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Abstract: Cartilage defects in the knee are often seen in young and active patients. There is a need for
effective joint preserving treatments in patients suffering from cartilage defects, as untreated defects
often lead to osteoarthritis. Within the last two decades, tissue engineering based techniques using
a wide variety of polymers, cell sources, and signaling molecules have been evaluated. We start
this review with basic background information on cartilage structure, its intrinsic repair, and
an overview of the cartilage repair treatments from a historical perspective. Next, we thoroughly
discuss polymer construct components and their current use in commercially available constructs.
Finally, we provide an in-depth discussion about construct considerations such as degradation
rates, cell sources, mechanical properties, joint homeostasis, and non-degradable/hybrid resurfacing
techniques. As future prospects in cartilage repair, we foresee developments in three areas: first,
further optimization of degradable scaffolds towards more biomimetic grafts and improved joint
environment. Second, we predict that patient-specific non-degradable resurfacing implants will
become increasingly applied and will provide a feasible treatment for older patients or failed
regenerative treatments. Third, we foresee an increase of interest in hybrid construct, which combines
degradable with non-degradable materials.

Keywords: functional synthetic polymers; functional natural polymers; biomaterials; tissue
engineering; cartilage repair; knee joint; scaffold; biomimetic; resurfacing

1. Introduction

Articular cartilage defects occur in all age groups, but are most often encountered in young
athletes as a result of trauma. Symptoms include severe pain, swelling, joint locking, and clicking.
Cartilage lesions have been identified as the underlying pathology in as much as 60%-67% of
exploratory knee arthroscopic procedures [1-3]. Most patients with focal cartilage defects are too
young and too active for joint replacement therapy. Their high demands would lead too premature
failure of the prosthetic components and an increase in revision surgeries [4-6]. As cartilage possesses
very limited capacity for self-repair and regeneration due to its avascular nature and hypocellularity,
cartilage defects result in substantial impairment of quality of life in the short term and are likely to
progress to osteoarthritis if left untreated [7-10]. Therefore, easy and efficient treatments for focal
cartilage defects are indicated.
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Multiple surgical techniques have been developed within the last decades to repair isolated
focal cartilage defects, aiming to prevent further deterioration of the joint, providing pain relief,
and increasing functional outcomes. These techniques can be classified into one of three categories:
marrow-stimulating techniques, cell-based regenerative therapies, and osteochondral grafting techniques.
Developments in the field of tissue engineering have substantially boosted interest in marrow-stimulating
and cell-based regenerative therapies for articular cartilage defects in the last two decades [11].

Marrow-stimulating techniques such as subchondral drilling, abrasion arthroplasty, and the
microfracture technique evoke the natural healing response by exposing the bone marrow underneath
the cartilage defect, thereby triggering blood inflow and subsequent fibrin clot formation [12,13].
The microfracture technique has become the most popular bone marrow stimulation technique,
and involves the creation of several holes in the lesions spaced approximately 3-4 mm apart using
an arthroscopic awl. Microfracture typically yields satisfactory results in younger patients in the
short-term [14]. However, mechanically inferior fibrocartilage is formed, as is typical of the natural
healing response, with a decline in clinical outcome over time [15,16].

The autologous chondrocyte implantation (ACI) technique, as first described by Brittberg et al. in
1994, pioneered cell-based regenerative therapy of articular cartilage [17]. ACl is a two-step procedure,
consisting of an initial diagnostic arthroscopy procedure in which cartilage is harvested from a low
weight-bearing area. From this tissue, chondrocytes are then enzymatically isolated and multiplied in
a laboratory for several weeks. During a second procedure, the cultured chondrocytes are injected
underneath a periosteal flap, which has been harvested from the proximal tibia to seal off the defect
site and confine the cells [18,19]. A drawback of first-generation ACI is that the cultured chondrocytes
lack the capability to fully withstand loading in the knee joint in the absence of a supportive structure,
which often results in dedifferentiation into a fibroblast phenotype, with associated loss of collagen
type II and proteoglycan production capability [20].

Matrix-assisted autologous chondrocyte implantation (MACI) was introduced as a possible
improvement. During the cell culture process, chondrocytes are embedded in three-dimensional
scaffolds, which was hypothesized to result in improved extracellular matrix (ECM) production [21,22].
With the introduction of more mechanically stable scaffolds, one-stage repair techniques that enable
steering and modulating the natural healing response regained interest. Autologous matrix-induced
chondrogenesis (AMIC) combines microfracture with the implantation of a biological scaffold in
a one-step procedure. The three-dimensional (3D) matrix bears load, while its open structure allows
for influx of mesenchymal stem cells (MSCs), which ideally differentiate into chondrogenic lineage [23].
Osteochondral Autograft Transfer System (OATS) or mosaicplasty is a resurfacing treatment option in
which osteochondral cylinders are harvested from low weight-bearing area and implanted (press-fit)
into the defect. This treatment option yields good results, but its application is limited due to donor site
availability and different surface curvatures [24,25]. A schematic overview of the described techniques is
given in Figure 1.

Two-step regenerative procedures such as MACI are costly and invasive [26], but provide
assurance that a high density of chondrocytes is attained. Chondrocytes may be injected into a construct
directly after harvest and enzymatic digestion [27], or mature allograft chondrocytes may be used [28].
Bone marrow-derived MSCs [29] and adipose-derived MSCs [30], which are both able to differentiate
into chondrocytes, have also been used as cell source. Since the introduction of AMIC, one-step
procedures have been performed using a variety of cell sources. The use of platelet-rich plasma (PRP)
and bone marrow concentrate (BMC) has recently been popularized. PRP is a sample of plasma
with a twofold or more increase in platelet concentration above baseline [31]. PRP contains several
stimulatory signaling molecules such as platelet-derived growth factor (PDGF), transforming growth
factor beta (TGF-f3), fibroblast growth factor (FGF), and epidermal growth factor (EGF), and has been
used in combination with synthetic polymers in preclinical studies [32-39]. BMC is very similar to
PRP and is generated by centrifuging bone marrow aspirate. BMC contains both stimulatory signaling
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molecules and MSCs [40], which therefore hypothetically would be superior to PRP. Both sources
result in the formation of a natural scaffold via clotting.
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Figure 1. Schematic representation of current regenerative cartilage repair techniques: (A) Microfracture;
(B) Mosaicplasty; (C) autologous chondrocyte implantation (ACI) and matrix-assisted chondrocyte
implantation (MACI); and (D) Autologous matrix-induced chondrogenesis (AMIC). Reprinted with
permission from Marjolein M. J. Caron [41].

A wide variety of natural and synthetic polymers, in hydrogel or solid matrix form, have been
assessed as cell carriers for cartilage repair. Cellular and acellular constructs, two or one-stage
procedures, a wide range of cell sources, and the possible addition of biological growth or
differentiation factors add to the vast array of constructs that has been assessed clinically and
pre-clinically. In this comprehensive narrative review, we briefly discuss cartilage composition and its
intrinsic repair mechanism. Next, we provide an overview of individual graft components, which have
been clinically used for the repair of focal cartilage defects in the knee, from a chemical perspective.
Furthermore, we provide an overview of commercially available constructs and their compositions.
We will discuss the considerations which must be kept in mind in the graft design process and
contributing factors and we will end with future perspectives in cartilage repair.

2. Cartilage: Structure and Repair

This section briefly summarizes cartilage biology. There are several papers available providing
more in-depth information on this matter such as [42,43].

Articular, or hyaline cartilage, possesses unique biomechanical properties due to its composition
and structure. Its lubricated surface provides low friction articulation, and the strong ECM in
combination with the high water content provides the capability to resist high compressive and
shear loads, even when applied cyclically. Cartilage is principally composed of a dense ECM with
a sparse distribution of cells; chondrocytes are the sole cell type present in cartilage, accounting
for <5% of the total volume. The solid ECM is composed primarily of collagen type II which
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accounts for 15%-22% total volume, and highly hydrophilic proteoglycans (4%-7% total volume),
and elastin. The high osmotic pressure created by the proteoglycans results in water content of
70%-80% [13,44]. Proteoglycan aggregates are composed of a protein backbone, with numerous
aggrecan branches connected via link proteins. Aggrecan covalently binds long polysaccharide chains
known as glycosaminoglycans (GAGs), with chondroitin sulfate and keratin sulfate being the most
abundantly present GAGs in articular cartilage.

Zonal variations in structure and composition provide the ability to withstand complex,
combined loads [45,46]. The superficial zone contains dense collagen fibrils oriented parallel to the
articular surface, with a relatively high density of ellipsoid-shaped flattened chondrocytes [45,47,48].
The superficial zone compromises 10%—20% of the total thickness [49], and is essential for distributing
loads over a larger surface area [50,51] and therefore protects cells against impact loading [52].
The transitional zone provides a functional and anatomic transition towards the deeper zones as
collagen fibrils are orientated obliquely. The transitional zone is thought to be responsible for dealing
with shear loads at the cartilage surface [53]. It compromises 20%-60% of the total cartilage thickness
depending on the location in the joint [48,54], and is further characterized by a high proteoglycan
content and low density, spherical chondrocytes. The deep or radial zone is characterized by thick and
heavily abundant collagen fibrils oriented perpendicular to the articulating surface, high proteoglycan
content, and vertically stacked chondrocytes [55]. The deep zone provides the greatest resistance to
compressive forces due to its composition and structure. The calcified layer anchors the cartilage to
the subchondral bone, and is separated from the deep zone by the tidemark region, which is typically
considered as the calcification front [56]. A schematic representation of articular cartilage structure is
given in Figure 2.
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Figure 2. Schematic representation of articular cartilage and its contents: (A) Normal view of cartilage as
osteochondral unit with specific zones; (B) Magnification of middle zone and its content; (C) Representation
of typical proteoglycan structure. Reprinted with permission from Marjolein M. J. Caron [41].

Chondrocytes originate from MSCs and are able to undergo several stages of differentiation.
Proliferative chondrocytes are typically only found in the developing stages, mature chondrocytes
produce cartilage’s distinct ECM, and hypertrophic chondrocytes are typically found in the calcified
layer. Terminal differentiation, characterized by hypertrophy followed by apoptosis, does not normally
occur in healthy mature cartilage, but may occur in the diseased state.

When cartilage is damaged, the resulting chondral (partial thickness) lesions are partly filled with
MSCs from the synovial membrane, which migrate into the defect. Unfortunately, the filling already
starts to degenerate within weeks to months [9,57]. Poor integration of the repair tissue may lead
to necrosis of the contiguous surface over time and consequently to increases in defect size [10,58].
Osteochondral (full thickness) lesions partly heal naturally through an inflammatory process fueled by
the subchondral bone marrow. An influx of pluripotent MSCs results in fibroblastic differentiation,
with subsequent production of both collagen type I and type II. However, this repair tissue does not
integrate well with the adjacent native cartilage, and lacks an orderly structural organization [59],
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which results in inferior mechanical properties [60]. Therefore, it is unable to cope with the severe
mechanical demands in the joint and it is doomed to fail in the (mid) long-term.

Chondrocyte differentiation is controlled by a wide variety of cytokines, hormones, and growth
factors, which are present in different stages of chondrogenesis and play an essential role in cartilage
homeostasis and thus also its repair. These factors include complex proteins such as Insulin-like
Growth Factor-1, TGFs, bone morphogenetic proteins, insulin, FGFs, steroids (vitamin D, sex hormones,
glucocorticoids), prostaglandins, and interleukins are known to have differential effects in cartilage
homeostasis and repair [61]. The review by Mariani et al. gives a comprehensive overview of these
bioactive molecules [62].

3. Construct Components

Polymers used in cartilage tissue engineering can be divided into natural and synthetic polymers.
Commonly used natural polymers in clinical studies for cartilage repair include polysaccharides,
GAGs, and different proteins. Clinically, polyesters from the poly(lactic-co-glycolic acid) (PLGA)
family are the most commonly used synthetic polymers. The chemical structures of polymers currently
used in the clinical setting are depicted in Figure 3 and summarized in Table 1.
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Figure 3. Structures of commonly used (bio)polymers in cartilage repair. Displayed are the natural
polymers (1) agarose, (2) alginate, (3) chitosan with partial deacetylation, (4) hyaluronic acid,
(5) chondroitin-4-sulfate, where R1 = SO3H; R2 = H or chondroitin-6-sulfate, where R1 = H; R2 = SO3H,
(6) collagen, showing two common tripeptide repeats, where Hyp represents L-4-hydroxyproline
and X represents any amino acid other than Gly, Pro or Hyp, and is often a basic or acidic amino
acid. Synthetic polymers (7) poly(lactic-co-glycolic acid), (8) poly(lactic acid), (9) poly(glycolic acid),
(10) polydioxanone and (11) poly(ethylene glycol).
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Table 1. Table 1 gives general properties of polymers used in clinical repair of osteochondral lesions.
Polymer Type Scaffold Type Degradability Degradation Time Advantages Disadvantages References
Natural
Injectable . .
. . . No direct cell adhesion
Agarose Hydrogel (thermal) Hydrolysis Slow Favorable solution-gel transition Non-load-bearing [63-66]
temperature
No direct cell adhesion
Hydrogel Non-load-bearing
Alginate (non-covalent Hydrolysis Slow Injectable Source dependent variation [63,67-69]
cross-links) Difficulty controlling structural
uniformity
Hydrogel
. (non-covalent . . Slow, dependent on Chemically modifiable structure -
Chitosan cross-links) or solid Enzymatic, hydrolysis deacetylation degree ~ Allows cell interaction Source dependent variation [70-81]
scaffold
. . . . Natural component in synovial Source dependent variation
Hyaluronic acid Hydrogel Enzymatic, hydrolysis  Fast fluid /cartilage, High low friction  Non-load-bearing [82-87]
Chondroitin . . Natural component in synovial ~ Source dependent variation .
sulfate Hydrogel Enzymatic, hydrolysis  Fast fluid / cartilage, low friction Non-load-bearing [88-92]
Hvdroeel or solid Natural cartilage component, Fast degradation, unstable
Collagen yeros Enzymatic Fast (weeks) Fully degradable mechanical properties due to [93-98]
scaffold . L . .
Injectable (in situ gel formation)  degradation
Hydrogel Sensitive to gel shrinkage
Fibrin (enzymatically Enzymatic Fast (weeks) Injectable (in situ gel formation) Non-load-bearing [99-106]
cross-linked) Fast degradation
Synthetic
Monomer ratio determines
. Enzymatic, hydrolysis Tunable (weeks to degradation rate o .
PLGA, PLA, PGA Solid scaffold (bulk degradation) months) Fully degradable Inert, acidic degradation products [107,108]
Load-bearing
. . . Fully degradable 1 .
PDS Solid scaffold Enzymatic, hydrolysis Months . Inert, acidic degradation products [109-117]
Load-bearing
Cross-linked Non-degradable Inert
PEG polymer; degradable Non-degradable Injectable (in situ gel formation) [118-121]

hydrogel

cross-links possible

Non-load-bearing
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3.1. Natural Polymers

3.1.1. Polysaccharides

Polysaccharides, such as agarose, alginate, and chitosan, show structural similarity to native
GAGs, and result in high osmotic pressure and thus high water contents, enabling mechanical force
transduction and nutrient and waste exchange. Agarose and alginate are derived from sea algae [63].
Gelling properties depend on the concentration used (typically in the range of 1%-3% (w/v)) and
average molecular weights (respectively ranging from 80,000 to 140,000 kDa and 200,000 to 500,000 kDa) [122].

Agarose is commonly used due to its favorable solution-gel transition temperature at around
37 °C. However, agarose does not provide cellular adhesion sites to allow interaction of cells with the
encapsulation matrix. This problem has been addressed by incorporating ECM molecules, such as
fibronectin, which contain the adhesive tripeptide RGD (arg-gly-asp), as most cells bind to the ECM
via RGD motifs [64,65]. The major drawback of agarose alone is its poor biodegradability which leads
to a foreign body giant cell reaction, inhibiting repair processes in vivo [66].

Alginate requires cross-linking to attain stable hydrogels using divalent cations. Calcium ions are
often used in cartilage tissue repair since this cation is abundant in the joint environment [67]. However,
the physiological calcium concentration in the joint (up to 4 mM) is higher than the concentration often
used in in vitro studies (typically 1.8 mM), which in turn leads to an increased crosslinking density,
decreased porosity and suppressed GAG production in vivo. Cross-linked chondrocyte-seeded alginate
gels exhibit a compressive modulus and shear modulus of respectively 25 and 30 times lower than
native cartilage [68]. Like agarose, it provokes a foreign body reaction which limits its clinical use [69].

Chitosan is a polysaccharide structurally similar to chondroitin sulfate and its analogues. It is
derived from the natural polymer chitin via partial deacetylation, and thus is widely available [70].
The N-acetyl-glucosamine groups that can be found in chitosan are also present in articular
cartilage and present some specific interaction sites for many growth factors, adhesion proteins, and
receptors [71]. A major advantage of chitosan is that its physicochemical and biological characteristics
can be highly tailored by utilizing the reactivity of glucosamine residues such as acylation, alkylation,
carboxymethylation, quaternization, and grafting of chitosan with lactic and methacrylic acid [72-76].
Chitosan by itself lacks fast gelling properties, which limits use in one-stage procedures as it may
migrate and form cartilage-like tissue ectopically [77]. Like other naturally derived polysaccharides,
chitosan is typically combined with other materials to enhance its properties in cartilage repair.
Examples include combinations with polycaprolactone (PCL) [79] and polyoxamers [78] to improve
mechanical properties and with polyol salt to improve its gelling properties [80]. Chitosan contains
an amine group, which allows for chemical modification and provides a positive charge, which
promotes cellular adhesion [81].

3.1.2. Glycosaminoglycans

Glycosaminoglycans (GAGs) are a subgroup of polysaccharides which occur in native cartilage.

Hyaluronic acid, or hyaluronan, is a GAG present in native cartilage, providing a highly
hydrated environment, thus capable of entrapping and supporting chondrocyte proliferation and
differentiation [82]. Industrial manufacturing of hyaluronic acid can be achieved industrially via
two processes: via extraction from animal tissue or via microbial fermentation using bacterial
strains [83,84]. Its native properties (high molecular weight and high biocompatibility) make hyaluronic
acid an ideal matrix component. However, by itself hyaluronic acid exhibits low intrinsic biomechanical
properties. To improve its mechanical performance, hyaluronic acid is often combined with stronger
polymers in cartilage repair [85]. Hyaluronic acid is commercially available as a product which can be
woven or spun to form a scaffold for cell growth [86,87].

Chondproitin sulfate is a sulfated GAG which is one of the most abundant physiologically present
GAGs in the ECM, providing good cell encapsulation and adhesion properties [88]. Challenges for
its use in tissue engineering include low thermal resistance, fast degradation by chondroitinase, and
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low mechanical strength. The low mechanical properties can be addressed by constructing a double
network structure in which a stronger polymer interpenetrated [89]. Chondroitin sulfate used in
tissue engineering shows conflicting evidence regarding chondrocyte behavior and is therefore often
combined with other polymers [90-92].

