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Abstract

Capturing the complexity of bone and cartilage into 
three-dimensional in vitro models remains one of the most 
important challenges in the field of the tissue engineering. 
Indeed, the development and the optimization of novel cul-
ture systems may be necessary to face the next questions of 
bone and cartilage physiology. The models should faithfully 
mimic these tissues, resembling their organization, their 
mechanical properties and their physiological response to 
different stimuli. Here we review the recent advances in the 
field of the three-dimensional cultures of both osteogenic 
and chondrogenic cells. In particular, we highlight the most 
important studies that, to our knowledge, have investigated 
the response of the cells to the three-dimensional environ-
ment provided by the diverse types of scaffold.
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Introduction

Monolayer culture has played a key role in the field of 
bone and cartilage physiology as well as in other fields 
of cellular biology. Osteogenic and chondrogenic cells 
have been extensively investigated using the traditional 
2D culture systems and many researchers have employed 
monolayer cultures to investigate cellular differentiation 
and extracellular matrix (ECM) deposition. Although 
these traditional cultures can be still useful to investigate 
the molecular mechanisms regulating cell differentiation, 
it is now evident that this approach cannot be used to 
faithfully mimic bone and cartilage. Indeed, the complex 
organization between cells and ECM is strictly dependent 
on the three-dimensional environment in which they are 
organized. 
 Tissue engineering is the process of creating functional 
three-dimensional tissues using cells combined with scaf-
folds or devices that facilitate cell growth, organization 
and differentiation. The development of models based 
on the integration between cells and biomaterials could 
help us to better understand the basic mechanisms of bone 
and cartilage physiology. The models should faithfully 
mimic these tissues; resemble their organization, their 
mechanical properties and their physiological response 
to different stimuli. Bone is a complex hard and elastic 
tissue where living cells are embedded in a mineralized 
organic matrix composed mostly of hydroxyapatite and 
Type I collagen. In this tissue, the main cellular players 
(osteoblasts, osteoclasts and endothelial cells) are in close 
contact with the mineralized matrix and well organized 
within. As in bone, the interaction between ECM and 
cells in cartilage is a key factor to maintain the health of 
native cartilage tissue where chondrocytes are buried in an 
extracellular matrix composed of collagen fibres, proteo-
glycans, glycosaminoglycans, glycoproteins and elastin. 
The importance of the ECM in the tissue organization led 
to the development of a large number of different types 
of scaffold such as natural polymeric materials, synthetic 
polymers and ceramics. Many researchers have devel-
oped different in vitro and in vivo models of bone and 
cartilage by using these biomaterials in association with 
different cells. However, most of these studies aimed at 
the resolution of clinical problems and thus, were mainly 
interested in the development of in vivo animal models. 
On the contrary this review highlights the most relevant 
and promising studies where three-dimensional culture 
systems have been developed. The response of the cells 
to the different environments provided by the diverse 
scaffolds is also extensively discussed. 
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Three-dimensional cultures to mimic bone in vitro

The development of an in vitro model of bone should help 
us to study the physiology of this complex tissue and, at the 
same time, to test new drugs acting on bone metabolism 
and turnover, thus limiting the use of animal models and 
the costs of these types of studies. An ideal bone model 
should summarize the main features of the native bone, 
such as the peculiar mechanical and physical properties of 
the tissue, and should contain the cellular types involved in 
the maintenance of bone health. To achieve this ambitious 
goal, several studies have been performed using various 
scaffolds and different cell types (osteoblasts, osteoclasts 
and endothelial cells).

Culturing osteogenic cells in micro-mass culture 
systems
The less complex three-dimensional culture system is the 
micro-mass culture, based on the establishment of 3D 
cultures supported uniquely by the ECM produced by a 
pellet of cultured cells.
 The use of micro-mass cultures as a potential way to 
investigate osteogenic cell differentiation has been test-
ed in several studies. It has been demonstrated that the 
micro-mass culture condition affects the expression of 
osteogenesis-related genes. In fact, 3D micro-mass cultures 
of human osteoblasts showed expression of alkaline phos-
phatase (ALP), bone sialoprotein (BSP), type I collagen, 
osteonectin (ON) and osteopontin (OPN) throughout the 
culture. The expression of osteocalcin (OC) was restricted 
to the longest culture time (48 days). Moreover, deposition 
of calcium was also documented, even if a highly organized 
structure similar to bone ECM was not observed (Ferrera 
et al., 2002). 
 Interestingly, mineralization was also reported in car-
tilage “beads” resulting from the cultures of mesenchymal 
stem cells (MSCs) under micro-mass condition and stimu-
lated with an osteo-inductive medium. This pellet culture 

system led to the formation of a chondro-osseus organoid in 
which a bony collar was reported around hyaline cartilage 
formed in the centre of the pellet (Fig. 1) (Muraglia et al., 
2003). Taken together, these results suggest that human 
osteogenic cells cultured in 3D micro-mass conditions 
are able to fully differentiate up to mineral deposition 
even if the system does not faithfully mimic bone tissue. 
Moreover, the use of this culture system does not allow 
high-throughput cultures and this represents a strong 
limitation for its use as model of bone for drug tests. Re-
cently, a scaffold-free 3D microfluidic cell culture system 
(3D-µFCCS) has been developed (Ong et al., 2008). In 
this model, the cells were chemically modified with an 
inter-cellular linker (polyethyleneimine-hydrazide) and 
introduced into the microfluidic channels; the inter-cellular 
linker induced the formation of 3D multicellular aggregates 
that were subsequently cultured under perfusion. The use 
of polyethyleneimine-hydrazide to effect 3D cell culture 
facilitates the establishment of a more natural extracellular 
matrix environment. Indeed, the inter-cellular linker is 
transient (half-life of 2 days), thus allowing cells to secrete 
and remodel their extracellular matrix environment (Ong 
et al., 2007). MSCs cultured for 1 week in 3D-µFCCS 
showed good cell viability, preserved 3D cell morphology 
and were able to produce a mineralized matrix as in the 
2D counterpart. In our opinion, although the use of 3D 
microfluidic cell culture systems is a promising tool for 
biological research and drug screening applications, further 
investigations are needed to verify its potential in long-term 
cultures. 

