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RESUMO

O tratamento de lesOes na cartilagem é um grande desafio na Medicina,
essencialmente porque a cartilagem articular tem uma capacidade limitada de
reparacao ou cura intrinseca. Quando este tecido é danificado, ocorre um aumento
dos processos catabdlicos concomitantemente com a diminuicdo dos processos
anabdlicos e das tentativas de reparo, pois os condrdcitos sdo muito sensiveis a
estimulos externos e intrinsecos.

LesGes ndo tratadas, juntamente com o seu microambiente inflamatdério associado,
podem causar um aumento de tamanho do dano, e, em Ultima instancia,
desenvolvimento de doencas articulares, nomeadamente a osteoartrite. Esta doenca é
a comorbilidade musculoesquelética mais comum e a principal causa de incapacidade
em todo o mundo devido a dor causada e comprometimento da fungao articular.
Primeiramente, os condrdcitos sdao expostos a estimulos extracelulares anormais,
induzindo a producdo excessiva de citocinas pré-infamatorias e enzimas que degradam
a matriz, levando a degradacdo progressiva de colagénio e agrecano. A libertacdo
destes fragmentos da matriz para o fluido articular pode ativar as células sinoviais,
aumentando a producdo de mediadores inflamatérios, contribuindo, assim, para a
perpetuacao da doenga.

Nos estadios mais avancados da osteoartrite, o procedimento mais comum é a
substituicdo total da articulacdo do joelho, condicionando uma reducdo na mobilidade
e qualidade de vida. Uma intervencdo precoce que impeca a progressao da doenca
poderia evitar situacGes de dor incapacitante, permitindo uma vida ativa apesar dos
danos detetados. Assim, propde-se uma nova estratégia para enfrentar este obstaculo
médico, cobrindo o local da lesdo com um scaffold nanoativado com compostos anti-
inflamatodrios e anti-proteoliticos. Neste trabalho estdo descritos estudos in vitro que
sdo necessarios para a posterior traducdo desta possivel solugdo para a pratica clinica.
Neste estudo, condrdcitos primarios humanos foram estimulados com IL-1B
previamente a aplicagdo de nanoparticulas/nanoemulsdes para avaliar os efeitos
terapéuticos apds o tratamento. O ambiente proteolitico que ambicionou mimetizar o
ambiente do local das lesGes condrais nas culturas 3D dos condrdcitos foi induzido pela
estimulacdo com 100 ng/mL de IL-1B. Os efeitos condroprotetores das nanoparticulas
de PLGA carregas com ibuprofeno e quitosano/PGA, e nanoemulsdes carregadas com
BB-94 e tricombinadas apds tratamento de condrécitos articulares humanos
estimulados com IL-1B, foram posteriormente estudados.

Globalmente, as nanoparticulas de PLGA carregadas com 15 e 30 ug/mL de
ibuprofeno e nanoparticula de quitosano/PGA carregadas com 15 ug/mL de
ibuprofeno parecem induzir efeitos condroprotetores, sendo benéfico para os
condrdcitos articulares humanos primarios cultivados em pellets. Adicionalmente, o



COPLA® Scaffold aparenta ser uma estrutura promissora para a produgao de matriz
extracelular e, ainda, ter propriedades anti-inflamatdrias intrinsecas.



ABSTRACT

The treatment of cartilage injuries is a major medical challenge essentially because
articular cartilage has a limited ability for intrinsic repair or healing. When this tissue is
damaged, an increase in catabolic processes occurs concomitantly with a decrease in
anabolic processes and in repair attempts, as chondrocytes are very sensitive to both
external and intrinsic stimuli.

Untreated lesions, along with their associated inflammatory microenvironment,
may lead the damage to increase in size and ultimately leading to the development of
joint diseases, namely osteoarthritis. This is the commonest musculoskeletal disease
and the leading cause of disability worldwide due to pain and impaired joint function.
At first, chondrocytes, which are exposed to extremely abnormal extracellular stimuli,
are induced to overproduce pro-inflammatory cytokines and matrix-degrading
enzymes, leading to the progressive breakdown of collagen and aggrecan. The release
of these matrix fragments into the joint fluid may ultimately activate synovial cells,
increasing by far the production of inflammatory mediators and thus contributing to
the perpetuation of the disease.

At advanced stages of osteoarthritis, the most common procedure is to perform a
total joint replacement, reducing patients’ mobility and quality of life. An early
intervention to halt the damage progression would avoid patients to experience
disabling pain and allow them to have a normally active life as the damage was
detected. Herein is proposed a novel strategy to tackle this medical obstacle, by
covering the lesion site with a scaffold nanoenabled with anti-inflammatory and anti-
proteolytic compounds. In this work are described the in vitro experiments that are
needed for the further translation of this possible solution into the clinical practice.

In this study, primary human chondrocytes were stimulated with IL-1B prior to
nanoparticles/nanoemulsions application to evaluate the therapeutic effect of the
post-treatment. The proteolytic environment that aimed to mimic the one at the
chondral lesions’ site in the 3D cultures of chondrocytes was induced by the
stimulation with 100 ng/mL of IL-1B. The chondroprotective effects of ibuprofen-
loaded PLGA and chitosan/PGA nanoparticles, and BB-94-loaded and tricombinatory
nanoemulsions post-treatment to IL-1B-stimulated hACs were studied afterwards.

Overall, PLGA nanoparticles loaded with 15 and 30 pg/mL of ibuprofen and
chitosan/PGA nanoparticles loaded with 15 ug/mL of ibuprofen appear to induce
beneficial chondroprotective effects to primary human articular chondrocytes cultured
in pellets, and COPLA® Scaffold seem to be a promising structure to support ECM
production and to possess intrinsic anti-inflammatory properties.
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chondrocytes in 3D pellet culture and their subsequent utilization in different experiments.
Schematic illustration produced using image resources from BioRender (biorender.com).
Pictures taken at the i3S facCility. ....cccciiiiii e 36

Figure 12 - Experimental set up of the 28 days of 3D chondrogenic differentiation experiment.
Schematic illustration produced using image resources from BioRender (biorender.com)........ 37

Figure 13 - Experimental set up of the experiment regarding the establishment of pro-
inflammatory conditions in 3D pellets. Schematic illustration produced using image resources
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Figure 15 - Experimental set up of the experiments of seeding primary human chondrocytes
onto COPLA® Scaffolds and their subsequent utilization in 28-day/14-day of culture and pro-
INFlamMMatory @XPEIIMENTS. ..o e s e e e e et e e e e e e saabaeeeeeesnesaaeeeeaas 42
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Figure 20 - Morphology of monolayer-cultured chondrocytes in A) Passage 0 (P0O) one day after
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Figure 27 - Levels of A) IL-1B; B) TNF-a; C) IL-6; and D) IL-10 measured in the conditioned
mediums of 3D pellets three days after being stimulated under different pro-inflammatory
stimuli. The dashed line in the graph A) marks the amount of IL-1B added to the medium in the
respective conditions (10 ng for the 10 ng/mL of IL-1B; 10 ng for the 10 ng/mL of IL-1B and
TNF-a; 100 ng for the 100 ng/mL of IL-1B; and 100 ng for the 10 ng/mL of IL-1B and TNF-a).
Results are presented as mean + SEM; N=4 replicates. ......cccccceviirriiiiiiiiiiieeeereeeee e 62

Figure 28 - mRNA expression levels of a) Sox9; B) Collagen Type II; and C) Aggrecan in 3D
pellets three days after being stimulated under different pro-inflammatory stimuli. Results are
presented as mean + SEM; N =5 repliCates. .....uviiiiciiiiiei i 64

Figure 29 - mRNA expression levels of a) MMP-1; B) MMP-2; C) MMP-3; D) MMP-8; E) MMP-9;
F) MMP-13; G) MMP-14; H) ADAMTS-5 in 3D pellets three days after being stimulated under
different pro-inflammatory stimuli. Results are presented as mean + SEM; n = 5 replicates
except for MMP-9, wWhere N = 1 replicate.. ...t 64

Figure 30 - Cell viability of 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under
a pro-inflammatory microenvironment. Results are presented as mean + SEM; n =5 replicates.
Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs —Nanoparticles............cccveeeeerennnns 66

Figure 31 - Alcian blue histological stainings of 3D pellets aimed to test ibuprofen-loaded PLGA
nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper images = 100
um; Scale bar of lower images = 25 um. lbu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid);
NPS — NaNOPAITICIES. e e e e e e e e e e eeeaaaaaaaeeeeeeeessnnnns 67

Figure 32 - Safranin-O histological stainings of 3D pellets aimed to test ibuprofen-loaded PLGA
nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper images = 100
pm; Scale bar of lower images = 25 um. lbu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid);
Nl N F- Y o] o =L ol 1T PP UUPNE 67

Figure 33 - Immunohistochemical staining of type Il collagen (top panel) and aggrecan (bottom
panel) in 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-
inflammatory microenvironment. Scale bar = 50 um. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-
Glycolic Acid); NPs — NaNOPArtiCleS. ..ccceeccviiieeeieiiiiieee ettt e e e st e e e e e s ebaae e e e e e nsaaeeas 68

Figure 34 - Levels of A) IL-1B; and B) IL-6 measured in the conditioned mediums of 3D pellets
aimed to test ibuprofen-loaded PLGA nanoparticles wunder a pro-inflammatory
microenvironment. Results are presented as mean + SEM; n =5 replicates. ** p<0.01. Ibu —
Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles. .......ccccceeeeeviciiieeeeeinnnns 69

Figure 35 - mRNA expression levels of a) MMP-1; B) MMP-13; C) MMP-9; and D) MMP-3 in 3D
pellets aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-inflammatory
microenvironment. Results are presented as mean + SEM; n = 5. Ibu — lbuprofen; PLGA —
Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles. ......cccccveciiiiieiiiciiiieeee e 70

Figure 36 - MMP-3 enzyme activity for measured in the conditioned mediums of 3D pellets
aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-inflammatory
microenvironment. A) Gelatin zymography gelatin results; B) Absolute band density for Pro-
MMP-3; and C) Absolute band density for Active MMP-3 Results are presented as mean +
SEM; n = 2 replicates. lbu — lbuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs —
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Figure 37 - Areas of 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 3 replicates. lbu —
Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles. .....cccccovveveeeerciveeeeeeennnnns 72

Figure 38 - Cell viability of 3D pellets aimed to test ibuprofen-loaded chitodan/PGA
nanoparticles under a pro-inflammatory microenvironment. Results are presented as mean +
SEM; n = 2 replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs —
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Figure 39 - Alcian blue histological stainings of 3D pellets aimed to test ibuprofen-loaded
chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper
images = 100 um; Scale bar of lower images = 25 um. lbu — Ibuprofen; Ch — Chitosan; PGA —
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Figure 40 - Safranin-O histological stainings of 3D pellets aimed to test ibuprofen-loaded
chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper
images = 100 um; Scale bar of lower images = 25 um. Ibu — lbuprofen; Ch — Chitosan; PGA —
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Figure 41 - Immunohistochemical staining of type Il collagen (top panel) and aggrecan (bottom
panel) in 3D pellets aimed to test ibuprofen-loaded chitosan/PGA nanoparticles under a pro-
inflammatory microenvironment. Top panel scale bar = 50 um; Bottom panel scale bar = 200
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Figure 42 - Levels of A) IL-1B; and B) IL-6 measured in the conditioned mediums of 3D pellets
aimed to test ibuprofen-loaded chitosan/PGA nanoparticles under a pro-inflammatory
microenvironment. Results are presented as mean + SEM; n = 2 replicates. Ibu — Ibuprofen; Ch
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Figure 43 - mRNA expression levels of a) MMP-1; B) MMP-13; C) MMP-9; and D) MMP-3 in 3D
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— Chitosan; PGA — Polyglutamic Acid; NPs — Nanoparticles; Un —Unloaded. ................c..n... 78

Figure 44 - MMP-3 enzyme activity for measured in the conditioned mediums of 3D pellets
aimed to test ibuprofen-loaded chitosan/PGA nanoparticles under a pro-inflammatory
microenvironment. A) Gelatin zymography gelatin results; B) Absolute band density for Pro-
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Figure 45 - Areas of 3D pellets aimed to test ibuprofen-loaded chitosan/PGA nanoparticles
under a pro-inflammatory microenvironment. Results are presented as mean + SEM; n =2
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Figure 46 - Cell viability of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean * SEM; n = 4 replicates. NEs —
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Figure 47 - Cell viability of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean * SEM; n = 2 replicates. NEs —
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Figure 48 - Areas of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 2 replicates. NEs —
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Figure 49 - Cell viability of 3D pellets aimed to test tricombinatory nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 2 replicates. NEs —
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Figure 50 - Cell viability of 3D pellets aimed to test mupirocin-loaded nanoemulsions under a
pro-inflammatory microenvironment. n = 1 replicate. NEs — Nanoemulsions. ...........ccccceeeeunnes 84

Figure 51 - Areas of 3D pellets aimed to test mupirocin-loaded nanoemulsions under a pro-
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Figure 52 - Cell viability of previously expanded chondrocytes cultured on COPLA® Scaffolds for
28 days. N =1 rePliCAt. wuviiiii i s e e e e b aaeaeeean 86

Figure 53 - Cell viability of readily isolated chondrocytes cultured on COPLA® Scaffolds for 14
days. Results are presented as mean £ SEM; n =2 replicates. .....cccceeeeeeviiieeee i, 87

Figure 54 - Immunohistochemical staining of actin (top panel), type Il collagen (middle panel)
and aggrecan (bottom panel) in previously expanded chondrocytes cultured on COPLA®
Scaffolds for 28 days. White arrows point to the cells with a rounded shape. Scale bar = 50

Figure 55 - Immunohistochemical staining of actin both in previously expanded chondrocytes
(left) and in readily isolated chondrocytes (right) seeded on COPLA® Scaffolds at day 3 of
culture. Top images scale bar = 200 um; Bottom images scale bar = 50 M......cccccceevrrveernen. 89

Figure 56 - Cell viability of previously expanded chondrocytes cultured on COPLA® Scaffolds 3
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Figure 57 - Cell viability of readily isolated chondrocytes cultured on COPLA® Scaffolds 3, 7 and
14 days after the addition of the pro-inflammatory stimulus. Results are presented as mean *
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Figure 58 - Immunohistochemical staining of actin (right panel) and type Il collagen (left panel)
in previously expanded chondrocytes cultured on COPLA® Scaffolds 3 and 7 days after the
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Figure 59 - Immunohistochemical staining of actin (top panel), type Il collagen (middle panel)
and aggrecan (bottom panel) in readily isolated chondrocytes cultured on COPLA® Scaffolds 3
days after the addition of the pro-inflammatory stimulus. Scale bar =50 pum........cccccevvveenneee. 92

Figure 60 - Levels of A) IL-1B; and B) IL-6 measured in the conditioned mediums of previously
expanded chondrocytes cultured on COPLA® Scaffolds 3 and 7 days after the addition of the
pro-inflammatory stimulus. The dashed lines in graph A) mark the amount of IL-1p measured
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1. INTRODUCTION

1.1. DEVELOPMENT, FUNCTION AND COMPOSITION OF
ARTICULAR CARTILAGE
1.1.1. ARTICULAR CARTILAGE FORMATION AND GROWTH

Cartilage formation is one of the earliest steps in the embryonic development whilst
being the first involved in endochondral ossification [1], where hyaline cartilage is
substituted by bone and gives rise to the majority of embryo’s skeletal structures [2]. It
becomes clear that in these early stages, cartilage function is mainly to provide
stability to the growing embryo [3].

The process of cartilage formation is named chondrogenesis and occurs in multiple
stages, beginning with recruitment, migration and proliferation of mesenchymal cells
[4]. Afterward, it involves the subsequent condensation of those precartilagineous
mesenchymal cells, their posterior commitment to the chondrogenic lineage, and their
final differentiation into chondrocytes [2, 5, 6]. When differentiating, chondrocytes can
either remain as resting cells, this is, as the persistent extracellular matrix (ECM)-
producing chondrocytes that will form the hyaline cartilage or undergo proliferation,
hypertrophic maturation and be further replaced by bone during the endochondral
ossification [4-6].

Undifferentiated mesenchymal cells are already able to produce ECM components,
namely collagen type |, hyaluronan, tenascin and fibronectin, but there is a marked
change in this composition as they become chondrocytes, [1]. Chondrocytes produce
cartilage-specific matrix proteins, as collagens Il, IX and Xl, and aggrecan, leading to a
significant tissue growth [1, 3, 4].

The synthesis of some cartilaginous proteins, like collagen type Il, requires the
expression of an important nuclear transcription factor, SRY-Box Transcription Factor 9
(Sox9) [4], as it transcriptionally activates genes for these ECM constituents [7]. Sox9 is
one of the features helping in the lineage commitment, being repressed on
hypertrophic chondrocytes while permanently expressed in chondrocytes of healthy
articular cartilage [4, 7]. Thus, it not only has a pivotal role on the early stages of
chondrogenesis but also in adult cartilage [7].

Along the journey from cartilage formation until its maturation in adults (18-21
years old), chondrocytes experience substantial changes, namely related to their
activity and phenotype, in response to the differently applied mechanical loads [5]. As
a result, ECM production, composition and structure also vary along time, where the
major observed modifications are associated with the organization and the content of
collagen and proteoglycans [5]. Both the cartilaginous tissue and the skeleton reach
the maturity at the same time and, at this point, the proliferation rate of chondrocytes



is almost null, leading these cells to stay in a quiet state for many decades, with low
proliferative and metabolic activities [5].

1.1.2. Adult Articular Cartilage Function and Composition

Cartilage is found in numerous parts of the human body, such as the ears, trachea,
ribs, joints and pubic symphysis, being responsible for a structural or morphological
role [5, 8]. It can be divided into three different subtypes, distinguishable by their
different features [5]: elastic cartilage, fibrocartilage and articular cartilage [9]. Elastic
cartilage is flexible due to the presence of elastin fibers [5] and maintains the shape of
outer ear and trachea [9]. Fibrocartilage is abundant in type | collagen [5] and can be
found in the meniscus [3] and in the intervertebral disks [5]. In its turn, hyaline
cartilage is present in adult joints, being usually referred to as articular cartilage [5].

Articular cartilage is a key component of diarthrodial joints [10] - also known as
synovial joints -, forming a white-coloured thin layer on the surface of subchondral
bones in joints as the shoulder, elbow, hip and knee [9]. The principal function of this
specialized connective tissue is the mechanical capability of these movable joints to
bear and transfer weight loads [5, 9, 11]. It is also responsible for providing a smooth
articulating surface and a higher contact area between the adjoining bones, allowing
for low-friction rotational and translational movements [5, 9].

A fibrous capsule surrounds the entire diarthrodial joint and the synovial membrane
secretes the synovial fluid, which contacts with the cartilaginous articulating surfaces
[9] (Figure 1) and is very important for the nourishment and biomechanical properties
of the cartilaginous tissue [5, 15].

Articular Cartilage Proteoglycan Aggregate

Joint fibrous capsule Hyaluronan

Synovial membrane —+#

Joint cavity (contains
synovial fluid)

Articular cartilage

Subchondral bone

Link protein

7

|

Chondrocyte Glycosaminoglican Core protein
side chains

Type Il collagen
fibrils

Proteoglycan

Figure 1 - Synovial joint structure and articular cartilage composition. Schematic illustration
produced using image resources from BioRender (biorender.com). lllustration content adapted
from [12-14].

Articular cartilage, whose thickness ranges from 2 to 4 mm [16], has a fluid and a
solid phase [15] and the tissue biomechanical behaviour depends on their interaction
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[16]. The fluid phase is mostly composed by water, which contributes to around 70-
80% of the whole tissue wet weight and leads it to be highly hydrated [15, 16].

The solid phase is made of ECM, a highly organised network that is largely
composed by collagen type Il (90-95% of all collagen subtypes) [14, 17] and large
proteoglycans (aggrecans) [18, 19], making these the two main phenotypic markers of
articular cartilage [20]. ECM also contains less abundant molecular components as
minor collagens, non-collagenous proteins and glycoproteins [11, 14].

Collagen is a fibrous protein [9] that holds the responsibility for the tensile strength
of the tissue [5].

Proteoglycans are negatively charged molecules [14] that are constituted by
glycosaminoglycan (GAG) chains covalently attached to a core protein [15, 17].
Moreover, given their hydrophilic behaviour, proteoglycans play an important role in
water retention [5, 14] and allow cartilage to withstand compressive forces with minor
deformation [14, 21].

Aggrecan is the most predominant of the proteoglycans, having the unique ability to
bind (via link proteins) to hyaluronan, the largest GAG produced by chondrocytes [5],
thereby forming large proteoglycan aggregates (Figure 1) [14].

ECM-embedded chondrocytes [22, 23] are the unique tissue-resident cellular
component of adult articular cartilage [24, 25], characterised by maintaining a stable
phenotype and resisting cell proliferation [8].

In order to preserve the matrix composition and organisation that were determined
during the embryonic and postnatal periods, the tissue homeostasis and turnover are a
responsibility of chondrocytes [26, 27]. Thus, these cells are responsible for
maintaining the balance between the degradation and the secretion of ECM proteins
[22, 23]. They are able to secrete both ECM components and proteinases, namely
metalloproteases and cathepsins, which are matrix-degrading enzymes [14, 16], as
well as growth factors and inflammatory mediators [15].

The cartilage ECM constitutes a “signalling scaffold” [10], being a reservoir of
diverse growth factors and cytokines, therefore regulating the cell behaviour and
sustaining the normal equilibrium of the tissue [22, 28]. Under normal conditions,
chondrocytes are also sensitive and responsive to external factors and stressful stimuli
such as of mechanical or biochemical origin [16, 26, 29].

1.2. MATURE ARTICULAR CARTILAGE STRUCTURE

There are four distinct zones between the articular surface and the subchondral
bone, in which the cell phenotype, shape and number, the ECM structure and
composition (namely collagen organization and proteoglycan content), and the
functional and mechanical properties differ [8, 9, 14, 15]. As schematized in Figure 2,
these layers are the superficial or tangential zone, the middle or transitional zone, the
deep or radial zone, and the calcified zone [14, 15].
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Figure 2 - Articular cartilage structure. Schematic illustration produced using image resources
from BioRender (biorender.com) and Servier Medical Art (smart.servier.com). lllustration
content adapted from [14, 30, 31].

In the superficial zone, chondrocytes are flattened and elongated, and are oriented
in parallel to the articular surface, similarly to the collagen fibrils [14, 16]. This layer has
the lowest proteoglycan and the highest collagen concentrations [8]. It is responsible
for the protection of the deeper layers, resisting to shear stresses, and interacts with
the synovial fluid due to its increased permeability [8, 14, 16].

The middle zone occupies most volume of the total cartilage (40-60%), where
chondrocytes are round and collagen fibrils are organised obliquely [5, 14, 16].

The deep zone is highly constituted by proteoglycans, while chondrocytes have a
more spherical shape and are in a columnar spatial distribution [14, 16]. The collagen
fibrils are thicker than in the above layers and arranged in an orientation perpendicular
to the surface [14, 27]. Due to its raised proteoglycan content, this layer provides the
greatest resistance to compressive forces [16].

The tidemark, hydroxyapatite-constituted [5], makes a clear distinction between the
deep zone and the calcified zone surface and does not allow vascular penetration in
the overlying regions [16, 32].

Lastly, in the calcified zone, chondrocytes are most voluminous and in a very low
density [14]. These cells have a low metabolic activity and exhibit a hypertrophic
phenotype, synthesising collagen type X, which is a very important component for
providing structural integrity [33]. This layer allows cartilage attachment to the bone
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surface, by anchoring the collagen fibrils of the deep zone to the underlying
subchondral bone [14, 16].

Throughout cartilage depth, proteoglycan content, the thickness of collagen fibrils
and cell volume progressively increase whereas, generally, the density of water,
collagen and chondrocytes decrease [9, 14, 15, 27].

Subchondral bone also has a layered structure, being composed of a cortical plate
(compact bone) and trabecular bone (cancellous or spongy bone), which is underneath
and much more porous than the first [31].

Articular cartilage and the subchondral bone together form the osteochondral unit
and their dynamic interaction is of major importance for the maintenance of joint
health and integrity [32, 34]. Additionally, the bone marrow of subchondral trabecular
bone encloses mesenchymal stem cells (MSCs) that possess a chondrogenic-like

potential [32].

