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Abstract: Articular cartilage injury and repair is an issue of growing importance. Although common,
defects of articular cartilage present a unique clinical challenge due to its poor self-healing capacity,
which is largely due to its avascular nature. There is a critical need to better study and understand
cellular healing mechanisms to achieve more effective therapies for cartilage regeneration. This article
aims to describe the key features of cartilage which is being modelled using tissue engineered
cartilage constructs and ex vivo systems. These models have been used to investigate chondrogenic
differentiation and to study the mechanisms of cartilage integration into the surrounding tissue.
The review highlights the key regeneration principles of articular cartilage repair in healthy and
diseased joints. Using co-culture models and novel bioreactor designs, the basis of regeneration is
aligned with recent efforts for optimal therapeutic interventions.
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1. Introduction

Articular cartilage, which covers the osseous ends in diarthrodial joints, is an anisotropic
tissue with a complex structure. Mature tissue is constructed of four layers: surface
zone, middle zone, deep zone and calcified zone [1–3]. Each zone has a well-defined
structural, functional and mechanical property that responds to different stimuli and is
populated by a distinct cell phenotype that secretes different proteins and generates a
well-defined organization of collagen fibers in each zone [4–8] (Figure 1). The main cell
type resident in articular cartilage tissue is the chondrocyte and its main function is to
maintain the extracellular matrix. The extracellular matrix in healthy cartilage consists
predominantly of type II collagen fibers (>90%) with lesser amounts of type VI, IX and XI
collagen [1]. In addition, to the collagenous molecules that provide a mesh-like framework
responsible for the tensile properties, there are the non-collagenous molecules represented
by a proteoglycan component. These confer the shock-absorbing properties of the matrix,
due to the highly sulfated aggrecan monomers attached to the hyaluronic acid and to
the link protein. The cartilage environment, therefore, is a hydrophilic environment that
absorbs and retains large amounts of water. For this reason, 60–85% of cartilage tissue is
made up of water. Moreover, as the weight bearing material of diarthrodial joints, the main
function of articular cartilage is to produce a low friction surface capable of withstanding
in vivo load in the mega Pascal range [9].

As articular cartilage is an avascular, aneural and alymphatic tissue, it is highly suited
to dissipate and absorb load. However, the low metabolic activity of the mature tissue
exerts a detrimental effect on its regeneration. Therefore, articular cartilage once damaged
through trauma or disease has limited repair capacity.
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Figure 1. Zonal organization in physiological articular cartilage and subchondral bone showing a schematic distribution 
of cells and collagen fibril of superficial, middle and deep zones. Articular cartilage image modified with permission from 
M.J. Stoddart at al., 2009 [1]. 
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Cartilage defects can be divided into three major classes: partial thickness defects, 

full thickness defects and osteochondral defects depending on the depth of the damage 
[10]. In partial or full thickness defects, the damage is restricted entirely to the cartilagi-
nous tissue and does not penetrate the subchondral bone. Partial thickness defects differ 
from full thickness defects because they do not span the whole depth of the articular car-
tilage, while full thickness defects, although affecting the whole thickness of the articular 
cartilage, do not penetrate the subchondral bone [11]. Cartilage defects present a unique 
clinical challenge due to its poor self-healing capacity, largely dependent on its’ avascular 
nature that impede the blood cells and bone marrow MSCs from the surrounding envi-
ronment reaching the defect and contributing to the healing response which normally oc-
curs in vascularized tissue [12,13]. Moreover, cartilage tissue has a very low cell number 
content and the main cellular component, the chondrocyte, has a limited metabolic activ-
ity, proliferation and biosynthesis [14]. If cartilage damage is left untreated, not only the 
surrounding cartilage will be pathologically affected, but also the subchondral bone [15]. 

In osteochondral defects, the damage penetrates the subchondral bone and this event 
enables a rudimentary healing response. Blood first enters the lesion from damaged vas-
culature or from bone marrow and a fibrin clot is formed [13,16,17]. Platelets are trapped 

Figure 1. Zonal organization in physiological articular cartilage and subchondral bone showing a schematic distribution of
cells and collagen fibril of superficial, middle and deep zones. Articular cartilage image modified with permission from M.J.
Stoddart et al., 2009 [1].

Cartilage Defects and Healing Response

Cartilage defects can be divided into three major classes: partial thickness defects,
full thickness defects and osteochondral defects depending on the depth of the damage [10].
In partial or full thickness defects, the damage is restricted entirely to the cartilaginous
tissue and does not penetrate the subchondral bone. Partial thickness defects differ from
full thickness defects because they do not span the whole depth of the articular cartilage,
while full thickness defects, although affecting the whole thickness of the articular cartilage,
do not penetrate the subchondral bone [11]. Cartilage defects present a unique clinical
challenge due to its poor self-healing capacity, largely dependent on its’ avascular nature
that impede the blood cells and bone marrow MSCs from the surrounding environment
reaching the defect and contributing to the healing response which normally occurs in
vascularized tissue [12,13]. Moreover, cartilage tissue has a very low cell number content
and the main cellular component, the chondrocyte, has a limited metabolic activity, prolifer-
ation and biosynthesis [14]. If cartilage damage is left untreated, not only the surrounding
cartilage will be pathologically affected, but also the subchondral bone [15].

In osteochondral defects, the damage penetrates the subchondral bone and this event
enables a rudimentary healing response. Blood first enters the lesion from damaged vas-
culature or from bone marrow and a fibrin clot is formed [13,16,17]. Platelets are trapped
and release bioactive factors such as platelet derived growth factor (PDGF) and trans-
forming growth factor beta (TGF-β). These factors then attract vessels and mesenchymal
progenitors into the defect [17]. Unfortunately, this repair response often leads to the
generation of a mechanically inferior fibrocartilage-like repair tissue, which is unable to
withstand normal joint load and ultimately degenerates further [18]. Untreated defects,
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or failed treatments, can progress to osteoarthritis, which ultimately can lead to total joint
replacement.

2. Therapeutic Interventions to Attempt Articular Cartilage Repair

Articular cartilage repair is an issue of growing importance. Despite the increasing
number of therapeutic approaches, the number of total knee replacements will jump from
700,000 to 3.48 million annually by the year 2030 [19] and as revision surgery can be very
complex and challenging, any intervention that can reduce or delay joint replacement will
be of benefit. Trauma, osteoarthritis and osteochondritis are the most common causes
of cartilage damage that lead to pain, swelling and impaired movement of the joint [20].
The choice of the therapeutic approach depends on the severity of the injury (Figure 2).
Conservative treatments aim to reduce pain and improve joint mobility when the severity
of the chondral lesion is limited [21–26]. In larger cartilage defects, depending on the na-
ture, size and location of the lesion, more invasive surgical approaches are required [22,27].
Marrow stimulation techniques aim to introduce a source of reparative cells from the under-
lying bone (Figure 2). Microfracture is a modification of the Pridie drilling Technique [28],
developed by Steadman et al. [29,30], that creates multiple holes in the exposed bone, which
allows bone marrow cells to enter the defect and to differentiate into the desired tissue [30].
Microfracture shows a positive outcome seven years post-surgery [31]. Unfortunately,
the de novo tissue is mainly composed of fibrous tissue with predominant type I collagen
and limited type II collagen and lacks the organized structure of native articular cartilage.
This leads to inferior mechanical capacity, poor integration and tidemark migration [32,33].
Newer developments, such as nanofracture, reduce some of these poor outcomes [34].
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(2–3 cm2) are treated with mosaicplasty, autologous chondrocyte implantation or matrix-assisted autologous chondrocyte 

Figure 2. Therapeutic interventions to treat articular cartilage injuries of different size and severity. Defects with limited
severity are treated by conservative treatments. Defects < 2 cm2 are treated with microfracture and nanofracture. Defects
(2–3 cm2) are treated with mosaicplasty, autologous chondrocyte implantation or matrix-assisted autologous chondrocyte
implantation (ACI/MACI). Single or multiple larger (2–4 cm2) defects are treated with grafts. End-stage osteoarthritic
degeneration is treated by total joint replacement (TJR). Mosaicplasty photo is used under the terms of the Creative
Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND). ACI, MACI and debridement pictures
adapted by permission from Makris et al. 2015 [35]. Magnetic fields picture is reprinted with permission from Fini et al.,
2005 [24]. Physiotherapy picture is licensed under the Creative Commons Attribution-Share Alike 4.0 International license.

Mosaicplasty, first described in 1993 [36], fills the articular cartilage defect with os-
teochondral plugs but donor site morbidity is a concern and cartilage regions rarely
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show reasonable lateral integration [37–40]. High tibial osteotomy (HTO) [41], periosteal
grafts [42–46] and total joint replacement are surgical solutions for severe damage [47].

Autologous Chondrocyte Implantation (ACI) involves the use of autologous chondro-
cytes isolated from a cartilage biopsy and secured in the defect using a periosteal flap [48].
Collagen-covered ACI (CACI), a second generation ACI, aimed to replace the periosteal flap
with a bilayer type I/III collagen membrane [49]. Matrix-induced autologous chondrocyte
implantation (MACI), a third more advanced scaffold-based approach, uses biodegradable
collagen matrices seeded with the chondrocytes and anchored into the defect with fibrin
glue. With this approach, there is a reduction in surgical complications as it is possible
to operate by mini-arthrotomy [20,35,49,50]. In addition, chondrocytes cultured in a 3D
environment, are less prone to dedifferentiation and therefore produce a more hyaline-like
cartilage [51]. ACI and MACI have been approved by the Food and Drug Administration
(FDA) and by the European Medicines Agency (EMA) as Advanced-Therapy Medicinal
Products (ATMPs) [35,48,49] and has been adopted by NICE in the UK in November 2017
as a preferred treatment for OA lesions of a certain size. The donor site morbidity due
to the required cartilage biopsy remains an issue, as does the small size of harvestable
cartilage associated with a low chondrocyte density and their limited in-vitro expansion
potential [49]. Therefore, a very small number of cells are available for ACI whereas a
larger number may have more success in producing hyaline-like cartilage repair tissue.

Mesenchymal stem/stromal cells (MSCs) also described as skeletal stem cells (SSCs),
are a potential an alternative cell source for cartilage repair and are relatively easy to isolate
from a variety of tissues. [52,53]. MSCs are considered to be immunologically inert and
have immuno-modulating, proliferative and regenerative potential [54–56]. Therefore,
MSCs are attractive candidates for cell therapy, with different MSC treatments currently
progressing forward through to FDA approval for treatment of multiple conditions [57–60].
Based on the initial work of Friedenstein and Caplan, human bone marrow-derived MSCs
(hBMSCs) are the best described and most advanced cells in clinical settings that can
differentiate into cartilage or bone [61–65]. Human BMSCs, compared to chondrocytes,
can be easily harvested from bone marrow aspirate with far less risk than mini-arthrotomy,
which may lead to infection. They can then be easily expanded in monolayer culture
with far less risk of undesired differentiation, unlike chondrocytes, which tend to adopt
a fibroblast-like phenotype following expansion [66,67]. Indeed, it has been proposed
that MSCs are capable of maintaining their ability to produce useful cartilage-like repair
tissue longer than chondrocytes after monolayer expansion and also maintain a higher
proliferation rate [68–70]. hBMSCs derived from patients with advanced osteoarthritis (OA)
maintained a chondrocytic phenotype in a polyglycolic acid scaffold in the presence of TGF-
β3, as assessed by ex vivo production of proteoglycan and type II collagen [71,72]. Another
beneficial effect of MSCs, is their ability to selectively migrate to diseased tissues and organs
and modulate inflammation [73–75]. Although how injected cells can be correctly targeted
to the cartilage defect, as opposed to the synovium, is still a major challenge. In the case
of cartilage repair, hBMSCs might enable a targeted repair system that promotes trophic
effects through the release of synthetic, anti-inflammatory, proliferative and regenerative
factors directly into chondral lesions [76]. By creating a regenerative environment with the
release of chemotactic factors [77], BMSCs might also recruit endogenous stem cells to the
cartilage defect and aid in the regeneration of damaged tissue [78]. Currently, autologous
MSC therapies for cartilage repair are being investigated in combination with autologous
chondrocytes as a co-therapy approach. Early trials are indicating improved cartilage
regeneration even though the MSCs themselves do not appear to survive.

