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Abstract: Osteoarthritis (OA) is a complex multi-target disease with an unmet medical need for the
development of therapies that slow and potentially revert disease progression. Intra-articular (IA)
delivery has seen a surge in osteoarthritis research in recent years. As local administration of mole-
cules, this represents a way to circumvent systemic drug delivery struggles. When developing intra-
articular formulations, the main goals are a sustained and controlled release of therapeutic drug
doses, taking into account carrier choice, drug molecule, and articular joint tissue target. Therefore,
the selection of models is critical when developing local administration formulation in terms of ac-
curate outcome assessment, target and off-target effects and relevant translation to in vivo. The cur-
rent review highlights the applications of OA in vitro models in the development of IA formulation
by means of exploring their advantages and disadvantages. In vitro models are essential in studies
of OA molecular pathways, understanding drug and target interactions, assessing cytotoxicity of
carriers and drug molecules, and predicting in vivo behaviors. However, further understanding of
molecular and tissue-specific intricacies of cellular models for 2D and 3D needs improvement to
accurately portray in vivo conditions.

Keywords: osteoarthritis; intra-articular drug delivery systems; synovium; cartilage; in vitro cellu-
lar models; synoviocytes; chondrocytes

1. Introduction

Osteoarthritis (OA) is a chronic disease with worldwide incidence in the population
aged 65 years and higher, representing a significant economic burden in terms of global
health [1,2]. As the most common form of arthritis and one of the leading causes of disa-
bility in the elderly population, OA is characterized by chronic inflammation, articular
cartilage degeneration and structural changes of whole joints. There is currently an unmet
need for disease-modifying drugs (DMOADs) that slow or even revert disease progres-
sion [3-5]. Pharmacological treatment options focus on symptom management. Oral an-
algesic and nonsteroidal anti-inflammatory drugs (NSAIDs) are first-line treatments for
pain and inflammation. However, since OA mainly affects the joint as a whole closed
structure, systemic drugs result in less than optimal efficacy rates [6,7]. A known alterna-
tive that circumvents most of the drawbacks associated with systemic drug administra-
tion is the delivery of drugs locally, by intra-articular (IA) injection. IA allows for higher
drug doses and prolonged delivery of drug molecules directly into affected joints. By this
approach, more effective relief of symptoms may be attained, while systemic adverse ef-
fects are generally avoided. Different drug delivery systems (DDSs) have grown in the
field to improve the delivery of small molecules locally to joints. These include different
formulations such as polymeric nano and microparticles, hydrogels, liposomes and mi-
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celles, which have been extensively reviewed [8-11]. Due to its local administration, main-
taining the selectivity of drug molecules and the carrier system towards biological tissue
targets in the joint while avoiding off-target effects is critical when developing IA formu-
lations. In this regard, the design of predictive in vitro OA models is crucial in character-
izing and understanding the studied drug delivery systems for OA treatment. Different
cellular models represent different tissues of the joint: synoviocytes, the synovium, and
chondrocytes are used to model articular cartilage [12]. The different types of in vitro cel-
lular models (i.e., monolayer, three-dimensional or explant) have various applications ac-
cording to the final goals of IA formulation. Thus, a deep understanding of their intricacies
is very important in this field. The purpose of the present review is to discuss the relevance
of the different in vitro OA models in the development of IA formulations for OA treat-
ment. At first, an overview of the latest (5 years) intra-articular DDSs is presented, high-
lighting the choice of in vitro model for each formulation. In this review, viscosupplemen-
tation formulations and delivery of cells (mesenchymal stem cells and platelet rich
plasma) have been excluded. The review focuses on nano and micro carriers, hydrogels
and liposomes containing drug molecules. Next, advantages and disadvantages, as well
as possible readable markers and targets of different in vitro OA models, are discussed,
based on their relevance for the development of intra-articular formulations.

2. Osteoarthritis

Osteoarthritis is a chronic degenerative disease of the whole joint. It is characterized
by chronic inflammation, articular cartilage degeneration and structural changes in sev-
eral joint tissues. Age >65 years old, obesity, gender (double prevalence in females), pre-
vious joint injuries and genetic predisposition to joint complications are all considered
risk factors in the development of mild to severe OA [2,13]. Other than the economic bur-
den it represents, OA is one of the primary causes of disability in the elderly population.
Considered the most common form of arthritis, its worldwide incidence has repercussions
on more than 100 million people [1,14]. The etiology of OA is unknown (primary OA) in
the majority of cases, with secondary OA (one that follows joint injury) as an example of
how trauma to the joint influences further disease progression. Several biomechanical and
molecular processes are known to kick-start the pathology cycle. Tissue alterations of ar-
ticular cartilage from increased cell proliferation and microarchitectural changes to the
structure of subchondral bone are considered key events [15]. In early stages, degradation
products of proteoglycan and collagen are released into the joint cavity from hyaline car-
tilage. This phenomenon stimulates immune cells from the synovial membrane to release
pro-inflammatory cytokines—mainly IL-13, IL-6 and TNFa. This inflammatory state in-
duces catabolic mechanisms by the chondrocytes that produce matrix metalloproteinase
(MMPs) 1, 3 and 13 and aggrecanases 1 and 2 (disintegrin and metalloproteinase with
thrombospondin motifs —ADAMTS). Cartilage is further degraded, and the inflamma-
tory state is perpetuated. Due to its poor vascularization and low cellular density, cartilage
has a limited regeneration turnover. As disease advances, catabolic mechanisms outweigh
those of repair by the extracellular matrix (ECM) [16-18]. As a result, there is a narrowing
of the joint space due to cartilage degradation, subchondral bone erosion with the for-
mation of osteophytes and small cysts, inflammation of the synovium (synovitis), and
overall joint function loss (Figure 1). Clinical manifestations of the disease with well-es-
tablished symptoms, mainly joint pain, stiffness and, consequently, a decrease in daily
movement, appear relatively late. When detected and adequately diagnosed by physical
assessment and bioimaging (X-ray, MRI), OA has often progressed to a stage where pre-
ventive and possibly reverting measures are no longer efficacious, leaving symptom man-
agement as the only option [19]. Currently, there is a substantial unmet need for disease-
modifying OA drugs (DMOADs) that actively slow disease progression as no molecule of
the sort has been approved or introduced in the market. Throughout the management of
OA, different non-pharmacological treatments are adopted, like physical therapy, weight
management and the use of different dietary supplements. Pharmacological treatment
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regimens depend on disease stage (I to IV, minimal to severe). Analgesics like paracetamol
and nonsteroidal anti-inflammatory drugs (NSAIDs) such as diclofenac are first-line treat-
ments. However, the drawbacks and adverse effects associated with the use of these sys-
temic drugs are limiting [20-22]. In further stages of the disease, local administration (in-
tra-articular) is an alternative that circumvents these issues. This local administration of
hyaluronic acid derivatives, known as viscosupplementation, combines pain relief and
improvement of joint motion from the greater cushioning effect provided by the hydro-
gels. Other biological compounds, like injections of autologous platelet-rich plasma have
also been explored as local treatment of OA [23,24]. When symptom management is no
longer viable in later stages, full joint replacement surgery of hip, knee or heel is an option
[5,6].

Normal Osteoarthritis

Bone cyst

Inflammation of synovial
membrane and jaint cavity

Osteophyte

Bone and cartilage erosion

Narrow joint space

Figure 1. Schematic representation of the structural composition of a healthy and an osteoarthritic knee.

3. Intra-Articular Drug Delivery Systems and Interactions with OA Joints

In a clinical setting, despite progress in OA research and development of disease-
modifying drugs, joint anatomy and physiology still pose a challenge for effective drug
delivery. Systemic drug delivery is challenging due to the poor irrigation and limited per-
meability of the synovial membrane and articular capsule of affected joints. Local, intra-
articular administration of small molecules and larger protein products directly as solu-
tions into joints is hindered by low retention times due to fast clearance [25]. Therefore,
IA administration is not used to deliver common analgesic and anti-inflammatory drugs
to the joint. As approved and in use, IA is only applied to deliver glucocorticoids (GC)
and hyaluronic acid (HA) for viscosupplementation [26-28]. The lack of broader use of IA
administration as a drug delivery route for OA treatment might be due to some draw-
backs such as formulation issues and the invasiveness of the procedure, which limit the
number of yearly injections. Thus, attaining drug loadings high enough to release suffi-
cient therapeutic drug doses over extended periods represents a critical challenge [29].
Drug delivery systems with extended-release properties help circumvent these issues and
others, like potential low aqueous solubility of many molecules. Comprehensive reviews



Pharmaceutics 2021, 13, 60

4 of 20

on formulation aspects of IA DDSs have been published in recent years [26,28,30,31]. Table
1 shows the drug delivery systems investigated in the past five years to treat OA by IA
administration. Different types of formulations —micro- and nanoparticles, hydrogels, lip-
osomes—allow for controlled and extended release of drug and increased retention times
in joints while avoiding systemic side effects [10,32,33]. Various classes of molecules have
been investigated as DMOADs or for symptom management: analgesic/anti-inflamma-
tory, chondroprotective/regenerative and bone resorption inhibitors [28]. Each category is
linked to different target tissues in the joint. For example, anti-inflammatory drugs like
celecoxib target the synovium, and chondroprotective drugs like kartogenin target artic-
ular cartilage tissue [34,35]. It is essential to consider tissue specificity when formulating
IA drug delivery systems as off-target effects may occur and negatively impact OA pro-
gression. Understanding the structure of the different tissues of joints is thus key for the
design of DDSs. Human joints are complex structures that connect bones, allowing the
body’s movement. The main structures of synovial joints (diarthrosis, joints with move-
ments) (Figure 1) are joint capsule, synovial membrane, joint cavity with synovial fluid, car-
tilage, ligaments, muscles, bursae, tendons, subchondral bone, nerves and vessels [36,37].
Synovial joints are the most affected by OA, with two of the main features that make them
unique being key explored targets of therapeutic treatments: the synovial membrane and
the articular cartilage. Synovium or synovial membrane is the connective tissue that lines
the joint cavity. This heterogeneous tissue mainly comprises two types of synoviocytes:
type A macrophage-like synoviocytes, lesser in number and increased in inflammatory
conditions, have an important role in phagocytosis and production of pro-inflammatory
cytokines; and type B fibroblast-like synoviocytes, the structural cells of the synovium
(75% of cellular total), producing synovial fluid and ECM components. Collagen fibers,
fenestrated blood capillaries and lymph vessels are other structures found in the inner
layers of the membrane. The synovial fluid, produced by ultrafiltration of plasma, nour-
ishes the non-irrigated articular cartilage, lubricates and absorbs shock [36,38]. Drug deliv-
ery systems with drugs targeting the synovium, like TSG-6 (TNFa gene precursor) or VX-
745 (p38 MAPK inhibitor) are active on type B synoviocytes and macrophages, mostly
through inflammatory and pain pathways [39,40]. On the other hand, articular cartilage
(hyaline cartilage) is a connective tissue layer that lines the ends of the bones of the joint,
serving as a barrier to friction and shock between them. Contrary to the synovium, this is
an avascular, alymphatic and aneural tissue. It is composed of chondrocytes (differenti-
ated mature cells) and ECM, mainly collagen and elastin fibers, aggrecan and proteogly-
cans. Its form and elasticity are determined by the organization of the collagen fibers, pro-
teoglycans and diffusion of water molecules during movement. The lubricants and hya-
luronic acid secreted both by the synovial fluid and chondrocytes are shock-absorbing
and provide a cushioning effect. This cross-talk between tissues and synovial fluid is
driven by mechanical load caused by body movement. Cartilage is part of the osteochon-
dral unit as it covers the sub-chondral bone plate [41,42]. Examples of drugs targeting
cartilage and bone delivered by IA administration of delivery systems include kartogenin
(a chondrogenesis inductor from the RUNX-1 pathway) and doxycycline (an antibiotic
with MMP inhibitor functions) [43,44].