1.3. AETIOLOGY OF COMMON ARTICULAR CARTILAGE
INJURIES AND INTRINSIC MECHANISM OF REPAIR

Each year, injuries to the articular cartilage disturb more than one million people
worldwide [35]. The most common causes of cartilage failure are focal chondral
lesions, mainly due to traumatic injuries, aging and early osteoarthritis (OA) [36-38].
The lack of joint activity can also lead to cartilage degradation, as regular motion and
dynamic load are important for maintaining a healthy cartilage structure and function
[16, 39]. There are two types of focal articular cartilage lesions, the chondral (partial
thickness defects) that only affect cartilage, and the osteochondral (full thickness
defects), where the underlying subchondral bone is also targeted (Figure 3) [40, 41].
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Figure 3 — Schematic representation of: A - chondral lesion; B - cortical osteochondral lesion; C -
osteochondral lesion with trabecular bone penetration, reaching the bone marrow. Schematic
illustration produced using image resources from BioRender (biorender.com). Illustration

content adapted from [42].



In case the defect penetrates the subchondral bone, it can be limited to the cortical
plate or go deeper into the bone marrow [42]. Lesion self-repair is only possible if it
reaches the vascular bone marrow, where MSCs are present and able to produce a
fibrocartilaginous tissue [42-44]. However, fibrocartilage has a lower content of
collagen type Il and of proteoglycans than articular cartilage, exhibiting poorer
biomechanical properties and being a more susceptible target to gradual erosion and
degeneration [38]. Moreover, as the joint continues to function with the repaired
cartilage, degeneration may occur in the tissue surrounding the previous defect, as
well as in the cartilage covering the opposing bone [38]. This progression can
eventually result in diffuse cartilage degeneration and OA [38, 45].

Therefore, defects that do not extend to the bone marrow tend to increase in size
and in depth and generally do not repair on their own [33]. This occurs because when
cartilage suffers any kind of chondral lesion, its homeostasis is compromised and ECM
destruction occurs [29]. Once chondrocytes are very sensitive to stressful stimuli,
namely of mechanical and biochemical nature [26], they also start synthetizing new
proteins, other than matrix degrading enzymes as a response to this damage [29].

Hence, if the defect in their surroundings is minor and there is a minimal loss of
ECM, these cells are presumably able to restore the matrix [14, 46]. However, if the
loss rate of collagen and proteoglycans outweighs their deposition rate, the newly-
produced ECM has a changed structure and composition and is not sufficient to fill the
gap caused by the lesion [4, 14, 29, 47].

Another concern relates to the cell loss or dysfunction caused by the injuries, which
potentiates the inability of chondrocytes to mend the generated defect and to
remodel the matrix, as the remaining chondrocytes are very sparse and cannot divide
to compensate for the lost or malfunctioning cells [21, 26].

This way, cartilage lesions tend to increase in size if left untreated, leading to a
progressive deterioration of ECM, along with the tissue irreversible loss of lubrication,
integrity and biomechanical properties [36, 48]. The subsequently verified
redistribution of loads results in new mechanical stress affecting the cells adjacent to
the defect and possible cell death [3, 44]. Taking this into account, the appearance of
chronic and progressive joint diseases seems unpreventable [14].

Symptoms associated with cartilage injuries include pain, swelling and joint
dysfunction, and the clinical diagnosis is mostly performed with magnetic resonance
imaging (MRI) [36, 49]. Currently, steps are being taken towards the development of
innovative and advanced diagnosis tools, like in the MIRACLE project, where the
employed imaging technology enables to evaluate the quality of the cartilage lesion, by
measuring the biocomposition of the cartilaginous tissue in real-time [50].



1.3.1. Traumatic Injuries

Acute and repetitive trauma can damage articular cartilage and generate isolated
defects [3]. In addition to ECM disruption that, in turn, leads to increased hydration
and cartilage fissuring, the injury also triggers cellular degeneration and cell death [33].

Acute injuries are usually caused by a single traumatic event, such as abrupt heavy
impact to the joint surface [33], while repetitive trauma can derive from joint overuse,
as it happens in active athletes [39]. An excessive mechanical stress has been proved
to damage ECM and to shift the cartilage homeostatic metabolism towards a catabolic
activity [39].

Furthermore, a post-traumatic inflammatory response usually follows cartilage
impaction, where chondrocytes and synoviocytes are activated and start producing
inflammatory mediators and matrix-degrading enzymes that induce cartilage self-
destruction, even though chondrocytes temporarily attempt to compensate this
phenomenon by secreting anti-inflammatory cytokines [26]. In brief, if not timely
treated, larger and isolated lesions can evolve towards OA [3, 44].

1.3.2. Aging

During the course of natural aging, chondrocytes dissipate from superficial towards
deeper layers, leading to a different zonal organization of these cells [16, 29]. Adding
to this redistribution, there are also alterations in the phenotype of chondrocytes, such
as senescence-related decreased anabolism [21, 51] and cell depletion [21].

As cartilage cellularity changes, also does ECM, due to their mutual dependence. In
fact, aging is associated with progressive ECM loss and reduced ability of the articular
cartilage to recover from deformation [52], which leads the underlying bone to sustain
increased mechanical forces [16].

Another aging consequence is the decrease in the number and size of proteoglycan
aggregates [16, 29], whereas collagen molecules experience an increased crosslinking
[51]. Overall, these changes contribute to a decrease in articular cartilage thickness
and biomechanical properties, and to an increase in tissue stiffness [21, 52].
Additionally, aging might accelerate the degeneration of articular cartilage, and OA
development [21, 51].

1.3.3. Osteoarthritis

Osteoarthritis is a musculoskeletal condition that affects joints subjected to long
chronic use or injury and has a high impact in society, greatly contributing to disability
worldwide [17, 53, 54].

The basis of OA symptomatology is intermittent pain in the affected joint during
physical activity [55]. However, with increasing disease severity, pain becomes
chronical, as it occurs even when patients are at rest [55], deeply decreasing their
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quality of life [32], while limiting their mobility [14, 56] and leading to expensive
treatments [52]. The occurrence of this pathology rises with age [55] and it can affect
not only weight-bearing joints, such as knee, hip and spine, but also peripheral and
axial articulations that are subjected to stress, like the small joints in the hands or the
temporomandibular joint [53, 57]. Between these, the ones with the higher prevalence
of this disease are firstly the knee and secondly the hip [58], usually requiring surgical
intervention [59].

This disorder can be divided in two categories: primary OA, which arises from
aging-associated wear and tear, and secondary OA, which involves predisposing factors
for degeneration. Among these factors are trauma or abnormal mechanical stress,
congenital joint abnormalities, obesity, genetic predisposition and previous systemic
inflammatory joint disease, as rheumatoid arthritis [57, 60, 61].

Osteoarthritis involves joint degeneration, due to articular cartilage loss, as well as
alterations in the subchondral bone, like an increase of its thickness [31, 55, 57]. Other
features include synovial inflammation, joint swelling, and osteophyte (prominent
osteochondral nodule [62]) formation [61].

Although affecting all joint components, the changes observed in the articular
cartilage are the most significant [63], with particular degradation of collagen type I
and aggrecan [17]. Along with articular cartilage thinning, fissures and flanks are also
observed, thus increasing the exposure of the subchondral bones existent in each side
of the articulation [31], causing the these opposing bones to rub together [64].

1.4. INFLAMMATION AND CARTILAGE DESTRUCTION IN
OSTEOARTHRITIS

As a response to inductive stimuli, such as mechanical forces, oxidative stress, and
changes in cell-matrix interactions and in growth factors that occur during OA, the
tissue homeostatic balance is disrupted and chondrocytes start synthesising pro-
inflammatory cytokines, particularly interleukin-1 beta (IL-1B) and tumor necrosis
factor-alpha (TNF-a) [27, 39], and chemokines [26]. These cytokines induce the
production of multiple catabolic mediators, namely matrix metalloproteinases (MMPs)
and aggrecanases (ADAMTSs), enzymes that essentially degrade collagen and aggrecan
[39] (Figure 4), while supressing ECM synthesis [26] by inhibiting chondrocytes’
anabolic events [65].

With the progression of the disorder, cartilage breakdown products deriving from
matrix degradation may further activate synovial cells [17] (fibroblasts and infiltrating
macrophages [27]), provoking them to also release IL-18 and TNF-a (Figure 4), which
are likewise distributed in the joint by the synovial fluid [26]. The cytokine release
correspondingly potentiates the synthesis of more proteolytic enzymes that trigger
ECM destruction and the subsequent release of additional inflammatory cytokines [17,



39, 66]. This synovitis manifestation initiates the recruitment of new mononuclear
inflammatory cells into the joint lining that will similarly upregulate the production of
proteinases [66]. Therefore, a positive feedforward cycle is propagated, with
succeeding inflammatory cascades, largely contributing to a faster and perpetuated
progression of the disease [17, 39, 66].
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Figure 4 — Major cellular and molecular interactions in osteoarthritic cartilage destruction.
Schematic illustration produced using image resources from BioRender (biorender.com).
lllustration content adapted from [26, 27, 65].

In addition to influencing chondrocytes’ metabolism, these cytokines induce other
pro-catabolic responses, such as the production of nitric oxide (NO) [26, 27] and
prostaglandins [27], the downregulation of tissue inhibitors of metalloproteinases
(TIMPs) and the upregulation of non-specific ECM components [26].

After chronic exposure to these and other pro-inflammatory cytokines and
chemokines, chondrocytes usually undergo cellular apoptosis, cluster formation (due
to increased cell proliferation [25]), dedifferentiation or hypertrophy, losing their
ability to form new ECM [14, 27].

1.4.1. Pro-Inflammatory Cytokines
Pro-inflammatory cytokines IL-1 and TNF-a are considered two secreted
molecules with a critical role in OA, being usually detected in elevated levels in the
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synovial fluid, synovial membrane, articular cartilage and even subchondral bone of
osteoarthritic patients [65]. Although articular cartilage is avascular and aneural, it is
well-known that these cytokines act in both in an autocrine and paracrine way to
promote a catabolic microenvironment [67].

In addition to stimulating the metabolic activity of chondrocytes to produce MMPs
and ADAMTSs [68, 69], they can act synergistically or independently in suppressing the
expression of important cartilage-specific genes as the ones of aggrecan (ACAN) and
type Il collagen (COL2A1) [25], and concomitantly enhancing the production of minor
collagens, such as collagen types | and lll, that are not normally ECM components [68].

Furthermore, IL-1B8 and TNF-a, along with stimulating their own production, may
induce the production of a several other pro-inflammatory cytokines, like IL-6, IL-17,
and IL-18 and chemokines, including IL-8, and prostaglandin E; (PGE;) [25, 62, 65, 67].
Particularly, IL-1B and TNF-a stimulate the expression or activity of cyclooxygenase-2
(COX-2), leading to this verified increased synthesis of PGE,, a pro-apoptotic molecule
that also enhances the production and activation of MMPs, and inhibits the production
of both ECM and IL-1 receptor antagonist (IL-1Ra) [25, 65].

Many of these inflammatory and catabolic factors can act together in increasing
the synthesis of proteinases and decreasing TIMPs, thus propagating the inflammation
[62, 65].

Other impacts of this inflammatory cascade include the synthesis of reactive
oxygen species (ROS) and NO, which are major players in causing oxidative stress and
the programmed cell death of chondrocytes [25], while reciprocally mediating the
catabolic activity of the already upregulated catabolic cytokines [68]. IL-1B and TNF-a
contribute to the exacerbation of these oxidative effects by downregulating the
expression of antioxidant enzymes that have a protective role against ROS, including
superoxide dismutase and glutathione peroxidase that scavenge free radicals [25, 65].

1.4.1.1. Signalling pathways driven by IL-18

IL-1B is synthesised intracellularly as a precursor, pro-IL-1B, and released in the
extracellular compartment in a mature form [67]. In the plasmatic membrane,
caspase-1, originally named as IL-1B-converting enzyme (ICE), cleaves the prodomain
from inactive pro-IL-1B, thereby generating its bioactive form [67, 70] that is the one
found in OA tissue [71].

The biological activation of chondrocytes and synovial cells by IL-1B is mediated
through an association with specific cell-surface IL-1 receptors (IL-1R) [65, 67]. Two
types of IL-1R have been identified, type | (IL-1RI) and type Il IL-1R (IL-1RII) [65, 67]. IL-
1RI acts as a signal transducer and is upregulated in osteoarthritic chondrocytes and
synovial cells, leading to an increased binding of IL-1B and thus making these cells
more susceptible to the stimulation by this cytokine [65, 67, 72].
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After IL-1B binds to IL-1Rl, the signal is further transferred by this type of receptors
to the nucleus and, after various signalling transduction pathway, it results in
messenger RNA (mRNA) upregulation and further MMP increased synthesis [73].

On the contrary, IL-1RIl can bind to IL-1B but is not able of signal transmission [65,
67, 70]. Therefore, IL-1RII is a natural inhibitor of IL-1B activity, as well as the IL-1Ra,
which binds to both IL-1 receptors without transducing a signal, being a competitive
antagonist of IL-1B [65, 70], and thus exhibiting anti-inflammatory properties [65]. In
OA pathophysiology, there is a decrease in the expression of IL-1Ra [72] mainly
because NO in concert with PGE; inhibits chondrocytes from producing this antagonist
[65, 67].

As previously mentioned, the verified increase in IL-1B secretion induces the
production of other inflammatory downstream mediators and the production of
degrading enzymes [68]. In particular, IL-1B stimulates the synthesis of MMP-1, MMP-
3, MMP-9 and MMP-13 both by chondrocytes, macrophages and fibroblasts, and of
ADAMTS-4 only by the chondrogenic cells [72, 74-76]. This pro-inflammatory molecule
also supresses the anabolic activity in cartilage tissue by inhibiting the expression of
type Il collagen and aggrecan [65, 72].

1.4.1.1. Signalling pathways driven by TNF-a

TNF-a is also firstly secreted in an inactive proform that needs a proteolytic
cleavage at the cell surface by a TNF-a-converting enzyme (TACE) and an upregulation
of the gene associated with this enzyme and mRNA expression are verified in OA
cartilage [67, 72], along with an overexpression of TNF-a itself [72].

Similarly to what occurs for IL-1B, TNF-a induces chondrocytes, macrophages and
synovial fibroblasts to synthesise the same set of MMPs (MMP-1, MMP-3, MMP-9 and
MMP-13) [74, 75], and the production of ADAMTS-4 [17, 65, 76].

Moreover, TNF-a supresses the synthesis of proteoglycan, link proteins and type Il
collagen in chondrocytes [65, 72]. Both TNF-a and IL-1B can have a synergic effect
during OA inflammatory process [72].

Once released in the extracellular milieu, the cytokine binds to two specific
membrane receptors named TNF receptors (TNFR) [65, 67]. One of those is the TNF
receptor | (TNFRI), the one with the most predominant role in mediating the activity of
TNF-a in chondrocytes and synoviocytes [65, 67], and the other is TNF receptor Il
(TNFRII), which is also actively implicated in signal transduction but linked to different
intracellular protein cascades [65]. Even in early studies, an enhanced expression of
TNFRI in these cells in OA conditions has been reported [77, 78].
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1.4.2. Matrix Degradative Enzymes

The metzincin is the name given to a super family of zinc endopeptidases that
comprises three different families: MMPs, adamalysins (or a disintegrin and
metalloproteinases (ADAMs)), and ADAMTSs [79, 80].

Although these proteinases have a zinc catalytic domain in common [80], most of
them have other domains that confer the specificity either for the substrate cleavage
or for the cellular or ECM localisation [79].

Both MMPs and ADAMTSs are responsible for orchestrating the degradation of
ECM by degrading the two dominant structural components of cartilage ECM, collagen
type Il and the proteoglycan aggrecan [79]. These proteins can be secreted either in a
soluble or membrane-associated form [79].

1.4.2.1. Matrix Metalloproteinases
Damage to the articular cartilage in OA is predominantly mediated by MMPs [81],

which cleave collagen fibrils and other ECM components, therefore causing anatomic
and functional alterations in the tissue [68].

The biologic activity of the MMPs is tightly regulated, namely by physiologic
proteolytic activators that convert prometalloproteases into active enzymes and by the
specific tissue inhibitors, TIMPs [68, 80]. In physiologic conditions, TIMPs try to
counterbalance the activity of MMPs by specifically binding to their active site,
however, in OA cartilage the synthesis of the proteinases far surpasses the synthesis of
these inhibitors, amplifying the ECM destruction [68].

Among the soluble MMPs that degrade distinct substrates are the collagenases,
which are responsible for the degradation of native mature collagen, the gelatinases
for the degradation of denatured collagen (gelatin), and the stromelysins for the
degradation of proteoglycans [68]. On the other hand, membrane-type MMPs include
MMP-14 and are involved both in aggrecan and collagen degradation [82]. The
degradation of collagen in cartilage is an irreversible step and the tissue cannot be
repaired after this component is destroyed [80].

In the family of collagenases, the ones that have been identified in human
cartilage are MMP-1 (collagenase 1), MMP-8 (collagenase 2) and MMP-13 (collagenase
3) [68]. Only collagenases and, in a much lesser extent, MMP-14 can degrade mature
type Il collagen fibrils [80]. Once denatured into gelatins, these collagen fragments are
susceptible to be digested by gelatinases, which are MMP-2 and MMP-9, being the last
the only of the two that is enhanced in OA [68, 80], thus inducing further MMPs and
cytokines [83].

As for the stromelysins, the enzymes identified in humans are MMP-3
(stromelysin-1), MMP-10 (stromelysin-2) and MMP-11 (stromelysin-3) [68].

The MMPs known to have the most important role in OA are MMP-1, MMP-3, and
MMP-13 [65, 66, 84]. While MMP-1 is only able to act on collagens (I, Il and Ill), MMP-
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13 has a dual role in ECM destruction, as it also degrades aggrecan [17, 82], and MMP-
3 is likewise able to destroy both various proteoglycans and collagens [82].

1.4.2.2. A Disintegrin And Metalloproteinase With Thrombospondin Motifs

Concomitantly with stromelysins, ADAMTSs also degrade proteoglycans but at

rather higher levels, having the extra ability to cleave collagen pro-peptides [17]. The
largest proteoglycan, aggrecan, is sensitive to degradation at various sites of its length
and its degradation is an early event in the development of OA [69, 80].

Belonging to the ADAMTS family, aggrecanases are extracellular proteins are
considered the major aggrecan-degrading enzymes involved in cartilage degradation in
the pathophysiology of OA [25]. These proteases are secreted as multidomain
zymogens that need an intracellular activation by pro-protein convertases to become
mature enzymes [76, 80].

Several ADAMTSs are expressed in cartilage as ADAMTS-1, which also cleaves
aggrecan, and ADAMTS-2, ADAMTS-3 and ADAMTS-14 that process procollagens [85],
but the two aggrecanases that have been widely documented to intervene in cartilage
degradation in OA are ADAMTS-4 (aggrecanase-1) and predominantly ADAMTS-5
(aggrecanase-2) [65, 66, 80]. However, while ADAMTS-4 is dependently up-regulated
during OA in an IL-1B8 and TNF-a dependent manner, the levels of ADAMTS-5 are not
altered, being this just constitutively expressed in both healthy and OA cartilage [65,
76, 80, 81].

The regulation of these aggrecanases activity involves a specific inhibitor of
ADAMTs, TIMP-3, that effectively acts on ADAMTS-4 and ADAMTS-5 and can likewise
inhibit MMPs, being a central inhibitor of ECM turnover and whose deletion is
significantly increased during cartilage degradation [69, 76, 80].

1.4.4. Anti-Inflammatory Cytokines

Typical immune cells can produce anti-inflammatory cytokines, but so do non-
immune cells present in connective tissue, like chondrocytes and fibroblasts [26], in
order to counteract the activity of IL-1B, TNF-a and the other above-mentioned pro-
inflammatory cytokines [68].

The main cytokines with an anti-inflammatory capacity involved in OA are IL-4, IL-
10, and IL-13 [67, 68, 86]. These cytokines act through numerous mechanisms, which
results in a down-regulation of IL-1B, TNF-a and MMPs production, along with the up-
regulation of TIMPs and of IL-1Ra [67], being the latter mainly induced by IL-10 [68].

Notwithstanding, their responsibilities are not limited to an antagonist effect of IL-
1B and TNF-a, as they also exert functions in the growth and differentiation of articular
cartilage [68], and IL-10 appears to possess a chondroprotective capacity [26].
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1.5. CURRENT THERAPEUTIC APPROACHES FOR TRAUMATIC
AND DEGENERATIVE ARTICULAR CARTILAGE

As previously explained, cartilage damages most commonly occur due to trauma
and aging, causing chondral or osteochondral lesions or even a more diffused loss of
cartilage tissue, like in OA.

Since the hip and the knee are the weight-bearing joints where these defects are
highly prevalent and studied [87], the following described approaches (summarized in
Figure 5) are directed to those locations. It should be noted that the volume of
available information on the restoration of articular cartilage in the knee far exceeds
the one for the hip [88]. However, most of the methods currently used for cartilage
repair of the hip are based on the ones initially developed for the knee, being
essentially built over the same principles [88].

The primary goal of the treatment of chondral and osteochondral lesions is to
relieve pain and improve the joint function, ultimately allowing patients to return to
their normal lifestyle [45, 89]. Treatment decision-making criteria must include some
important aspects, such as the patients’ level of activity and age, defects’ cause, size,
shape, location and depth and the extent of degeneration of the surrounding articular
cartilage [42, 45]. The success of the chosen option depends both on these factors and
on the quality of further rehabilitation [42].
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1.5.1. Non-Operative Options

Non-operative options of treatment are usually primarily intended to patients with
mild and moderate joint damage [14, 90]. These treatments are able to provide a
definitive option in these particular conditions, whereby they commonly alleviate pain
and some of them can prevent further joint degeneration [14, 91].

1.5.1.1. Non-Pharmacological Treatments

The most common non-pharmacological treatments rely on exercise, weight loss,
physical therapy and bracing, which, although not promoting the healing of damages
or slowing OA progression, generally result in pain reduction and improved joint
function [36, 90, 91].

1.5.1.2. Pharmacological Treatments
1.5.1.2.1. Pain Killers
When non-pharmacological treatments cease to relieve pain in the affected joint,

analgesics are normally recommended as an adjunctive therapy [91].

Paracetamol is a frequent choice for OA, yet it produces only minimal
improvement in pain and joint function in osteoarthritic knee or hip [92, 93]. Other
widely prescribed oral medications are non-selective non-steroidal anti-inflammatory
drugs (NSAIDs), however they have been associated with gastrointestinal toxicity,
increased cardiovascular harm and other side-effects [94, 95]. For instance, NSAID
diclofenac was previously associated with increased OA progression in hip and knee
over an average duration of 6.6 years of follow-up [96].

1.5.1.2.2. Intra-Articular Injections

Intra-articular injections constitute a minimally invasive procedure that consists in
delivering compounds directly to the damaged joint [60]. However, they are not easy
to perform in the hip, requiring imaging support [95]. Local injections of compounds
like corticosteroids, hyaluronic acid and bone marrow aspirate concentrate are
approved by the Food and Drug Administration (FDA) [97, 98]. Also, although not FDA-
approved, injections of platelet rich plasma can be legally performed and are
increasingly being used [60, 99]. There are some disadvantages associated with intra-
articular administration of biologic agents, namely the need for positioning the needle
strictly within the joint cavity, patient discomfort, risks related with successive
injections and drug clearance from the articular joint via the lymphatic network [71].

1.5.1.2.2.1. Corticosteroids
Corticosteroids are anti-inflammatory agents [60] whose beneficial effects are
observed at low doses and in short-term, whereas with high doses and prolonged
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exposure chondrocyte toxicity and cartilage damage are observed [60, 100]. In fact, it
has been reported great cartilage loss and no relevant difference in patients with OA-
induced knee pain after 2 years of intra-articular corticosteroids injections [101].

1.5.1.2.2.2. Hyaluronic Acid

Hyaluronic acid is naturally present in the synovial fluid, but there is a shift in this
component towards its lower molecular weight form with the progression of OA,
which is associated with decreased viscoelastic properties and with higher intensity of
pain [102]. These injections aim to restore the concentration and molecular weight of
this component [60, 102] but although not harmful, they are currently not
recommended either in the hip or in the knee, because of their lack of efficacy,
exhibiting a performance no better than placebo for pain, stiffness and improvement
of function in patients with symptomatic OA [103-105].

1.5.1.2.2.3. Bone Marrow Aspirate Concentrate

Bone marrow aspirate concentrate (BMAC) is obtained from density gradient
centrifugation of the bone marrow aspirate that is usually removed from the iliac crest
[100]. This concentrate contains both MSCs and high levels of growth factors and
cytokines, which are molecules that normally promote the increase of blood supply to
the subchondral bone, allow the chondrogenic differentiation of MSCs and have anti-
inflammatory effects [102]. The synergy between MSCs and these molecules promotes
decreased pain, functional improvement of the joint and articular cartilage repair [100,
102], leading to improved and long-term outcomes in patients with OA [97, 100].
However, further studies to determine the safety of injected MSCs with BMAC, its
optimal dose and frequency of treatment are required [97, 100].