3.1.3. Proteins

Although sixteen types of collagen are known, 80%—90% of the bodily collagen consists of collagen
type L, 1L, and III. Collagen type Il makes up the majority of the proteins in articular cartilage. Collagen is
composed of a triple-helix structure, which primarily consists of three amino acids: glycine, proline, and
hydroxyproline in a typical repeating Gly-Pro-X motif in which X can be any amino acid. The collagen
types have different biomechanical properties and differ mainly by the segments that interrupt the
triple helix and the way they fold into three-dimensional structures. A publically available chapter
gives more in-depth information about collagen [93]. As a natural body constituent, collagen fibrils
provide a natural adhesion surface for cells and are mainly responsible for mechano-transduction.
Chondrocyte behavior is affected by the type of collagen used in a matrix: chondrocytes are more
capable of maintaining their spherical phenotype in type II collagen as compared to type I [94].
While the use of collagen type II in cartilage grafts mimics the natural environment most closely,
collagen type I is easily isolated based on acetic acid dissolution as an animal by-product and
therefore often used in tissue engineering [95-97]. Collagen type I has the advantage of spontaneously
polymerizing into a stable gel at neutral pH and physiologic temperatures, also making it suitable as
injectable hydrogel [98].

Fibrin, a fibrous protein mainly responsible for the formation of blood clots, is formed by
fibrinogen monomers. Fibrin hydrogel can be made from animal-derived purified fibrinogen and
purified thrombin [99], self-assemble into a polymer network, promote cell attachment, and mimic
the natural blood-clotting process [100]. It has very low mechanical properties and is therefore often
only used as cell-carrier combined with a mechanically stronger polymer such as polyglycolic acid
(PGA) or PLGA [100,101]. Supra-physiologic levels of thrombin and fibrinogen are obtained after the
fractionation of pooled plasma and this product is also labelled as fibrin glue [102,103]. Fibrin was
shown to promote migration and proliferation of human chondrocytes when used in combination with
type I/11I collagen MACI through the effect of specific thrombin receptors (protein-coupled protease
activated receptor) [123]. A drawback of fibrin constructs is their fast degradation by fibrinolysis.
However, by adding fibrinolytic inhibitors the degradation rate can be tuned to allow for the production
of sufficient ECM [106]. Another approach is to denature and modify the fibrinogen and combine
this with poly(ethylene glycol) (PEG) diacrylate into a UV light curable hydrogel [104]. This natural
synthetic hydrogel has advantages in terms of resorption time and has shown promising results in
an early clinical trial [105].

3.2. Synthetic Polymers

3.2.1. Poly(lactic-co-glycolic) Acid, Polylactic Acid and Polyglycolic Acid

Poly(lactic-co-glycolic) acid (PLGA) is a synthetic linear copolymer that consists of different ratios
of its constituent monomers, lactic acid (LA) and glycolic acid (GA). Due to two existing enantiomeric
isomers of LA, PLGA is present in D-, L-, and D,L-isomers. PLGA degrades through hydrolysis of
the ester bonds. PGA is relatively hydrophobic by nature, degrades rapidly in aqueous solutions and
loses its mechanical integrity in between two and four weeks. Polylactic acid (PLA) has one extra
methyl group making it more hydrophobic, leading to a slower hydrolysis rate. The ratio of LA to
GA consequently determines the specific form of PLGA, providing degradation rate control which
results in sustained mechanical integrity ranging from a few weeks up to months and even years [107].
The parameters of the PLGA production process further influence the physico-chemical characteristics
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of the end product. For example, poly-condensation of LA and GA at temperatures above 120 °C
results in low molecular weight PLGA [108].

3.2.2. Polydioxanone

The poly(ester-ether) polydioxanone (PDS) has been used for a wide variety of applications in
medicine, and is particularly known for its application as a monofilament suture. In the past few years,
electrospun PDS has gained interest for its excellent biomechanical properties, which are relatively
similar to the major molecules of the ECM, in particular collagen and elastin. PDS degrades via
bulk erosion into 2-hydroxyethoxyacetic acid, a physiologic metabolite that can be excreted [109].
Since organic solvents are needed for nearly all scaffold fabrication methods, PDS’s poor solubility has
limited its incorporation into commercial products [110-117].

3.2.3. Poly(ethylene glycol)

In contrast to the synthetic polymers mentioned above, poly(ethylene glycol) (PEG) is soluble in
water and can be used to form hydrogels when cross-linked. The material is biocompatible and allows
the diffusion of nutrients and bioactive molecules into its matrix [118]. The diacrylated forms are
particularly of interest due to their ability to be gelled into complex defects in situ using UV-light [119].
One drawback of PEG-based hydrogels is that they are bio-inert and provide no biological signals to
the cells [118]. This problem has been addressed by incorporating several types of bioactive molecules
into a PEG-based scaffold, resulting in the formation of hyaline-like cartilage in in vitro [120] and
in vivo. Recently, PEG was combined with chitosan by crosslinking, also showing hyaline like cartilage
in vivo [121].

3.3. Polymers Used in Preclinical Settings

Extensive Food and Drug Administration (FDA) master files are available for polymers that are
currently used clinically [124]. To expedite and lower the costs of regulatory body approval procedures,
novel constructs are often based on the same set of polymers. Less commonly used polymers in
clinical work, but widely assessed in in vitro and in vivo preclinical settings are the natural polymers
cellulose [125], silk [126,127], gelatine [128,129], and the synthetic polymers polyurethane [130-134],
PCL [135,136], polyvinyl alcohol (PVA) [137-140], and poly(N-isopropylacrylamide) [141,142].

3.4. Advances in Construct Fabrication Techniques

Biomaterial scaffolds alone are not able to fully induce differentiation of MSCs into the
chondrogenic lineage, limiting the potential for full cartilage defect repair [143]. For satisfactory
outcomes, it is important that tissue engineered constructs closely mimic the distinct characteristics
of articular cartilage [144,145]. The high water content in cartilage can be reproduced by hydrophilic
polysaccharides such as agarose, alginate, and chitosan. These polymers form hydrogels thereby
mimicking the amorphous ground substance of proteoglycans and GAGs. However, without
additional support these hydrogels cannot bear load [64-69,77,79]. Synthetic polymers, such as
the PLGA family, provide more mechanical support that mimic the characteristics of collagen fibrils
in native cartilage [107,108]. Collagen itself is also used, but lacks its native complex organization as
an artificially applied construct component and therefore exhibits inferior mechanical properties [97].
More biomimetic constructs, consisting of both natural and synthetic polymers, combining the high
osmolarity of polysaccharides with the load-bearing capabilities of synthetic polymers, have logically
received increased interest in the last few years [146].

Advances in construct fabrication techniques have also facilitated the production of more
biomimetic grafts. Bio-electrospraying and cell electrospinning are relatively new techniques creating
a variety of delivery routes for cells, fibers, and bioactive molecules. They both rely on the principal of
exploiting an electrical field between two charged electrodes. This electrical field draws a liquid
jet, capable of generating droplets or continuous fibers. These techniques are able to produce
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nanometer-sized droplets and threads, large densities of materials in suspension and process highly
viscous liquids (>10,000 MPa- s) [147,148]. Although the electrospinning technique has been around
for over a century, it has only recently been explored for directly drawing fibers with cell suspensions
containing a wide variety of cells including MSCs [149]. Processing cells using electrospinning was first
conducted in June 2005 and is referred to as cell electrospinning [150]. Electrospraying is an important
method for the production of nanoparticles (NPs) and has been combined with several cell types
including bone marrow MSCs and bioactive molecules such as celecoxib [151,152]. The incorporation
of bioactive molecules is an established strategy to enhance or modify the function of tissue engineered
constructs creating a more biomimetic graft providing both mechanical support and customized cell
signaling. The methods of incorporating these bioactive molecules are rapidly expanding within
the field of tissue engineering [153,154]. Bioactive molecules can be directly dispersed, adsorbed or
immobilized into the construct [155-159]. The drawback of this strategy is the poor bioavailability of
the bioactive molecules caused by poor absorption, enzymatic degradation, and self-aggregation [160].

Nanoparticles (NPs) have proven to be a feasible vehicle for the delivery of bioactive molecules
in tissue engineering, and their use in cartilage repair has shown substantial growth in the last
decade. The use of NPs provides several advantages for bioactive molecules, such as protection from
degradation, reduction of side-effects, and control of release. NPs support the release of multiple
bioactive molecule “cocktails” simultaneously or sequentially or with a specific release pattern, thereby
mimicking the natural tissue response [153,161-164].

There are several other 3D-printing based fabrication techniques which have been utilized for
the incorporation of bioactive molecules and cells into grafts. These include methods such as fused
deposition modelling, pneumatic extrusion printing, stereolithography, extrusion printing gels, inkjet
printing, and selective laser sintering. Recent developments include printing of a wide variety of
materials and combinations, such as calcium polyphosphate and PVA, hydroxyapatite and tricalcium
phosphate, calcium phosphate with collagen in binder, PCL and chitosan, and even living cells such
as bovine and human chondrocytes [165,166]. As another example, TGF-33 was incorporated in
printing ink used to produce a 3D-printed polyurethane-hyaluronic-acid scaffold in a recent in vivo
study. This scaffold was shown to provide time-dependent release of bioactive ingredients and allow
for the incorporation of self-aggregating MSCs [167]. The review of Di Bella et al. provides an excellent
overview of the latest studies on these techniques [168].

Constructs are commonly produced prior to the surgery under controlled conditions.
Homogenous porous scaffolds may be fabricated using well-known techniques such as solvent casting
and particulate leaching, gas foaming, freeze-dying and phase separation [169]. Intraoperative shaping
and sizing is then necessary, which may be an inaccurate, suboptimal method. Ideally, cartilage repair is
performed using a minimally invasive approach (mini-arthrotomic or even an arthroscopic approach).
Minimally invasive surgery limit trauma to the connective tissue, scarring, and subsequently lead
to a faster recovery Hence, efforts have been made to develop in situ polymerizable injectable
constructs [170]. There are several methods to induce in situ polymerization for injectable constructs
such as chemical crosslinking, the use of thermoresponsive gels, and photopolymerization [171].

Photopolymerization works through the addition of a photoinitiator into a monomer solution.
This photoinitator is consequently converted into radicals by light energy, which initiate the
polymerization process [172]. Polymers used in photopolymerization have to be functionalized
with photo-reactive groups, such as acrylates, in order to form a stable cross-linked material [173].
Photopolymerization has some benefits compared to the other forms of polymerization. For instance,
it is possible to control the spatial and temporal dimensions of the polymerization process. Moreover,
since the light intensity and exposure can be adjusted the depth of gelling can be modified [174].
Similar to chemical cross-linking and thermoresponsive gells, photopolymerization has been used for
cell encapsulation and the incorporation of bioactive molecules [164,175]. Besides offering the benefits
of a minimally invasive approach, these constructs are likely to fill any defect, especially useful for
treating irregularly shaped or hard to reach defects.



Polymers 2016, 8, 219 11 of 30

A recent trial in rabbits serves as an excellent showcase example for the possible role of
advanced fabrication techniques in cartilage repair; cartilage defects were treated by an in-situ
photo-cross-linkable hydrogel of acrylate-functionalized hyaluronic acid containing kartogenin-loaded
PLGA nanoparticles. Kartogenin is an organic compound known for its chondrogenic potential [176].
Although it was only compared to untreated defects, this cell free one-step surgical intervention was
able to show hyaline cartilage formation after 12 weeks with high collagen type II content [164].

Of course, huge challenges remain. Integration of a tissue engineered construct with adjacent
cartilage and bone requires fully or partially degrading scaffolds or cell carriers [54]. The difficulty in
creating a tissue engineered construct is tailoring the degradation speed to match the rate at which
natural ECM components are produced by newly introduced chondrocytes in order to maintain
constant mechanical properties over time [55].

4. Commercially Available Products

Regenerative and resurfacing products that are available for clinical use often share similarities in
techniques or polymers that are used. Table 2 summarizes the discussed products below.

4.1. PLA/PLGA-Based Constructs

BioSeed®-C (BioTissue AG, Ziirich, Switzerland) is a MACI based product which combines
a PGA/PLA and PDS based supportive matrix with culture-expanded autologous chondrocytes
suspended in fibrin glue [111]. In two comparative studies BioSeed®-C did not show clinical superiority
over conventional ACI using periostal flap (ACI-p) treatment [115,116] using patient reported outcome
measures (PROMs). However, the radiological outcome was better for the BioSeed®-C treatment,
possibly indicating the beneficial effect of a using scaffold [116].

Chondrotissue® (BioTissue AG, Ziirich, Switzerland) is an absorbable non-woven, pure PGA
textile treated with hyaluronic acid, and has been used in AMIC procedures in combination with PRP
or BMC as cell source [177-180]. Chondrotissue® has been investigated in several case series studies
and followed up to five years [177-181]. The authors describe the results as promising, with case series
studies showing hyaline cartilaginous tissue in biopsies in a small number of patients without further
specification [181]. For objective evaluation, comparative studies for Chondrotissue® are required.

4.2. Collagen-Based Constructs

NeoCART® (Histogenics Corporation, Waltham, MA, USA) is a bovine type I collagen based
MACI procedure, which is seeded with autologous chondrocytes and subsequently mechanically
loaded in a bioreactor to induce cartilage glycoproteins synthesis [182]. A FDA phase Il trial comparing
NeoCART® to microfracture showed significantly better results in all clinical outcome measures in the
NeoCART® treated patients [183].

NovoCART® 3D (TETEC® Tissue Engineering Technologies AG, Reutlingen, Germany) is a 3D
collagen-chondrotoin sulfate scaffold, which is seeded with autologous chondrocytes in MACI
procedures. In a comparative study involving 19 high demanding patients, including athletes and
soldiers with large defects, NovoCART® 3D and ACI-p failed to bring these patients back to their
pre-injury level of activity. NovoCART® 3D did not perform better than ACI-p [184]. However,
the included patients in this study might not be representative for the normal indication and more
comparative studies are indicated. Two case series found that NovoCART® 3D led to graft hypertrophy
in up to 25% of the patients [185,186].

CaReS® (Arthro Kinetics, Krems an der Donau, Austria) is a hydrogel based on rat tail derived
type I collagen. This MACI treatment was compared to microfracture in patellofemoral defects in
a matched-pair analysis study, and did not show superior PROM results compared to microfracture
after three years [187]. Promising results were obtained in small and large scale case series studies [188,189].
However, some scores only improved significantly after three years [189]. More prospective
comparative studies are indicated.
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Chondro-Gide® (Geistlich Pharma AG, Wolhusen, Switzerland) consists of a bilayer collagen type
I/TI matrix. Chondro-Gide® was the first described AMIC based treatment, but still only case series
studies have investigated the use of this novel treatment in clinical settings [190-192].

Maioregen® (FinCeramica Faenza S.p.A., Faenza, Italy) is a three-layer nanostructured scaffold.
The top layer consists of deantigenated type I equine collagen resembling the articular surface.
The middle layer consists of type I collagen (60%) and magnesium-enriched hydroxyapatite (40%),
creating a tide-mark-like layer. The bottom layer mimics subchondral bone, and is composed of
magnesium-enriched hydroxyapatite (60%) and type I collagen (40%). This AMIC treatment was only
investigated clinically in two small case series: in patients with rather large defects (n = 20) and in
patients with tibial plateau lesions [193,194].

4.3. Other Natural Polymer-Based Constructs

Hyalograft® C autograft (Anika Therapeutics, Inc., Bedford, MA, USA) is MACI procedure based
on the use of HYAFF-11®, an esterified hyaluronic acid. In a comparative study, Hyalograft®-C
and microfracture both showed improved results at two years follow-up. However, after another
five years, these initial good results deteriorated in microfracture whereas they remained stable in
Hyalograft®-C [195,196]. The same research group compared the same interventions in a study with
high demanding professional soccer players. Although the Hyalograft® C treated patients required
a longer duration for their return to play, the results were sustainable up to seven years, whereas
the microfracture patients again showed deterioration of the results at long-term follow-up [197].
Clinical scores improved faster in Hyalograft® C when compared to Chondro-Gide® in a comparative
study with older patients [198].

Cartipatch® (Tissue Bank of France, Mions, France) is a MACI hydrogel procedure composed of
an ultrapurified agarose-alginate suspension (GelForGel; Tissue Bank of France). Cartipatch® was
compared to mosaicplasty in a randomized clinical trial with two year follow-up. Clinical and
histological scores were better for mosaicplasty patients, including a subgroup of patients with large
defects [199,200].

Chondron™ (Sewon Cellontech Co. Ltd., Seoul, Korea) is a MACI procedure which uses
a hydrogel composed of autologous chondrocytes and fibrin glue in a 1:1 ratio mixture. Chondron™ has
been investigated in small and large scale case series studies and showed promising results. However,
only one study was conducted using frequently used and established outcome measures [201-203].
Therefore more studies are needed, preferably studies comparing this product to other products or
accepted treatments.

BST-CarGel® (Piramal Healthcare Ltd., Bio-Orthopaedics Division, QC, Canada) is a chitosan-based
scaffold used as AMIC treatment. BST-CarGel® was compared to microfracture alone and showed
comparable clinical outcomes after one year. MRI assessment on the other hand showed significant
lesion filling and superior repair tissue in BST-CarGel® [204].

