TISSUE ENGINEERING: Part B
Volume 21, Number 6, 2015
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.teb.2015.0142 Tissue Engineering

& Regenerative Medicine
International Society

REVIEW ARTICLE

Multiscale Biofabrication of Articular Cartilage:
Bioinspired and Biomimetic Approaches

Philip David Tatman, BS," William Gerull, BS," Sean Sweeney-Easter, BS,' Jeffrey Isaac Davis, BS]
Albert O. Gee, MD/;? and Deok-Ho Kim, PhD"?

Articular cartilage is the load-bearing tissue found inside all articulating joints of the body. It vastly reduces
friction and allows for smooth gliding between contacting surfaces. The structure of articular cartilage matrix
and cellular composition is zonal and is important for its mechanical properties. When cartilage becomes injured
through trauma or disease, it has poor intrinsic healing capabilities. The spectrum of cartilage injury ranges from
isolated areas of the joint to diffuse breakdown and the clinical appearance of osteoarthritis. Current clinical
treatment options remain limited in their ability to restore cartilage to its normal functional state. This review
focuses on the evolution of biomaterial scaffolds that have been used for functional cartilage tissue engineering.
In particular, we highlight recent developments in multiscale biofabrication approaches attempting to recapit-
ulate the complex 3D matrix of native articular cartilage tissue. Additionally, we focus on the application of
these methods to engineering each zone of cartilage and engineering full-thickness osteochondral tissues for
improved clinical implantation. These methods have shown the potential to control individual cell-to-scaffold
interactions and drive progenitor cell differentiation into a chondrocyte lineage. The use of these bioinspired
nanoengineered scaffolds hold promise for recreation of structure and function on the whole tissue level and
may represent exciting new developments for future clinical applications for cartilage injury and restoration.

Introduction

ARTICULAR CARTILAGE IS a stratified tissue, comprised of
several distinct microscale cellular niches, which vary
in both extracellular architecture'™ and cell phenotype®
(Fig. 1). Lacking innervation and direct vascular support,
articular cartilage survives through mechanical loading. "'
Cyclical compression of the articular cartilage matrix fa-
cilitates diffusion of nutrients and waste, thus providing the
means for chondrocyte homeostasis.'* Due to its unique
extracellular matrix (ECM) composition and collagen ar-
chitecture, articular cartilage provides a nearly frictionless
joint and a stiff load-bearing tissue to absorb the substantial
compressive forces that are transmitted through the joint
during activity. When the articular cartilage matrix becomes
injured, it has a very poor capacity to heal itself. This leads
to the formation of inferior fibrocartilage tissue, which has
poorer mechanical properties. Often, isolated damage can
progress to involve the remaining cartilage and lead to ar-
thritis of the joint.">~!

Arthritis is one of the most prevalent musculoskeletal
diseases worldwide and is the leading cause of disability in
the United States for people over the age of 50.'%'%2" In

2008, ~30 million people suffered from some form of ar-
thritis and the prevalence is ex?ected to increase to 60
million people by the year 2020.'° In addition to the pain
from articular cartilage loss, many patients experience ex-
tensive subchondral bone remodeling.>'** Early stage ar-
thritis coincides with an increase of bone density beneath the
degrading articular cartilage.”>° However, later stage ar-
thritis is characterized by bone erosion due to a complete
loss of the overlying articular cartilage.?'*’">° Multiple
clinical treatments to address cartilage injury have been
tried, but continue to have significant limitations. They fall
short of reconstituting the normal function of the native
tissue. Thus, tissue engineering strategies, which combine
cells, scaffolds, and biologic stimulation, have been a focus
for research in regenerating articular cartilage.

Historically, engineering strategies for replicating carti-
lage tissue have predominantly revolved around the use of
hydrogels. Recent trends have been focused on stratified
layers specific to each zone of native cartilage tissue instead
of a homogenous biomaterial scaffold.***" By applying a
multiscale biofabrication approach, newer scaffolds have
been developed that can recapitulate the complex hetero-
geneous and zonal architecture of native cartilage.
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FIG. 1. Ultrastructural organization of native cartilage. (A) Illustration representing articular cartilage tissue organization
into zones by depth from the surface. Collagen is represented by the black lines, while chondrocytes are presented with a
white soma and black nucleus (for visual contrast). Collagen II fibers protrude perpendicularly from the deep bone surface,
and progress into a parallel alignment toward the superficial surface. (B) Raman maPplng reveals the depth-dependent
change in chondrocyte morphology and propensity for cells to cluster into dimers.'®' At the superficial surface, chon-
drocytes have less overall volume and take on a flattened morphology. Chondrocytes exhibit a transition into a hypertrophic
morphology with increasing proximity to the surface of bone.

An additional challenge in cartilage tissue engineering is
in regenerating the functional interface between bone and
cartilage, which is of considerable importance, as this is how
new tissue would need to be anchored to the host bone.
Many studies have successfully replicated a single element
of cartilage; however, no study has successfully mimicked
native cartilage with respect to the combination of cartilage
matrix organization, physiological and mechanical proper-
ties, cell density, and ability to integrate with subchondral
bone.