1.5.1.2.2.4. Autologous Platelet-Rich Plasma

Lastly, the platelet-rich plasma is prepared through blood differential
centrifugation, being highly concentrated in platelets and showing varying volumes of
signalling proteins like growth factors, cytokines, chemokines, and proteases [60, 99].
It is a costly treatment and even though it is thought to promote tissue repair, there is
a lack of reliable evidence on its effectiveness [60, 99, 103].

1.5.2. Surgical Treatment Options

Conservative non-operative approaches constitute the first line of cartilage
damage treatment but in case of failure to relieve patients’ pain and/or damage
progression, which often occurs for larger and full-thickness cartilage injuries, they
must be replaced by surgical-based techniques [49, 106, 107].
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1.5.2.1. Total Joint Replacement

Total joint arthroplasty (TJA) is a commonly employed therapy for aged patients
with severe either hip or knee OA [45]. Although cost-effective [108], it is an
irreversible procedure and prosthetic components have a limited average lifespan of
around 15 years [109-111]. Implant survival relies on many factors and the causes of
TJA failure include aseptic loosening, metal allergy and infections, as many patients
have to be subjected to costly and challenging revision surgeries [111]. Therefore, it is
not recommended for patients younger than 60 years, unless other approaches have
failed or are contraindicated [109, 110]. Because this procedure replaces the joint
instead of stimulating tissue repair, several other surgical therapeutic techniques
relying on cartilage restoration are widely used in clinical practice [60, 111].

1.5.2.2. Surgical Treatment Options for Articular Cartilage Repair

The range of techniques currently used in clinical practice for cartilage restoration
include microfracture, osteochondral transplantation and autologous chondrocyte
transplantation [5, 49, 60] (Figure 6). As repair approaches, they attempt to generate a
neo-cartilage tissue that resembles to the native cartilage, but that does not
necessarily have the same features [33]. However, the produced tissue in these
treatments is fibrocartilaginous, having inferior biomechanical properties and
durability than hyaline cartilage, and eventually allowing the progression of articular
degeneration and OA occurrence [45, 112]. Of these, microfracture appears to be the
least long-lasting approach, which is in agreement with a 2019 review study that
compared the effectiveness between these five techniques [113]. As previously
mentioned, the outcomes of each are expected to vary according to distinct
parameters, but generally increasing ages are associated with poorer outcomes,
namely in microfracture [41].

1.5.2.2.1. Microfracture

Microfracture is a marrow-stimulating technique that involves perforating the
subchondral bone, after cleaning and debridement of the articular defect, to allow the
recruitment of bone marrow-derived MSCs [5, 60, 114]. The generated holes promote
bleeding from the bone and the subsequent formation of a fibrin clot, allowing the
formation of a fibrocartilaginous repair tissue at the defect site [5, 36, 44] (Figure 6).

This tissue formation usually takes 12 to 16 months, leading to a demanding
recovery [5]. In order for this to be an adequate strategy, some studies indicate that
the chondral defects must be smaller than 4 cm? [41, 45, 115, 116]. This is a widely
used technique that is simple and relatively inexpensive, and involves a minimally
invasive surgery, [36, 60, 117]. Still, due to the deterioration of the originated repair
tissue, microfracture shows optimal outcomes only in the short-term, usually not
lasting more than 5 years [118-120]. In case of failure, more invasive repair methods
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are then performed [44]. In most of the cases, this technique provides pain relief and
improved functionality of the joint [44, 117], but the outcome is often unpredictable
[117], and it has been progressively replaced by the following procedures [119].

1.5.2.2.2. Osteochondral Transplantation

The transplantation of osteochondral grafts aims to reconstruct either the
cartilaginous or the osteocartilaginous defects in a single procedure, as an
osteochondral biopsy of 12 to 15 mm depth is performed, and the donor tissue can be
of autologous (autograft) or allogenic (allograft) origin [5, 110].

When compared to the other cell-based cartilage repair surgical techniques, the
osteochondral grafts are the ones allowing the fastest rehabilitation, mostly because
they are able to bear loads shortly after the surgery [41].

1.5.2.2.2.1. Osteochondral Autograft Transplantation

Osteochondral autograft transplantation, also commonly referred to as
mosaicplasty, involves removing intact osteochondral cylindrical plugs from less-
demanding load bearing areas of the affected hip or knee [36, 43].

These plugs are then transplanted to the previously full depth drilled and debrided
defect area, consequently forming a mosaic pattern [36, 43] (Figure 6), where the
remaining space between the round plugs is ultimately filled with newly-formed
fibrocartilage [36]. Potential donor sites include the inferior portion of the femoral
head and the peripheral portion of the femoral trochlea of the knee [88].

The advantages of this technique are mainly related to the transfer of mature
hyaline cartilage into the defect, in addition to being a single-stage procedure [88].
Reduced pain and improved joint function have been reported for small and medium
sized osteochondral lesions [43, 121]. At the same time, to obtain optimal results, it is
not indicated for chondral or osteochondral lesions larger than 2 cm?, otherwise
significant donor-site complications and morbidity tend to occur [5, 41, 49]. Other
disadvantages include graft availability [41], technical difficulties in the restoration of
curved surfaces [121], and potential dead space between the grafts [88].

At a mean long-term follow-up of 12 years after the performance of the procedure
in the knee, a study reported poor outcomes or failure in 40% of the treated patients
[122]. Other results showed progressive degeneration of the knee after the same
period of time, even though not significantly affecting the satisfactory follow-up of the
evaluated patients [123].

1.5.2.2.2.2. Osteochondral Allograft Transplantation

In osteochondral allograft transplantation, osteochondral plugs containing cartilage
with the same thickness as the patients’ own are removed from a cadaveric donor
[36]. Hence, opposing to mosaicplasty, no donor site morbidity is observed, and the
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grafts can be chosen with the purpose of matching the lesion as much as possible,
since there is no restriction in terms of size or number of the plugs [5, 36, 42].

Nevertheless, different graft storage conditions distinctively affect the viability of
chondrocytes and longer storage times are associated with decreased cartilage
biomechanical properties and cell viability, which strongly affects the clinical outcomes
[5, 121, 124]. In order to use a fresh graft, difficult and well-organised logistics are
required between the date of surgery and obtaining the tissue in a timely manner [45,
125]. On the other hand, the fresher the transplants, the greater is the probability of
the occurrence of an immune rejection response or disease transmission, due to the
difficulty in fully removing the donors’ blood from the grafts [45]. Additionally, this is
an expensive procedure [45].

This technique is considered an option when microfracture, mosaicplasty or
autologous chondrocyte transplantation fail in promoting articular cartilage repair, and
it is increasingly being used as the primary method for the treatment of lesions larger
than 3 cm?, either of chondral or osteochondral origin [5, 49, 121]. Several published
results reveal that good outcomes remain for around 20 years after surgery [126-128].

1.5.2.2.3. Autologous Chondrocyte Transplantation

Unlike the above explained techniques, autologous chondrocyte transplantation
(ACT) is a procedure with two steps, where firstly cartilage tissue is extracted from a
non-weight bearing area to prepare chondrocyte cultures and secondly, expanded cells
are transplanted into the defect site [36, 38, 45] (Figure 6).

After excising the cartilage biopsy in the first surgery, ECM is enzymatically digested
and chondrocytes are released and isolated to be further expanded in culture [3, 42,
43]. In the second surgery, the expanded chondrocytes are injected under a periosteal
patch made of autologous periosteum, which is sutured over the injury [43].

Expansion is important because the volume of harvested cartilage and its cellular
content is very small when compared to the volume and cell density needed at the
target defect site [38].

Advantages over other treatments are the less damage in subchondral bone [45]
and the formation of hyaline-like tissue [121]. On the other hand, disadvantages of
ACT include being costly, two-staged, logistically demanding and requiring a long and
challenging rehabilitation [3, 45, 121, 127]. Another limitation is associated with
fibrocartilage formation, often occurring due to chondrocytes’ expansion-driven
dedifferentiation [60], which is a process where the cells lose their chondrogenic
potential [38]. Like in mosaicplasty, in ACT donor-site complications may also occur
and not every patients have a healthy region from where the biopsy can be removed
[38]. Furthermore, symptomatic hypertrophy of the periosteum can also occur [107].
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Although distinct success rates have been reported, several studies demonstrate
good and functional long-term outcomes for 20 years after the transplantation [129-
131] and chondral lesions should be larger than 2 cm?[115, 130, 132].

1.5.2.2.4. Matrix-Induced Autologous Chondrocyte Transplantation

Matrix-induced autologous chondrocyte transplantation (MIACT) consists in
transplanting a collagen scaffold with autologous expanded chondrocytes into the
defect site [60, 107].

As shown in Figure 6, MIACT is performed similarly to ACT until the step involving
the expansion of chondrocytes, but instead of injecting, the cells are after seeded on a
three-dimensional biodegradable matrix to be further transplanted on top of the
lesion and secured to it with a fibrin glue [26, 107]. The scaffold is biodegradable in
order to temporarily support chondrocytes only until they produce their own
supportive matrix [133].

The many drawbacks associated with cell expansion are the same as in ACT, but this
procedure has the advantage of keeping chondrocytes within a scaffold that provides
them support for distribution, proliferation and release of ECM-like components [5,
134]. The fact that a periosteal patch is not used may decrease surgical time and
morbidity [112].

In most studies, MIACT is currently preferred for cartilage defects larger than 2 cm?
[107, 135-137], that can either have a chondral or osteochondral extent [135, 136].

Although the major follow-ups found in literature with effective clinical outcomes
do not go further than 5 years [137-140], a study from 2016 claims good and durable
treatment of the injuries after 16 years [141].

The results of MIACT-based treatment can be enhanced by combining growth
factors to stimulate the growth of chondrocytes, and anti-inflammatory mediators to
prevent post-traumatic cartilage inflammation and further development of secondary
OA [26, 133].
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Figure 6 - Main steps involved in the most commonly used surgical techniques for cartilage repair. Schematic
illustration produced using image resources from BioRender (biorender.com) and Servier Medical Art
(smart.servier.com). lllustration content adapted from [43, 60].

1.6. POTENTIAL THERAPEUTIC TARGETS FOR THE HALTING
THE PROGRESSION OF OA

As previously described, the effects of pro-inflammatory cytokines are exerted in
chondrocytes through the intermediation of cell surface receptors, where the signal is
further transduced in the nucleus, leading to the synthesis of more inactivated MMPs
[73]. Cells are also able to produce TIMPs that naturally inhibit MMPs activity, but their
action is not sufficient to control OA matrix degradation driven by locally exceeding
MMPs [73].

As such, three main regulatory steps that lead to matrix degradation are identified:
cell stimulation through cytokines and receptors, intracellular signalling, and MMPs
activation and inhibition. Each of them can be potential targets for therapeutic
intervention [73]. The main goals for the management of OA are symptom reduction,
functional disability minimization and limited progression of the occurring structural
changes [67]. Cartilage loss is an important therapeutic target, essentially because
even though not directly associated with pain, the level of cartilage loss is a strong
predictor for the risk of undergoing TJA [142]. In fact, the factors that drive pain
occurrence and magnification are the same that induce cartilage destruction, which
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means that targeting the molecular mechanisms of cartilage breakdown might also
reduce pain levels on patients [71].

Herein the two principal of these targeted therapeutic strategies, which are the
inhibition or the modulation of the effects of either major pro-inflammatory cytokines
[71] or of MMPs, will be discussed, as their understanding has evolved significantly and
made possible their identification as potential targets for altering the course of the
disease [67].

1.6.1. Targeting Pro-Inflammatory Cytokines Activity

Due to the preponderant role of IL-18 and TNF-a in the degeneration of articular
cartilage, they are prime targets of research for therapeutic strategies aiming to slow
down the structural progression of OA [65, 71].

Anti-cytokine therapies tested in clinical trials or animal studies most normally
include the administration of monoclonal antibodies against IL-1B (ex: Gevokizumab,
Canakinumab) or TNF-a (ex: Adalimumab, Infliximab), of recombinant human IL-1Ra
(ex: Anakinra) [65, 143], and, less frequently, of inhibitors of ICE or TACE [67].

The cytokines antagonists possess a low oral bioavailability, meaning that when
systemic administration is required, their entrance into body must be parenteral, that
is, by intravenous, intramuscular or subcutaneous route [71], making the treatment
expensive and inconvenient [144]. Actually, in most of the studies, the administration
of anti-IL-1B and anti-TNF-a is usually subcutaneous or intravenous [71, 143] and of IL-
Ra is by intra-articular injections either of the protein itself or of the associated gene
using retroviral or adenoviral vectors [65, 67, 71].

However, IL-1Ra and monoclonal antibodies are not associated with encouraging
results [142, 145], as they leave the joint too fast to exert successful results,
particularly when administered intra-articularly [71]. Another disappointing
observation is that they need to be injected repeatedly in order to effectively reduce
pain [71]. Also, systemic toxicity and allergic reactions can occur due to systemic
therapy and therefore alternative routes of administration should be an option
whenever possible [71]. Subcutaneous and intravenous administration of monoclonal
antibody to IL-1RI has also been reported, although with minimal clinical benefits
[146]. In addition, a problem associated with the prolonged use of therapeutic
antibodies is the possible production of neutralising antibodies as a consequence in
some host patients [144].

It is important to notice that anti-inflammatory approaches for OA should be wide-
ranging enough to be effective, but still sufficiently selective not to cause deleterious
off-target effects [84].
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1.6.1.1. Ibuprofen
Ibuprofen, a commonly prescribed NSAID, is one of the most commonly used anti-

inflammatory, antipyretic and analgesic drugs [147]. In addition, it is widely used for
the clinical management of rheumatic disorders like OA [147, 148], as it has relatively
low risk for adverse effects, such as upper gastrointestinal toxicity, when compared
with other NSAIDs [147]. It has poor aqueous solubility and slow dissolution rate [149].

This compound works by blocking the COX-mediated production of
prostaglandins, which is the primary anti-inflammatory mechanism of NSAIDs, and
thus the preventing the further upregulated synthesis of matrix-degrading enzymes

(Figure 7) [147].
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Figure 7 — |Ibuprofen action in blocking MMPs and ADAMTs synthesis, induced by
prostaglandins, in the osteoarthritis pro-inflammatory vicious cycle. Schematic illustration
produced using image resources from BioRender (biorender.com).

In a recent study, ibuprofen was found to supress IL-1B-induced inflammation, by
inhibiting the expression of IL-1B-induced synthesis of PGE, and NO in rabbit
chondrocytes [148]. In another one, it alleviated pain and knee function in patients
with symptomatic OA, by supressing pro-inflammatory cytokines such as IL-6 and TNF-
o [150]. Furthermore, Sun et al. conducted a study in a human chondrocyte cell line
treated with TNF-a and observed that ibuprofen-treated cells significantly had the
expression levels of collagen |, MMP-1 and MMP-13 reduced [151].

1.6.2. Targeting Metalloproteinase Activity

Apart from inhibiting IL-1B and TNF-a, other strategy is to impede the activity of
MMPs and ADAMTSs that these cytokines increase [65].
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Research on blocking of cartilage ECM degradation has been focused essentially
on the breakdown of its two major components, collagen type Il and aggrecan [152].
Thus, dysregulated MMPs and ADAMTSs are strong potential targets for the
development of drugs with the capacity of modifying the course of disease progression
[80, 85]. This is of greater importance because by significantly reducing joint
destruction, the function of joints at long term can be preserved, severe disability
could be avoided and osteoarthritic patients could experience an improved quality of
life [79].

Mainly two groups of compounds are able to inhibit MMPs, including TIMPs and
small molecule MMP inhibitors (MMPIs) [144].

As previously referred, TIMPs are the endogenous inhibitors with specific affinities
to either MMPs, ADAMs, and ADAMTSs [153], but there are some limitations with
regard to their production and administration, and in vitro results were reported
ineffective [67, 144].

Synthetic inhibitors of zinc metalloproteinases rely on a peptide sequence that is
recognised by the targeted protease and interacts with the catalytic zinc ion at the
active site, therefore binding to it and blocking its catalytic activity [17, 67, 73, 79]. This
peptide sequence has a backbone that mimics the one at the substrate cleavage site
[17, 73].

Taking into account the chemical structure of the zinc-binding group, four
different categories of zinc metalloproteinases inhibitors have been described: the
ones having a hydroxamate, a carboxylate, a thiolate, or a phosphinyl group [17, 73,
79].

Generally, several studies and clinical trials with MMPIs have had little success or
unclear benefit and revealed poor bioavailability and efficacy, mainly because of their
broad-spectrum inhibitory effects [65, 144]. Another reported difficulty relies on the
estimation of dosage to prevent drug toxicity [154], which varies in an exposure-
dependent and dose-dependent manner and frequently manifests as reversible
musculoskeletal side effects, like joint pain and stiffness, inflammation and reduced
mobility [142, 144, 154, 155]. However, in osteoarthritic animal models of rat and
guinea pig, cartilage structural damage was demonstrated to be abrogated by these
compounds [156].

Although not yet in clinical translation for OA purpose, the class of MMPIs
receiving most attention are hydroxymates, which have been proved to be very potent
inhibitors of metalloproteinases, but poor selectivity has been reported [79]. Among
these hydroxamate-containing moieties, are batimastat (BB-94) and its orally
bioavailable form, matimastat (BB-2516) [17, 73, 144]. They have been involved in
many studies for cancer treatment and together are able to inhibit several MMPs, like
MMP-1, -2, -3, -7, -9, and -12 [73, 144].
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1.7.3.2. Batimastat

BB-94 has long been known to be a low molecular weight, synthetic and broad-
spectrum inhibitor of many MMPs [73, 157]. It was the first of the MMPIs to be studied
in humans and to initiate clinical trials for cancer treatment [144, 157, 158].

Its collagen-mimicking hydroxamate structure chelates the zinc ion and leads it to
inhibit the proteases in a potent and specific manner [157, 159]. It essentially inhibits
the activity of MMP-1, MMP-2, MMP-7, and MMP-9 [158, 159], blocking further ECM
degradation (Figure 8), and shows extremely low water solubility, and so a poor oral
availability [73, 157, 159].
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Figure 8 - BB-94 action in blocking MMPs activity in the osteoarthritis pro-inflammatory vicious
cycle. Schematic illustration produced using image resources from BioRender (biorender.com).

1.7. DRUG NANODELIVERY SYSTEMS FOR OA THERAPY

Drug delivery into the affected joint is very challenging, due to poor bioavailability
for therapeutics administered systemically and to the rapid clearance of drugs after
intra-articular injection [66]. To overcome these limitations and maximize drug supply,
innovation is needed in delivery systems, such as applications of nanotechnology [66,
160], to selectively and safely target OA joints in a more durable way [160]. This is very
important, once to enable a potential disease-modifying effect an optimal therapeutic
level of the compound in the joint should be maintained [65].

Nano-scale materials can be engineered in size to clear the drug more slowly than
its free form, thus improving drug time of residence and its biodistribution in the joint
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[66]. Also, nanomaterials can penetrate ECM and cell barriers, being able to release
drugs either within cartilaginous ECM or intracellularly [66].

In fact, nanomaterials have reliably shown improved features when comparing to
the administration of the free drug, such as improved retention profiles within the
joint space [66, 161].

Nanomaterials exist in many forms and designs, providing opportunities for the
delivering of several classes of drugs [66]. For instance, lipid-based carriers and
nanoemulsions are suitable for loading lipophilic and poorly soluble compounds while
polymeric nanoparticles with adjustable degradation rates can encapsulate either
hydrophobic and hydrophilic drugs [66, 162]. Therefore, nanomaterials can
accommodate a wide range of therapeutics classes that can be disease-modifying,
including cytokine and enzyme inhibitors [66].

1.7.1. Nanoparticles

Currently, the most innovative nanomaterials for management of OA are
nanoparticles (NPs) [163]. NPs aim to release drugs in a prolonged fashion, ensuring an
improved bioavailability by sustained release and delivery [163], while showing
increased pharmacodynamics actions and targeting effects [164]. Additionally, these
nanodelivery systems can also promote increased drug solubility [162] and decreased
toxicity [165]. Overall, these are very attractive features for OA therapy [163].

A variety of materials can be used for the production of NPs, namely natural
polymers like chitosan, BSA, HA and chondroitin sulfate [163], and synthetic ones as
poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA) and and polycaprolactone
(PCL) [165, 166]. In addition, several compounds with different water solubility can be
encapsulated in NPs, namely NSAIDs as ibuprofen. An enhanced solubility and
dissolution rate in water solvent has been reported for ibuprofen NPs in comparison to
the free drug [149].

1.7.1.1. Poly(Lactic-Co-Glycolic Acid)
PLGA is one of the most frequently used polymers for preparing NPs [166],

essentially because its excellent biocompatibility, biodegradability, and mechanical
strength features [166, 167]. This polyester copolymer is approved by the FDA and the
European Medicine Agency (EMA) for many medical and pharmaceutical applications,
including drug delivery [167]. This inert polymer has been successfully employed to for
the sustained release of NSAIDs, anti-TNF-a and IL-Ra therapies in arthritis models
[168].

Different nanoencapsulation techniques can be used for loading either
hydrophobic or hydrophilic drugs into PLGA NPs [169]. Studies involving the delivery of
ibuprofen by PLGA NPs have been conducted, showing promising results as an anti-
proliferative approach for cancer cells [170, 171].
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1.7.1.2. Chitosan/ Polyglutamic Acid
Chitosan, a natural polysaccharide that derives from chitin, is a biocompatible,

biodegradable, non-toxic, low-immunogenic and highly stable material [162, 164, 172,
173]. Its structure is similar to the GAGs found in articular cartilage [174], providing a
microenvironment adequate for ECM synthesis and chondrocyte proliferation [173].
Besides, additional properties of chitosan useful for damaged cartilage applications are
related with its ability to reduce inflammatory profile of chondrocytes and induce
chondrogenic differentiation [173].

Previously reported results showed that carboxymethyl-chitosan, a soluble
derivative of chitosan, could inhibit IL-1B-induced apoptosis of rabbit chondrocytes
[175].

Like PLGA NPs, the chitosan ones also support a controlled drug release, but their
profile is characterised by an initial fast phase followed by a delayed phase [176]. Zhou
et al. reported good stability and this expected two-staged releasing profile of chitosan
NPs in vitro [164].

As for polyglutamic acid (PGA), it is natural biopolymer that also possesses
biocompatibility, biodegradability and non-immunogenicity properties, which have
attracted much interest for its use in biomedical applications [177].

There are two forms of PGA, poly-a-glutamic acid (a-PGA) and poly-y-glutamic
acid (y-PGA), and both are water-soluble [177]. In fact, y-PGA was proved to improve
the MSCs chondrogenic differentiation and increase ECM production in a 3D pellet
culture [178].

In the case of PGA-based NPs, they are frequently used to improve the stability of
water-soluble and insoluble drugs [177].

Chitosan/y-PGA NPs have been tested in several studies, for instance in a
degenerative intervertebral disc ex vivo model, where NPs loaded with the NSAID
diclofenac had a role in inflammation control and ECM remodelling [179]. As chitosan
and y-PGA present opposite charges, they spontaneously self-assemble in an
environment with controlled pH [179]. They are stable at pH 5.0 and have been
studied as delivery systems for a variety of molecules [179].

1.7.2. Nanoemulsions

Nanoemulsions (NEs) are basically emulsions with nano-sized droplets [180],
whose mean diameters are typically below 200 nm [180, 181].

These delivery systems usually consist of a mixture of two immiscible liquids,
normally oil and water, which can form spherical droplets of on phase in the other
phase [180, 181]. NEs can exist either in an oil-in-water (o/w) or water-in-oil (w/0)
form, where the droplets are made of oil or water, respectively [181].

NEs are produced to improve the delivery of active pharmaceutical compounds
[180] and are effective drug delivery systems [181]. Their main advantages include
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improved drug bioavailability, enhanced physical stability, and greater dissolution and
loading of poorly water-soluble drugs while protecting them from enzymatic
degradation [180, 181].

As such, can be used for the encapsulation and further administration of a wide
variety of more lipophilic/poorly soluble anti-inflammatory agents, including BB-94.

1.7.3. Scaffold-Embedded Nanodelivery Systems

Scaffolds are of utmost importance for cartilage tissue engineering, as they
provide an appropriate three-dimensional (3D) environment for chondrocytes [182].
They should be porous, biocompatible, biodegradable and mechanically stable, in
order to withstand the high loads to which the native cartilage was subjected to [5,
174, 183]. Another advantage is that they can be molded in an unlimited diversity of
shapes to fit the cartilage defect [184].