Synthetic-based polymers as a scaffold for cultures of 
osteogenic cells
Synthetic polymers can be produced under controlled con-
ditions and therefore exhibit predictable and reproducible 
mechanical and physical properties such as tensile strength, 
elastic modulus and degradation rate (Lutolf and Hubbell, 
2005; Rezwan et al., 2006). Moreover, three-dimensional 
biodegradable synthetic polymeric systems are of particular 

Figure 1: Chondro-osseus organoid, bone collar is highlighted by black asterisks. (A) Haematoxilin/eosin staining 
(B) Toluidine Blue staining. Reproduced from Muraglia et al. (2003).
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interest because their porosity, hydrophilicity and degra-
dation time can be varied, and they can be manufactured 
with a high degree of reproducibility (Godbey and Atala, 
2002; Lutolf and Hubbell, 2005).
 Commonly used biodegradable synthetic polymers 
for 3D scaffolds in bone tissue engineering are saturated 
poly-α-hydroxy esters, including poly(lactic acid) (PLA), 
poly(glycolic acid) (PGA), poly(ε-caprolactone), as well 
as poly(lactic-coglycolide) (PLGA) copolymers (Alva-
rez-Barreto et al., 2007; Cuddihy and Kotov, 2008; Freed 
et al., 1994; Goh and Ooi, 2008; Hutmacher, 2000; Leung 
et al., 2008; Middleton and Tipton, 2000; Tsuji, 2005; Wang 
S et al., 2005). Cellular adhesion to PLGA is significantly 
higher than on PLA surfaces. Indeed, human osteoblasts 
grown on PLGA produced higher levels of ECM molecules 
and developed a more advanced cytoskeleton than was 
observed on PLA (El-Amin et al., 2003). Moreover, PLGA 
scaffolds supported rat osteoblast proliferation and differ-
entiation, as suggested by the increase of ALP activity and 
mineral deposition after 56 days of culture (Ishaug et al., 
1997; Ishaug-Riley et al., 1998). However, the deposition 
of ECM morphologically identical to bone tissue was far 
from being reached and further investigations are needed 
to optimize the model. In this context, dynamic flow could 
help to achieve better results. Indeed, several studies have 
shown that dynamic flow positively affected cell distri-
bution through the scaffolds and further enhanced cell 
phenotypic expression and mineralized matrix synthesis 
within PLGA constructs compared to the static condition 
counterpart (Goldstein et al., 2001; Goldstein et al., 1999; 
Stiehler et al., 2009; Yu et al., 2004). However, the short 
time of the cultures (maximum 14 days) did not allow the 
deposition of a highly-organized bone-like matrix and thus, 
in our opinion, longer cultures are necessary to evaluate 
better the potential of these scaffolds.
 Poly(ε-caprolactone) has a good biocompatibility 
and processability but its high hydrophobicity and low 
degradability in vivo make it less suitable for long term 
applications (Sung et al., 2004). Several studies, however, 
indicated this polymer as a promising material to develop 
a three-dimensional in vitro model of bone (Ciapetti et al., 
2003; Guarino et al., 2008; Li et al., 2005; Porter et al., 
2009). Although the in vitro deposition of an highly-or-
ganized extracellular matrix similar to native bone in these 
scaffolds has not been yet obtained, PLA fibers reinforced 
with poly(ε-caprolactone) allowed a high proliferation of 
human MSCs and human osteoblasts, as well as the expres-
sion of ALP. However, the ALP expression after 5 weeks of 
culture in PLA fibres reinforced with poly(ε-caprolactone) 
scaffolds was lower with respect to the control cultures per-
formed in traditional tissue culture dishes. This indicates, in 
our opinion, a negative effect on MSC differentiation and 
osteoblast maturation (Guarino et al., 2008). In contrast, 
poly(ε-caprolactone) nanowire scaffolds induced rat MSC 
differentiation compared to smooth poly(e-caprolactone) 
scaffolds after only 3 weeks of culture, thus indicating an 
important role of the micro- and nanoscale structure of 
the scaffold. Indeed, an increase of ALP, OC and OPN 
expression was observed, as well as a good mineralization 
of the nanowire scaffolds (Porter et al., 2009). However, an 
appropriate histological analysis was lacking and further 

investigations are needed to evaluate the morphology of 
the newly-formed tissue and to investigate the effect of the 
nanowire microenvironment on human cell differentiation. 
 To improve the biological functionality of the synthet-
ic polymers, composite scaffolds were developed using 
hydroxyapatite, biphase calcium phosphate or tricalcium 
phosphate. Many in vitro studies have demonstrated that 
composite scaffolds support attachment, proliferation and 
differentiation of MSCs (Causa et al., 2006; Charles-Harris 
et al., 2008; Chen et al., 2008; Jung et al., 2005; Verrier et 
al., 2004; Yao et al., 2005). Poly(DL-lactic acid), (PDL-
LA)/Bioglass©, PLA/calcium metaphosphate and PLGA/
bioactive glass composites scaffolds have been developed 
and in vitro tested. Although an increase of cell adhesion 
has been showed, the effects of these scaffolds on in vitro 
cell differentiation should be better investigated (Jung et 
al., 2005; Verrier et al., 2004; Yao et al., 2005). Indeed, 
the increase of ALP activity in rat MSCs cultured on 
PLGA/bioactive glass is not sufficient to demonstrate a 
positive effect on cell differentiation and further studies 
are necessary to evaluate the expression of other key 
genes of osteogenesis such as osteocalcin, type I collagen, 
BSP and osteopontin (Yao et al., 2005). In this context, 
a recent paper has confirmed the necessity of further in-
vestigations on human MSC differentiation cultured on a 
different type of composite scaffold. Ko and colleagues 
showed that although nanofibrous scaffolds fabricated 
from the mixture of PLA and nanocrystal demineralized 
bone powders supported bone formation after 12 weeks of 
implantation, a positive effect on in vitro MSC differenti-
ation compared to the PLA scaffolds counterpart was not 
observed. Indeed, after 14 days of culture, the expression 
levels of type I collagen, ALP and Runx2 were similar in 
both types of scaffolds, thus indicating the absence of MSC 
differentiation enhancement in the composite scaffold (Ko 
et al., 2008).