Through a multiscale bioengineering approach, the com-
bination of many techniques have the potential to produce
complex 3D tissues mimicking native cartilage and hold

great promise in developing new cartilage when implanted
in vivo. This review aims to summarize recent advances in
cartilage tissue engineering and highlight the potential gain
of integrating these techniques into a cohesive method to
produce a cartilage construct that has clinical translation
potential.

Ultrastructural and biochemical characteristics
of native articular cartilage

To engineer articular cartilage, it is important to understand
the composition, structure, and mechanical properties of the
native tissue. The biochemical composition of articular
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FIG. 2. Biochemical spatial distribution of adult articular cartilage. (A) Hematoxylin and eosin staining demonstrates

chondrocyte distribution throughout the depth of the tissue.'®

from deegg to superficial.
manner.

(B) Safranin-O staining reveals the distribution of collagen

* (C) Alcian blue staining reveals the distribution of GAG and PG in a depth-dependent
(D) Proteoglycan 4 (PG4) provides a strong marker for p 1ys1010g1c and functional cartilage, as it is expressed in
the superficial zone of cartilage in response to mechanical loading.

(E) The fibroblast growth factor (FGF) family of

proteins has been known to progress chondrogenesis and FGF-2 is known to be expressed in resting populations of

chondrocytes.'®
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cartilage includes collagen types II and X,**~** proteoglycan 4

(PG4) and aggrecan,”>** and glycosaminoglycans (GAGs),
including chondroitin sulfate, hyaluronic acid (HA), and ker-
atin sulfate.*"**~*” Four unique zones form the articular carti-
lage: the superficial, middle, deep, and transition zones.'%!48
Each of these zones has a unique composition, cell phenotype,
and physiological property (Figs. 1 and 2).

The superficial zone has the greatest resistance to shear
stress, which allows the contacting surfaces of the joint to
slide across one another in a low friction environment,34’49_5]
and supports the joint surface by way of anisotropic ar-
rangement of collagen.’** The collagen is highly ordered
into parallel fibers in the direction of applied shear force. This
zone has the highest concentration of collagen type II and
trace amounts of other collagen types I and IIL.°*> GAGs
and proteoglycans do not reside in this layer, with the ex-
ception of PG4, which is found in high concentrations (Fig.
2). PG4 functions as a lubricating component in synovial
joints.*>*%3*35 Chondrocytes have the highest density in the
superficial zone and take on a flattened morphology®'#%6-57
(Fig. 1).

Deep to the superficial zone resides the middle zone. The
defining feature of the middle zone is the lack of matrix
organization. Collagen randomly orients (Fig. 1A), ag-
grecan and GAGs are present in relatively moderate con-
centrations, and PG4 concentration is reduced (Fig.
2D).>3*40 Physiologically, this zone serves as a transition
between the superficial and deep zones and possesses a
random orientation of the collagen matrix, which acts as a
spongz compressive layer to the impact of mechanical
loads.”® Chondrocytes take on a slightly rounded mor-
phology and are 7present in a lower density relative to the
superficial zone’’ >’ (Fig. 1B).

Transitioning to the deep zone, type II collagen fibers
orient perpendicular to the superficial layer (Fig. 1A). In
addition to type II collagen, type X collagen accumulates
to an appreciable degree (Fig. 2A, B).>* This zone is rich in
GAGs and contains a high concentration of aggrecan,
while PG4 concentration is negligible' %78 (Fig. 2C,
D). Chondrocytes organize into distinct columns, and often
form cell dimers®’ (Fig. 1). The deep zone has the highest
resistance to mechanical compression, with a modulus
ranging in the order of 10-20 MPa.’*° The deepest layer,
known as the transition zone or tidemark, has a similar
composition as the deep layer with the addition of calcified
collagen.®’™®* As the collagen becomes more heavily cal-
cified, the matrix transitions to bone, and the cell pheno-
type progresses from chondrocyte to osteocyte. This layer
anchors the articular cartilage to the underlying sub-
chondral bone.

The composition of articular cartilage and the spatial
organization of these components play a major role in car-
tilage homeostasis.**"°® In general, PG and GAG content
increases with depth while collagen concentration is in-
versely proportional (Fig. 2A, D). Due to the hydrophilic
nature of PG and GAG, and their paucity at the surface of
cartilage, an osmotic gradient develops, which favors the
movement of water into the cartilage matrix.>'*** Com-
pression of the cartilage matrix, during physiological load-
ing, forces water and waste out, while the osmotic gradient
pulls water and nutrients back into the matrix under con-
ditions of low mechanical stress.

