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Abstract—This review explores scaffold-free methods as an
additional paradigm for tissue engineering. Musculoskeletal
cartilages—for example articular cartilage, meniscus, tempo-
romandibular joint disc, and intervertebral disc—are char-
acterized by low vascularity and cellularity, and are amenable
to scaffold-free tissue engineering approaches. Scaffold-free
approaches, particularly the self-assembling process, mimic
elements of developmental processes underlying these tissues.
Discussed are various scaffold-free approaches for musculo-
skeletal cartilage tissue engineering, such as cell sheet
engineering, aggregation, and the self-assembling process,
as well as the availability and variety of cells used. Immu-
nological considerations are of particular importance as
engineered tissues are frequently of allogeneic, if not xeno-
geneic, origin. Factors that enhance the matrix production
and mechanical properties of these engineered cartilages are
also reviewed, as the fabrication of biomimetically suitable
tissues is necessary to replicate function and ensure graft
survival in vivo. The concept of combining scaffold-free and
scaffold-based tissue engineering methods to address clinical
needs is also discussed. Inasmuch as scaffold-based muscu-
loskeletal tissue engineering approaches have been employed
as a paradigm to generate engineered cartilages with appro-
priate functional properties, scaffold-free approaches are
emerging as promising elements of a translational pathway
not only for musculoskeletal cartilages but for other tissues
as well.
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INTRODUCTION

With the traditional tissue engineering (TE) para-
digm of cells, signals, and scaffolds, the field of bio-
medical engineering has made great strides toward
addressing clinical needs. More recently, approaches
that do not use scaffolds have emerged as suitable
modalities to engineer functional tissues (Fig. 1).
“Scaffoldless tissue engineering refers to any platform
that does not require cell seeding or adherence within
an exogenous, three-dimensional material.”> This term
may be used interchangeably with ‘‘scaffold-free.”
Scaffold-free approaches have been employed with
success for musculoskeletal cartilages, such as articular
cartilage, meniscus, temporomandibular joint (TMJ)
disc, and intervertebral disc, as they are similar to the
condensation and differentiation that occurs during
native cartilage development.

To make a clinically relevant scaffold-free tissue, TE
considerations must include cell sourcing, stimulation
of tissue-specific extracellular matrix (ECM) produc-
tion, and tissue organization. As scaffold-free
approaches lack the exogenous material of scaffold-
based approaches, the resulting engineered cartilages
(neocartilages) commonly require large cell numbers.
While the use of autologous cells is ideal to enhance
clinical translation, limitations associated with the
number of primary cells available and donor site
morbidity have led to the use of allogeneic and xeno-
geneic sources.”' Mirroring cartilage development, in
scaffold-free culture systems, only cell-secreted ECM
contributes to neotissue properties. Therefore, inspired
by developmental processes, exogenous stimuli, such
as growth factors, enzymes, and mechanical stimula-
tion, are employed to enhance matrix formation and
maturation to replicate native tissue structure—function
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relationships.>* As musculoskeletal cartilages are het-
erogeneous and anisotropic, achieving proper tissue
morphology and organization is critical. This may be
addressed by molding or confining tissue in culture,
assembling tissues as building blocks and promoting
their fusion to form higher order structures, and by
applying mechanical stimulation used to mature the
matrix in such a way that creates functional anisot-
ropy.”*>! This review addresses types of scaffold-free
tissue engineering approaches, cell sourcing, produc-
tion of tissue-specific ECM, and tissue organization as
they apply to the scaffold-free TE paradigm with the

Scaffold-free
Paradigm

Self-assembling
Process

Self-organization
Techniques

Scaffold-based
Paradigm

FIGURE 1. The traditional scaffold-based tissue engineering
paradigm consists of cells, signals, and scaffolds. A new,
scaffold-free paradigm consists of just cells and signals.

purpose of guiding the development of clinically useful
engineered musculoskeletal cartilages.