The successful development of an IA drug delivery system formulation greatly de-
pends on its interaction with the target tissue in the joint. Accurate choice and design of
in vitro models of OA are crucial in understanding target interaction, predicting in vivo
outcomes, and developing effective IA formulations.
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Table 1. Intra-articular small molecule drug delivery systems for OA treatment, developed in the past 5 years (Acronyms defined at the bottom of the table).
. Authors;
For{'nula- Drug Carrier Type of Study Mam. Tar- In Vitro Model In Vivo Model Year; Refer-
tion get Tissue
ences
Aydin et al.
Doxycycline PCL Pre-clinical studies Cartilage 3D rabbit chondrocyte agarose model Rabbits 2015
[44]
Human synovium and syno- Janssen et al.
Celecoxib PEA Pre-clinical studies Synovium Differentiated HI-60 cells and lysates vial fluid (ex vivo); rat ACLT 2016
model [32]
Arunkumar et
Etoricoxib PCL Pre-clinical studies Syno'vmm, Not reported Rats al
cartilage 2016
[45]
Abd-Allah et
Lornoxicam Chitosan/TPP Pre-clinical studies Synoylum, Not reported Rat MIA model al
cartilage 2016
[46]
Goto et al.
Fluvastatin PLGA Pre-clinical studies Cartilage Human primary chondrocytes Rabbit ACLT model 2017
[47]
Gomez-Gaete
Rhein (cassic acid) PLGA Pre-clinical studies Synovium THP-1 macrophages Not reported ;B?;
panicles 3]
Maudens et al.
Kartogenin PLA Pre-clinical studies Cartilage Human synoviocytes Mice DMM model 2018
[43]
Maudens et al.
PH-797804, Dexamethasone PLA Pre-clinical studies Synovium Human synoviocytes Mice AIA model 2018
[48]
Kumar et al.
Phase II/III clinical Synovium 2015 %
Triamcinolone acetonide (Zilretta™?) PLGA trials in OA pa- cartilage ’ Not reported Rat knee model 2 Kraus et al.
tients ! 2018*
[49,50]
Tellier et al.
TSG-6 (tumor necrosis factor-alpha stimulated gene-6) Heparin Pre-clinical studies Cartilage Not reported Rat MMT model 2018
[39]
Getgood et al.
Fluticasone propionate PVA Pre-clinical studies Synovium Not reported Beagle dogs 2019
[51]
Salgado et al.
Celecoxib PLA Pre-clinical studies Synovium Human synoviocytes Not reported 2020

[52]
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Dhanabalan et

Rapamycin PLGA Pre-clinical studies Cartilage Human immortal chondrocytes Mice 23; 0
[53]
Pradal et al.
VX-745 (p38 MAPK inhibitor) PLA and PLGA Pre-clinical studies Synovium Human synoviocytes Mice AIA model 2015
[40]
. Bajpayee et al.
ey L. . Synovium, . .
Dexamethasone Avidin/PEG Pre-clinical studies cartilage Bovine knee cartilage explants Not reported 2016
[54]
KAFAK (anti-inflammatory mitogen-activated protein ki- Synovium Linetal.
nase-activated protein kinase 2 (MK2)-inhibiting cell-pene- pNiPAM-PEG Pre-clinical studies cartilage . Bovine knee cartilage explants Not reported 2016
trating peptide) [9]
Synovium Human BMSCs (bone marrow mesen- Kang et al.
Kartogenin; Diclofenac Chitosan/Pluronic F127 Pre-clinical studies cartilage ’ chymal stem cells); Human primary Rats 2016
chondrocytes [35]
Niazvand et
Curcumin PLGA Pre-clinical studies SynoYlum, Not reported Rats al
cartilage 2017
[59]
Bajpayee et al.
Dexamethasone Avidin Pre-clinical studies Synovium Not reported Rabbit ACLT model 2017
[56]
McMasters et
Nanopar- KAFAK pNiPAM-PEG Pre-clinical studies ~ Y"OVUM  RAW264.7 macrophages; Bovine knee Not reported al
ticles cartilage cartilage explants 2017
[57]
Huetal.
CAP (chondrocyte affinity peptide) PEG-PAMAM Pre-clinical studies Cartilage Human primary chondrocytes Rats 2018
[58]
Fan et al.
Kartogenin Polyurethane Pre-clinical studies Cartilage Rat primary chondrocytes Rat ACLT model 2018
[59]
S . Liu et al.
Adenosine PEG-b-PLA Pre-clinical studies ynovium, RAW 264.7 macrophages Rat ACLT model 2019
cartilage
[60]
. Liuetal.
L. . . Synovium, N
Etoricoxib PLGA-PEG-PLGA Pre-clinical studies cartilage Human primary chondrocytes Rat ACLT model 2019
[33]
Mota et al.
Hyaluronic acid PLGA Pre-clinical studies Cartilage RAW 264.7 macrophages Brine shrimp; Rats 2019
[61]
Zerrillo et al.
Hyaluronic acid and near-infrared dye PLGA Pre-clinical studies Cartilage Human primary chondrocytes Mice DMM model 2019
[62]
Celastrol Mesoporous silica Pre-clinical studies Cartilage Rat primary chondrocytes Rat MIA model Jin et al.
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2020
[63]
Synovium Jung et al.
Diacerein PLGA Pre-clinical studies Zar(zi‘;;u o ’ Rat synoviocytes Rat MIA model 2020
i [64]
Salama et al.
Etoricoxib PLA/Chitosan Pre-clinical studies Synovium MCST3-EL cells (mouse osteoblast Not reported 2020
precursor)
[65]
Svnovium. Deloney et al.
MK?2i (anti-inflammatory MK2-inhibiting peptide) Linked and non-linked NIPAm Pre-clinical studies z,artila R ’ Bovine primary chondrocytes Rats 2020
g [66]
. . Alargin et al.
H LCLs (lymphoblastoid
Oxaceprol PLGA Pre-clinical studies Synovium uman primary C, s (lymphoblastoi Not reported 2020
cell lines)
[67]
She et al.
Triamcinolone acetonide Dextran sulfate conjugated Pre-clinical studies Synovium RAW 264.7 macro'phages, 1929 cells Mice MIA model 2020
(mouse fibroblast)
[68]
Hval ic acid/el 1 s . Shan-Bin et al.
Amphotericin B yaluronic acid/glycery Pre-clinical studies ynovium, Not reported Rabbits 2015
monooleate cartilage
[69]
Petit et al.
Celecoxib PCLA-PEG-PCLA Pre-clinical studies Synovium Not reported Horse 2015
[34]
Son et al.
Hyal ic acid + PLGA micro-
Methotrexate/dexamethasone/near-infrared dye yaturonic Ca: s:les fere Pre-clinical studies Synovium RAW 264.7 macrophages Rat RA model 2015
P [70]
Chen et al.
F lati tud- Not re-
Sinomenine hydrochloride Phytantriol ormutation st ot re Not reported Not reported 2015
ies ported
[71]
. Zhang et al.
. . .. . Synovium, .
Dexamethasone Hyaluronic acid Pre-clinical studies . Human primary chondrocytes Rat ACLT model 2016
Hydro- cartilage 72]
gels
. Kang et al.
H BMSCs; i hon-
PEGylated Kartogenin Hyaluronic acid Pre-clinical studies Cartilage uman BMSCs; human primary chon Rat ACLT model 2017
drocytes
[73]
Cokeleare et
1.
Celecoxib PCLA-PEG-PCLA Pre-clinical studies Synovium Not reported Equine synovitis model 23 18
[74]
Maudens et al.
Dexamethasone Hyaluronic acid/pNiPAM Pre-clinical studies Synovium Human synoviocytes Mice DMM model 2018
[10]
Phase II/III clinical Svnovium. Hangody et al.
Triamcinolone hexacetonide (Cingal®) Hyaluronic acid trials in OA pa- yROviUm, Not reported Not reported 2018
. cartilage
tients [75]
Simvastatin Gelatin Pre-clinical studies Cartilage Mouse primary chondrocytes Mice Tanaka et al.
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2019
[76]
: . . . . Stefani et al.
Agarose gel + PLGA micro- . . Synovium, 3D canine articular chondrocyte con- Canine osteochondral auto-
Dexamethasone Pre-clinical studies . 2020
spheres cartilage struct graft model 77]
Hanafy et al.
Hyal HA and pol ium,
Diclofenac yalomer (HA and poloxamer Pre-clinical studies Syno'vmm Not reported Rat MIA model 2020
407) cartilage
[78]
Kawanami et
Linked PAPE (2-Pyridylami F lation stud- Not re- L
Diclofenac e (2-Pyridylamino ormuiation s orre Not reported Not reported a
substituted 1-phenylethanol) ies ported 2020
[79]
Tsubosaka et
1.
Eicosapentanoic acid Gelatin Pre-clinical studies Synovium Human primary chondrocytes Mouse DMM model 232 0
[80]
Silica colloidal crystal beads- Synovium, Yang et al.
Hyaluronic acid/diclofenac sodium ? CTy Pre-clinical studies ynol ’ Human primary chondrocytes Rat DMM model 2020
pNiPAM cartilage [81]
Mok et al.
PEG-PA (Methoxy-poly(eth- ium,
Quercetin mPEG (Methoxy-po }{(e Pre-clinical studies Syno'vmm Human primary chondrocytes Rat ACLT model 2020
ylene glycol)-1-poly(alanine)) cartilage 82]
Sarkar et al.
Fish oil protein encapsulated in gold nanoparticles DrPC Pre-clinical studies Synovium Not reported Rats 2019
Lipo- [83]
somes . Jietal.
. Distearoyl . . . .
Glucosamine sulphate . Pre-clinical studies Cartilage Mouse primary chondrocytes Not reported 2019
phosphocholine
[84]
. . . Chen et al.
Rapamycin DSPC‘combmed with low-in- Pre-clinical studies Cartilage Human primary chondrocytes Guinea pigs 2020
tensity pulsed ultrasound (85]