GelrinC™ (Regents Biomaterials, Or-Akiva, Israel) is CE marked PEG-fibrinogen hydrogel AMIC
procedure. It is applied as liquid formulation, cured in-sifu using long-wave ultraviolet light, and is
resorbed over the course of several months. In-vitro as well as in vivo evidence suggests that GelrinC
is gradually resorbed through surface mediated erosion as it is replaced by hyaline-like cartilage
tissue [105]. More comparative studies are indicated to confirm these promising findings.
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Table 2. Table 2 gives an overview of the commercially available products, their composition, the procedure type and typical clinical findings.
Construct Type Grou Product Compan Composition Procedure  Typical Clinical Findings References
YP P pany P ypP 8
PGA-PLA scaffold reinforced with PDS ~ Two-step No clinical superiority compared
BioSeed®-C BioTissue, AG and seeded with autologous rocedure; to ACI-p; radiologically better [115,116]
8 p P gically
chondrocytes and suspended in fibrin MACI than ACI-p.
PLGA-based Non-woven PGA textile treated with One-step :ﬁzl\s/triltgh(;ttizfe?:s il;o}rln e::l?rsé
Chondrotissue® BioTissue AG hyaluronic acid combined with either procedure; o X Y [26,177,178,181]
PRP or BMC AMIC cartilaginous tissue; no
' comparative studies available.
Scaffold using bovine type I collagen Two-step Good clinical outcomes and
NeoCart® Histogenics Corporation  seeded with autologous chondrocytes procedure;  superior to microfracture in [182,183]
cultured in a bioreactor MACI comparative study.
Performed better than ACI-p in
TETEC® Tissue - Two-step high demanding patients, effect
Degradables ® . . 3D collagen-chondroitin sulfate scaffold . s . B
NovoCART™ 3D Engmeenr}g seeded with autologous chondrocytes procedure;  was not 51gn1f1cant', high rate of [184-186]
Technologies AG MACI graft hypertrophy in case
series studies.
Collagen-based Eiligﬁsgi:glezgvi};g:;tzlllggsﬂsﬁom Two-step Superior results when compared
CaReS® Arthro Kinetics 0108 procedure;  to microfracture in matched-pair [188,189]
chondrocytes cultured in MACI analvsis after 3 vears
autologous’blood y y
A Collagen type I/1II matrix sutured to One-step
Chondro-Gide® \?V?li:ﬁ:gnpgjﬁgg d debrided microfractured defect and procedure;  No comparative studies available. [190-192]
’ supported by fibrin glue AMIC
Threelayered nanostructured scaffold
with a top layer consisting of type I One-step
Maioregen® Fin-Ceramica Faenza collagen, a mldcjle layer of 60 /0. typel procedure;  No comparative studies available. [193,194]
S.p.A., Italy collagen and 40% hydroxyapatite and AMIC
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Table 2. Cont.
Construct Type Group Product Company Composition Procedure  Typical Clinical Findings References
Hyaluronan (HYAFF-11S), a benzylic Performed better than
ester of hyaluronic acid, scaffold seeded Two-step microfracture after 2 years up to
Hyalograft® C Anika Therapeutics, Inc. . ! procedure; . [195-198]
with autologous chondrocytes and MACI 7 years; faster improvements
fixated using fibrin glue compared to Chondro-Gide®
Hydrogel using an ultrapurified
agarose-alginate suspension (GelForGel) ~Two-step Inferior results compared to
Cartipatch® Tissue Bank of France seeded with autologous chondrocytes procedure;  mosaicplasty after 2 years in [199,200]
cultured in monolayer conditiones in MACI comparative study.
Other natural autologous serum
Degradables polymer-based
constructs : Two-step
Chondron™ Sewon Cellontech Hydroge% using .autologous' chondrocytes procedure;  No comparative studies available. [201-203]
Co. Ltd mixed with fibrin glue (ratio 1:1). MACI
One-step Little evidence; clinically equal to
BST-CarGel® Piramal Healthcare Ltd ~ Chitosan mixed with autologous blood ~ procedure; =~ microfracture but radiologically [204]
AMIC superior in comparative study
PEG-fibrinogen hydrogel applied as One-step
GelrinC™ Regentis Biomaterials liquid formulation and cured in-situ procedure;  No comparative studies available. [105,205]
using long wave UV light AMIC
Titanium cancellous screw with One-step No comparative studies available;
HemiCAP® Arthosurface INC. . procedure;  possible feasible treatment option [206-208]
cobalt-chrome articular surface FKR for failed regenerative treatments,
Non-degrad-ables Metals g .
. One-ste|
; ® . P
Episealer Episurf medical AB CObélt chrome monob'I oc Wlt.h procedure;  No clinical evidence yet. [209-211]
Condyle Solo titanium-hydroxyapatie coating FKR
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4.4. Clinical Evidence in the Pipeline

Several studies are currently taking place to investigate the safety and efficacy of new techniques.

Cartilage Autograft Implantation System (CAIS) (DePuy Mitek, Raynham, MA, USA) is
a biodegradable scaffold consisting of PCL and PGA reinforced with PDS which is implanted in
a one-stage procedure. Cartilage is harvested from a non-weight bearing area similar to ACI, but
is minced and dispersed into the scaffold. Pilot data from 29 patients showed promising results.
Two studies are registered on ClinicalTrials.gov to confirm these findings of which one has recently
been completed but not yet published [212,213].

The INSTRUCT therapy (CellCoTec B.V.) is a similar technique which provides the surgeon with
an intra-operative cell processing unit to process the patient’s own cartilage and bone marrow, seed the
scaffold, and implant the scaffold into the defect. One prospective study registered on ClinicalTrials.gov
has recently been completed but is not yet published [214].

BioMatrix™ Cartilage Repair Device (CRD) (Arthrex) is a bilayered scaffold with a top layer
composed of type I collagen and a subchondral layer composed of 3-Tricalciumphosphate with PLA
at the ratio of 80% to 20%. Recently, a five year retrospective, single center non-randomized 37 patient
clinical study with MRI and clinical score follow up has been submitted to the American Journal of
Sports Medicine. One multi-center study is currently recruiting patients and the estimated completion
date is December 2018 [215].

4.5. Resurfacing Treatment Options: Closing the Bridge between Regenerative Treatments and Arthroplasties?

Resurfacing implants are an alternative to regenerative techniques for active symptomatic
middle-aged patients who are not eligible for total knee arthroplasty [209]. Metallic resurfacing
implants provide a new focal articulation and weight bearing surface [216], which may potentially
bridge the gap between (failed) regenerative treatments and arthroplasties.

HemiCAP® (Arthosurface INC., Franklin, MA, USA) is a resurfacing implant consisting of two
components: a titanium cancellous bone screw for subchrondal fixation, and a cobalt-chrome articular
component. HemiCAP® is available in several standard sizes, for example the UniCAP® for the femoral
condyle is available in 10 different sizes. Early clinical outcomes show promising results [206-208], but
lack comparison to other techniques.

Episealer® Condyle Solo (Episurf Medical AB, Stockholm, Sweden) is a patient-specific cobalt-chromium
monobloc resurfacing implant with a titanium-hydroxyapatite double coating for subchondral fixation.
Preclinical evidence is promising and a human trial will be completed in 2018 [209-211].

5. Discussion and Future Prospects

Osteochondral cylinders harvested during mosaicplasty procedures can be considered as
the ideal graft, as obviously structural components and environmental factors are already of
physiological composition. Not surprisingly, mosaicplasty often outperforms most novel regenerative
techniques [199,200]. However, the drawbacks of mosaicplasty are the limited donor site availability
and the technical challenge associated with matching the surface congruency. In tissue engineered
constructs, the graft’s surface contour is attained primarily by the surgeon’s intraoperative
manipulation and afterwards by reshaping and remodeling of the ECM due to light joint movements
during the postoperative immobilization period, which is similar to intrauterine and early childhood
development [217,218]. Whereas the complete intrauterine development and cartilage maturation
process during early childhood takes approximately 2-3 years, patients and surgeons are demanding
full recovery and functionality within a much shorter time scale. We are demanding constructs
to be fully weight-bearing and thus integrated with host tissue and optimally constructed from
a mechano-transduction perspective within six months, while middle-aged patients possess diminished
regenerative capacity. Hence, we are taking on an immense challenge.



Polymers 2016, 8, 219 16 of 30

Mimicking cartilage’s unique mechanical properties [47] poses the largest challenge in the design
of a functional long-term stable, cartilage graft. Implants should be able to withstand shear loads at the
surface and high compressive loads deeper down towards the subchondral bone relatively soon after
implantation. More importantly, grafts should not only be able to withstand normal daily forces, they
should enable forces to be distributed throughout the entire implant as mechano-transduction perhaps
plays the most vital role in controlling ECM production and cell differentiation [219-225]. This has
been extensively demonstrated by Ingber and colleagues [226], who have shown that mechanical
stimuli introduced via tensegrity (tensional integrity) appear to be the most primordial cellular
control mechanism. Different structural networks have been shown to produce characteristic cellular
phenotypes and cell fate transitions during tissue development [227,228]. Additional environmental
factors, such as osmolarity, pH, and oxygen concentration are theorized to be lower in the cellular
control hierarchy. However, environmental factors in cartilage regenerative therapy should also mimic
the physiological cartilaginous environment as closely as possible in order to stimulate growth factors
secretion and attain/maintain the chondrocytic phenotype [229-232]. Mechanically inferior fibrocartilage
may otherwise be formed, as typically occurs in microfracture, or chondrocyte hypertrophy may occur,
leading to more solid bone-like tissue formation [15,16]. Ideally, a biomimetic construct is created.

Advances in biodegradable construct fabrication technique offer the capability of producing thin
polymer layers with different zonal physical structures, thereby increasingly improving the similarities
to the osteochondral structure [233]. Furthermore, the recent advances in nanotechnology have led
to the possibility of releasing bioactive molecules in a highly specific spatiotemporal pattern and
the incorporation of multiple bioactive molecules, hereby mimicking the native tissue to a greater
extent [153,155-159,234-237]. A combination of tailoring materials layer-by-layer to approximate the
native tissue biomechanical properties and controlling spatiotemporal release of bioactive molecules
that orchestrate the repair response may lead to an optimal biomimetic graft in the future. In situ
bioprinting in the operation theatre may be the pinnacle future prospect. Although efforts have been
made towards this concept, this technical goal remains a major challenge that will have to be tackled
in the future of cartilage tissue engineering [238].

Resurfacing the articulation surface with a non-degradable implant is a much simpler approach,
which surprisingly has received only marginal interest. There are several important requirements for
permanent implants: first, a low friction articulating surface is required, which is typically attained
by polishing cobalt chromium to a minimal surface roughness. Secondly, stable integration with
subchondral bone is needed, which depends on the surface roughness, hydrophobicity, and material
chemical composition of the anchor [239,240]. Third, no voids should remain around the implants,
as synovial fluid flow may cause osteolysis of the subchondral bone [241]. Fourth, the surface of
these permanent implants should be congruent with the adjacent cartilage, and as a final requirement,
resurfacing implants should not interfere with future treatment options later in life such as total knee
replacement [242]. Attaining surface congruency is of critical importance with resurfacing techniques,
and therefore an accurate, reproducible surgical technique is required. Patient-specific implants have
been introduced in the last decade to improve surface congruency [209-211]. The use of metals such as
cobalt-chrome in joint resurfacing is not surprising as excellent outcomes have been reported in total
knee arthroplasties for decades, but their biomechanical properties are far from similar to the adjacent
and surrounding tissue in cartilage repair. The coefficient of friction and stiffness are much higher than
the native tissue [243]. Custers et al. have shown that metal implants lead to degradation of opposing
cartilage with similar severity to untreated defects in goats [216]. Addressing the huge difference
in mechanical stiffness between currently available metal resurfacing implants and surrounding
tissue will likely yield better outcomes for the opposing cartilage, for example by creating a hybrid
metal-polymer implant. An example of such a hybrid resurfacing treatment option is BioPoly™ which
combines ultra-high molecular weight polyethylene and hyaluronic acid. A multi-center case series
study is currently recruiting patients [244].
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For the past decades, the field of tissue engineering has mainly focused on the repair of the
cartilage defect even though the entire joint homeostasis is involved in cartilage defect repair. It is well
known that the individual tissues and fluids communicate via a delicate environment with a balanced
metabolism in healthy joints [245]. The metabolic homeostasis may change towards an inflammatory
catabolic state when sufficiently forceful cartilage damage has occurred [246]. Patients often only present
themselves to the outpatient clinic when they experience substantial pain and function loss, with joint
homeostasis in an advanced catabolic state. For this reason, patients with a long duration between the
onset of symptoms and eventual surgical treatment show less improvement [247]. Conditioning the joint
homeostasis and restoring its equilibrium, or even creating an anabolic state, may hypothetically lead
to better outcomes after cartilage defect repair. For instance, growth factors [248] or anti-inflammatory
drugs [249] may be administered to the synovial fluid to facilitate this conditioning [248]. Furthermore,
novel polymer drug delivery systems, such as microspheres and nanoparticles, may provide suitable
platforms for the controlled release of such molecules in the joint [250].

With the wide range of commercially available products and the lack of a true golden standard,
making an objective comparison is extremely difficult. Most of the currently available literature
consists of case series, with very few well-controlled, multi-center trials comparing novel techniques
to either microfracture, ACI, or mosaicplasty [251]. Multiple publications often describe the
same patient cohorts, case series are often performed at medical centers involved in the product
development process, and both homogeneous and heterogeneous patient characteristics can cloud
objective comparison. In general, younger patients (<30 years of age), with normal body mass index
(BMI <30 kg/m?) and short duration time between the onset of symptoms and treatment tend to have
better outcomes [247]. Defects caused by early osteoarthritis and avascular necrosis have a worse
outcome compared to defects caused by osteochondritis dissecans, trauma, or salvage situations [252].
Superior results are also attained in single and smaller lesions compared to complex and larger
lesions [253,254]. Defects of the femoral condyle often have better outcomes than other defect sites
such as patellofemoral or tibial defects [255]. Moreover, previous treatment of the defect increases
the likelihood of failure of subsequent cartilage repair [256]. These are just a few examples of all the
factors which ultimately effect clinical outcome. Efficacy of tissue engineered constructs is evaluated
using patient reported outcome measures (PROMs), which may be not be sufficiently distinctive.
Evaluation using MRI or longer term follow-up may be needed to capture differences. However, large
cost increases in comparison to microfracture or mosaicplasty are difficult to justify if it does not result
in significantly improved clinical outcomes.

6. Conclusions

In the next decade, we foresee developments in three joint preserving strategies for cartilage
repair: first, further optimization of degradable scaffold towards more biomimetic grafts combined with
improved cell signaling and an improved joint homeostasis. Second, improvement of non-degradable
resurfacing implants with material properties that resemble those of native tissue more closely. Finally,
the development of hybrid constructs, consisting of both degradable and non-degradable components.
The age of the considered patient will likely play an important role in selecting which one of these three
treatment options. Fully degradable biomimetic constructs are preferential for young patients, while
resurfacing implants may be the technique of choice for middle-aged patients with limited regenerative
potential or for patients with failed regenerative therapy. The increasing number of available options
will help bridge the gap between regenerative strategies and total knee arthroplasty for patients with
cartilage defects.
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Abbreviations

The following abbreviations are used in this manuscript:

ACI Autologous Chondrocyte Implantation
MACI Matrix-Assisted Chondrocyte Implantation
ECM Extracellular Matrix

AMIC Autologous Matrix-Induced Chondrogenesis
MSC Mesenchymal Stem Cells

OATS Osteochondral Autograft Transfer System
PRP Platelet-Rich Plasma

BMC Bone Marrow Concentrate

PDGF Platelet-Derived Growth Factor

TGF- Transforming Growth Factor beta

FGF Fibroblast Growth Factor

EGF Epidermal Growth Factor

GAG Glycosaminoglycan

PLGA Poly(Lactic-co-Glycolic Acid)

PEG Polyethylene Glycol

RGD tripeptide (arg-gly-asp)

PCL Polycaprolactone

PGA Polyglycolic Acid

PLA Polylactic Acid

PDS Polydioxanone

FDA Food and Drug Administration

NP Nanoparticle

PVA Polyvinyl Acid

PROM Patient Reported Outcome Measure

References

1.  Hjelle, K,; Solheim, E.; Strand, T.; Muri, R.; Brittberg, M. Articular cartilage defects in 1000 knee arthroscopies.
Arthroscopy 2002, 18, 730-734. [CrossRef] [PubMed]

2. Williams, C.G.; Kim, T.K,; Taboas, A.; Malik, A.; Manson, P.; Elisseeff, J. In vitro chondrogenesis of bone
marrow-derived mesenchymal stem cells in a photopolymerizing hydrogel. Tissue Eng. 2003, 9, 679—-688.
[CrossRef] [PubMed]

3. Widuchowski, W.; Widuchowski, J.; Trzaska, T. Articular cartilage defects: Study of 25,124 knee arthroscopies.
Knee 2007, 14, 177-182. [CrossRef] [PubMed]

4. Julin, J.; Jamsen, E.; Puolakka, T.; Konttinen, Y.T.; Moilanen, T. Younger age increases the risk of early
prosthesis failure following primary total knee replacement for osteoarthritis. A follow-up study of 32,019 total
knee replacements in the finnish arthroplasty register. Acta Orthop. 2010, 81, 413—419. [CrossRef] [PubMed]

5. Vogel, L.A; Carotenuto, G.; Basti, ].J.; Levine, W.N. Physical activity after total joint arthroplasty. Sports Health
2011, 3, 441-450. [CrossRef] [PubMed]

6. Kurtz, S; Ong, K.; Lau, E.; Mowat, F,; Halpern, M. Projections of primary and revision hip and knee
arthroplasty in the united states from 2005 to 2030. . Bone Jt. Surg. Am. 2007, 89, 780-785. [CrossRef] [PubMed]

7. Crema, M.D.; Nevitt, M.C.; Guermazi, A.; Felson, D.T.; Wang, K.; Lynch, J.A.; Marra, M.D.; Torner, J.;
Lewis, C.E.; Roemer, FEW. Progression of cartilage damage and meniscal pathology over 30 months is
associated with an increase in radiographic tibiofemoral joint space narrowing in persons with knee
OA—The most study. Osteoarthr. Cartil. 2014, 22, 1743-1747. [CrossRef] [PubMed]

8. Takeda, H.; Nakagawa, T.; Nakamura, K.; Engebretsen, L. Prevention and management of knee osteoarthritis

and knee cartilage injury in sports. Br. |. Sports Med. 2011, 45, 304-309. [CrossRef] [PubMed]


http://dx.doi.org/10.1053/jars.2002.32839
http://www.ncbi.nlm.nih.gov/pubmed/12209430
http://dx.doi.org/10.1089/107632703768247377
http://www.ncbi.nlm.nih.gov/pubmed/13678446
http://dx.doi.org/10.1016/j.knee.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17428666
http://dx.doi.org/10.3109/17453674.2010.501747
http://www.ncbi.nlm.nih.gov/pubmed/20809740
http://dx.doi.org/10.1177/1941738111415826
http://www.ncbi.nlm.nih.gov/pubmed/23016041
http://dx.doi.org/10.2106/JBJS.F.00222
http://www.ncbi.nlm.nih.gov/pubmed/17403800
http://dx.doi.org/10.1016/j.joca.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25278083
http://dx.doi.org/10.1136/bjsm.2010.082321
http://www.ncbi.nlm.nih.gov/pubmed/21357577

Polymers 2016, 8, 219 19 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hunziker, E.B. Articular cartilage repair: Basic science and clinical progress. A review of the current status
and prospects. Osteoarthr. Cartil. 2002, 10, 432-463. [CrossRef] [PubMed]

Jackson, D.W.,; Lalor, P.A.; Aberman, H.M.; Simon, T.M. Spontaneous repair of full-thickness defects of
articular cartilage in a goat model. A preliminary study. J. Bone Jt. Surg. Am. 2001, 83, 53-64.

