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Should we use cells, biomaterials, or tissue
engineering for cartilage regeneration?
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Abstract
For a long time, cartilage has been a major focus of the whole field of tissue engineering, both because of the
constantly growing need for more effective options for joint repair and the expectation that this apparently simple
tissue will be easy to engineer. After several decades, cartilage regeneration has proven to be anything but easy.
With gratifying progress in our understanding of the factors governing cartilage development and function, and
cell therapy being successfully used for several decades, there is still a lot to do. We lack reliable methods to
generate durable articular cartilage that would resemble the original tissue lost to injury or disease. The question
posed here is whether the answer would come from the methods using cells, biomaterials, or tissue engineering.
We present a concise review of some of the most meritorious efforts in each area, and propose that the solution
will most likely emerge from the ongoing attempts to recapitulate certain aspects of native cartilage development.
While an ideal recipe for cartilage regeneration is yet to be formulated, we believe that it will contain cell,
biomaterial, and tissue engineering approaches, blended into an effective method for seamless repair of articular
cartilage.
Keywords: Cartilage, Tissue engineering, Chondrocytes, Mesenchymal stem cells, Biomaterial, Bioreactor, Hydrogel,
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Background
Articular cartilage is a unique tissue that contains only a
sparse population of a single cell type—chondrocyte—and
lacks vascularization. The cells reside within a prestressed
collagen–proteoglycan matrix that gives the tissue its compressive strength and enables frictionless motion during
habitual loading. These features also severely hinder the
ability of cartilage to regenerate after injury. Whether the
injury is due to trauma or disease, and even if the lesion is
relatively small, it can progress rapidly and lead to the
destruction of cartilage structure and thereby its mechanical function. Because of the absence of self-repair, various
interventions have been explored to facilitate regeneration
of cells and cartilaginous matrix.
Traditionally, cartilage repair has been pursued by
application of two main treatment methods, both of
which have drawbacks. If cartilage is severely damaged
so that the majority of the articulating surface is
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disabled, whole joint surgery can be performed where
the living biological tissue is replaced with a prosthetic
device. While these surgeries are quite successful and
provide many years of joint function, the synthetic material cannot fully substitute for the complex biological
nature of the original tissue. If cartilage injury is small
and localized, an autograft or allograft can be trimmed
to size and fit into the defect. However, with the cartilage properties being location dependent and because of
the scarcity of cells that can facilitate graft integration
with the host tissues, these grafting solutions often provide a limited-term benefit before ultimately failing [1].
A definite need therefore exists for more effective
methods to stimulate cartilage regeneration and integration, and provide a durable, long-lasting replacement for
the original cartilage.
In response to this need, novel bioengineering approaches to induce and enhance cartilage regeneration
are being developed. When placed into the context of
natural cartilage development, these approaches are
based on achieving different landmarks in the process of
cartilage formation, with the aim to recapitulate the
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developmental blueprints [2]. It is well established that
cartilage formation begins with mesenchymal condensation leading to chondrogenic differentiation of mesenchymal cells. Then, a dense matrix is produced, serving
as the cartilage anlage, a template for the subsequent
generation of both the articular cartilage and the subchondral bone. The articular chondrocytes maintain
their stable phenotype within mature articular cartilage (Fig. 1).
Scientists and engineers have attempted to develop
biological grafts for treating cartilage defects by (i) cell
therapies that recapitulate precartilaginous mesenchymal
condensation and stimulate/orchestrate regeneration of
cartilage, (ii) biomaterial matrices designed to restore
important functions of articular cartilage and serve as a
template for regenerative turnover, or (iii) tissue-engineered grafts for implantation that resemble mature
cartilage and have capacity to integrate with the surrounding tissues [3, 4]. In this concise review, we present
a brief survey of the merits of current research for each
of these three approaches to cartilage regeneration,
along with the status of their translation into the clinic,
towards an initial response to the question posed about
the prospects of using cells, biomaterials, or tissue engineering for cartilage regeneration.
Cell therapies

Cells are the driving force of cartilage formation and the
continual maintenance of the tissue. Cell therapies utilize
the implantation of externally cultivated cells to replicate
and stimulate native regeneration. Mature chondrocytes
were the first cells that found clinical application for cartilage regeneration. Similar to autografts and allografts,
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the use of mature chondrocytes is based on the
premise that native, mature cells are best suited to
guide regeneration.
Mature chondrocytes in cell therapy applications have
been primarily utilized in a technique termed autologous
chondrocyte implantation (ACI). ACI starts by harvesting
and enzymatically isolating chondrocytes from a minor
load-bearing area of the patient’s damaged cartilage [5].
As cartilage has low cell density, the isolated chondrocytes
have to be expanded in vitro to obtain enough cells for effective treatment. In ACI therapy, a membrane is placed
over the defect that is filled with a suspension of chondrocytes and sutured to the surrounding cartilage to ensure
chondrocyte localization within the defect [6]. Initially, a
piece of periosteum cut out from the patient’s bone was
used as a membrane, probably further contributing to cartilage regeneration as an additional source of cells. Later,
synthetic membranes made of a collagen I/III blend were
also used.
While the clinical trials reported good-to-excellent
outcomes for almost all of the patients at 66 months,
further randomized clinical trials demonstrated that ACI
performed no better than microfracture surgeries [7].
Some limitations were also observed. When expanded
on plastic in vitro, harvested articular chondrocytes tend
to dedifferentiate and start producing substantial amounts
of collagen type I. Such expansion and dedifferentiation
can hinder hyaline cartilage formation and result in
hypertrophic chondrocyte differentiation when implanted back into the defect [8]. Consequently, it has
been noted that the cartilage formed following a
traditional ACI procedure tends to histologically resemble fibrocartilage rather than articular cartilage [1].