SCAFFOLD-FREE APPROACHES

Scaffold-free approaches seek to produce tissues by
mimicking developmental processes. These often fol-
low a pattern of cell condensation, cell proliferation,
cell differentiation, ECM production, and tissue mat-
uration. Within scaffold-free approaches, two distinct
categories, self-organization and self-assembly, exist
and must be defined (Fig. 2). Self-organization refers
to ““...a process in which order appears when external
energy or forces are input into the system.”> This is in
contrast to self-assembly in which order spontaneously
results from disorder without the use of external input
by the principle of free energy minimization.” In the
TE literature, self-organization and self-assembly are
used with ambiguity and incorrectly interchanged,
leading to confusion and a lack of understanding of the
fundamental nature of the processes driving in vitro
tissue formation. These phenomena are distinct and
well-defined thermodynamic processes in other scien-
tific fields, and the correct use of these terms in TE
literature allows the interdisciplinary communication
and collaboration essential to the translational nature
of biomedical engineering. Of scaffold-free TE
approaches that produce robust musculoskeletal car-
tilages, three distinct methods have risen to the fore:
cell sheet engineering, aggregate engineering, and self-
assembling process.'2>30-34

Scaffold-free/Scaffoldless Tissue Engineering:
The production of functional tissues by exploiting cells’ own abilities
to synthesize the entire tissue matrix without the use of exogenous scaffolds.

—

RN

Self-organization:

A thermodynamic process in which order
appears when external energy or forces are
input into the system.

An open system.

Self-assembly:

A thermodynamic process in which order
spontaneously results from disorder, without
external input, by the principle of
free energy minimization. A closed system.

Y

Cartilage-specific Techniques:
Cell Sheet Engineering,
Aggregate Engineering

\4

Cartilage-specific Techniques:
The Self-assembling Process

FIGURE 2. Self-organization and self-assembly represent two distinct thermodynamic processes that govern engineered tissue
formation. These terms have specific meanings and should not be used interchangeably. Tissue engineering techniques that are
governed by self-organization include cell sheet engineering and aggregate engineering. The self-assembling process is a tissue

engineering technique governed by self-assembly.
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FIGURE 3. Cell sheet engineering is a scaffold-free, self-organization tissue engineering technique. Cell sheets are created by
monolayer expansion of cells until a cohesive, ECM-rich sheet forms. This sheet is then lifted and assembled by, for example,

rolling, layering, or draping to form shaped tissues.

Cell Sheet Engineering

Cell sheet engineering falls within the self-organi-
zation category of scaffold-free approaches as it
requires external manipulation to form a desired
structure. To form a cell sheet, cells are expanded in
monolayer for long durations to high confluence. Once
sufficient ECM is produced for the culture to form a
cohesive layer, the sheet is lifted from the substrate as a
whole.” For example, cell sheets are commonly lifted
using temperature-responsive substrates to preserve
cell-cell junctions and ECM deposition that would be
degraded if the sheet were lifted through enzymatic
means.*®> Released cell sheets are then further
manipulated by rolling, layering, or draping over
molds (Fig. 3). Sheets then undergo tissue fusion, a
process common in developmental biology. In tissue
fusion, isolated cell populations make contact and
adhere through cell-to-cell contact, cell-to-matrix
contact, matrix-to-matrix contact, and ECM remod-
eling to form continuous tissues.”*> Variations of this
technique have been used to engineer tissues including
vasculature, cornea, tendon, bone, and cartilage.21

Regarding musculoskeletal cartilages, cell sheet
engineering processes have been used to engineer
neotissues with clinically relevant dimensions and
properties. Currently in Phase III clinical trials,
RevaFlex (formerly DeNovo ET) (ISTO Technologies,
Missouri, USA) is an articular cartilage repair tech-
nology using a sheet of expanded juvenile allogeneic
chondrocytes. Repair tissue resulting from using
RevaFlex to fill cartilage defects in vivo during Phase I/
II clinical trials was ICRS scored as “grossly normal or
nearly normal” in 6 of 9 patients, with the 7th having
repair tissue fill even with the surrounding tissue, and
the remaining 2 of 9 resulting in at least 75% repair of

the lesion with follow-up MRI and second-look
arthroscopy indicating retention and maturation of the
repair.”> Additionally, layered articular chondrocyte
sheets have been used to treat full-thickness cartilage
defects in miniature pigs.”> Although, implantation of
the layered tissue did not fully restore the articular
surface, it achieved good defect filling and integration
compared to empty defect controls, indicating cell
sheet engineering as a promising scaffold-free
approach.'””?