Makris, E.A.; Gomoll, A.H.; Malizos, K.N.; Hu, J.C.; Athanasiou, K.A. Repair and tissue engineering
techniques for articular cartilage. Nat. Rev. Rheumatol. 2015, 11, 21-34. [CrossRef] [PubMed]

Steinwachs, M.; Kreuz, P.C. Autologous chondrocyte implantation in chondral defects of the knee with
a type I/III collagen membrane: A prospective study with a 3-year follow-up. Arthroscopy 2007, 23, 381-387.
[CrossRef] [PubMed]

Orth, P,; Cucchiarini, M.; Kohn, D.; Madry, H. Alterations of the subchondral bone in osteochondral
repair—Translational data and clinical evidence. Eur. Cell Mater. 2013, 25, 299-316. [PubMed]

Gudas, R.; Stankevicius, E.; Monastyreckiene, E.; Pranys, D.; Kalesinskas, R.J. Osteochondral autologous
transplantation versus microfracture for the treatment of articular cartilage defects in the knee joint in athletes.
Knee Surg. Sports Traumatol. Arthrosc. 2006, 14, 834-842. [CrossRef] [PubMed]

Krych, AJ.; Harnly, HW.; Rodeo, S.A.; Williams, R.J. Activity levels are higher after osteochondral autograft
transfer mosaicplasty than after microfracture for articular cartilage defects of the knee: A retrospective
comparative study. J. Bone Jt. Surg. Am. 2012, 94, 971-978. [CrossRef] [PubMed]

Steinwachs, M.R.; Waibl, B.; Mumme, M. Arthroscopic treatment of cartilage lesions with microfracture
and bst-cargel. Arthrosc. Tech. 2014, 3, e399-e402. [CrossRef] [PubMed]

Brittberg, M.; Lindahl, A.; Nilsson, A.; Ohlsson, C.; Isaksson, O.; Peterson, L. Treatment of deep cartilage
defects in the knee with autologous chondrocyte transplantation. N. Engl. ]. Med. 1994, 331, 889-895.
[CrossRef] [PubMed]

Brittberg, M.; Faxen, E.; Peterson, L. Carbon fiber scaffolds in the treatment of early knee osteoarthritis.
A prospective 4-year followup of 37 patients. Clin. Orthop. Relat. Res. 1994, 307, 155-164. [PubMed]
Zeifang, E; Oberle, D.; Nierhoff, C.; Richter, W.; Moradi, B.; Schmitt, H. Autologous chondrocyte implantation
using the original periosteum-cover technique versus matrix-associated autologous chondrocyte implantation:
A randomized clinical trial. Am. J. Sports Med. 2010, 38, 924-933. [CrossRef] [PubMed]

Caron, M.M.; Emans, PJ.; Coolsen, M.M.; Voss, L.; Surtel, D.A.; Cremers, A.; van Rhijn, L.W.; Welting, T.J.
Redifferentiation of dedifferentiated human articular chondrocytes: Comparison of 2D and 3D cultures.
Osteoarthr. Cartil. 2012, 20, 1170-1178. [CrossRef] [PubMed]

Kuroda, T.; Matsumoto, T.; Mifune, Y.; Fukui, T.; Kubo, S.; Matsushita, T.; Asahara, T.; Kurosaka, M.;
Kuroda, R. Therapeutic strategy of third-generation autologous chondrocyte implantation for osteoarthritis.
Ups. ]. Med. Sci. 2011, 116, 107-114. [CrossRef] [PubMed]

Behrens, P; Bitter, T.; Kurz, B.; Russlies, M. Matrix-associated autologous chondrocyte transplantation/implantation
(MACT/MACI)—5-year follow-up. Knee 2006, 13, 194-202. [CrossRef] [PubMed]

Lee, YH.; Suzer, F; Thermann, H. Autologous matrix-induced chondrogenesis in the knee: A review.
Cartilage 2014, 5, 145-153. [CrossRef] [PubMed]

Solheim, E.; Hegna, J.; Oyen, J.; Harlem, T.; Strand, T. Results at 10 to 14 years after osteochondral autografting
(mosaicplasty) in articular cartilage defects in the knee. Knee 2013, 20, 287-290. [CrossRef] [PubMed]
Ozturk, A.; Ozdemir, M.R,; Ozkan, Y. Osteochondral autografting (mosaicplasty) in grade iv cartilage defects
in the knee joint: 2- to 7-year results. Int. Orthop. 2006, 30, 200-204. [CrossRef] [PubMed]

Enea, D.; Cecconi, S.; Calcagno, S.; Busilacchi, A.; Manzotti, S.; Gigante, A. One-step cartilage repair in the
knee: Collagen-covered microfracture and autologous bone marrow concentrate. A pilot study. Knee 2015,
22,30-35. [CrossRef] [PubMed]

Cole, B.J.; Farr, J.; Winalski, C.S.; Hosea, T.; Richmond, J.; Mandelbaum, B.; de Deyne, P.G. Outcomes after
a single-stage procedure for cell-based cartilage repair: A prospective clinical safety trial with 2-year follow-up.
Am. ]. Sports Med. 2011, 39, 1170-1179. [CrossRef] [PubMed]

Almgqvist, K.F,; Dhollander, A.A.; Verdonk, P.C.; Forsyth, R.; Verdonk, R.; Verbruggen, G. Treatment of
cartilage defects in the knee using alginate beads containing human mature allogenic chondrocytes. Am. J.
Sports Med. 2009, 37, 1920-1929. [CrossRef] [PubMed]

Buda, R.; Vannini, F.; Cavallo, M.; Grigolo, B.; Cenacchi, A.; Giannini, S. Osteochondral lesions of the knee:
A new one-step repair technique with bone-marrow-derived cells. |. Bone Jt. Surg. Am. 2010, 92, 2-11.
[CrossRef] [PubMed]


http://dx.doi.org/10.1053/joca.2002.0801
http://www.ncbi.nlm.nih.gov/pubmed/12056848
http://dx.doi.org/10.1038/nrrheum.2014.157
http://www.ncbi.nlm.nih.gov/pubmed/25247412
http://dx.doi.org/10.1016/j.arthro.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17418330
http://www.ncbi.nlm.nih.gov/pubmed/23813020
http://dx.doi.org/10.1007/s00167-006-0067-0
http://www.ncbi.nlm.nih.gov/pubmed/16552548
http://dx.doi.org/10.2106/JBJS.K.00815
http://www.ncbi.nlm.nih.gov/pubmed/22637203
http://dx.doi.org/10.1016/j.eats.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25126511
http://dx.doi.org/10.1056/NEJM199410063311401
http://www.ncbi.nlm.nih.gov/pubmed/8078550
http://www.ncbi.nlm.nih.gov/pubmed/7924028
http://dx.doi.org/10.1177/0363546509351499
http://www.ncbi.nlm.nih.gov/pubmed/19966102
http://dx.doi.org/10.1016/j.joca.2012.06.016
http://www.ncbi.nlm.nih.gov/pubmed/22796508
http://dx.doi.org/10.3109/03009734.2011.552812
http://www.ncbi.nlm.nih.gov/pubmed/21352090
http://dx.doi.org/10.1016/j.knee.2006.02.012
http://www.ncbi.nlm.nih.gov/pubmed/16632362
http://dx.doi.org/10.1177/1947603514529445
http://www.ncbi.nlm.nih.gov/pubmed/26069694
http://dx.doi.org/10.1016/j.knee.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23482060
http://dx.doi.org/10.1007/s00264-005-0068-5
http://www.ncbi.nlm.nih.gov/pubmed/16523335
http://dx.doi.org/10.1016/j.knee.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25480381
http://dx.doi.org/10.1177/0363546511399382
http://www.ncbi.nlm.nih.gov/pubmed/21460066
http://dx.doi.org/10.1177/0363546509335463
http://www.ncbi.nlm.nih.gov/pubmed/19542304
http://dx.doi.org/10.2106/JBJS.J.00813
http://www.ncbi.nlm.nih.gov/pubmed/21123588

Polymers 2016, 8, 219 20 of 30

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kon, E.; Roffi, A.; Filardo, G.; Tesei, G.; Marcacci, M. Scaffold-based cartilage treatments: With or without cells?
A systematic review of preclinical and clinical evidence. Arthroscopy 2015, 31, 767-775. [CrossRef] [PubMed]
Smyth, N.A.; Murawski, C.D.; Haleem, A.M.; Hannon, C.P,; Savage-Elliott, I.; Kennedy, ].G. Establishing proof
of concept: Platelet-rich plasma and bone marrow aspirate concentrate may improve cartilage repair
following surgical treatment for osteochondral lesions of the talus. World J. Orthop. 2012, 3, 101-108.
[CrossRef] [PubMed]

Nurden, A.T.; Nurden, P,; Sanchez, M.; Andia, I.; Anitua, E. Platelets and wound healing. Front. Biosci. 2008,
13, 3532-3548. [CrossRef] [PubMed]

Qureshi, A.H.; Chaoji, V.; Maiguel, D.; Faridi, M.H.; Barth, C.J.; Salem, S.M.; Singhal, M.; Stoub, D.;
Krastins, B.; Ogihara, M.; et al. Proteomic and phospho-proteomic profile of human platelets in basal,
resting state: Insights into integrin signaling. PLoS ONE 2009, 4, €7627. [CrossRef] [PubMed]

Senzel, L.; Gnatenko, D.V.; Bahou, W.E. The platelet proteome. Curr. Opin. Hematol. 2009, 16, 329-333.
[CrossRef] [PubMed]

Smyth, S.S.; McEver, R.P; Weyrich, A.S.; Morrell, C.N.; Hoffman, M.R.; Arepally, G.M.; French, P.A,;
Dauerman, H.L.; Becker, R.C. Platelet functions beyond hemostasis. J. Thromb. Haemost. 2009, 7, 1759-1766.
[CrossRef] [PubMed]

Akeda, K.; An, H.S,; Pichika, R.; Attawia, M.; Thonar, E.J.; Lenz, M.E.; Uchida, A.; Masuda, K. Platelet-rich
plasma (PRP) stimulates the extracellular matrix metabolism of porcine nucleus pulposus and anulus fibrosus
cells cultured in alginate beads. Spine 2006, 31, 959-966. [CrossRef] [PubMed]

Mishra, A.; Tummala, P; King, A.; Lee, B.; Kraus, M.; Tse, V.; Jacobs, C.R. Buffered platelet-rich plasma
enhances mesenchymal stem cell proliferation and chondrogenic differentiation. Tissue Eng. C Methods 2009,
15, 431-435. [CrossRef] [PubMed]

Lee, ].C.; Min, H.J.; Park, H.J.; Lee, S.; Seong, S.C.; Lee, M.C. Synovial membrane-derived mesenchymal stem
cells supported by platelet-rich plasma can repair osteochondral defects in a rabbit model. Arthroscopy 2013,
29,1034-1046. [CrossRef] [PubMed]

Sun, Y; Feng, Y.; Zhang, C.Q.; Chen, S.B.; Cheng, X.G. The regenerative effect of platelet-rich plasma on
healing in large osteochondral defects. Int. Orthop. 2010, 34, 589-597. [CrossRef] [PubMed]

Fortier, L.A.; Barker, ].U.; Strauss, E.J.; McCarrel, T.M.; Cole, B.]J. The role of growth factors in cartilage repair.
Clin. Orthop. Relat. Res. 2011, 469, 2706-2715. [CrossRef] [PubMed]

Huber, M.; Trattnig, S.; Lintner, F. Anatomy, biochemistry, and physiology of articular cartilage.
Investig. Radiol. 2000, 35, 573-580. [CrossRef]

Sophia Fox, A.J.; Bedi, A.; Rodeo, S.A. The basic science of articular cartilage: Structure, composition,
and function. Sports Health 2009, 1, 461-468. [CrossRef] [PubMed]

Hunziker, E.B.; Quinn, T.M.; Hauselmann, H.J. Quantitative structural organization of normal adult human
articular cartilage. Osteoarthr. Cartil. 2002, 10, 564-572. [CrossRef] [PubMed]

Cucchiarini, M.; Venkatesan, J.K.; Ekici, M.; Schmitt, G.; Madry, H. Human mesenchymal stem cells
overexpressing therapeutic genes: From basic science to clinical applications for articular cartilage repair.
Biomed. Mater. Eng. 2012, 22, 197-208. [PubMed]

Siliski, J.M. Traumatic Disorders of the Knee; Springer-Verlag: New York, NY, USA, 1994.

Wilson, W.; Huyghe, ].M.; van Donkelaar, C.C. Depth-dependent compressive equilibrium properties of
articular cartilage explained by its composition. Biomech. Model. Mechanobiol. 2007, 6, 43-53. [CrossRef]
[PubMed]

Mow, V.C.; Guo, X.E. Mechano-electrochemical properties of articular cartilage: Their inhomogeneities
and anisotropies. Annu. Rev. Biomed. Eng. 2002, 4, 175-209. [CrossRef] [PubMed]

Stockwell, R.A. The interrelationship of cell density and cartilage thickness in mammalian articular cartilage.
J. Anat. 1971, 109, 411-421. [PubMed]

Nordin, M.; Frankel, V.H.; Frankel, V.H. Basic Biomechanics of the Musculoskeletal System, 2nd ed.; Lea & Febiger:
Philadelphia, PA, USA, 1989.

Bevill, S.L.; Thambyah, A.; Broom, N.D. New insights into the role of the superficial tangential zone in
influencing the microstructural response of articular cartilage to compression. Osteoarthr. Cartil. 2010, 18,
1310-1318. [CrossRef] [PubMed]

Hosseini, S.M.; Wu, Y,; Ito, K.; van Donkelaar, C.C. The importance of superficial collagen fibrils for the
function of articular cartilage. Biomech. Model. Mechanobiol. 2014, 13, 41-51. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.arthro.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25633817
http://dx.doi.org/10.5312/wjo.v3.i7.101
http://www.ncbi.nlm.nih.gov/pubmed/22816065
http://dx.doi.org/10.2741/2947
http://www.ncbi.nlm.nih.gov/pubmed/18508453
http://dx.doi.org/10.1371/journal.pone.0007627
http://www.ncbi.nlm.nih.gov/pubmed/19859549
http://dx.doi.org/10.1097/MOH.0b013e32832e9dc6
http://www.ncbi.nlm.nih.gov/pubmed/19550320
http://dx.doi.org/10.1111/j.1538-7836.2009.03586.x
http://www.ncbi.nlm.nih.gov/pubmed/19691483
http://dx.doi.org/10.1097/01.brs.0000214942.78119.24
http://www.ncbi.nlm.nih.gov/pubmed/16641770
http://dx.doi.org/10.1089/ten.tec.2008.0534
http://www.ncbi.nlm.nih.gov/pubmed/19216642
http://dx.doi.org/10.1016/j.arthro.2013.02.026
http://www.ncbi.nlm.nih.gov/pubmed/23726109
http://dx.doi.org/10.1007/s00264-009-0793-2
http://www.ncbi.nlm.nih.gov/pubmed/19434411
http://dx.doi.org/10.1007/s11999-011-1857-3
http://www.ncbi.nlm.nih.gov/pubmed/21403984
http://dx.doi.org/10.1097/00004424-200010000-00003
http://dx.doi.org/10.1177/1941738109350438
http://www.ncbi.nlm.nih.gov/pubmed/23015907
http://dx.doi.org/10.1053/joca.2002.0814
http://www.ncbi.nlm.nih.gov/pubmed/12127837
http://www.ncbi.nlm.nih.gov/pubmed/22785363
http://dx.doi.org/10.1007/s10237-006-0044-z
http://www.ncbi.nlm.nih.gov/pubmed/16710737
http://dx.doi.org/10.1146/annurev.bioeng.4.110701.120309
http://www.ncbi.nlm.nih.gov/pubmed/12117756
http://www.ncbi.nlm.nih.gov/pubmed/5153801
http://dx.doi.org/10.1016/j.joca.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20633674
http://dx.doi.org/10.1007/s10237-013-0485-0
http://www.ncbi.nlm.nih.gov/pubmed/23519459

Polymers 2016, 8, 219 21 of 30

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

Bartell, L.R.; Fortier, L.A.; Bonassar, L.J.; Cohen, I. Measuring microscale strain fields in articular cartilage
during rapid impact reveals thresholds for chondrocyte death and a protective role for the superficial layer.
J. Biomech. 2015, 48, 3440-3446. [CrossRef] [PubMed]

Silverberg, ].L.; Barrett, A.R.; Das, M.; Petersen, P.B.; Bonassar, L.J.; Cohen, I. Structure-function relations and
rigidity percolation in the shear properties of articular cartilage. Biophys. . 2014, 107, 1721-1730. [CrossRef]
[PubMed]

Clark, J.M. Variation of collagen fiber alignment in a joint surface: A scanning electron microscope study of
the tibial plateau in dog, rabbit, and man. J. Orthop. Res. 1991, 9, 246-257. [CrossRef] [PubMed]

Responte, D.J.; Natoli, R.M.; Athanasiou, K.A. Collagens of articular cartilage: Structure, function, and
importance in tissue engineering. Crit. Rev. Biomed. Eng. 2007, 35, 363—411. [CrossRef] [PubMed]

Havelka, S.; Horn, V.; Spohrova, D.; Valouch, P. The calcified-noncalcified cartilage interface: The tidemark.
Acta Biol. Hung. 1984, 35, 271-279. [PubMed]

Hunziker, E.B.; Rosenberg, L.C. Repair of partial-thickness defects in articular cartilage: Cell recruitment
from the synovial membrane. J. Bone Jt. Surg. Am. 1996, 78, 721-733.

Shapiro, E,; Koide, S.; Glimcher, M.]. Cell origin and differentiation in the repair of full-thickness defects of
articular cartilage. J. Bone Jt. Surg. Am. 1993, 75, 532-553.