Fig. 1 Chondrogenic development. (1) Mesenchymal condensation. (2) Chondrogenic differentiation of mesenchymal cells and deposition of a
cartilage anlage that forms both cartilage and bone. (3) Remodeling of the anlage to form bone and mature cartilage with their inherent
structural zones. Cartilage regeneration therapies have followed this approach, having investigated cellular therapies to trigger cartilage formation,
biomaterial scaffolds that infiltrating cells can remodel, and tissue-engineered cartilage constructs that mimic the structure and function of native
articular cartilage
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Fibrocartilage is a dense, fibrous version of cartilage, lacking the compressive strength and frictionless properties of
hyaline cartilage. The presence of fibrocartilage causes
similar problems to the transplantation of articular cartilage autografts, where a lack of integration and mismatch
in functional properties limit complete regeneration of the
defect. Over the years, ACI has undergone numerous improvements [9], which have moved the ACI procedure
from being classified as a cell therapy towards being a
tissue-engineering therapy.
The use of mesenchymal stem cells (MSC) can alleviate
two fundamental limitations of autologous chondrocytes:
donor-site morbidity and limited matrix production following cell expansion. MSCs can be harvested from a
number of sources that do not affect cartilage activity (a
complete list is provided in [10]), maintain multipotency
after numerous expansions, and can be differentiated
into matrix-producing chondrocytes [11]. In addition,
MSCs have immunomodulatory properties and have
been shown to suppress proinflammatory cytokines
[12]. However, it is currently being debated whether
chondrogenically differentiated MSCs are programmed
to progress towards terminal differentiation and bone
formation [13, 14]. Primarily due to their favorable
properties, and despite the current debate, MSCs are
increasingly studied and utilized to treat cartilage defects and osteoarthritis [10].
For cartilage defects, the application of MSCs is similar
to the ACI method, and has produced similar results. In a
comparison of the procedures based on ACI and MSCs,
there was no significant difference in the clinical outcome
[15]. While the results of the ACI-type therapy using
MSCs are promising, problems similar to those observed
in the traditional ACI treatment still persist. Importantly,
MSCs are a heterogeneous cell population that can generate fibrocartilage and hypertrophic chondrocytes along
with the desired articular-cartilage-producing chondrocytes [16]. Studies have shown nonarticular cartilage being
formed within the defect after implantation, and this situation was associated with poor clinical outcomes [17].
In attempts to more consistently derive articular chondrocytes that produce matrix and regenerate cartilage,
investigators have turned to pluripotent stem cell sources:
embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs). While the use of ESCs is highly
debated because of the ethics surrounding their derivation, iPSCs provide similar pluripotency without the ethical conundrum. In addition, iPSCs can be autologous as
they can be derived from small samples of various tissues,
including skin and blood. The derivation of chondrocytes
from ESCs or iPSCs can be achieved by first deriving
MSCs [18, 19], or by differentiating the cells directly into
chondrocytes [20, 21]. Overall, the use of pluripotent stem
cells for cartilage regeneration is highly promising. In
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comparison with MSC-derived chondrocytes, chondrocytes differentiated from pluripotent stem cells had higher
gene expression for chondrocyte and cartilage-producing
genes (COL2A1, AGC, SOX9), and reduced expression of
hypertrophic and bone-producing genes (COL10A1,
COL1A1, RUNX2) [22]. Numerous studies have shown
the ability of these cells to produce articular-like cartilage
that integrated with the native cartilage and subchondral
bone when implanted into an animal defect [9, 22–24].
The ability of pluripotent stem cells to differentiate
into all three germ layers and recapitulate the native,
cartilage-producing cell phenotype is highly attractive
for cartilage regeneration, but key challenges exist in
efficiently producing and safely controlling these cells.
Although recent advances have improved the efficiency
of iPSC generation [25], the yields remain low for mass
production. Also, the implantation of pluripotent stem
cells has occasionally resulted in teratoma formation [26,
27]. Studies have shown that genetic disorders, such as
Marfan’s syndrome, still manifest in derived chondrocytes, even after the induction of pluripotency and subsequent in-vitro differentiation [28]. Despite promising
results in stimulating cartilage regeneration, the pluripotent stem cell generation, the inability to recover genetic
deficiency, and the risk of teratoma formation pose significant questions that must be addressed before clinical
translation.
While major progress has been made using each of
the cell types discussed, it is still being investigated how
to overcome the current limitations and produce viable,
functional, and durable cartilage capable of integrating
with the surrounding tissues. Clinical trials of cartilage
therapies using pluripotent stem cells (either embryonic
or derived from adult human tissues) have been slowed
down by concerns that multipotent stem cells have potential to form teratomas [9]. In clinical practice, ACI is
a well-established cell therapy for cartilage repair, with
variations of the procedure used in the clinic since
1987, and numerous revisions and improvements [29].
The use of MSCs for cartilage therapy is currently
undergoing the rigors of regulatory approval, with the
first clinical study performed in 2004 [10], providing
cartilage repair without the need to harvest chondrocytes from the patient.
Biomaterials