Despite the encouraging results and advancements in cartilage tissue engineering,
much remains to be investigated, such as the feasibility of the clinical translation, the spe-
cific benefits of the different cell types (chondrocytes, stem cells, hBMSCs), the choice of
the most suitable cell source, the ideal cells number to promote cartilage regeneration,
the cost-effectiveness of the whole method, the long-term safety and efficacy. Therefore,
there remains a critical need to develop more effective therapies for cartilage regenera-
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tion through the development of tissue engineering or regenerative medicine approaches.
For this, to be successful, improved in vitro culture models will be required.

3. Tissue Engineering of Osteochondral Implants

One of the main problems of osteochondral lesions is the fibrocartilage formation that
does not protect the subchondral bone from further degeneration [79]. Despite the available
surgical options for osteochondral lesions there are still limitations in the regeneration and
healing process [80,81]. As such, the future of treating osteochondral defects may lie in
providing novel biologic solutions for cartilage and bone regeneration (Figure 3).
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To identify these regenerative approaches using biologic approaches, we need better
models to test and screen new potential therapeutic approaches. Currently, these screening
strategies rely on simple in vitro models which do not contain the full elements required
for in vitro testing. To develop an osteochondral implant a multidisciplinary and multistep
approach is required which includes; the selection of a proper cell type, such chondrocytes,
mesenchymal stem cells or pluripotent stem cells; a suitable scaffold material, which
could be protein-based material, carbohydrates-based material, synthetic-based material or
composite polymers; a suitable technique that allows the production of scaffold structures



J. Funct. Morphol. Kinesiol. 2021, 6, 6 6 of 32

with tissue specific mechanical properties, stiffness and porosity; chondro-inductive and
osteo-inductive factors to enhance the cell differentiation and tissue formation; and finally,
bioreactors to improve the nutrient delivery and provide relevant mechanical stimulation
to the osteochondral tissue-engineered construct.

The complex multi-disciplinary approach currently being developed to produce osteo-
chondral substitutes is the most promising route to bring cartilage and bone regeneration
from bench side to the clinics.

3.1. Importance of Reproducing the Zonal Organization of Articular Cartilage and
Subchondral Bone

Articular cartilage in the human knee joint is organized in different zones: superficial
zone, middle zone, deep zone and calcified zone [83]. The latter includes a layer also known
as the tidemark which consists of a thin layer of mineralized tissue. Immediately below
the calcified zone of articular cartilage, there is the subchondral bone plate and the sub-
chondral trabecular bone, a vascularized tissue that contains the bone marrow cavity [84].
The zonal organization of articular cartilage and subchondral bone play an important role
for osteochondral structure, function and responsiveness to different mechanical stimuli.
During the transition from the superficial zone to the deep zone, the extracellular matrix
is characterized by increased stiffness, proteoglycan content and hypertrophic chondro-
cytes [83]. The subchondral region shows a variable anatomy which differs in thickness,
density and composition [84]. Most tissue-engineering strategies aim to regenerate os-
teochondral tissues by increasing the complexity of the biochemical and mechanical cues
to approximate the native structure and collagen fibril orientation of the different zones
of articular cartilage as well as the subchondral bone [85–89]. The improvement in the
mimicking of the macro and microstructure of the osteochondral tissue will be one of the
main goals for future osteochondral tissue engineering. Only in this way, it will be possible
to reproduce a more structurally sound native tissue able to withstand the natural in vivo
mechanical loading patterns. In addition, when stem cells derived from different sources
are used, an important issue that still needs to be solved is the potential to differentiate into
a hypertrophic phenotype [90–92]. As such, additional studies are needed to understand
how to obtain stable articular chondrocytes from hMSCs.

3.2. Biomaterials & Scaffolds

One of the main challenges of osteochondral tissue engineering is to reproduce through
biomimetic scaffolds, the complex architectures of two tissues that despite being physically
interacting, have completely different properties [93–95]. Additionally, the interface be-
tween the two tissues, despite their mismatching mechanical properties, needs to remain
intact during load. To mimic bone, it is necessary to use a mechanically stiff biomaterial
that allows the production of bone matrix rich in type I collagen and hydroxyapatite
(HA). In addition, a certain level of medium perfusion is required to mimic the in vivo
vascularization and adequately support cell expansion. Pre-vascularization may even be a
prerequisite. By contrast, native hyaline cartilage matrix consists of an avascular highly
hydrated proteoglycan hydrogel rich of type II collagen network.

Different types of biomaterials and scaffolds have been developed to establish a three-
dimensional structure that retains the seeded cells and provides mechanical support to
guide the development of cartilage and bone over time. The biomaterials, in addition to
satisfying the different mechanical requirements intended for cartilage or bone regenera-
tion, need to be cytocompatible, biocompatible, biodegradable, noncytotoxic, mechanically
responsive similarly to the native tissue, able to modulate cell proliferation and differentia-
tion, functionalizable with an appropriate surface chemistry, shapeable into different sizes
and forms and crosslinkable to modulate stiffness and biodegradation [96]. In addition,
biomaterials intended for osteochondral tissue engineering, need to be chondro and osteo-
conductive to be able to regenerate respectively hyaline cartilage and subchondral bone.

The most successful approach currently used to mimic the osteochondral defects is an
osteochondral construct with stratified multi tissue regions that can reproduce the zonal
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localization and organization of the native tissue. In this regard, different solutions have
been proposed. A poly vinyl alcohol/gelatin-nano-hydroxyapatite/polyamide6 (PVA-
n-HA/PA6) bilayer scaffold seeded with bone marrow stem cells implanted in rabbit,
showed neocartilage formation in the PVA layer and reconstitution of the subchondral
bone in the n-HA/PA6 layer [97]. A biphasic scaffold which consisted of hyaluronic
acid and atelocollagen for the chondral phase and HA and beta tricalcium phosphate
(β-TCP) for the bony phase has proved to be effective for repairing osteochondral defects,
when implanted in the knee joint of a porcine model [98]. MaioRegen, a 3D biomimetic
scaffold produced by Fin-Ceramica S.p.A. in Italy, was created by nucleating type I collagen
fibrils with HA nanoparticles, in two configurations, bi- and tri-layered, to reproduce,
respectively, chondral and osteochondral structure [99]. This scaffold, tested in chondral
and osteochondral defects in horse and sheep, promoted the growth of trabecular bone
and fibrocartilaginous tissue and with good integration [82,100]. The same scaffold has
been also used in a clinical trial to heal large degenerative chondral lesions with an average
size of 2.8 cm2 and showed the formation of subchondral bone and the cartilage repair
tissue [101].

An interesting example of an osteochondral scaffold with a complex multilayer struc-
ture was developed by Lien et al. [102]. This scaffold design has been shown to be reason-
able for bone and articular cartilage repair. The scaffold structure consisted of four layers: a
porous ceramic layer to mimic the bony zone, a dense ceramic layer to prevent blood vessel
penetration and to resist shear stresses, a porous ceramic layer to fix bone with cartilage
and a porous gelatin layer as the cartilage facing component. The prevention of blood
vessel penetration into the cartilage layer from the bony layer was important to prevent
the ingrowth of blood vessels and the growth of the bone in the cartilage layer [103,104].

Among different products already in use for cartilage tissue engineering, INSTRUCT
(CellCoTec, Bilthoven, Netherlands) a poly(ethylene oxide- terephtalate)/poly(butylene tereph-
talate) (PEOT/PBT) scaffold seeded with primary autologous chondrocytes and bone
marrow cells has been shown to be promising for cartilage regeneration [105]. PEOT/PBT
based scaffold was designed to be mechanically functional during compressive dynamic
loading of 10 MPa, mechanically matching articular cartilage. The innovative one surgery
cartilage repair approach allows to conduct the cell seeding procedure at the point-of-care
by taking a patient’s cartilage biopsy plus bone marrow aspirate. Both cells sources are
processed, isolated, mixed, resuspended in fibronectin and seeded into the PEOT/PBT
scaffold by a semi-automated machine, the INSTRUCT cell processor.

3.3. Chondro-Inductive and Osteo-Inductive Factor/Molecules/Signals

Different chemical cues have been used to induce and promote osteochondral tissue
formation. Physiological stimuli are mainly used to stimulate stem cells, immature bone or
cartilage cells to differentiate, grow, mature and form healthy tissue. Among the growth
factors, members of the TGF-β superfamily are often used to stimulate cartilage repair.
TGF-β1, TGF-β3, bone morphogenetic protein (BMP)-2, BMP-7 and cartilage-derived
morphogenetic proteins (CDMP-1 and CDMP-2) have been used to induce chondrogenic
differentiation in MSCs and stimulate production of cartilage extracellular matrix [106–108].
Most likely the effect of these TGFβ family and BMP growth factors on the transcription
factor Sox9 may be the key in controlling chondrogenesis. In fact, when MSCs were
manipulated to overexpress Sox9, an increased proteoglycan and type II collagen depo-
sition, as well as prevention of terminal differentiation, with an overall enhancement of
the chondrogenesis was observed [109]. In addition, much interest has centered on a
group of proteins called Bone Morphogenetic Proteins. In particular, BMP-2 has been used
in orthopedic applications, mainly for stimulating bone growth, either in the setting of
fracture healing or spinal fusion. Additionally, BMP-7 has been shown to stimulate carti-
lage matrix synthesis, acting synergistically with other anabolic growth factors, and also
inhibits catabolic factors, such as matrix metalloproteinase-1 (MMP-1), MMP-13, IL-1, Il-6,
and IL-8 [110,111]. Insulin-like growth factor (IGF) and fibroblast growth factor (FGF) are
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used for articular cartilage tissue engineering [106–108,112,113]. IGF-1 helps to maintain
articular cartilage integrity and induces anabolic effects while decreasing catabolic ones.
IGF-1 works better in combination with other growth factors, such as TGF-β and BMP-
7 [114]. Fibroblast Growth Factor 2 is an intrinsic chondroprotective agent that suppresses
ADAMTS-5 and delays cartilage degradation [112]. Platelet derived growth factor (PDGF)
is a chemotactic factor for mesenchymal cells and has been shown to promote the formation
of cartilage, to increase proteoglycan production and cell proliferation and to suppress
IL-1β by downregulating NF-κB signaling [114]. Corticosteroids [115,116], and interleukins
(IL) [117–119] has been found to promote extracellular matrix (ECM) synthesis. Some of
the already mentioned chemical cues have been used to replace the effect of the paracrine
factors released by chondrocytes in co-culture with MSCs.

The dose and spatial-temporal release of the growth factor could have a significant
effect on therapeutic efficacy. As such, the development of a suitable method which allows
accurate control of the released concentration and the specific location of the growth factor
in the de novo tissue, is crucial to achieve clinical success. Due to the short half-life of
many growth factor administered by local injection [120,121], other delivery techniques
that would grant a better and more controlled release (longer half-life at the suitable
concentration) should be developed. Zonal dependent controlled delivery of growth factors
by the scaffold is crucial for engineering composite tissue structures, such as osteochondral
constructs [122]. Microspheres could represent a strategy to achieve a better spatial control
of growth factor delivery in 3D scaffolds [122]. It was observed that PLGA microspheres-
based scaffold loaded with opposite gradient of BMP-2 and TGF-β1 and seeded with stem
cells, demonstrated good osteochondral tissue regeneration [123]. An alternative to growth
factor delivery, is localized gene-therapy that allows the delivery of a gene encoding the
growth factor needed in a temporal controlled way [113,124–127].