545

The composition of articular cartilage results in unique
mechanical properties (Table 1). In the lower extremities
of adult humans, articular cartilage has been reported to
have an instantaneous compressive modulus ranging from
1 to 19.5MPa and an equilibrium compression modulus
averaging around 1 MPa, depending on the specific joint
and surface within each joint®”®® (Table 1). The Young’s
Modulus varies from 2 to 4 MPa, and these numbers vary
based on the zone and location within each joint®”’° (Table
1). Chen et al. showed that the equilibrium compressive
modulus of cartilage increases with depth, from 0.7 MPa in
the superficial zone to over 7MPa in the deep zone.”'
Additionally, Barker and Seedhom utilized different car-
tilage plugs from different areas in the human knee to show
that the instantaneous compressive modulus increases
medially and laterally from the center of the joint.”?
Shepherd and Seedhom further demonstrated the variance
of human cartilage properties by characterizing the in-
stantaneous compressive modulus in each joint of the hu-
man lower limbs, the talar cartilage having the highest
(10.6-18.6 MPa), while the knee and hip were essentially
equal (5.5-11.8 MPa).®®

History and Present State of Hydrogel Engineering
Applied to Articular Cartilage

Previous work toward engineering articular cartilage has
predominantly focused on the use of various hydrogel
scaffolds. Hydrogels have several advantages, including
ease of formation, a consistent cellular distribution, ability
to tune mechanical properties, and ability to control polymer
composition. These properties allow hydrogels to be cus-
tomized to specific engineering criteria. In the context of
articular cartilage engineering, hydrogel engineering has
evolved over time to be able to recapitulate many compo-
nents of cartilage tissue. These studies have demonstrated
important interactions between the engineered components
of a hydrogel and its encapsulated cells at the nanoscale
level.

Early studies, which applied the use of hydrogels to
cartilage engineering, found that the micro and nanoarchi-
tecture of a h7ydroge1 could be engineered to manipulate cell
rnigration,73 74 gene transcription,”’77 ECM formation,m’80
and stem cell differentiation.®'®* Bryant er al. showed that
crosslinking density of PEG hydrogels is directly correlated
to hydrogel pore size,®* and subsequent studies have shown
that chondrocytes deposit more ECM in gels with relatively
larger pore size.”®’%7%%5 Although, it has also been ob-
served that gels with higher density and smaller pore size
upregulate metalloproteases, which are chondrogenic
markers associated with increased matrix catabolism.”®
With respect to stem cell differentiation, small nanoscale
wrinkles on the surface of a PEG hydrogel have been shown
to differentiate mesenchymal stem cells (MSCs) into oste-
ocytes,*> polymer macromere density has supported MSC
differentiation into chondrocytes,*® and recently controlling
the mean size of pores in a hydrogel has also been shown to
determine the degree to which MSC differentiate into
chondrocytes.®® These studies highlight the nano and mi-
croscale interaction hydrogels have with encapsulated cells
and thus the need to consider multiple layers of scale when
engineering hydrogels for cartilage engineering.
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TABLE 1. MECHANICAL PROPERTIES OF ARTICULAR CARTILAGE DETERMINED IN VARIOUS JOINTS

THROUGHOUT THE HUMAN BobDy

Mechanical properties of human cartilage

Author Test Area Value (Mpa) Conclusion
Shepherd et al.®® Instantaneous Ankle (mean of all cart.) 13.49 Mean compression:
compression Knee (mean of all cart.) 8.29 9.90 Mpa
modulus Hip (mean of all cart.) 7.98 Mechanical properties
change with location
in the body
Barker and Instantaneous Medial femoral condyle 12.36 Mean compression, all
Seedhom”? compression (mean) data: 10.00 Mpa
modulus Lateral femoral condye 17.47
(mean)
Medial tibial condyle 14.80 Mechanical properties
(mean) vary within a given
Lateral tibial condyle 10.73 articular joint and
(mean) location in the body
Medial patellar surface 7.27
(mean)
Lateral patellar surface 8.63
(mean)
Medial tibial plateau: in 3.57
contact w/femur (mean)
Lateral tibial plateau: in 4.60
contact w/femur (mean)
Roberts et al.'”? Instantaneous Anteroinferior femoral 9.7 (3.6) Mean compression:
compression head 11.4 Mpa
modulus Zenith, femoral head 13.1 (3.6) Mechanical properties
vary within a given
articular joint
Chen er al.”! Equilibrium Femoral head 2.72 (0.86) Compressive modulus
compression varies across tests.
modulus
Equilibrium bulk Femoral head 1.18 (0.26) Mechanical properties
compression vary within the depth
modulus of articular cartilage
Treppo et al.%’ Equilibrium Talar cartilage 0.8 (0.05) Mean compression:
compression 0.6 Mpa
modulus Tibial plateau 0.4 (0.25) Mechanical properties
vary with changes to
cartilage water content
Huang et al.”® Equilibrium Humeral head 0.141 (0.48) Mean compression
compression Glenoid 0.178 (0.094) (equilibrium modulus):
modulus 0.160 Mpa
Tensile Young’s Humeral head 4.23 (2.88)
modulus Glenoid 2.24 (2.93) Mean compression
(Young’s modulus):
3.24 Mpa
Mechanical properties
vary within a given
articular joint
Kurkijirvi er al.*®®  Tensile Young’s Femoral groove 1.00 (0.43) Mean compression: 0.90
modulus Femoral medial condyle 1.16 (0.36) (0.43) Mpa
Tibial medial plateau 0.84 (0.41) Mechanical properties
Anterolateral patellae 0.56 (0.24) change with location
Femoral lateral condyle 1.10 (0.48) in the body
Tibial lateral plateau 0.78 (0.38)
Sweigart et al.'* Equilibrium Anterior femoral 0.15 (0.03) Mean compression:
compression Central femoral 0.10 (0.03) 0.12 Mpa
modulus Posterior femoral 11 (0.02) Mechanical properties