Because of the seemingly quiescent nature of cartilage,
its avascularity, and its low cell density (only about 5 %
of the tissue volume), a significant branch of research
has been directed towards developing biomaterials that
can mimic cartilage matrix and restore function at the
defect site. In particular, the biomaterials of choice must
meet three significant criteria: (i) mechanical properties
consistent with those of existing cartilage (both in terms
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of compressive strength and lack of friction), (ii) integration with adjacent cartilage, and (iii) durability
throughout the patient’s lifetime [30]. Currently used
biomaterials are in general biodegradable, with the goal
that the biomaterial will eventually be eliminated from
the body after providing the necessary functional properties to support cartilage regeneration. For many materials, the rate and mechanisms of biodegradation are
tunable, which is important for matching the kinetics of
biomaterial resorption and tissue formation.
Up to 80 % of articular cartilage wet weight consists of
water, its most abundant component [31]. To replicate
this environment, hydrogels—three-dimensional (3D)
polymer networks rich in water—have become a popular
option for cartilage regeneration in situ and cartilage
engineering in vitro. Hydrogels are highly modular, with
respect to the type of polymer, the crosslinking method,
the degradation products and rate, and the incorporation
of various molecules, all allowing specific tailoring for
the desired application [32, 33]. Hydrogels are classified
based on the polymer composition into natural or synthetic materials, although combination systems are also
being used to maximize the benefits of each component.
We will briefly touch on the most popular polymers
from each group.
Natural polymers can be derived from both animal
and plant sources. Three of the most popular polymers
that are used as hydrogels are alginate, agarose, and silk,
with the first two derived from seaweed and the last
derived from either silkworms or spiders [32]. The unique
composition of these polymers makes them unrecognizable
to human enzymes, allowing slow degradation and more
time for the body to initiate and support regeneration
[32]. The mechanical properties of these hydrogels can
be adjusted using the right formulations and postprocessing methods [33]. In addition, these hydrogels have
been shown in vitro to provide suitable environments to
maintain the phenotype of encapsulated chondrocytes.
However, these particular hydrogels lack natural attachment sites for cells and inherent bioactivity to trigger
synthesis of extracellular matrix (ECM) [23, 34].
Although readily available, semicustomizable, and easy
to work worth, the ability of these scaffolds to stimulate
regeneration and integrate in an in-vivo repair situation
is yet to be determined conclusively.
Collagen and hyaluronan are the two popular natural
polymers that are recognizable by mammalian cells and, at
the same time, are important components of native articular cartilage. Collagen, as the most common protein in the
body, has been extensively studied for cartilage regeneration
[35]. Collagen has a natural tendency to support cell attachment and stimulate synthesis and assembly of the ECM.
However, when implanted, collagen hydrogels are mechanically weaker than the surrounding tissue and degrade too
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fast relative to tissue regeneration [36, 37]. Crosslinking of
the collagen matrices can improve their mechanical integrity and slow down degradation, but it also can have significant impact on the encapsulated cells [38].
In native cartilage, chondrocytes surround themselves
with a hyaluronan-based pericellular matrix, which has
led many investigators to designing hydrogels consisting
of hyaluronan [39]. As expected, chondrocytes readily
attach to hyaluronan-based matrices, and studies have
shown that these matrices trigger chondrocyte differentiation and stimulate matrix production [40, 41]. Hyaluronan
also has some limitations, such as insufficient mechanical
integrity and a short lifetime in inflamed defects due to
degradation by matrix metalloproteinases [42].
In contrast to natural polymers, synthetic polymers provide a high level of control of compositional, structural, and
mechanical properties. Polyglycolic acid (PGA) and polylactic acid (PLA) have gained particular interest because they
degrade by simple hydrolysis at rates that can be adjusted
by selecting monomers, and have already been approved
for clinical use as sutures [43]. A major drawback of
synthetic polymers is that they do not provide specific
biological functions [44]. To facilitate cell attachment
and stimulate matrix production, the synthetic polymers need to be functionalized with biological motifs
or bioactive molecules [45].
Polymer modifications are widely utilized to control cell
activities within the body. Of particular interest are efforts
to recruit native cells and promote their differentiation
and regenerative capabilities [43, 46]. The incorporation
of growth factors and biomolecules, such as dexamethasone and transforming growth factor beta, has shown
promise for facilitating cartilage regeneration [47, 48].
Such functionalized scaffolds release the incorporated
modulatory components as they are degraded, and can
thereby enhance cartilage regeneration within a defect.
However, this interesting approach has not been fully realized, and the degree of regeneration achieved thus far has
not been convincing enough to justify clinical translation.
An important trend in surgery, both general and
orthopedic, is to minimize the severity of intervention
[49]. The use of an arthroscopic procedure instead of
open joint surgery can reduce the infection risk and
shorten the time of recovery. For cartilage repair, the use
of injectable hydrogels is of special interest because they
are compatible with arthroscopic methods. By introducing the regenerative hydrogel into the defect by injection through the joint capsule, procedural severity and
duration as well as the duration of recovery are reduced
significantly [49]. Many of these polymers have been
transitioned into injectable formats. The two most common forms of initiating the transition from injectable
liquid to hydrogel are thermal activation, which results
in the crosslinking of hydrogel at body temperature, and
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light activation, which initiates crosslinking of hydrogel
in the presence of a specific light source [44, 50, 51].
Beyond any doubt, biomaterials will continue to be a
major focus of research for cartilage regeneration. For
clinical purposes, biomaterials are extremely attractive
because they can be utilized off-the-shelf, have an
established precedence of clinical use, and have much
simpler and shorter regulatory procedures than cellbased products.
Tissue engineering

