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Abstract

Hyaline cartilage serves as a low-friction and wear-resistant articulating surface in load-bearing,
diarthrodial joints. Unfortunately, as the avascular, alymphatic nature of cartilage significantly
impedes the body’s natural ability to regenerate, damage resulting from trauma and osteoarthritis
necessitates repair attempts. Current clinical methods are generally limited in their ability to
regenerate functional cartilage, and so research in recent years has focused on tissue engineering
solutions in which the regeneration of cartilage is pursued through combinations of cells (e.g.,
chondrocytes or stem cells) paired with scaffolds (e.g., hydrogels, sponges, and meshes) in
conjunction with stimulatory growth factors and bioreactors. A variety of synthetic and natural
materials have been employed, most commonly in the form of hydrogels, and these systems have
been tuned for optimal nutrient diffusion, connectivity of deposited matrix, degradation, soluble
factor delivery, and mechanical loading for enhanced matrix production and organization. Even
with these promising advances, the complex mechanical properties and biochemical composition
of native cartilage have not been achieved, and engineering cartilage tissue still remains a
significant challenge. Using hyaluronic acid hydrogels as an example, this review will follow the
progress of material design specific to cartilage tissue engineering and propose possible future
directions for the field.
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Introduction

Hyaline cartilage is the most prevalent form of cartilage throughout the body, serving as a
low-friction and wear-resistant articulating surface in load-bearing, diarthrodial joints.
Unfortunately, trauma and a variety of diseases can lead to damaged hyaline cartilage, and
the avascular and alymphatic nature of cartilage significantly impedes the body’s natural
ability to repair and regenerate [1,2]. Current clinical methods to repair defective cartilage
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include autologous chondrocyte implantation (ACI), mosaicplasty, and microfracture, all of
which are limited in their ability to regenerate functional cartilage both in terms of
composition and mechanics [3]. Due to these shortcomings, research in recent years has
focused on tissue engineering solutions in which the regeneration of cartilage is pursued
through combinations of cells (e.g., chondrocytes or stem cells), scaffolds (e.g., hydrogels,
sponges, and meshes), and stimulatory growth factors and bioreactors to guide tissue
formation [4]. Even with promising advances in this field, functional properties comparable
to native cartilage have not been realized, particularly when engineered constructs are
evaluated in relevant large animal models.

The depth-dependent composition and structure of articular cartilage gives rise to its
complex, non-homogeneous mechanical properties. Articular cartilage is generally
composed of chondrocytes and a dense ECM, which mainly includes type Il collagen and
proteoglycans [5]. Structurally, articular cartilage is comprised of four different layers that
can be distinguished from one another by collagen fiber alignment (Figure 1) and
proteoglycan composition. Moving from the articulating surface to the underlying bone, the
superficial zone has aligned fibers parallel to the surface of the bone, the middle zone has
unaligned fibers, the deep zone has aligned fibers perpendicular to the surface of the bone
and the final calcified zone has little organization and is mineralized. Conversely,
proteoglycan content is lowest in the superficial zones and increases with depth. Each layer
also differs in thickness, ECM composition, and cellular morphology [6,7]. The depth-
dependent alignment of collagen leads to important tensile and shear properties, whereas the
depth-dependent proteoglycan content contributes more to the compressive properties of
each zone, with the surface zone being 10-20 times less stiff than the deep zones [8,9].
Adding to the complexity in these functional properties, the defined collagen network
restricts swelling of the tissue, while the negatively charged proteoglycans and low tissue
permeability help the tissue swell and retain water [10]. Water within the tissue is critically
important as it bears a significant portion of the applied stress under dynamic loading
conditions [11]. This combination creates a pressurized environment that drastically
increases the load bearing capacity while reducing the frictional coefficient of cartilage
[12,13]. While many studies have addressed the overall bulk mechanical properties and
composition of the native tissue, few have investigated the complexity of native tissue
structure and function found in tissue-engineered cartilage.

Scaffolds intended for cartilage regeneration should fulfill many requirements, including
adequate nutrient transport, adhesion to the defect site, minimally invasive implantation or
injection, and degradability [14]. Furthermore, one of the most important requirements is the
ability to provide the proper mechanical function (i.e., compressive, shear, and tensile
properties), either a priori or through directed tissue formation. Both synthetic and natural
materials have been explored as potential scaffolds in a variety of forms, including
hydrogels, sponges, and fibrous meshes, for cartilage regeneration. Of these various material
structures, the most commonly explored is hydrogels, which are water-swollen networks
crosslinked by either covalent or physical methods. Hydrogels are particularly attractive
because they can be non-invasively injected, fill defects of any size, and can homogenously
suspend cells within a 3D environment [4]. The focus of this opinion paper will be on the
evolution of hydrogels for cartilage tissue engineering applications, using a class of
materials based on hyaluronic acid (HA) as an example to highlight many of the specific
criteria used in material design for this application.