Acronyms: PCL: polycaprolactone; PEA: polyetheramine; PLGA: poly(lactic-co-glycolic acid); PLA: polylactic acid; PVAL: poly(vinyl alcohol); PCLA: poly(e-caprolactone-co-lactide);
PEG: polyethylene glycol; pNiPAM: poly(N-isopropylacrylamide); PAMAM: poly(amidoamine); DPPC: dipalmitoylphosphatidylcholine; DSPC: 1,2-distearoyl-sn-glycero-3-phospho-
choline; MIA: monoiodoacetate; AIA: antigen-induced arthritis; ACLT: anterior cruciate ligament transection; DMM: destabilization of medial meniscus.
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4. In Vitro Models of OA

Grasping the complexity of OA pathophysiological mechanisms remains a challenge
in OA research and negatively reflects on the successful development of DMOADs. Many
OA in vitro and in vivo models have been developed and refined over the years. However,
there is still no confirmed gold standard in vitro model to apply when developing OA
drug molecules and/or drug delivery systems [12]. The establishment of accurate in vitro
models is crucial as these influence choice of in vivo OA models. Although there are rele-
vant in vivo OA animal models, major gaps in translation from animal to human OA con-
ditions still prevail. Smart design and choice of in vitro models could potentially help
bridge these gaps by enhancing predictability of OA models. Current OA in vivo models
have additional limitations. These models often actively portray either post-traumatic
and/or late-stage (III/IV) OA, leaving a large gap in understanding the spontaneous oc-
curring disease and its early stages, where slowing disease progression would be an at-
tractive treatment strategy. Sustainability and 3R initiatives (refinement, reduction and
replacement) have to be considered to assess the usefulness of these in vivo animal mod-
els, where in vitro OA models can become the best alternative [86]. In this case, result
translation and predictability from in vitro to in vivo models still lack refinement and ac-
curacy. The processes of naturally occurring OA in certain animal species have been
proven similar to those of humans. Therefore, tissue collection from affected animals is
essential in the development of in vitro and ex vivo early-stage OA models. Tissue collec-
tion in humans (articular cartilage or synovium) is complex due to several ethical and
regulatory issues, and retrieval at early stages of the pathology is nearly impossible. Re-
covery of samples is restricted to patients undergoing total joint replacement surgeries
where OA is far evolved [87,88]. In this context, various in vitro OA cellular models have
been designed and explored: monolayer (2D), 3D with or without scaffolds and tissue
explants. Each model is adapted to a unique target tissue of the joint and yields quantifi-
cation of different markers (e.g., inflammatory cytokines, collagen type II, aggrecan or
MMPs). In addition, each model has its intricacies with relevant advantages and disad-
vantages, discussed in Table 2. In the field of IA DDSs, these are important, especially in
characterizing release mechanisms and cytotoxicity of carrier systems. In Table 2, the dif-
ferent applications of each model in IA DDS pre-clinical development are further de-
scribed.
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Table 2. Overview of advantages and disadvantages of in vitro OA models and their application in IA DDSs development.

Models Applied in IA DDS Develop-

In Vitro OA Model Advantages Disadvantages ment (as per Table 1) Outcome Evaluation (as per Table 1)
RAW 264.7 macrophages [33,57,60,68,70]:
- Cytotoxicity assays
- Quantification of NO. cAMP, IL-6, IL-1{3 and
TNF-a
Synoviocytes [10,40,43,48,52,64]:
- Cytotoxicity and proliferation
Furthe;;ftTiOT nla{t}“;ﬂ 1;?;}‘3’3’:15' Synoviocytes (human, mouse and - Quantification of IL-6, PGE, IL-18, TNF-q,
High throughput, low cost. Ho- ?gifzzen: C;S; 81;8) ];Iettler ity rat) MMP-3, MMP-13, COX-2 and ADAMTS-5
mogenous cell exposition to nutri- . P g ) Chondrocytes (human, murine, rat Chondrocytes [47,53,59,62,63,66,72,73,81,84]:
Monolayer . . suited for synoviocytes than .
ents. Allows for dlfferences in cel- chondrocytes. 2D substrate in- and bovine) . - Cytotoxicity, apoptosis and proliferation assays
2D clellular lular phenotype studies [12] duces de-differentiation and }I\B/Ihicsrgphﬁges (human and murine) - Quantification of IL-6, IL-1p, TNF-a,
culture changes in morphology [12] 8 (human) GAG/DNA, Aggrecan, Collagen IT, MMP-1,
MMP-3, TAC-1, MMP-13, COX-2, PGEz, iNOS
and ADAMTS-5
- Senescence assays after genotoxic and oxidative
stress [53]
- Expression of inflammatory transcription fac-
tors: p-IKKa/p [80]
¥mp0rta.nt in studies 9f cell.-to-cell E)fpensxve e?nd dlfﬁcglt to main- (examples not included in Table 1)
interactions and studies of influ- tain. Lacks in three-dimensional .
Co-culture . . . - Synoviocytes-chondrocytes
ence of different cellular pheno- characteristics of cartilage
Chondrocytes-osteoblasts [89,90]
types together [12] growth [87]
Without Chondrocyte pellets - Quantification of: GAG/DNA, Collagen II, Ag-
Scaffold . e Hanging drop BMSCs grecan [35]
—— High 1 th ti
167 st arlt.y With I vivo tissue Expensive and difficult to main- - GAG/DNA, MMP-13 and hydroxyproline quan-
conditions as it maintains struc- . . . . e . . L
tain. Restricted throughput Hydrogels: biomaterial and syn- tification; proliferation in agarose assay by DNA
ture from ECM growth. Cellular . . e
3D cellular henotvpe is preserved. Important (hard to propagate without com- thetic quantification [44]
culture With Scaf- p yp .p P promising cell quality). Nature Polymeric scaffolds (osteochondral - GAG/DNA, Collagen II and Young's/dynamic
in studies of intercellular and cell i
fold . . . of scaffold plays role in cellular plugs) modulus (Ey and G) [77]
to ECM relationship and loading . . ) N .
capacity assays [88,91] growth [92] Micro- and nanocarriers - Proliferation in alginate beads
P ’ Fiber/Mesh scaffolds [88] - Quantification of IL-6, MMP-13, Collagen II and
Aggrecan [85]
Easy to obtain a.nd inexpensive. High variability and limited Articular cartilage and synoylal
Allows for studies of intercellular amounts of replicates from membrane (human and bovine) - Cytotoxicity and cartilage penetration assays
Explants and cell to ECM relationship be- P Osteochondral plugs (human) Y Y gep 4

cause it maintains tissue as a
whole [93]

source. Cell death at edge of ex-
tracted tissues [12]

Femoral chondyles (human, murine
and equine)

- Quantification of IL-6 [9,57]
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4.1. 2D Cellular Models

Two-dimensional cellular models can be described as monolayer culture (Section 4.1.1),
when a single cell line is cultured or co-culture (Section 4.1.2) when two or more cell lines
are cultured together in a monolayer.

4.1.1. Monolayer Culture

Culturing cells in monolayer is a well-established, cost-effective method to obtain rel-
atively fast, reliable, and high-throughput results. As OA in vitro models, these can be im-
mortal lines or harvested primary cells cultured adherent to plastic flat surfaces. Their
source can vary from murine, bovine to human. Table 2 lists the use of the most common
cell lines: RAW 264.7 macrophages, human primary synoviocytes and human articular
chondrocytes. To evaluate IA delivery systems, 2D models with cells like synoviocytes or
chondrocytes that respond to cytokine stimulation (typically IL-1(3, mimicking the inflam-
matory catabolic environment of OA) are thus ideal for screening of either anti-inflamma-
tory or chondroprotective molecules from DDSs by quantification of several inflammatory
and cartilage degradation markers: IL-6, TNF-a, PGE:, COX-2, NO, iNOS, MMP-1, MMP-3,
MMP-13, and ADAMTS-5. These monolayer models (especially human cell lines) are also
useful and largely explored for cytotoxicity and proliferation testing in local administration
cases since they correspond to the direct cellular target [40,53,62,64,84]. Additionally, dif-
ferent signaling pathways can be explored from these models, such as the inflammatory
NF-«kB pathway in human chondrocytes [94]. Human bone marrow mesenchymal stem
cells (HBMSCs) have the ability to de-differentiate to mature articular chondrocytes; thus,
these are also used to quantify chondrogenesis through sulfated glycosaminoglycans
(GAQG), abundant in articular cartilage ECM content, gene expression of collagen II and
aggrecan, in addition to the cytotoxicity and screening of molecules [35,73]. However,
problems arise from culturing primary articular chondrocytes, as the actual cartilage tis-
sue would require a three-dimensional cell growth, interacting with the ECM, in contrast
to a flat surface (Table 2). Therefore, after a small number of passages, which limits the
number of experiments and length of studies, de-differentiation tends to occur as cells
change in phenotype and morphology from an orthogonal shape to an elongated shape,
resembling fibroblast-like chondrocytes. This phenotype is known to produce collagen
type I fibers instead of the collagen II fibers consistent with articular cartilage, an issue
when using this type of monolayer model to assess cartilage growth from collagen II and
aggrecan quantification. This lack of tissue-mimicking properties prevents 2D in vitro
models from accurately mimicking intercellular and cell-to-ECM relationships. Not only
this, but weight-bearing and mechanical-loading experiments, crucial in the understand-
ing of OA as a pathology, are not easily explored using these models [12].