The incorporation of cells into biomaterial scaffolds makes
cartilage repair more complex, but can significantly help
orchestrate regeneration and overcome some of the limitations of using cells or biomaterials alone. After several
decades of research in cartilage regeneration, either
through cell therapy or biomaterial implantation, we still
lack robust methods for reestablishing durable articular
surfaces with mature functional tissue properties. In an
effort to address this major challenge, scientists and engineers turned to tissue engineering methods designed to
replicate the developmental steps of cartilage formation.
In general, tissue engineering combines cells and biomaterial scaffolds into a tissue construct, and then uses engineered control of the construct environment, in vitro and
in vivo, to replicate the native cartilage environment and
produce viable grafts for cartilage regeneration [52].
Here we focus on the inclusion of additional, external
engineered controls to create these cartilage constructs.
Mechanical stimulation, oxygen tension, and 3D printing are among the methods that have been utilized to
replicate the in-vivo environment supporting chondrocyte differentiation and matrix production.
Articular cartilage is subjected to cyclic forces and the
application of physiological levels and regimens of stress
is considered to be essential for chondrocyte viability
and function [53]. To replicate this environment, compressive forces were applied to tissue-engineered constructs during in-vitro cultivation. Specially designed
bioreactors were constructed that allowed control of the
rate and amplitude of the applied stress [53]. Dynamic
mechanical compression has been shown to trigger chondrocyte differentiation [45], stimulate matrix production
[54], and increase cell viability and proliferation [23].
These beneficial effects are presumably due to a combination of direct mechanical factors (and their transduction
into gene expression) and enhancement of mass transport
by compression-induced interstitial flow. Constructs that
were conditioned within bioreactors with mechanical
loading approached more closely the compressive properties of native cartilage, as the application of force dictated
the location and alignment of matrix deposition by resident chondrocytes [55, 56]. The application of compressive forces to the tissue-engineered construct could be
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utilized to mature and strengthen the graft, signaling the
chondrocytes to replicate a cartilage-mimicking structure.
Studies of the dynamic environment of cartilage revealed
that the individual chondrocytes did not actually experience
direct compressive stress, but rather a hydrostatic pressure
caused by the swelling and fluid movement associated with
the articular cartilage loading [53]. Hydrostatic bioreactors
were therefore constructed to replicate the in-vivo environment in a loaded joint [57], producing similar results to
those achieved in response to compressive loading. Both
the chondrocytes and MSCs expressed higher levels of cartilage genes and produced larger amounts of glycosaminoglycans and type II collagen [58, 59].
The environment of healthy cartilage is hypoxic, with
oxygen tensions ranging between 1 and 5 %, as compared with 21 % in ambient air [53]. However, traditional
tissue culture is in most cases carried out in normoxic
conditions. Lowering oxygen tension has enhanced MSC
and chondrocyte differentiation and arrested hypertrophic maturation [60–62]. There is still a debate about
the degree of ECM synthesis stimulated by hypoxia, as
conflicting reports have been published on both sides of
the argument [63]. However, as has been shown with
both the mechanical stimulation and oxygen tension,
replicating the native environmental conditions of cartilage has beneficial effects on engineered cartilage.
3D printing has also gained a considerable amount of attention due to its ability to provide precise control of the
initial structure of tissue-engineered constructs. While
other processing methods have been used previously to
mimic the structure of native cartilage [64], the novelty of
3D printing and the high degree of precision (almost to
the cellular level) are the focus in this review. An excellent
recent review by Garg and Goyal [64] covers the broad
scope of fabrication processes. With regards to cartilage,
ongoing work indicates that 3D printing has the potential
to replicate the specific structure of cartilage, depositing
an appropriate pericellular environment for the cells located in each cartilage zone [65–67]. The most successful
studies to date have recapitulated an osteochondral defect,
using different substrates and patterns for bone and cartilage components [68, 69]. Bioprinting directly into a created, ex-vivo cartilage defect resulted in some level of
integration into the native cartilage and mechanical competence [70].
Despite the increased ability of tissue engineering to
mimic the native environment and enhance cartilage
matrix production, current tissue constructs are still not
stratified and mechanically functional, and therefore are
not suitable for clinical use [71]. Carticel, a longstanding
tissue-engineered product, has resulted in the development of articular cartilage that integrated with the adjacent native cartilage. However, this method requires
harvesting the chondrocytes from the patient’s knee,

Bernhard and Vunjak-Novakovic Stem Cell Research & Therapy (2016) 7:56

resulting in tissue morbidity and the need for two surgeries. In contrast, MSCs from bone marrow or fat aspirates
are much easier to harvest, can be expanded in culture,
and can be differentiated into chondrocytes. However,
stratified structure and mechanical function have not been
achieved with these cells. Interestingly, the work by
Mauck et al. [72] shows that these limitations are not a result of delayed cell differentiation, but are due to a missing
link in the development of cartilage tissue-engineered
constructs.
A novel approach that appears to find this missing link
recapitulates important steps in the native development of
cartilage (Fig. 2). In these studies, chondrocytes and stem
cells were condensed into scaffold-less constructs that
formed cartilaginous tissue in a manner mimicking mesenchymal condensation that precedes native chondrogenesis
[73–76]. This condensation-based approach demonstrated
promising results, with studies revealing structural similarity of the tissue-engineered construct to native cartilage
[73–76]. In one approach, biomechanical properties of
cartilage derived from condensed human mesenchymal
cells were comparable with native cartilage, with Young’s
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modulus of approximately 850 kPa and equilibrium friction
coefficient <0.3. This method also formed mechanically
strong cartilage and an interface in a cartilage defect model
[73]. The mimicking of native development of cartilage
with application of external controls provides an enticing
way forward in the elusive pursuit of a translatable
cartilage-defect solution.

Conclusions
We still lack reliable methods to generate durable articular cartilage that would resemble the original tissue lost
to injury or disease. For clinical translation, a product
that is available off-the-shelf, can be applied without surgery, integrates seamlessly into the native cartilage, and
incorporates native cells to allow remodeling would be
most highly desired. Basic and translational studies conducted over the last several decades markedly advanced
our understanding of cartilage development, normal
function, and pathological function.
Cartilage has proven to be both simple (with its sparse
population of a single cell type, absence of vascular supply) and very complex (as its prestressed matrix and

