MPya-BGL 5 and 10 resulted in increased
glycosaminoglycan content, as indicated by safranin O staining, and
enhanced matrix organization, characterised by reduced cell density and
more rounded cell shapes compared to the CTRL group. To more accu-
rately assess cartilage differentiation, we employed a semi-quantitative
measure of tissue repair based on Bern's score, which ranges from
0 (indicating no chondrogenesis) to 9 (indicating good chondrogenesis).
The HA-MPya-BGL treatments at both 5 and 10 pM doses yielded higher
Bern scores, indicating better chondrogenic differentiation compared to
the CTRL (p < 0.001 and p < 0.0001, respectively), particularly with the
highest BGL dose (Fig. 7B). All sub-parameters assessed for calculating
the Bern score (cell morphology, matrix production and safranin-O)
supported this trend, especially for the HA-MPys-BGL 10 treatment.
Notably, the cell morphology parameter showed a significant difference
between HA-MPya-BGL 5/10, with the 10 pM dose demonstrating su-
perior outcomes (Fig. 7B).

Notably, most regenerative approaches often fail to achieve stable
cartilage repair due to the undesired formation of fibrocartilage [61]. In
our study, we examined a variety of immunohistochemical markers
crucial for AC repair. This included extracellular matrix synthesis
markers, such as COL2, fibrous and hypertrophic markers like COL1 and
COL10, and catabolic markers, such as MMP-13 and ADAMTS-5. Fig. 7A
indicates that cells treated with HA-MPya-BGL showed an increase in
COL2 levels, with the highest expression observed following the HA-
MPya-BGL 5 treatment (p < 0.01). As shown in Fig. S17, the positivity
for this typical marker of the articular cartilage is mainly localized at the
matrix level. Fig. 7C depicts an overall scenario where fibrous, hyper-
trophic, and catabolic markers were down-regulated after the treatment
of MSC pellets with HA-MPys and HA-MPya-BGL 5/10. Notably,
immunohistochemical analysis revealed a decrease in COL1 expression,
primarily located in the perinuclear area (Fig. S17) for both HA-MPy,
and HA-MPya-BGL 5/10, with a significant reduction observed only for
HA-MPya-BGL 5 (p < 0.05). Similarly, treatment with HA-MPyj, at both
5 and 10 pM exhibited a significant reduction of COL10 in the MSC
pellets, indicating a decreased tendency toward a hypertrophic state.
When evaluating the two key catabolic markers involved in OA pro-
cesses, we found that the HA-MPy combined with 5 pM BGL (p < 0.05)
was particularly effective in reducing the protein expression of these
markers. Additionally, to gain more insights into the tissue formed after
chondrogenic differentiation, we assessed various ratios of markers
implicated in extracellular matrix-based differentiation and remodelling
[62]. Fig. 7C indicates that treatment with HA-MPy, results in only a
marginal increase in the COL2/COL1 ratio, while a more significant
increase is evident after treatment with HA-MPya-BGL 5 (p < 0.01).
Although the HA-MPya-BGL 10 did not show a statistically significant
increase in the COL2/COL1 ratio, it displayed a tendency, similar to HA-
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MPya-BGL 5, to shift the balance toward a less fibrotic phenotype. In line
with these findings, we noted that HA-MPys-BGL 5/10 down-regulated
the COL2/COL10 ratio, indicating a reduced tendency of the neo-formed
tissue to shift toward a hypertrophic phenotype. Furthermore, we tested
the COL2/MMP-13 and COL2/ADAMTS-5 ratios to gain insights into
matrix turnover in MSC pellets treated with HA-MPya-BGL 5/10.
Interestingly, treatments at both doses were effective in lowering the
degradation index in favour of cartilage synthesis, suggesting their po-
tential to promote effective cartilage regeneration. Overall, these find-
ings highlight that HA-MPy, treatments, akin to CTRL cells, effectively
promote chondrogenic differentiation (as detected by COL2 expression),
but at the meantime increase markers associated with fibrosis, hyper-
trophy and catabolism. Conversely, HA-MPya-BGL shifts the differenti-
ation balance more favourably toward cartilage formation, resulting in a
reduction of fibrotic, hypertrophic, and catabolic markers.

Notably, HA-MPya-BGL induced a simultaneous downregulation of
MMP-13 and upregulation of COL2, both of which are well-established
targets of the NFkB signalling pathway [63]. Given the previously dis-
cussed data on inflammation, these preliminary results suggest that HA-
MPya-BGL may effectively inhibit NFkB activation, thereby exerting
both anti-inflammatory and chondroprotective effects. Specifically, we
found a direct downregulation of NFkB in CH and SYN. While we did not
address NFkB expression during chondrogenesis of MSCs, we observed
opposing changes in two key downstream targets of NFkB in MSC:
downregulation of MMP-13 and upregulation of COL2 [63]. This data
suggests a broad inhibition of NFkB by HA-MPys-BGL across various cell
types from the joint microenvironment. Moreover, it is conceivable that
the observed anti-inflammatory effects provide a favourable environ-
ment for chondrogenesis, reinforcing the dual role of HA-MPy,-BGL in
cartilage health.