Grasping the complexity of OA pathophysiological mechanisms remains a challenge
in OA research and negatively reflects on the successful development of DMOADs. Many
OA in vitro and in vivo models have been developed and refined over the years. However,
there is still no confirmed gold standard in vitro model to apply when developing OA
drug molecules and/or drug delivery systems [12].

4.1.2. Co-Culture

Monolayer culture of different joint cell lines is an alternative to improve intercellular
relationship studies. Differently from monolayers of a single cell line, in co-culture where
chondrocytes are incubated together with synoviocytes and stimulated by pro-inflamma-
tory cytokines, cross-talk between cells happens through intercellular calcium and paracrine
signaling, maintaining homeostasis of articular chondrocytes. Evaluation of effects of anti-
inflammatory or chondroprotective molecules in articular cartilage is then higher in accu-
racy by the co-culturing of both cell types due to the preservation of these intercellular sig-
naling pathways [89]. Chondrocytes incubated with osteoblasts help maintain cellular phys-
iology and phenotype through paracrine signaling. This is an useful model in investigating
the effects of chondroprotection (slowing of cartilage degradation) in bone remodeling
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[95]. Mesenchymal stem cells are interesting in co-culture as pluripotency leads to specific
de-differentiation, allowing for different cellular pathways to be analyzed together with
articular chondrocytes from cellular secreted markers [96]. However, despite advantages
gained by culturing different types of cells together in terms of tissue-like maintenance of
homeostasis and phenotypes, this in vitro model is subject to some of the same drawbacks
as monolayer culture, notably, culturing in a flat surface and lack of growth structure. In
addition, maintaining different cellular environments at the same time is expensive.

4.2. 3D Cellular Models

Three-dimensional cellular models can be classified into models without scaffold (Sec-
tion4.2.1), where cells are grown in pellets, and models with scaffold (Section 4.2.2), where
cellular growth happens in an external platform (biologic or synthetic polymer).

4.2.1. 3D Cellular Models without Scaffold

Three-dimensional cellular pellets circumvent some of the disadvantages of monolayer
cultures, especially as they allow a structure, maintaining cellular growth in all dimensions
and synthesis of articular cartilage ECM. In this approach, chondrocytes can be centrifuged
together in conical bottom wells or tubes or cultured under stirring using bioreactors. In-
ducing cell clustering forms cartilage tissue-like pellets, after a specific incubation time, with
sizes up to 5 mm [97,98]. These pellets can mimic articular tissue as a whole, providing in-
sights into cell-to-cell and cell-to-ECM relationships. Like in a monolayer culture, HBMSCs
pellets can replace 3D chondrocyte pellets. As an in vitro model for IA DDSs development,
3D pellets have been applied in the evaluation of chondrogenesis and chondroprotective
effects after IL-1(3 stimulation by GAG content quantification and gene expression of colla-
gen II, aggrecan, and MMPs [35]. A primary reason as to why pellets are not a standard in
vitro OA model is linked to difficulties in maintaining 3D cellular cultures in terms of cost
and quantity. 3D articular dedifferentiated chondrocytes are not associated with high pro-
liferation rates and derive from low monolayer passages restricting cellular amounts. Cul-
ture media is supplemented with a high amount of growth factors and chondrogenic stabi-
lizers, representing higher costs compared to monolayer culture [99]. Additionally, pellets
have short viability spans, where nutrients have difficulties in penetrating the pellet, in-
ducing cell death at its core. As a model for IA DDSs, interaction of formulations with the
tissue as a whole is essential in characterizing target specificity. The inability to fully pen-
etrate the pellets poses a limitation to the use of this model in the IA setting [92]. Bypassing
these shortcomings is, however, made possible by establishing this type of 3D cellular
growth in external structures—scaffolds.

4.2.2. 3D Cellular Models with Scaffold

Cells can be cultured directly into external scaffolds, gaining three-dimensional fea-
tures. As an in vitro model for IA DDSs development, this alternative has great potential for
targeted delivery. Not only does it provide structural support for 3D cellular growth by
mimicking features of joint structure, making it a good model of loading and weight-bearing
in OA, as the nature of the scaffold (biologic or synthetic) can play a role in cellular growth
and maintenance. The most commonly used scaffolds are hydrogels due to their high wa-
ter content and the extensive ability to tailor their mechanical and physicochemical prop-
erties. Biopolymers like agarose, chitosan, alginate and hyaluronic acid have been applied
to grow chondrocytes, mimicking articular cartilage, and osteoblasts, aiming to model the
osteochondral plate. Combining the growth of both these types of cells has also been ex-
plored, forming bilayer scaffolds, in an attempt to represent the whole articular joint [100].
As such, and after cytokine stimulation and exposure to therapeutic molecules, different
cartilage markers can be assessed by different assays: GAG content (alcian blue assay),
collagen II, aggrecan, MMPs (gene expression analysis) and even pro-inflammatory cyto-
kines (enzyme-linked immunosorbent assay ELISA) [44,85]. Rheological measurements
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(elastic Young's and G moduli) help investigate the mechanical properties of chondrocytes
in hydrogels (agarose) [77]. Synthetic hydrogels and polymers can be applied as scaffolds,
with advantages like mechanical features and support. 3D printing has been applied in this
field with promising results in cartilage regeneration [101,102]. Compared to 2D models,
scaffold-based 3D culture is expensive, difficult to maintain and hard to standardize, given
the many options for scaffolds. Depending on their nature, problems may arise with how
these influence results. For example, biopolymer-based hydrogels may themselves have a
chondroprotective effect on cultured chondrocytes, skewing effects of tested drugs. The na-
ture of the scaffold may also translate into differences between in vitro and in vivo models.
For instance, hydrogels are rich in water, unlike subchondral bones of joints; thus, the
growth of osteoblasts in such scaffolds is not an accurate representation of in vivo conditions
[88].

4.3. Explants

Explants could be considered the most accurate in vitro model of OA as the whole tis-
sue is maintained in its form and function. Just like tissue where cells are harvested from,
their source can be both animal and human. Explants of both cartilage and synovial mem-
brane are useful to investigate anti-inflammatory/chondroprotective effects of DDSs or mol-
ecules. Bovine cartilage is also commonly harvested to test the permeation and distribution
of a drug or DDSs into the cartilage and/or subchondral bone, using fluorescent-dye-la-
beled-nanoparticles drug molecules. Femoral heads are attractive in loading and weight-
bearing studies, whereas osteochondral plugs are used to investigate the balance between
cartilage and bone regeneration when exposed to chondroprotective drugs. By measuring
DNA and cellular turnover, cell viability and proliferation can also be assessed using ex-
plants after exposure to DDSs and/or free drug molecules [9,57]. Despite clear advantages
(Table 2) from using explants where intercellular and cell-to-ECM relationships are pre-
served; extraction induces cell death on the outer layers of the tissue, compromising the
model. Accurate induction of OA may pose another limitation, as often harvested tissues
are healthy specimens and not pathological as the ones collected in other cellular models
(monolayer, for example). Additionally, the maintenance of tissues in culture can be ex-
pensive and difficult to control, with explants lasting up to 10 days. Conditions such as
temperature, pH, humidity, culture medium and supplements like insulin plus light ex-
posure are crucial in maintaining the viability of explants. Another substantial limitation
of this model is that viable replicates are very difficult to achieve, as tissue sources are
finite and not abundant [87].

4.4. Considerations on OA In Vitro Models for Development of IA DDSs

Understanding the advantages and disadvantages of the different types of OA in
vitro models is crucial when developing intra-articular drug delivery systems. The choice
of in vitro model is influenced by how effects of the delivered drug can be assessed, be it
anti-inflammatory by quantification of released cytokines or chondroprotection by evalu-
ating GAG content and collagen II mRNA expression. Different cell lines such as macro-
phages, synoviocytes or chondrocytes secrete different factors and/or respond differently
to cytokine stimulation. When evaluating the anti-inflammatory effects of therapeutic
molecules in DDSs, macrophages and synoviocytes represent the most accurate cellular
model. For chondroprotective effects and/or subchondral bone protection, it is important
to test these in accurate representations of articular cartilage and subchondral bone. For
this, 3D chondrocyte models or bilayer scaffolds for osteochondral defects are adequate
models. Furthermore, articular cartilage or subchondral bone cells/tissue do not partici-
pate in inflammatory cascades directly, making these cellular models specific for measur-
ing cartilage degradation markers. When developing, for example, an IA DDSs eluting a
drug that has the synovium as a specific target, it is important to measure not only off-
target activity in the other joint tissues but also the response of cartilage, for example, to
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the effects of the drug in the synovium. Monolayer models, though abundantly investi-
gated and easy to establish, fail in the evaluation of cross-talk and molecular relationships
within the different joint structures, especially important when developing a local delivery
system. However, 2D models are relatively easy and accurate in assessing cytotoxicity and
influence in cell proliferation of both drug and carriers. In contrast, 3D models allow for a
more accurate and translational representation of joint tissues as phenotype and cellular
growth are preserved. 3D models are essential in evaluating cytokine stimulation, cell-to-
cell and cell-to-ECM relationships and, in the case of scaffold-based 3D models, loading
studies, as these have mechanical properties not found in monolayer cultures. Nonetheless,
their establishment requires highly specific expertise and can be costly. In addition, the ac-
curacy and reproducibility of the outcomes, from cytotoxicity assays to gene expression
analysis, can be high when applying 3D models. Explants from specific tissues are good
representations of in vivo joints, as their intact features allow for loading and penetration
studies of both IA carriers and free drug molecules. However, representative experimental
replicates are not easily accessible, and molecular alterations may arise from the extraction
of the tissues. As mentioned previously, time and duration play an important role in the
development and application of in vitro models. OA is a slowly progressing, chronic dis-
ease where molecular changes often only result in actual physical symptoms very late. As
such, tackling the effect over time on tissues is crucial to understand disease mechanisms
and potential therapeutic options. However, experimentally, it is challenging to maintain
cells and tissues viable for long periods of time. Bioreactors or tissue-mimicking polymers
could help circumvent viability issues, maintaining OA conditions for slightly extended
periods [103].