Mimicking  bone in vitro in collagen scaffolds
The importance of type I collagen in bone ECM and its 
role in the developmental cascade leading to new bone 
from progenitor cells implicates this molecule as a can-
didate material for a biomimetic approach to bone tissue 
engineering scaffold design. It can be used intact or after 
proteolytic removal of the small nonhelical telopeptides, 
which reduces possible antigenicity. Further, there are 
two forms for native collagen, as swollen hydrogels or as 
sparse fibres in a lattice-like organization (Glowacki and 
Mizuno, 2008). Bovine type I collagen has been established 
as a promising biomaterial forming the basis of several 
commercial products such as CollapatII© (Biomet Inc.), 
Healos© (Depoy Spine Inc.), Collagraft© (Nuecoll Inc., 
Zimmer Inc.) and Biostite (Vebas S.r.l.) (Wahl and Czer-
nuszka, 2006). A number of studies have been developed 
to optimize in vitro culture systems based on collagen 
scaffolds. The majority of the studies have focused on 
testing the biocompatibility of this natural polymer and on 
investigating both the proliferation and the differentiation 
of osteogenic cells in the three-dimensional environment 
provided by collagen sponges. 
 An increase of proliferation in human Sarcoma Saos-2 
cells was observed when these cells were cultured under 
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static conditions on a collagen scaffold. Moreover, the 
cells were able to colonize the collagen sponges and to 
synthesize osteocalcin in the three-dimensional network 
provided by the scaffold (Masi et al., 1992). Similar results 
have been obtained using the clonal osteogenic cell line 
MC3T3-E1 (Casser-Bette et al., 1990). Further increases in 
proliferation and differentiation were observed in a culture 
system based on murine K8 osteosarcoma cells cultured 
on collagen sponges under perfusion. The histological 
evaluation revealed greater viability, more ALP-positive 
cells and mineralization compared to the static counter-
part. Moreover, Northern hybridization analysis showed 
an increase of both type I collagen and OC expression 
after 21 days of culture (Mueller et al., 1999). The known 
drawback of collagen sponges as scaffolds for cell prolifer-
ation and differentiation is their poor mechanical strength. 
To overcome the inherent weakness of collagen sponges, 
combination with other materials has been attempted. The 
incorporation of poly(glycolyc acid) (PGA) fibres enabled 
collagen sponges to increase resistance to compression 
in vitro and in vivo (Hiraoka et al., 2003). In vitro cul-
ture experiments revealed that the number of rat MSCs 
attached to the scaffolds increased with the incorporation 
of PGA fibres (Hosseinkhani et al., 2005). Moreover, the 
proliferation and the differentiation of MSCs cultured on 
PGA-reinforced collagen sponges were greatly influenced 
by culture conditions. Indeed, appropriate perfusion condi-
tions enabled MSCs to improve the extent of proliferation 
and differentiation (Hosseinkhani et al., 2005). 
 The presence of hydroxyapatite (HA) crystals within 
the collagen network in bone ECM has prompted the 
development of several scaffolds based on this structure. 
The generation of scaffolds resembling the nature of bone 
matrix based on collagen and HA should offer a useful 
platform to assess cultures of osteogenic cells. Human 
MSCs seeded in collagen sponges reinforced with HA 
(ColHA scaffolds) and cultured for 28 days in both basal 
and osteogenic conditions revealed the penetration of ALP 
positive cells throughout the constructs as well as the syn-
thesis of new matrix (Dawson et al., 2008). Immunohisto-
chemical analysis revealed that osteocalcin was localized 
only in the periphery of the constructs, thus suggesting a 
limited diffusion of nutrient factors that does not allow 
for the formation of ECM in the centre of the scaffolds. 
As in other three-dimensional culture systems, the need 
of an appropriate perfusion of nutrient factors through 
the scaffolds is evident, thus suggesting that an adequate 
perfusion of medium is required. Moreover, although the 
ECM positively stained for both osteocalcin and type I 
collagen, the structure and the organization of the in vitro 
formed tissue was still far from that of native bone tissue. 
 Mineralized type I collagen-based scaffolds have 
been also used to support human osteoclast-like cells and 
osteoblast cells in a co-culture system. Interestingly, the 
osteoclast-like cells were able to invade and to degrade 
the scaffolds while osteoblasts proliferated, differentiated 
and produced mineralized ECM (Domaschke et al., 2006). 
All together, these results confirmed the potential of these 
types of scaffolds in mimicking bone tissue, although fur-
ther investigations are still needed to optimize the cultures 

and to really have a homogeneous bone tissue growth and 
organization throughout the scaffold. 

Culturing osteogenic cells in titanium based scaffolds
Titanium is a traditional inert biomaterial commonly used 
for implants that elicit a minimal immune response. It has 
been extensively employed as a fibre mesh based scaffold 
for three-dimensional culture in various studies focused 
on investigating the effect of medium perfusion on cell 
differentiation. Indeed, as reported in the literature, rat 
MSCs cultured on titanium fibre meshes under dynamic 
conditions increased their proliferation, differentiation and 
mineralized matrix production (Bancroft et al., 2002; van 
den Dolder et al., 2003). In this context, the fluid shear 
stress plays an important role. In fact, an increase in the 
perfused medium viscosity, coupled with a constant flow 
rate, led to an enhancement of the rate of mineral deposi-
tion (Sikavitsas et al., 2003). Moreover, along with fluid 
shear stresses, the bone like-ECM deposited in titanium 
fibre mesh scaffolds synergistically enhanced MSC differ-
entiation. In fact, MSCs grown on decellularized scaffolds 
with a preexisting ECM exhibited greater cell numbers and 
increased calcium deposition (Datta et al., 2005; Datta et 
al., 2006; Pham et al., 2008). 
 The need to improve implant performance has led to 
the development of new biomaterials named organoapa-
tites (OA) that are composed of hydroxyapatite (HA) and 
organic macromolecules (Stupp and Ciegler, 1992; Stupp 
et al., 1993a; Stupp et al., 1993b). A stable OA coating can 
be formed on titanium substrates and is able to promote 
both adhesion and proliferation of osteoblastic cells in 
vitro (Spoerke and Stupp, 2003). Zinc, an important trace 
element found in bone, is known to increase in vitro bi-
omineralization (Yamaguchi et al., 1987). Zinc-containing 
hydroxyapatite (ZnOA) has been developed and in vitro 
studies have been performed. Osteoblastic cells MC3T3-E1 
seeded on titanium-ZnOA scaffolds and cultured in a 
rotating bioreactor showed an increase of differentiation 
compared to the titanium scaffold counterpart, as reported 
by the increase of the collagen I expression and ALP activ-
ity (Storrie and Stupp, 2005). In our opinion, these results 
suggest that, although titanium scaffolds are promising 
candidates to monitor the gene expression modulation 
involved in osteogenesis, the extreme difficulty of per-
forming histological evaluations of the constructs remains 
a big drawback that seems to be difficult to solve and can 
only in part be overcome with different techniques, such 
as confocal laser and scanning electron microscopy.