After implantation, scaffolds components will constitute a physical support for
chondrocytes attachment, migration and eventual production of new cartilaginous
tissue [174, 183].

These supporting structures can be synthesised with natural or synthetic
biomaterials and numerous compounds have been investigated for such purpose
[182]. Even though the best material for an ideal scaffold production is not consensual
[182], the most studied are made of alginate, PLGA, chitosan, collagen and PLA [174,
183-187].

A common cartilage tissue engineering strategy is to combine scaffolds and
therapeutic delivery systems to act locally at the defect site [188, 189]. This way,
bioactive molecules with a controlled release are incorporated within the scaffolds,
being a promising approach for OA treatment [189].

1.7.3.1. COPLA® Scaffold
In order to sustain the mechanical loads, specialized scaffolds can be produced by

combining two or more materials [185]. As the native cartilage structure is formed by a
collagen network with proteoglycans, a structural protein as collagen is a potential
scaffold material [174].

However, collagen cannot bear all the mechanical forces involved in the damaged
microenvironment alone [174]. As an adjuvant, other polymer with good mechanical
properties can be added to the structure, like PLA or PLGA, forming a hybrid scaffold to
combine their strengths [174]. This way, it is possible to retain the advantages of the two
materials.

PLA is a biocompatible, low-immunogenic and biodegradable synthetic material
that is produced by polymerization of lactic acid [187, 190]. It also demonstrates good
thermal/mechanical properties and has been broadly used in drug delivery systems
[191].
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Haaparanta et al. showed that among collagen/PLA, chitosan/PLA, and
collagen/chitosan/PLA hybrid scaffolds, the ones with most potential for cartilage
tissue engineering are collagen/PLA hybrids [174].

COPLA® Scaffold is a 3D biodegradable, highly porous polymer scaffold for
application in the cartilage repair of affected weight-bearing joints [192].

Although COPLA® Scaffold was designed to be applied in humans, it is currently
only used in veterinary medicine, like in dogs and horses suffering from cartilaginous
damage [193, 194]. It is surgically implanted onto the previously debrided defect site
and secured to it with a fibrin glue [192, 193]. It works both for chondral and
osteochondral defects, once it is easily tailored for any size or depth of the target
location, promoting a microenvironment favourable for new synthesis of tissue [192].
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2. MOTIVATION

Each year, injuries to articular cartilage disturb more than one million people
worldwide [35]. If left untreated, these damages can progress towards OA [3, 195], a
chronic and progressive joint disease [14] that is currently one of the main global
causes of disability [196, 197].

World Health Organization estimates that approximately 9.6% of men and 18.0% of
women aged over 60 years have symptomatic OA [198] and predictions point out that
237 million of people worldwide are affected by OA [199]. Of those, 80% are likely to
have limitations in movement and 25% are expected not to be able to perform their
daily life activities [198], leading to expensive treatments [52] and having a
tremendous negative impact in their health and quality of life [95].

Although it is very challenging to compare the OA socioeconomic weight among
different countries, the annual average of direct medical costs (e.g., including
treatments and hospital stays) in United States of America per osteoarthritic patient in
2015 ranged from USS1.442 to USS$21.335 [200], whereas it ranged from €534 to
€1.788 per patient across Europe, between 2004 and 2012 [201].

In addition to leading to a high socioeconomic burden both for patients and society,
musculoskeletal disorders like OA are highly prevalent and, even so, the number of
affected patients is projected to increase in future years [95].

The first line of cartilage damage treatment consists of conservative approaches,
such as physical therapy, bracing, analgesics, and intra-articular injections. If these fail
to decrease patients’ pain and/or damage progression, then surgical-based techniques
have to take place [49, 106].

TJA, a common and helpful surgery for aged and end-stage osteoarthritic patients,
is a definitive procedure and is not advised for younger patients [45, 106, 202]. This
last contraindication is essentially based in orthopaedic prosthesis generally not fully
restoring joint function and usually failing during the patient’s lifetime [127], mostly
due to wear, components loosening and periprosthetic joint infection [203, 204].

However, symptomatic OA is the reason why more than 95% of all knee [108] and
more than 90% of all hip replacements are preformed [205].

According to the statistical data provided by the Portuguese Arthroplasty Register
of the Portuguese Society of Orthopaedics and Traumatology, between January 2019
and May 2021, around 4640 knee and 4030 hip arthroplasties were performed in
Portugal. Of those, around 240 of the knee and 350 of the hip TJA surgeries were of
revision. These data relate only to public hospitals on the mainland [206].

Still, global statistical projections point out that the performance of total hip
arthroplasties will grow up to 174% by 2030, towards 572000 procedures, and by 673%
in the case of the knee, towards 3,48 million procedures, followed by an also expected
increase in revision surgeries [207].
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Despite these data, it is gradually more recognised that OA does not affect only the
elderly, but also many young individuals and athletes, mainly as a consequence of
repetitive trauma, as in doing sports [63, 208].

Therapies more suitable for younger ages and able to fully restore joint function are
increasingly needed, therefore cartilage repair approaches arise as a clinical
alternative. These techniques are often grouped into 3 categories: marrow
stimulation-based (as microfracture), osteochondral transfer (osteochondral auto- and
allografts transplantation) and cell-based cartilage repair (including autologous
chondrocyte transplantation) [133].

However, each of these clinical treatments has limitations of usage and diversified
long-term outcomes [209]. Overall, in all of the surgical techniques that aim to
promote cartilage repair, a transversal problem is the quality of the newly formed
cartilage as a fibrocartilaginous tissue is formed, being less durable and less able to
bear loads than native articular cartilage. As such, so far no method as resulted in
repair tissue of desirable quality [186].

As such, current clinical therapies typically try to control pain and improve joint
function [65] with slight effectiveness and particularly do not halt the pro-
inflammatory environment that the joint experiences in cartilage damage, meaning
they have to be reconsidered [71]. Moreover, being the progressive destruction of
cartilage an important hallmark in OA, this highlights the need of developing
treatments that can effectively slow down or halt this structural progression of the
disease, namely by the exploration of drugs that have this ability rather than simply
alleviate symptoms [71, 143]. This is especially important once there is currently no
approved drug available in clinical practice capable of modifying or treating the
disease, which makes this area of research of major significance [210].

Furthermore, the determination of the optimal route for biologic agents
administration in OA remains a challenge [71] and so the improvement of drug delivery
strategies is an urgent clinical need [66].

Considering all this, this work arises from the pressing need to find new approaches
to halt the progression of articular cartilage lesions and eventually treat the damaged
area. Furthermore, this work is, therefore, motivated by the urgency to provide a
better quality of life to patients affected with cartilage lesions and to prevent them
from evolving towards OA, along with the goal to achieve a more tailored therapy for
each patient. A reasonable approach is to therapeutically target the originated
inflammatory cascade [84].
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3. AIMS

To meet the demand for the development of an appropriate and effective therapy
for handling cartilage lesions, in vitro experiments were conducted with human
articular chondrocytes (hACs) to mimic the microenvironment and the behaviour that
cells experience in vivo.

Herein, the local delivery of anti-inflammatory and anti-proteolytic compounds
through the implantation of a biodegradable, biocompatible and nanoenabled COPLA®
Scaffold in the defect site is proposed as a treatment for cartilage lesions, as an
attempt to slow or halt their progression and restore joint function.

For that to be accomplished in the future, this work aimed to assess the
chondroprotective effects of nanosystem-delivered ibuprofen and BB-94 on the pro-
inflammatory microenvironment of cartilage lesions.

To meet this main goal, several tasks were carried out as follows:

1. Establishment and characterization of primary hACs 3D pellet cultures;

2. Establishment of pro-inflammatory conditions in 3D pellet cultures;

3. Evaluation of the chondroprotective effects of ibuprofen-loaded PLGA
nanoparticles, ibuprofen-loaded chitosan/PGA nanoparticles, BB-94-loaded
nanoemulsions, tri-combinatory nanoemulsions (ibuprofen, BB-94 and nisin),
and mupirocin-loaded nanoemulsions in the 3D pellets cultured under pro-
inflammatory conditions;

a. Assessment of ibuprofen-loaded PLGA and Ch/PGA nanoparticles, and
BB-94-loaded, tricombinatory nanoemulsions and mupirocin-loaded
concentrations with reproducible chondroprotective effects.

4. Evaluation of the capacity of COPLA® Scaffolds to support human chondrocytes’
adhesion, differentiation and ECM production;
5. Establishment of a pro-inflammatory microenvironment in COPLA® Scaffolds.
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4. MATERIALS AND METHODS

4.1. MATERIALS

Isolation Medium

Isolation medium was composed of Dulbecco’s modified Eagle’s medium high
glucose (DMEM; 4.5% glucose, Gibco®) containing 5% penicillin/streptomycin (P/S;
Gibco®) and 10% fungizone (Sigma-Aldrich).

Digestion Medium

For the digestion of articular cartilage, 0.15% collagenase B (Roche) was dissolved in
DMEM-high glucose (4.5% glucose, Gibco®) and 5% fetal bovine serum (FBS; Gibco®)
[211].

Because of the enzyme, the use of gloves while preparing and using this medium is
of major importance [18]. The collagenase B should only be added to the medium
immediately before the isolation procedure is carried out, and after this enzyme
addition the medium should be filtered through a 100 um pore-sized strainer to
remove any contamination.

Expansion Medium

The expansion medium used throughout the study was composed of DMEM (4.5%
glucose, Gibco®) supplemented with 10% FBS (Gibco®), 1%  N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES buffer, 1 M, Gibco®), 1%
sodium pyruvate (Gibco®) and 1% P/S (Gibco®). In addition, 1 ng/mL transforming
growth factor beta 1 (TGF-B1; R&D) and 5 ng/mL basic fibroblast growth factor (bFGF;
Sigma-Aldrich) were freshly added to the medium [211].

Basal Medium
This medium was formulated from DMEM-high glucose (4.5% glucose, Gibco®), 10%
FBS (Gibco®) and 1% P/S (Gibco®) [211].

Chondrogenic Medium

The chondrogenic medium supporting the 3D cultures was prepared with DMEM-
high glucose (4.5% glucose, Gibco®) supplemented with 5 pg/mL insulin (Sigma-
Aldrich), 5 pg/mL Transferrin (Sigma-Aldrich), 1 mM sodium pyruvate (Gibco®), 5
ng/mL selenous acid (Sigma-Aldrich), 0.1 uM dexamethasone (Sigma-Aldrich), 0.17 mM
ascorbic 2-phosphate acid (Sigma-Aldrich), 0.35 mM proline (Sigma-Aldrich), 1.25
mg/mL bovine serum albumin (BSA; Sigma-Aldrich). Lastly, 10 ng/mL TGF-B3 (R&D)
were freshly added to the medium [211].
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4.2. METHODS
4.2.1. Collection of Human Articular Cartilage Samples

Human articular cartilage samples were collected from osteochondral leftovers
from the hip or knee joints of patients undergoing total joint replacement at Centro
Hospitalar Universitario de Sao Jodo, after the Hospital ethics committee approved the
study (ethical approval ref. 196/19) and an informed consent was given by all patients.

After surgery, osteochondral specimens were immersed in a sterilized 250 mL bottle
containing an adequate amount of isolation medium and then transported to the
laboratory for further processing. During transportation, the osteochondral tissue was
kept in cold with ice to prevent the tissue from cell death [212]. The cartilage samples
were then taken from regions of the joint with no macroscopic signs of articular
degeneration and mechanically dissected with a n211 scalpel blade in a petri dish with

isolation medium, originating approximately 2x2 mm pieces of cartilage tissue (Figure
9).

Collected . : . Cartilage slices in Cartilage minced
: Tissue dissection : : . ’ :
osteochondral tissue isolation medium into small pieces

Figure 9 - A step-by-step scheme of cartilage isolation from osteochondral tissue. Schematic illustration
produced using image resources from BioRender (biorender.com) and pictures taken at the i3S facility.

4.2.2. Cartilage Digestion and Cellular Expansion of Isolated
Primary Human Articular Chondrocytes in Monolayer
Culture

The minced cartilage was left in an incubator shaker overnight at 37°C, 100rpm, in a
shot flask with digestion medium containing 0,15% of collagenase B. Upon digestion,
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hACs effectively extracted from ECM were filtered through a 100um pore-sized cell
strainer (as previously described [213]) to a 50 mL conical tube and centrifuged twice
at 1200 rpm for 12 min. Cells were gently resuspended in expansion medium after
each centrifugation. To determine cell density and viability, 10uL of the suspension
were transferred into an Eppendorf tube and mixed with 10uL of trypan blue solution
(Sigma-Aldrich) and placed in the hemocytometer for cell counting.

Afterwards, cells were subcultured into 75 cm? culture flasks. Following the
extraction of chondrocytes from cartilage, the first culture performed is known as
passage 0 (PO) [214]. Chondrocytes were reseeded under the same conditions for a
maximum of 4 passages (P4) or until reaching the necessary cell quantity for the
succeeding experiments, and kept in an a humidified 37°C/5% CO. incubator in
expansion medium. The cells were observed regularly with an inverted microscope and

expansion medium was changed twice a week until reaching 70-90% cell confluency.
These steps are schematically summarized in Figure 10.

”~

Minced cartilage in O"'e”:ight_i“c“bat_ion Digested cartilage Passage through a
digestion medium at 37°C with shaking sample 100um cell strainer
of 100 rpm

Pellet generated after Pellet generated after Cell counting on Cell expansion in
1% centrifugation 2" centrifugation inverted microscope monolayers

Figure 10 - Steps involved in the process of cartilage digestion and cellular expansion in monolayers.
Pictures taken at the i3S facility.
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4.2.3. 3D Pellet Culture of Human Articular Chondrocytes

When confluence and the needed amount of cells was reached, passaged cells were
washed with phosphate-buffered saline (PBS) and detached with 0,25% trypsin. FBS in
basal medium inactivates the activity of trypsin [212] and the cell detachment was
observed with an inverted microscope. Cells were then seeded in 15 mL polypropylene
conical tubes with a filter on the lid (to facilitate gas exchange) at a density of
1x10° cells/tube/1mL with basal medium [211].

A centrifugation of 5 minutes at 390 g was conducted and the resultant
chondrocyte pellets were then cultured in basal medium and placed into a 5% CO;
incubator at 37°C [211]. When 24 hours have passed, 3D pellets were cultured under
different conditions according to each further explained experiment: 1)
characterization of primary hACs in 3D pellet cultures (28 days differentiation
experiment); 2) establishment of the pro-inflammatory conditions; 3) evaluation of the
effects of ibuprofen-loaded PLGA NPs, ibuprofen-loaded chitosan/PGA NPs, BB-94-
loaded NEs, tri-combinatory NEs (lbuprofen, BB-94 and Nisin), and mupirocin-loaded
NEs in the 3D pellets cultured under pro-inflammatory conditions. Every experiment
was performed in triplicates.

In each experiment, chondrocytes were induced to redifferentiate in conical tubes
with the above mentioned cell density each, giving rise to pellets that were further
analysed at different timepoints, that is, either fixed for histological and
immunohistochemical analysis or processed for RNA extraction and whose

.

1) 28 days differentiation

supernatant was collected for cytotoxicity assay and cytokine profiling.

24h

el
37°C, 5% CO, (s

2) Pro-inflammatory
conditions

e
Cell expansion and Pellet culture 1x10° Medium change ' ’
subculture up to cells/ tube/TmL basal according to each ' '
passage 4 medium experiment set up 3) Nanosystem-delivered

compounds under
pro-inflammatory conditions

Figure 11 - Schematic representation of the experimental design to culture human articular
chondrocytes in 3D pellet culture and their subsequent utilization in different experiments. Schematic
illustration produced using image resources from BioRender (biorender.com). Pictures taken at the i3S
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4.2.4. 28 days of Chondrogenic Differentiation Experiment

A day after the pellets were formed, the volume of basal medium was fully replaced
by 1 mL of either chondrogenic or fresh basal medium (for the control condition). In
this experiment, the day of medium replacement is established as the day 0 of culture
and further collection timepoints are counted following that day. Medium was further
changed twice a week during the 28 days of culture. Both pellets and conditioned
mediums were collected at days 3, 7, 14, 21 and 28 of culture (Figure 12).

(S SRS (RS G S GEE S SR G

Day -1 Day 0 Day 3 Day 7 Day 14 Day 21 Day 28
3D Pellet 3D Culture Assessment:  Assessment Assessment Assessment Assessment
Formation Medium Mediums and ' '

a5 I G L 0
--;- --’- ollection % T % J d

‘ CONDITIONS |

Chondrogenic
Medium

Basal or chondrogenic
medium change:
Twice/week

Basal Medium

Figure 12 - Experimental set up of the 28 days of 3D chondrogenic differentiation experiment.
Schematic illustration produced using image resources from BioRender (biorender.com)

4.2.5. Establishment of Pro-Inflammatory Conditions In
Primary Human Chondrocytes 3D Pellet Cultures

A day after the pellets were formed, basal medium was fully replaced by 1 mL of
chondrogenic medium. Pellets were then left to redifferentiate for 7 days and, during
that time of culture, the total volume of chondrogenic medium was once changed.

After the 7 days of differentiation, freshly chondrogenic medium was added to the
pellets along with pro-inflammatory conditions, IL-1B (Prepotech®) and/or TNF-a
(ImmunoTools).

For this purpose, pellets were divided into 7 groups: 1) chondrogenic control; 2) IL-
1B 10 ng/mL; 3) IL-1B 100 ng/mL; 4) TNF-a 10 ng/mL; 5) TNF-a 100 ng/mL; 6) IL-1B and
TNF-a at 10 ng/mL each; 7) IL-1B and TNF-a at 100 ng/mL each (Figure 13).

In this experiment, the day 0 of treatment is considered the day where the pro-
inflammatory cytokines are added to the 3D pellets and further timepoints of mediums
and pellets collection were counted following this day. The assessment was made at
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day 3 (equivalent to the day 10 of differentiation) to further study the effect of these
cytokines on cell viability, expression of chondrogenic markers, pro and anti-
inflammatory cytokines release, MMPs and ADAMTSs expression.

_ Days of
T T T T T culture
Day -8 Day -7 Day -4 Day 0 Day 3
3D Pellet 3D Culture Medium Establishment of  Assessment:
Formation Medium Change: Change: 1mlL Pro-Inflammatory Mediums an_d
Chondrogenic Conditions Pe‘llets CoIIe;tlon
Medium ' | '\
] o
T AT CONDITIONS F
il |
R IL-18 TNF-a
* 10 ng/mL * 10 ng/mlL
* 100 ng/mL * 100 ng/mL
IL-18 + TNF-a
» 10 ng/mlL
* 100 ng/mL

Figure 13 - Experimental set up of the experiment regarding the establishment of pro-inflammatory
conditions in 3D pellets. Schematic illustration produced using image resources from BioRender
(biorender.com). IL-18 — Interleukin-1Beta; TNF-oc — Tumor Necrosis Factor-Alpha.

4.2.6. Addition of Nanosystem-Delivered Anti-Inflammatory
and Anti-Proteolytic Compounds to 3D Pellets Under Pro-
Inflammatory Conditions

A day after the pellets were formed, basal medium was fully replaced by 1 mL of
chondrogenic medium. Pellets were then left to differentiate for 7 days and, during
that time of culture, the total volume of chondrogenic medium was once changed.

After the 7 days of differentiation, chondrogenic medium was replaced by a fresh
one supplemented with pro-inflammatory cytokine IL-13 at 100 ng/mL, and 3h later
the different nanocarriers were added to the pellets (Figure 14). This is considered the
day 0 of treatment.

The effects on cell viability, GAGs deposition, synthesised levels of collagen type Il
and aggrecan, cytokine secretion and MMPs expression or activity were analysed 3
days after the exposure to these treatments. Every experiment was performed in
triplicates.

In each experiment for the addition of the distinct nanocarriers, two controls were
performed: a chondrogenic control, where pellets stayed in culture just in
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chondrogenic medium, and an inflammatory control, where pellets where only
exposed to the 100 ng/ml of IL-1B.

- . Days of
T T T T T culture
Day -8 Day -7 Day -4 Day 0 Day 3
3D Pellet 3D Culture Medium Establishment of Assessment:

Formation Medium Change: Change: 1mL Pro-Inflammatory Mediums anFI
Chondrogenic Conditions Pellets Collection
Medi
e el -s VIV
T - =ty ¢ %
- e avg®
g’ - 100 ng/ml ‘
Wi i v (i
CONDITIONS | 3hlater
Ibuprofen-Loaded Ibuprofen-Loaded BB-94-loaded NEs Tricombinatory NEs Mupirocin-loaded NEs
PLGA NPs Chitosan/PGA NPs + 20nM BB-94 * 20nM BB-94, 15 g + 1,2 pg/mL Mupirocin
* 15 g Ibuprofen * 5 pg/mL lbuprofen * 40nM BB-94 Ibuprofen, 75 pg Nisin /mL
* 30 pg/mL Ibuprofen * 15 pg/mL Ibuprofen * 100nM BB-94 « 40nM BB-94, 30 pg

Ibuprofen, 150 pg Nisin /mL

Figure 14 - Experimental set up of the experiment regarding the addition of nanosystem-delivered
anti-inflammatory and anti-proteolytic compounds to the 3D pellets exposed to pro-inflammatory
conditions (100 ng/mL IL-18). Schematic illustration produced using image resources from
BioRender (biorender.com). IL-18 — Interleukin-1Beta; NPs — Nanoparticles; NEs — Nanoemulsions;
PLGA — Poly(Lactic-Co-Glycolic Acid); PGA — Polyglutamic Acid; BB-94 — Batimastat.

The exact conditions tested in each nanodelivery-system experiment are

summarized in Table 1.
Information regarding the formulations of the employed NPs and NEs is

summarized in Annex 1.

Table 1 - Experimental conditions tested in each experiment to evaluate the effects of
Ibuprofen-loaded PLGA NPs, Ibuprofen-loaded Ch/PGA NPs, BB-94 loaded-NEs, Tricombinatory
NEs, and Mupirocin-loaded NEs in the 3D pellets established pro-inflammatory
microenvironment. NPs — Nanoparticles; NEs — Nanoemulsions; PLGA — Poly(Lactic-Co-Glycolic
Acid); Ch — Chitosan; PGA — Polyglutamic Acid; BB-94 — Batimastat.