Though cell sheet engineering has been used to
produce, multilayered tissues, this is not without limi-
tations. Cell sheet engineering is initiated in mono-
layer, but chondrocytes are known to dedifferentiate
during monolayer expansion, progressing toward a
fibroblastic phenotype.'> Contraction of the cell sheet
can require the use of an external support structure to
retain desired sizes.”” The production of thicker tissues
and defined shapes requires extensive manipulation
and are difficult to achieve due to diffusion limitations.
The main benefit of cell sheet engineering is the ability
to expand cells and form a cell sheet in a single step.
Due to the limitations in achieving sufficiently thick
shaped tissues, the use of cell sheets may be best suited
for repairing tissues that undergo large deformations
or those that require repairs analogous to a patch, such
as myocardium or bladder reconstructions.””*

Aggregate Tissue Engineering

Cell aggregates are commonly formed in culture by
applying a rotational force to cells in a suspension or
other non-adherent culture.”> Therefore, aggregate
culture is categorized as a self-organization technique.
Parameters like rotational speed and duration can vary
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from gentle swirling (60 revolutions per minute) for
prolonged durations (1-21 days) (i.e., rotational cul-
ture) to high-speed centrifugation (500g) for a few
minutes (5 min) (i.e., pellet culture).'>*>** Due to
this motion, rotational culture may also have im-
proved diffusion and nutrient/gas exchange com-
pared to static cultures, making it an appealing TE
strategy.”®

Aggregate culture is a common TE culture method
as it is used not only to (re)differentiate cells to a
chondrocytic phenotype, but also to form cartilaginous
microtissues. As the phenotype of chondrocyte aggre-
gates is similar to that of native cartilage, their for-
mation is thought to mirror cell aggregation and
matrix production that occurs in native cartilage
development.”” Therefore aggregate cultures, such as
pellet culture, are commonly employed to differentiate
stem cells to the chondrocytic phenotype.®® Aggregate
culture may also be used to redifferentiate chondro-
cytes that have been expanded in monolayer.”> For
example, rabbit articular and meniscus cells were re-
differentiated by rotational culture and used to form
fibrocartilage with superior properties to tissues con-
taining cells that did not undergo the redifferentiation
step.” Rotational culture may be used to form neo-
cartilages in a spectrum of fibrous to hyaline carti-
lage.®” Aggregation may also be used to engineer
cartilage. Recently, a pellet culture of human mesen-
chymal stem cells (MSCs) with a demineralized bone
support was used to produce engineered articular
cartilage with a physiologically relevant compressive
Young’s modulus of greater than 800 kPa and an
equilibrium friction coefficient of ~0.28.” Commercial

products using aggregate TE also exist. For example,
Chondrosphere (co.don AG, Tetlow, Germany), also
known as ARTOCELL 3D and 3D autologous chon-
drocyte transplantation (ACT3D), uses autologous cell
aggregates/spheroids and is currently in phase III
clinical trials in Europe. In a 1 year follow-up study,
patients’ Lysholm, International Knee Documentation
Committee (IKDC), SF-36, and Tegner scores signifi-
cantly increased after treatment of full-thickness pa-
tellofemoral or femoral condylar defects with
Chondrosphere.”® Aggregate tissue engineering repre-
sents a versatile TE tool to form musculoskeletal
neocartilage, both indirectly by forming aggregates to
(re)differentiate cells and then dissociating them to
form tissues by other methods and directly by using
aggregates to fill defects or assembling them into larger
tissue structures® (Fig. 4).