Culturing osteogenic cells in bioceramic based 
scaffolds
Although both hydroxyapatite- and beta-tricalcium phos-
phate-based scaffolds are widely used as constructs for 
bone tissue engineering, several different bioceramics 
have been developed in order to obtain an ideal scaffold 
for bone tissue engineering (Epinette and Manley, 2007; 
Marcacci et al., 2007; Mastrogiacomo et al., 2007; Uemura 
et al., 2003). Bioceramics are commonly considered the 
most promising biomaterials in this field. However, at the 
present time further investigations are still needed to obtain 
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scaffolds with optimal biocompatibility, biodegradibility, 
osteoconductibility and with mechanical properties close 
to the native bone (Barrere et al., 2006; Mastrogiacomo 
et al., 2006a; Mastrogiacomo et al., 2006b; Pietak et 
al., 2007). Although is not difficult to obtain bone from 
implanted bioceramics combined with osteogenic cells 
(Dong et al., 2002; Lee et al., 2001; Muraglia et al., 1998; 
Quarto et al., 2001; Yoshikawa et al., 1996), the develop-
ment of three-dimensional in vitro models of bone using 
bioceramics remains an important challenge that is still 
to be overcome. To our knowledge, the majority of the 
studies have been focused on solving the difficulties of 
homogeneously supplying oxygen and nutrients to cells 
within a large scaffold and to increase seeding efficacy, 
two of the biggest problems in bone tissue engineering. 
In order to improve bone deposition in vivo, many studies 
focused on the development of three-dimensional culture 
systems that should allow the culture of implantable con-
structs for tissue engineering purposes (Castano-Izquierdo 
et al., 2007; Timmins et al., 2007; Wendt et al., 2009). 
Unfortunately, adequate studies about the effects of the 
three-dimensional mineralized environment provided by 
the bioceramic-based scaffolds on cell differentiation in 
an in vitro environment were not performed. However, 
several studies pointed to the key aspects to be consid-
ered for the creation of functional bone models using 
bioceramics. The medium perfusion through the scaffolds 
seems to be an absolute requirement. Indeed, it was also 
demonstrated that low-pressure and oscillatory cell seeding 
led to an increased seeding efficiency, ALP activity and 
to a more homogeneous cell proliferation throughout the 
ceramic scaffolds (Du et al., 2008; Wang J et al., 2006). 
An increase in ALP activity and osteopontin secretion was 
also observed in rat MSCs cultured in a flow perfusion 
bioreactor, thus confirming the advantage of using biore-
actors to culture cells within three-dimensional bioceramic 
scaffolds. The second key factor to take into account is 
the effect of both porosity and surface microstructure on 
the bioceramics’ osteoinductive properties (Jones et al., 
2009; Karageorgiou and Kaplan, 2005). Indeed, it has been 
suggested that not only chemistry but also geometry of 
the biomaterial in contact with the cells is a critical factor 
(Fujibayashi et al., 2004; Li et al., 2008). An increased 
surface area could concentrate more proteins, which may 
influence the attachment, proliferation and differentiation 
of cells within microstructured materials (Li et al., 2008). 
 Material opacity limits the downstream analysis of 
these in vitro models and thus represents an important 
drawback of bioceramics. Although the histological 
analysis of the scaffolds partially overcomes this issue, 
the development of transparent hydroxyapatites could 
be very useful for investigations in which fluorescence 
analyses are performed. Two-dimensional films of trans-
parent hydroxyapatite (tHA) that were made by the spark 
plasma sintering process have been developed and used 
as substrate to culture rat MSCs up to 14 days (Kotobuki 
et al., 2005). Attachment, proliferation and osteogenic 
differentiation observed by light microscopy were similar 
to those obtained on tissue culture polystyrene dishes.

Three-dimensional cultures to mimic cartilage in 
vitro

The design of an ideal model of cartilage is still a hard 
challenge in the field of tissue engineering. Indeed, car-
tilage is a complex tissue capable of withstanding large 
compressive loads during everyday activities. Capturing 
these mechanical properties by coupling cells and scaffolds 
is one the most difficult tasks on the road to developing 
an in vitro model of cartilage. This model should permit 
cell proliferation and chondrogenic differentiation, as well 
as the retention of the newly-formed extracellular matrix 
within the scaffold, thus leading to a tissue that faithfully 
recreates cartilage morphology and properties. 

Chondrogenesis in micromass culture systems
In 1998, Johnstone et al. published the development of an 
in vitro model of cartilage based on micro-mass culture. 
Rabbit MSCs were cultured in tubes and allowed to form 
three-dimensional aggregates in a chemically defined 
medium. This type of culture led to the generation of 3D 
structures that are directly reminiscent of true hyaline 
cartilage. The collagen types IIA, IIB and X have been 
detected in the cultures, thus confirming that chondrocytes 
were fully differentiated at the hypertrophic stage (John-
stone et al., 1998). 
 Other studies showed that the same system could be 
used to culture human MSCs in order to investigate the 
molecular mechanisms regulating chondrogenesis, thus 
validating the importance of the model (Mackay et al., 
1998; Mastrogiacomo et al., 2001; Sekiya et al., 2001; 
Sekiya et al., 2002). Unfortunately, this model does not 
completely solve the problem of developing an in vitro 
model of cartilage. Indeed, the micromass culture system 
has several inherent disadvantages, namely, the small 
pellet size and the uniformly weak mechanical properties. 
Moreover, albeit never specifically addressed in literature, 
the necrotic areas found in the centre of larger micro-mass 
cultures bring to the light the need of a perfusion system 
in order to improve nutrient delivery within micro-mass 
cultures as well as the necessity to develop a model based 
on larger scaffolds with appropriate mechanical properties. 

