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From Skeletal Development to Tissue Engineering:
Lessons from the Micromass Assay

Darinka D. Klumpers, PhD,1–3 David J. Mooney, PhD,1,2 and Theo H. Smit, PhD3

Damage and degeneration of the skeletal elements due to disease, trauma, and aging lead to a significant health
and economical burden. To reduce this burden, skeletal tissue engineering strategies aim to regenerate func-
tional bone and cartilage in the adult body. However, challenges still exist. Such challenges involve the
identification of the external cues that determine differentiation, how to control chondrocyte hypertrophy, and
how to achieve specific tissue patterns and boundaries. To address these issues, it could be insightful to look at
skeletal development, a robust morphogenetic process that takes place during embryonic development and is
commonly modeled in vitro by the micromass assay. In this review, we investigate what the tissue engineering
field can learn from this assay. By comparing embryonic skeletal precursor cells from different anatomic
locations and developmental stages in micromass, the external cues that guide lineage commitment can be
identified. The signaling pathways regulating chondrocyte hypertrophy, and the cues required for tissue pat-
terning, can be elucidated by combining the micromass assay with genetic, molecular, and engineering tools.
The lessons from the micromass assay are limited by two major differences between developmental and
regenerative skeletogenesis: cell type and scale. We highlight an important difference between embryonic and
adult skeletal progenitor cells, in that adult progenitors are not able to form mesenchymal condensations
spontaneously. Also, the mechanisms of tissue patterning need to be adjusted to the larger tissue engineering
constructs. In conclusion, mechanistic insights of skeletal tissue generation gained from the micromass model
could lead to improved tissue engineering strategies and constructs.

Introduction

The skeletal system consists of rigid bony elements
and flexible cartilaginous structures, which provide both

stability and flexibility to the vertebrate body. Disease, in-
jury, and aging may cause defects and degeneration of these
structures, resulting in severe health problems including loss
of mobility, chronic pain, and other complications.1 Cartilage
has limited intrinsic regenerative potential, however, mostly
believed to be due to its nonvascularized nature.2 Bone, in
contrast, is vascularized and has regenerative capacity, but the
tissue becomes unable to heal when a defect extends a critical
size.3 Thus, there is a high demand for tissue engineering
strategies that aim to regenerate bone, cartilage, and their
interface after loss, damage, or degeneration.

Over the last several decades, major advancements have
been made in the field of skeletal tissue engineering, which
have led to various clinical trials4 and several products that
are currently being used in clinics to treat skeletal defects,

such as the INFUSE� Bone Graft that locally delivers
BMP2 to heal bone defects and the cell-based product
ChondoCelect� for autologous chondrocyte transplantation
to repair cartilage.5 However, several challenges still exist,
one being the lineage capacity of the commonly used cell
sources. Adult mesenchymal stem cells (MSCs) present a
desirable cell source for skeletal tissue engineering appli-
cations, as they can be readily isolated in large numbers and
have a broad lineage potential, including the capacity to
differentiate down the osteogenic and chondrogenic line-
age.6 However, the results of cartilage tissue engineering
strategies using adult MSCs have been suboptimal when
compared to the use of mature chondrocytes.7–9

In many cases chondrocytes derived from MSCs eventu-
ally displayed a hypertrophic phenotype,10–12 which appears
to indicate that the cells are primed toward endochondral
ossification and the chondrogenic state is thus only transiently
present. This raises questions about the potential of adult
MSCs: are they developmentally restricted, or could they be
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guided to generate the desired, stable type of cartilage if they
were exposed to the right environmental cues?

Another challenge is that tissue-engineered cartilage
constructs often lack the structural complexity distinctive of
the different types of cartilage, such as the zonal organiza-
tion in articular cartilage, or the desired mechanical prop-
erties.13,14 Also, it has been challenging to establish and
maintain distinct tissue boundaries, especially when diffus-
ible morphogens are utilized.15 These issues reflect a need
for improved spatial and temporal control of the cues that
guide cellular differentiation, and a more profound under-
standing of the mechanisms that yield tissue patterning and
structural organization.

To improve tissue engineering strategies, it could be
helpful to look at embryonic development.16 Skeletal de-
velopment has been extensively studied, and these investi-
gations have benefitted from various in vitro models that
enable the study of isolated components. This review fo-
cuses on one model of developmental skeletogenesis in
particular that is still to be explored by the tissue engi-
neering field: the micromass assay. This relatively simple
in vitro assay is commonly used by developmental bi-
ologists and facilitates the study of the early stages of
skeletal development in a highly controlled and adaptable
manner.17,18 By culturing embryonic skeletal progenitor
cells in a high-density drop, this model recapitulates de-
velopmental stages of progenitor proliferation, mesenchy-
mal condensation, and chondrogenic differentiation.

Here, we review how insights from the micromass assay
can be of value to the skeletal tissue engineering field. We
describe how it can be used to address the aforementioned
challenges, and the implications and limitations of the assay.
The studies that we cite along the way, both from the mi-
cromass and tissue engineering field, represent illustrative
examples, but do not form an exhaustive list of the literature
in these areas. Comprehensive comparisons of models of
regenerative skeletogenesis and tissue engineering strategies
can be found in other recent reviews.19–21

Skeletal Development and In Vitro Modeling

During embryonic development, the skeletal tissues de-
velop through an intricate morphogenetic process that in-
volves pattern formation, differentiation, and growth. In the
following sections we will describe the process of in vivo
skeletal development and how the micromass assay models
this process in vitro.