3.7.3. Assessment of the combined effect of BGL and HA-MPy, on
chondrogenic differentiation

After testing the chondroprotective and regenerative potential of the
developed HA-MPy,-BGL system, further investigations were aimed at
determining whether the combined effects of BGL, MPya and HA would
be additive or synergistic in promoting chondrogenesis (Fig. 8). The
initial assessment, utilizing the Bern score to evaluate histopathological
outcomes, showed that BGL alone had significant chondrogenic effects
(p < 0.0001). The HA-MPy, group exhibited significant improvements
compared to the CTRL (p < 0.0001), suggesting that HA-MPys may
contribute positively to cartilage healing; however, the effects were
significantly lower than those observed with BGL alone. The HA-MPyja-
BGL treatment showed similar values to BGL alone. This data suggests
that the BGL is the dominant treatment influencing the morphological
characteristics of chondrogenic differentiation, and its combination with
HA-MPy, does not enhance or diminish its effects.

However, immunohistochemistry results revealed a synergistic effect
of the combined treatment. Treatments with either HA-MPya or BGL
resulted in low COL2 levels, indicating chondrogenic differentiation
similar to CTRL. In contrast, HA-MPya-BGL 10 (the combination of BGL
with HA-MPy,), significantly boosts COL2 expression compared to the
HA-MPya and BGL alone (p < 0.01). Similarly, COL1 expression
demonstrated a synergistic interaction between BGL and HA-MPyj.
Indeed, both HA-MPy, and BGL alone decreased COL1 levels (p < 0.01);
the combination (HA-MPys-BGL) showed lower levels than CTRL (p <
0.001).

Overall, these findings support the conclusion that combining BGL
with HA-MPyp exerts synergistic effects, making this treatment strategy
a promising candidate for intra-articular applications in cartilage repair.
The results advocate for further exploration of the HA-MPy-BGL system
in a clinical setting, given its potential to enhance cartilage repair and
address degenerative joint conditions. These conclusions highlight the
critical role of BGL in promoting chondrogenesis and underscore its
therapeutic promise in regenerative medicine focused on cartilage
repair.
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Fig. 7. Evaluation of the potential of HA-MPys-BGL 5 and 10 to promote chondrogenic differentiation and cartilage repair. A) Representative images: Safranin-O/
Fast Green staining showing CTRL, HA-MPyy 6.6%, HA-MPy-BGL 5 and 10 groups. Scale bar: 50 pm. Graphical representation of protein expression for COL2 in the
control and treated groups. B) Histological analysis: graphical representation of the Bern score for histological evaluation, detailing sub-parameters such as cell
morphology, matrix production and Safranin-O staining in CTRL, HA-MPy,, and HA-MPya-BGL 5/10 treated groups. Statistical significance: ***p < 0.001: CTRL
versus HA-MPy,-BGL 5 for Bern score; ****p < 0.0001: CTRL versus HA-MPy,-BGL 10 for Bern score. *p < 0.05: CTRL versus HA-MPy,-BGL 5 for COL1 and COL2. C)
Immunohistochemical parameters: graphical representation of typical fibrous (COL1), hypertrophic (COL-10) and catabolic (MMP-13 and ADAMTS-5) markers
involved in cartilage degeneration, along with their ratios as compared to COL2 expression. Statistical significance: *p < 0.05: CTRL versus HA-MPys-BGL 5 for
COL1; *p < 0.05: CTRL versus HA-MPy4-BGL 5 and 10 for COL10; *p < 0.05: CTRL versus HA-MPya-BGL 5 for MMP-13 and ADAMTS-5. The lower panel depicts the
ratios: COL2/COL1, COL2/COL10, COL2/MMP-13 and COL2/ADAMTS-5. Statistical significance: **p < 0.01: CTRL versus HA-MPys-BGL 5 for ratios COL2/COL1
and COL2/COL10; **p < 0.01: CTRL versus HA-MPya-BGL 5 for COL2/MMP-13 and *p < 0.05 for CTRL versus HA-MPys-BGL 5 for COL2/MMP-13; *p < 0.05 for
(ETRL versus HA-MPya-BGL 5 and BGL 10 for COL2/ADAMTS-5.
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Fig. 8. Graphical representation of the Bern score (A), and protein expression for COL2 (B) and COL1 (C) in the 3D pellet cultures of mesenchymal stromal cells in the
CTRL, HA-MPy,, BGL 10 and HA-MPya- BGL 10 groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Ordinary one-way ANOVA, Tukey's multiple
comparisons test.