Anterior tibial
Central tibial
Posterior tibial

0.
0.16 (0.05)
0.11 (0.04)
0.09 (0.03)

vary within a given
articular joint
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Further advances in hydrogels have demonstrated an
ability to control protein diffusion and sustained release of
growth factors, which influences encapsulated cells. This
phenomenon is a result of the properties of the hydrogel. A
study using encapsulated beta-islet cells in different densi-
ties of PEG found that in response to a glucose stimulus, the
encapsulated cells exhibited the same accumulative re-
sponse of insulin secretion, but the insulin was released from
the hydrogel at different rates depending on the degree of
crosslinking, thus demonstrating a relationship between
hydrogel crosslinking and control of protein diffusion.®®
Additional studies by Engberg and Frank revealed that the
size of protein permitted to diffuse through a hydrogel can
also be controlled, and by using PEG, demonstrated control
over globular proteins up to 10.7nm in diameter.®” These
studies show that the properties of hydrogels control the
diffusion of proteins on the order of nanometers. The ability
to control protein diffusion within a hydrogel occurs usin%
many different types of polymer including: chitosan,®
thermosensitive  organophosphazene,®®  self-assembling
peptides (SAPs),”° and gelatin.”' Many of these principles
have been applied to cartilage tissue engineering to enhance
tissue formation.”*

Another important element of hydrogels is the choice of
polymer. In addition to PEG and other synthetic polymers,
many natural biopolymers can be readily synthesized and
used to form hydrogels. Gelatin,”>*° collagen,®-'°-10
chondroitin sulfate, %7195 HA 31106107 314 chitosan®®-108-11!
are just a few examples of biological polymers that have
been adapted into hydrogels. Using biopolymers has several
advantages over synthetic polymers, the most obvious being
achieving a closer resemblance to native tissue. These bio-

: . . 81,83,101
polymers can stimulate stem cell differentiation and
intercellular signaling through the binding of cell surface
receptors. In this manner, biopolymers have been shown to
increase matrix synthesis and tissue formation over syn-
thetic polymers.®'"'%>!"2113 WWhile each individual bio-
polymer represents a single component of native articular
cartilage, a more complete system, which includes a more
comprehensive representation of native articular cartilage, is
decellularized matrix. This matrix is obtained by proteo-
Iytically digesting cartilage from different animal sources
and freeze drying it into an easy-to-use powder. A study by
Kwon et al. used this method to harvest and prepare porcine
articular cartilage and injected it subcutaneously into a
mouse model.''* By incorporating a fluorescently modified
albumin protein, the matrix was shown to remain in place
over time, which suggests that the material may stay lo-
calized if injected into a cartilage defect. These methods
have also been used for meniscus repair,115 which shows
their efficacy as potentially therapeutic option for all
chondral defects. Recently, decellularized matrix has also
been modified with acrylate groups for photocrosslinking,''®
which helps to localize the matrix and slightly increases the
mechanical integrity.

However, biopolymers do have significant limitations,
mainly a lack of mechanical integrity. We have emphasized
this point by compiling compression data on both synthetic
and biopolymer hydrogels (Table 2) and compression data
on human cartilage (Table 1). We conclude that many
synthetic polymers have been optimized to meet a signifi-
cant portion of the compression modulus range of native
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human cartilage, while most biopolymers fall short or can
only meet the lower aspect of the normal human physiologic
range. This deficit in biologic hydrogels has considerably
limited the use of these materials and remains an area that
requires further study.

Recent advances in hydrogel technologies have sought to
combine synthetic and biological polymers to address the
previously mentioned shortcomings. In theory, synthetic
polymers provide initial mechanical properties and are fur-
ther modified to exhibit signaling properties of biopolymers.
Examples include cytokine containing microspheres, which
have been imbedded into hydrogels to control the release of
growth factors over time.''””''® Others have modified
growth factors to be conjugated directly to the polymer units
of hydrogels, inducing long-term signaling in vivo. Place
et al. modified the surface lysine residues of a TGF-8
transporter protein with Trout’s reagent and proceeded to
conjugate this complex to free acrylate groups on PEG
through Michael addition after the formation of a radical
thiol."?® TGF-B is then immobilized by its transport protein
within a PEG gel, and released over a period of weeks. Lee
et al. covalently bonded collagen-like mimetic peptides in
conjunction with PEG to take advantage of the mechanical
strength of PEG in addition to the signaling properties of
collagen-like peptides.''® These studies demonstrate the
potential in combining several methods into one cohesive
methodology to recapitulate many aspects of native carti-
lage. However, additional work must be done to refine the
relationship between optimal mechanical strength and op-
timal biochemical signaling.