Formulation aspects also influence the choice of in vitro OA model. The formulation
of DDSs (Table 1) implies the use of a carrier for a certain drug molecule. Carriers have an
impact in terms of size and nature. In terms of size, the local administration of nano-range
carriers (nanoparticles) can induce phagocytosis and inflammatory cascade from synovi-
ocytes in the joint capsule [104]. Therefore, interactions at the cellular level when testing
these DDSs are important to consider if macrophages/synoviocytes are the chosen in vitro
cellular models. As previously discussed, most cellular OA models are cultured on plastic
surfaces, in well plates, dishes or tubes. Micro-range carriers (microparticles or larger lip-
osomes) are prone to sedimentation in these cell culture settings, especially polymeric car-
riers, which display high density when in a culture medium suspension. This sedimenta-
tion may negatively impact experimental result, by uneven drug molecule distribution,
heterogeneous presentation to test cells and lower contact surfaces between the carrier—
drug complex and cells [105]. This issue can be bypassed by performing experiments in
orbital shakers. However, as described for 3D cellular models, altering centrifuge force
and balance induces changes in cellular growth and phenotype [100]. When evaluating
hydrogels (Table 1), either in monolayer or 3D cellular models, even when using explants,
it is important to consider the nature of the polymer (synthetic or bio) and the viscosity of
the gel. Like for nano-/microcarriers, choice of polymer will have an impact on cellular
response. Thus, biocompatibility and innocuousness of polymers are important character-
istics, particularly when testing inflammation and anti-inflammatory effects, as further
induction of inflammatory cascades is undesired. The majority of hydrogels being ex-
plored for OA treatment are HA-based, a natural component of articular cartilage
[10,69,70,72,73,75,78]. As such, it is important to assess their impact as stand-alone carrier
vs. carrier with drug, as it is expected that this type of gel will have an influence on chon-
drocyte growth by inducing chondroprotection through CD44 receptor interaction.
Lastly, rheological properties of hydrogels need to be considered when applying in vitro
cellular models. High viscosity may induce occlusion effects in either cultured cells or
tissues, generating hypoxia phenomena and thus lowering viability scores [106]. Consid-
eration of all different formulation aspects does not exclude testing of drug-alone controls
in these cellular OA models, as these dictate why and how DDSs are better alternatives in
IA administration.
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5. Conclusions and Future Perspectives

Improved design and development of efficacious IA DDSs relies on the use of accurate,
predictive in vitro and in vivo models. However, to date, there is no OA gold standard in
vitro model and few guidelines or models adapted specifically to IA DDSs formulations.
Presently, monolayer models, despite being easy to establish and ideal for rapid screening
of molecules, fail in representing accurate OA conditions, such as cross-talk between differ-
ent tissues. This could be bypassed by co-culture of two types of cell lines, like synoviocytes
and chondrocytes, but aspects like cell de-differentiation and ECM growth are not negligi-
ble. Three-dimensional models are considered better representations of in vivo OA, as in
these models, three-dimensional structures of tissues and cellular phenotype and growth
are preserved. However, with or without scaffold, 3D models are difficult to establish and
maintain, and outcomes vary greatly according to the source and nature of scaffold. For
studies in articular tissues, explants are considered best in correlation to in vivo OA con-
ditions. However, viable replicates and maintenance of tissues in in vitro environments
are important limitations. Recently, a bioengineering approach combining 3D cell culture
and microfluidics —organ-on-chip (OoC)—has been in the field of OA. Cartilage-on-chip
and osteochondral-tissue-on-chip have been developed to perfectly mimic joint microen-
vironments, allowing for better reproductions of in vivo conditions. Promising results
have been described testing the drug alone, making this a promising approach for the
better development of IA DDSs in the future [107-109]. In this context, considerations (Ta-
ble 2) have to be taken into account when designing and developing IA DDSs, especially
when deciding outcome readouts. To this extent, the type of formulation and mode of
action of drug molecules (Table 1) play a critical role. Monolayer models are better suited
for testing anti-inflammatory activity, whereas 3D chondrocyte models are preferred to
evaluate chondroprotection activities. When testing hydrogels, it is important to assess
the nature of the scaffold in 3D models and even occlusion in explants. In the future, re-
search advancements should focus on improving the design and development of OA in
vitro models for better prediction of in vivo and, eventually, clinical results. This should
be done while always considering the tailoring of in vitro models to specific IA DDSs
formulations, like maintaining cellular viability conditions for testing of sustained pro-
longed drug release delivery systems.

Author Contributions: Conceptualization, C.S., O.]. and E.A.; methodology, C.S., O.J. and E.A.; soft-
ware, C.S,; validation, O.J. and E.A; formal analysis, C.S.; investigation, C.S.; resources, O.]. and E.A,;
data curation, C.S.; writing—original draft preparation, C.S.; writing—review and editing, O.J. and
E.A,; visualization, C.S., O.]J. and E.A.; supervision, O.]. and E.A.; project administration, E.A.; funding
acquisition, E.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Geneva.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Archie Dickens for his help in the creation of
the figures in this review.

Conflicts of Interest: The authors declare no conflict of interest.

1. Hunter, D.J.; Schofield, D.; Callander, E. The individual and socioeconomic impact of osteoarthritis. Nat. Rev. Rheumatol. 2014,
10, 437-441, d0i:10.1038/nrrheum.2014.44.

2. Goldring, M.B.; Goldring, S.R. Osteoarthritis. . Cell. Physiol. 2007, 213, 626-634, doi:10.1002/jcp.21258.

3. Koszowska, A.; Hawranek, R.; Nowak, ]. Osteoarthritis -a multifactorial issue. Reumatologia 2014, 52, 319-325,
doi:10.5114/reum.2014.46670.



Pharmaceutics 2021, 13, 60 16 of 20

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ratneswaran, A.; Rockel, ].S.; Kapoor, M. Understanding osteoarthritis pathogenesis: A multiomics system-based approach.
Curr. Opin. Rheumatol. 2020, 32, 80-91, doi:10.1097/bor.0000000000000680.

Abramoff, B.; Caldera, F.E. Osteoarthritis: Pathology, Diagnosis, and Treatment Options. Med. Clin. N. Am. 2020, 104, 293-211,
doi:10.1016/j.mcna.2019.10.007.

Kolasinski, S.L.; Neogi, T.; Hochberg, M.C.; Oatis, C.; Guyatt, G.; Block, J.; Callahan, L.; Copenhaver, C.; Dodge, C.; Felson, D.;
et al. 2019 American College of Rheumatology/Arthritis Foundation Guideline for the Management of Osteoarthritis of the
Hand, Hip, and Knee. Arthritis Rheumatol. 2020, 72, 220-233, doi:10.1002/art.41142.

Nelson, A.E.; Allen, K.D.; Golightly, Y.M.; Goode, A.P.; Jordan, ].M. A systematic review of recommendations and guidelines
for the management of osteoarthritis: The Chronic Osteoarthritis Management Initiative of the U.S. Bone and Joint Initiative.
Semin. Arthritis Rheum. 2014, 43, 701-712, doi:10.1016/j.semarthrit.2013.11.012.

Goémez-Gaete, C.; Retamal, M.; Chavez, C.; Bustos, P.; Godoy, R.; Torres-Vergara, P. Development, characterization and in vitro
evaluation of biodegradable rhein-loaded microparticles for treatment of osteoarthritis. Eur. |. Pharm. Sci. 2017, 96, 390-397,
doi:10.1016/j.ejps.2016.10.010.

Lin, J.B.; Poh, S.; Panitch, A. Controlled release of anti-inflammatory peptides from reducible thermosensitive nanoparticles
suppresses cartilage inflammation. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 2095-2100, doi:10.1016/j.nano.2016.05.010.
Maudens, P.; Meyer, S.; Seemayer, C.A,; Jordan, O.; Allémann, E. Self-assembled thermoresponsive nanostructures of
hyaluronic acid conjugates for osteoarthritis therapy. Nanoscale 2018, 10, 1845, d0i:10.1039/c7nr07614b.

Dong, ]; Jiang, D.; Wang, Z.; Wu, G.; Miao, L.; Huang, L. Intra-articular delivery of liposomal celecoxib-hyaluronate
combination for the treatment of osteoarthritis in rabbit model. Int. J. Pharm. 2013, 441, 285-290,
doi:10.1016/j.ijpharm.2012.11.031.

Johnson, C.I; Argyle, D.J.; Clements, D.N. In vitro models for the study of osteoarthritis. Vet. J. 2016, 209, 4049,
doi:10.1016/j.tvjl.2015.07.011.

Hunter, D.J.; Bierma-Zeinstra, S. Osteoarthritis. Lancet 2019, 393, 1745-1759, doi:10.1016/50140-6736(19)30417-9.

Kloppenburg, M.; Berenbaum, F. Osteoarthritis year in review 2019: Epidemiology and therapy. Osteoarthr. Cartil. 2020, 28, 242—
248, doi:10.1016/j.joca.2020.01.002.

Goldring, M.B.; Goldring, S.R. Articular cartilage and subchondral bone in the pathogenesis of osteoarthritis. Ann. N. Y. Acad.
Sci. 2010, 1192, 230-237.

Loeser, R.F.; Goldring, S.R.; Scanzello, C.R.; Goldring, M.B. Osteoarthritis: A disease of the joint as an organ. Arthritis Rheum.
2012, 64, 1697-1707, doi:10.1002/art.34453.

Chen, D,; Shen, J.; Zhao, W.; Wang, T.; Han, L.; Hamilton, J.L.; Im, H.J. Osteoarthritis: Toward a comprehensive understanding
of pathological mechanism. Bone Res. 2017, 5, 16044, doi:10.1038/boneres.2016.44.

Mora, ].C.; Przkora, R.; Cruz-Almeida, Y. Knee osteoarthritis: Pathophysiology and current treatment modalities. ]. Pain Res.
2018, 11, 2189-2196, d0i:10.2147/JPR.S154002.

Emery, C.A.; Whittaker, ]J.L.; Mahmoudian, A.; Lohmander, L.S.; Roos, E.M.; Bennell, K.L.; Toomey, C.M.; Reimer, R.A.;
Thompson, D.; Ronsky, J.L.; et al. Establishing outcome measures in early knee osteoarthritis. Nat. Rev. Rheumatol. 2019, 15, 438—
448, d0i:10.1038/s41584-019-0237-3.

Brakke, R.; Singh, J.; Sullivan, W. Physical Therapy in Persons With Osteoarthritis. PM R 2012, 4, S53-S58,
doi:10.1016/j.pmrj.2012.02.017.