Fig. 2 Engineering of stratified, mechanically functional human cartilage. a Human mesenchymal stem cells are induced to fuse into cell bodies which
are then placed on the cartilage side of a mold in the exact shape of a condyle, an anatomically shaped bone scaffold is placed on the other side, and
the two pieces are press-fit. After 5 weeks of in-vitro cultivation, an anatomical layer of articular cartilage forms at the interface with the underlying
bone. b The resulting cartilage is physiologically thick and stratified, expressing all key markers, and integrated with the underlying bone. c The fusing
mesenchymal stem cell bodies were also tested for their ability to repair small cartilage defects. Structural integration is shown by alcian blue
and antibody stains for glycosaminoglycan and collagen type II. The newly formed tissue is shown on the left, the adjacent native cartilage on
the right. Selected images are reproduced with permission from [73]. H & E hematoxylin and eosin
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its structural and mechanical properties are rather difficult
to engineer). The question posed here is whether cartilage
regeneration will be achieved using cells alone, or biomaterials, or tissue engineering. We propose that the ultimate
therapeutic modalities will actually combine the best elements of all three approaches. We also propose that the
overriding principle for the development of effective clinical modalities will be in the recapitulation of some of the
key steps in native cartilage development, such as the early
steps of mesenchymal condensation and the development
of cartilage anlage. The simplest and most robust method
for achieving durable cartilage repair will certainly have
the highest chance of clinical acceptance. The field will
need to determine how simple is complex enough, how
much needs to be done in vitro prior to implantation,
whether inflammatory responses can be harnessed to enhance regeneration, and how to achieve integrative repair
in a diseased joint.
Abbreviations
3D: three-dimensional; ACI: autologous chondrocyte implantation;
ECM: extracellular matrix; ESC: embryonic stem cell; iPSC: induced pluripotent stem
cell; MSC: mesenchymal stem cell; PGA: polyglycolic acid; PLA: polylactic acid.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
The two authors jointly developed the plan for this concise review and
wrote the manuscript. Both authors read and approved the final manuscript.
Authors’ information
GV-N is the Mikati Foundation Professor of Biomedical Engineering and a
Professor of Medical Sciences at Columbia University, where she directs the
Laboratory for Stem Cells and Tissue Engineering. JCB is a doctoral student in the
same laboratory, with projects in the area of cartilage and bone tissue
engineering. Both authors have a strong interest in developing and implementing
advanced methods for engineering human tissues, and the eventual application
of tissue engineering technologies in tissue regeneration.
Acknowledgements
The authors gratefully acknowledge the funding support of their work by
NIDCR (grant DE016525), NIBIB (grant EB002520), NIAMS (grants AR061988
and AR060361) and the NSF (GRF for JCB).

References
1. Madry H, Grun UW, Knutsen G. Cartilage repair and joint preservation
medical and surgical treatment options. Dtsch Arztebl Int. 2011;108(40):669–77.
doi:10.3238/arztebl.2011.0669.
2. Caldwell KL, Wang J. Cell-based articular cartilage repair: the link between
development and regeneration. Osteoarthritis Cartilage. 2015;23(3):351–62.
doi:10.1016/j.joca.2014.11.004.
3. Goldring MB, Tsuchimochi K, Ijiri K. The control of chondrogenesis. J Cell
Biochem. 2006;97(1):33–44. doi:10.1002/jcb.20652.
4. Hayes AJ, MacPherson S, Morrison H, Dowthwaite G, Archer CW. The
development of articular cartilage: evidence for an appositional growth
mechanism. Anat Embryol. 2001;203(6):469–79. doi:10.1007/s004290100178.
5. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. Treatment of
deep cartilage defects in the knee with autologous chondrocyte transplantation.
N Engl J Med. 1994;331(14):889–95. doi:10.1056/nejm199410063311401.
6. Grande DA, Pitman MI, Peterson L, Menche D, Klein M. The repair of
experimentally produced defects in rabbit articular-cartilage by
autologous chondrocyte transplantation. J Orthop Res. 1989;7(2):208–18.
doi:10.1002/jor.1100070208.