Hydrogels can be engineered into multilayered structures
comprising of different polymers.'?""'?*> These advances
demonstrate the potential in developing multiscale scaf-
folds, which integrate biological moieties and mechanical
properties specific to each zone of cartilage within a single
construct. In a two-part series by Nguyen et al., it was
shown that specific hydrogels can direct a single lineage of
MSCs into zone-specific chondrocyte phenotypes.'*!"'** To
recapitulate the deep zone, PEG and HA were used, a
combination of PEG and chondroitin sulfate was used for
the middle zone; while the combination of PEG, chondroitin
sulfate, and metalloprotease sensitive peptides were used for
the superficial zone.'?? The hydrogel combinations resulted
in an appropriate expression of markers for each zone;
specifically type X collagen was found upregulated in the
deep zone, while both type II collagen and proteoglycans
were found to have moderate expression in the middle zone,
and finally a high degree of type II collagen expression was
found in the superficial zone.'?* In the second study by
Nguyen et al., these hydrogels were combined into a tri-
layered scaffold to demonstrate the ability to differentiate a
single stem cell lineage into zone-specific chondrogenic
phenotypes corresponding to all three zones of articular
cartilage within a single construct.'?! As expected, the
stacking of all three gels did successfully result in differ-
entiation of MSCs into zone- specific chondrocyte pheno-
types.121 Recently Karimi er al. attempted a similar study,
but used a modified PEG polymer with a compression
modulus of 2.1 Mpa, which is closer to that of native ar-
ticular cartilage.'” Different concentrations and modified
versions of acrylate-functionalized lactide-chain-extended
polyethylene glycol (SPELA) were used to mimic each
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zone. Fifteen percent of SPELA was used for the superficial
zone, 50% SPELA was used for the middle zone, and a
combination of PLA and SPELA 35% with HA was used for
the deep zone.'” This study also used TGFBI in all three
zones, but added BMP-7 to the superficial zone and IGF-1 to
the middle zone. This study represents the first attempt to
mimic the zonal composition of cartilage and the biochemical
signaling of each zone in cartilage in a single study. A single
cell lineage of human MSCs were encapsulated and allowed
to differentiate. The superficial zone expressed type II col-
lagen and SZP the most, which are superficial zone markers.
The middle zone expressed moderate levels of all markers,
while the deep zone expressed type X collagen and APL the
most, consistent with deep zone markers.'??

Despite the convenience and relative effectiveness of
hydrogels as scaffolds for cartilage tissue engineering, many
of these constructs still lack the mechanical properties to
recapitulate the full range of normal articular cartilage
(Table 1 and 2). Moreover, engineering hydrogels to in-
crease their mechanical properties often comes at the ex-
pense of porosity. As previously mentioned, studies have
shown that chondrocytes secrete less native matrix in denser
hydrogels compared to porous gels and this can lead to poor
tissue maturation and poor integration of engineered con-
structs in vivo. ®3%1247129 Additionally, while hydrogels can
interact with cells on a nanoscale, the actual nanoarchi-
tecture of native cartilage has not been recapitulated by
hydrogels. Great strides have been made to engineer hy-
drogels for cartilage tissue scaffolds; however, additional
work to recapitulate the nanoarchitecture and improve me-
chanical strength may better address the current deficits
observed in hydrogels.

Nanoengineering techniques: application to cartilage
and future potential

Nanoscale approaches offer an integrative approach to
synthetically engineered tissues. Capillary force lithography,
nanoimprinting, two-photon lithography, SAPs, and elec-
trospun nanofibers are common techniques used to engineer
tissue architecture on a nanoscale."*® Studies comparing
micro and nanoscale topographical cues, from our group and
others, have shown that a nanoscale approach provides the
most reliable means to control cell fate and morphology.'3*'3*
In addition, many studies have also revealed the si§niﬁ—
cance of mechanical signaling in relation to cell fate.'>>~'%°
Striking a balance between a suitable biomaterial compatible
with cell proliferation and mechanical stimulation while
satisfying the nanoarchitectural parameters of a native tissue
have become the forefront of tissue engineering. Cartilage
physiology relies heavily on the properties resulting from
collagen orientation, thus fibrogenesis and nanoscale archi-
tectures mimicking these orientations should be a priority for
further research. Two techniques currently exist for repli-
cating fibers at this length scale: electrospinning'**~'*> and
SAPs!46-149 (Fig, 3),

SAPs are small segments of amino acids, which self-
assemble into nanoscale fibers. These fibers can be tuned to
many different dimensions to meet a wide array of engi-
neering criteria. Our group has demonstrated the therapeutic
potential of SAPs, specifically KLD-12peptides, by showing
their ability to reduce subchondral bone remodeling and
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protect implanted stem cells in a rat osteoarthritis model."*° In
spite of the apparent advantages for treating arthritis, the
primary reason SAPs have not seen significant use in cartilage
engineering is due to the lack of ability to control the extent of
fiber assembly and orientation in cell-compatible material.
Hairpin SAPs have shown some ability to organize by as-
sembling into ordered betasheets, but the final hydrogel con-
sists of disorganized macroassemblies of these sheets. Adler—
Abramovich et al. developed a novel SAP fabrication method,
which does succeed in controlling the final macrostructure
orientation by using a phenylalanine vapor-deposition tech-
nique to create arrays of vertically oriented nanotubes (Fig.
3A, B).'49 However, this technique has yet to be used in cell
culture, and thus its usefulness in the field of tissue engi-
neering remains unknown. In spite of these limitations, SAPs
can be administered through injection, which makes them
desirable from a clinical translation standpoint.