Allen, K.D.; Choong, P.F.; Davis, A.M.; Dowsey, M.M.; Dziedzic, K.S.; Emery, C.; Hunter, D.J.; Losina, E.; Page, A.E.; Roos, EM.;
et al. Osteoarthritis: Models for appropriate care across the disease continuum. Best Pract. Res. Clin. Rheumatol. 2016, 30, 503—
535, doi:10.1016/j.berh.2016.09.003.

Smith, S.R.; Deshpande, B.R.; Collins, J.E.; Katz, J.N.; Losina, E. Comparative pain reduction of oral non-steroidal anti-
inflammatory drugs and opioids for knee osteoarthritis: Systematic analytic review. Osteoarthr. Cartil. 2016, 24, 962-972,
doi:10.1016/j.joca.2016.01.135.

Webb, D.; Naidoo, P. Viscosupplementation for knee osteoarthritis: A focus on hylan G-F 20. Orthop. Res. Rev. 2018, 10, 73-81,
do0i:10.2147/ORR.S5174649.

Southworth, T.M.; Naveen, N.B.; Tauro, T.M.; Leong, N.L.; Cole, B.J]. The Use of Platelet-Rich Plasma in Symptomatic Knee
Osteoarthritis. J. Knee Surg. 2019, 32, 3745, d0i:10.1055/s-0038-1675170.

Geiger, B.C.; Grodzinsky, A.J.; Hammond, P. Designing drug delivery systems for articular joints. Chem. Eng. Prog. 2018, 114,
46-51.

Kou, L.; Xiao, S.; Sun, R;; Bao, S.; Yao, Q.; Chen, R. Drug Delivery Biomaterial-engineered intra-articular drug delivery systems
for osteoarthritis therapy Biomaterial-engineered intra-articular drug delivery systems for osteoarthritis therapy. Drug Deliv.
2019, doi:10.1080/10717544.2019.1660434.



Pharmaceutics 2021, 13, 60 17 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Kang, M.L.; Ko, J.Y.; Kim, J.E; Im, G. Il Intra-articular delivery of kartogenin-conjugated chitosan nano/microparticles for
cartilage regeneration. Biomaterials 2014, 35, 9984-9994, doi:10.1016/j.biomaterials.2014.08.042.

Maudens, P.; Jordan, O.; Allémann, E. Recent advances in intra-articular drug delivery systems for osteoarthritis therapy. Drug
Discov. Today 2018, 23, 1761-1775, doi:10.1016/j.drudis.2018.05.023.

Rai, M.F.; Pham, C.T. Intra-articular drug delivery systems for joint diseases. Curr. Opin. Pharmacol. 2018, 40, 67-73,
doi:10.1016/j.coph.2018.03.013.

Brown, S.; Kumar, S.; Sharma, B. Intra-articular targeting of nanomaterials for the treatment of osteoarthritis. Acta Biomater.
2019, 93, 239-257, doi:10.1016/j.actbio.2019.03.010.

Mancipe Castro, L.M.; Garcia, A.J.; Guldberg, R.E. Biomaterial strategies for improved intra-articular drug delivery. . Biomed.
Mater. Res. Part. A 2020, doi:10.1002/jbm.a.37074.

Janssen, M.; Timur, U.T.; Woike, N.; Welting, T.].M.; Draaisma, G.; Gijbels, M.; van Rhijn, L.W.; Mihov, G.; Thies, J.; Emans, P.J.
Celecoxib-loaded PEA microspheres as an auto regulatory drug-delivery system after intra-articular injection. J. Control. Release
2016, 244, 30-40, doi:10.1016/j.jconrel.2016.11.003.

Liu, P.; Gu, L,; Ren, L.; Chen, J; Li, T.; Wang, X.; Yang, J.; Chen, C.; Sun, L. Intra-articular injection of etoricoxib-loaded PLGA-
PEG-PLGA triblock copolymeric nanoparticles attenuates osteoarthritis progression. Am. J. Transl. Res. 2019, 11, 6775-6789.
Petit, A.; Redout, E.M.; van de Lest, C.H.; de Grauw, ].C.; Miiller, B.; Meyboom, R.; van Midwoud, P.; Vermonden, T.; Hennink,
W.E.; René van Weeren, P. Sustained intra-articular release of celecoxib from in situ forming gels made of acetyl-capped PCLA-
PEG-PCLA triblock copolymers in horses. Biomaterials 2015, 53, 426436, doi:10.1016/j.biomaterials.2015.02.109.

Kang, M.-L.; Kim, J.-E.; Im, G.-I. Thermoresponsive nanospheres with independent dual drug release profiles for the treatment
of osteoarthritis. Acta Biomater. 2016, 39, 65-78, doi:10.1016/j.actbio.2016.05.005.

Steven, R.; Goldring, M.B.G. Kelley’s Textbook of Rheumatology; Firestein, G.S., Budd, R.C., Gabriel, S.E., McInnes, 1.B., O.]., Eds.;
Saunders: Philadelphia, US, 2013; pp. 1-19, ISBN 9781455737673.

Marieb, E.N.; Wilhelm, P.B.; Mallatt, J. Human Anatomy; Person: London, UK, 2017; ISBN 9780134243818.

Piluso, S.; Li, Y.; Abinzano, F.; Levato, R.; Teixeira, L.M.; Karperien, M.; Leijten, J.; Van Weeren, R.; Malda, J. Mimicking the
Articular Joint with In Vitro Models. Trends Biotechnol. 2019, 37, 10631077, d0i:10.1016/j.tibtech.2019.03.003.

Tellier, L.E.; Trevifo, E.A.; Brimeyer, A.L.; Reece, D.S.; Willett, N.J.; Guldberg, R.E.; Temenoff, ].S. Intra-articular TSG-6 delivery
from heparin-based microparticles reduces cartilage damage in a rat model of osteoarthritis t. Biomater. Sci. 2018, 6, 1159,
do0i:10.1039/c8bm00010g.

Pradal, J.; Zuluaga, M.-F.; Maudens, P.; Waldburger, J.-M.; Seemayer, C.A.; Doelker, E.; Gabay, C.; Jordan, O.; Allémann, E.
Intra-articular bioactivity of a p38 MAPK inhibitor and development of an extended-release system. Eur. |. Pharm. Biopharm.
2015, 93, 110-117, doi:10.1016/j.ejpb.2015.03.017.

Goldring, M.B. The role of the chondrocyte in osteoarthritis. Arthritis Rheum. 2000, 43, 1916-1926, doi:10.1002/1529-
0131(200009)43:9&1t;1916::aid-anr2&gt;3.0.co;2-i.

Goldring, S.R.; Goldring, M.B. Changes in the osteochondral unit during osteoarthritis: Structure, function and cartilage-bone
crosstalk. Nat. Rev. Rheumatol. 2016, 12, 632-644, d0i:10.1038/nrrheum.2016.148.

Maudens, P.; Seemayer, C.A.; Thauvin, C.; Gabay, C.; Jordan, O.; Allémann, E. Nanocrystal-Polymer Particles: Extended
Delivery Carriers for Osteoarthritis Treatment. Small 2018, 14, 1703108, doi:10.1002/sm11.201703108.

Aydin, O.; Korkusuz, F.; Korkusuz, P.; Tezcaner, A.; Bilgic, E.; Yaprakci, V.; Keskin, D. In vitro and in vivo evaluation of
doxycycline-chondroitin sulfate/PCLmicrospheres for intraarticular treatment of osteoarthritis. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2015, 103, 1238-1248, doi:10.1002/jbm.b.33303.

Arunkumar, P.; Indulekha, S.; Vijayalakshmi, S.; Srivastava, R. Synthesis, characterizations, in vitro and in vivo evaluation of
Etoricoxib-loaded Poly (Caprolactone) microparticles-a potential Intra-articular drug delivery system for the treatment of
Osteoarthritis. J. Biomater. Sci. Polym. Ed. 2016, 27, 303-316, d0i:10.1080/09205063.2015.1125564.

Abd-Allah, H.; Kamel, A.O.; Sammour, O.A. Injectable long acting chitosan/tripolyphosphate microspheres for the intra-
articular delivery of lornoxicam: Optimization and in vivo evaluation. Carbohydr. Polym. 2016, 149, 263-273,
doi:10.1016/j.carbpol.2016.04.096.

Goto, N.; Okazaki, K.; Akasaki, Y.; Ishihara, K.; Murakami, K.; Koyano, K.; Ayukawa, Y.; Yasunami, N.; Masuzaki, T.;
Nakashima, Y. Single intra-articular injection of fluvastatin-PLGA microspheres reduces cartilage degradation in rabbits with
experimental osteoarthritis. J. Orthop. Res. 2017, 35, 2465-2475, doi:10.1002/jor.23562.

Maudens, P.; Seemayer, C.A.; Pfefferlé, F.; Jordan, O.; Allémann, E. Nanocrystals of a potent p38 MAPK inhibitor embedded in
microparticles: Therapeutic effects in inflammatory and mechanistic murine models of osteoarthritis. . Control. Release 2018,
276,102-112, doi:10.1016/j.jconrel.2018.03.007.



Pharmaceutics 2021, 13, 60 18 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kumar, A.; Bendele, A.M.; Blanks, R.C.; Bodick, N. Sustained efficacy of a single intra-articular dose of FX006 in a rat model of
repeated localized knee arthritis. Osteoarthr. Cartil. 2015, 23, 151-160, d0i:10.1016/j.joca.2014.09.019.

Kraus, V.B.; Conaghan, P.G.; Aazami, H.A.; Mehra, P.; Kivitz, A.J.; Lufkin, J.; Hauben, J.; Johnson, J.R.; Bodick, N. Synovial and
systemic pharmacokinetics (PK) of triamcinolone acetonide (TA) following intra-articular (IA) injection of an extended-release
microsphere-based formulation (FX006) or standard crystalline suspension in patients with knee osteoarthritis (OA). Osteoarthr.
Cartil. 2018, 26, 3442, doi:10.1016/j.joca.2017.10.003.

Getgood, A.; Dhollander, A.; Malone, A.; Price, J.; Helliwell, ]. Pharmacokinetic Profile of Intra-articular Fluticasone Propionate
Microparticles in Beagle Dog Knees. Cartilage 2019, 10, 139-147, d0i:10.1177/1947603517723687.

Salgado, C.; Guénée, L.; Cern)’l, R.; Allémann, E; Jordan, O. Nano wet milled celecoxib extended release microparticles for local
management of chronic inflammation. Int. J. Pharm. 2020, 589, doi:10.1016/j.ijpharm.2020.119783.