Hydrogels used in Cartilage Repair

Hydrogels are useful in tissue engineering as they present cells a 3-D context for tissue
formation and defect repair. These water-swollen networks provide a local
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microenvironment that can signal to cells through various chemical and mechanical signals
and serve as a permeable matrix for the diffusion of soluble factors [15]. Hydrogels have
been widely used for biomedical and tissue engineering applications, and there are a
plethora of both synthetic and natural systems used for these purposes. This section will
provide a broad overview of commonly used hydrogel materials for cartilage tissue
engineering.

Synthetic hydrogels provide a well-defined, controllable scaffold to encapsulated cells and
can be beneficial in elucidating the effects of isolated variables in material design.
Poly(ethylene glycol) (PEG) hydrogels form the most prevalent class of synthetic materials
for cartilage tissue engineering; PEG hydrogels are relatively inert and biocompatible and
have been shown to support cartilage tissue formation by both chondrocytes and
mesenchymal stem cells [16,17]. PEG has been modified to include lactic acid groups, RGD
[18,19], and decorin moieties [20] to enhance degradation, viability, and chondrogenesis,
respectively. Even with these modifications, PEG does not support chondrogenesis and
cartilage-specific matrix production to the same degree as some natural materials, including
alginate [21] and HA [22]. In response, PEG has been combined with a variety of natural
materials and even modified with collagen-mimetic peptides to enhance chondrogenesis
[23-25].

Natural materials are commonly used for cartilage tissue engineering due to their abundance,
and because they possess many intrinsic pro-chondrogenic properties and are commonly
involved in native cellular processes. Agarose and alginate, both polysaccharide-based and
derived from seaweed, were two of the first materials used as hydrogels for cartilage tissue
engineering [26]. Agarose has been shown to support chondrogenesis and resulted in the
highest SGAG to DNA ratio when compared to type | collagen, alginate, fibrin, and
polyglycolic acid [27]. Agarose gels have been employed extensively in cartilage tissue
engineering and have helped to elucidate the effects of mechanical loading, TGFp exposure,
and differences between chondrocytes and MSCs [28-30]. Alginate is generally crosslinked
with bivalent cations, commonly Ca2*, and can support chondrogenesis [31,32] in a variety
of 3D forms (beads and discs). RGD peptides have been incorporated into alginate gels to
provide controllable cell adhesion sites; however, this system inhibits and/or reduces
chondrogenesis of MSCs [31]. Moreover, other limitations to alginate include low
mechanical stability and slow degradation.

Natural hydrogels based on proteins, such as collagen and fibrin, are also common for
cartilage regeneration. Collagen is an abundant protein within native articular cartilage and
provides intrinsic cell-binding motifs and enzyme-specific degradation, but collagen gels are
very soft and can contract during culture [33]. Fibrin is another commonly used natural
protein that has pro-chondrogenic properties and rapid degradation [34]. This rapid
degradation is theoretically beneficial for in vivo studies, but results in inferior tissue in vivo
[35] and makes long-term in vitro studies difficult to conduct [36]. Polypeptides that mimic
native proteins have also been studied for cartilage regeneration. Elastin-like polypeptides
(ELPs) consist of artificial repetitive polypeptides that can hydrophobically self-associate
above a characteristic transition temperature [37]. The repeating amino acid sequence is
versatile and can be tuned to include RGD for cellular adhesion, lysines for crosslinking,
histidine tags for in vivo tracking, and silk peptide sequences (SELPs). ELPs have been
shown to support chondrogenesis during in vitro studies, and SELPs have even been studied
in rabbit and goat cartilage defect models with promising results. Kisiday and coworkers
have also used KLD-based self-assembling peptides to prolong TGFp delivery and study the
effects of dynamic compressive loading on MSC chondrogenesis in vitro, and these peptide
hydrogels have also been analyzed within a rabbit cartilage defect model [38-41].
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HA-based hydrogels are one of the most extensively studied natural materials for cartilage
tissue engineering. HA is a linear polysaccharide found natively in adult articular cartilage
that is involved in many cellular processes, including proliferation, morphogenesis,
inflammation, and wound repair [42]. Furthermore, HA is also important to cartilage
formation and is differentially regulated during limb bud formation and mesenchymal cell
condensation [43]. HA hydrogels support chondrocyte matrix deposition and chondrogenic
differentiation of mesenchymal stem cells (MSCs). Moreover, in direct comparison to PEG
hydrogels, HA hydrogels enable more robust MSC chondrogenesis and cartilaginous matrix
formation both in vitro and in vivo [22]. HA is also easily functionalized into formats that
are both photopolymerizable and/or hydrolytically degradable [44,45], and can include
MMP-sensitive peptides and RGD sequences for cell-mediated degradation [46] and cellular
adhesion [47], respectively. With its natural pro-chondrogenic properties and facile
tunability, HA hydrogels are a promising scaffold for cartilage regeneration and will be the
focus of the remainder of this article.