Synthetic-based polymers as a scaffold for culture of 
chondrogenic cells
For years, biomedical segmented polyurethanes have 
extensively been used in various implanted devices. Bio-
degradable polyurethane constructs seeded with articular 
chondrocytes supported cell attachment and the synthesis 
of cartilage-specific ECM proteins (Grad et al., 2003). 
The great advantage of the polyurethane scaffolds for 
cartilage tissue engineering is their mechanical properties 
that allow the application of mechanical stimulation. The 
importance of mechanical stimulation in developing car-
tilage models has been confirmed by applying a dynamic 
compression to the scaffolds; this treatment led to an 
increase of proteoglycan and Type II collagen expression, 
thus suggesting its active role in maintaining the chondro-
cytic phenotype (Wernike et al., 2008). A further increase 
of these chondrogenic markers was observed coupling a 
dynamic compression with a low oxygen tension in the 
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medium (Wernike et al., 2008). Thus, these results further 
confirmed the importance of the combination between 
mechanical stimulation and low oxygen tension as a tool 
for modulating chondrocyte phenotype in order to obtain 
a cartilage-like tissue.
 In order to optimize the proteoglycan retention and 
therefore to avoid their loss into the culture medium, a 
scaffold based on the combination of polyurethane and 
fibrin hydrogel has been developed and tested in vitro. The 
addition of fibrin to the polyurethane scaffold increased the 
percentage of the glycosaminoglycan (GAG) retained in 
the constructs and enhanced the expression of collagen II 
and aggrecan (Lee et al., 2005). However, the application 
of a mechanical compression doubled the rate of GAG 
release, thus suggesting that an optimization of the system 
to further improve the cartilage model based on polyure-
thane-fibrin scaffolds is still necessary.
 Other scaffolds based on synthetic polymers as PGA, 
PLGA and PLA have been tested to verify their in vitro 
chondroinductive potential. Zwingmann and colleagues 
reported that although the adhesion of chondrocytes to 
PGA and PLGA scaffolds was similar, an increase of chon-
drogenic differentiation in PGA constructs was observed 
after 7 days of culture as showed by Type II collagen and 
aggrecan (Zwingmann et al., 2007). However, a tissue with 
morphology similar to cartilage was obtained only when 
the scaffolds were implanted, thus suggesting the need of 
long-term culture investigations. 
 As with PLGA scaffolds, PLA constructs supported 
chondrocyte proliferation and differentiation. Indeed, bo-
vine chondrocytes cultured for 22 days on PLA scaffolds in 
a concentric cylinder bioreactor under low oxygen tension 
enhanced the ECM production leading to constructs in 
which an immature cartilage-like tissue was present (Saini 
and Wick, 2004). 
 Recently, Jung and colleagues developed an elastic 
biodegradable poly(L-lactide-co-ε-caprolactone) (PLCL) 
three-dimensional scaffold and tested it in several cartilage 
regeneration models (Jung et al., 2008). Although the work 
mostly considered in vivo investigations, several in vitro 
tests were also performed. Cell proliferation and in vitro 
differentiation were similar in PLCL scaffolds and in PLA 
control scaffolds throughout the culture period (up to 40 
days), thus indicating that in static conditions and with 
no mechanical stimulation, the PLCL scaffolds did not 
exhibit chondroinductive properties in vitro. However, 
when implanted, the same scaffolds enhanced cartilage 
regeneration, thus suggesting the capacity of the PLCL 
scaffolds to deliver the mechanical signals of the surround-
ing biological environment to the adherent chondrocytes. 
In our opinion, these results indicate that scaffolds with a 
high in vivo cartilage regeneration performance may not 
be enough to promote in vitro chondrocyte differentiation 
and that, in addition, the correct combination of growth 
factors and active cells and/or molecules as those locally 
present in vivo may be required to obtain a proper stimu-
lating environment.
 Poly(ε-caprolactone) was used to develop both nano-
fibrous and porous scaffolds suitable for in vitro cultures. 
Moreover, these scaffolds can be used to test the effect of 
mechanical stimuli on chondrogenic cells. Indeed, several 

studies showed that different types of mechanical stimula-
tion led to an enhancement of chondrogenic differentiation 
by cells cultured on these constructs (Jung et al., 2008; Li 
et al., 2003; Nam et al., 2008; Xie et al., 2007).
 These results confirm that synthetic polymer based 
scaffolds are promising constructs for in vitro cartilage 
formation even if an optimization of the culture parame-
ters (i.e., oxygen tension and mechanical stimulation) is 
necessary to develop long-term cartilage constructs. The 
main drawbacks of synthetic polymer scaffolds are the 
relatively low cell-seeding efficacy (which can partly be 
overcome by developing dynamic cell seeding systems) 
and the poor retention of the cartilage-like ECM secreted 
by the seeded cells. On the contrary, hydrogels ensure a 
homogeneous distribution of the cells suspended during 
the gelation process and retain the newly deposited ECM 
within the scaffolds. Considering the characteristics of 
both types of scaffold, the combination of hydrogels and 
synthetic polymers could overcome the above problems. 
Poly(caprolactone)-based polyurethane scaffolds/fibrin 
gels, alginate/PGA and Type I collagen/PGA constructs 
have recently been evaluated as culture substrates for bo-
vine chondrocyte and rabbit MSC cultures (Eyrich et al., 
2007; Hannouche et al., 2007). Chondrogenic cells seeded 
on these composite scaffolds were homogeneously distrib-
uted and retained a greater amount of glycosaminoglycans 
compared to control scaffolds (i.e., synthetic polymers or 
hydrogels alone) after 6 weeks of dynamic culture. Inter-
estingly, rabbit MSCs cultured onto both Type I collagen/
PGA and PGA alone scaffolds organized an extracellular 
matrix similar to hyaline cartilage while cell proliferation 
and differentiation were both delayed when cells were 
suspended within an alginate gel, thus indicating that the 
activation of the chondrogenesis in MSCs seeded in 3D 
hydrogels was very much dependent upon the hydrogel 
nature (Hannouche et al., 2007). Further investigations 
are still needed to fully understand the role played in 
chondrogenesis by the different hydrogels and synthetic 
polymers.