Dhanabalan, K.M.; Gupta, V.K.; Agarwal, R. Rapamycin-PLGA microparticles prevent senescence, sustain cartilage matrix
production under stress and exhibit prolonged retention in mouse joints. Biomater. Sci. 2020, 8, 43084321,
do0i:10.1039/d0bm00596g.

Bajpayee, A.G.; Quadir, M.A.; Hammond, P.T.; Grodzinsky, A.J]. Charge based intra-cartilage delivery of single dose
dexamethasone using Avidin nano-carriers suppresses cytokine-induced catabolism long term. Osteoarthr. Cartil. 2016, 24, 71—
81, doi:10.1016/j.joca.2015.07.010.

Niazvand, F.; Khorsandi, L.; Abbaspour, M.; Orazizadeh, M.; Varaa, N.; Maghzi, M.; Ahmadi, K. Curcumin-loaded poly lactic-
co-glycolic acid nanoparticles effects on mono-iodoacetate-induced osteoarthritis in rats. Vet. Res. Forum 2017, 8, 155-161.
Bajpayee, A.G.; De La Vega, R.E.; Scheu, M.; Varady, N.H.; Yannatos, L A.; Brown, L.A.; Krishnan, Y.; Fitzsimons, T.J;
Bhattacharya, P.; Frank, E.H.; et al. Sustained intra-cartilage delivery of low dose dexamethasone using a cationic carrier for
treatment of posttraumatic osteoarthritis. Eur. Cells Mater. 2017, 34, 341-364, d0i:10.22203/eCM.v034a21.

Mcmasters, J.; Poh, S.; Lin, J.B.; Panitch, A. Delivery of Anti-inflammatory Peptides from Hollow PEGylated Poly(NIPAM)
Nanoparticles Reduces Inflammation in an Ex Vivo Osteoarthritis Model Graphical abstract HHS Public Access. . Control.
Release 2017, 258, 161-170, doi:10.1016/j.jconrel.2017.05.008.

Hu, Q.; Chen, Q.; Yan, X,; Ding, B.; Chen, D.; Cheng, L. Chondrocyte affinity peptide modified PAMAM conjugate as a
nanoplatform for targeting and retention in cartilage. Nanomedicine 2018, 13, 749-767, doi:10.2217/nnm-2017-0335.

Fan, W.; Li, J.; Yuan, L.; Chen, J.; Wang, Z.; Wang, Y.; Guo, C.; Mo, X,; Yan, Z. Intra-articular injection of kartogenin-conjugated
polyurethane nanoparticles attenuates the progression of osteoarthritis. Drug Deliv. 2018, 25, 1004-1012,
doi:10.1080/10717544.2018.1461279.

Liu, X.; Corciulo, C; Arabagian, S.; Ulman, A.; Cronstein, B.N. Adenosine-Functionalized Biodegradable PLA-b-PEG
Nanoparticles Ameliorate Osteoarthritis in Rats. Sci. Rep. 2019, 9, doi:10.1038/s41598-019-43834-y.

Mota, A.H.; Direito, R.; Carrasco, M.P.; Rijo, P.; Ascensdo, L.; Viana, A.S.; Rocha, J.; Eduardo-Figueira, M.; Rodrigues, M.].;
Custodio, L.; et al. Combination of hyaluronic acid and PLGA particles as hybrid systems for viscosupplementation in
osteoarthritis. Int. J. Pharm. 2019, 559, 13-22, d0i:10.1016/j.ijpharm.2019.01.017.

Zerrillo, L.; Que, 1; Vepris, O.; Morgado, L.N.; Chan, A.; Bierau, K; Li, Y.; Galli, F.; Bos, E.; Censi, R.; et al. pH-responsive
poly(lactide-co-glycolide) nanoparticles containing near-infrared dye for visualization and hyaluronic acid for treatment of
osteoarthritis. J. Control. Release 2019, 309, 265-276, d0i:10.1016/j.jconrel.2019.07.031.

Jin, T.; Wu, D.; Liu, XM.; Xu, ].T.; Ma, BJ.; Ji, Y.; Jin, Y.Y.; Wu, S.Y.; Wu, T.; Ma, K. Intra-articular delivery of celastrol by hollow
mesoporous silica nanoparticles for pH-sensitive anti-inflammatory therapy against knee osteoarthritis. J. Nanobiotechnol. 2020,
18, d0i:10.1186/s12951-020-00651-0.

Jung, ].H.; Kim, S.E.; Kim, H.].; Park, K; Song, G.G.; Choi, S.J. A comparative pilot study of oral diacerein and locally treated
diacerein-loaded nanoparticles in a model of osteoarthritis. Int. J. Pharm. 2020, 581, d0i:10.1016/j.ijpharm.2020.119249.

Salama, A.H.; Abdelkhalek, A.A.; FElkasabgy, N.A. Etoricoxib-loaded bio-adhesive hybridized polylactic acid-based
nanoparticles as an intra-articular injection for the treatment of osteoarthritis. Inf. ] Pharm. 2020, 578,
doi:10.1016/j.ijpharm.2020.119081.

Deloney, M.; Smart, K.; Christiansen, B.A.; Panitch, A. Thermoresponsive, hollow, degradable core-shell nanoparticles for intra-
articular delivery of anti-inflammatory peptide. J. Control. Release 2020, 323, 47-58, doi:10.1016/j.jconrel.2020.04.007.

Alarcin, E.; Demirbag, C.; Karsli-Ceppioglu, S.; Kerimoglu, O.; Bal-Ozturk, A. Development and characterization of oxaceprol-
loaded poly-lactide-co-glycolide nanoparticles for the treatment of osteoarthritis. Drug Dev. Res. 2020, 81, 501-510,
doi:10.1002/ddr.21642.

She, P.; Bian, S.; Cheng, Y.; Dong, S; Liu, J.; Liu, W.; Xiao, C. Dextran sulfate-triamcinolone acetonide conjugate nanoparticles
for targeted treatment of osteoarthritis. Int. J. Biol. Macromol. 2020, 158, 1082-1089, d0i:10.1016/j.ijbiomac.2020.05.013.



Pharmaceutics 2021, 13, 60 19 of 20

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Shan-Bin, G.; Yue, T.; Ling-Yan, J. Long-term sustained-released in situ gels of a water-insoluble drug amphotericin B for
myecotic arthritis intra-articular administration: Preparation, in vitro and in vivo evaluation. Drug Dev. Ind. Pharm. 2015, 41, 573
582, d0i:10.3109/03639045.2014.884129.

Reum Son, A.; Kim, D.Y.; Hun Park, S.; Yong Jang, J.; Kim, K.; Ju Kim, B.; Yun Yin, X.; Ho Kim, J.; Hyun Min, B.; Keun Han, D.;
et al. Direct chemotherapeutic dual drug delivery through intra-articular injection for synergistic enhancement of rheumatoid
arthritis treatment. Sci. Rep. 2015, 5, 14713, doi:10.1038/srep14713.

Chen, Y.; Liang, X.; Ma, P.; Tao, Y.; Wu, X,; Wu, X; Chu, X.; Gui, S. Phytantriol-Based In Situ Liquid Crystals with Long-Term
Release for Intra-articular Administration. AAPS PharmSciTech 2015, 16, d0i:10.1208/s12249-014-0277-6.

Zhang, Z.; Wei, X.; Gao, J.; Zhao, Y.; Zhao, Y.; Guo, L.; Chen, C.; Duan, Z,; Li, P.; Wei, L. Intra-articular injection of cross-linked
hyaluronic acid-dexamethasone hydrogel attenuates osteoarthritis: An experimental study in a rat model of osteoarthritis. Int.
J. Mol. Sci. 2016, 17, 411, doi:10.3390/ijms17040411.

Kang, M.L,; Jeong, S.Y.; Im, G. Il Hyaluronic Acid Hydrogel Functionalized with Self-Assembled Micelles of Amphiphilic
PEGylated Kartogenin for the Treatment of Osteoarthritis. Tissue Eng. Part A 2017, 23, 630-639, doi:10.1089/ten.tea.2016.0524.
Cokelaere, S.M.; Plomp, S.G.M.; de Boef, E.; de Leeuw, M.; Bool, S.; van de Lest, C.H.A.; van Weeren, P.R.; Korthagen, N.M.
Sustained intra-articular release of celecoxib in an equine repeated LPS synovitis model. Eur. |. Pharm. Biopharm. 2018, 128, 327—
336, doi:10.1016/j.ejpb.2018.05.001.

Hangody, L.; Szody, R.; Lukasik, P.; Zgadzaj, W.; Lénart, E.; Dokoupilova, E.; Bichovsk, D.; Berta, A.; Vasarhelyi, G.; Ficzere,
A.; et al. Intraarticular Injection of a Cross-Linked Sodium Hyaluronate Combined with Triamcinolone Hexacetonide (Cingal)
to Provide Symptomatic Relief of Osteoarthritis of the Knee: A Randomized, Double-Blind, Placebo-Controlled Multicenter
Clinical Trial. Cartilage 2018, 9, 276-283, d0i:10.1177/1947603517703732.

Tanaka, T.; Matsushita, T.; Nishida, K.; Takayama, K.; Nagai, K.; Araki, D.; Matsumoto, T.; Tabata, Y.; Kuroda, R. Attenuation
of osteoarthritis progression in mice following intra-articular administration of simvastatin-conjugated gelatin hydrogel. J.
Tissue Eng. Regen. Med. 2019, 13, 423-432, doi:10.1002/term.2804.

Stefani, R.M.; Lee, A.],; Tan, A.R.; Halder, S.S.; Hu, Y.; Guo, X.E.; Stoker, A.M.; Ateshian, G.A.; Marra, K.G.; Cook, J.L.; et al.
Sustained low-dose dexamethasone delivery via a PLGA microsphere-embedded agarose implant for enhanced osteochondral
repair. Acta Biomater. 2020, 102, 326-340, doi:10.1016/j.actbio.2019.11.052.

Hanafy, A.S.; El-Ganainy, S.O. Thermoresponsive Hyalomer intra-articular hydrogels improve monoiodoacetate-induced
osteoarthritis in rats. Int. J. Pharm. 2020, 573, 118859, doi:10.1016/j.ijpharm.2019.118859.

Kawanami, T.; LaBonte, L.R.; Amin, J.; Thibodeaux, S.J.; Lee, C.C.; Argintaru, O.A.; Adams, C.M. A novel diclofenac-hydrogel
conjugate system for intraarticular sustained release: Development of 2-pyridylamino-substituted 1-phenylethanol (PAPE) and
its derivatives as tunable traceless linkers. Int. ]. Pharm. 2020, 585, 119519, d0i:10.1016/j.ijpharm.2020.119519.