Aggregate engineering, although partially able to
overcome diffusion limits in producing cartilaginous
tissues, still exhibits shortcomings. It is conceivable
that, in the initial period of suspension culture before
cell interaction and coalescence, cells may die due to
lack of substrate contact. As aggregate culture is used
to differentiate or restore cells to a chondrocytic phe-
notype, these cells proliferate minimally, except under
specific culture conditions.”®* Aggregates also have
uncontrolled and  nonhomogeneous  shapes.*
Larger aggregates may still experience decreased cell
viability or loss of cell type homogeneity.” Fusing
small aggregates to form larger tissues or injecting
aggregates into defects may be the most promising
methods to use aggregates to engineer musculoskeletal
cartilages.
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FIGURE 4. Aggregate engineering is a scaffold-free, self-organization tissue engineering technique. Aggregates are created by
rotating or shaking a non-adherent suspension of cells with varying speeds and durations depending on the culture. Aggregates
may then be assembled into larger tissue structures, dissociated, or implanted into defects.
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Self-Assembling Process

The self-assembling processis a TE technique that falls
under the self-assembly category of scaffold-free
approaches, as it does not employ external forces to form
tissues. It consists of distinct phases that mirror those of
native cartilage development (Fig. 5). In the first phase, a
high-density cell suspension is seeded into a non-adherent
mold to ensure that only cellular interactions drive tissue
assembly. In the second phase, spontaneous minimiza-
tion of free energy drives cell coalescence, as described by
the differential adhesion hypothesis.”” In the third phase,
tissue-specific ECM is produced, and, in the last phase,
this matrix matures to form functional tissue.” The self-
assembling process has created a variety of functional
musculoskeletal cartilages.

The self-assembling process differs from aggregate
culture by the way the tissue forms and the properties of
the resulting tissue. Specifically, self-assembling tissues
(1) lack external forces during tissue formation, (2) form
within non-adhesive molds, (3) have organizational and
functional properties similar to native tissue, (4) have
distinct dimensions and gross appearances, and (5) are
easily manipulated with regard to size, thickness, and
shape. Rather than using centrifugation or rotational
culture to form aggregates or pellets, the non-adherent
nature of the agarose mold allows cell-driven tissue
formation. In contrast to aggregate cultures which often
form variable and uncontrolled tissue shapes, self-
assembling cartilages are of predictable and repeatable
gross appearance, shape, and size as a predetermined
number of cells are seeded into a mold with a defined
shape. The self-assembling process can be customized to
tailor neocartilages’ size and shape by modifying the
agarose mold.

Articular cartilage and fibrocartilages, such as
meniscus and TMIJ disc, have been engineered with
physiologically relevant properties, without exogenous
stimuli, using the self-assembling process.'®*' For

Phase | Phase Il

example, primary bovine articular chondrocytes
formed hyaline-like cartilage with biochemical and
biomechanical values within the range of native artic-
ular cartilage.®® Another promising stem cell type,
dermis-isolated adult stem (DIAS) cells, was used to
produce fibrocartilage that expressed cartilage-specific
genes, such as cartilage oligomeric matrix protein
(COMP), collagen type I and II, and Sox9.”> Using a
50:50 co-culture of bovine articular and meniscus cells,
meniscus and TMJ shape-specific neocartilages with
ECM composition and organization similar to native
tissue were produced.”®® The adaptability and
reproducibility of the self-assembling process to pro-
duce tissues with physiologically relevant properties
makes it a highly promising TE method.

The self-assembling process, while successful in pro-
ducing functional neocartilages, presents some draw-
backs. Cells must be amenable to producing large
amounts of ECM and survive minimal cell-substrate
interactions as the ECM accumulates during the initial
phase of the self-assembling process. Furthermore, the
self-assembling process requires cell numbers on the
order of millions of cells per construct, e.g., 10-100
million cells per mL.* To achieve the high cell numbers
required to produce the whole tissue ECM, monolayer
expansion and subsequent redifferentiation via rota-
tional culture may be necessary.?> As with other tissue
formation techniques, the size of the engineered tissue is
limited by diffusion.*® The self-assembling method
recapitulates developmental processes while allowing
for control of tissue geometry to create tissues with
biologically reminiscent properties.®®

CELLS USED FOR SCAFFOLD-FREE TISSUE

ENGINEERING

As cells impart the material properties of scaffold-
free cartilages through the production of the entire

Phase lll
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Minimization of free
energy via binding of