NANOCARRIER EXPERIMENTAL CONDITIONS
Chondrogenic control: Chondrogenic medium
Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B
Chondrogenic medium + 100 ng/mL IL-1B + 15 pug/mL of Ibuprofen (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 100 ug/mL of unloaded PLGA NPs (concentration
of NPs used to encapsulate 15 pg/mL of ibuprofen in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 100 pg/mL of Ibuprofen-loaded PLGA NPs
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(concentration of NPs that allows an encapsulation of 15 ug/mL of ibuprofen)

Chondrogenic medium + 100ng/mL IL-1B + 200 pg/mL of Ibuprofen-loaded PLGA NPs
(concentration of NPs that allows an encapsulation of 30 ug/mL of ibuprofen)

Chondrogenic control: Chondrogenic medium

Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B

Chondrogenic medium + 100 ng/mL IL-1B + 5 ug/mL of Salt Ibuprofen (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 15 pug/mL of Salt Ibuprofen (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 3 ug/mL of unloaded Ch/PGA NPs (concentration
of NPs used to encapsulate 5 pg/mL of Salt Ibuprofen in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 9 ug/mL of unloaded Ch/PGA (concentration of
NPs used to encapsulate 15 pg/mL of Salt Ibuprofen in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 3 ug/mL Salt Ibuprofen-loaded Ch/PGA NPs
(concentration of NPs that allows an encapsulation of 5 pg/ml of Salt Ibuprofen)

Chondrogenic medium + 100 ng/mL IL-1B + 9 ug/mL lbuprofen-loaded Ch/PGA NPs
(concentration of NPs that allows an encapsulation of 15 pg/ml of Salt Ibuprofen)

Chondrogenic control: Chondrogenic medium

Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B

Chondrogenic medium + 100 ng/mL IL-1B + 20 nM BB-94 (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 40 nM BB-94 (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 100 nM BB-94 (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 1.25 mg/mL of unloaded NEs (concentration of
NEs used to encapsulate 20 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 2.5 mg/mL of unloaded NEs (concentration of NEs
used to encapsulate 40 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 6.25 mg/mL of unloaded NEs (concentration of
NEs used to encapsulate 100 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 1.25 mg/mL BB94-loaded NEs (concentration of
NEs that allows an encapsulation of 20 nM of BB-94)

Chondrogenic medium + 100 ng/mL IL-1B + 2.5 mg/mL BB94-loaded NEs (concentration of NEs
that allows an encapsulation of 40 nM of BB-94)

Chondrogenic medium + 100 ng/mL IL-1B + 6.25 mg/mL BB94-loaded NEs (concentration of
NEs that allows an encapsulation of 100 nM of BB-94)
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Chondrogenic control: Chondrogenic medium
Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B
Chondrogenic medium + 100 ng/mL IL-1B + 20 nM BB-94 (free form)
Chondrogenic medium + 100 ng/mL IL-1B + 40 nM BB-94 (free form)
Chondrogenic medium + 100 ng/mL IL-1B + 100 nM BB-94 (free form)

Chondrogenic medium + 100 ng/mL IL-1B + 25 pg/mL of unloaded NEs (concentration of NEs
used to encapsulate 20 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 50 ug/mL of unloaded NEs (concentration of NEs
used to encapsulate 40 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 125 pg/mL of unloaded NEs (concentration of NEs
used to encapsulate 100 nM of BB-94 in their loaded form)

Chondrogenic medium + 100 ng/mL IL-1f + 25 pug/mL BB94-loaded NEs (concentration of NEs
that allows an encapsulation of 20 nM of BB-94)

Chondrogenic medium + 100 ng/mL IL-1f + 50 pug/mL BB94-loaded NEs (concentration of NEs
that allows an encapsulation of 40 nM of BB-94)

Chondrogenic medium + 100 ng/mL IL-1B + 125 pg/mL BB94-loaded NEs (concentration of NEs
that allows an encapsulation of 100 nM of BB-94)

Chondrogenic control: Chondrogenic medium
Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B

Chondrogenic medium + 100 ng/mL IL-1B + 1.25 mg/mL of unloaded NEs (concentration of
NEs used to encapsulate 20 nM de BB-94, 15 pug/mL of Ibuprofen and 75 pg/mL of Nisin in
their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 2.5 mg/mL of unloaded NEs (concentration of NEs
used to encapsulate 40 nM de BB-94, 30 ug/mL of Ibuprofen and 150 pug/mL of Nisin in their
loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 1.25 mg/mL Tricombinatory NEs (concentration of
NEs that allows the encapsulation of 20 nM de BB-94, 15 ug/mL of Ibuprofen and 75 pg/mL of
Nisin)

Chondrogenic medium + 100 ng/mL IL-1B + 2.5mg/mL Tricombinatory NEs (concentration of

NEs that allows the encapsulation of 40 nM de BB-94, 30 pug/mL of Ibuprofen and 150 pug/mL
of Nisin in their loaded form)

Chondrogenic control: Chondrogenic medium
Inflammatory control: Chondrogenic medium + 100 ng/mL IL-1B

Chondrogenic medium + 100 ng/mL IL-1B + 1.2 pg/mL Mupirocin (free form)
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Chondrogenic medium + 100 ng/mL IL-1B + 10 ug/mL of unloaded NEs (concentration of NEs
used to encapsulate 1.2 pug/mL of Mupirocin their loaded form)

Chondrogenic medium + 100 ng/mL IL-1B + 10 ug/mL Mupirocin-loaded NEs (concentration of
NEs that allows an encapsulation of 1.2 pg/mL of Mupirocin)

4.2.7. Seeding of Primary Human Chondrocytes on COPLA®
Scaffold

The first step was to cut COPLA® Scaffolds, with an original size of 20 x 20 mm, into
round-shaped scaffolds with a 5 mm diameter, by using a punch biopsy tool.

Subsequently, cell seeding on top of COPLA® Scaffolds was performed in two
different ways: 1) with human chondrocytes previously expanded in 2D culture
monolayers; 2) with human chondrocytes directly seeded after their isolation from
cartilage samples.

In the first case, similarly to the procedure that precedes 3D pellets formation, cells
were detached from the culture flasks after confluence was reached, as described in
4.2.3. A second approach was to seed the cells on the scaffold right after the isolation
procedure from the cartilage samples was completed.

For either experimental set ups, a cell suspension in chondrogenic medium,
containing 300x10° cells, was firstly added on top of each COPLA® Scaffold in a 48 well
plate and incubated for 5 minutes at 37°C/5% CO; (Figure 15). Afterwards, the volume
of each well was filled until reaching a total volume of 300 uL/well.

These cell-cultured scaffolds kept in an a humidified 37°C/5% CO, incubator in
chondrogenic medium and further destined either for a 28-day/14-day experiment or
exposed to an IL-1B-induced pro-inflammatory microenvironment.
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Figure 15 - Experimental set up of the experiments of seeding primary human chondrocytes onto
COPLA® Scaffolds and their subsequent utilization in 28-day/14-day of culture and pro-
inflammatory experiments.



4.2.8. Culture of Chondrocytes On COPLA® Scaffolds

In order to further evaluate cell adhesion, redifferentiation (when cells were
previously expanded) and ECM production, COPLA® Scaffolds seeded with expanded
chondrocytes were culture for 28 days and the ones with readily isolated chondrocytes
stayed in culture for 14 days. The respective scaffolds and conditioned medium were
collected at different timepoints: days 3, 7 and every 7 days after that. Chondrogenic
medium was changed twice a week during culture period.

4.2.9. Establishment of a Pro-Inflammatory Microenvironment

on Chondrocyte-Cultured COPLA® Scaffolds

The procedure of exposing chondrocyte-cultured COPLA® Scaffolds to IL-1B-induced
pro-inflammatory conditions differed between scaffolds with previously expanded
chondrocytes and with chondrocytes directly seeded after isolation. In both,
experimental conditions were tested in duplicates.

For expanded chondrocytes, cells were first left to redifferentiate in the scaffolds
for 7 days (similarly to the pro-inflammatory experiments in pellets, see 4.2.5.) and the
total volume of chondrogenic medium was once changed until then. As seen in Figure
16, freshly chondrogenic medium supplemented with 100 ng/mL of IL-1B was added to
the scaffolds at day 7. In this experiment, the assessments were made at day 3
(equivalent to the day 10 of differentiation) and day 7 (equivalent to the day 14 of
differentiation) to further study the effect of this pro-inflammatory microenvironment
on cell viability, expression of chondrogenic markers and pro and anti-inflammatory
cytokines release.

Four days after establishing the pro-inflammatory conditions, the 300 uL of medium
were replaced by chondrogenic medium without pro-inflammatory cytokines, in order
to provide fresh nutrients to the cells.
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Figure 16 - Experimental set up of the pro-inflammatory experiment in COPLA® Scaffolds seeded with cells that
were firstly expanded in monolayer culture. Schematic illustration produced using image resources from BioRender
(biorender.com). IL-16 — Interleukin-1Beta.



As for the chondrocytes directly seeded after isolation from the cartilage sample,
two different conditions were tested: one where the IL-1f was immediately added to
the medium after cells adhered to the scaffold for 5 minutes (Oh); and another where
the IL-1B was added to the wells 3 hours after the cell seeding on the scaffold. In this
case, timepoints for the collection of conditioned mediums and COPLA® Scaffolds were
set as days 3, 7 and 14 (Figure 17). After day 3, the total volume of chondrogenic
medium per well was changed twice a week without adding more pro-inflammatory
cytokine to it.
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Figure 17 - Experimental set up of the pro-inflammatory experiment in COPLA® Scaffolds directly seeded with
freshly isolated cells. Schematic illustration produced using image resources from BioRender (biorender.com).
IL-18 — Interleukin-1Beta.

4.2.7. Cytotoxicity Assay

Experiments were analysed for cytotoxicity through the quantification of lactate
dehydrogenase (LDH) release in the medium by the pelleted chondrocytes or by
chondrocytes seeded on COPLA® Scaffolds, using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega). This was possible because LDH is a stable cytosolic
enzyme that is released upon cell lysis and the kit allows for an enzymatic reaction
where a colorimetric indicator of LDH activity, tetrazolium salt, is converted into a red
formazan product [215]. The amount of resultant colour is proportional to the number
of lysed cells.

First, 50 uL of supernatant samples were transferred to a 96 well plate and an equal
volume of CytoTox 96® Reagent (prepared through the mixture of substrate mix and
assay buffer) was added to each well and incubated for 30 minutes. Stop solution was
added afterwards and the absorbance signal was measured at 490nm in a Synergy™
Mx Microplate Reader (BioTek). A sample of the blank control (only with medium) and
of the positive control of total cell dead (maximum LDH release control) were also

included. To generate this maximum LDH release control, the pellet was first
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mechanically fragmented with a needle and then 100 ul of 10X lysis solution were
added to the 1 mL of medium containing the pellet and incubated for 45 minutes.
Pellets destined for the positive controls were destroyed in order to make possible the
lysis solution to penetrate the ECM and reach the embedded chondrocytes.

As for the chondrocytes seeded on COPLA® Scaffolds, 50 ul of 10X lysis solution
were directly added to the well and incubated for 45 minutes.

The percentage of cytotoxicity was calculated by subtracting the blank value to each
measurement, then dividing the experimental LDH release of each sample by the
maximum LDH release, and further multiplying the result by 100. These obtained
results were converted into percentage of cell viability, where the negative control is
therefore the maximum LDH release.

4.2.10. Histology and Immunohistochemistry

Pellets and COPLA® Scaffolds of each timepoint assessment were washed in PBS,
fixed 15 minutes in paraformaldehyde (PFA, 4%) and then left in PBS after being
washed in this solution. The COPLA® Scaffolds are then subjected to the
immunohistochemical staining protocol.

As for the pellets, after fixation, they were subsequently placed in histology
cassettes and were further processed with spin tissue processor (Microm STP 120,
Thermo Fisher Scientific), where a series of alcohols is used to remove water from
tissues, being then replaced by a medium that allows further paraffin infiltration.
Next, pellets were embedded in paraffin, cut into 5 um cross-sections in the
microtome (HistoCore MULTICUT, Leica Bio Systems) and placed onto glass slides.
Before histological or immunohistochemical procedures, the fixed pellets underwent
dewaxing and hydration in a series of decreasing ethanol concentrations and washing
with distilled water (Figure 18).
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Figure 18 - Series of steps involved in the preparation of pellets for histological and
immunohistochemical stainings.



4.2.10.1. Alcian Blue and Safranin-O Stainings

Only the pellets were stained with alcian blue and safranin-O for sulfated
glycosaminoglycans (sGAG) and proteoglycans deposition.

For the alcian blue staining, pellet sections were incubated in alcian blue solution

for 30 min and then washed with water. Chondrocytes’ nuclei were counterstained
either by immersion in nuclear fast red for 10 min, or in picrosirius red for 60 minutes
followed by acidified water for 30 seconds, and rinsed in water once again [211]. For
the safranin-O staining, pellet cuts were immersed in gill hematoxylin for 2 min,
subsequently washed with water, incubated in fast green and in acetic acid afterwards;
next, the glass slides were immersed in safranin-O for 30 min and then washed with
96% ethanol.

Finally, for the two stains, following dehydration in a series of increasing ethanol
concentrations and clearing in xylene, the slides were coverslipped with resinous
mounting medium (DPX mounting medium, VWR™). Images were acquired using an
Olympus CX31 light microscope (Olympus) equipped with a Moticam 3+ digital
microscope camera 3.0 MP (Motic).

4.2.10.2. Immunohistochemical Staining of Type Il Collagen, Aggrecan and
Actin

The deposition of the two most important markers of chondrogenic differentiation,

collagen type Il and aggrecan, in pellets and in COPLA® Scaffolds was assessed by
immunohistochemistry. The cellular morphology in COPLA® Scaffolds was also
assessed through actin fibers detection with phalloidin.

The slides containing pellets sections and the COPLA® Scaffolds to be
immunohistologically examined were blocked for endogenous fluorescence with
sodium borohydride 0.1% in tris-EDTA (TE), blocked for free aldehydes with 100 mM
NH4Cl in TE and washed with water or PBS after each blockage, respectively.

To block unspecific antibody binding, sections were then incubated in a solution
with 10% FBS and 1% BSA for 1h at room temperature (RT) and incubated overnight at
4°C afterwards, with the respective primary antibody diluted in 10% FBS and 1% BSA
(1:100 for collagen type Il (Abcam), 1:50 for aggrecan (Santa Cruz Biotechnology, Inc.)
and 1:100 for phalloidin (BioLegend)).

After washing with PBS, slides and scaffolds were incubated, light protected, with
the secondary antibody (Alexa Fluor 488, Life Technologies), diluted 1:1000 in the
before mentioned solution, for 1h at RT and then with 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich) for 5 min to nuclei staining. After each incubation, the samples
were carefully washed in PBS. The last step for the slides was the montage with
Fluoroshield Mounting Medium (Sigma-Aldrich). Images were acquired using a Leica
TCS SP5 confocal microscope (Leica Microsystems).
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4.2.11. Cytokine Profiling by Enzyme-Linked Immunosorbent
Assay

The measurement of cytokine levels released by chondrocytes in the medium,
either in pellets or on COPLA® Scaffolds, was performed by enzyme-linked
immunosorbent assay (ELISA). This analysis was carried out for pro-inflammatory
cytokines IL-6, IL-1B and TNF-a and for anti-inflammatory IL-10 with kits specific for
each cytokine (ELISA MAX™ Deluxe Set, BioLegend®) and following the manufacturer’s
instructions.

In summary, for all the cytokines, the plate was firstly coated overnight with each
monoclonal antibody. In the next day, the diluted standards and samples were added
to the wells and the specific cytokine bound to the immobilized capture antibody.
Afterwards, a monoclonal detection antibody against each human cytokine was added,
producing an antibody-antigen-antibody “sandwich”. Subsequently, avidin horseradish
peroxidase was added, and a substrate solution was added next, producing a blue
colour in proportion to the cytokine in evaluation present in the sample. Lastly, the
stop solution was added, changing the reaction colour from blue to yellow. The
absorbance was read at 450 nm and at 570 nm in a Synergy™ Mx Microplate Reader
(BioTek). Each sample was run in duplicate and the mean value was used for all further
calculations. The absorbance at 570 nm was subtracted from the absorbance at 450
nm.

To calculate the respective cytokine concentrations, a standard curve was plotted
with standards concentration on the x-axis and their respective absorbance on the y-
axis. The concentration of the cytokines in each experimental condition was then
calculated using the equation of the curve and taking into consideration each sample
dilution (1:1000 for IL-6 and for IL-1p in pellets; 1:250 for IL-6 and for IL-1p in scaffolds,
and no dilution for IL-10 and TNF-a both in pellets and scaffolds).

4.2.12. MMP and ADAMTS Expression by Real-Time

Quantitative Polymerase Chain Reaction

To quantify the mRNA expression of Sox9, type Il collagen, aggrecan, MMPs and
ADAMTSs for each experimental condition, the RNA was firstly extracted from the
respective pellets, followed by cDNA synthesis and by RT-qPCR performance
afterwards. As, unlike ibuprofen, BB-94 does not have an influence in the expression of
these proteinases but rather on their activity, this RT-qPCR evaluation was not
performed for the experiments were pellets were exposed to the action of BB-94-
loaded NEs. This evaluation was not carried out for COPLA® Scaffolds, due to the
difficulty in extracting RNA in those conditions.
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4.2.12.1. RNA Extraction

For total RNA extraction, pellets were homogenised in TRIzol reagent (Invitrogen)
while being cut as small as possible and forced to pass through a syringe and 3 needles
of different sizes (19G, 21G and 25G) to cause the lysis of cell membranes.

For RNA isolation, the Direct-zol™ RNA Miniprep kit from Zymo Research was used

and following the manufacturer’s specifications. All steps were performed at RT and
the centrifugations took place at 10000 g for 30 seconds.

Briefly, after a first centrifugation, the supernatant was transferred into a new tube
and mixed with ethanol. The mixture was poured into a column placed on top of a
collection tube, another centrifugation took place and the flow-through was discarded.
A pre-wash solution and a wash buffer were added into the column once at a time and
a centrifugation was performed after each addition (the second one took 2 min) and
the flow-through was rejected. The column was further placed into an RNase-free tube
and RNase-free water was placed in the middle of the column filter and centrifuged to
elute RNA. The resultant was stored at -802C and a 2 L aliquote was used to measure
RNA amount and purity in a NanoDrop spectrophotometer (NanoDrop™ 1000
Spectrophotometer, Thermo Fisher Scientific). To calculate the concentration (ng/uL),
absorbance was measured at 260nm, as it is the wavelength at which nucleic acids
absorb [216]. The purity is assessed from the ratios of absorbance at 260 nm and 280
nm (260/280) and at 260 nm and 230 nm (260/230) to verify the presence of
contaminants that absorb either at 280 nm or at 230 nm, respectively [216].

4.2.12.2. cDNA Synthesis
The NZY First-Strand cDNA Synthesis Kit from NZYTech was used to synthesise
single-stranded cDNA from the RNA template to use in real-time quantitative

polymerase chain reaction (RT-gPCR) and the instructions of the manufacturer were
followed. Briefly, a master mix (containing the primers, deoxyribonucleotide
triphosphates (dNTPs), MgCl, and an optimized RT buffer) and an enzyme mix
(containing reverse transcriptase and the ribonuclease inhibitor to avoid RNA
degradation), along with diethyl pyrocarbonate-treated water (and, therefore, RNase
free) and RNA were placed into a nuclease-free microcentrifuge tube, then mixed and
incubated first at 252C for 10 min in a thermal cycler (T100™ Thermal Cycler, Bio-Rad)
and at 502C for 30 min afterwards.

To inactivate the reaction, the content was heated at 852C for 5 min and then
chilled at 42C. RNase H (from E. coli) was added to degrade the RNA template and the
resultant was incubated for 372C for 20 min. The cDNA product was stored at -202C
until required.
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4.2.12.3. Real-Time Quantitative Polymerase Chain Reaction

Using the obtained cDNA, the levels of gene expression of Sox9, type Il collagen,
aggrecan, MMPs and ADAMTSs, were analysed by RT-qPCR. In this technique, suitable
reference genes (also called housekeeping genes) are needed to normalize the
expression of the genes of interest [217]. Herein, beta2-microglobulin (B2m) reference
gene, which is among the most stable reference genes in chondrocytes [217], was used
as internal standard for normalization. Reaction mixtures included cDNA, PCR buffer,
dNTPs, iTag DNA polymerase and each forward and reverse primers. Primer design
was performed using the Primer-BLAST and primer sequences are listed in Table 2.

Table 2 — Primer sequences used for RT-qPCR. FW — forward; RV — reverse.

GENE PRIMER SEQUENCE
FW: 5’ - GCTCTGGAGACTTCTGAACGA - 3’
RV: 5’ - CCGTTCTTCACCGACTTCCT - 3’

FW: 5" - CTGGAAAAGCTGGTGAAAGG - 3’
RV: 5" - GGCCTGGATAACCTCTGTGA - 3’

FW: 5" - TCCCCTGCTATTTCATCGAC - 3’

SOX9

TYPE Il COLLAGEN

AGGRECAN RV: 5’ - CCAGCAGCACTACCTCCTTC - 3’
MMP-1 FW: 5’- CTGTTCAGGGACAGAATGTGCT - 3’
RV: 5’- TCGATATGCTTCACAGTTCTAGGG - 3’
MMP-2 FW: 5’ - AGTACCGCTGCTCTCTAACC - 3’
RV: 5" - CTGGGGCAGTCCAAAGAACT -3’
MMP-3 FW:5’- TTTTGGCCATCTCTTCCTTCA - 3’
RV: 5’- TGTGGATGCCTCTTGGGTATC - 3’
MMP-8 FW: 5’- CTCCCTGAAGACGCTTCCAT -3’
RV: 5’- TCCAGGTAGTCCTGAACAGT - 3’
MMP-9 FW: 5’- CTTCCAGTACCGAGAGAAAGC - 3’
RV: 5- ATAGGTCACGTAGCCCACTT - 3’
MMP-13 FW: 5’- TCCTCTTCTTGAGCTGGACTCTT - 3’
RV: 5’- CGCTCTGCAAACTGGAGGTC - 3’
MMP-14 FW: 5’- TGCCTGCGTCCATCAACACT - 3’
RV: 5’- CATCAAACACCCAATGCTTGTC- 3’
FW: 5’- CGCTGCCACCACACTCAA - 3’
ADAMTS-5 RV: 5’- CGTAGTGCTCCTCATGGTCATCT - 3’
B2M FW: 5’- CCAGCGTACTCCAAAGATTCAG - 3

RV: 5’- AGTCAACTTCAATGTCGGATGG - 3’

The RT-qPCR reactions were performed on a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad) for 1 cycle of 952C for 15 minutes and subsequent 40
cycles of 952C for 30 seconds and of the primers annealing temperatures (582C) for 30
seconds as well. At the end of the elongation cycle, product fluorescence was detected
and a further melting curve analysis was conducted to confirm that a single gene
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product was amplified. Each sample was run in duplicate and the mean value was used
for all further calculations.

The cycle at which fluorescence reaches the threshold value (threshold cycle, Ci)
determines the amount of starting material and thus the degree at which the gene of
interest is activated under the examined conditions.

By analysing the data with Bio-Rad CFX Maestro™ Software, the expression levels of
target genes in each sample were calculated by normalizing their expression to the C;
levels for B2m. As such, a comparative threshold cycle quantification (AC: method) was
executed to quantify DNA, using B2m as the reference gene.

Standard curves for all pair of primers were calculated by plotting the logarithm
value of the starting concentration versus C: and the respective correlation coefficients
and slopes were calculated using Bio-Rad CFX Maestro™ Software. The efficiencies of
PCR amplification reactions were determined based on the slopes of generated
standard curves by using the equation E% = [10¢ /sloPe)_1]%. The closest efficiency is to
100%, the more reproducible is the assay. Ideally, efficiency should be between 90-

105%. The relative expression of each gene was calculated by using the fold
differences as follows: 2 trererence gene™Cttarget) g(Ciererence gene=Craraer)  |n this  method
(AC: method), it is assumed that the efficiency of both target and reference gene

amplification is near 100%.

4.2.13. Gelatin Zymography

Either to complement the data of MMPs expression or to evaluate the anti-
enzymatic activity of the tested compounds, MMPs activity was measured using
gelatin zymography, once some of them can degrade this protein (namely gelatinases,
which are MMP-2 and MMP-9).

Firstly, in order to assure that the same weight of protein was loaded on the gel for
each condition (10 pg), protein quantification in the conditioned medium of each
sample was performed using a Bio-Rad DC Protein Assay (Bio-Rad quantification kit).
For this purpose, the first step was to prepare BSA standards from succeeding dilutions
of a 10 mg/mL BSA solution, in order to further plot a standard curve. After, in a 96-
well plate, 5 pL of each sample, 25 uL of reagent A and 200 uL of reagent B were
added to each well in this exact order (in duplicates) and carefully resuspended. After a
15 minutes incubation at RT in the dark, the absorbance was read at 655 nm in a
Synergy™ Mx Microplate Reader (BioTek).

After calculating the volume of each sample that contained 10 ug of protein, that
volume was mixed with 5 uL of a sample buffer and the respective volume was filled to
a final of 10 uL with deionised water. Later, those 10 uL were loaded on the gel and 10
pL of protein ladder (SeeBlue™ Plus2 Pre-stained Protein Standard, Thermo Fisher
Scientific) were added to each well of the gel next.
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The tank was filled with a running buffer and the used voltage for running the
samples was of 125 V during 90 minutes. After electrophoresis, the gels were
incubated in a renaturing buffer for 30 minutes at RT with gentle agitation.
Subsequently, the renaturing buffer was replaced by a developing buffer and the gel
was equilibrated for 30 minutes at RT with gentle agitation and fresh developing buffer
was added to the gel afterwards. Followed to an incubation at 37°C for 4 hours, the gel
was stained with comassie blue for 5 minutes and then the bands were de-stained
with a de-staining solution until they were clear. The last step was to wash the gels
with deionised water and gels were later on imaged using a GS-800 Calibrated
Densitometer (Bio-Rad).

Lastly, the absolute density of the bands of each experimental condition was
quantified in the taken images using Imagel software (version: 2.1.0).

4.2.14. Pellet Size Measurement and Area Calculation

When collected at the established timepoints, pellets were photographed with an
Olympus a SZX10 zoom stereo microscope equipped with an EP50 WLAN-enabled
digital camera (Olympus) and analysed using ImagelJ software (version: 2.1.0) for each
experimental condition. After measuring the horizontal (a) and the vertical length (b)
of each pellet in the software (Figure 19), their area was calculated as follows: %X ZXm

To mimic their observed position in the 15 mL conical tube (Figure 19), pellets were

put on their lateral side on the microscope to further measure the needed lengths.