Finally, the guided delivery of growth factors, drug and even cells within scaffolds
can be achieved also by using superparamagnetic nanoparticles [128–132].

4. Pellet Culture: A Simple Cartilage Model

A current standard, widespread and simple model to induce in-vitro chondrogenic
differentiation of bone-marrow derived MSCs, is the pellet culture described by Johnstone
et al., 1998. This culture model has been shown to be effective in achieving chondrogenic
differentiation of MSCs by providing a 3D environment that allows a close contact among
the cells similar to those that occur in precartilage condensation during embryonic de-
velopment [133]. However, the close cell-cell interaction allowed by this model, is not
sufficient to obtain a stable articular chondrogenesis differentiation of MSC. In addition
to cell-cell interactions, a defined medium supplemented with bioactive factors that drive
chondrogenesis, such as TGF-β1 and dexamethasone, is needed [134]. However, a limi-
tation of this cartilage model, is that TGF-β induced-chondrogenesis over time leads to
hypertrophy of MSCs, similarly to that observed during bone formation via endochondral
ossification [135,136]. Hypertrophy (increase in size) is the final stage of the terminal differ-
entiation of chondrocytes during endochondral ossification and allows for the conversion
of the cartilage tissue into bone. The size of the cells during the hypertrophic process
can increase up to twenty times [137,138]. Chondrogenic markers type II collagen and
aggrecan are down-regulated [137,139]. Hypertrophic and osteogenic markers type I and
type X collagen, matrix metalloproteinase 13 (MMP13), runt-related transcription factor 2
(Runx2) [137], and alkaline phosphatase (ALP) start to be upregulated [135]. In a later stage
vascular endothelial growth factor (VEGF) is expresses, which causes invasion of blood
vessels [137] and calcification of the cartilaginous tissue. Chondrocytes grown in high
density pellet cultures show a different behavior compared to MSCs. First, they maintain
their phenotype without progressing towards hypertrophy. In addition, they are more
effective than MSCs in producing cartilage-like tissue which is mechanically superior and
contains higher levels of aggrecan and type II collagen [140,141]. Organoid tissue derived
from iPS cells are also proving useful tools in osteoarthritis research [142]. Microtissues are
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being used as a further development of the pellet model to reduce the necrosis issue [143].
Furthermore, a 3D microPellet culture model in a high-throughput in-well configuration
has been used as a screening system to facilitate the in vitro selection of pro-chondrogenic
treatments [144]. While useful for high throughput screening, the pellet culture presents
disadvantages. Cells can potentially dedifferentiate or necrotize in the central region of the
pellet and chondrogenic differentiation is not evenly distributed [143,145–147]. However,
to better approximate the structure of the native hyaline cartilage and to more similarly
reproduce the tissue functionality, more complex culture models are needed.

5. Cartilage Explant Culture and Cartilage Integration

One critical aspect of cartilage regeneration is the poor integration of the newly formed
tissue with the native surrounding articular cartilage that leads to poor or failed tissue
repair [148–150]. Several factors are involved the lack of cartilage integration (Figure 4).
First, the partial cell death that occurs at the defect boundary and at the edge of the
graft reduces the physiological cell density; this leads to a sub-optimal matrix production
and collagen biosynthesis with inferior mechanical properties [89,151,152]. Indeed, it has
been demonstrated that decellularized cartilage repopulated by physiological numbers of
chondrocytes recovered integration function which provides evidence that the integration
is due to the presence of physiological cell density [153–155].
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To perform in vitro studies on integration, cartilage explant culture is often used
(Figure 5). Cartilage explant can be prepared in different ways. Osteochondral disks can
be harvested by mosaicplasty technique and chondral disks can be obtained by removing
the subchondral bone with a scalpel [156]. Alternatively, articular cartilage explants can
be directly harvested from the metacarpo-phalangeal joints of calves and full thickness
cartilage explants of 8 mm diameter can be prepared using a dermal biopsy punch and
scalpel [157]. Then, full or partial depth circular holes can be cut by using a biopsy punch
to form annuli of tissue [158]. The cartilage explants and the cartilage defects can be kept
under confined or unconfined environment under loading or static conditions. Yodmuang
et al. observed that a minimum level of scaffold-cartilage integration is needed prior
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to the commencement of loading, although, the exact threshold is still unknown [159].
The strength of the tissue integration can be biomechanically evaluated through push-out
tests, [157]. The cartilage explant culture, compared with pellet culture, offers a more
complex and reliable environment to investigate cartilage regeneration and integration
processes. Furthermore, it is more suitable for evaluating new therapies. Cartilage explants
maintain the native organized structure of the superficial and middle zone and better
preserve the biological cues, which allows cartilage repair with chondrocytes or with MSCs
to be investigated and different biomaterials/hydrogels to be tested.
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Cartilage integration can be improved by directly inhibiting chondrocyte death by
using a caspase inhibitor, such as Z-VAD-FMK [161]. Unsuccessful re-differentiation
or in vitro-aging of expanded chondrocytes collected from a patient biopsy during ACI
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surgery might also negatively affect the integration process [89,162–166]. As outlined
above, MSCs, unlike chondrocytes, appear to be a promising cell source for cartilage repair
and when transplanted in the osteochondral defect, they differentiate according to the
environment making an important contribution to initial cartilage formation [167,168].

ECM composition and function can play an important role in integration and adhesion
strength of repair. Some components of the synovial fluid may have a negative effect on in-
tegrative cartilage repair. An example is Proteoglycan 4 (PRG4), a glycoprotein synthesized
within the superficial zone of articular cartilage to allow frictionless movement of opposing
cartilage joint surfaces, which has been shown to inhibit cartilage integration. [169,170].
However, hyaluronic acid, another important component of synovial fluid with analogue
lubricating function as PRG4, doesn’t inhibit the integrative process [171]. To facilitate the
fusion process, a good contact at the defect boundary is of a great importance to assure
healing and integration. To improve such contact, collagen cross-linkers such as lysyl-
oxidase (Figure 4) [148,160], an enzymatic solution that act like a biological glue [171] or
protein-based adhesive are available, including clinically approved fibrin gel [155,172,173].
Within the ECM component, important players of the integration process are collagen
fibrils and the complex network they form.

The proper balance between synthesis, deposition, processing and degradation of
collagen macromolecules is critical for integrative cartilage repair. Indeed, the integration
potential of vital and devitalized cartilage is directly correlated to the level of collagen
deposition. Viable chondrocytes secrete matrix molecules that build the collagen network
and a continuous deposition of these molecules at the defect boundary enhances the
functional integration [174]. Steroid hormones such as testosterone increases in a dose
dependent manner the level of integration and this mechanism could be related to the
anabolic response of collagen turnover [175]. Controlled enzymatic degradation at the
defect boundary by using collagenase, hyaluronidase, trypsin or chondroitinase ABC, is an
alternative approach to improve cartilage integration [157,176–179]. Chondroitinase ABC
ameliorate the initial healing response of articular cartilage by inducing an early transient
increase in the local population of repair cells at the defect surface due to the facilitated cell
migration through the enzymatically degraded proteoglycan matrix, followed by enhanced
cell colonization, proliferation and ECM deposition [89,176,177,179–184].

Different strategies have been developed to successfully achieve vertical integration
and fusion with the subchondral bone. Unfortunately, lateral cartilage-cartilage integration
remains one of the most complex issue in cartilage repair that needs to be further studied
to achieve successful and long-term integration.

6. Co-Culture Models

For osteochondral tissue engineering purposes, it is crucial to mimic as closely as
possible the native tissue in terms of the natural cellular composition, distribution and
beneficial biomimetic environmental conditions necessary for cell survival, proliferation
and stable differentiation in cartilage or bone. As such, the cross talk and the organization of
the cells within the tissue is essential for the tissue’s normal development, homeostasis and
repair. The ability to manage and reproduce the complex architecture of the osteochondral
tissue of the knee joint from a cell point of view is still challenging but represents one
of the key factors for a successful tissue regeneration. Since most tissues in the body,
including osteochondral tissue, consist of more than one cell type, the development of a
suitable co-culture system becomes an important requirement to finally achieve a functional
osteochondral implant both for clinical needs and for research purposes. Co-culture has
proved to be a powerful in vitro tool to study the cellular interactions during normal
physiology, homeostasis, repair and regeneration. As such, the co-culture system provides
a precious opportunity to study, manage and finally exploit the cell-cell communications to
understand how they influence the tissue formation, development and maintenance.

In cartilage tissue engineering, co-cultures generally consist of primary chondro-
cytes mixed with a less differentiated cell type, such as a passaged chondrocytes or stem
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cells [185]. The role of the primary chondrocytes is to induce the less differentiated cell type
toward a more complete chondrogenic differentiation, without the addition of exogenous
biomimetic stimuli applied to the undifferentiated cells alone [186]. Similar observations
have also been seen during co-culture of MSCs and osteoblasts [187]. On the other end,
the less differentiated cells, provide the high cellularity needed for new tissue formation
and potentially secrete factors that enhance chondrocyte function. Promising results in
generating hyaline de novo tissue has been observed in co-cultures of primary chondro-
cytes with passaged chondrocytes, embryonic stem cells, bone marrow derived stem cells
or skin stem cells [185,186]. Periosteum represents another source of autologous stem cells,
but the harvest is invasive and moreover yields a paucity of cells [188].

An in vitro co-culture of primary and expanded chondrocytes 1:4, seeded in poly
(ethylene oxide- terephtalate)/poly(butylene terephtalate) (PEOT/PBT) based scaffold,
was shown to be promising for neocartilage formation as, after 4 weeks of co-culture,
neocartilage completely filled the pore spaces of the scaffold [189].

Two different studies have shown that co-cultures of primary chondrocytes and mes-
enchymal stem cells (MSCs) produced pellets with similar or higher matrix content than
those formed by only primary chondrocytes [190,191]. This confirms the hypothesis that
MSCs actively help cartilage formation by increasing the chondrocyte population through
direct MSC differentiation. In addition, MSCs help the existing chondrocytes in pheno-
type maintenance [76,192]. In contrast with previous findings, it has been observed that
MSCs during chondrogenic co-culture, most likely undergo apoptosis in place of chon-
drogenic differentiation [193]. As such, it has been hypothesized that MSCs will stimulate
chondrocyte proliferation and maturation, but don’t actively contribute to cartilage forma-
tion [76,194,195]. In addition, in a non-contact co-culture system, it was also observed that
MSCs can even downregulate chondrocyte differentiation [196].

Co-culture of cartilage explants with synoviocytes has been proposed as a mechanism
by which additional inflammatory aspects can be investigated [197].

7. Microfluidics

Microfluidic systems are gaining in interest due to the small fluid volumes and low
cell numbers required [198,199]. Microfluidic encapsulation has also been proposed as
a mechanism by which cells can be delivered to cartilage defects [200]. Microfluidic
tools have been using to investigate inflammation models [201], to provide mechanical
stimulation [202–204], and even to select MSCs with better chondrogenic potential [205].
These systems allow for high throughput analysis of multiple conditions. While offering
several advantages, output measures can be limited, and improvements would dramatically
increase the usefulness of these technologies.