Henderson, I; Lavigne, P; Valenzuela, H.; Oakes, B. Autologous chondrocyte implantation: Superior biologic
properties of hyaline cartilage repairs. Clin. Orthop. Relat. Res. 2007, 455, 253-261. [CrossRef] [PubMed]
Strauss, E.J.; Goodrich, L.R.; Chen, C.T.; Hidaka, C.; Nixon, A.J. Biochemical and biomechanical properties of
lesion and adjacent articular cartilage after chondral defect repair in an equine model. Am. J. Sports Med.
2005, 33, 1647-1653. [CrossRef] [PubMed]

Gaissmaier, C.; Koh, J.L.; Weise, K. Growth and differentiation factors for cartilage healing and repair. Injury
2008, 39, S88-596. [CrossRef] [PubMed]

Mariani, E.; Pulsatelli, L.; Facchini, A. Signaling pathways in cartilage repair. Int. J. Mol. Sci. 2014, 15,
8667-8698. [CrossRef] [PubMed]

Varoni, E.; Tschon, M.; Palazzo, B.; Nitti, P; Martini, L.; Rimondini, L. Agarose gel as biomaterial or scaffold
for implantation surgery: Characterization, histological and histomorphometric study on soft tissue response.
Connect. Tissue Res. 2012, 53, 548-554. [CrossRef] [PubMed]

Tang, S.; Yang, W.; Mao, X. Agarose/collagen composite scaffold as an anti-adhesive sheet. Biomed. Mater.
2007, 2, S129-5134. [CrossRef] [PubMed]

Karoubi, G.; Ormiston, M.L.; Stewart, D.J.; Courtman, D.W. Single-cell hydrogel encapsulation for enhanced
survival of human marrow stromal cells. Biomaterials 2009, 30, 5445-5455. [CrossRef] [PubMed]

Rahfoth, B.; Weisser, J.; Sternkopf, F.; Aigner, T.; von der Mark, K.; Brauer, R. Transplantation of allograft
chondrocytes embedded in agarose gel into cartilage defects of rabbits. Osteoarthr. Cartil. 1998, 6, 50—-65.
[CrossRef] [PubMed]

Sun, J.; Tan, H. Alginate-based biomaterials for regenerative medicine applications. Materials 2013, 6,
1285-1309. [CrossRef]

Wan, L.Q,; Jiang, J.; Arnold, D.E.; Guo, X.E.; Lu, H.H.; Mow, V.C. Calcium concentration effects on the
mechanical and biochemical properties of chondrocyte-alginate constructs. Cell. Mol. Bioeng. 2008, 1, 93-102.
[CrossRef] [PubMed]

Diduch, D.R; Jordan, L.C.; Mierisch, C.M.; Balian, G. Marrow stromal cells embedded in alginate for repair
of osteochondral defects. Arthroscopy 2000, 16, 571-577. [CrossRef] [PubMed]

Croisier, F; Jérome, C. Chitosan-based biomaterials for tissue engineering. Eur. Polym. J. 2012, 49, 780-792.
[CrossRef]

Dumitriu, S. Polymeric Biomaterials, 2nd ed.; Marcel Dekker, Inc.: New York, NY, USA, 2002; Volume p xiv, p. 1168.
Kubota, N.; Tatsumoto, N.; Sano, T.; Toya, K. A simple preparation of half N-acetylated chitosan highly
soluble in water and aqueous organic solvents. Carbohydr. Res. 2000, 324, 268-274. [CrossRef]

Sashiwa, H.; Yajima, H.; Aiba, S. Synthesis of a chitosan-dendrimer hybrid and its biodegradation.
Biomacromolecules 2003, 4, 1244-1249. [CrossRef] [PubMed]

Venkatrajah, B.; Malathy, V.V,; Elayarajah, B.; Rajendran, R.; Rammohan, R. Synthesis of carboxymethyl
chitosan and coating on wound dressing gauze for wound healing. Pak. J. Biol. Sci. 2013, 16, 1438-1448.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jbiomech.2015.05.035
http://www.ncbi.nlm.nih.gov/pubmed/26150096
http://dx.doi.org/10.1016/j.bpj.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25296326
http://dx.doi.org/10.1002/jor.1100090213
http://www.ncbi.nlm.nih.gov/pubmed/1992075
http://dx.doi.org/10.1615/CritRevBiomedEng.v35.i5.20
http://www.ncbi.nlm.nih.gov/pubmed/19392643
http://www.ncbi.nlm.nih.gov/pubmed/6242456
http://dx.doi.org/10.1097/01.blo.0000238829.42563.56
http://www.ncbi.nlm.nih.gov/pubmed/16980901
http://dx.doi.org/10.1177/0363546505275487
http://www.ncbi.nlm.nih.gov/pubmed/16093540
http://dx.doi.org/10.1016/j.injury.2008.01.035
http://www.ncbi.nlm.nih.gov/pubmed/18313476
http://dx.doi.org/10.3390/ijms15058667
http://www.ncbi.nlm.nih.gov/pubmed/24837833
http://dx.doi.org/10.3109/03008207.2012.712583
http://www.ncbi.nlm.nih.gov/pubmed/22800469
http://dx.doi.org/10.1088/1748-6041/2/3/S09
http://www.ncbi.nlm.nih.gov/pubmed/18458457
http://dx.doi.org/10.1016/j.biomaterials.2009.06.035
http://www.ncbi.nlm.nih.gov/pubmed/19595454
http://dx.doi.org/10.1053/joca.1997.0092
http://www.ncbi.nlm.nih.gov/pubmed/9616439
http://dx.doi.org/10.3390/ma6041285
http://dx.doi.org/10.1007/s12195-008-0014-x
http://www.ncbi.nlm.nih.gov/pubmed/19890444
http://dx.doi.org/10.1053/jars.2000.4827
http://www.ncbi.nlm.nih.gov/pubmed/10976116
http://dx.doi.org/10.1016/j.eurpolymj.2012.12.009
http://dx.doi.org/10.1016/S0008-6215(99)00263-3
http://dx.doi.org/10.1021/bm030021w
http://www.ncbi.nlm.nih.gov/pubmed/12959590
http://dx.doi.org/10.3923/pjbs.2013.1438.1448
http://www.ncbi.nlm.nih.gov/pubmed/24511685

Polymers 2016, 8, 219 22 of 30

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

Domard, A.; Rinaudo, M.; Terrassin, C. New method for the quaternization of chitosan. Int. J. Biol. Macromol.
1986, 8, 105-107. [CrossRef]

De Vasconcelos, C.L.; Bezerril, PM.; dos Santos, D.E.; Dantas, T.N.; Pereira, M.R.; Fonseca, J.L. Effect of
molecular weight and ionic strength on the formation of polyelectrolyte complexes based on poly(methacrylic
acid) and chitosan. Biomacromolecules 2006, 7, 1245-1252. [CrossRef] [PubMed]

Hao, T, Wen, N.; Cao, J.K; Wang, HB.; Lu, SH., Liu, T; Lin, QX,; Duan, CM.; Wang, C.Y.
The support of matrix accumulation and the promotion of sheep articular cartilage defects repair in vivo by
chitosan hydrogels. Osteoarthr. Cartil. 2010, 18, 257-265. [CrossRef] [PubMed]

Park, KM.; Lee, S.Y.; Joung, Y.K.; Na, ].S.; Lee, M.C.; Park, K.D. Thermosensitive chitosan-pluronic hydrogel
as an injectable cell delivery carrier for cartilage regeneration. Acta Biomater. 2009, 5, 1956-1965. [CrossRef]
[PubMed]

Filova, E.; Jakubcova, B.; Danilova, I.; KuZelova Kostakova, E.; Jarosikova, T., Chernyavskiy, O.;
Hejda, J.; Handl, M.; Beznoska, J.; Necas, A.; et al. Polycaprolactone foam functionalized with chitosan
microparticles—A suitable scaffold for cartilage regeneration. Physiol. Res. 2015, 1, 121-131.

Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.D.; Hoemann, C.D.; Leroux, J.C,;
Atkinson, B.L.; Binette, F.; Selmani, A. Novel injectable neutral solutions of chitosan form biodegradable
gels in situ. Biomaterials 2000, 21, 2155-2161. [CrossRef]

Dumitriu, S.; Popa, V.I. Polymeric Biomaterials; CRC Press: Boca Raton, FL, USA, 2013; pp. 318-324.

Toh, W.S.; Lee, E.H.; Guo, X.M.; Chan, ].K.; Yeow, C.H.; Choo, A.B.; Cao, T. Cartilage repair using hyaluronan
hydrogel-encapsulated human embryonic stem cell-derived chondrogenic cells. Biomaterials 2010, 31,
6968-6980. [CrossRef] [PubMed]

Shiedlin, A.; Bigelow, R.; Christopher, W.; Arbabi, S.; Yang, L.; Maier, R.V.; Wainwright, N.; Childs, A.;
Miller, R.J. Evaluation of hyaluronan from different sources: Streptococcus zooepidemicus, rooster comb,
bovine vitreous, and human umbilical cord. Biomacromolecules 2004, 5, 2122-2127. [CrossRef] [PubMed]
Soltes, L.; Mendichi, R.; Lath, D.; Mach, M.; Bakos, D. Molecular characteristics of some commercial
high-molecular-weight hyaluronans. Biomed. Chromatogr. 2002, 16, 459-462. [CrossRef] [PubMed]

Nettles, D.L.; Vail, T.P; Morgan, M.T.; Grinstaff, M.W.; Setton, L.A. Photocrosslinkable hyaluronan as
a scaffold for articular cartilage repair. Ann. Biomed. Eng. 2004, 32, 391-397. [CrossRef] [PubMed]
Campoccia, D.; Doherty, P.; Radice, M.; Brun, P.; Abatangelo, G.; Williams, D.F. Semisynthetic resorbable
materials from hyaluronan esterification. Biomaterials 1998, 19, 2101-2127. [CrossRef]

Barbucci, R.; Magnani, A.; Rappuoli, R.; Lamponi, S.; Consumi, M. Immobilisation of sulphated hyaluronan
for improved biocompatibility. J. Inorg. Biochem. 2000, 79, 119-125. [CrossRef]

Nicodemus, G.D.; Bryant, S.J. Cell encapsulation in biodegradable hydrogels for tissue engineering applications.
Tissue Eng. B Rev. 2008, 14, 149-165. [CrossRef] [PubMed]

Kwon, H.J.; Han, Y. Chondroitin sulfate-based biomaterials for tissue engineering. Turk. J. Biol. 2016, 40,
290-299. [CrossRef]

Bryant, S.J.; Arthur, J.A.; Anseth, K.S. Incorporation of tissue-specific molecules alters chondrocyte metabolism
and gene expression in photocrosslinked hydrogels. Acta Biomater. 2005, 1, 243-252. [CrossRef] [PubMed]
Sechriest, V.F.; Miao, Y.J.; Niyibizi, C.; Westerhausen-Larson, A.; Matthew, H.W.; Evans, C.H.; Fu, FH,;
Suh, ] K. Gag-augmented polysaccharide hydrogel: A novel biocompatible and biodegradable material to
support chondrogenesis. J. Biomed. Mater. Res. 2000, 49, 534-541. [CrossRef]

Van Susante, J.L.C.; Pieper, J.; Buma, P; van Kuppevelt, TH.; van Beuningen, H.; van der Kraan, PM.;
Veerkamp, ]. H.; van den Berg, W.B.; Veth, R.P.H. Linkage of chondroitin-sulfate to type I collagen scaffolds
stimulates the bioactivity of seeded chondrocytes in vitro. Biomaterials 2001, 22, 2359-2369. [CrossRef]
Lodish, H.F. Molecular Cell Biology, 7th ed.; W.H. Freeman and Co.: New York, NY, USA, 2013; p. 1158.
Nehrer, S.; Breinan, H.A.; Ramappa, A.; Shortkroff, S.; Young, G.; Minas, T.; Sledge, C.B.; Yannas, L.V,;
Spector, M. Canine chondrocytes seeded in type I and type II collagen implants investigated in vitro. |. Biomed.
Mater. Res. 1997, 38, 95-104. [CrossRef]

Freyria, A.M.; Ronziere, M.C.; Cortial, D.; Galois, L.; Hartmann, D.; Herbage, D.; Mallein-Gerin, F.
Comparative phenotypic analysis of articular chondrocytes cultured within type I or type II collagen scaffolds.
Tissue Eng. A 2009, 15, 1233-1245. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0141-8130(86)90007-3
http://dx.doi.org/10.1021/bm050963w
http://www.ncbi.nlm.nih.gov/pubmed/16602745
http://dx.doi.org/10.1016/j.joca.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19744589
http://dx.doi.org/10.1016/j.actbio.2009.01.040
http://www.ncbi.nlm.nih.gov/pubmed/19261553
http://dx.doi.org/10.1016/S0142-9612(00)00116-2
http://dx.doi.org/10.1016/j.biomaterials.2010.05.064
http://www.ncbi.nlm.nih.gov/pubmed/20619789
http://dx.doi.org/10.1021/bm0498427
http://www.ncbi.nlm.nih.gov/pubmed/15530025
http://dx.doi.org/10.1002/bmc.185
http://www.ncbi.nlm.nih.gov/pubmed/12378558
http://dx.doi.org/10.1023/B:ABME.0000017552.65260.94
http://www.ncbi.nlm.nih.gov/pubmed/15095813
http://dx.doi.org/10.1016/S0142-9612(98)00042-8
http://dx.doi.org/10.1016/S0162-0134(00)00007-6
http://dx.doi.org/10.1089/ten.teb.2007.0332
http://www.ncbi.nlm.nih.gov/pubmed/18498217
http://dx.doi.org/10.3906/biy-1507-16
http://dx.doi.org/10.1016/j.actbio.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16701801
http://dx.doi.org/10.1002/(SICI)1097-4636(20000315)49:4&lt;534::AID-JBM12&gt;3.0.CO;2-
http://dx.doi.org/10.1016/S0142-9612(00)00423-3
http://dx.doi.org/10.1002/(SICI)1097-4636(199722)38:2&lt;95::AID-JBM3&gt;3.0.CO;2-B
http://dx.doi.org/10.1089/ten.tea.2008.0114
http://www.ncbi.nlm.nih.gov/pubmed/18950259

Polymers 2016, 8, 219 23 of 30

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

Roberts, S.; Menage, J.; Sandell, L.J.; Evans, E.H.; Richardson, J.B. Immunohistochemical study of
collagen types I and II and procollagen IIA in human cartilage repair tissue following autologous
chondrocyte implantation. Knee 2009, 16, 398-404. [CrossRef] [PubMed]

Rajan, N.; Habermehl, J.; Cote, M.E.; Doillon, C.J.; Mantovani, D. Preparation of ready-to-use, storable and
reconstituted type I collagen from rat tail tendon for tissue engineering applications. Nat. Protoc. 2006, 1,
2753-2758. [CrossRef] [PubMed]

Yunoki, S.; Ohyabu, Y.; Hatayama, H. Temperature-responsive gelation of type I collagen solutions involving
fibril formation and genipin crosslinking as a potential injectable hydrogel. Int. . Biomater. 2013, 2013,
620765. [CrossRef] [PubMed]

Ahmed, T.A.; Griffith, M.; Hincke, M. Characterization and inhibition of fibrin hydrogel-degrading enzymes
during development of tissue engineering scaffolds. Tissue Eng. 2007, 13, 1469-1477. [CrossRef] [PubMed]
Li, Y.; Meng, H.; Liu, Y.; Lee, B.P. Fibrin gel as an injectable biodegradable scaffold and cell carrier for
tissue engineering. Sci. World . 2015, 2015, 685690. [CrossRef] [PubMed]

Brandstedt, S.; Rank, F.; Olson, P.S. Wound healing and formation of granulation tissue in normal and
defibrinogenated rabbits. An experimental model and histological study. Eur. Surg. Res. 1980, 12, 12-21.
[CrossRef] [PubMed]

Marx, G. Evolution of fibrin glue applicators. Transfus. Med. Rev. 2003, 17, 287-298. [CrossRef]

Brittberg, M.; Sjogren-Jansson, E.; Lindahl, A.; Peterson, L. Influence of fibrin sealant (tisseel) on
osteochondral defect repair in the rabbit knee. Biomaterials 1997, 18, 235-242. [CrossRef]

Frisman, I.; Orbach, R.; Seliktar, D.; Bianco-Peled, H. Structural investigation of PEG-fibrinogen conjugates.
J. Mater. Sci. Mater. Med. 2010, 21, 73-80. [CrossRef] [PubMed]

Trattnig, S.; Ohel, K.; Mlynarik, V.; Juras, V.; Zbyn, S.; Korner, A. Morphological and compositional
monitoring of a new cell-free cartilage repair hydrogel technology—Gelrinc by MR using semi-quantitative
mocart scoring and quantitative T2 index and new zonal T2 index calculation. Osteoarthr. Cartil. 2015, 23,
2224-2232. [CrossRef] [PubMed]

Fussenegger, M.; Meinhart, J.; Hobling, W.; Kullich, W.; Funk, S.; Bernatzky, G. Stabilized autologous
fibrin-chondrocyte constructs for cartilage repair in vivo. Ann. Plast. Surg. 2003, 51, 493-498. [CrossRef] [PubMed]
Ma, P.X. Scaffolds for tissue fabrication. Materialstoday 2004, 7, 30—40. [CrossRef]

Gentile, P.; Chiono, V.; Carmagnola, I.; Hatton, P.V. An overview of poly(lactic-co-glycolic) acid (PLGA)-based
biomaterials for bone tissue engineering. Int. J. Mol. Sci. 2014, 15, 3640-3659. [CrossRef] [PubMed]
Goonoo, N.; Jeetah, R.; Bhaw-Luximon, A.; Jhurry, D. Polydioxanone-based bio-materials for tissue
engineering and drug/gene delivery applications. Eur. J. Pharm. Biopharm. 2015, 97, 371-391. [CrossRef] [PubMed]
Jeong, WK.; Oh, S.H.; Lee, ] H.; Im, G.I. Repair of osteochondral defects with a construct of mesenchymal
stem cells and a polydioxanone/poly(vinyl alcohol) scaffold. Biotechnol. Appl. Biochem. 2008, 49, 155-164.
[CrossRef] [PubMed]

DelLee, J.; Drez, D.; Miller, M.D. Delee & Drez’s Orthopaedic Sports Medicine Principles and Practice, 3rd ed.;
Saunders/Elsevier: Philadelphia, PA, USA, 2010.

BioTissue.  Bioseed®-c, the Chondrocytes Graft for Joint Cartilage Repair.  Available online:
http:/ /www.biotissue.de/bioseed /health-professionals /bioseed-c/ (accessed on 11 February 2016).
Ossendorf, C.; Kaps, C.; Kreuz, P.C.; Burmester, G.R.; Sittinger, M.; Erggelet, C. Treatment of posttraumatic
and focal osteoarthritic cartilage defects of the knee with autologous polymer-based three-dimensional
chondrocyte grafts: 2-year clinical results. Arthritis Res. Ther. 2007, 9, R41. [CrossRef] [PubMed]

Kreuz, P.C.; Muller, S.; Ossendorf, C.; Kaps, C.; Erggelet, C. Treatment of focal degenerative cartilage defects
with polymer-based autologous chondrocyte grafts: Four-year clinical results. Arthritis Res. Ther. 2009, 11,
R33. [CrossRef] [PubMed]

Erggelet, C.; Kreuz, P.C.; Mrosek, E.H.; Schagemann, J.C.; Lahm, A.; Ducommun, PP; Ossendorf, C.
Autologous chondrocyte implantation versus aci using 3D-bioresorbable graft for the treatment of large
full-thickness cartilage lesions of the knee. Arch. Orthop. Trauma Surg. 2010, 130, 957-964. [CrossRef] [PubMed]
Marlovits, S.; Singer, P.; Zeller, P.; Mandl, I.; Haller, J.; Trattnig, S. Magnetic resonance observation of cartilage
repair tissue (mocart) for the evaluation of autologous chondrocyte transplantation: Determination of
interobserver variability and correlation to clinical outcome after 2 years. Eur. |. Radiol. 2006, 57, 16-23.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.knee.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19269183
http://dx.doi.org/10.1038/nprot.2006.430
http://www.ncbi.nlm.nih.gov/pubmed/17406532
http://dx.doi.org/10.1155/2013/620765
http://www.ncbi.nlm.nih.gov/pubmed/24222766
http://dx.doi.org/10.1089/ten.2006.0354
http://www.ncbi.nlm.nih.gov/pubmed/17518706
http://dx.doi.org/10.1155/2015/685690
http://www.ncbi.nlm.nih.gov/pubmed/25853146
http://dx.doi.org/10.1159/000128105
http://www.ncbi.nlm.nih.gov/pubmed/7389767
http://dx.doi.org/10.1016/S0887-7963(03)00041-5
http://dx.doi.org/10.1016/S0142-9612(96)00117-2
http://dx.doi.org/10.1007/s10856-009-3848-4
http://www.ncbi.nlm.nih.gov/pubmed/19693654
http://dx.doi.org/10.1016/j.joca.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26187572
http://dx.doi.org/10.1097/01.sap.0000067726.32731.E1
http://www.ncbi.nlm.nih.gov/pubmed/14595186
http://dx.doi.org/10.1016/S1369-7021(04)00233-0
http://dx.doi.org/10.3390/ijms15033640
http://www.ncbi.nlm.nih.gov/pubmed/24590126
http://dx.doi.org/10.1016/j.ejpb.2015.05.024
http://www.ncbi.nlm.nih.gov/pubmed/26614558
http://dx.doi.org/10.1042/BA20070149
http://www.ncbi.nlm.nih.gov/pubmed/17919122
http://www.biotissue.de/bioseed/health-professionals/bioseed-c/
http://dx.doi.org/10.1186/ar2180
http://www.ncbi.nlm.nih.gov/pubmed/17451597
http://dx.doi.org/10.1186/ar2638
http://www.ncbi.nlm.nih.gov/pubmed/19265548
http://dx.doi.org/10.1007/s00402-009-0957-y
http://www.ncbi.nlm.nih.gov/pubmed/19711090
http://dx.doi.org/10.1016/j.ejrad.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16203119