3.8. Study limitations, strengths, and perspectives developing a specific and sensitive analytical method that can accu-
rately detect BGL in release solutions without interference from sur-
The integration of material science with biologically relevant mole- rounding factors. Also, examining different crosslinking degrees,
cules marks a relatively recent advancement. Previous studies have particle concentrations, and lubrication conditions could improve the
combined HA hydrogels with drugs targeting biological pathways, system's rheological and biological value.
demonstrating potential benefits for ACL repair [20]. Indeed, techno- To validate the positive effect of the HA-MPys-BGL system, our
logical advances in chemistry and tissue engineering have led to inno- research was performed on several types of human primary cultures,
vative hydrogel-based delivery systems for AC repair [64-66]. thus enhancing its clinical relevance. Specifically, we extended our
Additionally, research is exploring novel hydrogel formulations that analysis to several primary human cell cultures from the articular
incorporate various molecules, including nutraceuticals. While much microenvironment, including CH, OB, SYN, and MSC. This compre-
research on the bioactive effects of nutraceuticals has focused on oral hensive methodology enabled us to assess the sensitivity of different
administration, some studies are now exploring innovative combina- human cell types to HA-MPya-BGL treatment, improving our capacity to
tions of hydrogels and nutraceuticals [67-71]. In this varied context, predict cellular responses to IA delivery of HA-MPya-BGL, offering
gaining a broader understanding of the clinical perspectives of nutra- valuable insights into the therapeutic healing potential and highlighting
ceuticals remains challenging. Our study aimed to validate the hy- different sensitivities among cell types, overall fostering the trans-
pothesis that GLS incorporation into HA hydrogels confers multiple lational relevance of this study.
functional benefits, paving the way for novel injectable therapeutic Preclinical in vivo studies on orally administered GLS have struggled
options for ACLs. Our findings demonstrated that HA-MPya-BGL posi- to separate their effects from those of their metabolites, due to their
tively influences anti-inflammatory, anti-catabolic and pro-regenerative rapid conversion to ITC at the gastric level. To clarify GLS's direct effects,
processes related to ACLs (Fig. 9). myrosinase thioglucosidase-free in vitro models are essential. Our pre-
This prompts further study of different GLS groups, including vious work demonstrated that both metabolites and their precursors are
aliphatic, aromatic, and indole GLS, along with comparisons to their bioactive, particularly regarding osteogenesis [42]. This study re-
respective metabolites. However, validation in preclinical in vivo inforces such findings across various cellular processes, offering a
models is crucial to confirm effectiveness in a complex microenviron- valuable strategy to identify GLS's inherent properties in several
ment compared to IA drug applications. musculoskeletal systems. Moreover, it also addresses limitations asso-
Future GLS applications via IA administration face detection chal- ciated with GLS's slow adsorption and rapid metabolic conversion in the
lenges for minimal compound amounts. This study utilized a model gut. A significant innovation of this study is the proposed IA adminis-
molecule, rhodamine, to explore release kinetics. To enhance the reli- tration, which aims to increase bioactive concentrations of GLS in joint
ability of our findings, we recommend that future studies focus on tissues, thereby offering new therapeutic opportunities for ACLs.
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Biological features in ACLs
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Fig. 9. Graphical scheme illustrating the overall anti-inflammatory, anti-catabolic and chondroprotective effect of HA-MPy-BGL. The upper part of the panel in-
dicates that treatment with HA-MPy,-BGL in the co-culture systems contributes to reducing typical inflammatory markers in CH and SYN: NFkB, COX-2, iNOS, IL-6,
MMP-13 and ADAMTS-5. The lower part of the panel indicates that treatment with HA-MPy,-BGL reduces typical fibrotic (COL1) and hypertrophic (COL10) markers
while increasing a typical chondrogenic (COL2) marker and the ratio COL2/MMP-13 in the 3D pellet cultures of MSC. Green arrow: promotion; Black arrow: in-
hibition. Created in BioRender. Desando, G. (2026) https://BioRender.com/cit9n5p.

4, Conclusion

This study presents a novel method for loading GLS, particularly
BGL, into a two-component HA matrix and conducted in vitro valida-
tions to assess its feasibility as an alternative IA strategy for treating
ACLs. The primary challenge was to create a prototype that conjugates
proper physicochemical properties with the ability to maintain cartilage
tissue homeostasis, thereby enhancing AC repair following IA injection.
MPya, prepared by oil emulsion technology, were able to effectively
load and release the BGL in a prolonged way. HA-MPya-BGL, which
comprises MPya-BGL (crosslinked MPya microparticles loading BGL)
immersed in HA solution, demonstrated suitable injectability and
chemical-physical properties for the IA viscosupplementation. In addi-
tion to its favourable biomechanical properties, this prototype exhibited
good cytocompatibility with various cell types resident in the articular
microenvironment, including CH, OB, MSC, and SYN. Notably, this
study provided the first in vitro proof of principle of the chon-
droprotective effect of HA-MPya-BGL in promoting chondrogenesis and
reducing inflammation, suggesting promising prospects for this novel
approach in treating ACLs. Finally, this research provides benchmarks
for the encapsulation and the preclinical testing of other GLS molecules
to promote joint repair.
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