8. Osteochondral Explant, Osteochondral Defect and Culture Models

The first-described osteochondral models were not intended for in vitro use and were
directly implanted in vivo [206,207]. Among the studies based on the osteochondral defects,
rabbit is a commonly used animal model, but it present some disadvantages, as its cartilage
thickness is approximately 0.3 mm thick [208] and its joint scale is significantly smaller than
humans [209]. In addition, osteochondral lesions in smaller animals have the tendency
to heal quickly if compared with larger animals [210]. As a result, the effectiveness of the
treatment provided in small animal models may be attenuated or disappeared in large
animal models. Thus, the outcome of the therapy will be difficult to interpret with a clear
conclusion from small animal studies. [211]. To perform a reliable osteochondral tissue-
engineering study, it is important to use tissue from larger animals that show cartilage
thickness similar to humans [212]. The use of chondral graft in place of osteochondral grafts,
such as fetal allografts [213] and adult costal ones [214], did not attract much attention,
either experimentally or clinically [18] mainly for two reasons. First, there exist few sources
from which this tissue can be obtained, and second, it is difficult to properly preserve
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chondral tissue transplants within a defect, which expose them to a high probability of loss.
For these reasons this approach is not the preferred one [18].

Therefore to reduce the costs associated with larger sample size with anatomical tissue
scales and to fully mimic the full depth of the repair environment, the development of an
osteochondral ex-vivo culture model by producing partial or full defect (from animal or
human tissues) would be of great value.. A well designed ex-vivo/in-vitro culture model
has the advantage to better mimic the physiological in vivo environment without the need
to use animals. Therefore, the relevance and the benefit of this approach in the current
climate of animal welfare and 3R principles is clear.

In fact, the “3Rs” Principle, Replacement, Reduction and Refinement, is considered as
the key strategy of a systematic framework aimed at achieving reductions in animal num-
bers used in regulatory and research in vivo studies. This principle is being increasingly
incorporated into legislations, guidelines and practice of animal experiments in order to
safeguard animal welfare [215]. Russell and Burch saw replacement as the ultimate goal for
laboratory animal-based research, education and testing, with the other two, reduction and
refinement, being more readily achievable in the short term [216]. Törnqvist et. al. state
that the new in silico-, in vitro- and in vivo-methods all hold the potential for applying the
reduction R and should be consequently coordinated at a strategic level [215]. As such,
the newly developed ex vivo/in vitro models would be key in facing the problem of animal
use for experimental purposes.

There are key requirements for an osteochondral model, e.g., the accurate description
of the type of the defect and the depth of the defect associated with a suitable characteriza-
tion of the model and mimicking the physiological environment such as oxygen diffusion
characteristics. Osteochondral models in the literature often describe only one type of
defect [156], do not have a control over the defect depth, do not describe the depth of the
defects [217], or they have limited in vitro model characterization [206,207].

Control over defect depth is a critical requirement for the development of a reliable
osteochondral culture model since the depth of the defect is crucial for the healing process as
it is related to the qualitative and quantitative level of integration of the newly formed repair
tissue into the surrounding environment [218]. The control over the depth of osteochondral
explants and derived defects [219,220] is of a key importance as the subchondral bone
plays an important role in the repair mechanisms (Figure 6). Subchondral bone and
cartilage are closely related anatomically but also influence each other in the disease
process [221–226]. Subchondral bone has also been identified as critical success factor for
the microfracture procedure due to its primary involvement in the formation of repair/new
tissue after cartilage repair treatments [227,228]. This topic has been addressed with
different approaches. In the study carried out by Melle et al. 2011, the effect of subchondral
bone on the healing process was evaluated during culture time and characterized by means
of TRAP staining, calcein labeling and ALP activity measurements. They demonstrated
that the osteochondral biopsies after 28 days of culture were different when compared
to day 0 and concluded that the subchondral bone remained active during the culture.
They also found that the osteochondral biopsy provides a more representative culture
system to the native physiologic environment than the chondral only explants due to
the presence of the subchondral bone that promotes a different expression pattern of
cartilage-related genes, with particularly high type II collagen gene expression. This finding
supports the hypothesis that subchondral bone has a crucial role during the healing process,
as previously demonstrated [61,220,229,230].

Another important aspect in the development of an ex-vivo explant model is related
to the size of the wound surface compared to the size of the explant. The lower this ratio
is, the better the chondrocyte survival and the functionality of the whole explant will be.
Cartilage that is explanted or otherwise damaged shows chondrocyte death at the wound
edges [89,231,232]. As such, by minimizing the extension of the damaged area there is a
greater chance to have a well-functioning tissue. The new culture models may be used to
study the integration of the implant into the native surrounding environment represented
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by the defect or to screen different cell sources, biomaterials or tissue engineered constructs
for their integration capability.
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During the development of an osteochondral culture models, another point necessary
to consider is the different levels of oxygen and nutrients to which chondrocytes are exposed
depending to the depth of the layer where the chondrocyte reside and the distance from
synovial fluid. It is known that chondrocytes in vivo are exposed to a gradient of oxygen
and nutrient supply [233]. For this reason, one advantage that makes the osteochondral
culture model more similar to the in vivo environment compared to the conventional
cartilage-only explant cultures is its capability to better reproduce the diffusion properties
This means that the deep cartilage zone in the osteochondral explant is less exposed to
oxygen and nutrients than in cartilage only explant as the molecules need to diffuse through
the superficial and middle zone of the cartilage to reach the deep-zone [2,83]. This leads to
a useful physioxia condition of the deep cartilage zone in osteochondral explant that better
mimics the in vivo situation [233]. In fact, literature has already described the pivotal role
of low oxygen as well as the related hypoxia-inducible factor-1(HIF-1a), which is a critical
transcription factor, in chondrocyte survival, energy generation and matrix synthesis by
articular and growth-plate chondrocytes during cartilage homeostasis [233]. Therefore,
low oxygen tensions in the deep cartilage zone is an important factor required to modulate
articular chondrocyte behavior in osteochondral explants.

Two other factors which support the development of an osteochondral model are that
A good culture system should be able to keep the expression of hypertrophic markers low
as in the osteochondral model proposed by Melle et al. 2012 [135,139].

Another advantage of the osteochondral transplants is their capability to survive for
longer periods (some years), even after freezing or lyophilization [234–239]. The potential
to use human tissue allows for a more clinically relevant representation [240].
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With an increasing number of concepts emerging in the osteochondral tissue engi-
neering disciplines, it will be necessary to better understand the molecular mechanisms
behind the healing process by developing reliable high-throughput and cost-effective ex
vivo models using human cells. To our knowledge, the osteochondral culture models so far
described do not completely reproduce the classical gene expression level (type II collagen)
and the biochemical composition (GAG level) of the native healthy articular cartilage and
need further improvement.

9. Bioreactor Systems/Loading Devices Used for Osteochondral Applications

Articular cartilage is designed to withstand significant complex load and deformation
during locomotion and other physical activities in vivo by providing a smooth, lubricated
surface for articulation. Articular cartilage exhibits unique mechanical properties enabling
it to transmit load to subchondral bone while providing the joint with a nearly frictionless
articulation, thus protecting it from potential mechanical wear and damage [83]. Articular
motion is an important aspect of mechanotransduction in synovial joints. The mechani-
cal behavior of this tissue depends on the interaction of its fluid and solid components.
Two major load-bearing macromolecules are present in the extracellular matrix of articular
cartilage: type II collagen, a fibrillary molecule that confers resistance to tension, and pro-
teoglycans, notably aggrecan. The interaction between the highly negatively charged
cartilage proteoglycans and type II collagen provides the compressive and tensile strength
of the tissue [83,241].

During mechanical loading of the joint, the rapid application of articular contact forces
is the first step of motion, inducing an immediate local increase in interstitial fluid pressure,
which causes the fluid to flow out of the ECM, generating a large frictional drag on the
matrix [242–246]. In the second step of the motion, the compressive load is removed and
the interstitial fluid flows back into the tissue. Due to the low permeability and high
negative charges of articular cartilage, the fluids are retained in the ECM instead of being
quickly squeezed out [245,247]. Joint motion and load are important to maintain normal
articular cartilage structure and function. Inactivity of the joint has been shown to lead to
the degeneration of cartilage [248] and this is relevant when considering standard static
cell culture.

Current culture models to investigate cartilage repair therapies are often highly sim-
plified and critical in vivo signals such as load, are lacking. This limits the efficacy of
in vitro tests, placing a higher burden on in vivo models. The importance of load and
mechano-stimulation on musculoskeletal tissues and cells has long been recognized [249].
It is necessary to consider that mechanical loading is important not only during the de-
velopment of the musculoskeletal system but also after development and is essential for
the maintenance of healthy articular cartilage [250–252]. Physiological loads have been
related to ECM production and affect the synthetic activity chondrocytes in vitro [253,254],
sub-physiological loads have been shown to cause translational arrest [254,255]. Thus,
mechanical stimuli are important for cartilage repair [256,257]. Cartilage constructs can
also be mechanically stimulated in vitro to enhance chondrocyte matrix synthesis and re-
modeling [253,258], and to recapitulate zonal characteristics within the construct [259,260].

Integration of kinematic load into ex vivo osteochondral culture models would allow
a closer representation of the in vivo environment [220]. Using an iterative approach,
it would be possible to improve the developing culture systems by making them more
similar to the real in vivo situation. This strategy could provide a new model to study
healing or the regenerative processes of articular cartilage in a more joint-like environment,
especially when various mechanical loading patterns can be applied to the model.

In recent years, there has been a considerable effort to produce bioreactors and loading
devices [261–267]. The bioreactors might be a supporting tool to expose cells seeded in a
scaffold structure or the whole tissues present in an ex-vivo explants, to different forms
of mechanical load. This can be used to either develop tissue engineered implants or to
better study the effect of mechanical load on tissue healing by simulating and predicting
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in vivo processes [268]. It is quite challenging to achieve and faithfully reproduce complex
in vivo load, as the motion pattern can vary greatly even within the same joint [268]. It is
necessary to consider that during load the cartilage deformation and shear due to the
rotation of the femur to the tibia is different in the different sites of the tibiofemoral joint
of the knee [269,270]. Nevertheless, even rudimentary mechanical stimulation is more
desirable than none.

Notably, the use of bioreactor systems and loading devices to reproduce the knee
environment is emerging more and more in recent years mainly because through the sup-
port of the bioreactors. Using bioreactors, it is possible to apply a range of different forces,
both alone or combined, recapitulating the complex motion found in in vivo situation by
reproducing the so-called complex multi-axial load. As such, hydrostatic pressure, com-
pression, shear, tension or a combination of the mentioned forces in a static and dynamic
manner can be attempted [261,268].

The spinner flask was one of the easiest fluid-based bioreactor attempts for the devel-
opment of cartilage-like constructs. This type of bioreactor is not ideal for the development
of a three-layer cartilage constructs due to the formation of zones of fibrous tissue at the
border of the construct [271–273]. Laminar flow bioreactors have been more successful
compared with spinner flasks as it was possible to produce tissues with bulk mechanical
properties and GAG content that better resembles the native tissue due to a higher GAG
level into the middle of the tissue and lower GAG content in peripheral zones [274,275].
Flow perfusion bioreactors were developed to ensure the delivery of fresh medium and to
remove waste products by effectively pumping fluid through porous scaffolds. In addition,
the movement of the fluid has a potentially positive effect due to the application of a
fluid shear force upon the cells embedded in the scaffold. It was shown that limited fluid
shear is particularly beneficial for bone formation by promoting osteoblast differentiation,
proliferation, upregulation of angiogenic and osteogenic factors, and mineralized matrix
production [276]. Dual flow bioreactor systems have been developed to allow for separate
nutrition of the bone and cartilage [277].

Physical stimuli can also be transmitted through the fluid medium in bioreactors
producing hydrostatic pressure gradients or fluid flow across or through a construct [278].
Therefore, also bioreactors based on hydrostatic pressure have successfully affected the
behavior of chondrocytes, depending on the zonal organization, with an increased GAG
content in those chondrocytes residing in the middle zone of the construct [279,280].