Polymers 2016, 8, 219 24 of 30

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Lu, T; Li, Y.; Chen, T. Techniques for fabrication and construction of three-dimensional scaffolds for
tissue engineering. Int. J. Nanomed. 2013, 8, 337-350. [CrossRef] [PubMed]

Hwang, N.S.; Varghese, S.; Li, H.; Elisseeff, ]. Regulation of osteogenic and chondrogenic differentiation of
mesenchymal stem cells in PEG-ECM hydrogels. Cell Tissue Res. 2011, 344, 499-509. [CrossRef] [PubMed]
Elisseeff, J.; Anseth, K.; Sims, D.; McIntosh, W.; Randolph, M.; Langer, R. Transdermal photopolymerization
for minimally invasive implantation. Proc. Natl. Acad. Sci. USA 1999, 96, 3104-3107. [CrossRef] [PubMed]
Nguyen, L.H.; Kudva, A K.; Saxena, N.S.; Roy, K. Engineering articular cartilage with spatially-varying
matrix composition and mechanical properties from a single stem cell population using a multi-layered hydrogel.
Biomaterials 2011, 32, 6946-6952. [CrossRef] [PubMed]

Chen, Z.; Zhao, M.; Liu, K.; Wan, Y;; Li, X.; Feng, G. Novel chitosan hydrogel formed by ethylene glycol
chitosan, 1,6-diisocyanatohexan and polyethylene glycol-400 for tissue engineering scaffold: In vitro and
in vivo evaluation. J. Mater. Sci. Mater. Med. 2014, 25, 1903-1913. [CrossRef] [PubMed]

Augst, A.D.; Kong, H].; Mooney, D.J. Alginate hydrogels as biomaterials. Macromol. Biosci. 2006, 6, 623-633.
[CrossRef] [PubMed]

Kirilak, Y.; Pavlos, N.J.; Willers, C.R.; Han, R.; Feng, H.; Xu, J.; Asokananthan, N.; Stewart, G.A.; Henry, P;
Wood, D.; et al. Fibrin sealant promotes migration and proliferation of human articular chondrocytes:
Possible involvement of thrombin and protease-activated receptors. Int. J. Mol. Med. 2006, 17, 551-558.
[CrossRef] [PubMed]

Yoon, D.M.; Fisher, ]J.P. Chondrocyte signaling and artificial matrices for articular cartilage engineering.
Adv. Exp. Med. Biol. 2006, 585, 67-86. [PubMed]

Lin, N.; Dufresne, A. Nanocellulose in biomedicine: Current status and future prospect. Eur. Polym. |. 2014,
59, 302-325. [CrossRef]

Yan, L.P,; Silva-Correia, J.; Oliveira, M.B.; Vilela, C.; Pereira, H.; Sousa, R.A.; Mano, J.E; Oliveira, A.L.;
Oliveira, ].M.; Reis, R.L. Bilayered silk/silk-nanocap scaffolds for osteochondral tissue engineering: In vitro
and in vivo assessment of biological performance. Acta Biomater. 2015, 12, 227-241. [CrossRef] [PubMed]
Yodmuang, S.; McNamara, S.L.; Nover, A.B.; Mandal, B.B.; Agarwal, M.; Kelly, T.A.N.; Chao, PH.G.;
Hung, C.; Kaplan, D.L.; Vunjak-Novakovic, G. Silk microfiber-reinforced silk hydrogel composites for
functional cartilage tissue repair. Acta Biomater. 2015, 11, 27-36. [CrossRef] [PubMed]

Huang, Z.M.; Zhang, Y.Z.; Ramakrishna, S.; Lim, C.T. Electrospinning and mechanical characterization of
gelatin nanofibers. Polymer 2004, 45, 5361-5368. [CrossRef]

Liu, X.; Smith, L.A.; Hu, J.; Ma, P.X. Biomimetic nanofibrous gelatin/apatite composite scaffolds for bone
tissue engineering. Biomaterials 2009, 30, 2252-2258. [CrossRef] [PubMed]

Lee, C.R; Grad, S.; Gorna, K.; Gogolewski, S.; Goessl, A.; Alini, M. Fibrin-polyurethane composites for
articular cartilage tissue engineering: A preliminary analysis. Tissue Eng. 2005, 11, 1562-1573. [CrossRef]
[PubMed]

Eyrich, D.; Wiese, H.; Maier, G.; Skodacek, D.; Appel, B.; Sarhan, H.; Tessmar, J.; Staudenmaier, R.;
Wenzel, M.M.; Goepferich, A.; et al. Invitro and in vivo cartilage engineering using a combination
of chondrocyte-seeded long-term stable fibrin gels and polycaprolactone-based polyurethane scaffolds.
Tissue Eng. 2007, 13, 2207-2218. [CrossRef] [PubMed]

Jackson, D.W.; Scheer, M.]J.; Simon, T.M. Cartilage substitutes: Overview of basic science and
treatment options. J. Am. Acad. Orthop. Surg. 2001, 9, 37-52. [CrossRef] [PubMed]

Jackson, D.W.; Aberman, H.M.; Kunishima, D.H.; Simon, T.M. Surface restoration of large medial femoral
condyle articular cartilage lesions using a laminated polymer plug—An experimental study in goats.
Orthop. Res. Inst. Lab. 2001, 1, 53-54.

Hannink, G.; de Mulder, E.L.; van Tienen, T.G.; Buma, P. Effect of load on the repair of osteochondral defects
using a porous polymer scaffold. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100, 2082-2089. [CrossRef]
[PubMed]

Labet, M.; Thielemans, W. Synthesis of polycaprolactone: A review. Chem. Soc. Rev. 2009, 38, 3484-3504.
[CrossRef] [PubMed]

Lam, C.X,; Hutmacher, D.W.; Schantz, J.T.; Woodruff, M.A.; Teoh, S.H. Evaluation of polycaprolactone
scaffold degradation for 6 months in vitro and in vivo. J. Biomed. Mater. Res. A 2009, 90, 906-919. [CrossRef]
[PubMed]


http://dx.doi.org/10.2147/IJN.S38635
http://www.ncbi.nlm.nih.gov/pubmed/23345979
http://dx.doi.org/10.1007/s00441-011-1153-2
http://www.ncbi.nlm.nih.gov/pubmed/21503601
http://dx.doi.org/10.1073/pnas.96.6.3104
http://www.ncbi.nlm.nih.gov/pubmed/10077644
http://dx.doi.org/10.1016/j.biomaterials.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21723599
http://dx.doi.org/10.1007/s10856-014-5223-3
http://www.ncbi.nlm.nih.gov/pubmed/24805882
http://dx.doi.org/10.1002/mabi.200600069
http://www.ncbi.nlm.nih.gov/pubmed/16881042
http://dx.doi.org/10.3892/ijmm.17.4.551
http://www.ncbi.nlm.nih.gov/pubmed/16525709
http://www.ncbi.nlm.nih.gov/pubmed/17120777
http://dx.doi.org/10.1016/j.eurpolymj.2014.07.025
http://dx.doi.org/10.1016/j.actbio.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25449920
http://dx.doi.org/10.1016/j.actbio.2014.09.032
http://www.ncbi.nlm.nih.gov/pubmed/25281788
http://dx.doi.org/10.1016/j.polymer.2004.04.005
http://dx.doi.org/10.1016/j.biomaterials.2008.12.068
http://www.ncbi.nlm.nih.gov/pubmed/19152974
http://dx.doi.org/10.1089/ten.2005.11.1562
http://www.ncbi.nlm.nih.gov/pubmed/16259610
http://dx.doi.org/10.1089/ten.2006.0358
http://www.ncbi.nlm.nih.gov/pubmed/17678413
http://dx.doi.org/10.5435/00124635-200101000-00005
http://www.ncbi.nlm.nih.gov/pubmed/11174162
http://dx.doi.org/10.1002/jbm.b.32773
http://www.ncbi.nlm.nih.gov/pubmed/22821832
http://dx.doi.org/10.1039/b820162p
http://www.ncbi.nlm.nih.gov/pubmed/20449064
http://dx.doi.org/10.1002/jbm.a.32052
http://www.ncbi.nlm.nih.gov/pubmed/18646204

Polymers 2016, 8, 219 25 of 30

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Baker, ML.IL; Walsh, S.P; Schwartz, Z.; Boyan, B.D. A review of polyvinyl alcohol and its uses in cartilage and
orthopedic applications. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100, 1451-1457. [CrossRef] [PubMed]
Alves, M.H.; Jensen, B.E.; Smith, A.A.; Zelikin, A.N. Poly(vinyl alcohol) physical hydrogels: New vista on
a long serving biomaterial. Macromol. Biosci. 2011, 11, 1293-1313. [CrossRef] [PubMed]

Stammen, J.A.; Williams, S.; Ku, D.N.; Guldberg, R.E. Mechanical properties of a novel PVA hydrogel in
shear and unconfined compression. Biomaterials 2001, 22, 799-806. [CrossRef]

Nakashima, S.; Sawae, Y.; Murakami, T. Study on mechanical properties of a novel PVA hydrogel in shear
and unconfined compression. Mech. Prop. Novel PVA Hydrog. Shear Unconfin. Compress. 2005, 48, 555-561.
Stile, R.A.; Burghardt, W.R.; Healy, K.E. Synthesis and characterization of injectable poly(N-isopropylacrylamide)-based
hydrogels that support tissue formation in vitro. Macromolecules 1999, 32, 7370-7379. [CrossRef]

Chen, J.P; Cheng, T.H. Thermo-responsive chitosan-graft-poly(N-isopropylacrylamide) injectable hydrogel
for cultivation of chondrocytes and meniscus cells. Macromol. Biosci. 2006, 6, 1026-1039. [CrossRef] [PubMed]
Santo, V.E.; Gomes, M.E.; Mano, ].E; Reis, R.L. From nano- to macro-scale: Nanotechnology approaches for
spatially controlled delivery of bioactive factors for bone and cartilage engineering. Nanomedicine 2012, 7,
1045-1066. [CrossRef] [PubMed]

Spiller, K.L.; Maher, S.A.; Lowman, A.M. Hydrogels for the repair of articular cartilage defects. Tissue Eng.
B Rev. 2011, 17, 281-299. [CrossRef] [PubMed]

Darling, E.M.; Athanasiou, K.A. Biomechanical strategies for articular cartilage regeneration. Ann. Biomed. Eng.
2003, 31, 1114-1124. [CrossRef] [PubMed]

Haaparanta, A.M.; Jarvinen, E.; Cengiz, LE; Ella, V., Kokkonen, H.T.,; Kiviranta, I.; Kellomaki, M.
Preparation and characterization of collagen/PLA, chitosan/PLA, and collagen/chitosan/PLA hybrid
scaffolds for cartilage tissue engineering. . Mater. Sci. Mater. Med. 2014, 25, 1129-1136. [CrossRef] [PubMed]
Poncelet, D.; de Vos, P.; Suter, N.; Jayasinghe, S.N. Bio-electrospraying and cell electrospinning: Progress
and opportunities for basic biology and clinical sciences. Adv. Healthc. Mater. 2012, 1, 27-34. [CrossRef]
[PubMed]

Jayasinghe, S.N. Cell electrospinning: A novel tool for functionalising fibres, scaffolds and membranes
with living cells and other advanced materials for regenerative biology and medicine. Analyst 2013, 138,
2215-2223. [CrossRef] [PubMed]

Zanatta, G.; Steffens, D.; Braghirolli, D.I.; Fernandes, R.A.; Netto, C.A.; Pranke, P. Viability of mesenchymal
stem cells during electrospinning. Braz. . Med. Biol. Res. 2012, 45, 125-130. [CrossRef] [PubMed]
Townsend-Nicholson, A.; Jayasinghe, S.N. Cell electrospinning: A unique biotechnique for encapsulating
living organisms for generating active biological microthreads/scaffolds. Biomacromolecules 2006, 7,
3364-3369. [CrossRef] [PubMed]

Sahoo, S.; Lee, W.C.; Goh, J.C.; Toh, S.L. Bio-electrospraying: A potentially safe technique for delivering
progenitor cells. Biotechnol. Bioeng. 2010, 106, 690-698. [CrossRef] [PubMed]

Sridhar, R.; Ramakrishna, S. Electrosprayed nanoparticles for drug delivery and pharmaceutical applications.
Biomatter 2013, 3, €24281. [CrossRef] [PubMed]

Monteiro, N.; Martins, A.; Reis, R.L.; Neves, N.M. Nanoparticle-based bioactive agent release systems for
bone and cartilage tissue engineering. Regener. Ther. 2015, 1, 109-118. [CrossRef]

Daher, R.].; Chahine, N.O.; Greenberg, A.S.; Sgaglione, N.A.; Grande, D.A. New methods to diagnose and
treat cartilage degeneration. Nat. Rev. Rheumatol. 2009, 5, 599-607. [CrossRef] [PubMed]

Rocha, PM.; Santo, V.E.; Gomes, M.E; Reis, R.L.; Mano, ].F. Encapsulation of adipose-derived stem cells and
transforming growth factor-p1 in carrageenan-based hydrogels for cartilage tissue engineering. J. Bioact.
Compat. Polym. 2011, 26, 493-507. [CrossRef]

Park, J.S.; Shim, M.S.; Shim, S.H.; Yang, H.N.; Jeon, S.Y.; Woo, D.G.; Lee, D.R,; Yoon, TK.; Park, K.H.
Chondrogenic potential of stem cells derived from amniotic fluid, adipose tissue, or bone marrow
encapsulated in fibrin gels containing TGF-beta3. Biomaterials 2011, 32, 8139-8149. [CrossRef] [PubMed]
Mullen, L.M.; Best, S.M.; Brooks, R.A.; Ghose, S.; Gwynne, ].H.; Wardale, J.; Rushton, N.; Cameron, R.E.
Binding and release characteristics of insulin-like growth factor-1 from a collagen-glycosaminoglycan scaffold.
Tissue Eng. C Methods 2010, 16, 1439-1448. [CrossRef] [PubMed]

Yang, H.S.; La, W.G.; Bhang, S.H.; Kim, HJ.; Im, G.I; Lee, H.; Park, J.H.; Kim, B.S. Hyaline cartilage
regeneration by combined therapy of microfracture and long-term bone morphogenetic protein-2 delivery.
Tissue Eng. A 2011, 17, 1809-1818. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/jbm.b.32694
http://www.ncbi.nlm.nih.gov/pubmed/22514196
http://dx.doi.org/10.1002/mabi.201100145
http://www.ncbi.nlm.nih.gov/pubmed/21793217
http://dx.doi.org/10.1016/S0142-9612(00)00242-8
http://dx.doi.org/10.1021/ma990130w
http://dx.doi.org/10.1002/mabi.200600142
http://www.ncbi.nlm.nih.gov/pubmed/17128421
http://dx.doi.org/10.2217/nnm.12.78
http://www.ncbi.nlm.nih.gov/pubmed/22846091
http://dx.doi.org/10.1089/ten.teb.2011.0077
http://www.ncbi.nlm.nih.gov/pubmed/21510824
http://dx.doi.org/10.1114/1.1603752
http://www.ncbi.nlm.nih.gov/pubmed/14582614
http://dx.doi.org/10.1007/s10856-013-5129-5
http://www.ncbi.nlm.nih.gov/pubmed/24375147
http://dx.doi.org/10.1002/adhm.201100001
http://www.ncbi.nlm.nih.gov/pubmed/23184685
http://dx.doi.org/10.1039/c3an36599a
http://www.ncbi.nlm.nih.gov/pubmed/23457706
http://dx.doi.org/10.1590/S0100-879X2011007500163
http://www.ncbi.nlm.nih.gov/pubmed/22183245
http://dx.doi.org/10.1021/bm060649h
http://www.ncbi.nlm.nih.gov/pubmed/17154464
http://dx.doi.org/10.1002/bit.22734
http://www.ncbi.nlm.nih.gov/pubmed/20229515
http://dx.doi.org/10.4161/biom.24281
http://www.ncbi.nlm.nih.gov/pubmed/23512013
http://dx.doi.org/10.1016/j.reth.2015.05.004
http://dx.doi.org/10.1038/nrrheum.2009.204
http://www.ncbi.nlm.nih.gov/pubmed/19786989
http://dx.doi.org/10.1177/0883911511420700
http://dx.doi.org/10.1016/j.biomaterials.2011.07.043
http://www.ncbi.nlm.nih.gov/pubmed/21840589
http://dx.doi.org/10.1089/ten.tec.2009.0806
http://www.ncbi.nlm.nih.gov/pubmed/20388039
http://dx.doi.org/10.1089/ten.tea.2010.0540
http://www.ncbi.nlm.nih.gov/pubmed/21366427

Polymers 2016, 8, 219 26 of 30

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Luvizuto, E.R;; Tangl, S.; Zanoni, G.; Okamoto, T.; Sonoda, C.K.; Gruber, R.; Okamoto, R. The effect of BMP-2
on the osteoconductive properties of beta-tricalcium phosphate in rat calvaria defects. Biomaterials 2011, 32,
3855-3861. [CrossRef] [PubMed]

Walmsley, G.G.; McArdle, A.; Tevlin, R.; Momeni, A.; Atashroo, D.; Hu, M.S.; Feroze, A.H.; Wong, VW.;
Lorenz, P.H.; Longaker, M.T,; et al. Nanotechnology in bone tissue engineering. Nanomedicine 2015, 11,
1253-1263. [CrossRef] [PubMed]

Bian, L.; Zhai, D.Y.; Tous, E.; Rai, R.; Mauck, R.L.; Burdick, J].A. Enhanced msc chondrogenesis following
delivery of TGF-f3 from alginate microspheres within hyaluronic acid hydrogels in vitro and in vivo.
Biomaterials 2011, 32, 6425-6434. [CrossRef] [PubMed]

Sukarto, A.; Amsden, B.G. Low melting point amphiphilic microspheres for delivery of bone morphogenetic
protein-6 and transforming growth factor-3 in a hydrogel matrix. J. Control. Release 2012, 158, 53-62.
[CrossRef] [PubMed]

Spiller, K.L.; Liu, Y.; Holloway, J.L.; Maher, S.A.; Cao, Y.; Liu, W.; Zhou, G.; Lowman, A.M. A novel method
for the direct fabrication of growth factor-loaded microspheres within porous nondegradable hydrogels:
Controlled release for cartilage tissue engineering. J. Control. Release 2012, 157, 39-45. [CrossRef] [PubMed]
Shi, D.; Xu, X;; Ye, Y.; Song, K.; Cheng, Y.; Dj, J.; Hu, Q.; Li, J.; Ju, H.; Jiang, Q.; ef al. Photo-cross-linked scaffold
with kartogenin-encapsulated nanoparticles for cartilage regeneration. ACS Nano 2016, 10, 1292-1299.
[CrossRef] [PubMed]

Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9. [CrossRef] [PubMed]
Markstedt, K.; Mantas, A.; Tournier, I.; Martinez Avila, H.; Hagg, D.; Gatenholm, P. 3D bioprinting
human chondrocytes with nanocellulose-alginate bioink for cartilage tissue engineering applications.
Biomacromolecules 2015, 16, 1489-1496. [CrossRef] [PubMed]

Hung, K.C.; Tseng, C.S.; Dai, L.G.; Hsu, S.H. Water-based polyurethane 3D printed scaffolds with controlled
release function for customized cartilage tissue engineering. Biomaterials 2016, 83, 156-168. [CrossRef] [PubMed]
Di Bella, C.; Fosang, A.; Donati, D.M.; Wallace, G.G.; Choong, P.F. 3D bioprinting of cartilage for orthopedic
surgeons: Reading between the lines. Front. Surg. 2015, 2, 39. [CrossRef] [PubMed]

Chan, B.P; Leong, K.W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations.
Eur. Spine J. 2008, 17, 467-479. [CrossRef] [PubMed]

Fiorica, C.; Palumbo, ES.; Pitarresi, G.; Gulino, A.; Agnello, S.; Giammona, G. Injectable in situ forming
hydrogels based on natural and synthetic polymers for potential application in cartilage repair. R. Soc. Chem.
2015, 5, 19715-19723. [CrossRef]

Dubruel, P, Vlierberghe, S.V., Eds.; Biomaterials for bone regeneration novel techniques and applications.
In Woodhead Publishing Series in Biomaterials Number 75; Woodhead Publ.: Cambridge, UK; Waltham, MA,
USA, 2014.