Culturing chondrogenic cells in naturally-derived 
hydrogels
Hydrogels are three-dimensional, hydrophilic, polymeric 
networks capable of imbibing large amounts of water or bi-
ological fluids commonly used to mimic the chondrogenic 
environment. There are two main classes of hydrogels: i) 
naturally derived hydrogels, such as collagen and alginate 
and ii) synthetic-based hydrogels (Drury and Mooney, 
2003). A recent review of Nicodemus and colleagues 
describes important considerations for designing biode-
gradable hydrogels for cell encapsulation (Nicodemus and 
Bryant, 2008); here we highlight only the most important 
studies that were focalized on mimicking cartilage in vitro.
 It is known that in monolayer cultures chondrocytes 
dedifferentiate to a less specialized phenotype and produce 
less cartilage ECM. In contrast, the cells grown in 3D colla-
gen constructs presented a prolonged chondrocyte specific 
gene expression and cartilage ECM synthesis during the 
time of culture (Glowacki and Mizuno, 2008). 
Grodzinski and colleagues have shown that physiological 
levels of dynamic compression in cartilage strongly influ-
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enced the deposition patterns of cell-secreted proteoglycans 
(Quinn et al., 1998). In 2002, similar results have been 
obtained using an in vitro model based on Type I collagen 
scaffolds. Indeed, in bovine articular chondrocytes grown 
in collagen sponges to which hydrostatic fluid pressure 
(HFP) was applied, an enhancement of the synthesis of 
cartilage-specific matrix components has been reported 
(Mizuno et al., 2002). 
 In contrast to the need of an adequate perfusion of 
the medium through collagen sponges cultured to mimic 
bone tissue, perfusion conditions inhibit chondrogenesis 
by articular chondrocytes in the same scaffolds. This is 
in line with the physiology of the cartilage tissue where 
an environment with low oxygen tension enhances MSC 
differentiation into chondrocytes (Robins et al., 2005). 
These results emphasize the necessity of developing culture 
models where the oxygen tension and the mechanical forc-
es must be optimized in order to obtain a fully functional 
cartilage.  
 Collagen scaffolds also represent promising constructs 
to maintain functional human disc cells as demonstrated 
by their high proliferation rate and their rate of proteogly-
can synthesis in this type of matrix (Gruber et al., 2006). 
Nevertheless, it has been reported the proteoglycan content 
of similar scaffolds cultured up to 60 days never exceeded 
the 10% of that present in the mature nucleus pulposus. 
Moreover, in these experiments, more proteoglycans were 
lost in the culture medium than retained in the scaffold, 
thus emphasizing the necessity to optimize proteoglycan 
synthesis and retention by collagen scaffolds (Alini et al., 
2003). 
 Several polysaccharides such as alginate, chitosan and 
hyaluronic acid have been also explored for chondrocytes 
encapsulation.
 Hyaluronic acid is a major component of the extracel-
lular matrix found in developing embryonic mesenchymal 
tissues. It can be chemically and physically modified and 
thus, can be fabricated into a large number of physical 
forms (Campoccia et al., 1998). Moreover, the chondroin-
ductive properties of the high-molecular-weight form of 
hyaluronic acid suggest that it can be used as promising 
material to develop an in vitro model of cartilage (Ku-
jawa and Caplan, 1986; Kujawa et al., 1986). Chemical 
modifications of this molecule have been introduced to 
make it highly processable and to modify its grade of 
biodegradation. The benzylic ester of hyaluronic acid is a 
biodegradable scaffold, commercially known as Hyaff®-11 
that is produced in different forms (sponge, non woven, 
etc.) and has been already used for chondral repair (Aign-
er et al., 1998; Brun et al., 1999; Grigolo et al., 2001). 
Recently, Lisignoli and colleagues investigated the in 
vitro chondrogenic potential of this scaffold culturing 
human MSCs on Hyaff®-11 constructs up to 28 days in 
the presence of a high concentration of TGF-β (20 ng/
ml). As shown by the expression profile of genes (such as 
Sox9, type I, type II, type IX, type X collagens, Aggrecan) 
expressed at different time during chondrogenesis, the 
cultures of human MSCs into Hyaff®-11 with high con-
centration of TGF-β (20 ng/ml) were characterized by a 
sequence of cellular and molecular events pointing to the 
in vitro formation of a cartilage-like tissue (Lisignoli et 