Mechanical stimuli may also be applied directly to constructs in the form of static
or dynamic tension, compression, or shear [281]. It is also necessary to consider that me-
chanical loading due to normal functional activities can be destructive to the regenerative
process either by causing outright failure or shunting repair down to a deleterious (e.g., fi-
brotic) pathway. Conversely, mechanical signals can also have a stimulatory effect on tissue
regeneration and are believed to be necessary to achieve full restoration of function [282].

Also, shear is an important stimulus. Specific shear motion parameters to stimulate
collagen proteins and proteoglycan synthesis in bovine cartilage explants were identified
by Jin et al. [283].

A good balance among direct compression, rolling movement, shear motion, hydro-
static pressure and tensile forces may be useful to recapitulate the complex motion affecting
articular cartilage [262,270]. Different types of bioreactors have been developed to better
reproduce the nature of the joint motions and particularly the continuous passive motion
(CPM) which is part of patient rehabilitation regimens after a variety of orthopedic surgical
procedures because enhance the joint healing process.

One of the first attempt to potentially provide an in vitro system for the evaluation of
clinical strategies of continuous passive motion (CPM) therapy to promote cartilage remod-
eling was done by Sah et al. The biosynthetic response of calf articular cartilage explants
to dynamic compression over a wide range of amplitudes, waveforms, and frequencies
was analyzed and dynamic compression was identified as important mechanical stimulus
to modulate chondrocyte biosynthesis [284]. The chondrocyte behavior under static and
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dynamic compression was also studied by Buschmann et al. They found that chondrocytes
seeded in agarose gel exhibit a biosynthetic response to compression similar to explanted
cartilage. This response was significantly affected by the presence or absence of matrix,
suggesting the importance of cell-matrix interactions rather than matrix-independent cell
deformation [285].

By using a whole-joint bioreactor properly designed to mimic CPM with bovine stifle
joints in vitro, it was observed that CPM has a direct effect on the regulation of articular
cartilage due to the stimulation of the chondrocyte proteoglycan 4 (PRG4) metabolism [286].

Due to the complex multiaxial load necessary to mimic as closely as possible the
forces present in the in vivo environment, a more tribological approach was also sug-
gested. Tribology is defined as the science and technology of interacting surfaces in relative
motion [287].

In line with this approach, effort was made to translate the interaction of the articular
cartilage surfaces that occur in natural knee joint into a bioreactor concept for articular
cartilage engineering. As such, a joint-simulating bioreactor, properly designed to mimic
more closely joint kinematics and consisting of a rotating scaffold and/or cartilage pin
onto a rotating ball, was developed [288]. By oscillating pin and ball and by simultane-
ously applying dynamic compression, is possible to better reproduce the in vivo motion.
By comparing the free-swelling control and/or simply compression-loaded samples with
those samples exposed to complex multiaxial load, an increased expression of cartilage
matrix genes was observed in the latter group. This loading device enabled a better study
of the initial pathways of mechanotransduction by chondrocytes, with particular attention
to the shear forces to achieve more successful cartilage tissue engineering [288]. These
studies suggest that the application of mechanical forces of engineered joints influence
the tribological properties of the synovial interfaces, which in turn would affect the lo-
cal mechanobiological environment of the cells within articulated tissues. Mechanical
stimulation of osteochondral explants is also possible [289].

Another bioreactor that enables the application of shear associated with compression
simultaneously to up to 20 constructs with four different types of loading patterns, was used
to subject the de novo cartilage-like tissue construct to mechanical load [290] (Figure 7).
It was observed an increased gene expression of type II collagen and Aggrecan associated
with an increased GAG level when the load applied was intermittent. This study developed
a mechanical stimulation protocol that enhances matrix deposition in de novo cartilage
constructs and improves the properties of the engineered tissue prior to implantation.
The important finding of this study was essentially associated to the timing program of the
load applied. Notably the study suggests that introducing pauses between load cycles is
beneficial for the construct development and leads to a reproducible increase in GAG/DNA.
In contrast, constant cyclical load, lead to a decrease in the final GAG content. This finding
may be of significant clinical relevance for two main reasons: it may be useful to improve
the rehabilitation protocol of patients recovering from cartilage injury and may be helpful
to increase the clinical effectiveness of the de novo engineered cartilage-like constructs for
implantation purposes [290].

It is well known that biomechanical forces are involved in bone remodeling and
repair but the underlying mechanisms by which a physical force is translated to the
corresponding intracellular signal is not yet completely understood. Mechanotransduction
is a critical feature to be considered in the design of a proper bioreactor system [291].
Mechanosensitivity is an essential property of all organisms from bacteria to humans
and the physical forces regulate a large array of physiological as well as pathological
processes by altering protein conformation, folding, phosphorylation or channel structures
to generate different cascade signals [292,293].

In the engineering of a partial or whole joint as well as in the design, development,
fabrication and testing of a bioreactor system, the role of shape, loading and motion of
synovial joint mechanobiology is crucial [281].
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Stoddart et al., 2006 [290].

Human stem cells have shown a different responsiveness to mechanical loading
compared with chondrocytes [294], namely that compression alone is not sufficient to
induce chondrogenesis of MSCs [295] (Figure 8).

It was observed that bioreactors that incorporate dynamic compression at physiologi-
cal strain levels enhanced chondrocyte matrix elaboration in cell-seeded agarose scaffolds
and produced a more functional engineered tissue construct than in free swelling con-
trols [253]. Later, it was observed that bovine MSCs in agarose required a period of TGF-β
induced chondrogenesis prior to the application of load [296] while an early application of
cyclic compression on porcine MSCs also was detrimental to chondrogenesis [297]. Thus,
the response of MSCs to load was seen to be different to that observed when using chon-
drocytes. A chondrogenic induction was demonstrated with human MSCs and multiaxial
load in the absence of TGF-β [298,299]. The conflicting outcome was shown to be as a
result of the absence of shear in the uniaxial compression studies, and in agreement with
the other studies, compression alone did not lead to chondrogenic induction [295]. This has
been shown to be due to a mechanical induction and activation of endogenous latent
TGF-β [300,301]. Bioreactors that incorporate compression and shear motion have also
been extremely successful in investigating the response of chondrocytes to various loading
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regimes [288,290]. It was observed a markedly different tissue depending to the motions
applied [302]. Notably, sliding-type biomechanical stimuli may favor regeneration and
maintenance of functional and operative articular surfaces and support the development
of mechanically competent engineered cartilage. This has implications for both in-vitro
tissue engineering as well as in vivo physical regenerative therapy regimes.
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Finally, another parameter to be considered is the importance of the synovial fluid
present in the cavities of synovial joints [303]. Synovial fluid is a viscous, non-Newtonian
fluid and its principal role to reduce friction between the articular cartilage of synovial
joints during movement. The presence of a synovial fluid mimicking media, which can
better simulate the rheological and biological features of synovial fluid, would be of great
advantage to recapitulate the in vivo environment by modifying the chondrogenic response
to multiaxial load.

10. Conclusions and Future Perspectives

The most advanced ex vivo models include the co-culture of at least two different cell
types combined with proper tissue engineering strategies and loading motions aiming to
reproducing the complex structure and function of the native tissue by using biomimetic
scaffolds and suitable biological cues. These models represent reliable systems to reduce
the gap existing between the complexity of the in vivo environment and the simplicity of
in vitro condition thereby decreasing the needs of animal studies. As such, the ex vivo
systems are useful tools to investigate, in a more controlled environment, the complexity of
the in vivo physiological and pathological processes and in so doing, they allow to better
prevent in vitro artefacts and to achieve more truthful results if compared with previous
simpler models.

The further development of new ex vivo models approximating an in vivo environ-
ment, is a promising approach to improve our knowledge of the biological mechanisms
underlying cartilage regeneration process. Future studies should aim to better elucidate
the crosstalk mechanisms between the different cell types involved in osteochondral repair
and should consider that several cytokines secreted by bone cells can lead to chondrocyte
differentiation [304]. Understanding the dialogue between cartilage and underlying bone
might be the key to shed light on the molecular signaling pathways of physio-pathological
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conditions and may help to restore the healthy situation. The dialogue between the differ-
ent cell types might also be affected and regulated by the location of the cells within the
tissue and the distance between the source of the stimulus. Thus, a specific stimulus might
direct cell behavior as a zonal-dependent cell response (Figure 9).
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Figure 9. Zonal dependent cell response of de novo cell-based engineered osteochondral implant within and osteochondral
defect. The different location of the cells inside the osteochondral implant might affect cell behavior, differentiation, tissue
maturation and integration due to the different signaling coming from the native surrounding tissue and from the loading
and due to the intensity of the signal determined by the distance between the source of the stimulus and cells. Cells reside
in position A will be equally affected by loading motions and cartilage but minimally by the bone; cells reside in position
B will be equally affected by the loading motions, cartilage and bone signaling; cells reside in position C will be affected
mainly by the bone, partially by the cartilage and minimally by the loading.

Indeed, it is also noteworthy to highlight that biomechanical factors profoundly influ-
ence the processes of tissue growth, development, maintenance, degeneration, and repair.
Therefore, the ability to apply joint kinematic motion through the appropriate bioreactors
allows for a more physiological system to study in-vitro or ex-vivo cartilage regenera-
tion mechanisms, to create living tissue replacements and to test new potential cartilage
repair therapies.
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Application of Microfluidics and Bioprinting for Stem Cell-Based Cartilage Repair. Stem Cells Int. 2018, 2018, 1–14. [CrossRef]
200. Li, F.; Truong, V.X.; Thissen, H.; Frith, J.E.; Forsythe, J.S. Microfluidic Encapsulation of Human Mesenchymal Stem Cells for

Articular Cartilage Tissue Regeneration. ACS Appl. Mater. Interfaces 2017, 9, 8589–8601. [CrossRef]
201. 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 cul-ture-on-a-chip as an in vitro equine arthritis model.
Mater. Today Bio 2019, 4, 100023. [CrossRef]

202. Bao, X.; Li, Z.; Liu, H.; Feng, K.; Yin, F.; Li, H.; Qin, J. Stimulation of chondrocytes and chondroinduced mesenchymal stem cells
by osteoinduced mesenchymal stem cells under a fluid flow stimulus on an integrated microfluidic device. Mol. Med. Rep. 2017,
17, 2277–2288. [CrossRef]

203. Lee, D.; Erickson, A.; You, T.; Dudley, A.T.; Ryu, S. Pneumatic microfluidic cell compression device for high-throughput study of
chondrocyte mechanobiology. Lab Chip 2018, 18, 2077–2086. [CrossRef]

204. Paggi, C.A.; Venzac, B.; Karperien, M.; Leijten, J.C.; Le Gac, S. Monolithic microfluidic platform for exerting gradients of
compression on cell-laden hydrogels, and application to a model of the articular cartilage. Sens. Actuators B Chem. 2020,
315, 127917. [CrossRef]

205. Yin, L.; Wu, Y.; Yang, Z.; Tee, C.A.; Denslin, V.; Lai, Z.; Lim, C.T.; Lee, E.H.; Han, J. Microfluidic label-free selection of
mes-enchymal stem cell subpopulation during culture expansion extends the chondrogenic potential in vitro. Lab Chip 2018,
18, 878–889. [CrossRef]

206. Müller-Rath, R.; Gavénis, K.; Gravius, S.; Andereya, S.; Mumme, T.; Schneider, U. In vivo cultivation of human articular
chondrocytes in a nude mouse-based contained defect organ culture model. BioMed. Mater. Eng. 2007, 17, 357–366.