Macromer Synthesis and Network Formation

Although photoinitiated, redox, and thermal mechanisms are all common systems for radical
polymerization, this review will focus on photoinitiated polymerization due to its common
use for hydrogel formation in cell encapsulation [48]. Photoinitiated polymerizations
generally include a double-bond containing macromer, a photoinitiator, and a light source.
When light excites the photoinitiator, radicals are produced which then initiate the formation
of kinetic chains through the double bonds in the macromer (i.e., propagation). The rate of
initiation (R;) is dependent on the initiator efficiency, initiator concentration, and light
intensity, and the rate of propagation can be approximated by a second-order reaction,
dependent on both the double bond concentration and the radical concentration [48]. As the
reaction progresses, a pseudo-steady state of radical consumption can be assumed (R; = Ry),
where the rate of propagation is dependent on R;, the monomer concentration, and the
propagation and termination Kinetic constants (k, and ki, respectively). This leads to a fairly
complex reaction behavior even when steady state is assumed.

The reaction behavior during photoinitiated polymerizations can potentially be harmful to
cells, and many groups have explored the effects of various photoinitiators and light
intensities to enhance cell viability. Burdick, et al. showed that the temperature increase
resulting from photoinitiated polymerization was readily controlled by changing the light
intensity, with a drop in surface temperature from 46°C to 33°C when light intensity was
decreased from 100 mW/cm? to 25 mW/cm? [49]. However, this was with a highly
crosslinked system; with hydrogels, temperature increases are minor and have not been
deemed detrimental to cell viability. The water-soluble photoinitiator Irgacure 2959 (12959,
2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone) has been widely adopted
due to its ability to support gel formation while maintaining cell viability when exposed to 8
mW/cm?2 UV light for 10 minutes at concentrations less than or equal to 0.05 wt%; other
initiator systems are generally more toxic to cells [50,51]. This system of 12959 with low
intensity UV light is currently the most extensively used for hydrogel formation and is the
basis for HA gelation in most of the following studies discussed.

The primary hydroxyl groups on the HA backbone can easily be modified to include
functional groups that allow for covalent crosslinking, degradation, and controlled adhesion.
Incorporating a methacrylate [52,53] (MeHA) or acrylate [47] (AHA) functional group onto
the HA backbone allows for photoinitiated crosslinking. Other commonly conjugated
functional groups include methacrylated lactic acid (MeLAHA) [44], methacrylated
caprolactone (MeCLHA) [45], and hydroxyethylmethacrylate (HeMAHA) [54,55] (Figure
2). A cys-containing RGD can also easily be grafted through a Michael-type addition
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reaction between the thiol and an acrylate or methacrylate functional group on HA [46,47].
This ease of modification and versatility of HA make it an attractive hydrogel material for

tissue engineering applications. Details on synthesis mechanisms are provided in the above
referenced articles.