al., 2005). However, the morphology of the newly-formed 
tissue was still far from the one of the cartilage that can be 
obtained by in vivo implantation. In this context, the use 
of an appropriate mechanical stimulation could be crucial 
for the development of a functional three-dimensional in 
vitro cartilage model. Indeed, an enhancement of both type 
II collagen and aggrecan expression was observed when 
swine articular chondrocytes were mechanically stimulated 
for 5 days, thus confirming the importance of considering 
the mechanical stimuli when designing an ideal cartilage 
tissue model (Chung et al., 2008).
 Alginate is a natural, non-mammalian polysaccharide 
that forms a gel in the presence of divalent cations by 
means of ionic crosslinking; it does not degrade, but rather 
dissolves when the divalent cations are replaced by mono-
valent ions. Although the alginate scaffolds do not promote 
cell interaction, Rowley and colleagues have overcome 
this problem by adding RGD, a cell adhesion peptide, to 
the scaffolds (Rowley et al., 1999). However, alginate 
scaffolds without RGD peptides are still commonly used 
and two studies have recently investigated chondrocyte 
differentiation in alginate scaffolds (Lin et al., 2008; Xu et 
al., 2008). Xu and colleagues reported that human MSCs 
cultured in this type of scaffold showed a time-dependent 
accumulation of GAG, aggrecan and Type II collagen. 
Moreover, the authors provided the basis for staging the 
cellular phenotype into four stages and demonstrated a 
specific expression pattern of several putative novel marker 
genes for chondrogenesis (Xu et al., 2008).
 An enhancement of chondrocyte differentiation, as 
confirmed by the synthesis of cartilage-like matrix, was 
also observed when porcine chondrocytes were seeded in 
alginate scaffolds and cultured into a perfusion system, thus 
confirming the potential of alginate scaffolds to promote 
chondrocyte differentiation (Lin et al., 2008). 
 Another non-mammalian polysaccharide commonly 
used to mimic cartilage in vitro is chitosan (Hoemann 
et al., 2005; Oliveira et al., 2006; Shim et al., 2008). It 
is made by partially deacetylated chitin; high-degrees of 
deacetylation lead to slower degradation times but better 
cell adhesion due to increased hydrophobicity (Mao et 
al., 2004). The cationic nature of the chitosan hydrogel 
makes it an attractive scaffold to facilitate the entrapment 
of the highly anionic aggrecan produced by chondrocytes. 
Indeed, the majority of proteoglycans produced by human 
pulposus disc cells cultured in chitosan constructs were 
retained within the gel rather than released into the culture 
medium, thus suggesting that chitosan may be a suitable 
scaffold for cell-base supplementation to help restore the 
function of the nucleus pulposus (Roughley et al., 2006). 
Recently, silk fibroin hydrogels were explored for their 
potential to support chondrogenesis in vitro (Wang Y et 
al., 2006). Morita and Aoki et al. combined microporous 
silk fibroin sponges with rabbit chondrocytes for cartilage 
tissue engineering. The chondrocytes proliferated and 
maintained the differentiated phenotype in the silk fibroin 
sponge better than in collagen sponges used as control 
(Aoki et al., 2003). Moreover, the mechanical properties of 
the regenerated cartilage tissue showed culture-dependent 
changes that were directly correlated to the spatial and 
temporal deposition of cartilage-like ECM (Morita et al., 
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2006). Although these studies confirmed the potential of 
silk hydrogels as 3D porous scaffolds for chondrocytes 
cultures, further investigations are necessary to obtain 
a more homogeneous and organized deposition of carti-
lage-like ECM.

Culturing chondrogenic cells in synthetic-based 
hydrogels
Poly(ethylene glycol) (PEG) is the most widely used 
synthetic polymer to create synthetic-based hydrogels. 
Although PEG constructs are still considered as potential 
scaffolds for cartilage regeneration, only a few studies have 
investigated the in vitro response of chondrocytes cultured 
into these scaffolds. When encapsulated in a PEG hydrogel 
with a compressive modulus (i.e., 260-900 kPa) similar to 
that of human cartilage (i.e. 790±360 kPa), chondrocytes 
remain viable and synthesize cartilage-specific ECM (Bry-
ant and Anseth, 2002; Villanueva et al., 2008). However, 
the response of the cells cultured within these scaffolds 
under mechanical stimulation is currently under debate 
(Bryant et al., 2004; Schmidt et al., 2006). Schmidt and 
colleagues reported that the dynamic strain stimulation 
led to a 37% increase in the levels of GAG after 2 weeks 
of culture while other studies showed that chondrocytes 
encapsulated in PEG hydrogels and subjected to dynamic 
loading conditions for 2 days displayed an inhibition 
of both proliferation and proteoglycan synthesis. In our 
opinion, although culture times were different, all results 
indicate that further studies are required to better under-
stand the effect of PEG environment. The inhibition was 
greater in PEG hydrogels with higher crosslinking, thus 
suggesting an important role of the hydrogel structure in 
the cell response to mechanical stimulations (Nicodemus 
and Bryant, 2008).
 The significance of the hydrogel structure in con-
trolling cell fate has been confirmed by other studies in 
which nasal chondrocytes were cultured in co-polymeric 
scaffolds composed of soft, hydrophilic poly(ethylene gly-
col)-terephthalate (PEGT) and hard, hydrophobic poly(bu-
tylenes)-terephtalate (PBT) (Miot et al., 2005). By varying 
the PEGT MW and the weight percentage ratio between 
PEGT and PBT, it is possible to modulate the wettability, 
the protein adsorption, the swelling and the mechanical 
properties of the substrate. Furthermore, by using diverse 
fabrication techniques (i.e., compression moulding (CM) or 
3D fibre (3DF) deposition), it is possible to obtain scaffolds 
with the same bulk composition and overall porosity but 
different inter-connecting pore architectures (Woodfield et 
al., 2004). Human nasal chondrocytes cultured on high-hy-
drophilic PEGT/PBT scaffolds synthesized higher amount 
of GAG and collagen type II compared to the cells seeded 
on more hydrophobic constructs. Thus, for a given 3D ar-
chitectures, hydrophilic scaffolds enhanced chondrocytes 
redifferentiation and cartilage tissue formation (Miot et 
al., 2005). For these reasons, the control of the hydrogel 
structure is one of the most important research topics on the 
road to designing an optimal model of functional cartilage 
tissue. 
 A novel class of promising biomaterials, composed 
of spontaneously self-assembling peptides has been re-
cently proposed as molecular engineered scaffolds for 

tissue engineering (Holmes, 2002). Indeed, some peptides 
characterized by amino acid sequences of alternating hy-
drophobic and hydrophilic side groups can self-assemble 
into stable hydrogels at low peptide concentrations. These 
self-assembling peptides form stable β-sheet structures 
when dissolved in deionised water (Holmes, 2002; Zhang et 
al., 1993; Zhang et al., 1995). Hydrogel scaffolds based on 
self-assembling peptides have a nanofibre structure smaller 
than other polymer microfibres and present a unique pol-
ymer structure with which cells may interact. Recently, it 
has been demonstrated that these types of scaffolds allowed 
proliferation of different mammalian cell types (Holmes 
et al., 2000; Kisiday et al., 2002). Kisiday and colleagues 
reported the use of the self-assembling peptide KLD-12 
(based on positively charged lysines, negatively charged 
aspartic acids and hydrophobic leucines) as a 3D scaffold 
for encapsulation of bovine chondrocytes (Kisiday et al., 
2002). In this study bovine chondrocytes seeded into the 
scaffolds and cultured in static conditions up to 26 days 
synthesized and accumulated a cartilage-like ECM. How-
ever, total GAG accumulation was similar to that obtained 
by culturing chondrocytes in other types of polymer and 
hydrogel scaffolds. It is likely that, also in the case of 
these self-assembling hydrogels, in order to enhance GAG 
accumulation and in vitro chondrocyte differentiation, the 
dynamic mechanical compression of the constructs in asso-
ciation with a low oxygen tension should be implemented 
in the culture.