High density cell
seeding in non-
adherent substrate

cell adhesion receptors extracellular matrix

Cell migration and
production of

Distinct regional
matrix formation and
tissue maturation

FIGURE 5. The self-assembling process is a scaffold-free tissue engineering technique governed by self-assembly. Self-
assembling tissues undergo distinct phases that mirror those of native cartilage development. Control of the mold shag)e and
matrix maturation of the neocartilage allows for the formation of shaped functional tissues. Image used with permission.
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ECM, identifying suitable cell sources is of paramount
importance. Ideally, cells used for musculoskeletal
cartilage TE would be fully chondrogenically differ-
entiated, be capable of producing cartilaginous ECM,
and not provoke adverse immune responses. Addi-
tionally, scaffold-free TE typically requires large
numbers of cells. To satisfy these needs, a plethora of
cell sources have been explored for musculoskeletal
cartilage TE, including autologous, allogeneic, and
xenogeneic sources of primary, expanded, and stem/
progenitor cells.

Cell Sources: Autologous, Allogeneic, Xenogeneic

Autologous cells exhibit many advantages, such as
the fact that they are derived from the same individual
receiving the engineered tissue and therefore do not
provoke an adverse immune response. However, as
these cells are scarce and their isolation is invasive and
associated with donor site morbidity, these cells often
require expansion before use in TE. Using autologous
cells also requires that patients undergo multiple sur-
gical procedures and time delays for the cartilage to be
engineered and implanted. TE processes must also be
robust to overcome patient-to-patient cellular vari-
ability. For example, systems must not be overly sen-
sitive to factors such as gender or donor so as to
produce tissues of comparable quality.*”*!** Due to
these limitations associated with the use of autologous
cells, it is necessary to investigate other cell sources.

The use of allogencic cells for TE mitigates cell
sourcing drawbacks, such as scarcity, patient donor
site morbidity, multiple patient operations, and long
wait times. Because allogeneic cells are isolated from
non-patient sources, a larger amount of healthy,
uninjured tissue is available from which to isolate the
necessary numbers of cells. Cells from non-diseased or
juvenile sources may be used to more consistently form
or even pre-engineer high-quality “off the shelf”
replacement cartilages, therefore eliminating the need
for multiple patient operations and time delays before
tissue implantation.**® Using allogeneic cells is com-
mon in musculoskeletal TE,'? and is the basis of sev-
eral products in clinical trials (as discussed in
“Scaffold-Free Approaches” section). For example,
cartilage formed by pelleting allogeneic chondrocytes
was implanted into 3 mm rabbit femoral condyle
osteochondral defects. The implanted pellets enhanced
early cartilage repair and no immune rejection was
observed.'> However, allogeneic cells are still limited
by the availability of donors with healthy musculo-
skeletal cartilages, the possibility of disease transfer
from the donor to the recipient, and immunological
concerns of rejection.® The use of cells from multiple
allogeneic donors also necessitates engineering pro-
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cesses again be robust enough to overcome cellular
variability between donors. The use of allogeneic cells
overcomes many restrictions associated with autologous
cells; however their use is still limited by availability.
Xenogeneic cell sources overcome the limited
availability of healthy donor tissue. However, TE
processes are not directly applicable across species and
necessitate species-specific adaptations. For example,
there are interspecies differences with regard to ECM
synthesis after monolayer expansion of equine, ovine,
porcine, and human chondrocytes.”* Additionally dis-
ease transfer” and mixed results with regard to adverse
immune responses remain concerns.”' While there is
evidence to support that cartilage offers sufficient im-
munoprivilege to allow the use of allogeneic cells, this
may not hold true for xenogeneic cells. For example,
when adult rabbit osteochondral defects were treated
with pig chondrocytes, the repair tissue resulted in the
production of hyaline-like tissue with the absence of
inflammatory cells.® However, implanted porcine and
bovine articular cartilage in monkey suprapatellar
pouches elicited an extensive humoral response to the
xenografts, leading to chronic graft rejection.”® Al-
though xenogeneic cell sources may have limited clin-
ical use, they are critical for the in vitro development of
translatable musculoskeletal TE processes.

Cell Types: Primary, Expanded, and Stem

Primary cells are non-expanded, fully differentiated,
and readily produce tissue-specific ECM, especially in
3D cultures that replicate their native environment.*’
Although neocartilages of primary cells can achieve
biochemical and biomechanical values within the range
of native tissues,’® these cells are highly limited in
availability.