Network Density and Degradation: Effects on Mechanics and Diffusion

A combination of the macromer molecular weight, % of primary hydroxy! groups
methacrylated (% modification), concentration (wt%) in the precursor solution, and extent of
reactive groups consumed during reaction, all combine to determine the mechanics and
network density of formed HA hydrogels. These variables can be used to impart specific
properties into the HA hydrogels [56]. Burdick, et al. found that combinations of varying
HA macromer molecular weight and wt% of the precursor solution resulted in moduli
ranging from about 2 to 100 kPa, and a later study found that of the formulations
investigated, 2 wt% 50 kDa molecular weight MeHA hydrogels resulted in the best type 11
collagen and chondroitin sulfate expression for encapsulated auricular chondrocytes [57].
Erickson, et al. later screened 1, 2, and 5 wt% bovine MSC-seeded MeHA hydrogels, and
found that MSCs within 5 wt% MeHA hydrogels significantly upregulated type Il collagen
MRNA expression and resulted in the highest overall proteoglycan content in comparison to
lower wt% hydrogels. However, the high network density impeded the distribution of the
deposited matrix (Figure 3) and resulted in inferior bulk mechanics in comparison to the
other conditions. Indeed, the 1 wt% hydrogel, although not optimal for matrix production
and possessing the lowest initial mechanical properties, resulted in the highest equilibrium
compressive modulus (0.12 MPa) and dynamic modulus (1.05 MPa) of all conditions after 6
weeks of in vitro culture [58]. Thus, it is important to balance the initial properties with the
ability to accumulate matrix within these hydrogel systems to obtain the best final properties
in engineered tissues, towards their utility in clinical applications.

In a following study, a higher cell seeding density of 60 million cells/mL (60M) was
compared to the standard 20 million cells/mL (20M) within 1wt% MeHA hydrogels, and the
60M group reached a significantly higher equilibrium compressive modulus and dynamic
modulus in comparison to the 20M group (p<0.05), presumably due to increased cell-cell
proximity and matrix connectivity [59]. Interestingly, the SGAG concentration was only
~25% greater and the collagen content was actually halved in the 60M group, implying that
the increase in mechanics was more likely due to enhanced collagen organization and
connectivity [60,61]. Also important to note, the restricting effect of higher network
densities was not overcome even by a 3-fold increase in cell density as the mechanical
properties did not increase in 60M compared to 20M in 2wt% and 5wt% MeHA hydrogels.
To further improve nutrient and matrix distribution, gentle mixing using an orbital shaker
was employed on 60M 1wt% MeHA hydrogels. Samples under dynamic culture reached an
equilibrium compressive modulus of over 1 MPa and a dynamic modulus of 6 MPa after 9
weeks of culture, well above the moduli of samples under static culture (p<0.001) and
within the range of mechanical properties for native bovine articular cartilage [59]. This
series of studies displays the importance of nutrient and matrix diffusion and the need for a
hydrogel with sufficiently low network density to allow for high permeability. While these
studies demonstrate the potential of HA hydrogels, these experiments must be replicated
with human MSCs to be clinically relevant.

Tuning hydrogel degradation can also be used to alter nutrient and matrix distribution.
Although hydrogels are initially a valuable cell-carrier and useful for mechanical support,
ideally the artificial polymer network will degrade at a rate fast enough to allow for optimal
matrix distribution and organization, but slow enough to provide support as needed.
Mixtures of MeHA with both MeLAHA and MeCLHA (hydrolytically degradable forms of
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HA, see Figure 2), formed by changing wt% of each component while keeping overall wt%
constant, allows for tunable degradation profiles. While keeping overall wt% constant,
mixtures of MeHA with increasing amounts of hydrolytically-degradable MeLAHA
enhanced the distribution of matrix components [44] (Figure 4). Chung et al. later screened
mixtures of MeHA with MeCLHA, varying both overall wt% (1wt%, 2wt%, and 5wt%) and
also varying the ratio of MeHA to MeCLHA [45]. The 1:1 MeHA:MeCLHA hydrogel
(overall 2wt%) retained the pro-chondrogenic benefits of higher network density (as
discussed previously) while gradually decreasing network density and increasing matrix
connectivity as the MeCLHA component degraded. Interestingly, the lower wt% gels (1wt%
MeHA) led to greater contraction than the gradually decreasing formulation; thus, the rate of
hydrogel degradation may also play a role in maintenance of construct size. Moreover,
recent work has used specific MMP-cleavable crosslinkable sequences to form HA
hydrogels that allow for cell-mediated degradation [46,47]. Although not yet explored for
cartilage regeneration in HA hydrogels, MMP-sensitive PEG hydrogels show significant
upregulation of type Il collagen and aggrecan and enhanced diffusion of deposited matrix in
comparison to MMP-insensitive PEG gels [62]. MMP-degradable HA hydrogels are thus a
promising avenue for future cartilage-focused studies.