Ligon, S.C.; Husar, B.; Wutzel, H; Holman, R.; Liska, R. Strategies to reduce oxygen inhibition in
photoinduced polymerization. Chem. Rev. 2014, 114, 557-589. [CrossRef] [PubMed]

Bae, M.S.; Yang, D.H.; Lee, ].B.; Heo, D.N.; Kwon, Y.D.; Youn, I.C.; Choi, K.; Hong, ] H.; Kim, G.T,;
Choi, Y.S.; et al. Photo-cured hyaluronic acid-based hydrogels containing simvastatin as a bone tissue
regeneration scaffold. Biomaterials 2011, 32, 8161-8171. [CrossRef] [PubMed]

Elisseeff, J.; Anseth, K; Sims, D.; McIntosh, W.; Randolph, M.; Yaremchuk, M.; Langer, R. Transdermal
photopolymerization of poly(ethylene oxide)-based injectable hydrogels for tissue-engineered cartilage.
Plast. Reconstr. Surg. 1999, 104, 1014-1022. [CrossRef] [PubMed]

Nair, L.S. Injectable Hydrogels for Regenerative Engineering; Imperial College Press: London, UK, 2015.
Johnson, K.; Zhu, S.; Tremblay, M.S.; Payette, ].N.; Wang, ].; Bouchez, L.C.; Meeusen, S.; Althage, A.; Cho, C.Y,;
Wu, X,; et al. A stem cell-based approach to cartilage repair. Science 2012, 336, 717-721. [CrossRef] [PubMed]
Siclari, A.; Mascaro, G.; Gentili, C.; Cancedda, R.; Boux, E. A cell-free scaffold-based cartilage repair provides
improved function hyaline-like repair at one year. Clin. Orthop. Relat. Res. 2012, 470, 910-919. [CrossRef]
[PubMed]

Siclari, A.; Mascaro, G.; Kaps, C.; Boux, E. A 5-year follow-up after cartilage repair in the knee using
a platelet-rich plasma-immersed polymer-based implant. Open Orthop. ]. 2014, 8, 346-354. [CrossRef] [PubMed]
Siclari, A.; Mascaro, G.; Gentili, C.; Kaps, C.; Cancedda, R.; Boux, E. Cartilage repair in the knee with
subchondral drilling augmented with a platelet-rich plasma-immersed polymer-based implant. Knee Surg.
Sports Traumatol. Arthrosc. 2014, 22, 1225-1234. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biomaterials.2011.01.076
http://www.ncbi.nlm.nih.gov/pubmed/21376389
http://dx.doi.org/10.1016/j.nano.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25791811
http://dx.doi.org/10.1016/j.biomaterials.2011.05.033
http://www.ncbi.nlm.nih.gov/pubmed/21652067
http://dx.doi.org/10.1016/j.jconrel.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22037107
http://dx.doi.org/10.1016/j.jconrel.2011.09.057
http://www.ncbi.nlm.nih.gov/pubmed/21930167
http://dx.doi.org/10.1021/acsnano.5b06663
http://www.ncbi.nlm.nih.gov/pubmed/26757419
http://dx.doi.org/10.1186/s13036-015-0001-4
http://www.ncbi.nlm.nih.gov/pubmed/25866560
http://dx.doi.org/10.1021/acs.biomac.5b00188
http://www.ncbi.nlm.nih.gov/pubmed/25806996
http://dx.doi.org/10.1016/j.biomaterials.2016.01.019
http://www.ncbi.nlm.nih.gov/pubmed/26774563
http://dx.doi.org/10.3389/fsurg.2015.00039
http://www.ncbi.nlm.nih.gov/pubmed/26322314
http://dx.doi.org/10.1007/s00586-008-0745-3
http://www.ncbi.nlm.nih.gov/pubmed/19005702
http://dx.doi.org/10.1039/C4RA16411C
http://dx.doi.org/10.1021/cr3005197
http://www.ncbi.nlm.nih.gov/pubmed/24083614
http://dx.doi.org/10.1016/j.biomaterials.2011.07.045
http://www.ncbi.nlm.nih.gov/pubmed/21821281
http://dx.doi.org/10.1097/00006534-199909020-00018
http://www.ncbi.nlm.nih.gov/pubmed/10654741
http://dx.doi.org/10.1126/science.1215157
http://www.ncbi.nlm.nih.gov/pubmed/22491093
http://dx.doi.org/10.1007/s11999-011-2107-4
http://www.ncbi.nlm.nih.gov/pubmed/21965060
http://dx.doi.org/10.2174/1874325001408010346
http://www.ncbi.nlm.nih.gov/pubmed/25352927
http://dx.doi.org/10.1007/s00167-013-2484-1
http://www.ncbi.nlm.nih.gov/pubmed/23563814

Polymers 2016, 8, 219 27 of 30

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Enea, D.; Cecconi, S.; Calcagno, S.; Busilacchi, A.; Manzotti, S.; Kaps, C.; Gigante, A. Single-stage cartilage
repair in the knee with microfracture covered with a resorbable polymer-based matrix and autologous bone
marrow concentrate. Knee 2013, 20, 562-569. [CrossRef] [PubMed]

Becher, C.; Ettinger, M.; Ezechieli, M.; Kaps, C.; Ewig, M.; Smith, T. Repair of retropatellar cartilage defects in
the knee with microfracture and a cell-free polymer-based implant. Arch. Orthop. Trauma Surg. 2015, 135,
1003-1010. [CrossRef] [PubMed]

Crawford, D.C.; Heveran, C.M.; Cannon, W.D,, Jr.; Foo, L.E; Potter, H.G. An autologous cartilage tissue
implant neocart for treatment of grade iii chondral injury to the distal femur: Prospective clinical safety trial
at 2 years. Am. J. Sports Med. 2009, 37, 1334-1343. [CrossRef] [PubMed]

Crawford, D.C.; DeBerardino, T.M.; Williams, R.J., 3rd. Neocart, an autologous cartilage tissue implant,
compared with microfracture for treatment of distal femoral cartilage lesions: An FDA phase-II prospective,
randomized clinical trial after two years. J. Bone Jt. Surg. Am. 2012, 94, 979-989. [CrossRef] [PubMed]
Panagopoulos, A.; van Niekerk, L.; Triantafillopoulos, I. Autologous chondrocyte implantation for knee
cartilage injuries: Moderate functional outcome and performance in patients with high-impact activities.
Orthopedics 2012, 35, e6—e14. [CrossRef] [PubMed]

Niethammer, T.R.; Pietschmann, M.F; Horng, A.; Rossbach, B.P,; Ficklscherer, A.; Jansson, V.; Muller, PE.
Graft hypertrophy of matrix-based autologous chondrocyte implantation: A two-year follow-up study of
novocart 3d implantation in the knee. Knee Surg. Sports Traumatol. Arthrosc. 2014, 22, 1329-1336. [CrossRef]
[PubMed]

Zak, L.; Albrecht, C.; Wondrasch, B.; Widhalm, H.; Vekszler, G.; Trattnig, S.; Marlovits, S.; Aldrian, S.
Results 2 years after matrix-associated autologous chondrocyte transplantation using the novocart 3D scaffold:
An analysis of clinical and radiological data. Am. J. Sports Med. 2014, 42, 1618-1627. [CrossRef] [PubMed]
Petri, M.; Broese, M.; Simon, A.; Liodakis, E.; Ettinger, M.; Guenther, D.; Zeichen, J.; Krettek, C;
Jagodzinski, M.; Haasper, C. Cares (MACT) versus microfracture in treating symptomatic patellofemoral
cartilage defects: A retrospective matched-pair analysis. J. Orthop. Sci. 2013, 18, 38—44. [CrossRef] [PubMed]
Schneider, U.; Rackwitz, L.; Andereya, S.; Siebenlist, S.; Fensky, E.; Reichert, J.; Loer, L; Barthel, T.; Rudert, M.;
Noth, U. A prospective multicenter study on the outcome of type i collagen hydrogel-based autologous
chondrocyte implantation (cares) for the repair of articular cartilage defects in the knee. Am. |. Sports Med.
2011, 39, 2558-2565. [CrossRef] [PubMed]

Schuttler, K.F; Schenker, H.; Theisen, C.; Schofer, M.D.; Getgood, A.; Roessler, PP.; Struewer, J.;
Rominger, M.B.; Efe, T. Use of cell-free collagen type i matrix implants for the treatment of small cartilage
defects in the knee: Clinical and magnetic resonance imaging evaluation. Knee Surg. Sports Traumatol. Arthrosc.
2014, 22, 1270-1276. [CrossRef] [PubMed]

Behrens, P. Matrixgekoppelte mikrofrakturierung. Ein neues konzept zur knorpeldefektbehandlung.
Arthroskopie 2005, 18, 193-197. [CrossRef]

Gille, J.; Behrens, P; Volpi, P.; de Girolamo, L.; Reiss, E.; Zoch, W.; Anders, S. Outcome of autologous
matrix induced chondrogenesis (AMIC) in cartilage knee surgery: Data of the amic registry. Arch. Orthop.
Trauma Surg. 2013, 133, 87-93. [CrossRef] [PubMed]

Kusano, T.; Jakob, R.P.; Gautier, E.; Magnussen, R.A.; Hoogewoud, H.; Jacobi, M. Treatment of isolated
chondral and osteochondral defects in the knee by autologous matrix-induced chondrogenesis (AMIC).
Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 2109-2115. [CrossRef] [PubMed]

Delcogliano, M.; de Caro, F.; Scaravella, E.; Ziveri, G.; De Biase, C.F.; Marotta, D.; Marenghi, P.; Delcogliano, A.
Use of innovative biomimetic scaffold in the treatment for large osteochondral lesions of the knee. Knee Surg.
Sports Traumatol. Arthrosc. 2014, 22, 1260-1269. [CrossRef] [PubMed]

Kon, E.; Filardo, G.; Venieri, G.; Perdisa, F.; Marcacci, M. Tibial plateau lesions. Surface reconstruction with
a biomimetic osteochondral scaffold: Results at 2 years of follow-up. Injury 2014, 45, S121-5S125. [CrossRef]
[PubMed]

Filardo, G.; Kon, E.; Di Martino, A.; Iacono, F.; Marcacci, M. Arthroscopic second-generation autologous
chondrocyte implantation: A prospective 7-year follow-up study. Am. . Sports Med. 2011, 39, 2153-2160.
[CrossRef] [PubMed]

Kon, E.; Gobbi, A; Filardo, G.; Delcogliano, M.; Zaffagnini, S.; Marcacci, M. Arthroscopic second-generation
autologous chondrocyte implantation compared with microfracture for chondral lesions of the knee:
Prospective nonrandomized study at 5 years. Am. J. Sports Med. 2009, 37, 33—41. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.knee.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23642661
http://dx.doi.org/10.1007/s00402-015-2235-5
http://www.ncbi.nlm.nih.gov/pubmed/25953630
http://dx.doi.org/10.1177/0363546509333011
http://www.ncbi.nlm.nih.gov/pubmed/19448048
http://dx.doi.org/10.2106/JBJS.K.00533
http://www.ncbi.nlm.nih.gov/pubmed/22637204
http://dx.doi.org/10.3928/01477447-20111122-07
http://www.ncbi.nlm.nih.gov/pubmed/22229615
http://dx.doi.org/10.1007/s00167-013-2454-7
http://www.ncbi.nlm.nih.gov/pubmed/23455387
http://dx.doi.org/10.1177/0363546514532337
http://www.ncbi.nlm.nih.gov/pubmed/24817007
http://dx.doi.org/10.1007/s00776-012-0305-x
http://www.ncbi.nlm.nih.gov/pubmed/23001127
http://dx.doi.org/10.1177/0363546511423369
http://www.ncbi.nlm.nih.gov/pubmed/21984690
http://dx.doi.org/10.1007/s00167-013-2747-x
http://www.ncbi.nlm.nih.gov/pubmed/24196573
http://dx.doi.org/10.1007/s00142-005-0316-0
http://dx.doi.org/10.1007/s00402-012-1621-5
http://www.ncbi.nlm.nih.gov/pubmed/23070222
http://dx.doi.org/10.1007/s00167-011-1840-2
http://www.ncbi.nlm.nih.gov/pubmed/22198419
http://dx.doi.org/10.1007/s00167-013-2717-3
http://www.ncbi.nlm.nih.gov/pubmed/24146051
http://dx.doi.org/10.1016/j.injury.2014.10.035
http://www.ncbi.nlm.nih.gov/pubmed/25457331
http://dx.doi.org/10.1177/0363546511415658
http://www.ncbi.nlm.nih.gov/pubmed/21803978
http://dx.doi.org/10.1177/0363546508323256
http://www.ncbi.nlm.nih.gov/pubmed/19059899

Polymers 2016, 8, 219 28 of 30

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Kon, E.; Filardo, G.; Berruto, M.; Benazzo, F.; Zanon, G.; Della Villa, S.; Marcacci, M. Articular cartilage treatment
in high-level male soccer players: A prospective comparative study of arthroscopic second-generation
autologous chondrocyte implantation versus microfracture. Am. J. Sports Med. 2011, 39, 2549-2557. [CrossRef]
[PubMed]

Kon, E.; Filardo, G.; Condello, V.; Collarile, M.; Di Martino, A.; Zorzi, C.; Marcacci, M. Second-generation
autologous chondrocyte implantation: Results in patients older than 40 years. Am. J. Sports Med. 2011, 39,
1668-1675. [CrossRef] [PubMed]

Selmi, T.A.; Verdonk, P.; Chambat, P.; Dubrana, F; Potel, ].E; Barnouin, L.; Neyret, P. Autologous chondrocyte
implantation in a novel alginate-agarose hydrogel: Outcome at two years. J. Bone Jt. Surg. Br. 2008, 90,
597-604. [CrossRef] [PubMed]

Clave, A ; Potel, ].F; Servien, E.; Neyret, P.; Dubrana, F; Stindel, E. Third-generation autologous chondrocyte
implantation versus mosaicplasty for knee cartilage injury: 2-year randomized trial. J. Orthop. Res. 2016, 34,
658-665. [CrossRef] [PubMed]

Choi, N.Y.; Kim, BW.,; Yeo, W.].; Kim, H.B.; Suh, D.S.; Kim, J.S.; Kim, Y.S.; Seo, Y.H.; Cho, ].Y.; Chun, C.W.; et al.
Gel-type autologous chondrocyte (chondron) implantation for treatment of articular cartilage defects of
the knee. BMC Musculoskelet. Disord. 2010, 11, 103. [CrossRef] [PubMed]

Johnson, G.V.V,; Worland, R.L.; Keenan, J.; Norambuena, N. Patient demographics as a predictor of the
ten-year survival rate in primary total knee replacement. J. Bone Jt. Surg. Br. 2003, 85, 52-56. [CrossRef]
Kim, M.K; Choi, SSW.; Kim, S.R.; Oh, I.S.; Won, M.H. Autologous chondrocyte implantation in the knee
using fibrin. Knee Surg. Sports Traumatol. Arthrosc. 2010, 18, 528-534. [CrossRef] [PubMed]

Stanish, W.D.; McCormack, R.; Forriol, F.; Mohtadi, N.; Pelet, S.; Desnoyers, J.; Restrepo, A.; Shive, M.S.
Novel scaffold-based bst-cargel treatment results in superior cartilage repair compared with microfracture in
a randomized controlled trial. J. Bone Jt. Surg. Am. 2013, 95, 1640-1650. [CrossRef] [PubMed]

Goldshmid, R.; Cohen, S.; Shachaf, Y.; Kupershmit, I.; Sarig-Nadir, O.; Seliktar, D.; Wechsler, R.
Steric interference of adhesion supports in vitro chondrogenesis of mesenchymal stem cells on hydrogels for
cartilage repair. Sci. Rep. 2015, 5, 12607. [CrossRef] [PubMed]

Dhollander, A.A.; Almqvist, K.F; Moens, K.; Vandekerckhove, PJ.; Verdonk, R.; Verdonk, P; Victor, J. The use
of a prosthetic inlay resurfacing as a salvage procedure for a failed cartilage repair. Knee Surg. Sports
Traumatol. Arthrosc. 2015, 23, 2208-2212. [CrossRef] [PubMed]

Imhoff, A.B.; Feucht, M.].; Meidinger, G.; Schottle, P.B.; Cotic, M. Prospective evaluation of anatomic
patellofemoral inlay resurfacing: Clinical, radiographic, and sports-related results after 24 months. Knee Surg.
Sports Traumatol. Arthrosc. 2015, 23, 1299-1307. [CrossRef] [PubMed]

Bollars, P.; Bosquet, M.; Vandekerckhove, B.; Hardeman, F.; Bellemans, J. Prosthetic inlay resurfacing for the
treatment of focal, full thickness cartilage defects of the femoral condyle: A bridge between biologics and
conventional arthroplasty. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 1753-1759. [CrossRef] [PubMed]
Martinez-Carranza, N.; Berg, H.E.; Lagerstedt, A.S.; Nurmi-Sandh, H.; Schupbach, P.; Ryd, L. Fixation of
a double-coated titanium-hydroxyapatite focal knee resurfacing implant: A 12-month study in sheep.
Osteoarthr. Cartil. 2014, 22, 836-844. [CrossRef] [PubMed]

Martinez-Carranza, N.; Ryd, L.; Hultenby, K.; Hedlund, H.; Nurmi-Sandh, H.; Lagerstedt, A.S.; Schupbach, P;
Berg, H.E. Treatment of full thickness focal cartilage lesions with a metallic resurfacing implant in a sheep
animal model, 1 year evaluation. Osteoarthr. Cartil. 2016, 24, 484-493. [CrossRef] [PubMed]

Investigation of a Customized Femoral Resurfacing Implant (Episealer® Knee Condyle Device) to Assess the
Safety Profile and Performance for 2 Years Post-Operatively. Available online: https:/ /clinicaltrials.gov/ct2/
show /NCT01690689 (accessed on 21 March 2016).