To obtain sufficient cell numbers and overcome
limitations in the availability of healthy donor tissue,
primary cells are often expanded. As expansion allows
one donor to provide tissue for multiple recipients,
donor variation, the risk of disease transfer, and the
impact of healthy donor tissue scarcity are greatly re-
duced. Expansion of fully differentiated cells in
monolayer causes dedifferentiation and therefore
requires a redifferentiation step and phenotypic verifi-
cation before TE culture (previously described in
“Aggregate Tissue Engineering” section).>*>*? It was
previously thought that passaged cells would irrevers-
ibly lose their chondrogenic phenotype and form
neocartilage with inferior functional properties.'* Re-
cently however, with the advent of redifferentiation
protocols, it was shown that these conditions result in
neocartilage with properties as good or better than
neocartilage made with primary cells.***> For
example, the redifferentiation of leporine articular
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chondrocytes led to engineered neocartilages containing
twice the GAG per wet weight and collagen II/collagen I
ratio compared to neocartilages made with primary
chondrocytes.* Therefore, proper expansion and three-
dimensional redifferentiation conditions may be applied
to engineer neocartilages from passaged cells with
functional properties that exceed those of primary cells.
Using a system of expansion and redifferentiation may
also allow the proliferation and phenotypic modulation
of cartilaginous sources that do not suffer joint pathol-
ogies, such as costochondral, auricular, or nasal, to be
used for musculoskeletal cartilage TE."'-**%* The use of
expanded cells, especially those of autologous or allo-
geneic origin, minimizes the limitations associated with
the scarcity of healthy cells, while maintaining clinical
translatability of engineered cartilage.

Embryonic stem cells (ESCs) and adult stem cells
provide distinct advantages in TE. ESCs, pluripotent
cells with unlimited proliferative capacity,*® may be used
to create cell lines that allow for the minimization of
biological variability. While this cell source has been
used to produce scaffold-free cartilage, obstacles to
clinical translation, such as difficult and poorly con-
trolled chondrogenic differentiation,** teratoma for-
mation, and ethical concerns remain. Adult stem cells,
both induced pluripotent stem cells (iPSCs) and natively
residing stem cells, such as MSCs and DIAS cells, avoid
ethical concerns and may be isolated from tissues such as
fat or skin, minimizing donor site morbidity. However,
the extensive cell manipulation required to chondro-
genically differentiate iPSCs represents a significant
scientific and regulatory hurdle that needs to be ad-
dressed before clinical application.* MSCs from adipose
tissue and bone marrow can also be chondrogenically
differentiated and used to form neocartilage,”® but
generally produce tissue of poorer quality than neocar-
tilage made of chondrocytes.* Progenitor cells isolated
from cartilage, while not yet tested in scaffold-free cul-
ture, may also hold promise as an autologous cell
source.®* While ESCs can proliferate indefinitely with-
out losing pluripotency,®® long-term culture of adult
stem cells can lead to reduction of proliferative capacity
and multipotency.®” Stem cells from any source must be
stably differentiated into the chondrocytic phenotype
and must retain this phenotype indefinitely.*’** Despite
limitations, stem cells represent a potentially autologous
and clinically relevant population of cells with which to
engineer musculoskeletal cartilages.

SIGNALS ENHANCING ENGINEERED
CARTILAGE FUNCTIONAL PROPERTIES

Implanted scaffold-free engineered musculoskeletal
cartilages must replicate the durability and function of

native tissue. Without an exogenous scaffold, the
material properties of TE cartilages are dependent
solely on cell-produced ECM. This motivates investi-
gation into methods to improve matrix production and
quality, which ultimately improves neotissue func-
tional properties.”’” Three categories of matrix-
enhancing signals shown to have significant outcomes
on the functional properties of neocartilages have
emerged: growth factors, matrix-remodeling enzymes,
and mechanical stimulation. These types of stimuli
have also been combined, resulting in additive and
synergistic enhancement of neocartilage properties.'®3?

Growth factors of the transforming growth factor
(TGF) superfamily are important to native cartilage
tissue development and have been shown to enhance
matrix properties of neocartilages.* For example, a
combination of bone morphogenetic protein 2 (BMP-
2) and insulin-like growth factor 1 (IGF-1) was found
to double neocartilage glycosaminoglycan (GAG)
content and aggregate modulus.'” As treatment results
in doubling collagen content, aggregate modulus, and
tensile modulus,'” TGF -1 is one of the most common
growth factors used to enhance the functional prop-
erties of scaffold-free neocartilages.