Page 7 of 9

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Knutsen G, Drogset JO, Engebretsen L, Grontvedt T, Isaksen V, Ludvigsen
TC, et al. A Randomized trial comparing autologous chondrocyte
implantation with microfracture. J Bone Joint Surg Am. 2007;89A(10):2105–12.
doi:10.2106/jbjs.g.00003.
Pacifici M, Golden EB, Adams SL, Shapiro IM. Cell hypertrophy and type-X
collagen-synthesis in cultured articular chondrocytes. Exp Cell Res.
1991;192(1):266–70. doi:10.1016/0014-4827(91)90185-w.
Mollon B, Kandel R, Chahal J, Theodoropoulos J. The clinical status of
cartilage tissue regeneration in humans. Osteoarthritis Cartilage.
2013;21(12):1824–33. doi:10.1016/j.joca.2013.08.024.
Vonk LA, de Windt TS, Slaper-Cortenbach ICM, Saris DBF. Autologous,
allogeneic, induced pluripotent stem cell or a combination stem cell
therapy? Where are we headed in cartilage repair and why: a concise
review. Stem Cell Res Ther. 2015;6:11. doi:10.1186/s13287-015-0086-1.
Mardones R, Jofre CM, Minguell JJ. Cell therapy and tissue engineering
approaches for cartilage repair and/or regeneration. Int J Stem Cells.
2015;8(1):48–53.
Kyurkchiev D, Bochev I, Ivanova-Todorova E, Mourdjeva M, Oreshkova T,
Belemezova K, et al. Secretion of immunoregulatory cytokines by
mesenchymal stem cells. World J Stem Cells. 2014;6(5):552–70.
doi:10.4252/wjsc.v6.i5.552.
Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al.
Premature induction of hypertrophy during in vitro chondrogenesis of
human mesenchymal stem cells correlates with calcification and vascular
invasion after ectopic transplantation in SCID mice. Arthritis Rheum.
2006;54(10):3254–66. doi:10.1002/art.22136.
Steinert AF, Ghivizzani SC, Rethwilm A, Tuan RS, Evans CH, Noth U.
Major biological obstacles for persistent cell-based regeneration of
articular cartilage. Arthritis Res Ther. 2007;9(3):15. doi:10.1186/ar2195.
Nejadnik H, Hui JH, Choong EPF, Tai BC, Lee EH. Autologous bone
marrow-derived mesenchymal stem cells versus autologous chondrocyte
implantation an observational cohort study. Am J Sports Med.
2010;38(6):1110–6. doi:10.1177/0363546509359067.
Huey DJ, Hu JC, Athanasiou KA. Unlike bone, cartilage regeneration
remains elusive. Science. 2012;338(6109):917–21. doi:10.1126/science.
1222454.
Wakitani S, Nawata M, Tensho K, Okabe T, Machida H, Ohgushi H.
Repair of articular cartilage defects in the patello-femoral joint with
autologous bone marrow mesenchymal cell transplantation: three case
reports involving nine defects in five knees. J Tissue Eng Regen Med.
2007;1(1):74–9. doi:10.1002/term.8.
Craft AM, Ahmed N, Rockel JS, Baht GS, Alman BA, Kandel RA, et al.
Specification of chondrocytes and cartilage tissues from embryonic stem
cells. Development. 2013;140(12):2597–610. doi:10.1242/dev.087890.
Toh WS, Yang Z, Liu H, Heng BC, Lee EH, Cao T. Effects of culture conditions
and bone morphogenetic protein 2 on extent of chondrogenesis from
human embryonic stem cells. Stem Cells.
2007;25(4):950–60. doi:10.1634/stemcells.2006-0326.
Diekman BO, Christoforou N, Willard VP, Sun HS, Sanchez-Adams J, Leong
KW, et al. Cartilage tissue engineering using differentiated and purified
induced pluripotent stem cells. Proc Natl Acad Sci U S A. 2012;109(47):19172–7.
doi:10.1073/pnas.1210422109.
Wei YY, Zeng W, Wan R, Wang J, Zhou Q, Qiu SJ, et al. Chondrogenic
differentiation of induced pluripotent stem cells from osteoarthritic
chondrocytes in alginate matrix. Eur Cells Mater. 2012;23:1–12.
Ko JY, Kim KI, Park S, Im GI. In vitro chondrogenesis and in vivo repair of
osteochondral defect with human induced pluripotent stem cells.
Biomaterials. 2014;35(11):3571–81. doi:10.1016/j.biomaterials.2014.01.009.
Bhardwaj N, Devi D, Mandal BB. Tissue-engineered cartilage: the crossroads
of biomaterials. Cells and stimulating factors. Macromol Biosci.
2015;15(2):153–82. doi:10.1002/mabi.201400335.
Toh WS, Lee EH, Guo XM, Chan JKY, Yeow CH, Choo AB, et al. Cartilage
repair using hyaluronan hydrogel-encapsulated human embryonic stem
cell-derived chondrogenic cells. Biomaterials. 2010;31(27):6968–80.
doi:10.1016/j.biomaterials.2010.05.064.
Rais Y, Zviran A, Geula S, Gafni O, Chomsky E, Viukov S, et al. Deterministic
direct reprogramming of somatic cells to pluripotency. Nature.
2013;502(7469):65–70. doi:10.1038/nature12587.
Heng BC, Cao T, Lee EH. Directing stem cell differentiation into the
chondrogenic lineage in vitro. Stem Cells. 2004;22(7):1152–67.
doi:10.1634/stemcells.2004-0062.