External Factors for Improved Cartilage Regeneration: Growth Factor
Delivery and Mechanical Loading

Growth factor delivery and mechanical loading represent two additional methods of
enhancing cartilage formation beyond the design of the hydrogel itself. Growth factors have
a substantial impact on cell behavior, both during initial development and long-term tissue
maintenance. Specific to cartilage, multiple growth factors have been employed to improve
chondrogenesis, including isoforms of TGFB, FGF, BMP, and IGF [4,5]. Although each
growth factor alone and specific combinations have been shown to have unique effects on
MSC proliferation and chondrogenesis [63], the TGFp superfamily has been used
extensively to induce robust chondrogenesis of MSCs [64—66] and has also been shown to
reduce hypertrophy even after a transient presence [67]. Although in vitro culture can easily
be supplemented with exogenous TGFf to induce chondrogenesis, this is much more
difficult in vivo, as hydrogels must be modified or loaded with a high concentration of TGFp
for prolonged release.

Chung, et al. showed that MSC chondrogenesis and matrix production within HA hydrogels
in vivo was significantly more robust in MSC-seeded hydrogels simply loaded with TGF
(100 ng/mL) than in hydrogels without any added TGFp. Several groups have attempted to
further control this release over a longer period, most commonly by using sequestering
peptides (such as heparin sulfate) or TGFp-loaded particles encapsulated within the hydrogel
[68-70]. When TGFp-loaded nanofilm-coated alginate microspheres were encapsulated
within 2wt% hMSC-seeded MeHA hydrogels, the TGFp release profile was extended and
burst release was attenuated. Moreover, constructs with TGFp-loaded nanofilm-coated
alginate microspheres (MeHA+MS) developed comparable mechanical properties and
cartilage matrix content when compared to MeHA hydrogels continuously supplemented
with exogenous TGFf, whereas constructs without microspheres (MeHA-MS) or exogenous
TGFp developed inferior mechanics and matrix formation. In vivo, MeHA+MS constructs
resulted in superior cartilage formation compared to both MeHA-MS samples and MeHA
hydrogels loaded with a bolus dose of 100 ng/mL TGFp [71] (Figure 5). TGFpB-specific
sequestering and protecting peptides used previously in PEG hydrogels could also be grafted
onto the HA backbone as another way to achieve prolonged release and amplify these
findings [70].
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Mechanical stimulation is critical for normal development and maintenance of articular
cartilage content and function [72,73]. Hydrostatic pressure, an indirect mechanical
stimulus, has been shown repeatedly to improve chondrogenesis and cartilage regeneration
in a variety of systems [74—77]. Direct mechanical loading (compressive or tensile) of MSC-
seeded hydrogels seems to be dependent on the specific loading regimen. For instance, a
continuous compressive loading regime for PEG and agarose hydrogels significantly
decreased mechanical properties and cartilage formation at early times (2 and 3 weeks,
respectively) [28,41,78,79]. However, when compressive loading was applied after 3 weeks
of preliminary static culture (e.g. delayed loading), the mechanical properties of the agarose
hydrogels improved significantly over those of either continuous loading or static culture
[28]. This response was also observed with ESCs in PEG gels [80], implicating that stem
cells may need a static culture period for proliferation, differentiation, and initial matrix
accumulation before responding positively to loading in certain hydrogel environments.

Hydrogel environments may likewise alter cellular mechanosensitivity and responsivity of
cells to various loading regimes as well. Unlike agarose or PEG gels, the mechanical
properties for bovine MSC-seeded MeHA hydrogels improved significantly after continuous
loading, in comparison to moduli for identical samples under delayed loading and static
culture conditions, reaching an equilibrium modulus of 587 kPa and a dynamic modulus of
4.4 MPa. The different responses to compressive loading within MSC-seeded HA gels and
other systems like agarose and PEG may be due to specific receptor mediated interactions
with HA, including CD44 and RHAMM [42]. Although the underlying mechanisms remain
unclear, compressive mechanical loading significantly enhanced mechanical properties
within HA hydrogels and is a promising technique for future studies.

Future Directions and Additional Considerations

The field of cartilage regeneration has made impressive progress from a variety of
perspectives, ranging from studies on basic cartilage composition to more complex attempts
to build cartilage from scaffolds and cells. Still, there is room for significant improvement,
as current constructs do not yet fully recapitulate the complex mechanical properties of
native cartilage with human cells. In response, the field may need to explore other avenues
such as MSC heterogeneity and hypertrophy, enhanced markers of cartilage formation, and
even new forms of materials.