Electrospinning offers a method to produce large numbers
of micro and nanoscale fibers of varying compositions and
in various orientations. Electrospinning has found consid-
erable use for cartilage tissue engineering, in particular, for
mimicking the superficial zone.""'>% Collagen type I, col-
lagen type II, polycaprolactone (PCL), and many other
synthetic polymer nanofibers have been electrospun to mi-
mic aspects of native cartilage.'**"'4>133"15% Baker and
Mauck showed that nanofiber alignment does have an effect
on scaffold mechanical properties.'® In this study, the fiber
alignment allowed for a 63% increase in tensile strength
over 70 days of culture to a modulus approaching 19.7 MPa.
Nanofibers have also demonstrated the ability to direct cell
differentiation down the chondrocyte lineage.'®"'>' PCL
nanofibers have been used to differentiate MSCs, in the
presence of TGF-B, which led to a chondrocyte pheno-
type.'®' Human MSCs were cultured in chondrogenic media
on PCL nanofiber scaffolds and differentiated into chon-
drocyte lineages.'' Another advantage is the added control
over fiber orientation. A study by McCullen et al. created a
1 mm tall trilayered nanofiber scaffold simply by changing
the electrospinning parameters at regular intervals.'®* The
resulting construct loosely resembled the collagen archi-
tecture of native articular cartilage. These studies exemplify
the potential of nanofibers to enhance cartilage tissue en-
gineering as a means to recapitulate the organization of the
native ECM as well as to drive cellular differentiation while
providing initial mechanical properties that can withstand
in vivo mechanical loading parameters.

Advances in nanofiber fabrication have focused on the
development of surface functionalization to improve the
biocomgatibility and bioreactivity of nanofibrous scaf-
folds.'®> A review by Sang Yoo er al. summarizes these
major techniques.'® Briefly, plasma treatment, surface graft
polymerization, wet chemical method, and bioactive mole-
cule immobilization have all been used to functionalize
nanofibers.'® Stendahl functionalized nanofibers with vas-
cular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) through heparin—polymer interac-
tions.'® By utilizing heparin-binding peptide amphiphiles,
nanofibers were formed first with the introduction of heparin
and then subsequently functionalized with VEGF and FGF
and introduced into mouse omentum. The VEGF- and FGF-
functionalized nanofibers significantly increased blood ves-
sel density in comparison to the nonfunctionalized nanofiber
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FIG. 3. Nanoengineering techniques used to recapitulate extracellular matrix (ECM) architecture. (A) Illustration of
phenylalanine nanotubes fabricated using a vapor deposition technique, assembled into arrays of nanotubes.'*® (B) SEM
image of the phenylalanine vertically oriented nanotube arrays.'*® (C) Through their submersion in a hydrogel, fiber sheets
can also be oriented in space.'®" (D) An illustration demonstrating a hydrogel-nanofiber hybrid scaffold, which can be
generated by electrospinning nanofibers onto a hydrogel.'®* (E) SEM image of cell suspension—hydrogel layers in com-
bination with nanofiber sheets created by modifying an inkjet printer head to deposit hydrogel—cell suspension in tandem
with the deposition of electrospun fibers.'®® SEM, scanning electron microscopy.
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FIG. 4. Nanoengineering techniques used to fabricate osteochondral bilayers. (A) Illustration demonstrating how liquid
cosynthesis is used to form the transition between bone and cartilage.'”* (B) SEM image showing dissolvable nanoparticles
submerged in polymer to create two separate zones within a single scaffold.'”® (C) Illustration and image of bioadhesive
synthesis from native ECM molecules such as chondroitin sulfate succinimidyl succinate (CS-NHS) and further enhanced
with the addition of platelet-rich plasma to stimulate matrix synthesis.'”
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control group, thus demonstrating the ability to localize
growth factors to nanofibers to enhance tissue formation.
Kim et al. coelectrospun HA and collagen-functionalized
nanofibers through a sodium hydroxide/N,N-dimethyl
formamide mixture.'®> When these hybrid scaffolds were
seeded with bovine joint chondrocytes in vitro, the results
indicated a 4.5-fold increase in cell number on HA/collagen
scaffolds over HA only scaffolds after a 7-day culture pe-
riod.'®® This functionalization demonstrates the ability to
localize important ECM proteins onto nanofibers, which
allows a synthetic polymer to stimulate cells both archi-
tecturally and by recapitulating native ECM signaling in-
teractions.