Enzymes are also effective to enhance the functional
properties of neocartilages. For example, chondro-
itinase-ABC (C-ABC) digests GAGs to remove the
effect of their steric hindrance on collagen assembly
and packing.®” A single 4 h C-ABC treatment at
2 weeks in a 4 week culture of neocartilage resulted an
increase in tensile modulus by 80%.%" Lysyl-oxidase
(LOX) has also emerged as a potent matrix-remodeling
enzyme that initiates fibril crosslinking.’® Hypoxia has
been employed to enhance LOX expression, resulting
in a 2-fold increase in the tensile modulus in neocar-
tilage.”! Exogenous addition of LOX and C-ABC
resulted in a greater than 200% increase in the tensile
modulus and ultimate tensile strength (UTS) of neo-
cartilage.”> Though TE has traditionally focused on
the use of growth factors to increase ECM accumula-
tion, enzymes may be used to mimic native tissue
remodeling or activate signaling pathways that en-
hance matrix properties,”” making them a potent tool
to enhance neocartilage functional properties.

Musculoskeletal cartilages are mechanically sensi-
tive,* rendering mechanical forces effective TE stim-
uli. Dynamic tension—compression with an axial strain
of 10% at 1 Hz applied to scaffold-free meniscus-
shaped neotissue during days 10-14 of culture
increased collagen content by 80%, compressive
relaxation modulus by 66%, and radial tensile prop-
erties by 200%.%? Application of hydrostatic pressure
at a static 10 MPa for 1 h at days 10-14 of culture
increased aggregate modulus 1.4-fold, tensile modulus
1.9-fold, and GAG and collagen content over 2-fold.?°
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As native musculoskeletal cartilages experience combi-
nations of dynamic compression, tension, shear, sliding
shear, and hydrostatic pressure, commencing in utero
and extending throughout life,’® the application of
mechanical stimuli that parallel forces natively present
can serve to enhance neocartilage functional properties.

Native musculoskeletal cartilages experience a mél-
ange of stimuli which inform TE strategies. Combi-
nations of signals can have additive and even
synergistic effects on ECM production and composi-
tion, increasing neocartilage functional properties. For
example, TGF-f1 and hydrostatic pressure increased
neocartilage aggregate modulus by 1.6-fold and tensile
modulus by 2.3-fold. It also synergistically increased
collagen content.'"® TGF-f1, C-ABC, and dynamic
direct compression increased the compressive and
tensile modulus 3—4-fold while also increasing collagen
content nearly 4-fold of meniscus-shaped co-cultures
of chondrocytes and fibrochondrocytes.>'** Combi-
natorial treatments inspired by the multitude of stimuli
native cartilages encounter may enable the creation of
biomimetic tissues.

FUTURE DIRECTIONS: CREATING HIGHER
ORDER STRUCTURES, CONCLUSIONS

To engineer complicated musculoskeletal cartilages,
design criteria based on native tissue properties must be
identified, and quantitative methods must be employed
to determine the outcome of TE efforts. Following
structure—function relationships, musculoskeletal car-
tilages have distinct anatomical shape, internal structure
and organization, matrix content, and biomechanical
properties. Since the objective is to achieve biomimicry,
the heterogeneous and anisotropic nature of musculo-
skeletal cartilages must be understood and then repli-
cated.

Engineering musculoskeletal cartilages to have pa-
tient-specific anatomical shapes is necessary to ensure
the implanted tissue fits correctly within the adjacent
native tissue, meets mechanical demands, and that
stress concentrations are minimized to avoid tissue
degradation.”’° Using cell sheet engineering methods,
shaped structures may be created by layering, rolling,
or draping cell sheets (as described in “Cell Sheet
Engineering” section, Fig. 3). Alternatively, aggregates
or cell pellets may be fused within molds to form larger
shaped structures (as described in “Aggregate Tissue
Engineering” section, Fig. 4). For example, expanded
annulus fibrosus cells were pelleted and cultured to
form cylindrical tissues that displayed morphological
characteristics similar to immature native annulus fi-
brosus tissue.'® To form shape-specific self-assembling
tissues, cells may be seeded into shaped, non-adherent
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molds (as described in *“‘Self-Assembling Process”
section, Fig. 5). Mold compliance, mold surface char-
acteristics, and degree of confinement have been used
to engineer shape-specific meniscus and TMJ disc.?*>°
Despite these advancements, further investigation
should examine other methods and stimuli to enhance
neocartilage fidelity, in terms of both shape and size.