Vertical
length
(b)

Horizontal
length
(a)

Figure 19 - Representation of the horizontal and vertical lengths measured in the pellets for size
calculation. Scale bar = 350 um.
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4.2.15. Statistical Analysis

Statistical analysis was performed using the non-parametric tests, due to the low
number of experiments, in GraphPad Prism version 9.1.2 (GraphPad Software, Inc.). All
the data was analysed by non-parametric unpaired Kruskal-Wallis test followed by
Dunn’s multiple comparison test. Statistical significance was defined for values lower
than 0.05 (* p<0.05; ** p<0.01) and the results contained in each graph are shown as
mean * standard error of the mean (SEM).
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5. RESULTS AND DISCUSSION

5.1. ESTABLISHMENT AND CHARACTERIZATION OF
PRIMARY HUMAN ARTICULAR CHONDROCYTES 3D PELLET
CULTURES

5.1.1. Cellular Expansion in Monolayer Culture and

Dedifferentiation

The most significant limitations on studies with hACs retrieved from small cartilage
biopsies are their limited number, the difficulty in isolating and maintaining them in
culture while preserving their chondrogenic potential [218, 219], and their low cell
yield [220]. Many culture systems have been widely employed to support
chondrocytes in vitro [219], namely traditional two-dimensional (2D) monolayer
cultures and high cell density 3D cultures [219, 221]. In both methodologies, primary
hACs are first mechanically and/or enzymatically released from their cartilage matrix
and a following 2D culture-expansion is needed to obtain a workable and viable
amount of cells [221]. Herein, after mincing the cartilage sample, the release was
carried out by collagenase B, an enzyme that degrades ECM-containing collagen into
small peptides [68] and that is known to preserve maximum cell viability [212].

Following this protocol, a good cell viability was always achieved even though the
number of obtained cells was variable mostly because it was directly dependent on the
quality and on the size of the collected osteochondral samples.

The employed monolayer culture is the most commonly used approach to
propagate cells in vitro, essentially because it is economical and easy to perform [214].
It involves seeding the cells at a subconfluent density and detaching them from the
generated monolayer surface once they achieve confluence [222]. This process of
detachment and posterior reseeding of proliferating cells at a subconfluent density
until achieving the needed amount of cells is called passaging [222].

When chondrocytes are growing in these 2D environments, a long-time of
expansion and multiple passaging are needed, which induces cells to experiment a
process called “dedifferentiation” [56, 221]. Dedifferentiated chondrocytes suffer
morphological changes and phenotypic loss, since they are hindered to express
cartilage-specific proteins [219], and become fibroblast-like cells [214, 219]. They lose
their normal rounded shape and start synthesising type | collagen instead of the type Il
[15, 56, 214] and progressively lower quantities of aggrecan [19, 221, 223], which is
the expression profile similar to the one of pre-chondrogenic mesenchymal cells [3,
224, 225]. This newly-formed ECM has poorer biomechanical properties [24, 38] and is
more prone to degradation [15].

As seen in Figure 20, when observed a day after isolation (P0O), chondrocytes
displayed a typical round morphology but, after some days (still PO), they are more
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polygonal and start exhibiting some filaments. As the number of passages increases,
this dedifferentiation becomes more evident once chondrocytes shifted towards
subsequently more elongated, flattened, fibroblast-like shape from P1 to P3 (Figure
20).

This corroborates what is described in the literature for the dedifferentiation
phenomenon [15, 35], because chondrocytes’ differentiated phenotype is unstable
under a 2D microenvironment [226]. In fact, it is well know that chondrocytes are only
able to execute a limited number of cell divisions [227], so this dedifferentiation
process is critical to the cellular proliferation in the monolayer culture.

PO (a day after isolation)

Figure 20 - Morphology of monolayer-cultured chondrocytes in A) Passage 0 (PO) one
day after isolation; B) PO four days after isolation; C) Passage 1 (P1); and D) Passage 3
(P3). Their shape changed from round/polygonal in PO to fibroblastic in P1 and P3.
Scale bar =30um.

During this expansion process, cells were exposed to two commonly employed
growth factors (TGF-B1 and bFGF) [228] and serum, once this combination has been
shown to maintain the redifferentiation capacity of culture-expanded cells [3].
Furthermore, it should be noted that cells were only reseeded up to passage 4 because
it is described in the literature that high-passage chondrocytes (> P4) lose their ability
to correctly redifferentiate into their native phenotype [26, 229, 230].
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Additionally, 2D expansion allows the reprogramming of damaged chondrocytes,
since cells that are actively dividing are able to resynthesize and replace mutated
molecules [231].

5.1.2. 3D Pellet Culture of Human Articular Chondrocytes

Although many research groups are trying to find an alternative strategy to
traditional 2D cell expansion, dedifferentiation still represents a major obstacle to
overcome [15, 209, 232]. Therefore, after being expanded, cells need to be
redifferentiated into their native chondrogenic phenotype [56], to correctly mimic
what happens in the cartilaginous tissue in vivo.

This restoration of functional activity can be enhanced by the application of many
different specific growth factors [56, 221, 222, 225] and by transferring chondrocytes
to a 3D environment that supports their spherical morphology [214, 222, 232], such as
in pellets [225], because a high cell density and extensive cell—cell and cell-matrix
interactions have been described to be critical to the initiation of chondrogenic
redifferentiation [26, 213, 232]. Actually, the pellet culture is the benchmark for
studying the redifferentiation of chondrocytes in vitro [209, 232], where cells
aggregate and deposit ECM, forming a macroscopic pellet (macropellet) [209].

In order for chondrocytes to regain their cartilaginous features in this 3D culture,
the employment of a chondrogenic medium is of major importance, whereby it
provides a phenotypic stability for the cells.

Insulin-Transferrin-Selenium (ITS) complex has the ability to prevent the
dedifferentiation process [233] and to promote the formation of cartilage with higher
matrix content [230]. Briefly, insulin essentially promotes the synthesis of proteins and
nucleic acids, transferrin, along with being an iron carrier, can also help to decrease
oxygen radicals and peroxide toxic levels, and selenium is employed as an anti-oxidant
in the medium [234].

The combination of ITS and DMEM is linked to the enhancement the chondrogenic
activity [212]. Similarly, TGF-B3 also stimulates the cell activity, which has been
reported to result in a higher production of aggrecan in pellet cultures of human
articular chondrocytes [235].

5.1.2.1 28-day Chondrogenic Differentiation Experiment

The characterization of primary hACs in 3D pellet cultures was carried out through
the evaluation of their phenotype and mRNA expression in an experiment with the
duration of 28 days of culture. The main objective was to evaluate the redifferentiation
of chondrocytes after their expansion in order to assess at which timepoints they were
already producing cartilage-specific ECM and expressing chondrogenic markers.

In order to verify the effectiveness of the chondrogenic medium components in
stimulating the chondrogenic activity, a control where cells were only provided the
basic environment and nutrients (glucose, amino acids, vitamins and growth factors
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[236]) needed to maintain cell survival in culture was conducted (pellets in basal
medium).

5.1.2.1.1. Cytotoxicity Assessment

The cytotoxicity throughout the 28 days of culture either in basal and in
chondrogenic medium was analysed through the quantification of LDH release in the
medium by the pelleted chondrocytes.

The cytotoxicity results obtained for one independent experiment were converted
into cell viability and are displayed in Figure 21. Percentages of cell viability above 80%
are considered as non-cytotoxicity, between 80% and 60% as weak cytotoxicity, in the
range of 60%-40% as moderate cytotoxicity and below 40% as strong cytotoxicity
[237].

Cell viability levels of pellets cultured in chondrogenic medium surpassed the 80%
until day 14 and suffered a slight decrease for the longer periods of culture, that is,
days 21 and 28, which means the culture conditions were not toxic in the first referred
periods while represented a weak cytotoxicity on the last ones.

As for the pellets cultured in basal medium, cell viability values were below the 80%
in every timepoint, demonstrating that this condition overall seems to have induced a
moderate toxicity in chondrocytes during this single experiment.
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Figure 21 - Cell viability of 3D pellets cultured in chondrogenic and basal medium for 28
days. n =1 replicate.

5.1.2.1.2. Alcian Blue and Safranin-O Stainings

Alcian blue is a cationic dye that strongly binds to sulfated GAGs [238] and safranin-
O is also a cationic dye that binds to proteoglycans present in cartilage ECM [239].

As such, the ability of chondrocytes to produce sGAG and proteoglycans was
confirmed by the alcian blue and safranin-O stainings, which showed blue and red
staining in the ECM, respectively.

As illustrated in Figure 22, the sGAG deposition was not verified in basal medium
culture. On the other hand, the blue staining observed from day 7 until day 28 in the
sections of pellets cultured in chondrogenic medium demonstrates the deposition of
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GAGs in these timepoints. It is also observed that some ECM-embedded cells started
exhibiting a more round-shaped morphology as soon as day 7 (black arrows).

As for the production of proteoglycans as a whole (Figure 23), only a slight red
staining is observed throughout the different timepoints for pellets cultured in basal
medium, indicating a lower production of this component when compared to the
culture in chondrogenic medium. In this medium containing chondrocytes-stimulating
factors, proteoglycan deposition is detected as early as day 3 of culture and appears to
be more prominent by day 14 of culture. Round-shaped cells surrounded by ECM were
detected from the 7™ day forward (black arrows).

Basal Medium Chondrogenic Medium

Day 3 by

>
100 pm . %um
Day 14
100 jm 25um
Day 21
100 jm 25um
Day 28

Figure 22 - Alcian blue histological stainings of 3D pellets cultured in basal and chondrogenic
medium for 28 days. Black arrows point to the cells with a rounded shape. Scale bar of left images
=100 um; Scale bar of right images = 25 um.

57



Basal Medium Chondrogenic Medium

Day 3

100 m
Day 7
Day 14

100 pm 25pm
Day 21 9\

100 pm 25pm
Day 28

Figure 23 - Safranin-0 histological stainings of 3D pellets cultured in basal and chondrogenic medium for
28 days. Black arrows point to the cells with a rounded shape. Scale bar of left images = 100 um; Scale
bar of right images = 25 um.

5.1.2.1.5. Sox9, Type Il Collagen and Aggrecan Expression

Redifferentiating articular chondrocytes should reexpress the chondrogenic markers
[26]. Their phenotype is mainly characterized by the expression of genes encoding the
synthesis of ECM components or their regulators, specially type Il collagen, aggrecan
and sox9, which are responsible for maintaining cartilage anabolism [8]. Therefore,
their levels of MRNA expression were assessed.

Generally, sox9 mRNA expression levels in both basal and chondrogenic medium
cultures decreased over time and the values on the first medium surpassed the ones
on the second until day 7 (Figure 24 A). Moreover, after day 14 (days 14, 21 and 28)
these levels of sox9 mRNA expression in both mediums show a trend to be diminished
towards a much lesser extent than in the first two timepoints (days 3 and 7).
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In terms of collagen type Il mMRNA expression, the levels are maintained throughout
the experiment days of culture in pellets supplemented with chondrogenic medium
and decreased along time in the ones cultured with basal medium (Figure 24 B).

Lastly, as observed in Figure 24 C, aggrecan only started to be expressed at day 7
and in subsequent days of culture. This expression was constant in days 7 and 14 in
both mediums and presented higher levels at day 28 of culture in chondrogenic
medium.

Overall, these results demonstrate that genes coding for cartilage-specific proteins
were being transcribed. More experiments should be performed to validate these
observations.
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Figure 24 - mRNA expression levels of a) Sox9; B) Collagen Type II; and C) Aggrecan in 3D pellets cultured in basal
and chondrogenic medium for 28 days. n=1 replicate.

5.1.2.1.6. Evaluation of Pellet Areas

Variations in pellets size (herein evaluated in terms of area) can be related to ECM
production, cell proliferation or death and they are expected to increase in size during
culture time in chondrogenic medium [178, 240]. In fact, in this experiment the area of
pelleted chondrocytes in chondrogenic medium truly increased over time (Figure 25)
which most probably is an indicator of the ECM production previously demonstrated in
histological stainings.

In contrast, in control condition, the area values were fluctuant and always below
the ones achieved in medium supplemented with chondrogenic factors (Figure 25),
which is in agreement with the low ECM deposition overtime observed in alcian blue
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and safranin-O stainings and with the moderate toxicity induced by this condition
(Figure 22, Figure 23 and Figure 21, respectively).
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Figure 25 - Areas of 3D pellets cultured in basal and chondrogenic medium for 28
days. n=1 replicate.

5.1.2.1.7. Conclusion on the Minimum Time Period Allowing the Redifferentiation of
Chondrocytes

By collecting all the results regarding cell viability, ECM deposition, chondrogenic
markers expression and the evolution of pellets areas, a specific timepoint where
chondrogenic redifferentiation was proved to be already on going had to be defined, in
order to proceed with further experiments.

The performed experiment shows that day 7 of culture could proposed for such
day. In fact, the data obtained in the performed experiment confirmed the results
previously obtaining in the research group, showing that, by this day, culture
conditions were not toxic, sGAG deposition was observed from that day on,
proteoglycans were already being produced by that time, and mRNA of chondrogenic
markers were also being expressed at that timepoint.

Therefore, at day 7 chondrocytes seem to be already showing their native
phenotype restored, proven namely by the synthesis of cartilage-specific ECM and to
the re-acquisition of a rounded shape.

5.2. ESTABLISHMENT OF A PRO-INFLAMMATORY
MICROENVIRONMENT IN 3D PELLET CULTURES

In order to establish the more suitable, non-cytotoxic and reproducible pro-
inflammatory microenvironment model in 3D pellet cultures and mimic the one at
cartilage lesions sites, hACs were stimulated with the addition of IL-1B and TNF-a to
the chondrogenic medium, once their key role in cartilage destruction is well-known
[26].
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Different concentrations of these two cytokines alone were tested, in accordance
with established pro-inflammatory models of in vitro cartilage damage and OA in
articular chondrocytes, reported by other authors (10 ng/mL of IL-1B [241-243], 10
ng/mL of TNF-a [244-246], 100 ng/mL of IL-1B [247, 248] and 100 ng/mL of TNFa [245,
246]). Two conditions of both cytokines in combination were also tested (IL-1B and
TNF-a at 10 ng/mL each and IL-1B and TNF-a at 100 ng/mL each).

These pro-inflammatory stimuli were added to the 3D cultures after the 7 days of
differentiation, to assure that cells with a chondrogenic phenotype were being
exposed to these conditions.

5.2.1. Cytotoxicity Assessment

The cytotoxicity of the different pro-inflammatory stimuli in pelleted chondrocytes
was analysed three days after the establishment of those conditions.

The cytotoxicity results obtained for one independent experiment were converted
into cell viability and are displayed in Figure 26. The results show that no condition was
toxic to the cells.

=100~
2
E fltem-mceccccccnccaaa
£ 3
= o eod
82 %
—
>
Z > 40
)
3 <
45 20-
32
?_’0 I 1 I 1 1 I 1
N
S A NN N NN
& FFSEESSS
S E S E &
o NN NS
SRR QLR
F Vv Ky IFNLD
&0 AN \\\’,\éx\\’
N
o &
& & &

Figure 26 - Cell viability of 3D pellets three days after being stimulated under different pro-
inflammatory stimuli. n = 1 replicate.

5.2.2. Cytokine Profiling

Usually, levels of IL-1B in normal cartilage samples are very little [249]. Herein,
although statistical significance was not achieved between conditions in these
experiments, the secretion levels of IL-1B in the chondrogenic control indeed seemed
to be greatly bellow the ones detected for the pro-inflammatory-treated conditions
(Figure 27 A). Moreover, the addition of 10 ng/mL of TNF-a. and 100 ng/mL of IL-1B
seemed to induce the lowest and the highest synthesis of this cytokine, respectively,
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Figure 27 - Levels of A) IL-18; B) TNF-a; C) IL-6; and D) IL-10 measured in the conditioned mediums of 3D
pellets three days after being stimulated under different pro-inflammatory stimuli. The dashed line in the
graph A) marks the amount of IL-18 added to the medium in the respective conditions (10 ng for the 10 ng/mL
of IL-16; 10 ng for the 10 ng/mL of IL-18 and TNF-a; 100 ng for the 100 ng/mL of IL-18; and 100 ng for the 10

IL-1B (pg/ml)

having the latter induced the production levels around 50 fold greater (around 5000
ng/mL) than the ones added to the medium.

The TNF-a concentrations quantified in conditioned mediums were notably lower
than the ones observed for IL-1B (Figure 27 B). It is verified that TNF-a was not
produced in pellets only held in chondrogenic medium and the highest levels seemed
to be produced by cells where this cytokine was added either alone or in combination.
The experimental conditions in which IL-1B was added alone either at 10 or 100 ng/mL
seemed to stimulate cells for TNF-a production in a lower extent.
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ng/mL of IL-18 and TNF-a). Results are presented as mean + SEM; n=4 replicates.

Under normal conditions, chondrocytes produce low levels of IL-6 [65], as shown in
chondrogenic control (Figure 27 C). However, the synthesis of this pro-inflammatory
cytokine is directly stimulated by IL-1B and TNF-a [65, 72], which was verified for the
conditions where these two cytokines were added to the culture medium either alone
or in combination. It seems that the condition potentiating a higher production of IL-6
was when the two cytokines were added to the pellets together at 100 ng/mL each
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and the lowest was induced by the two conditions where TNF-a was added alone at 10
and 100 ng/mL.

IL-10 is an anti-inflammatory cytokine produced by chondrocytes as an attempt to
counterbalance the pro-inflammatory microenvironment and protect their phenotype
[26, 68]. Data displayed in Figure 27 D suggest that IL-10 was synthesised at low levels
for all the conditions and inexistent in the chondrogenic control conditioned medium.
Nevertheless, these levels seem to be increased in all of the pro-inflammatory
conditions when compared to the control.

5.2.3. Sox9, Type Il Collagen, Aggrecan, MMP and ADAMTS
Expression

The mRNA expression of chondrogenic markers sox9, type |l collagen and aggrecan
was assessed for this pro-inflammatory establishment experiments.

Although no statistically significant differences between the tested conditions for
these experiments was achieved, it seems that the all pro-inflammatory conditions
decreased the mRNA levels of sox9 when compared to the ones in chondrogenic
control (Figure 28 A). This decrease is more noticeable in IL-18 100 ng/mL condition.
These observations corroborate what has been previously described about decreased
levels of sox9 mRNA expression being detected near the cartilage lesions [25].

As for collagen type Il, mRNA levels seem to be overall lower in tested conditions
than in the chondrogenic control and particularly almost untraceable in the 3D pellets
cultured under IL-1B 100 ng/mL, TNF-a 100 ng/mL and IL-1B-TNF-a 100 ng/mL stimuli
influence (Figure 28 B).

Accordingly, mRNA expression levels of aggrecan also seem to be downregulated in
all pro-inflammatory conditions when compared to the chondrogenic control (Figure
28 Q).

Generally, the lowest levels of sox9, collagen Il and aggrecan transcripts seem to be
induced by the higher concentration of IL-1B. This is accordance with a previous study,
where chondrocytes were exposed to increasing concentrations of IL-1B and TNF-a (1,
10 and 100 ng/mL each) and, at the same concentrations, IL-1p produced lesser mRNA
abundance of collagen Il and aggrecan than TNF-a [247]. In the same study, overall the
100 ng/mL IL-1B treatment was the one producing the most pronounced decrease in
these components’ transcripts [247] (exactly as suggested in Figure 28).

In addition, IL-6 acts synergistically with IL-1 in reducing the expression of type Il
collagen [65]. This proves the cartilage-specific ECM synthesis might have been
disturbed through these down-regulations in mRNA expressions.
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MRNA expression levels of a) Sox9; B) Collagen Type Il; and C) Aggrecan in 3D pellets

three days after being stimulated under different pro-inflammatory stimuli. Results are presented as
mean + SEM; n =5 replicates.
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Figure 29 - mRNA expression levels of a) MMP-1; B) MMP-2; C) MMP-3; D) MMP-8; E) MMP-9; F) MMP-
13; G) MMP-14; H) ADAMTS-5 in 3D pellets three days after being stimulated under different pro-
inflammatory stimuli. Results are presented as mean + SEM; n =5 replicates except for MMP-9, where
n =1 replicate.



The evidenced downregulation of the two main ECM components of cartilage is
described to be resultant from an augmentation in the production and activation of
proteolytic enzymes by chondrocytes once stimulated by IL-1B and TNF-a [39, 250]. To
confirm the expected elevated levels, mRNA expression of MMP-1, -2, -3, -8, -9, -13
and -14 and of ADAMTS-5 were quantified (Figure 29).

Levels of transcribed MMPs genes particularly induced by IL-13 and TNF-a in
chondrocytes (MMP-1, MMP-3, MMP-9, MMP-13) [74-76] and other also generally
detected cartilage damage and degeneration as a result of subsequent downstream
cascades (MMP-2, MMP-9, MMP8 ADAMTS-5 [68, 72, 80, 82]) were analysed. In
particular, IL-6 upregulates MMP-1 and MMP-13 expression in combination with IL-1
and reduces the expression of type Il collagen [65].

There were no significant changes between the tested conditions and when
compared to the chondrogenic control. However, it is possible to observe that all
analysed proteinases were being transcribed in all experimental conditions (Figure 29),
including in the control as they are normally expressed in articular cartilage due to
tissues’ homeostasis [82].

Generally, MMP-3 appears to be the one with the highest mRNA expression,
followed by MMP-1 and MMP-13 (Figure 29). In fact, MMP-3 is the MMP most strongly
expressed in OA cartilage [69] and activates other enzymes like MMP-13 [80].

In summary, as MMP-1, -3, -9, and -13 are all directly induced by IL-1B and TNF-a
and the major mediators of joint destruction [17, 66, 74, 79], and so these were the
ones analysed in the experiments evaluated further in this study.

5.2.4. Conclusion on the Cytokine Concentration with Effective
and Reproducible Pro-Inflammatory Effects

A concentration capable of inducing the desired pro-inflammatory cascades in
chondrocytes needed to be chosen in order to proceed with the following studies
aiming to evaluate the anti-inflammatory and anti-proteolytic activity of the loaded
nanodelivery systems, and to establish a pro-inflammatory microenvironment in
COPLA® Scaffolds.

As such, taking into consideration all the results collected, IL-1B at 100 ng/mL was
selected as an adequate stimulus, essentially because it was not toxic to the cultured
cells, was the one where the higher production of IL-1B is suggested, and was also able
to stimulating chondrocytes to produce identifiable amounts of TNF-a and substantial
of IL-6. Additionally, this appeared to be the one that induced the lowest levels of
sox9, collagen type Il and aggrecan transcripts and leaded the cells to produce several
MMPs and ADAMTS-4 and -5.

In summary, IL-18 stimulation with 100 ng/mL was able to cause a serious
inflammatory reaction in hACs, showing to be the most effective condition in the
establishment of a pro-inflammatory environment. To test the reproducibility of the
effects induced by this condition, the number of experiments should be increased.
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5.3. EVALUATION OF THE CHONDROPROTECTIVE EFFECTS
OF IBUPROFEN-LOADED PLGA NANOPARTICLES

In these experiments, the possible chondroprotective effects of ibuprofen-loaded
PLGA NPs in a pro-inflammatory microenvironment were evaluated three days after
the treatment with those NPs. This is an appropriate approach as the targeting of pro-
inflammatory cascades is considered an attractive and promising strategy to prevent
the progression of articular cartilage damage [243].

Chondroprotective effects are related to the capacity of the loaded nanodelivery
system to inhibit cartilage ECM degradation in this in vitro cultures of hACs.

5.3.1. Cytotoxicity Assessment

The possible cytotoxicity of ibuprofen-loaded NPs in hACs was studied first. The
cytotoxicity of free drug and unloaded NPs was also assessed. These results were
converted into cell viability values that are shown in Figure 30.

Based on the five independent conducted experiments, none of the tested
conditions seems to be cytotoxic, as cell viability was maintained around 80% of the
negative control (100% cell death).
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Figure 30 - Cell viability of 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under
a pro-inflammatory microenvironment. Results are presented as mean + SEM; n = 5 replicates.
Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.

5.3.2. Alcian Blue and Safranin-O Stainings

Regarding sGAG deposition revealed by alcian blue stainings, it seems to be clearly
more intensified in the chondrogenic control than in the other tested conditions
(Figure 31). Moreover, this ECM deposition seems to have decreased in the pro-
inflammatory environment induced by 100 ng/mL of IL-1B and not being able to
recover except when 15 pg/mL of ibuprofen-loaded PLGA NPs were added to the 3D
pellets. In the condition where 30 pug/mL of ibuprofen-loaded PLGA NPs is tested, the
staining seems to less blueish than in the other conditions.
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As for the safranin-O stainings, coloration intensity is decreased in every treatment
when compared to the one observed in the chondrogenic control (Figure 32),
especially for 30 pg/mL of ibuprofen-loaded PLGA NPs.