Bernhard and Vunjak-Novakovic Stem Cell Research & Therapy (2016) 7:56

27. Saito T, Yano F, Mori D, Kawata M, Hoshi K, Takato T, et al. Hyaline
cartilage formation and tumorigenesis of implanted tissues derived from
human induced pluripotent stem cells. Biomed Res. 2015;36(3):179–86.
28. Quarto N, Leonard B, Li S, Marchand M, Anderson E, Behr B, et al.
Skeletogenic phenotype of human Marfan embryonic stem cells faithfully
phenocopied by patient-specific induced-pluripotent stem cells. Proc Natl
Acad Sci U S A. 2012;109(1):215–20. doi:10.1073/pnas.1113442109.
29. Hambly K, Bobic V, Wondrasch B, Van Assche D, Marlovits S.
Autologous chondrocyte implantation postoperative care and
rehabilitation—science and practice. Am J Sports Med. 2006;34(6):
1020–38. doi:10.1177/0363546505281918.
30. Cucchiarini M, Madry H, Guilak F, Saris DB, Stoddart MJ, Koon Wong M, et al. A
vision on the future of articular cartilage repair. Eur Cells Mater. 2014;27:12–6.
31. Muir H. The chondrocyte, architect of cartilage—biomechanics, structure,
function and molecular-biology of cartilage matrix macromolecules. Bioessays.
1995;17(12):1039–48. doi:10.1002/bies.950171208.
32. Spiller KL, Maher SA, Lowman AM. Hydrogels for the repair of articular cartilage
defects. Tissue Eng Part B Rev. 2011;17(4):281–99. doi:10.1089/ten.teb.2011.0077.
33. Elisseeff J, Puleo C, Yang F, Sharma B. Advances in skeletal tissue engineering
with hydrogels. Orthod Craniofac Res. 2005;8(3):150–61. doi:10.1111/j.1601-6343.
2005.00335.x.
34. Shin H, Zygourakis K, Farach-Carson MC, Yaszemski MJ, Mikos AG. Modulation
of differentiation and mineralization of marrow stromal cells cultured on
biomimetic hydrogels modified with Arg-Gly-Asp containing peptides.
J Biomed Mater Res Part A. 2004;69A(3):535–43. doi:10.1002/jbm.a.30027.
35. Di Lullo GA, Sweeney SM, Korkko J, Ala-Kokko L, San Antonio JD. Mapping
the ligand-binding sites and disease-associated mutations on the most
abundant protein in the human, type I collagen. J Biol Chem.
2002;277(6):4223–31. doi:10.1074/jbc.M110709200.
36. Wakitani S, Goto T, Young RG, Mansour JM, Goldberg VM, Caplan AI. Repair
of large full-thickness articular cartilage defects with allograft articular
chondrocytes embedded in a collagen gel. Tissue Eng. 1998;4(4):429–44.
doi:10.1089/ten.1998.4.429.
37. Li CH, Chik TK, Ngan AHW, Chan SCH, Shum DKY, Chan BP. Correlation
between compositional and mechanical properties of human mesenchymal
stem cell-collagen microspheres during chondrogenic differentiation. Tissue
Eng Part A. 2011;17(5-6):777–88. doi:10.1089/ten.tea.2010.0078.
38. Lee CR, Grodzinsky AJ, Spector M. The effects of cross-linking of
collagen-glycosaminoglycan scaffolds on compressive stiffness,
chondrocyte-mediated contraction, proliferation and biosynthesis.
Biomaterials. 2001;22(23):3145–54. doi:10.1016/s0142-9612(01)00067-9.
39. Guilak F, Alexopoulos LG, Upton ML, Youn I, Choi JB, Cao L, et al. The
pericellular matrix as a transducer of biomechanical and biochemical signals in
articular cartilage. In: Zaidi M, editor. Skeletal development and remodeling in
health, disease, and aging. Annals of the New York Academy of Sciences. 2006.
p. 498–512. DOI: 10.1196/annals.1346.011.
40. Tognana E, Padera RF, Chen F, Vunjak-Novakovic G, Freed LE. Development and
remodeling of engineered cartilage-explant composites in vitro and in vivo.
Osteoarthritis Cartilage. 2005;13(10):896–905. doi:10.1016/j.joca.2005.05.003.
41. Foss C, Merzari E, Migliaresi C, Motta A. Silk fibroin/hyaluronic acid 3D matrices for
cartilage tissue engineering. Biomacromolecules. 2013;14(1):38–47. doi:10.1021/
bm301174x.
42. Nagaya H, Ymagata T, Ymagata S, Iyoda K, Ito H, Hasegawa Y, et al.
Examination of synovial fluid and serum hyaluronidase activity as a joint
marker in rheumatoid arthritis and osteoarthritis patients (by zymography).
Ann Rheum Dis. 1999;58(3):186–8. doi:10.1136/ard.58.3.186.
43. Stoop R. Smart biomaterials for tissue engineering of cartilage. Injury.
2008;39:S77–87. doi:10.1016/j.injury.2008.01.036.
44. Shen Y, Fu Y, Wang J, Li G, Zhang X, Xu YZ, et al. Biomaterial and mesenchymal
stem cell for articular cartilage reconstruction. Curr Stem Cell Res Ther.
2014;9(3):254–67.
45. Vinatier C, Mrugala D, Jorgensen C, Guicheux J, Noel D. Cartilage
engineering: a crucial combination of cells, biomaterials and biofactors.
Trends Biotechnol. 2009;27(5):307–14. doi:10.1016/j.tibtech.2009.02.005.
46. Lee CH, Cook JL, Mendelson A, Moioli EK, Yao H, Mao JJ. Regeneration of the
articular surface of the rabbit synovial joint by cell homing: a proof of concept
study. Lancet. 2010;376(9739):440–8. doi:10.1016/s0140-6736(10)60668-x.
47. Park H, Temenoff JS, Holland TA, Tabata Y, Mikos AG. Delivery of TGF-beta 1
and chondrocytes via injectable, biodegradable hydrogels for cartilage
tissue engineering applications. Biomaterials. 2005;26(34):7095–103.
doi:10.1016/j.biomaterials.2005.05.083.