Musculoskeletal cartilages exhibit cellular and ma-
trix anisotropy and heterogeneity that must be reca-
pitulated in engineered tissues.®” Manipulating tissue
shape can be used to create the zonal GAG and col-
lagen organization that result in functional anisot-
ropy.””®” Other methods have been adapted from
scaffold-based approaches. For example, primary
chondrocytes originating from different zones in
articular cartilage were seeded in layers in an agarose
hydrogel and the resulting neocartilage replicated zo-
nal biochemical and cellular organization.®* Applying
this to scaffold-free approaches, zone-specific chon-
drocytes were sequentially seeded into shape-specific
molds to form self-assembling neocartilage, retaining
cellular zonal organization and morphology.”® Com-
bining scaffold-free TE methods, signals that enhance
ECM production and organization, and strategies to
produce specific shapes and tissue organizations may
achieve directional and organizational biomimicry.

Neocartilage must be quantitatively evaluated to
determine if the design criteria have been achieved.
Assessment modalities should measure relevant struc-
ture—function relationships with a heavy focus on bio-
mechanical properties due to their importance in tissue
function.* While histology and immunohistochemistry
can show presence or spatial distribution of specific
matrix components, these techniques are still semi-
quantitative. Quantitative biochemical assays that
evaluate structure—function include (1) assessments for
matrix molecules, such as GAGs and collagen, (2) en-
zyme-linked immunosorbent assays (ELISAs) for col-
lagen type I and type II content, and (3) quantitative real
time polymerase chain reaction (QRT-PCR) for carti-
lage-associated genes, such as aggrecan, COMP, sox9,
collagen type I, and collagen type II. It should be noted
that expression of cartilaginous genes does not always
correlate to the production of the matrix-associated
proteins. Likewise matrix production does not always
correlate to organization. Therefore it is equally
important to assess biomechanical properties. These
include tensile modulus, UTS, aggregate modulus, per-
meability, shear modulus, viscoelastic moduli and
coefficient of viscosity, as well as coefficient of friction.
Therefore, particular attention should be paid to mea-
suring properties and characteristics that will elucidate
structure—function relationships and further guide
researchers in selecting appropriate stimuli to achieve
design criteria.
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Future success in engineering musculoskeletal car-
tilages and higher order structures will likely require
methods that involve both scaffold-free and scaffold-
based approaches. For example, to achieve satisfactory
regeneration of articular cartilage, it may be necessary
to achieve regeneration of the underlying subchondral
bone simultaneously.>* Currently, most bone regener-
ation efforts employ scaffolds. Thus, toward achieving
regeneration in an osteochondral defect, or the entire
articulating end of a long bone, it may be necessary to
combine both scaffold-free cartilage and scaffold-
based bone tissues. For example, deep zone chondro-
cytes were seeded onto a porous calcium polyphos-
phate scaffold and cultured in f-glycerophosphate to
induce a zone of calcified cartilage between the ceramic
and hyaline-like cartilage.® Other than zone-specific
cell sources, few zone-specific factors have been exog-
enously applied to engineer distinct tissue zones. This
remains an active area of research for both scaffold-
based and  scaffold-free  tissue  engineering
approaches.*! Overall, scaffold-based and scaffold-free
approaches to musculoskeletal cartilage TE present
distinct advantages and outcomes; future successes will
likely depend on the combination of these approaches,
rather than the exclusive use of either. Inasmuch as
scaffold-based approaches have been employed as a
paradigm to generate engineered cartilages with
appropriate  functional properties, scaffold-free
approaches are emerging as promising elements of a
clinical translational pathway not only for musculo-
skeletal cartilages but for other tissues as well.
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