Tsubosaka, M.; Kihara, S.; Hayashi, S.; Nagata, J.; Kuwahara, T.; Fujita, M.; Kikuchi, K.; Takashima, Y.; Kamenaga, T.; Kuroda,
Y.; et al. Gelatin hydrogels with eicosapentaenoic acid can prevent osteoarthritis progression in vivo in a mouse model. J. Orthop.
Res. 2020, 38, 2157-2169, doi:10.1002/jor.24688.

Yang, L.; Liu, Y.; Shou, X,; Ni, D.; Kong, T.; Zhao, Y. Bio-inspired lubricant drug delivery particles for the treatment of
osteoarthritis. Nanoscale 2020, 12, 17093-17102, doi:10.1039/d0nr04013d.

Mok, S.W.; Fu, S.C,; Cheuk, Y.C,; Chu, I.M.; Chan, KM,; Qin, L.; Yung, S.H.; Kevin Ho, K.W. Intra-Articular Delivery of
Quercetin Using Thermosensitive Hydrogel Attenuate Cartilage Degradation in an Osteoarthritis Rat Model. Cartilage 2020, 11,
490-499, doi:10.1177/1947603518796550.

Sarkar, A.; Carvalho, E.; D’Souza, A.A.; Banerjee, R. Liposome-encapsulated fish oil protein-tagged gold nanoparticles for intra-
articular therapy in osteoarthritis. Nanomedicine 2019, 14, 871-887, doi:10.2217/nnm-2018-0221.

Ji, X; Yan, Y,; Sun, T.; Zhang, Q.; Wang, Y.; Zhang, M.; Zhang, H.; Zhao, X. Glucosamine sulphate-loaded distearoyl
phosphocholine liposomes for osteoarthritis treatment: Combination of sustained drug release and improved lubrication.
Biomater. Sci. 2019, 7, 2716-2728, d0i:10.1039/c9bm00201d.

Chen, C.-H.; Ming Kuo, S.; Tien, Y.-C.; Shen, P.-C.; Kuo, Y.-W.; Hsiang Huang, H. Steady Augmentation of Anti-Osteoarthritic
Actions of Rapamycin by Liposome-Encapsulation in Collaboration with Low-Intensity Pulsed Ultrasound. Int. ]. Nanomed.
2020, doi:10.2147/1JN.S252223.

Verbost, P.M.; Van Der Valk, J.; Hendriksen, C.F.M. Effects of the introduction of in vitro assays on the use of experimental
animals in pharmacological research. ATLA Altern. Lab. Anim. 2007, 35, 223-228, d0i:10.1177/026119290703500211.

Cope, P.J.; Ourradi, K.; Li, Y.; Sharif, M. Models of osteoarthritis: The good, the bad and the promising. Osteoarthr. Cartil. 2019,
27,230-239, doi:10.1016/j.joca.2018.09.016.

Samvelyan, H.J.; Hughes, D.; Stevens, C.; Staines, K.A. Models of Osteoarthritis: Relevance and New Insights. Calcif. Tissue Int.
2020, 1, 3, doi:10.1007/s00223-020-00670-x.



Pharmaceutics 2021, 13, 60 20 of 20

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Beekhuizen, M.; Bastiaansen-Jenniskens, Y.M.; Koevoet, W.; Saris, D.B.F.; Dhert, W.J.A.; Creemers, L.B.; Van Osch, G.J.V.M.
Osteoarthritic synovial tissue inhibition of proteoglycan production in human osteoarthritic knee cartilage: Establishment and
characterization of a long-term cartilage-synovium coculture. Arthritis Rheum. 2011, 63, 1918-1927, d0i:10.1002/art.30364.
Spalazzi, ].P.; Dionisio, K.L.; Jiang, J.; Lu, H.H. Osteoblast and Chondrocyte Interactions during Coculture on Scaffolds. IEEE
Eng. Med. Biol. Mag. 2003, 22, 27-34, doi:10.1109/MEMB.2003.1256269.

Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-Dimensional Cell Culture Systems and Their Applications in Drug
Discovery and Cell-Based Biosensors. Assay Drug Dev. Technol. 2014, 12, 207-218, doi:10.1089/adt.2014.573.

Caron, M.M.J.; Emans, P.J; Coolsen, M.ML.E.; Voss, L.; Surtel, D.A.M.; Cremers, A.; van Rhijn, L.W.; Welting, T.J.M.
Redifferentiation of dedifferentiated human articular chondrocytes: Comparison of 2D and 3D cultures. Osteoarthr. Cartil. 2012,
20, 1170-1178, doi:10.1016/j.joca.2012.06.016.

Geurts, |.; Juri¢, D.; Miiller, M.; Scharen, S.; Netzer, C. Novel Ex Vivo Human Osteochondral Explant Model of Knee and Spine
Osteoarthritis Enables Assessment of Inflammatory and Drug Treatment Responses. Int. J. Mol. Sci. 2018, 19, 1314,
do0i:10.3390/ijms19051314.

Al-Modawi, R.N.; Brinchmann, J.E.; Karlsen, T.A. Multi-pathway Protective Effects of MicroRNAs on Human Chondrocytes in
an In Vitro Model of Osteoarthritis. Mol. Ther. Nucleic Acids 2019, 17, 776790, doi:10.1016/J.OMTN.2019.07.011.

Thysen, S.; Luyten, F.P.; Lories, R.J.U. Targets, models and challenges in osteoarthritis research. DMM Dis. Model. Mech. 2015,
8, 17-30, doi:10.1242/dmm.016881.

Hendriks, J.; Riesle, J.; van Blitterswijk, C.A. Co-culture in cartilage tissue engineering. J. Tissue Eng. Regen. Med. 2007, 1, 170-
178, d0i:10.1002/term.19.

Ziadlou, R.; Barbero, A.; Stoddart, M.J.; Wirth, M.; Li, Z.; Martin, I; Wang, X,; Qin, L.; Alini, M.; Grad, S. Regulation of
Inflammatory Response in Human Osteoarthritic Chondrocytes by Novel Herbal Small Molecules. Int. J. Mol. Sci. 2019, 20, 5745,
doi:10.3390/ijms20225745.

Ziadlou, R.; Barbero, A.; Martin, I.; Wang, X.; Qin, L.; Alini, M.; Grad, S. Anti-Inflammatory and Chondroprotective Effects of
Vanillic Acid and Epimedin C in Human Osteoarthritic Chondrocytes. Biomolecules 2020, 10, 932, doi:10.3390/biom10060932.
Barbero, A.; Martin, I. Human articular chondrocytes culture. In Methods in Molecular Medicine; Hauser, H., Fussenegger, M.,
Eds.; Human Press: Totowa NJ, US, 2007; Volume 140, pp. 237-247.

Erickson, A.E; Sun, J.; Lan Levengood, S.K.; Swanson, S.; Chang, F.C.; Tsao, C.T.; Zhang, M. Chitosan-based composite bilayer
scaffold as an in vitro osteochondral defect regeneration model. Biomed. Microdevices 2019, 21, doi:10.1007/s10544-019-0373-1.
Di Bella, C.; Duchi, S.; O’Connell, C.D.; Blanchard, R.; Augustine, C.; Yue, Z.; Thompson, F.; Richards, C.; Beirne, S.; Onofrillo,
C.; et al. In situ handheld three-dimensional bioprinting for cartilage regeneration. J. Tissue Eng. Regen. Med. 2018, 12, 611-621,
doi:10.1002/term.2476.

Deng, C.; Zhu, H.; Li, J; Feng, C.; Yao, Q.; Wang, L.; Chang, J.; Wu, C. Bioactive scaffolds for regeneration of cartilage and
subchondral bone interface. Theranostics 2018, 8, 1940-1955, doi:10.7150/thno.23674.

Bicho, D.; Pina, S.; Oliveira, ]. M.; Reis, R.L. In vitro mimetic models for the bone-cartilage interface regeneration. In Advances in
Experimental Medicine and Biology; Springer New York LLC: New York, NY, US, 2018; Volume 1059, pp. 373-394.

Pradal, ].; Maudens, P.; Gabay, C.; Seemayer, C.A.; Jordan, O.; Allémann, E. Effect of particle size on the biodistribution of nano-
and microparticles following intra-articular injection in mice. Int. J. Pharm. 2016, 498, 119-129, doi:10.1016/j.ijpharm.2015.12.015.
Smith, D.; Herman, C.; Razdan, S.; Abedin, M.R,; Van Stoecker, W.; Barua, S. Microparticles for Suspension Culture of
Mammalian Cells. ACS Appl. Bio Mater. 2019, doi:10.1021/acsabm.9b00215.

Cai, Z.; Zhang, H.; Wei, Y.; Wu, M,; Fu, A. Shear-thinning hyaluronan-based fluid hydrogels to modulate viscoelastic properties
of osteoarthritis synovial fluids. Biomater. Sci. 2019, 7, 3143-3157, doi:10.1039/c9bm00298g.

Lin, Z.; Li, Z.; Li, E.N.; Li, X.; Del Duke, C.J.; Shen, H.; Hao, T.; O’'Donnell, B.; Bunnell, B.A.; Goodman, S.B.; et al. Osteochondral
Tissue Chip Derived From iPSCs: Modeling OA Pathologies and Testing Drugs. Front. Bioeng. Biotechnol. 2019, 7, 411,
doi:10.3389/fbioe.2019.00411.

Occhetta, P.; Mainardi, A.; Votta, E.; Vallmajo-Martin, Q.; Ehrbar, M.; Martin, I.; Barbero, A.; Rasponi, M. Hyperphysiological
compression of articular cartilage induces an osteoarthritic phenotype in a cartilage-on-a-chip model. Nat. Biomed. Eng. 2019, 3,
545-557, d0i:10.1038/s41551-019-0406-3.

Rosser, J.; Bachmann, B.; Jordan, C.; Ribitsch, I.; Haltmayer, E.; Gueltekin, S.; Junttila, S.; Galik, B.; Gyenesei, A.; Haddadi, B.; et
al. Microfluidic nutrient gradient-based three-dimensional chondrocyte culture-on-a-chip as an in vitro equine arthritis model.
Mater. Today Bio 2019, 4, 100023, doi:10.1016/j.mtbio.2019.100023.