207. Schüller, G.C.; Tichy, B.; Majdisova, Z.; Jagersberger, T.; van Griensven, M.; Marlovits, S.; Redl, H. An in vivo mouse model for
human cartilage regeneration. J. Tissue Eng. Regen. Med. 2008, 2, 202–209. [CrossRef] [PubMed]

208. Frisbie, D.D.; Cross, M.W.; McIlwraith, C.W. A comparative study of articular cartilage thickness in the stifle of animal species
used in human pre-clinical studies compared to articular cartilage thickness in the human knee. Veter. Comp. Orthop. Traumatol.
2006, 19, 142–146. [CrossRef]

209. Simon, W.H. Scale effects in animal joints. I. articular cartilage thickness and compressive stress. Arthritis Rheum. 1970, 13, 244–255.
[CrossRef]

210. Sah, R.L.; Ratcliffe, A. Translational Models for Musculoskeletal Tissue Engineering and Regenerative Medicine. Tissue Eng.
Part B Rev. 2010, 16, 1–3. [CrossRef]

211. Ahern, B.; Parvizi, J.; Boston, R.; Schaer, T.P. Preclinical animal models in single site cartilage defect testing: A systematic review.
Osteoarthr. Cartil. 2009, 17, 705–713. [CrossRef]

212. Muschler, G.F.; Raut, V.P.; Patterson, T.E.; Wenke, J.C.; Hollinger, J.O. The Design and Use of Animal Models for Translational
Research in Bone Tissue Engineering and Regenerative Medicine. Tissue Eng. Part B Rev. 2010, 16, 123–145. [CrossRef]

213. Specchia, N.; Gigante, A.; Falciglia, F.; Greco, F. Fetal chondral homografts in the repair of articular cartilage defects. Bull. Hosp.
Jt. Dis. 1996, 54, 230–235.

214. Ferguson, J.W.; Luyk, N.H.; Parr, N.C. A potential role for costo-chondral grafting in adults with mandibular condylar destruction
secondary to rheumatoid arthritis—A case report. J. Cranio-Maxillofac. Surg. 1993, 21, 15–18. [CrossRef]

215. Törnqvist, E.; Annas, A.; Granath, B.; Jalkesten, E.; Cotgreave, I.; Öberg, M. Strategic focus on 3R principles reveals major
reductions in the use of animals in pharmaceutical toxicity testing. PLoS ONE 2014, 9, e101638. [CrossRef] [PubMed]

216. Flecknell, P. Replacement, reduction and refinement. Altex 2002, 19, 73–78. [PubMed]
217. Secretan, C.; Bagnall, K.; Jomha, N.M. Effects of introducing cultured human chondrocytes into a human articular cartilage

explant model. Cell Tissue Res. 2009, 339, 421–427. [CrossRef]
218. Melle, M.L.D.V.-V.; Mandl, E.W.; Kops, N.; Koevoet, W.J.; Verhaar, J.A.N.; Van Osch, G.J. An Osteochondral Culture Model to

Study Mechanisms Involved in Articular Cartilage Repair. Tissue Eng. Part C Methods 2012, 18, 45–53. [CrossRef]

http://doi.org/10.1002/stem.2475
http://doi.org/10.1089/ten.tea.2010.0517
http://www.ncbi.nlm.nih.gov/pubmed/21247341
http://doi.org/10.1002/jcp.22706
http://www.ncbi.nlm.nih.gov/pubmed/22025108
http://doi.org/10.1089/scd.2012.0605
http://www.ncbi.nlm.nih.gov/pubmed/23301843
http://doi.org/10.3390/md18120624
http://www.ncbi.nlm.nih.gov/pubmed/33297528
http://doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://doi.org/10.1155/2018/6594841
http://doi.org/10.1021/acsami.7b00728
http://doi.org/10.1016/j.mtbio.2019.100023
http://doi.org/10.3892/mmr.2017.8153
http://doi.org/10.1039/C8LC00320C
http://doi.org/10.1016/j.snb.2020.127917
http://doi.org/10.1039/C7LC01005B
http://doi.org/10.1002/term.84
http://www.ncbi.nlm.nih.gov/pubmed/18493907
http://doi.org/10.1055/s-0038-1632990
http://doi.org/10.1002/art.1780130305
http://doi.org/10.1089/ten.teb.2009.0726
http://doi.org/10.1016/j.joca.2008.11.008
http://doi.org/10.1089/ten.teb.2009.0658
http://doi.org/10.1016/S1010-5182(05)80525-6
http://doi.org/10.1371/journal.pone.0101638
http://www.ncbi.nlm.nih.gov/pubmed/25054864
http://www.ncbi.nlm.nih.gov/pubmed/12098013
http://doi.org/10.1007/s00441-009-0901-z
http://doi.org/10.1089/ten.tec.2011.0339


J. Funct. Morphol. Kinesiol. 2021, 6, 6 29 of 32

219. Espregueira-Mendes, J.; Andrade, R.; Monteiro, A.; Pereira, H.F.C.; Da Silva, M.V.; Oliveira, J.M.; Reis, R.L. Mosaicplasty Using
Grafts From the Upper Tibiofibular Joint. Arthrosc. Tech. 2017, 6, e1979–e1987. [CrossRef]

220. Vainieri, M.L.; Wahl, D.; Alini, M.; Van Osch, G.J.V.M.; Grad, S. Mechanically stimulated osteochondral organ culture for
evaluation of biomaterials in cartilage repair studies. Acta Biomater. 2018, 81, 256–266. [CrossRef]

221. Botter, S.; Van Osch, G.; Waarsing, J.; Van Der Linden, J.; Verhaar, J.A.N.; Pols, H.; Van Leeuwen, J.; Weinans, H. Cartilage damage
pattern in relation to subchondral plate thickness in a collagenase-induced model of osteoarthritis. Osteoarthr. Cartil. 2008,
16, 506–514. [CrossRef]

222. Botter, S.; Glasson, S.; Hopkins, B.; Clockaerts, S.; Weinans, H.; Van Leeuwen, J.; Van Osch, G. ADAMTS5-/- mice have less
subchondral bone changes after induction of osteoarthritis through surgical instability: Implications for a link between cartilage
and subchondral bone changes. Osteoarthr. Cartil. 2009, 17, 636–645. [CrossRef]

223. Sniekers, Y.; van Osch, G.; Ederveen, A.; Inzunza, J.; Gustafsson, J.-Å.; van Leeuwen, J.; Weinans, H. Development of oste-oarthritic
features in estrogen receptor knockout mice. Osteoarthr. Cartil. 2009, 17, 1356–1361. [CrossRef]

224. Sniekers, Y.H.; Weinans, H.; Van Osch, G.J.; Van Leeuwen, J. Oestrogen is important for maintenance of cartilage and subchondral
bone in a murine model of knee osteoarthritis. Arthritis Res. 2010, 12, R182. [CrossRef] [PubMed]

225. Intema, F.; Thomas, T.; Anderson, D.; Elkins, J.; Brown, T.; Amendola, A.; Lafeber, F.; Saltzman, C. Subchondral bone re-modeling
is related to clinical improvement after joint distraction in the treatment of ankle osteoarthritis. Osteoarthr. Cartil. 2011, 19, 668–675.
[CrossRef] [PubMed]

226. Zhang, L.; Hu, H.; Tian, F.; Song, H.; Zhang, Y. Enhancement of subchondral bone quality by alendronate administration for the
reduction of cartilage degeneration in the early phase of experimental osteoarthritis. Z. Gesamte Exp. Med. 2011, 11, 235–243.
[CrossRef] [PubMed]

227. Frisbie, D.D.; Morisset, S.; Ho, C.P.; Rodkey, W.G.; Steadman, J.R.; Mcllwraith, C.W. Effects of Calcified Cartilage on Healing of
Chondral Defects Treated with Microfracture in Horses. Am. J. Sports Med. 2006, 34, 1824–1831. [CrossRef]

228. Frisbie, D.D.; Oxford, J.T.; Southwood, L.; Trotter, G.W.; Rodkey, W.G.; Steadman, J.R.; Goodnight, J.L.; McIlwraith, C.W. Early
Events in Cartilage Repair After Subchondral Bone Microfracture. Clin. Orthop. Relat. Res. 2003, 407, 215–227. [CrossRef]

229. Leyh, M.; Seitz, A.; Dürselen, L.; Schaumburger, J.; Ignatius, A.; Grifka, J.; Grässel, S. Subchondral bone influences chon-drogenic
differentiation and collagen production of human bone marrow-derived mesenchymal stem cells and articular chondrocytes.
Arthritis Res. Ther. 2014, 16, 453. [CrossRef]

230. Melle, M.L.D.V.; Narcisi, R.; Kops, N.; Koevoet, W.J.; Bos, P.K.; Murphy, J.M.; Verhaar, J.A.; Van Der Kraan, P.M.; Van Osch, G.J.
Chondrogenesis of Mesenchymal Stem Cells in an Osteochondral Environment Is Mediated by the Subchondral Bone. Tissue Eng.
Part A 2014, 20, 23–33. [CrossRef]

231. Bos, P.; Van Osch, G.; Frenz, D.; Verhaar, J.A.N.; Verwoerd-Verhoef, H. Growth factor expression in cartilage wound healing:
Temporal and spatial immunolocalization in a rabbit auricular cartilage wound model. Osteoarthr. Cartil. 2001, 9, 382–389.
[CrossRef]

232. Bos, P.; Verhaar, J.; van Osch, G. Age-related differences in articular cartilage wound healing: A potential role for trans-forming
growth factor β1 in adult cartilage repair. Adv. Exp. Med. Biol. 2006, 585, 297–309.

233. Pfander, D.; Gelse, K. Hypoxia and osteoarthritis: How chondrocytes survive hypoxic environments. Curr. Opin. Rheumatol. 2007,
19, 457–462. [CrossRef]

234. Bakay, A.; Csönge, L.; Papp, G.; Fekete, L. Osteochondral resurfacing of the knee joint with allograft. Int. Orthop. 1998, 22, 277–281.
[CrossRef] [PubMed]

235. Bell, R.; Davis, A.M.; Allan, D.; Langer, F.; Czitrom, A.; Gross, A. Fresh osteochondral allografts for advanced giant cell tumors at
the knee. J. Arthroplast. 1994, 9, 603–609. [CrossRef]

236. Chu, C.R.; Convery, F.R.; Akeson, W.H.; Meyers, M.; Amiel, D. Articular cartilage transplantation. Clinical results in the knee.
Clin. Orthop. Relat. Res. 1999, 360, 159–168. [CrossRef]

237. Garrett, J.C. Treatment of osteochondral defects of the distal femur with fresh osteochondral allografts: A preliminary report.
Arthrosc. J. Arthrosc. Relat. Surg. 1986, 2, 222–226. [CrossRef]

238. Marco, F.; Lopez-Oliva, F.; Fedz-Arroyo, J.M.F.; De Pedro, J.A.; Perez, A.J.; Leon, C.; Lopez-Duran, L. Osteochondral allografts for
osteochondritis dissecans and osteonecrosis of the femoral condyles. Int. Orthop. 1993, 17, 104–108. [CrossRef] [PubMed]

239. Gross, A.; West, M.; Urovitz, E. The immunogenicity of allograft knee joint transplants. Clin. Orthop. Relat. Res. 1978, 132, 155–162.
240. Kleuskens, M.W.A.; Van Donkelaar, C.C.; Kock, L.M.; Janssen, R.P.A.; Ito, K. An ex vivo human osteochondral culture model.

J. Orthop. Res. 2020. [CrossRef]
241. Linn, F.C.; Sokoloff, L. Movement and composition of interstitial fluid of cartilage. Arthritis Rheum. 2007, 8, 481–494. [CrossRef]
242. Frank, E.H.; Grodzinsky, A.J. Cartilage electromechanics—I. Electrokinetic transduction and the effects of electrolyte pH and

ionic strength. J. Biomech. 1987, 20, 615–627. [CrossRef]
243. Maroudas, A. Physicochemical properties of articular cartilage. Adult Articul. Cartil. 1979, 2, 215–290.
244. Maroudas, A.; Bullough, P.; Swanson, S.A.V.; Freeman, M.A.R. THE PERMEABILITY OF ARTICULAR CARTILAGE. J. Bone Jt.