Tuning Material Design to Compliment Cell Source

Chondrocytes were the first cell type to be thoroughly explored for cartilage tissue
engineering [4]. These cells are native to articular cartilage and can be harvested through
excision of cartilage tissue and subsequent digestion of the existing extracellular matrix [81].
Chondrocytes remain viable and produce a cartilaginous matrix (high in type Il collagen and
aggrecan) when encapsulated within hydrogels composed of various materials [4]. HA
hydrogels support cartilaginous matrix production by both auricular and articular
chondrocytes [82]; interestingly, a very different response was observed for these two types
of chondrocytes in HA gels, potentially due to their interactions with the HA chemistry or
due to the culture environments in which they were placed. Although not completely
understood, these results indicate a signaling process between the hydrogel chemistry and
cell type employed. Additionally, there are limitations to using chondrocytes for cartilage
tissue engineering, as chondrocytes have been shown to dedifferentiate when expanded on
tissue culture polystyrene (TCPS) [83] and there are not nearly enough cells within healthy
articular cartilage (5-10% of cartilage tissue) to directly implant harvested cells back into
the region of interest. Also, Erickson, et al. recently showed that cartilage matrix formation
in pellet culture is dependent on the age of the chondrocyte donor [60], limiting the use of
chondrocytes from older and/or diseased cartilage.
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Although much work has focused on reversing or slowing down chondrocyte
dedifferentiation, there has been a marked shift in the past decade from the use of
chondrocytes to applications involving mesenchymal stem cells (MSCs), which can be
harvested in a non-invasive manner from a variety of sources including bone marrow and fat
[4]. Ideally, MSCs could be harvested from the patient prior to surgery, expanded in vitro,
and then the cells implanted back into the same patient. Both human and bovine MSCs
undergo chondrogenesis in HA hydrogels, supporting upregulation of chondrocyte-specific
genes and producing cartilage-like matrix rich in aggrecan and type Il collagen [22,58],
especially with younger MSC donors [60]. It has also been shown, however, by direct
comparison in both HA and agarose hydrogels that the matrix produced by MSCs is inferior
to that of the matrix produced by chondrocytes. Interestingly, these differences were much
less pronounced in the HA hydrogels [30,84]. Erickson, et al. also showed that increasing
donor age (bovine source) negatively impacts cartilaginous matrix deposition by MSCs in
both pellet and HA hydrogel culture [60], which may be problematic if autologous MSCs
are used from older patients. Moreover, heterogeneity is difficult to overcome between
donors [85] or even from the same donor [86], as most harvesting techniques use only
attachment to TCPS to isolate MSCs from the bone marrow aspirate (which also includes
hematopoietic and other types of cells) [67].

Apart from complications with cell source and heterogeneity, new understanding of MSC
chondrogenesis has revealed that these cells may have a transient or osteoarthritic
phenotype, eventually undergoing hypertrophy after prolonged culture [87-93].
Hypertrophy can be reduced with co-culture of MSCs and chondrocytes; Bian, et al. showed
that the co-culture of MSCs and chondrocytes (at a ratio of 4:1) within the same HA
hydrogel significantly increased the Young’s modulus, dynamic compressive modulus, and
collagen and GAG content, while significantly decreasing hypertrophic markers, as
evidenced by a significant decrease in type X collagen [89,94] (Figure 6). These effects
were not observed when two separate gels (one seeded with MSCs and the other seeded with
chondrocytes) were cultured in the same well, indicating that close proximity is important
for co-culture effects exert their influence. Hypertrophy can also be reduced by the addition
of parathyroid hormone-related protein (PTHrP); PTHrP regulated chondrocyte maturation
and hypertrophic conversion in the growth plate [89,94]. Hypertrophy is also closely tied
with cell-matrix interactions, and proper tuning of material properties, such as mechanics or
oxygen tension, may stabilize the MSC chondrocyte-like phenotype and reduce
mineralization [95]. A better understanding of MSC heterogeneity and hypertrophy may be
needed to achieve the high level of mechanics observed with chondrocytes and of native
cartilage and to eliminate mineralization of the tissue.

Although MSCs still hold great promise, other cell types may also be beneficial for future
exploration, including induced pluripotent stem cells (IPSCs) and embryonic stem cells
(ESCs) [96]. ESCs are obtained from the inner mass of a blastocyst and are an attractive cell
source due to their ability to differentiate into all somatic lineages and retain self-renewal
capacities after many doublings. Elisseeff and coworkers first showed that hESC-derived
mesenchymal-like cells encapsulated within RGD-modified PEG hydrogels produced
cartilaginous matrix high in type Il collagen [97]. Since then, it has also been shown that
combinations of various isoforms of BMP and TGFp drive hESC chondrogenesis in
embryoid bodies, pellets, and even monolayer culture [98-101]. Still, there are limitations to
ESCs, including issues with selection, purification, culture, and ethics. IPSCs may be
another attractive cell source in the future. These cells are formed when somatic cells are
reprogrammed through retroviral or other transduction methods with several key
transcription factors to induce pluripotency [102]. IPSCs are still in the initial stages of
research and have not been explored extensively for cartilage regeneration. Material design
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and protocols for optimal chondrogenesis specific to ESCs and IPSCs still require much
improvement before nearing the current advances with MSCs.