Another innovative use for nanofibers is their incorpora-
tion into hydrogels. Yang et al. 2011 utilized nanofibers
suspended within hydrogels to demonstrate that cells could
be organized into three-dimensional spaces, and organized
as independent sheets (Fig. 3C).'® This study shows that
nanofibers can be used to recapitulate nanoscale architecture
within a hydrogel. Additional studies have utilized ground
nanofibers, or short segments, as scaffolding support in
hydrogels.'®”'%° This method is analogous to the way in
which reinforcing steel bars (rebar) are used in concrete to
improve its overall mechanical strength. The result of
nanofiber-reinforced hydrogels has produced a strength in-
crease by an entire order of magnitude.'®®?°> Colburn et al.
developed a similar approach by using a hydrogel solution
as the collecting plate for PCL nanofibers, thus creating a
random 3D homogeneous mixture of uncut nanofibers and
hydrogel (Fig. 3D),'”° closely resembling the collagen
structure of the middle zone of native articular cartilage. The
application of nanofiber hydrogel constructs has been a re-
cent development, but these early studies have only begun to
expose the power of a hybrid approach.

Taking this hybrid fabrication technique further, other
investigators have utilized rapid prototyping to print cells in
a 3D arrangement of choice within a hydrogel matrix.
Moroni et al. combined the approaches of electrospinning
with rapid prototyping technology to create a system that
layers nanofibers and hydrogels into thick constructs.'”’
Shim et al. used rapid prototyping technology to print bio-
materials, which incorporate both signaling factors into
hydrogels in a three-dimensional structure.'’* Tao er al.
further advanced this technology by utilizing a system
similar to the bioplotter to print a cell suspension into a
nanofiber and hydrogel scaffold (Fig. 3E).'”* The combined
technology developed by Tao allows for a layer of nanofibers
to be electrospun onto a layer of hydrogel with encapsulated
cells, but the nanofibers lack organization and the overall
tissue construct does not fully recapitulate the native archi-
tecture of cartilage. Many of the pitfalls associated with
hydrogels have been addressed in rapid prototyping systems.
Levato et al. increased the compression modulus of a gelatin
hydrogel for bone tissue engineering by seeding MSCs in
PLA microcarriers.'”* Another study by Shim ef al. printed
two separate cell phenotypes in the same scaffold to create
an osteochondral tissue with enhanced mechanical proper-
ties, but also allowed for a three-dimensional arrangement of
two cell phenotypes in an anatomically relevant structure.'”

Through the combination of many techniques, progress
has been made to improve the zonal architecture of articular
cartilage scaffolds, the mechanical properties of these
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scaffolds, and the ability to recapitulate native cartilage
ECM and growth factor signaling. These studies represent
the state of the art in cartilage engineering, and continued
development will hopefully result in a single scaffold de-
sign, which allows all aspects of articular cartilage to be
replicated. It is worthy to note that the successes highlighted
in this review stem from novel combinations of fabrication
techniques, which interact with stem cells or chondrocytes
on a nanoscale, molecular scale, and microscale, thus em-
phasizing the need for continued effort toward developing
multiscale engineering methods.

Engineering the transition zone

Integrating engineered tissues into host models is a long
standing challenge in many areas of tissue engineering.
Early studies into hydrogels found that constructs often
dissolved and disappeared from sites of implantation or the
scaffold failed to integrate.'*>'?>!7® The problem of im-
plant integration has birthed a new area of research dedi-
cated to solving this problem. bioglue, hybrid gels, and
multilayered constructs have all been pursued as viable
solutions (Fig. 4). Many studies have tried to address this
problem by engineering the transition zone between bone
and cartilage into a single construct.

Lessons learned from limb development and chon-
drogenesis can serve as guiding parameters for engineering
the transition zone. By understanding chondrogenesis, the
possibility exists to differentiate a single stem cell line into
two separate tissues of bone and cartilage. Mature bone is
primarily comprised of type I collagen and organic phos-
phates in the form of hydroxyapatite.'”’~'"® Mature articular
cartilage is comprised of type II collagen, aggrecan, and rich
in HA and keratin sulfate. These simple differences may be
sufficient to differentiate stem cells into two separate line-
ages. We have shown that the presence of HA bound to a
dopamine functionalized nanopattern was sufficient to drive
dental pulp stem cells to a chondrocyte lineage.'®® In the
same study, BMP-4 was also utilized, and encouraged a
hypertrophic morphology reminiscent of chondrocytes in
the stages before ossification. Another study by Mouthuy
et al. utilized PLGA nanofibers with hydroxyapatite and
type I collagen to mimic bone.'®! When the nanofibers were
layered with MSC sheets and cultured in a chondrogenic
media, the combined stimuli resulted in MSC differentiation
into a transition zone phenotype, supported by the presence
of type X collagen. While neither of these studies developed
a full osteochondral bilayer scaffold, each study succeeded
in applying knowledge of biology of the native transition
zone and chondrogenic growth factors to replicate an ele-
ment of that zone from stem cells.