Chondrogenic Control IL-1B 100ng/mL

L

Free lbu 15pug/mL

PLGA NPs Unloaded PLGA NPs Ibu 15ug/mL  PLGA NPs Ibu 30pg/mL

. RN G SR B 4
Figure 31 - Alcian blue histological stainings of 3D pellets aimed to test ibuprofen-loaded PLGA
nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper images = 100 um; Scale
bar of lower images = 25 um. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.

Chondrogenic Control IL-1B 100ng/mL Free Ibu 15ug/mL

PLGA NPs Unloaded PLGA NPs Ibu 15pug/mL  PLGA NPs Ibu 30pg/mL

Figure 32 - Safranin-O histological stainings of 3D pellets aimed to test ibuprofen-loaded PLGA
nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper images = 100 um; Scale
bar of lower images = 25 um. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.



5.3.3. Immunohistochemical Staining of Type Il Collagen and

Aggrecan

As presented in Figure 33, the IL-1p stimulation seems to induce a reduction of both
type Il collagen and aggrecan in comparison with the chondrogenic control condition.

Concomitantly, the results in the treatment with of PLGA NPs loaded with 30 pug/mL
of ibuprofen point towards a restoration of collagen expression to levels higher than
the ones observed in the chondrogenic control, which proposes a chondrogenic
capacity of this experimental condition as this capacity is associated with the ability to
induce an increased anabolic activity.

In the case of aggrecan, the recovery of its expression is suggested when adding
PLGA NPs loaded with 15 pg/mL of ibuprofen and also when adding ibuprofen free
form at that same concentration, even though in a lesser extent.

Chondrogenic Control IL-1B 100ng/mL Free Ibu 15ug/mL

. 50 pm

PLGA NPs Unloaded PLGA NPs lbu 15ug/mL  PLGA NPs Ibu 30ug/mL

Aggrecan

Chondrogenic Control IL-1B 100ng/mL Free Ibu 15ug/mL

PLGA NPs Unloaded PLGA NPs Ibu 15ug/mL  PLGA NPs Ibu 30pg/mL

Figure 33 - Immunohistochemical staining of type Il collagen (top panel) and aggrecan (bottom
panel) in 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-
inflammatory microenvironment. Scale bar = 50 um. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-
Glycolic Acid); NPs — Nanoparticles.




5.3.4. Cytokine Profiling

The levels of IL-1B3, TNF-a, IL-6 and IL-10 were evaluated in the experimental
conditions in order to clarify the possible modulatory effect of ibuprofen-loaded NPs
on the inflammatory reactivity of chondrocytes stimulated by 100 ng/mL of IL-1f.

However, for this and further experiments, these levels of TNF-a and IL-10 were
found to be below the kit’s detection limit and, thus, those results will not be
presented.

Generally, although not statistically different, IL-1B synthesised levels seem to be
lower in the chondrogenic control samples and to be maintained higher in the pro-
inflammatory condition only with the IL-1B (100 ng/mL) and similarly in the remaining
tested conditions (Figure 34 A).

The levels of IL-6 were null in chondrogenic control and were suggested to be
consistently high not only in the pro-inflammatory condition alone but in the other
conditions as well, namely when unloaded PLGA NPs were added to the pelleted
chondrocytes under pro-inflammatory conditions (Figure 34 B).

This way, the treatment with ibuprofen-loaded NPs does not seem to have
mitigated the release of both cytokines.
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Figure 34 - Levels of A) IL-18; and B) IL-6 measured in the conditioned mediums of 3D pellets aimed to test
ibuprofen-loaded PLGA nanoparticles under a pro-inflammatory microenvironment. Results are presented
as mean + SEM; n =5 replicates. ** p<0.01. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs —
Nanoparticles.

5.3.5. MMP Expression

MMP-1 and MMP-13 are collagenases and so degrade collagen fibers whereas
MMP-9 degrades gelatins, being a gelatinase [68]. MMP-3 is a stromelysin able to
destroy the structure of not only proteoglycans but also collagens and MMP-13 also
has a role in degrading aggrecan [68, 82].

The exposure of pelleted hACs to the pro-inflammatory microenvironment induced
by the 100 ng/mL of IL-1pB is suggested to stimulate a trend towards an increase in
MMP-3 and MMP-9 expression (Figure 35). This might justify the lower deposition of
type Il collagen previously observed in Figure 33 (top panel) and of proteoglycans
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(Figure 32) in the pro-inflammatory condition in comparison to the chondrogenic
control.

Importantly, MMP-1 seems to be far more transcribed in the conditions treated
with unloaded PLGA NPs in comparison to the other remaining tested conditions
(Figure 35 A).

In the case of MMP-13, its mMRNA expression seems to be lower in the condition
where PLGA NPs loaded with 30 ug/mL of ibuprofen were added to the 3D pellets
(Figure 35 B). In addition, MMP-9 transcripts are suggested to also be reduced by the
action of PLGA this concentration of loaded NPs, which is also verified for the MMP-3,
the MMP with greatly higher levels of expression (Figure 35 D).

No statistically significant differences could be observed for any MMP mRNA
expression between the different culture conditions, which might be a consequence of
the low number of replicates. Therefore, it should be increased.

Overall, these low MmRNA expression levels of collagen and gelatin-degrading
proteinases in PLGA NPs loaded with 30 ug/mL of ibuprofen treatment seem to be in
agreement with what was observed in the immunohistochemical staining of collagen
for this condition, which seemed to be a chondrogenic inducer of this ECM
component. However, these data should be carefully interpreted once these results
are only about mRNA expression and not MMPs effective production and, therefore,
further studies on the activity of these MMPs should be conducted. Even so, the
deposition rate of type Il collagen seems to be higher than its degrading rate, which
highlights the possible dual role of this loaded concentration of NPs in both protecting
collagen pro-inflammatory-induced destruction while also inducing its expression.

On the other hand, no direct associations between the results obtained for MMP-13
expression and the immunohistochemical stainings of aggrecan seem to be
established. In order to obtain more reproducible and coherent results, the number of
experiments should be increased.

These results were further explored by the evaluation of MMPs enzymatic activity
by zymography.
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Figure 35 - mRNA expression levels of a) MMP-1; B) MMP-13; C) MMP-9; and D) MMP-3 in 3D pe//;{s aimed to
test ibuprofen-loaded PLGA nanoparticles under a pro-inflammatory microenvironment. Results are presented
as mean + SEM; n =5. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.

%
Z,



5.3.6. Gelatin Zymography

To complement the data obtained for MMPs expression and to more effectively
evaluate the potential anti-enzymatic activity of the tested ibuprofen-loaded PLGA NPs
through the blockage of the prostaglandin-mediated production of MMPs [147],
gelatin zymography was conducted using the samples’ conditioned medium.

Although the employed gels were composed of gelatin and gelatinases (MMP-2 and
MMP-9) were the MMPs more likely expected to be evaluated, the molecular weight
of the detected bands seems to indicate that the pro and active MMP-3 forms were
the ones degrading the gels (Figure 36 A).

Generally, pro-MMP-3 form seems to be in a higher amount than its active form in
all samples (Figure 36). An increase of active form of MMP-3 was verified in the pro-
inflammatory control compared to the chondrogenic one along with a subsequent
decrease in the tested conditions (Figure 36 C), as also observed in Figure 35 D.

To prove and sustain these results and to confirm that the identified enzyme is
MMP-3, MMP-3 activity quantification should be further carried out.
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Figure 36 - MMP-3 enzyme activity for measured in the conditioned mediums of 3D pellets aimed to test ibuprofen-
loaded PLGA nanoparticles under a pro-inflammatory microenvironment. A) Gelatin zymography gelatin results; B)
Absolute band density for Pro-MMP-3; and C) Absolute band density for Active MMP-3 Results are presented as mean
+SEM; n =2 replicates. Ibu — Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.



5.3.7. Evaluation of Pellet Areas

As shown in Figure 37, the pellet related to the chondrogenic control seems to be
bigger than in the other conditions. After the areas decreased as a possible result of
ECM degradation induced by 100 ng/mL of IL-1B condition, they appear to remain
almost steady throughout the tested conditions.
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Figure 37 - Areas of 3D pellets aimed to test ibuprofen-loaded PLGA nanoparticles under a pro-
inflammatory microenvironment. Results are presented as mean * SEM; n = 3 replicates. Ibu —
Ibuprofen; PLGA — Poly(Lactic-Co-Glycolic Acid); NPs — Nanoparticles.

5.3.8. Conclusion on the Ibuprofen-Loaded PLGA Nanoparticles
Concentration with Reproducible Chondroprotective Effects

Through these early results, it is not yet possible to specify which concentration
produces the best anti-inflammatory and anti-proteolytic effects. For that purpose, the
number of experiments should be increased to further confirm these results and
achieve statistically significant differences between the different conditions to assure
they are reproducible.

However, these results clearly point out the potential chondroprotective and
chondrogenic effects of ibuprofen-loaded PLGA NPs under a pro-inflammatory
microenvironment, as they are not cytotoxic, generally induced a decrease in MMPs
expression and a protection against ECM degradation. Moreover, the tested
concentrations of 15 pug/mL and 30 pug/mL of loaded ibuprofen seem to be identified as
chondroprotective and chondrogenic inducers, once the first restored the levels of
aggrecan and the second exceeded the control in increasing the production of collagen
Il.

72



5.4. EVALUATION OF THE CHONDROPROTECTIVE EFFECTS
OF IBUPROFEN-LOADED CH/PGA NANOPARTICLES

In these experiments, the potential chondroprotective effects of ibuprofen-loaded
chitosan/PGA NPs under pro-inflammatory conditions were evaluated three days after
the treatment with those NPs.

The capacities of these nanodelivery systems to inhibit cartilage ECM degradation in
in vitro cultures of hACs were evaluated.

5.4.1. Cytotoxicity Assessment

The cytotoxicity results obtained for two independent experiment were converted
into cell viability and are displayed in Figure 38. With a cell viability above 80% (of
negative control), none of the tested conditions appear to be toxic for hACs.
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Figure 38 - Cell viability of 3D pellets aimed to test ibuprofen-loaded chitodan/PGA
nanoparticles under a pro-inflammatory microenvironment. Results are presented as mean *
SEM; n = 2 replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs —
Nanoparticles.

5.4.2. Alcian Blue and Safranin-O Stainings

Regarding alcian blue and safranin-O stainings that overall reflect ECM deposition in
terms of sGAG and proteoglycans, it is clear that this deposition diminishes when hACs
pellets are subjected to the pro-inflammatory microenvironment when compared to
the chondrogenic control (Figure 39, Figure 40). This was also observed for the stained
pellets of these conditions in the experiment regarding the treatment with PLGA NPs
(Figure 31, Figure 32).
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In Figure 39 sGAG deposition seems to be maintained the same as in the IL-1f
treatment when pellets were under the treatment of unloaded NPs 5ug/mL and
loaded NPs at both concentrations.

In Figure 40 proteoglycans deposition appears to be recovered more proximately to
the normal conditions when ibuprofen free was added at 15 ug/mL. It looks like the
deposition intensity verified in the pro-inflammatory control was maintained with the
addition of ibuprofen at 5 ug/mL either in its free and loaded form.

Chondrogenic Control IL-1B 100ng/mL Ch/PGA NPs Un 5ug/mL

»

Ch/PGA NPs Un 15ug/mL Ch/PGA NPs Ibu 5ug/mL Ch/PGA NPs lbu 15ug/mL

N

Figure 39 - Alcian blue histological stainings of 3D pellets aimed to test ibuprofen-loaded
chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper
images = 100 um; Scale bar of lower images = 25 um. Ibu — Ibuprofen; Ch — Chitosan; PGA —
Polyglutamic Acid; NPs — Nanoparticles; Un — Unloaded.
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Chondrogenic Control IL-1B 100ng/mL Free lbu 5pg/mL Free lbu 15ug/mL

Figure 40 - Safranin-O histological stainings of 3D pellets aimed to test ibuprofen-loaded
chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Scale bar of upper
images = 100 um; Scale bar of lower images = 25 um. Ibu — Ibuprofen; Ch — Chitosan; PGA —
Polyglutamic Acid; NPs — Nanoparticles; Un — Unloaded.

5.4.3. Immunohistochemical Staining of Type Il Collagen and
Aggrecan

Both collagen Il and aggrecan expression showed to be reduced under the
stimulation with IL-1 when compared to the chondrogenic control (Figure 41).

The treatments with free ibuprofen, unloaded and loaded chitosan/PGA NPs, all at
the concentration of 15 pug/mL, seem to improve the expression levels of type Il
collagen. Overall, all the tested conditions of free drug, unloaded and loaded NPs
appear to exert a beneficial impact on collagen expression.

As for the levels of aggrecan, they appear to be slightly increased with the
treatment with 5 pug/mL of free ibuprofen and with both concentrations of unloaded

NPs. This last observation is in agreement with chitosan feature of inducing
chondrogenic phenotype [173]
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Type Il Collagen
Chondrogenic Control

IL-1B 100ng,/mL Free Ibu 5|glmL
. 50 pm

Ch/PGA NPs Un 5ug/mL Ch/PGA NPs Un 15ug/mL Ch/PGA NPs lbu S5ug/mL Ch/PGA NPs lbu 15ug/mL

.

Aggrecan

Free lbu 15ug/mL

Chondrogenic Control IL-1B 100ng/mL Free lbu 5pg/mL

Ch/PGA NPs Un 5pg/mL  Ch/PGA NPs Un 15ug/mL  Ch/PGA NPs Ibu 5ug/mL Ch/PGA NPs Ibu 15ug/mL

5.4.4. Cytokine Profiling

Figure 41 - Immunohistochemical staining of type Il collagen (top panel) and aggrecan (bottom
panel) in 3D pellets aimed to test ibuprofen-loaded chitosan/PGA nanoparticles under a pro-
inflammatory microenvironment. Top panel scale bar = 50 um; Bottom panel scale bar = 200
um. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs — Nanoparticles; Un —
Unloaded.

Both IL-1B and IL-6 synthesis appear to be increased in the 100 ng/mL of IL-1B

condition in comparison to the chondrogenic control, taking into consideration that no
IL-6 was produced in this control (Figure 42) ), although no statistically significant
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changes were observed, which maybe due to the low number of performed
experiments and to the variability between donors. IL-1 levels are suggested to be
high in every other conditions, inclusively higher than in the pro-inflammatory control
for unloaded NPs 15 pg/mL and for NPs loaded with 5 pug/mL of ibuprofen (Figure 42
A).

Regarding IL-6 production by hACs in the 3D pellet pro-inflammatory
microenvironment, it seems to be decreased in all tested conditions with free
ibuprofen, and loaded and unloaded NPs, especially in the loaded ones at the
concentration 15 ug/mL of ibuprofen (Figure 42 B). The displayed data resulted from
only two independent experiments, which means it needs to be further explored in
future experiments.

As previously mentioned, the levels of TNF-a. and IL-10 were found to be below the
kit’s detection limits.
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Figure 42 - Levels of A) IL-18; and B) IL-6 measured in the conditioned mediums of 3D pellets aimed to test
ibuprofen-loaded chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Results are
presented as mean + SEM; n = 2 replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs —
Nanoparticles; Un — Unloaded.

5.4.5. MMP Expression

The inhibitory effects of ibuprofen-loaded chitosan/PGA NPs on the expression of
MMPs by hACS exposed to 100 ng/mL of IL-13 were evaluated. The results of two
independent experiments are shown in Figure 43.

The obtained data appears to reveal that the treatment with NPs loaded with 15
ug/mL of ibuprofen may be inducing a trend toward decreased MMP-13 and MMP-9
transcripts (Figure 43 B, C) and MMP-3 seems to be the MMP more highly expressed in
the tested conditions (Figure 43 D).

Overall, the analysis does not allow to clearly conclude any effect of the tested
conditions on mRNA expression of MMPs. The number of experiments will be
increased in order to reach reasoned conclusions.
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Figure 43 - mRNA expression levels of a) MMP-1; B) MMP-13; C) MMP-9; and D) MMP-3 in 3D pellets aimed to
test ibuprofen-loaded chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. Results are
presented as mean + SEM; n = 2 replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs —
Nanoparticles; Un — Unloaded.

5.4.6. Gelatin Zymography

In an attempt to complement the data obtained for MMPs expression and to more
effectively evaluate the potential anti-enzymatic activity of the tested ibuprofen-
loaded chitosan/PGA NPs, gelatin zymography was conducted using the samples’
conditioned medium.

Although the employed gels were composed of gelatin and gelatinases (MMP-2 and
MMP-9) were the MMPs more likely expected to be evaluated, the molecular weight
of the detected bands seems to indicate that the pro and active MMP-3 forms were
the ones degrading the gels (Figure 44).

It might be relevant to state the pro-MMP-3 form is higher in the chondrogenic
control than in the pro-inflammatory condition (Figure 44 A) but that this situation is
reverted in terms of MMP-3 active form (Figure 44 A), as expected.

Although the RT-gPCR results of MMP-3 synthesised transcripts does not show
differences (Figure 43 D.), zymogram seems to indicate that every condition seemed to
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be effective in reducing the activity of MMP-3 in the hACs 3D pellet exposed to the
pro-inflammatory conditions (Figure 44).

To prove and sustain these results and to confirm that the identified enzyme is
MMP-3, MMP-3 activity quantification will be further carried out.
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Figure 44 - MMP-3 enzyme activity for measured in the conditioned mediums of 3D pellets aimed to test ibuprofen-
loaded chitosan/PGA nanoparticles under a pro-inflammatory microenvironment. A) Gelatin zymography gelatin
results; B) Absolute band density for Pro-MMP-3; and C) Absolute band density for Active MMP-3 Results are
presented as mean + SEM; n = 1 replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs —
Nanoparticles; Un — Unloaded.

5.4.7. Evaluation of Pellet Areas

Pellets area seem to decrease from the ones treated only with chondrogenic
medium and the ones where 100 ng/mL of IL-13 was added (Figure 45). The fact that
non-significant differences can be achieved in the different areas measurements might
be due to the low number of experiments and inter-donor variability. However, pellets
from free ibuprofen 15 pg/mL, unloaded and loaded NPs at 5 pug/mL seem to present
less area values, which can be either derived from a lower ECM deposition or a higher
ECM degradation.

79



Figure 45 - Areas of 3D pellets aimed to test ibuprofen-loaded chitosan/PGA nanoparticles
under a pro-inflammatory microenvironment. Results are presented as mean + SEM; n = 2
replicates. Ibu — Ibuprofen; Ch — Chitosan; PGA — Polyglutamic Acid; NPs — Nanoparticles; Un —
Unloaded.

5.4.8. Conclusion on the Ibuprofen-Loaded Ch/PGA
Nanoparticles Concentration with Reproducible

Chondroprotective Effects

Even though the collected data only refers to two independent experiments, it
shows that the chitosan/PGA NPs are not cytotoxic for the hACs.

Additionally, results regarding pellets under the treatment of chitosan/PGA NPs
loaded with 15 pg/mL of ibuprofen appear to show that these NPs have the ability to
mitigate the chondrocytes’ inflammatory reactivity (lower levels of IL-6 production),
and to protect ECM from destruction (increased collagen Il expression).

Further experiments need to be performed to confirm these results and advocate if
they are reproducible.

5.4. EVALUATION OF THE EFFECTS OF BB-94-LOADED
NANOEMULSIONS

In addition to try supressing IL-1B-induced inflammation by ibuprofen, another
tested approach was to determine whether inhibiting the direct proteolysis of
aggrecan or collagen or both would be effective in controlling the progression of
cartilage matrix degradation in the established pro-inflammatory model of pelleted
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hACs. As several enzymes are involved in the cartilage degradation, the targeting of
several MMPs might be and effective tactic to protect ECM from that process [75].

This was attempted with the delivery of BB-94, a broad-spectrum inhibitor of
several MMPs [73], to the cultured cells and assessments were performed three days
after the treatment with those NEs. For this purpose, two different formulations were
tested, as indicated in Table 1.

5.4.1. Cytotoxicity Assessment

Four independent experiments were simultaneously conducted with to evaluate the
effects of BB-94-loaded NEs. The cytotoxicity results were converted into cell viability
and are displayed in Figure 46.

Results reveal that the treatment with free BB-94 in the three evaluated
concentrations (20, 40 and 100 nM) were not cytotoxic, but both unloaded and loaded
NEs were cytotoxic to hACs. Particularly, the conditions where unloaded NEs
corresponding to 40 nM (NEs lipid concentration of 2.5 mg/mL), and unloaded and
loaded NEs of 100 nM (NEs lipid concentration of 6.25 mg/mL) induced a strong
cytotoxicity, exhibiting a mean cell viability below 40% (of negative control).

It is of relevance to notice that in either unloaded and loaded NEs, cell viability
appears to decrease with increasing concentration of NEs, which might indicate the
cell death is related to the amount of NEs added.

Due to these high values, no further assessments were performed and a new
formulation, where a lower concentration of NEs was needed to encapsulate the same
amount of BB-94 (Table 1), was tested as an attempt to solve this problem.
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Figure 46 - Cell viability of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 4 replicates. NEs —

Nanoemulsions; BB94 — Batimastat.
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For the newly developed formulation of NEs with increased drug loading (lipid
concentration of 25, 50 and 125 ug/mL for the encapsulation of 20, 40 and 100 nM,
respectively), two independent experiments were conducted simultaneously in order
to evaluate if a lower concentration of NEs would lead to a reduction in cytotoxicity.
The cytotoxicity results obtained for one independent experiment were converted into
cell viability and are displayed in Figure 47.

By the obtained results it seems correct to affirm that the cytotoxicity issues were
surpassed with the employment of this new formulation, once the overall cell viability
results were above 80% (of negative control).
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Figure 47 - Cell viability of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 2 replicates. NEs —
Nanoemulsions; BB94 — Batimastat.

5.4.2. Evaluation of Pellet Areas

As suggested in Figure 48, ECM deposition and destruction might be higher and
lower, respectively, at the chondrogenic control condition and the other way around
for the pro-inflammatory condition, once the pellets’ areas drops from one condition
to another.

The treatment with BB-94-loaded NEs at the three tested conditions appears not to
induce an increase of pellet area when compared to the 100 ng/mL of IL-1f3 condition.

Further evaluations should be performed to assess the anti-proteolytic and
chondrogenic activity of these NEs loaded with BB-94.
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Figure 48 - Areas of 3D pellets aimed to test BB-94-loaded nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 2 replicates. NEs —
Nanoemulsions; BB94 — Batimastat.

5.5. EVALUATION OF THE EFFECTS OF TRICOMBINATORY
NANOEMULSIONS

Due to the large number of different molecules involved in OA and cartilage lesions,
a combination of anti-inflammatory and anti-proteolytic approaches seems to be
required [71, 84]. As such, an approach to test the effect of the combined delivery of
both ibuprofen and BB-94 was carried.

Besides these anti-inflammatory and anti-proteolytic compounds, nisin was also
present in the formulation of tricombinatory NEs. Nisin is an antimicrobial peptide
[251] included in the formulation with the aim of avoiding the development bacterial
infections during COPLA® Scaffold implantation at the lesion sites. Assessments were
performed three days after adding the tricombinatory NEs to the pellets.

5.5.1. Cytotoxicity Assay

For this formulation of NEs, two independent experiments were simultaneously
conducted. The cytotoxicity results were converted into cell viability and are displayed
in Figure 49.

Similarly to what was observed for the first formulation of BB-94-loaded NPs, both
unloaded and loaded tricombinatory NEs appeared to be exerting a severe cytotoxicity
in hACs. It is also noticeable that, in each group, the higher the concentration of NEs,
the lower the cell viability levels.

A new formulation with a higher encapsulation of compounds in a lower
concentration of NEs should be tested as an attempt to overcome this issue.
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Figure 49 - Cell viability of 3D pellets aimed to test tricombinatory nanoemulsions under a pro-
inflammatory microenvironment. Results are presented as mean + SEM; n = 2 replicates. NEs —
Nanoemulsions.

5.6. EVALUATION OF THE EFFECTS OF MUPIROCIN-LOADED
NANOEMULSIONS

As nisin is unstable at physiologic pH [251], it was decided to test another
antibacterial peptide, mupirocin [252], to further be incorporated in tricombinatory
NEs. Assessments were performed three days after adding the tested conditions to the
pellets.