Enhanced in vitro and in vivo Markers of Cartilage Formation

Typically, gene expression and matrix production, as seen via sectioning and staining or
total biochemical analyses, are the most common markers of chondrogenesis. The most
widely accepted markers include type 11 collagen, aggrecan, sox9, cartilage link protein, and
cartilage oligomeric matrix protein (COMP). However, a recent study profiled the gene
expression of chondrocytes and undifferentiated and differentiated MSCs in 3D culture for
hundreds of genes using microarray analysis. That study found that several hundred markers
(other than those just discussed) were differentially regulated between the two cell types
even after the MSCs had differentiated, including proteoglycan 4 (PRG4) and TGF-beta
induced 68 kDa protein (TGFBI) [63] (Figure 7). Both PRG4 and TGFBI may be markers of
a chondrocyte-like phenotype; others have already documented the differences in PRG4
secretion and retention between MSCs and chondrocytes [103] and TGFBI is known to
inhibit mineralization and is most highly expressed in pre-hypertrophic chondrocytes
[104,105]. In addition to these inherent molecular differences, mechanical properties of
constructs formed by MSCs are generally lower than that formed by chondrocytes. While
cartilage plays a predominantly mechanical role in the body, many studies surprisingly do
not document or comment on the mechanical properties of constructs. Thus, although
additional markers such as PRG4 and TGFBI may help to better understand phenotypic
responses, mechanical properties should be the final metric for quality of cartilage
formation.

While in vitro studies provide a wealth of information on cell and matrix interaction with
materials, the in vivo environment is much less controlled, and likely to result in differing
responses. Thus, any cartilage-like constructs must be evaluated in an in vivo environment as
part of the developmental process. In vivo studies are most commonly subcutaneous
implantations in rats or mice, and these environments are not optimal as the subcutaneous
environment is starkly different from that of the native cartilage environment, a load bearing
environment bathed in synovial fluid. In a recent study, fibrin hydrogels containing
heparinized nanoparticles loaded with TGFp (hep-NP) along with various control groups
were implanted both subcutaneously within nude mice and within a rabbit cartilage defect
[106]. The relative gene expression trends were significantly different between the two in
vivo studies, although overall cartilage formation was enhanced in the hep-NP group
compared to other groups in both cases. Although differences in mineralization and
hypertrophy were not commented on in this study, it can be inferred that the mineralization
and inferior cartilage tissue formation seen in many in vivo subcutaneous implantation
studies may arise from the unnatural implantation environment, and so results may be more
promising within a true cartilage defect model. Additionally, further development of new or
existing imaging systems, such as EPIC-uCT [107,108] and MRI imaging [109], that could
be used in in vivo studies without need for sacrifice would be beneficial, allowing the
progress of the same samples to be tracked over time and requiring fewer animals. Better
standards for cartilage-focused studies will improve understanding of the effects of material
design on cartilage tissue formation and may in turn help to further develop previously
studied materials.

Controlling Matrix Structure with Fibrous Hydrogels

Since mechanical properties comparable to those of native articular cartilage have not been
achieved with hydrogels to date, particularly with human cells, some groups have turned to
alternative material formats. Electrospinning has recently gained much interest due to its
ability to mimic the nanofibrous structure of the extracellular matrix and allow for better
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control over matrix organization and mechanical properties [110]. Polycaprolactone (PCL)
is one of the most commonly electrospun materials; PCL fibers have been shown to support
cell infiltration (with the incorporation of sacrificial fibers or orbital shaking) [111,112] and
also to support chondrogenesis [113,114], but the stiffness and low swelling capabilities of
this material may not be ideal for chondrogenesis and cell infiltration. Electrospun MeHA
on the other hand is relatively soft, within the optimal range of mechanics for
chondrogenesis, and also has swelling properties such that it can form a hydrogel-like
fibrous scaffold [115,116]. Fibrous electrospun MeHA scaffolds also offer precise control
over mechanics (through the extent of modification), cell adhesivity (through the amount of
conjugated RGD), and fiber alignment (through rotating speed of the collecting mandrel)
[117], the latter of which may be important due to the depth-dependent alignment of
collagen fibers, cell morphology, and biochemical composition in cartilage (Figure 8).
While much progress has been made in understanding how mechanics, adhesivity, and
topography affect stem cell differentiation [118], these variables have not been extensively
studied in a 3D fibrous system, particularly towards a specific application (e.g., cartilage).
Thus, the ability to manipulate and control these variables with electrospun MeHA makes it
an ideal fibrous system for future research in cartilage tissue engineering.