Other studies have utilized multilayered scaffolds in an
effort to produce a unified transition tissue (Fig. 4). A
common approach, and one that has seen some clinical use,
entails the use of compressed collagen to make a porous
sponge. The method briefly: create a solution of the desired
collagen type and ECM components, freeze dry it, then add
the next layer and repeat. The typical pore size produced in
these methods ranges from 150 to 400 um, which allows for
ample cell migration. Qi et al. utilized this method to im-
plant a homogeneous compressed type I collagen scaffold
into a rabbit model and showed good integration of the
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scaffold.'®* Harley er al. elaborated on the sponge method
by using unique mixtures for each zone (Fig. 4A).'%* By
freeze drying the solutions through liquid phase cosynthesis,
Harley successfully created a gradient between the mixtures
similar to a transition zone.'®* Yunos et al.also created a
bilayered scaffold by attaching poly-DL-lactide (PDLLA)
nanofibers to bioglass ceramic, which supported chon-
drocyte cell proliferation in culture.'® Another recent study
by Galperin et al. utilized dissolvable nanoparticles, coated
with either HA or hydroxyapatite, submerged in polymer to
create two different zones. This bilayer scaffold showed
MSC differentiation into both cartilage and bone without the
need for growth factors (Fig. 4B).'™

Collagen sponges, and similar scaffolding, have been
used in small clinical studies and been shown to have effi-
cacy as a potential alternative to patients who qualify for
microfracture procedures, which is the current standard of
care for patients with relatively small cartilage defects. A
study by Efe et al. implanted a collagen type 1 sponge into
15 patients with articular cartilage defects less than 11 mm
in diameter.'3® Preoperative and 1 year postoperative In-
ternational Knee Documentation Committee (IKDC) scores
were taken. The patients experienced significant improve-
ment in their IKDC scores, denoted by an increase from an
average of 48 preoperative to ~70 one year postoperative.
A larger series with 116 patients by Schneider er al. im-
planted a product called The Cartilage Regeneration System
(CaReS), which is a type I collagen hydrogel seeded with
autologous chondrocytes.'®” The average cartilage defect
was 5.4 cm?, and almost every patient reported an improved
IKDC score. The average preoperative score was 42.4, with
a statistically significant improvement at 2 years postoper-
ative with an average score of 70.5. A study by Stanish et al.
used a novel chitosan-based acellular sponge (BST-CalCell)
to treat 41 patients.'®® In comparison to 39 patients who
received a microfracture procedure, the BST group had
significantly more lesion filling and articular cartilage at 1
year based on magnetic resonance imaging studies. One
pitfall of these studies is a lack of transition from cartilage to
bone to enhance scaffold integration. A study by Filardo
et al. used a three-layered scaffold comprising of a gradient
between hydroxyapatite and collagen 1 to treat 27 pa-
tients.'® The average defect was 3.4 cm?, and the average
preoperative IKDC score was 40. At 1 year, the average
IKDC had risen to 85, which is the largest increase of IKDC
score compared to the previously discussed studies. This
study suggests that implanting an osteochondral scaffold has
more benefit to the patient than a cartilage scaffold alone.
Larger clinical trials are needed to confirm these results, but
this early data are encouraging. Moreover, this provides
evidence to support the need to continue to engineer each
zone of articular cartilage, including the transition zone, for
the purpose of improving patient outcome.

Another approach for securing cartilage implants is bio-
glue. This method may circumvent the need to engineer a
transition between cartilage and bone by sufficiently se-
curing a cartilage scaffold to bone, or may offer a way to
secure bone to bone-cartilage transition scaffolds. In general
bioglues are pivotal solutions to the issue of implantation. In
the context of cartilage, two studies have been conducted
with promising results. Wang et al., created a novel bioglue
derived from methacrylated chondroitin sulfate, which
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readily bonds to bone and cartilage as well as hydrogels.'*®

One of the most novel aspects of this material is the pres-
ence of photoreactive groups, which allows for instant
curing using UV light. This material had been further de-
veloped to include Platelet-rich plasma (PRP) in the bioglue
solution (Fig. 4C)."”' PRP has become a popular injection
therapy for degrading articular joints due to the presence of
growth factors within PRP that have been implicated in
chondrogenesis.'” The inclusion of PRP into a chondroitin
bioglue allows the bioglue to act as an adhesive in addition
to providing both ECM signaling and growth factor sig-
naling, which improves tissue integration into native skel-
etal tissues over other bioadhesives.

Conclusion and future perspective

Cartilage tissue engineering has evolved over many years
from simple scaffolds and basic cell suspensions to complex
multilayered systems. This review has described many of
the techniques being employed to regenerate human artic-
ular cartilage and we have tried to emphasize methods that
utilize a multiscale engineering approach.

While many of these methods have yielded individual
elements of cartilage, few studies have investigated a more
cohesive methodology, by combining techniques to reca-
pitulate the entire depth of the native cartilage, especially
with regard to the zone-specific organization of the collagen
fibers of the matrix. We believe that a multiscale bioengi-
neering approach, taking into account these features, may be
an important direction for future work and may lead to more
successful tissue generation. By integrating nanoengineering
techniques, which have shown promise in directing cellular
processes more accurately, functional tissue generation may
be improved. This may represent a more anatomic articular
cartilage replacement in the future, which will have a tre-
mendous clinical impact if it can be applied to the innu-
merable patients with cartilage injury and arthritis.
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