Surg. Br. 1968, 50, 166–177. [CrossRef]
245. Mow, V.; Ateshian, G.; Ratcliffe, A. Anatomic form and biomechanical properties of articular cartilage of the knee joint. In Biology

and Biomechanics of the Traumatized Synovial Joint: The Knee as a Model, 2nd ed.; Finerman, G.A.M., Noyes, F.R., Eds.; American
Academy of Orthopaedic Surgeons: Rosemont, IL, USA, 1992.

http://doi.org/10.1016/j.eats.2017.07.022
http://doi.org/10.1016/j.actbio.2018.09.058
http://doi.org/10.1016/j.joca.2007.08.005
http://doi.org/10.1016/j.joca.2008.09.018
http://doi.org/10.1016/j.joca.2009.04.008
http://doi.org/10.1186/ar3148
http://www.ncbi.nlm.nih.gov/pubmed/20923566
http://doi.org/10.1016/j.joca.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21324372
http://doi.org/10.1007/s10238-011-0131-z
http://www.ncbi.nlm.nih.gov/pubmed/21305336
http://doi.org/10.1177/0363546506289882
http://doi.org/10.1097/00003086-200302000-00031
http://doi.org/10.1186/s13075-014-0453-9
http://doi.org/10.1089/ten.tea.2013.0080
http://doi.org/10.1053/joca.2000.0399
http://doi.org/10.1097/BOR.0b013e3282ba5693
http://doi.org/10.1007/s002640050260
http://www.ncbi.nlm.nih.gov/pubmed/9914928
http://doi.org/10.1016/0883-5403(94)90113-9
http://doi.org/10.1097/00003086-199903000-00019
http://doi.org/10.1016/S0749-8063(86)80076-7
http://doi.org/10.1007/BF00183551
http://www.ncbi.nlm.nih.gov/pubmed/8500928
http://doi.org/10.1002/jor.24789
http://doi.org/10.1002/art.1780080402
http://doi.org/10.1016/0021-9290(87)90282-X
http://doi.org/10.1302/0301-620X.50B1.166


J. Funct. Morphol. Kinesiol. 2021, 6, 6 30 of 32

246. Mow, V.C.; Holmes, M.H.; Lai, W.M. Fluid transport and mechanical properties of articular cartilage: A review. J. Biomech. 1984,
17, 377–394. [CrossRef]

247. Mow, V.; Rosenwasser, M. Articular cartilage: Biomechanics. Injury and repair of the musculoskeletal soft tissues. In Injury
and Repair of the Musculoskeletal Soft Tissues; Woo, S.L.-Y., Buckwalter, J.A., Eds.; AAOS: Park Ridge, IL, USA, 1988; Volume 1,
pp. 427–463.

248. Buckwalter, J.; Mankin, H.J. Articular cartilage: Tissue design and chondrocyte-matrix interactions. Instr. Course Lect. 1998,
47, 477–486. [PubMed]

249. Wall, M.; Butler, D.; El Haj, A.; Bodle, J.C.; Loboa, E.G.; Banes, A.J. Key developments that impacted the field of mechano-biology
and mechanotransduction. J. Orthop. Res. 2018, 36, 605–619. [PubMed]

250. Palmoski, M.J.; Colyer, R.A.; Brandt, K.D. Joint motion in the absence of normal loading does not maintain normal articular
cartilage. Arthritis Rheum. 1980, 23, 325–334. [CrossRef]

251. Palmoski, M.J.; Brandt, K.D. Running Inhibits the Reversal of Atrophic Changes in Canine Knee Cartilage After Removal of a Leg
Cast. Arthritis Rheum. 1981, 24, 1329–1337. [CrossRef]

252. Foster, N.C.; Henstock, J.R.; Reinwald, Y.; El Haj, A.J. Dynamic 3D culture: Models of chondrogenesis and endochondral
ossification. Birth Defects Res. Part C Embryo Today Rev. 2015, 105, 19–33. [CrossRef] [PubMed]

253. Mauck, R.L.; Soltz, M.A.; Wang, C.C.B.; Wong, D.D.; Chao, P.-H.G.; Valhmu, W.B.; Hung, C.T.; Ateshian, G.A. Functional Tissue
Engineering of Articular Cartilage Through Dynamic Loading of Chondrocyte-Seeded Agarose Gels. J. Biomech. Eng. 2000,
122, 252–260. [CrossRef]

254. Lee, D.; Bader, D.L. Compressive strains at physiological frequencies influence the metabolism of chondrocytes seeded in agarose.
J. Orthop. Res. 1997, 15, 181–188. [CrossRef]

255. Lomas, C.; Tang, X.D.; Chanalaris, A.; Saklatvala, J.; Vincent, T.L. Cyclic mechanical load causes global translational arrest in
articular chondrocytes: A process which is partially dependent upon PKR phosphorylation. Eur. Cell Mater 2011, 22, 178–189.
[CrossRef]

256. Williams, D.F. The Williams Dictionary of Biomaterials; Cambridge University Press: Cambridge, UK, 1999.
257. Wolff, J. The Law of Bone Remodeling; Springer: Berlin/Heildelberg, Germany, 1986.
258. Nagel, T.; Kelly, D.J. Mechanically induced structural changes during dynamic compression of engineered cartilaginous constructs

can potentially explain increases in bulk mechanical properties. J. R. Soc. Interface 2011, 9, 777–789. [CrossRef] [PubMed]
259. Jeon, J.; Schrobback, K.; Hutmacher, D.; Klein, T. Dynamic compression improves biosynthesis of human zonal chondrocytes

from osteoarthritis patients. Osteoarthr. Cartil. 2012, 20, 906–915. [CrossRef] [PubMed]
260. Ng, K.W.; Mauck, R.L.; Statman, L.Y.; Lin, E.Y.; Ateshian, G.A.; Hung, C.T. Dynamic deformational loading results in se-lective

application of mechanical stimulation in a layered, tissue-engineered cartilage construct. Biorheology 2006, 43, 497–507. [PubMed]
261. Li, K.W.; Klein, T.; Chawla, K.; Nugent, G.E.; Bae, W.C.; Sah, R.L. In Vitro Physical Stimulation of Tissue-Engineered and Native

Cartilage. Cartil. Osteoarthr. 2004, 100, 325–352. [CrossRef]
262. Heath, C.A.; Magari, S.R. Mini-review: Mechanical factors affecting cartilage regeneration in vitro. Biotechnol. Bioeng. 2000,

50, 430–437. [CrossRef]
263. Daly, A.C.; Sathy, B.N.; Kelly, D.J. Engineering large cartilage tissues using dynamic bioreactor culture at defined oxygen

conditions. J. Tissue Eng. 2018, 9, 2041731417753718. [CrossRef]
264. Meinert, C.; Schrobback, K.; Hutmacher, D.W.; Klein, T. A novel bioreactor system for biaxial mechanical loading enhances the

properties of tissue-engineered human cartilage. Sci. Rep. 2017, 7, 1–14. [CrossRef]
265. Nazempour, A.; Van Wie, B.J. A flow perfusion bioreactor with controlled mechanical stimulation: Application in cartilage tissue

engineering and beyond. J. Stem Cell Ther. Transplant. 2018, 2, 15–34.
266. Jonnalagadda, U.S.; Hill, M.; Messaoudi, W.; Cook, R.B.; Oreffo, R.O.C.; Glynne-Jones, P.; Tare, R.S. Acoustically modulated

biomechanical stimulation for human cartilage tissue engineering. Lab Chip 2018, 18, 473–485. [CrossRef]
267. Lee, P.S.; Eckert, H.; Hess, R.; Gelinsky, M.; Rancourt, D.; Krawetz, R.; Cuniberti, G.; Scharnweber, D. Developing a cus-tomized

perfusion bioreactor prototype with controlled positional variability in oxygen partial pressure for bone and car-tilage tissue
engineering. Tissue Eng. Part C Methods 2017, 23, 286–297. [CrossRef]

268. Grad, S.; Eglin, D.; Alini, M.; Stoddart, M.J. Physical Stimulation of Chondrogenic Cells In Vitro: A Review. Clin. Orthop. Relat. Res.
2011, 469, 2764–2772. [CrossRef] [PubMed]

269. Hosseini, A.; Van de Velde, S.K.; Kozanek, M.; Gill, T.J.; Grodzinsky, A.J.; Rubash, H.E.; Li, G. In-vivo time-dependent ar-ticular
cartilage contact behavior of the tibiofemoral joint. Osteoarthr. Cartil. 2010, 18, 909–916. [CrossRef] [PubMed]

270. Kozanek, M.; Hosseini, A.; Liu, F.; Van De Velde, S.K.; Gill, T.J.; Rubash, H.E.; Li, G. Tibiofemoral kinematics and condylar motion
during the stance phase of gait. J. Biomech. 2009, 42, 1877–1884. [CrossRef] [PubMed]

271. Sucosky, P.; Osorio, D.F.; Brown, J.B.; Neitzel, G.P. Fluid mechanics of a spinner-flask bioreactor. Biotechnol. Bioeng. 2003, 85, 34–46.
[CrossRef] [PubMed]

272. Begley, C.M.; Kleis, S.J. The fluid dynamic and shear environment in the NASA/JSC rotating-wall perfused-vessel biore-actor.
Biotechnol. Bioeng. 2000, 70, 32–40. [CrossRef]

273. Galban, C.J.; Locke, B.R. Effects of spatial variation of cells and nutrient and product concentrations coupled with product
inhibition on cell growth in a polymer scaffold. Biotechnol. Bioeng. 1999, 64, 633–643. [CrossRef]

http://doi.org/10.1016/0021-9290(84)90031-9
http://www.ncbi.nlm.nih.gov/pubmed/9571449
http://www.ncbi.nlm.nih.gov/pubmed/28817244
http://doi.org/10.1002/art.1780230310
http://doi.org/10.1002/art.1780241101
http://doi.org/10.1002/bdrc.21088
http://www.ncbi.nlm.nih.gov/pubmed/25777047
http://doi.org/10.1115/1.429656
http://doi.org/10.1002/jor.1100150205
http://doi.org/10.22203/eCM.v022a14
http://doi.org/10.1098/rsif.2011.0449
http://www.ncbi.nlm.nih.gov/pubmed/21900321
http://doi.org/10.1016/j.joca.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/22548797
http://www.ncbi.nlm.nih.gov/pubmed/16912421
http://doi.org/10.1385/1-59259-810-2:325
http://doi.org/10.1002/(SICI)1097-0290(19960520)50:4&lt;430::AID-BIT10&gt;3.0.CO;2-N
http://doi.org/10.1177/2041731417753718
http://doi.org/10.1038/s41598-017-16523-x
http://doi.org/10.1039/C7LC01195D
http://doi.org/10.1089/ten.tec.2016.0244
http://doi.org/10.1007/s11999-011-1819-9
http://www.ncbi.nlm.nih.gov/pubmed/21344272
http://doi.org/10.1016/j.joca.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20434573
http://doi.org/10.1016/j.jbiomech.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19497573
http://doi.org/10.1002/bit.10788
http://www.ncbi.nlm.nih.gov/pubmed/14705010
http://doi.org/10.1002/1097-0290(20001005)70:1&lt;32::AID-BIT5&gt;3.0.CO;2-V
http://doi.org/10.1002/(SICI)1097-0290(19990920)64:6&lt;633::AID-BIT1&gt;3.0.CO;2-6


J. Funct. Morphol. Kinesiol. 2021, 6, 6 31 of 32

274. Vunjak-Novakovic, G.; Obradovic, B.; Martin, I.; Freed, L. Bioreactor studies of native and tissue engineered cartilage. Biorheol.
2002, 39, 259–268.