Conclusions

While many promising advances have been made in understanding the biology behind
healthy and diseased cartilage and also in methods to enhance chondrogenesis and matrix
formation of chondrocytes and MSCs in hydrogel scaffolds, engineering cartilage tissue that
possesses the full range of native properties remains a difficult proposition. Our group and
many others in the field have made marked progress in forming engineered cartilage tissue
based on HA and stem cells that reproduces some of the key features of the native tissue. As
the field continually explores new materials, degradation profiles, and mechanical loading
regimes, it may be beneficial to revisit a more fundamental level of research and first try to
obtain a stable chondrocyte-like phenotype, a more homogeneous population of MSCs,
better markers of chondrogenesis and cartilage formation, and even different forms of
materials. With the addition of these new tools and more thorough assessment in large
animal models, previously studied systems may reach native levels of matrix composition
and mechanics to form functional, durable, and stable tissue engineered articular cartilage.
This would significantly improve the health and mobility of countless patients worldwide
suffering from the negative symptoms of acute cartilage damage and the ravages of
progressive osteoarthritis.
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Figure 1.
Depth-dependent collagen alignment and cellular morphology in articular cartilage. H&E:
hematoxylin and eosin; GAGs: alcian blue stain for glycosaminoglycans.
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Figure 2.
Chemical structures of various modifications of the hyaluronic acid (HA) backbone that
impart a range of reaction behavior and functionality into formed HA hydrogels.

Biomaterials. Author manuscript; available in PMC 2012 December 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kim et al. Page 19

Figure 3.

Network density (1, 2, and 5 wt% MeHA) influences distribution and connectivity of matrix
deposited by mesenchymal stem cells (MSCs). Alcian blue staining of proteoglycans (top),
picrosirius red staining of collagens (middle), and immunostaining of type 1l collagen
(bottom) in sections from MeHA and control agarose hydrogels on day 42. Adapted from
[58] with permission. Scale bar: 250 microns.
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Figure 4.

Increasing ratio of degradable component (MeLAHA) in fixed overall wt%
MeHA:MeLAHA hydrogels enhances distribution of MSC-deposited chondroitin sulfate
after 14 days (CS= chondroitin sulfate, H&E = hematoxylin and eosin). Adapted from [44]
with permission. Scale bar: 100 microns.
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Figure 5.

Nanofilm-coated microspheres loaded retain FITC-labelled BSA after 7 days within MeHA
hydrogels, scale bar: 50 microns (A), and TGFp release profiles after direct encapsulation in
HA (T in HA) and for free microspheres (uncoated and coated) and coated microspheres
within HA hydrogels (B). Matrix production was enhanced in TGFB-loaded microsphere
group (MS+T) compared to samples with a bolus dose of TGF (T only) assessed by
immunohistochemical staining for types I and 11 collagen and chondroitin sulfate 56 days
after subcutaneous implantation, scale bar: 200 microns (C). Adapted from [71] with
permission.
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Figure 6.

Hypertrophy was reduced in constructs seeded with a mixed population of chondrocytes and
MSCs (Mixed) in comparison to MSC-only samples (MSC) as seen with
immunohistochemical staining for type 10A1l collagen on day 42. Adapted from [89] with
permission. Scale bar in inset: 25 microns.
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Figure 7.

Differential expression and retention of PRG4 and TGFBI at day 56 in chondrocyte
compared to MSC-seeded agarose constructs after 56 days of chondrogenic culture. Adapted
from [85] with permission. Scale bar: 100 microns.
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Electrospun Fiber Morphology
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Figure 8.

Dry and swollen electrospun MeHA fibers as seen by SEM and confocal microscopy
(methacrylated rhodamine-incorporated fibers), respectively. Human MSCs interacting with
RGD-conjugated MeHA fibers adapt a morphology to match fiber alignment after 1 day of
in vitro culture (stained with FITC-phalloidin and DAPI, confocal images). Scale bar: 20
microns (left and middle columns), 100 microns (right column).
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