Conclusion

Although the reconstruction of bone segments in vivo is a 
reality, the development of an in vitro three-dimensional 
model of bone remains a complex challenge in the field 
of tissue engineering. In fact, although a large number of 
different types of scaffolds have been developed and tested 
for in vitro osteogenic cell cultures, a three-dimensional 
model that faithfully mimics the bone tissue has not yet 
been designed and optimized. The major problems con-
cerning the development of in vitro models of bone are the 
homogeneity of the constructs and the complete differen-
tiation of the osteogenic cells, resulting in tissue that does 
not resemble the high organization of bone tissue. Although 
a large number of scaffolds have been tested for in vitro 
cultures, each one with different chemical composition, we 
think that the scaffolds need a mineral component that must 
result osteoinductive and possess mechanical properties 
similar to functional bone. Until now the main drawbacks 
of these types of scaffold were due to the opaque nature 
of this type of biomaterials that did not allow the use of 
both easy and complex analysis performed with light or 
fluorescence microscopy. Moreover, the evaluation of the 
newly formed bone tissue was difficult and the bone could 
be hardly distinguished from the scaffolds. Whereas in 
the past the analysis of the cultured scaffolds was difficult 
to perform and mainly consisted traditional histological 
methodologies, today the recent development of new tech-
niques such as X-ray microtomography (µCT) and X-ray 
microdiffraction and the combined use of these techniques 
allow a qualitative and quantitative characterization of the 
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dense scaffold material as well as the 3D evaluation and 
kinetic studies of the tissue engineered bone growth within 
(Fig. 2) (Cancedda et al., 2007; Komlev et al., 2006). 
 In this context, the development and the optimization 
of novel bioreactor systems helping the diffusion of nutri-
ent factors through the scaffolds, in combination with an 
appropriate mechanical stimulation, should assist the in 
vitro growth of a homogeneous and functional bone-like 
tissue.
 The choice of the scaffold is not the only aspect to 
take in consideration. Indeed, different cell types should 
be evaluated (i.e., MSCs, osteoblasts) and tested in order 
to select the more appropriate for the desired investiga-
tion. Although MSCs appear the best choice to study the 
molecular events that guide osteogenesis, the use of differ-
entiated cells, such as osteoblasts, should be considered to 
obtain large quantities of extracellular matrix in short-term 
cultures. Moreover, it is worth noting that bone tissue is 
not only formed by bone-forming cells and thus, the use 
of co-cultures appears to be the future in this context. In 
fact, the optimization of co-culture systems containing both 
bone- forming and resorbing cells, as well as endothelial 
cells, will help us to obtain a model that will really mimic 
the physiological context of the bone environment. In con-
trast, the development of a good in vitro cartilage model 
seems an objective that tissue engineering could more 
rapidly achieve. The micromass culture system described 
by Johnstone and colleagues and largely used to investigate 
molecular and cellular cues involved in chondrogenesis as 
well as to test chondrogenic properties of adult stem cells 
remains a milestone in cartilage in vitro studies (Johnstone 
et al., 1998). However, the new challenge in cartilage tis-
sue engineering is the development of larger long-term in 
vitro constructs. In this context, the use of an appropriate 
type of scaffold is necessary to obtain an optimal in vitro 
model of native cartilage. The combination of hydrogels 
and synthetic polymers could be a good choice to develop 

functional model of cartilage. Hydrogels ensure a homo-
geneous colonization of the scaffolds as well as an easy 
incorporation of growth factors; the synthetic polymers 
provide the required load-bearing capacity and mechanical 
integrity.
 Possibly, the development of bioreactor systems that 
will ensure a low perfusion coupled with a low oxygen 
tension and an appropriate mechanical loading will lead 
to the development of cartilage tissue models resembling 
functional natural cartilage. 
 Finally, we would like to stress that, both in the case of 
bone and cartilage in vitro models, the choice of scaffold, 
cells, and protocols should be made also considering that 
the novel culture system must be cheap, easily available, 
easy to use and compatible with high-throughput analysis. 
Indeed, only in this case could the developed models be 
widely adopted by laboratories, not only for cartilage and 
bone physiology investigations, but also for tissue specific 
drug testing.
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Discussion with Reviewers

Reviewer I: In the context of three-dimensional cultures of 
osteogenic and chondrogenic cells and the development of 
bone and cartilage tissues the study of endochondral ossifi-
cation is of particular interest. Can the authors comment on 
an ideal model system to investigate this process in vitro?
Authors: An ideal model of endochondral ossification 
should resume all the molecular and cellular features that 
drive the cartilage to bone transition. MSC should undergo 
an initial chondrogenic differentiation and subsequently be 
induced to differentiate to osteoblastic cells. In this context, 
the choice of the culture medium plays a key role on the 
road to obtain a functional in vitro model. The cells should 
be initially maintained in a chondrogenic medium and then 
switched to an osteogenic medium. Muraglia et al. (1998) 
reported the formation of a bony-collar around cartilage 
pellets by using this strategy. However, the scaffold-free 
constructs obtained in this way had several limitations such 
as the poor mechanical strength and the small dimension 
of newly-formed tissue. The use of scaffolds that permit 
the development of soft cartilage and the deposition of 
bone-like matrix during the osteogenic-phase of the culture 
could overcome these drawbacks. In our opinion, hydrogel/
bioceramics composites are the preferred choice. Indeed, 
the hydrogel should ensure the homogeneity of the cultures 
and chondrogenic differentiation, while the presence of the 
mineral should favour osteoblastic differentiation.