275. Marsano, A.; Wendt, D.; Quinn, T.; Sims, T.; Farhadi, J.; Jakob, M.; Heberer, M.; Martin, I. Bi-zonal cartilaginous tissues en-gineered
in a rotary cell culture system. Biorheology 2006, 43, 553–560.

276. Sikavitsas, V.I.; Bancroft, G.N.; Holtorf, H.L.; Jansen, J.A.; Mikos, A.G. Mineralized matrix deposition by marrow stromal
osteoblasts in 3D perfusion culture increases with increasing fluid shear forces. Proc. Natl. Acad. Sci. USA 2003, 100, 14683–14688.
[CrossRef]

277. Nichols, D.A.; Sondh, I.S.; Litte, S.R.; Zunino, P.; Gottardi, R. Design and validation of an osteochondral bioreactor for the
screening of treatments for osteoarthritis. Biomed. Microdevices 2018, 20, 18. [CrossRef]

278. Reinwald, Y.; Leonard, K.H.; Henstock, J.R.; Whiteley, J.P.; Osborne, J.M.; Waters, S.L.; Lévesque, P.; El Haj, A.J. Evaluation of
the growth environment of a hydrostatic force bioreactor for preconditioning of tissue-engineered constructs. Tissue Eng. Part
C Methods 2015, 21, 1–14. [CrossRef] [PubMed]

279. Heyland, J.; Wiegandt, K.; Goepfert, C.; Nagel-Heyer, S.; Ilinich, E.; Schumacher, U.; Pörtner, R. Redifferentiation of chon-drocytes
and cartilage formation under intermittent hydrostatic pressure. Biotechnol. Lett. 2006, 28, 1641–1648. [CrossRef] [PubMed]

280. Mizuno, S. A novel method for assessing effects of hydrostatic fluid pressure on intracellular calcium: A study with bovine
articular chondrocytes. Am. J. Physiol. Physiol. 2005, 288, C329–C337. [CrossRef] [PubMed]

281. Williams, G.M.; Chan, E.F.; Temple-Wong, M.M.; Bae, W.C.; Masuda, K.; Bugbee, W.D.; Sah, R.L. Shape, loading, and motion
in the bioengineering design, fabrication, and testing of personalized synovial joints. J. Biomech. 2010, 43, 156–165. [CrossRef]
[PubMed]

282. Butler, D.L.; Goldstein, S.A.; Guldberg, R.E.; Guo, X.E.; Kamm, R.D.; Laurencin, C.T.; McIntire, L.V.; Mow, V.C.; Nerem, R.M.;
Sah, R.L.; et al. The Impact of Biomechanics in Tissue Engineering and Regenerative Medicine. Tissue Eng. Part B: Rev. 2009,
15, 477–484. [CrossRef]

283. Jin, M.; Frank, E.H.; Quinn, T.M.; Hunziker, E.B.; Grodzinsky, A.J. Tissue Shear Deformation Stimulates Proteoglycan and Protein
Biosynthesis in Bovine Cartilage Explants. Arch. Biochem. Biophys. 2001, 395, 41–48. [CrossRef]

284. Sah, R.L.-Y.; Kim, Y.-J.; Doong, J.-Y.H.; Grodzinsky, A.J.; Plass, A.H.K.; Sandy, J.D. Biosynthetic response of cartilage explants to
dynamic compression. J. Orthop. Res. 1989, 7, 619–636. [CrossRef]

285. Buschmann, M.D.; Gluzband, Y.; Grodzinsky, A.J.; Hunziker, E.B. Mechanical compression modulates matrix biosynthesis in
chondrocyte/agarose culture. J. Cell Sci. 1995, 108, 1497–1508.

286. Nugent-Derfus, G.; Takara, T.; O’Neill, J.; Cahill, S.; Gortz, S.; Pong, T.; Inoue, H.; Aneloski, N.; Wang, W.; Vega, K.; et al.
Continuous passive motion applied to whole joints stimulates chondrocyte biosynthesis of PRG4. Osteoarthr. Cartil. 2007,
15, 566–574. [CrossRef]

287. Czichos, H.; Dowson, D. Tribology: A systems approach to the Science and Technology of friction, lubrication and wear. Tribol. Int.
1978, 11, 259–260. [CrossRef]

288. Wimmer, M.A.; Grad, S.; Kaup, T.; Hänni, M.; Schneider, E.; Gogolewski, S.; Alini, M. Tribology approach to the engineering and
study of articular cartilage. Tissue Eng. 2004, 10, 1436–1445. [CrossRef] [PubMed]

289. Vainieri, M.L.; Alini, M.; Yayon, A.; van Osch, G.; Grad, S. Mechanical Stress Inhibits Early Stages of Endogenous Cell Mi-gration:
A Pilot Study in an Ex Vivo Osteochondral Model. Polymers 2020, 12, 1754. [CrossRef] [PubMed]

290. Stoddart, M.J.; Ettinger, L.; Häuselmann, H.J. Enhanced matrix synthesis in de novo, scaffold free cartilage-like tissue subjected to
compression and shear. Biotechnol. Bioeng. 2006, 95, 1043–1051. [CrossRef] [PubMed]

291. Nguyen, B.V.; Wang, Q.G.; Kuiper, N.J.; El Haj, A.J.; Thomas, C.R.; Zhang, Z. Biomechanical properties of single chondro-cytes
and chondrons determined by micromanipulation and finite-element modelling. J. R. Soc. Interface 2010, 7, 1723–1733. [CrossRef]
[PubMed]

292. Orr, A.W.; Helmke, B.P.; Blackman, B.R.; Schwartz, M.A. Mechanisms of Mechanotransduction. Dev. Cell 2006, 10, 11–20.
[CrossRef]

293. Allori, A.C.; Sailon, A.M.; Pan, J.H.; Warren, S.M. Biological Basis of Bone Formation, Remodeling, and Repair—Part III:
Biomechanical Forces. Tissue Eng. Part B Rev. 2008, 14, 285–293. [CrossRef]

294. Fahy, N.; Alini, M.; Stoddart, M. Mechanical stimulation of mesenchymal stem cells: Implications for cartilage tissue engineering.
J. Orthop. Res. 2018, 36, 52–63. [CrossRef]

295. Schatti, O.; Grad, S.; Goldhahn, J.; Salzmann, G.; Li, Z.; Alini, M.; Stoddart, M. A combination of shear and dynamic com-pression
leads to mechanically induced chondrogenesis of human mesenchymal stem cells. Eur. Cell Mater. 2011, 22, b97.

296. Huang, A.H.; Farrell, M.J.; Kim, M.; Mauck, R.L. Long-term dynamic loading improves the mechanical properties of chondrogenic
mesenchymal stem cell-laden hydrogel. Eur. Cell Mater. 2010, 19, 72–85. [CrossRef]

297. Thorpe, S.; Buckley, C.; Vinardell, T.; O’Brien, F.J.; Campbell, V.; Kelly, D.J. Dynamic compression can inhibit chondrogenesis of
mesenchymal stem cells. Biochem. Biophys. Res. Commun. 2008, 377, 458–462. [CrossRef]

298. Kupcsik, L.; Stoddart, M.J.; Li, Z.; Benneker, L.M.; Alini, M. Improving Chondrogenesis: Potential and Limitations ofSOX9Gene
Transfer and Mechanical Stimulation for Cartilage Tissue Engineering. Tissue Eng. Part A 2010, 16, 1845–1855. [CrossRef]
[PubMed]

299. Li, Z.; Kupcsik, L.; Yao, S.-J.; Alini, M.; Stoddart, M.J. Mechanical load modulates chondrogenesis of human mesenchymal stem
cells through the TGF-β pathway. J. Cell. Mol. Med. 2009, 14, 1338–1346. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.2434367100
http://doi.org/10.1007/s10544-018-0264-x
http://doi.org/10.1089/ten.tec.2013.0476
http://www.ncbi.nlm.nih.gov/pubmed/24967717
http://doi.org/10.1007/s10529-006-9144-1
http://www.ncbi.nlm.nih.gov/pubmed/16902847
http://doi.org/10.1152/ajpcell.00131.2004
http://www.ncbi.nlm.nih.gov/pubmed/15643052
http://doi.org/10.1016/j.jbiomech.2009.09.021
http://www.ncbi.nlm.nih.gov/pubmed/19815214
http://doi.org/10.1089/ten.teb.2009.0340
http://doi.org/10.1006/abbi.2001.2543
http://doi.org/10.1002/jor.1100070502
http://doi.org/10.1016/j.joca.2006.10.015
http://doi.org/10.1016/0301-679X(78)90209-8
http://doi.org/10.1089/ten.2004.10.1436
http://www.ncbi.nlm.nih.gov/pubmed/15588403
http://doi.org/10.3390/polym12081754
http://www.ncbi.nlm.nih.gov/pubmed/32781503
http://doi.org/10.1002/bit.21052
http://www.ncbi.nlm.nih.gov/pubmed/16804949
http://doi.org/10.1098/rsif.2010.0207
http://www.ncbi.nlm.nih.gov/pubmed/20519215
http://doi.org/10.1016/j.devcel.2005.12.006
http://doi.org/10.1089/ten.teb.2008.0084
http://doi.org/10.1002/jor.23670
http://doi.org/10.22203/eCM.v019a08
http://doi.org/10.1016/j.bbrc.2008.09.154
http://doi.org/10.1089/ten.tea.2009.0531
http://www.ncbi.nlm.nih.gov/pubmed/20067399
http://doi.org/10.1111/j.1582-4934.2009.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/19432813


J. Funct. Morphol. Kinesiol. 2021, 6, 6 32 of 32

300. Gardner, O.; Fahy, N.; Alini, M.; Stoddart, M.J. Differences in human mesenchymal stem cell secretomes during chondrogenic
induction. Eur. Cells Mater. 2016, 31, 221–235. [CrossRef] [PubMed]

301. Gardner, O.F.; Fahy, N.; Alini, M.; Stoddart, M.J. Joint mimicking mechanical load activates TGFβ1 in fibrin-poly (es-ter-urethane)
scaffolds seeded with mesenchymal stem cells. J. Tissue Eng. Regen. Med. 2017, 11, 2663–2666. [CrossRef] [PubMed]

302. Grad, S.; Loparic, M.; Peter, R.; Stolz, M.; Aebi, U.; Alini, M. Sliding motion modulates stiffness and friction coefficient at the
surface of tissue engineered cartilage. Osteoarthr. Cartil. 2012, 20, 288–295. [CrossRef]

303. Balazs, E.A. The physical properties of synovial fluid and the special role of hyaluronic acid. Disord. Knee 1974, 2, 61–74.
304. Funck-Brentano, T.; Cohen-Solal, M. Crosstalk between cartilage and bone: When bone cytokines matter. Cytokine Growth

Factor Rev. 2011, 22, 91–97. [CrossRef]

http://doi.org/10.22203/eCM.v031a15
http://www.ncbi.nlm.nih.gov/pubmed/27062724
http://doi.org/10.1002/term.2210
http://www.ncbi.nlm.nih.gov/pubmed/27445107
http://doi.org/10.1016/j.joca.2011.12.010
http://doi.org/10.1016/j.cytogfr.2011.04.003

	Introduction 
	Therapeutic Interventions to Attempt Articular Cartilage Repair 
	Tissue Engineering of Osteochondral Implants 
	Importance of Reproducing the Zonal Organization of Articular Cartilage and Subchondral Bone 
	Biomaterials & Scaffolds 
	Chondro-Inductive and Osteo-Inductive Factor/Molecules/Signals 

	Pellet Culture: A Simple Cartilage Model 
	Cartilage Explant Culture and Cartilage Integration 
	Co-Culture Models 
	Microfluidics 
	Osteochondral Explant, Osteochondral Defect and Culture Models 
	Bioreactor Systems/Loading Devices Used for Osteochondral Applications 
	Conclusions and Future Perspectives 
	References