Cartilage autograft Implantation System (Cais) for the Repair of Knee Cartilage through cartilage
regeneration (cais). Available online: https://clinicaltrials.gov/ct2/show/NCT00881023 (accessed on
21 March 2016).

Knee Articular Cartilage Repair: Cartilage Autograft Implantation System versus Conventional Microfracture (Cais).
Available online: https://clinicaltrials.gov/ct2/show /NCT01498029 (accessed on 21 March 2016).
Prospective Feasibility, Non-Randomized, Single Arm Multicentre, Multinational Interventional Clinical
Investigation Using Instruct Therapy for the Repair of Knee Cartilage Defects. Available online:
http:/ /ichgcp.net/clinical-trials-registry /NCT01041885 (accessed on 21 March 2016).


http://dx.doi.org/10.1177/0363546511420688
http://www.ncbi.nlm.nih.gov/pubmed/21900624
http://dx.doi.org/10.1177/0363546511404675
http://www.ncbi.nlm.nih.gov/pubmed/21596901
http://dx.doi.org/10.1302/0301-620X.90B5.20360
http://www.ncbi.nlm.nih.gov/pubmed/18450625
http://dx.doi.org/10.1002/jor.23152
http://www.ncbi.nlm.nih.gov/pubmed/26742454
http://dx.doi.org/10.1186/1471-2474-11-103
http://www.ncbi.nlm.nih.gov/pubmed/20507640
http://dx.doi.org/10.1302/0301-620X.85B1.12992
http://dx.doi.org/10.1007/s00167-009-0905-y
http://www.ncbi.nlm.nih.gov/pubmed/19763540
http://dx.doi.org/10.2106/JBJS.L.01345
http://www.ncbi.nlm.nih.gov/pubmed/24048551
http://dx.doi.org/10.1038/srep12607
http://www.ncbi.nlm.nih.gov/pubmed/26411496
http://dx.doi.org/10.1007/s00167-014-2999-0
http://www.ncbi.nlm.nih.gov/pubmed/24752537
http://dx.doi.org/10.1007/s00167-013-2786-3
http://www.ncbi.nlm.nih.gov/pubmed/24310926
http://dx.doi.org/10.1007/s00167-011-1757-9
http://www.ncbi.nlm.nih.gov/pubmed/22076054
http://dx.doi.org/10.1016/j.joca.2014.03.019
http://www.ncbi.nlm.nih.gov/pubmed/24726379
http://dx.doi.org/10.1016/j.joca.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26403063
https://clinicaltrials.gov/ct2/show/NCT01690689
https://clinicaltrials.gov/ct2/show/NCT01690689
https://clinicaltrials.gov/ct2/show/NCT00881023
https://clinicaltrials.gov/ct2/show/NCT01498029
http://ichgcp.net/clinical-trials-registry/NCT01041885

Polymers 2016, 8, 219 29 of 30

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Gille, J. Evaluation of an acellular osteochondral graft for cartilage lesions (“eagle”) european post
market study. Available online: ClinicalTrials.gov (accessed on 21 March 2016).

Custers, R.J.; Dhert, WJ.; Saris, D.B.; Verbout, A.J.; van Rijen, M.H.; Mastbergen, S.C.; Lafeber, F.P;
Creemers, L.B. Cartilage degeneration in the goat knee caused by treating localized cartilage defects with
metal implants. Osteoarthr. Cartil. 2010, 18, 377-388. [CrossRef] [PubMed]

Jones, G.; Bennell, K.; Cicuttini, EM. Effect of physical activity on cartilage development in healthy kids.
Br. J. Sports Med. 2003, 37, 382-383. [CrossRef] [PubMed]

Pacifici, M.; Koyama, E.; Iwamoto, M. Mechanisms of synovial joint and articular cartilage formation: Recent
advances, but many lingering mysteries. Birth Defects Res. C Embryo Today 2005, 75, 237-248. [CrossRef]
[PubMed]

Steinmeyer, J.; Ackermann, B.; Raiss, R.X. Intermittent cyclic loading of cartilage explants modulates
fibronectin metabolism. Osteoarthr. Cartil. 1997, 5, 331-341. [CrossRef]

Fehrenbacher, A.; Steck, E.; Rickert, M.; Roth, W.; Richter, W. Rapid regulation of collagen but not
metalloproteinase 1, 3, 13, 14 and tissue inhibitor of metalloproteinase 1, 2, 3 expression in response
to mechanical loading of cartilage explants in vitro. Arch. Biochem. Biophys. 2003, 410, 39-47. [CrossRef]
Fitzgerald, ].B.; Jin, M.; Dean, D.; Wood, D.J.; Zheng, M.H.; Grodzinsky, A.J. Mechanical compression of
cartilage explants induces multiple time-dependent gene expression patterns and involves intracellular
calcium and cyclic amp. J. Biol. Chem. 2004, 279, 19502-19511. [CrossRef] [PubMed]

Giannoni, P; Siegrist, M.; Hunziker, E.B.; Wong, M. The mechanosensitivity of cartilage oligomeric matrix
protein (comp). Biorheology 2003, 40, 101-109. [PubMed]

Wong, M.; Siegrist, M.; Cao, X. Cyclic compression of articular cartilage explants is associated with
progressive consolidation and altered expression pattern of extracellular matrix proteins. Matrix Biol.
1999, 18, 391-399. [CrossRef]

Parkkinen, ].J.; Ikonen, J.; Lammi, M.].; Laakkonen, J.; Tammi, M.; Helminen, H.]J. Effects of cyclic
hydrostatic pressure on proteoglycan synthesis in cultured chondrocytes and articular cartilage explants.
Arch. Biochem. Biophys. 1993, 300, 458-465. [CrossRef] [PubMed]

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

Ingber, D.E.; Wang, N.; Stamenovic, D. Tensegrity, cellular biophysics, and the mechanics of living systems.
Rep. Prog. Phys. 2014, 77, 046603. [CrossRef] [PubMed]

Ingber, D.E. Tensegrity 1. Cell structure and hierarchical systems biology. J. Cell Sci. 2003, 116, 1157-1173.
[CrossRef] [PubMed]

Ingber, D.E. Tensegrity II. How structural networks influence cellular information processing networks.
J. Cell Sci. 2003, 116, 1397-1408. [CrossRef] [PubMed]

Kock, L.; van Donkelaar, C.C.; Ito, K. Tissue engineering of functional articular cartilage: The current status.
Cell Tissue Res. 2012, 347, 613-627. [CrossRef] [PubMed]

Das, R.; Timur, U.T,; Edip, S.; Haak, E.; Wruck, C.; Weinans, H.; Jahr, H. TGF-f2 is involved in the preservation
of the chondrocyte phenotype under hypoxic conditions. Ann. Anat. 2015, 198, 1-10. [CrossRef] [PubMed]
Timur, U.T.; Caron, M.; Welting, T.J.; Emans, PJ.; Jahr, H. TGF-32 knockdown under osmolarity improves
collagen expression in chondrocytes. Poster presentation EORS: Bristol, UK, 2015.

Singh, S. Effects of Different pH and Oxygen Levels on Proliferation and Chondrogenic Differentiation
of Human Mesenchymal Stem Cells Cultured in Hydrogels. Master’s Thesis, Chalmers University of
Technology, Gothenburg, Sweden, 2014.

Ghosh, K.; Ingber, D.E. Micromechanical control of cell and tissue development: Implications for
tissue engineering. Adv. Drug Deliv. Rev. 2007, 59, 1306-1318. [CrossRef] [PubMed]

Solorio, L.D.; Vieregge, E.L.; Dhami, C.D.; Dang, PN.; Alsberg, E. Engineered cartilage via self-assembled
hmsc sheets with incorporated biodegradable gelatin microspheres releasing transforming growth factor-betal.
J. Control. Release 2012, 158, 224-232. [CrossRef] [PubMed]

Bouffi, C.; Thomas, O.; Bony, C.; Giteau, A.; Venier-Julienne, M.C.; Jorgensen, C.; Montero-Menei, C.;
Noel, D. The role of pharmacologically active microcarriers releasing TGF-3 in cartilage formation in vivo
by mesenchymal stem cells. Biomaterials 2010, 31, 6485-6493. [CrossRef] [PubMed]

Xu, X.; Jha, AK,; Duncan, R.L.; Jia, X. Heparin-decorated, hyaluronic acid-based hydrogel particles for the
controlled release of bone morphogenetic protein 2. Acta Biomater. 2011, 7, 3050-3059. [CrossRef] [PubMed]


ClinicalTrials.gov
http://dx.doi.org/10.1016/j.joca.2009.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19880000
http://dx.doi.org/10.1136/bjsm.37.5.382
http://www.ncbi.nlm.nih.gov/pubmed/14514526
http://dx.doi.org/10.1002/bdrc.20050
http://www.ncbi.nlm.nih.gov/pubmed/16187328
http://dx.doi.org/10.1016/S1063-4584(97)80037-4
http://dx.doi.org/10.1016/S0003-9861(02)00658-6
http://dx.doi.org/10.1074/jbc.M400437200
http://www.ncbi.nlm.nih.gov/pubmed/14960571
http://www.ncbi.nlm.nih.gov/pubmed/12454393
http://dx.doi.org/10.1016/S0945-053X(99)00029-3
http://dx.doi.org/10.1006/abbi.1993.1062
http://www.ncbi.nlm.nih.gov/pubmed/8424680
http://dx.doi.org/10.1002/jor.1100070502
http://www.ncbi.nlm.nih.gov/pubmed/2760736
http://dx.doi.org/10.1088/0034-4885/77/4/046603
http://www.ncbi.nlm.nih.gov/pubmed/24695087
http://dx.doi.org/10.1242/jcs.00359
http://www.ncbi.nlm.nih.gov/pubmed/12615960
http://dx.doi.org/10.1242/jcs.00360
http://www.ncbi.nlm.nih.gov/pubmed/12640025
http://dx.doi.org/10.1007/s00441-011-1243-1
http://www.ncbi.nlm.nih.gov/pubmed/22030892
http://dx.doi.org/10.1016/j.aanat.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25621374
http://dx.doi.org/10.1016/j.addr.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17920155
http://dx.doi.org/10.1016/j.jconrel.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22100386
http://dx.doi.org/10.1016/j.biomaterials.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20570347
http://dx.doi.org/10.1016/j.actbio.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21550426

Polymers 2016, 8, 219 30 of 30

237.

238.

239.

240.

241.

242.

243.

244.
245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Ertan, A.B.; Yilgor, P.; Bayyurt, B.; Calikoglu, A.C.; Kaspar, C.; Kok, EN.; Kose, G.T.; Hasirci, V. Effect of
double growth factor release on cartilage tissue engineering. J. Tissue Eng. Regen. Med. 2013, 7, 149-160.
[CrossRef] [PubMed]

Cohen, D.L,; Lipton, J.I; Bonassar, L.]J.; Lipson, H. Additive manufacturing for in situ repair of
osteochondral defects. Biofabrication 2010, 2, 035004. [CrossRef] [PubMed]

Plecko, M.; Sievert, C.; Andermatt, D.; Frigg, R.; Kronen, P; Klein, K.; Stubinger, S.; Nuss, K.; Burki, A.;
Ferguson, S.; et al. Osseointegration and biocompatibility of different metal implants-a comparative
experimental investigation in sheep. BMC Musculoskelet. Disord. 2012, 13, 32. [CrossRef] [PubMed]
Navarro, M.; Michiardi, A.; Castano, O.; Planell, ].A. Biomaterials in orthopaedics. J. R. Soc. Interface 2008, 5,
1137-1158. [CrossRef] [PubMed]

Fahlgren, A.; Bostrom, M.P; Yang, X.; Johansson, L.; Edlund, U.; Agholme, F.; Aspenberg, P. Fluid pressure
and flow as a cause of bone resorption. Acta Orthop. 2010, 81, 508-516. [CrossRef] [PubMed]

Khaled, E.G.; Saleh, M.; Hindocha, S.; Griffin, M.; Khan, W.S. Tissue engineering for bone production-stem
cells, gene therapy and scaffolds. Open Orthop. ]. 2011, 5, 289-295. [CrossRef] [PubMed]

Sethuraman, S.; Nair, L.S.; El-Amin, S.; Nguyen, M.T,; Singh, A.; Greish, Y.E.; Allcock, H.R.; Brown, PW.;
Laurencin, C.T. Development and characterization of biodegradable nanocomposite injectables for
orthopaedic applications based on polyphosphazenes. ]. Biomater. Sci. Polym. Ed. 2011, 22, 733-752.
[CrossRef] [PubMed]

Biopolytm. Available online: http:/ /www.biopolyortho.com/Biopoly.aspx (accessed on 28 March 2016).
Dye, S.F.; Wojtys, E.M.; Fu, EH.; Fithian, D.C.; Gillquist, I. Factors contributing to function of the knee joint
after injury or reconstruction of the anterior cruciate ligament. Instr. Course Lect. 1999, 48, 185-198. [PubMed]
Saris, D.B.; Dhert, W.].; Verbout, A ]. Joint homeostasis. The discrepancy between old and fresh defects in
cartilage repair. J. Bone Jt. Surg. Br. 2003, 85, 1067-1076. [CrossRef]

Mithoefer, K.; Williams, R.J., 3rd; Warren, R.E,; Potter, H.G.; Spock, C.R.; Jones, E.C.; Wickiewicz, T.L.;
Marx, R.G. The microfracture technique for the treatment of articular cartilage lesions in the knee.
A prospective cohort study. J. Bone Jt. Surg. Am. 2005, 87, 1911-1920. [CrossRef] [PubMed]

Caron, M.M.; Emans, PJ.; Cremers, A.; Surtel, D.A.; Coolsen, M.M.; van Rhijn, L.W.; Welting, T.J.
Hypertrophic differentiation during chondrogenic differentiation of progenitor cells is stimulated by BMP-2
but suppressed by bMP-7. Osteoarthr. Cartil. 2013, 21, 604—-613. [CrossRef] [PubMed]

Zweers, M.C.; de Boer, TN.; van Roon, J.; Bijlsma, ].W.; Lafeber, EP.; Mastbergen, S.C. Celecoxib: Considerations
regarding its potential disease-modifying properties in osteoarthritis. Arthritis Res. Ther. 2011, 13, 239.
[CrossRef] [PubMed]

Janssen, M.; Mihov, G.; Welting, T.; Thies, ].; Emans, P. Drugs and polymers for delivery systems in OA joints:
Clinical needs and opportunities. Polymers 2014, 6, 799-819. [CrossRef]

Wylie, ].D.; Hartley, M.K.; Kapron, A.L.; Aoki, S.K.; Maak, T.G. What is the effect of matrices on cartilage
repair? A systematic review. Clin. Orthop. Relat. Res. 2015, 473, 1673-1682. [CrossRef] [PubMed]

Falah, M.; Nierenberg, G.; Soudry, M.; Hayden, M.; Volpin, G. Treatment of articular cartilage lesions of
the knee. Int. Orthop. 2010, 34, 621-630. [CrossRef] [PubMed]

Ossendorf, C.; Steinwachs, M.R.; Kreuz, P.C.; Osterhoff, G.; Lahm, A.; Ducommun, P.P; Erggelet, C.
Autologous chondrocyte implantation (ACI) for the treatment of large and complex cartilage lesions of
the knee. Sports Med. Arthrosc. Rehabil. Ther. Technol. 2011, 3. [CrossRef] [PubMed]

Mithoefer, K.; Peterson, L.; Zenobi-Wong, M.; Mandelbaum, B.R. Cartilage issues in football-today’s problems
and tomorrow’s solutions. Br. J. Sports Med. 2015, 49, 590-596. [CrossRef] [PubMed]

Shetty, A.A.; Kim, S.-J.; Nakamura, N.; Brittberg, M. Techniques in Cartilage Repair Surgery; Springer:
Berlin/Heidelberg, Germany, 2014.

Minas, T.; Gomoll, A.H.; Rosenberger, R.; Royce, R.O.; Bryant, T. Increased failure rate of autologous
chondrocyte implantation after previous treatment with marrow stimulation techniques. Am. J. Sports Med.
2009, 37, 902-908. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/term.509
http://www.ncbi.nlm.nih.gov/pubmed/22081628
http://dx.doi.org/10.1088/1758-5082/2/3/035004
http://www.ncbi.nlm.nih.gov/pubmed/20823507
http://dx.doi.org/10.1186/1471-2474-13-32
http://www.ncbi.nlm.nih.gov/pubmed/22400715
http://dx.doi.org/10.1098/rsif.2008.0151
http://www.ncbi.nlm.nih.gov/pubmed/18667387
http://dx.doi.org/10.3109/17453674.2010.504610
http://www.ncbi.nlm.nih.gov/pubmed/20718695
http://dx.doi.org/10.2174/1874325001105010289
http://www.ncbi.nlm.nih.gov/pubmed/21886695
http://dx.doi.org/10.1163/092050610X491670
http://www.ncbi.nlm.nih.gov/pubmed/20566055
http://www.biopolyortho.com/Biopoly.aspx
http://www.ncbi.nlm.nih.gov/pubmed/10098044
http://dx.doi.org/10.1302/0301-620X.85B7.13745
http://dx.doi.org/10.2106/JBJS.D.02846
http://www.ncbi.nlm.nih.gov/pubmed/16140804
http://dx.doi.org/10.1016/j.joca.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23353668
http://dx.doi.org/10.1186/ar3437
http://www.ncbi.nlm.nih.gov/pubmed/21955617
http://dx.doi.org/10.3390/polym6030799
http://dx.doi.org/10.1007/s11999-015-4141-0
http://www.ncbi.nlm.nih.gov/pubmed/25604876
http://dx.doi.org/10.1007/s00264-010-0959-y
http://www.ncbi.nlm.nih.gov/pubmed/20162416
http://dx.doi.org/10.1186/1758-2555-3-11
http://www.ncbi.nlm.nih.gov/pubmed/21599992
http://dx.doi.org/10.1136/bjsports-2015-094772
http://www.ncbi.nlm.nih.gov/pubmed/25878075
http://dx.doi.org/10.1177/0363546508330137
http://www.ncbi.nlm.nih.gov/pubmed/19261905
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Cartilage: Structure and Repair
	Construct Components
	Natural Polymers
	Polysaccharides
	Glycosaminoglycans
	Proteins

	Synthetic Polymers
	Poly(lactic-co-glycolic) Acid, Polylactic Acid and Polyglycolic Acid
	Polydioxanone
	Poly(ethylene glycol)

	Polymers Used in Preclinical Settings
	Advances in Construct Fabrication Techniques

	Commercially Available Products
	PLA/PLGA-Based Constructs
	Collagen-Based Constructs
	Other Natural Polymer-Based Constructs
	Clinical Evidence in the Pipeline
	Resurfacing Treatment Options: Closing the Bridge between Regenerative Treatments and Arthroplasties?

	Discussion and Future Prospects
	Conclusions