5.6.1. Cytotoxicity Assessment

A concentration of this drug was tested, 1.2 ug/mL, which was the concentration
that had the best anti-bacterial activity, and LDH assay was performed. The
cytotoxicity results from one experiment were converted into cell viability and are
shown in Figure 50.

Cytotoxicity analysis suggests that NEs are not toxic to the pelleted hACs, even
though only one experiment was performed.
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Figure 50 - Cell viability of 3D pellets aimed to test mupirocin-loaded nanoemulsions under a
pro-inflammatory microenvironment. n = 1 replicate. NEs — Nanoemulsions.



5.6.2. Evaluation of Pellet Areas

Pellet seemed to be bigger in size in the chondrogenic condition, decreased in the
pro-inflammatory condition and was not able to recover in the free, unloaded nor
loaded condition (Figure 51).

Mupirocin is described to be able to reduce the up-regulated IL-6 levels induced by
bacterial infections in skin [253], but these and other possible unknown effects in
chondrocytes should be verified and tested through further assessments.
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Figure 51 - Areas of 3D pellets aimed to test mupirocin-loaded nanoemulsions under a pro-
inflammatory microenvironment. n = 1 replicate. NEs — Nanoemulsions.

5.7. EVALUATION OF THE CAPACITY OF COPLA® SCAFFOLDS
TO SUPPORT HUMAN CHONDROCYTES’ ADHESION,
DIFFERENTIATION AND ECM PRODUCTION

Targeting the effect of a single cytokine at the systemic level, like IL-1B or TNF-a,
might not be efficient in inducing a beneficial effect on cartilage destruction, as
therapeutics are unable to penetrate the damaged joint [84]. This is the main reason
why the local delivery of ibuprofen through biodegradable NPs is a favourable
approach.

As for the blockage of MMPs activity with BB-94, its on site, sustained delivery by
controlled-release NEs represents an asset in the treatment of cartilage lesions.
Moreover, in comparison with other approaches, this avoids the complete inhibition of
proteinases, which would reduce necessary remodelling and other cellular signalling
pathways that involve these enzymes [144]. The complete inhibition of these enzymes
is undesirable in the treatment of inflammatory conditions [144].
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Altogether and collecting all the mentioned advantages, the implantation of the
adjustable in shape and depth nanoenabled COPLA® Scaffolds at the defect sites to
effectuate the local delivery of anti-inflammatory and anti-proteolytic compounds
seems to be a promising approach, once cartilage lesions and OA may involve only
limited areas of cartilage [254] and it may reduce drugs side effects while improving
local half-life and concentration.

The local delivery provided by the ibuprofen-loaded NPs, BB-94-loaded NEs or
tricombinatory NEs embedded in COPLA® Scaffolds should promote a reduction in the
pro-inflammatory-induced cartilage loss, in order to maintain the normal
biomechanical function of the affected joint [156].

While the experiments above related with the 3D pellet cultures aimed to obtain
preliminary results on the evaluation of chondroprotective and chondrogenic effects of
the loaded nanodelivery systems, the following experiments were set and evaluated in
order to understand the effects of scaffolds per se in hACs and to establish a pro-
inflammatory microenvironment in these biodegradable polymers.

First, the goal was to establish an adequate model of cell seeding on COPLA®
Scaffolds, evaluate cell adhesion in these 3D porous structures, and assess their ability
to promote chondrocytes’ (re)differentiation (when cells were previously expanded)
and chondrogenic potential. Two protocols were followed when seeding chondrocytes
on scaffolds: one where hACs were previously expanded in 2D culture monolayers and
another using hACs readily after their isolation from cartilage samples.

5.7.1. Cytotoxicity Assessment

5.7.1.1. Seeding with Previously Expanded Chondrocytes

In this approach, hACs were cultured on COPLA® Scaffolds for 28 days. The
cytotoxicity results from one experiment were converted into cell viability. As
demonstrated in Figure 52, the culture conditions only in chondrogenic medium were
not cytotoxic to the cells throughout culture time.
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Figure 52 - Cell viability of previously expanded chondrocytes cultured on COPLA® Scaffolds for
28 days. n = 1 replicate.
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5.7.1.2. Seeding with Readily Isolated Chondrocytes

In this approach, hACs were cultured on COPLA® Scaffolds for 14 days. The
cytotoxicity results from two independent experiments were converted into cell
viability. As shown in Figure 53, the culture conditions of already differentiated
chondrocytes were not cytotoxic in the first three days of culture. At 7t" and 14™" days,
these conditions induced only weak cytotoxicity in these fully differentiated hACs.
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Figure 53 - Cell viability of readily isolated chondrocytes cultured on COPLA® Scaffolds for 14
days. Results are presented as mean + SEM; n = 2 replicates.

5.7.2. Immunohistochemical Staining of Type Il Collagen,

Aggrecan and Actin
5.7.2.1. Seeding with Previously Expanded Chondrocytes

As expanded chondrocytes need a 3D environment to induce and support their
native chondrogenic phenotype [26] and COPLA® Scaffold promotes that kind of
environment, it is expected that pellets redifferentiate when cultured in these
scaffolds. Immunohistochemical stainings are presented since day 3 until day 21 of
culture (Figure 54).

Through the staining of actin filaments it is possible to notice that as soon as day 3,
cells already start changing their morphology and rediferentiating into a more rounded
shape (white arrows).

Both type Il collagen and aggrecan deposition seems to increase from day 3 to day 7
but to decrease in longer timepoints. This initial increase might suggest that COPLA®
Scaffold allows for hACs to redifferentiate.

As day 7 is suggested to be the timepoint where cartilage-specific markers
deposition is more pronounced and cells are already regaining their native round
morphology, IL-1 was only added after 7 days of differentiation to assure that cells
were already reacquiring their native phenotype. This is coherent with the 7 days of
differentiation defined in the 3D pellets model.
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Moreover, cell adhesion in the COPLA® Scaffolds appears to be good, otherwise
they would be washed out during medium changes.

Actin

Day 3 Day 7 Day 14

Type Il Collagen

Day 3 Day 7 Day 14 Day 21

Aggrecan

Day 3 Day 7 Day 14 Day 21

Figure 54 - Immunohistochemical staining of actin (top panel), type Il collagen (middle panel) and aggrecan (bottom
panel) in previously expanded chondrocytes cultured on COPLA® Scaffolds for 28 days. White arrows point to the
cells with a rounded shape. Scale bar =50 um.

5.7.2.2. Seeding with Previously Expanded Versus Readily Isolated

Chondrocytes

Images displayed in Figure 55 aim to enable a direct comparison of cell morphology
between the two different seeding approaches at a specific timepoint.
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A clear distinction in chondrocytes’ morphology can be identified, essentially
because, at day 3 of culture, in the directly seeded condition all fully differentiated
chondrocytes are round in shape, whereas although in the previously expanded
condition some were already showing that morphology, the vast majority of cells were
still fibroblast-like-shaped.

Day 3
Seeded After Expansion Directly Seeded

Actin |

Actin

Figure 55 - Immunohistochemical staining of actin both in previously expanded chondrocytes
(left) and in readily isolated chondrocytes (right) seeded on COPLA® Scaffolds at day 3 of culture.
Top images scale bar = 200 um; Bottom images scale bar = 50 um.

5.8. ESTABLISHMENT OF A PRO-INFLAMMATORY

MICROENVIRONMENT IN COPLA® SCAFFOLDS

As showed in the 3D pellet cultures, the 100 ng/mL of IL-1p added to the
chondrogenic medium appears to be both the concentration and the cytokine that
enables the most efficient establishment of a pro-inflammatory environment in hACs.

Considering those results, that was the condition used in COPLA® Scaffolds for such

purpose.
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5.8.1. Cytotoxicity Assessment

5.8.1.1. Seeding with Previously Expanded Chondrocytes

The cytotoxicity of the pro-inflammatory stimulus in hACs, cultured for 7 days on
COPLA® Scaffolds after being expanded in 2D monolayers, was assessed 3 and 7 days
after the addition of that stimulus.

The cytotoxicity results obtained for one independent experiment were converted
into cell viability and are displayed in Figure 56Figure 26. The results confirm that the
addition of 100 ng/mL did not induce cytotoxicity at day 3 nor at day 7 of culture.
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Figure 56 - Cell viability of previously expanded chondrocytes cultured on COPLA® Scaffolds 3
and 7 days after the addition of the pro-inflammatory stimulus. n = 1 replicate.

5.8.1.2. Seeding with Readily Isolated Chondrocytes

Regarding the hACs readily seeded after isolation, two different approaches were
followed: one where the 100 ng/ml of IL-1p were directly added to the scaffold
medium right after cell seeding and another where the 100 ng/ml of IL-13 were only
added to the scaffold medium three hours after cell seeding was performed.

Afterwards, assessments were conducted 3, 7 and 14 days of culture under the pro-
inflammatory microenvironment.

The cytotoxicity results obtained for two independent experiments were converted
into cell viability and are shown in Figure 57Figure 26. At day 3, both conditions of pro-
inflammatory microenvironment establishment showed weak cytotoxicity when
compared to the non-toxic chondrogenic control.

At day 7, the addition of IL-1J3 to the chondrogenic medium seems to induce a weak
cytotoxicity in hACs but they this weak effect was also happened in the chondrogenic
control for this day (in agreement with Figure 53).

However, at day 14 of culture the mean cell viability is showed to increase above
80% (of the negative control) in the control and tested conditions. More experiments
showed be performed in other to confirm these results.
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Figure 57 - Cell viability of readily isolated chondrocytes cultured on COPLA® Scaffolds 3, 7 and
14 days after the addition of the pro-inflammatory stimulus. Results are presented as mean +
SEM; n = 2 replicates.

5.8.2. Immunohistochemical Staining of Type Il Collagen,

Aggrecan and Actin
5.8.2.1. Seeding with Previously Expanded Chondrocytes

Actin and type Il collagen were immunohistochemically stained in the scaffolds
seeded with previously expanded chondrocytes cultured under 100 ng/mL of IL-1
influence and compared to the stainings obtained for the chondrogenic control (Figure
58). Actin fibers deposition reveal that, even though not as perceptible in day 7, IL-13-
stimulated cells maintain their shape at day 3 when compared to the control.

As for the deposition of type Il collagen, it is shown to decrease in both timepoints
under the pro-inflammatory microenvironment (as happened for the pellets, Figure 33
and Figure 41 top panels).

Actin Type Il Collagen

Chondrogenic Control IL-1p 100ng/mlL Chondrogenic Control IL-1p 100ng/mL

Day 3

Day7

Figure 58 - Immunohistochemical staining of actin (right panel) and type Il collagen (left panel) in
previously expanded chondrocytes cultured on COPLA® Scaffolds 3 and 7 days after the addition of the
pro-inflammatory stimulus. White arrows point to the cells with a rounded shape. Scale bar = 50 um.



5.8.2.2. Seeding with Readily Isolated Chondrocytes

Actin, type Il collagen and aggrecan were immunohistochemically stained in the
scaffolds seeded with readily isolated hACs three days after the addition of 100 ng/mL
of IL-1B3, which was performed either 0 or 3 hours after seeding (Figure 59).

Actin deposition is more pronounced in the control condition than in the conditions
of 0 and 3h of IL-1B addition after seeding, but in every condition the rounded cell
morphology is evident.

As for the deposition of collagen type I, it appears to be more extended to the
intercellular space in the control than in the pro-inflammatory conditions, where this
ECM component seems to be more restricted to the boundaries of the chondrocytes.
Additionally, a reduction in this deposition seems to be clearer in the addition of IL-1[3
Oh after seeding condition.

Regarding the deposition of aggrecan, it also appears to decrease in both
treatments with IL-13 and to be more noticeable in the proximate surroundings of
chondrocytes than in the intercellular space when compared to the chondrogenic
control.

Day 3

Chondrogenic Control IL-13 100ng/mL Oh IL-1B 100ng/mL 3h

Actin

Collagen I

Collagen Il |

Aggrecan

Figure 59 - Immunohistochemical staining of actin (top panel), type Il collagen (middle panel) and aggrecan
(bottom panel) in readily isolated chondrocytes cultured on COPLA® Scaffolds 3 days after the addition of the
pro-inflammatory stimulus. Scale bar = 50 ym.
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5.8.3. Cytokine Profiling

5.8.3.1. Seeding with Previously Expanded Chondrocytes

The IL-1B levels induced in previously expanded hACs were higher three days after
the treatment with 100 ng/mL of IL-1B when compared to the chondrogenic control
(Figure 60 A). However, at day 7, these synthesised levels were lower than in the
chondrogenic control and also lower than the ones measured at the control condition
where scaffolds were only cultured with chondrogenic medium and IL-1B and without
cells (dashed line).

As for the production of IL-6, it was only detectable at day 3 after the pro-
inflammatory treatment (Figure 60 B).

Altogether, these data point out to a possible capacity of COPLA® Scaffolds to
induce a downregulation of the synthesis of these pro-inflammatory cytokines at day
7. Considering that IL-1f induces the production of IL-6 and that the signalling cascade
of these two cytokines induce the synthesis of matrix-degrading MMPs [65, 73], lower
levels of these cytokines will downregulate the production of MMPs and so decrease
ECM degradation. In this way, this chondroprotective effect seems to be in agreement
with the verified higher content of type Il collagen at day 7 of pro-inflammatory
treatment when compared to the day 3 (Figure 58).

The levels of TNF-a and IL-10 were found to be below the kit’s detection limits.
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Figure 60 - Levels of A) IL-18; and B) IL-6 measured in the conditioned mediums of previously
expanded chondrocytes cultured on COPLA® Scaffolds 3 and 7 days after the addition of the pro-
inflammatory stimulus. The dashed lines in graph A) mark the amount of IL-16 measured in the
control where COPLA® Scaffolds were cultured under the pro-inflammatory microenvironment
without the presence of cells. n = 1 replicate.

5.8.3.2. Seeding with Readily Isolated Chondrocytes

IL-6 levels measured in the conditioned medium of IL-1B-treated hACs were higher
both in days 3 and 7, and either 0 and 3 hours after cell seeding, when compared to
the chondrogenic control (Figure 61).

Although the synthesis of this cytokine was higher when culturing readily isolated
chondrocytes than when culturing previously expanded chondrocytes (Figure 60 B), a
trend towards diminishing IL-6 levels of production from day 3 to day 7 is also herein
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verified both at the 0 and 3 hours conditions. Moreover, these levels were undetected
at day 14 of treatment.

The levels of synthesised IL-1 were below the kit’s detection limits. Overall, these
results seem to corroborate the chondroprotective effect of COPLA® Scaffolds upon
day 7 in inhibiting the production of pro-inflammatory cytokines, as suggested in
Figure 60 for the expanded chondrocytes.

The levels of TNF-a and IL-10 were found to be below the kit’s detection limits.
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Figure 61 - Levels of IL-6 measured in the conditioned mediums of readily isolated
chondrocytes cultured on COPLA® Scaffolds 3, 7 and 14 days after the addition of the pro-
inflammatory stimulus. Results are presented as mean + SEM; n = 2 replicates.

5.8.3.3. Comparison between Culture on Pellets and on COPLA® Scaffolds

As both in pellets and in COPLA® Scaffolds seeded chondrocytes after monolayered
expansion a period of 7 days of (re)differentiation preceded the treatment with 100
ng/mL of IL-1B and as the same cell density was cultured in both experimental
conditions (1x10° cells/mL for pellets and 300x10° cells in 300 pL), a direct comparison
between cytokine levels seems to be appropriate.

In terms of IL-1f3 levels, they appear to be far more increased in hACs cultured in 3D
pellets than in COPLA® Scaffolds (Figure 62 A). Moreover, after the addition of the pro-
inflammatory stimulus the augmented synthesis of this cytokine seems to occur in a
much higher extent in 3D pellets than in the scaffolds, when compared to each control.

As for the production of IL-6, its levels appear to be lower in hACs cultured in
COPLA® Scaffolds after expansion than in 3D pellets (Figure 62 B), not only after the IL-
1P treatment, but also in the chondrogenic control.

About these concentrations in the COPLA® Scaffolds seeded readily after isolation,
IL-1B was not detected (Figure 62 A) and IL-6 is increased when they were treated with
the pro-inflammatory stimulus in comparison to either hACs seeded in scaffolds after
expansion and in 3D pellets (Figure 62 B). However, IL-6 is suggested to be
downregulated in the chondrogenic control of this condition when compared to the 3D
pellets.
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Considering all the described observations, it seems that COPLA® Scaffolds might be
exerting some anti-inflammatory intrinsic effect in hACs seeded under pro-
inflammatory conditions.

To corroborate this data and to have a better understanding of this anti-
inflammatory phenomenon, the number of replicates should be increased and further
studies on MMPs production and activity should be carried out.
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Figure 62 - Levels of A) IL-18; and B) IL-6 measured in the conditioned mediums of chondrocytes cultured on
COPLA® Scaffolds both after monolayer expansion and readily after isolation and in 3D pellets 3 and 7 days after
the addition of the pro-inflammatory stimulus. n = 1 replicate for seeding in COPLA® Scaffold after expansion; n =
2 replicates for seeding in COPLA® Scaffold after isolation; n = 8 for 3D pellets.
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6. CONCLUSIONS AND FUTURE DIRECTIONS

Lesions to the articular cartilage are highly frequent and tend to evolve towards
bigger defects and OA, largely debilitating the life of people that once had active and
healthy everyday routines.

Over the years, many conservative and surgical therapies have emerged, but none
seems to correctly restore native cartilage composition and function.

COPLA® Scaffolds are biodegradable, meaning that after cell migration and
adhesion to the 3D polymers and being degraded, it can support for the synthesis of
newly ECM. Therefore, when nanoenabled with anti-inflammatory and anti-proteolytic
delivery systems, these scaffolds may not only halt the progression of cartilage
destruction but also allow the deposition of newly-formed ECM at the defect site. On
top of this, the fact that COPLA® Scaffold’s area can be customised for the lesion site is
an attractive feature and a major breakthrough in tailored care for patients, as the
drawbacks of current therapy approaches are highly dependent on the patients’ age,
the size and the location of the defects.

Overall, it is proposed that nanoenabled COPLA® Scaffolds will facilitate improved
outcomes in patients while reducing unsuitable health care resources utilization, as in
the case of TJA, once the current palliative approach of pain killers prescription or
alternative injections intra-articular followed by joint replacement is often employed
and largely inappropriate.

For such aim to be accomplished, the main goal of this study was to prove the
chondroprotection induced by the nanodelivered administration of anti-inflammatory
and anti-proteolytic compounds in in vitro cultured hACs, and the successful seeding of
chondrocytes and pro-inflammatory microenvironment establishment in COPLA®
Scaffolds.

The establishment of 3D pellet culture in hACs was successfully achieved and
choosing the day 7 of culture supported the previous studies performed by this
research group, being a timepoint where culture conditions were not toxic, and ECM
deposition and mRNA expression of chondrogenic markers were observed.

Given the fact that the treatment with 100 ng/mL of IL-18 did not affect cell
viability, and induced both the production of other pro-inflammatory cytokines and
the expression ECM-degrading enzymes, an effective pro-inflammatory
microenvironment was promoted.

Collectively, ibuprofen-loaded PLGA and chitosan/PLGA NPs, and the newly
formulation of BB-94-loaded and mupirocin-loaded NEs were not cytotoxic to primary
hACs in 3D pellet cultures. The tricombinatory NEs have shown to be toxic at the
tested conditions, therefore ways of overcoming this issue should be looked for,
namely by the similar approach followed in BB-94-loaded newly formulation, where
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increased drug loading was reached to reduce the concentration of NEs added to the
cultures.

Both 15 pg/mL and 30 pg/mL of loaded ibuprofen PLGA NPs showed to exert
chondroprotective effects in the IL-1B-stimulated pro-inflammatory chondrocytes,
proved by the observed trend towards a decrease in MMPs expression that might have
made possible the increased detection of the deposition of the two main cartilage-
specific markers, type Il collagen and aggrecan.

Regarding the ibuprofen-loaded chitosan/PLGA NPS, the encapsulated
concentration of 15 ug/mL seems to induce the most beneficial chondroprotective
results, as lower levels of synthesised IL-6 and increased type Il collagen deposition
were achieved.

The number of replicates of the experiments should be increased in order to make a
strongly based decision on which is the drug concentration for each delivery system
that promotes the most strong and reproducible chondroprotective effect. Those
concentrations should be further incorporated in COPLA® Scaffold.

Experiments with BB-94-loaded NEs and with mupirocin-loaded NEs, as well as with
tricombinatory NEs, once the cytotoxicity issues are surpassed, should be continued.

Moreover, COPLA® Scaffolds successfully promoted hACs adhesion,
redifferentiation (in the case of the seeding with previously expanded chondrocytes)
and subsequent ECM production without cytotoxicity problems. Clear morphology
changes were noticed between previously expanded primary hACs and the ones seed
readily after isolation, have the last one rounded native shape.

For the hACs seeded after expansion in monolayers, day 7 was suggested to be the
timepoint to be used in further experiments to treat cells with IL-13 stimulus.

Lastly, the pro-inflammatory microenvironment was successfully established in
COPLA® Scaffolds and, when compared to the 3D pellets, it seems that empty COPLA®
Scaffold might be exerting some anti-inflammatory effect by itself in hACs seeded
under pro-inflammatory conditions.

As for future direction, after assessing the most adequate concentrations of NPs
and NEs with the ability to inhibit cartilage ECM degradation in in vitro cultures of
hACs, the role of COPLA® Scaffold’s functionalization with those NPs and NEs in
modulating inflammatory reactivity of those cultured cells should be evaluated.

After these in vitro assays are proved to be safe and effectively chondroprotective,
in vivo studies must take place in order to evaluate the biosafety and the effectiveness
of this approach in preventing cartilage degradation and restoring the original
structure and function of damaged joints.
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8. SUPPLEMENTARY INFORMATION

Annex 1

Table 3 — Information about the formulations of the tested nanoparticles and nanoemulsions.
NPs — Nanoparticles; NEs — Nanoemulsions; PLGA — Poly(Lactic-Co-Glycolic Acid); Ch — Chitosan;
PGA — Polyglutamic Acid; BB-94 — Batimastat.

NANOCARRIER DRUG

IBUPROFEN

IBUPROFEN
BB-94

(FORMULATION 1)

BB-94
(FORMULATION 2)

IBUPROFEN, BB-94,
NISIN

MUPIROCIN

Annex 2

STOCK SOLUTION

10 mg/mL of NPs with
1.5 mg/mL of ibuprofen
encapsulated
300 pg/mL of NPs with
0.5 mg/mL of ibuprofen
encapsulated
100 mg/mL of NEs with
0.76 pug/mL of BB-94
encapsulated
50 mg/mL of NEs with 19
pg/mL of BB-94
encapsulated
100 mg/mL of NEs with
1.2 mg/mL of ibuprofen,
0.76 pg/mL of BB-94 and
6 mg/mL of nisin
incorporated
50 mg/mL of NEs with 6
mg/mL of mupirocin
encapsulated

MANUFACTURER

INEB

INEB

CIDETEC
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Traumatic chondral lesions are common in the young and active population, and if
left untreated can evolve towards osteoarthritis. The inflammatory response initiated
as a consequence of tissue damage imposes a major challenge in cartilage repair. The
released pro-inflammatory factors induce a shift in chondrocytes activity towards a
catabolic metabolism and promote further cartilage degradation (1-2). Several anti-
inflammatory drugs have been proved to mitigate the deleterious effects of
inflammation on cartilage (2), and we propose the use of Poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded with ibuprofen as a strategy to delivered locally an anti-
inflammatory treatment.

In this work, we aimed to evaluate the chondroprotective and chondrogenic effects
of the ibuprofen-loaded PLGA nanoparticles. To achieved this, human chondrocytes
cultured as 3D pellets under an inflammatory condition (stimulation with 100ng/mL of
IL-1B), were treated with PLGA nanoparticles loaded with 15 or 30 pug/mL of ibuprofen.
Effects on the chondrocyte activity were assessed at day 3 of exposure.

The results show that nanoparticles loaded with 15 and 30 pg/mL of ibuprofen
induce, under inflammatory conditions, a decrease in the IL-1B release and mRNA
expression levels of metalloprotease, such as MMP1 and MMP8, at day 3 and 7 after
the addition of ibuprofen-loaded nanoparticles. Moreover, data from the
immunohistochemical analysis showed higher expression of collagen type Il and
aggrecan 3 days after treatment.

Altogether the obtained data suggest that treatment with ibuprofen-loaded PLGA
nanoparticles mitigates the chondrocytes’ pro-inflammatory response and
extracellular matrix degradation activity induced in an inflammation scenario.
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