Page 8 of 9

48. Bae SE, Choi DH, Han DK, Park K. Effect of temporally controlled release of
dexamethasone on in vivo chondrogenic differentiation of mesenchymal
stromal cells. J Control Release. 2010;143(1):23–30. doi:10.1016/j.jconrel.2009.12.024.
49. Hou Q, De Bank PA, Shakesheff KM. Injectable scaffolds for tissue
regeneration. J Mater Chem. 2004;14(13):1915–23. doi:10.1039/B401791A.
50. Munarin F, Petrini P, Bozzini S, Tanzi MC. New perspectives in cell delivery
systems for tissue regeneration: natural-derived injectable hydrogels. J Appl
Biomater Funct Mater. 2012;10(2):67–81. doi:10.5301/jabfm.2012.9418.
51. Elisseeff J, Anseth K, Sims D, McIntosh W, Randolph M, Langer R.
Transdermal photopolymerization for minimally invasive implantation. Proc
Natl Acad Sci U S A. 1999;96(6):3104–7. doi:10.1073/pnas.96.6.3104.
52. Langer R, Vacanti JP. Tissue engineering. Science. 1993;260(5110):920–6.
doi:10.1126/science.8493529.
53. Schulz RM, Bader A. Cartilage tissue engineering and bioreactor systems for
the cultivation and stimulation of chondrocytes. Eur Biophys J Biophys Lett.
2007;36(4-5):539–68. doi:10.1007/s00249-007-0139-1.
54. Mauck RL, Soltz MA, Wang CCB, Wong DD, Chao PHG, Valhmu WB, et al.
Functional tissue engineering of articular cartilage through dynamic
loading of chondrocyte-seeded agarose gels. J Biomech Eng Trans ASME.
2000;122(3):252–60. doi:10.1115/1.429656.
55. Arokoski JPA, Jurvelin JS, Vaatainen U, Helminen HJ. Normal and
pathological adaptations of articular cartilage to joint loading. Scand J Med
Sci Sports. 2000;10(4):186–98. doi:10.1034/j.1600-0838.2000.010004186.x.
56. McMahon LA, Reid AJ, Campbell VA, Prendergast PJ. Regulatory effects of
mechanical strain on the chondrogenic differentiation of MSCs in a
collagen-GAG scaffold: experimental and computational analysis. Ann
Biomed Eng. 2008;36(2):185–94. doi:10.1007/s10439-007-9416-5.
57. Portner R, Goepfert C, Wiegandt K, Janssen R, Ilinich E, Paetzold H, et al.
Technical strategies to improve tissue engineering of cartilage-carrierconstructs. In: Kasper C, VanGriensven M, Portner R, editors. Bioreactor
systems for tissue engineering. Advances in biochemical
engineering—biotechnology. Berlin: Springer-Verlag Berlin; 2009. p. 145–81.
58. Ogawa R, Mizuno S, Murphy GF, Orgill DP. The effect of hydrostatic pressure
on three-dimensional chondroinduction of human adipose-derived stem
cells. Tissue Eng Part A. 2009;15(10):2937–45. doi:10.1089/ten.tea.2008.0672.
59. Elder BD, Athanasiou KA. Hydrostatic pressure in articular cartilage tissue
engineering: from chondrocytes to tissue regeneration. Tissue Eng Part B
Rev. 2009;15(1):43–53. doi:10.1089/ten.teb.2008.0435.
60. Gawlitta D, van Rijen MHP, Schrijver EJM, Alblas J, Dhert WJA. Hypoxia
impedes hypertrophic chondrogenesis of human multipotent stromal cells.
Tissue Eng Part A. 2012;18(19-20):1957–66. doi:10.1089/ten.tea.2011.0657.
61. Hansen U, Schunke M, Domm C, Ioannidis N, Hassenpflug J, Gehrke T, et al.
Combination of reduced oxygen tension and intermittent hydrostatic
pressure: a useful tool in articular cartilage tissue engineering. J Biomech.
2001;34(7):941–9. doi:10.1016/s0021-9290(01)00050-1.
62. Zscharnack M, Poesel C, Galle J, Bader A. Low oxygen expansion improves
subsequent chondrogenesis of ovine bone-marrow-derived mesenchymal
stem cells in collagen type I hydrogel. Cells Tissues Organs. 2009;190(2):81–93.
doi:10.1159/000178024.
63. Mabvuure N, Hindocha S, Khan WS. The role of bioreactors in cartilage
tissue engineering. Curr Stem Cell Res Ther. 2012;7(4):287–92.
64. Garg T, Goyal AK. Biomaterial-based scaffolds—current status and future
directions. Expert Opin Drug Deliv. 2014;11(5):767–89. doi:10.1517/17425247.
2014.891014.
65. Klein TJ, Malda J, Sah RL, Hutmacher DW. Tissue engineering of articular
cartilage with biomimetic zones. Tissue Eng Part B Rev. 2009;15(2):143–57.
doi:10.1089/ten.teb.2008.0563.
66. Melchels FPW, Domingos MAN, Klein TJ, Malda J, Bartolo PJ, Hutmacher
DW. Additive manufacturing of tissues and organs. Prog Polym Sci.
2012;37(8):1079–104. doi:10.1016/j.progpolymsci.2011.11.007.
67. Schuurman W, Klein TJ, Dhert WJA, van Weeren PR, Hutmacher DW,
Malda J. Cartilage regeneration using zonal chondrocyte subpopulations: a
promising approach or an overcomplicated strategy? J Tissue Eng Regen
Med. 2015;9(6):669–78. doi:10.1002/term.1638.
68. Cohen DL, Lipton JI, Bonassar LJ, Lipson H. Additive manufacturing for in
situ repair of osteochondral defects. Biofabrication. 2010;2(3):12.
doi:10.1088/1758-5082/2/3/035004.
69. Fedorovich NE, Schuurman W, Wijnberg HM, Prins HJ, van Weeren PR,
Malda J, et al. Biofabrication of osteochondral tissue equivalents by printing
topologically defined, cell-laden hydrogel scaffolds. Tissue Eng Part C
Methods. 2012;18(1):33–44. doi:10.1089/ten.tec.2011.0060.

Bernhard and Vunjak-Novakovic Stem Cell Research & Therapy (2016) 7:56

70. Cui XF, Breitenkamp K, Finn MG, Lotz M, D'Lima DD. Direct human cartilage
repair using three-dimensional bioprinting technology. Tissue Eng Part A.
2012;18(11–12):1304–12. doi:10.1089/ten.tea.2011.0543.
71. Webber MJ, Khan OF, Sydlik SA, Tang BC, Langer R. A Perspective on the
clinical translation of scaffolds for tissue engineering. Ann Biomed Eng.
2015;43(3):641–56. doi:10.1007/s10439-014-1104-7.
72. Mauck RL, Yuan X, Tuan RS. Chondrogenic differentiation and functional
maturation of bovine mesenchymal stem cells in long-term agarose culture.
Osteoarthritis Cartilage. 2006;14(2):179–89. doi:10.1016/j.joca.2005.09.002.
73. Bhumiratana S, Eton RE, Oungoulian SR, Wan LQ, Ateshian GA, Vunjak-Novakovic
G. Large, stratified, and mechanically functional human cartilage grown in vitro
by mesenchymal condensation. Proc Natl Acad Sci U S A. 2014;111(19):6940–5.
doi:10.1073/pnas.1324050111.
74. Allan KS, Pilliar RM, Wang J, Grynpas MD, Kandel RA. Formation of biphasic
constructs containing cartilage with a calcified zone interface. Tissue Eng.
2007;13(1):167–77. doi:10.1089/ten.2006.0081.
75. Hu JC, Athanasiou KA. A self-assembling process in articular cartilage tissue
engineering. Tissue Eng. 2006;12(4):969–79. doi:10.1089/ten.2006.12.969.
76. Tuli R, Nandi S, Li WJ, Tuli S, Huang XX, Manner PA, et al. Human mesenchymal
progenitor cell-based tissue engineering of a single-unit osteochondral
construct. Tissue Eng. 2004;10(7-8):1169–79. doi:10.1089/ten.2004.10.1169.

Page 9 of 9