Skeletal development

The skeletal elements originate from the mesoderm dur-
ing early embryonic development.22 Bone formation can
occur through two distinct mechanisms, intramembranous
ossification or endochondral ossification. The former takes
place mostly in the cranial region, while the majority of
other bones, such as the long bones and the vertebrae, de-
velop through endochondral ossification.23 For both pro-
cesses, the first step involves proliferation and condensation
of skeletal progenitor cells, alternatively called MSCs.24

During intramembranous ossification, the cells in the con-
densations differentiate directly into osteoblasts, and this
process is therefore referred to as direct bone formation. In
contrast, in endochondral ossification bone is formed via a

cartilaginous intermediate.23 After the mesenchymal cells are
differentiated into chondrocytes, a cartilaginous matrix is
deposited, and the cells in the center undergo hypertrophy.
The cartilage then starts to calcify and subsequently becomes
vascularized, which enables osteoblasts to enter and replace
the calcifying cartilage anlage by mineralized bone.23,24

Mesenchymal condensation is a critical step in the onset
of skeletal development.25,26 Failure to form proper con-
densations leads to the development of abnormally sized or
shaped skeletons, or prevents bone from forming at all.23,27

Since the location and number of elements is determined at
this stage, it is also a determinant of skeletal patterning.27,28

Condensations are typically characterized by an increased
cell density, positive staining with peanut agglutinin lec-
tin,29 and specific markers like NCAM, Pax-1, and Pax-
9.30,31 They are thought to form through local extracellular
matrix (ECM)-driven cell rearrangements rather than active
cell migration or localized proliferation.32–34 The predomi-
nant matrix components at this stage are fibronectin (FN)
and hyaluronic acid.35–38 The increased cell density in a
condensation is associated with increased cell–cell contacts,
which is thought to induce the chondrogenic commitment of
the MSCs.31,39,40

Micromass assay

Several methods have been developed to study skeletal
development in vitro.41–43 For example, whole limb buds can
be cultured in vitro and such organ cultures are used to test
the effect of externally added morphogens.43 Densely packed
three-dimensional (3D) aggregate cultures of adult MSCs are
used to mimic the developmental condensation stage42 and
knowledge of the spatiotemporal presence of certain mor-
phogens during development is employed to prime MSC
cultures via developmental pathways.41 However, organ
cultures are not very adaptable with regard to experimental
parameters, and models using adult MSC require preexisting
knowledge about the developmental process. The micromass
assay uses embryonic skeletal progenitor cells and provides a
widely used, adaptable, and relatively simple in vitro model
of the early stages of skeletal development.17,18

The main premise of the micromass model is to ensure a
high cell density from the start of the culture, which mimics
the high cell density that is found in the precondensation
phase in vivo, and is required for the onset of skeletal de-
velopment.18,44 Typically, progenitor cells isolated from
chicken or mouse embryonic limb buds are suspended in
a high-density cell suspension of which a small drop—
typically around 1 · 105 cells in 10mL—is placed in the center
of a culture dish (Fig. 1). The cells are allowed to attach to
the substrate, after which the dish is flooded with medium.45

At this point, the model is considered two-dimensional.
Once in culture, the cells will first undergo abundant pro-
liferation.46,47 In combination with abundant FN deposi-
tion,37,48 the culture now contains multiple layers of cells
embedded in ECM and can thus be considered 3D. Within 2–
3 days, mesenchymal condensations will spontaneously form,
indicated by a local increase in cell density and a local ele-
vation in the culture (Fig. 2). Mesenchymal condensations,
both in vivo and in vitro, can be detected by peanut agglutinin
lectin staining29,49 (Fig. 2) and the cells in the condensations
typically display a more rounded cell morphology.17,50 The
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increased cell density in the condensations then induces the
onset of chondrogenic differentiation. This is apparent from
the increased expression of typical chondrogenic genes such
as Sox951 and aggrecan,52 and from the deposition of chon-
drogenic matrix components such as collagen type II and
glycosaminoglycans (Fig. 2).53 While most micromass stud-
ies focus on the events during the first few days of culture,
some studies have described how long-term cultures undergo

further stages toward endochondral ossification. After 14 days
in culture cellular hypertrophy could be observed in the core
of the chondrogenic nodules, accompanied by increased
levels of alkaline phosphatase and decreased levels of pro-
liferation, followed by matrix mineralization.50,51

The simplicity of the micromass assay allows one to study
the early stages of skeletal development using standard labo-
ratory techniques (Fig. 3). For example, cells from transgenic

FIG. 1. Embryonic skeletal progenitor cells are freshly isolated and cultured in micromass. (A) Photograph of repre-
sentative stage 23 chicken embryo as used for cell isolations. The red box indicates the location of the limb bud used for cell
isolation. Scale bar is 2 mm. (B) Collection of limb buds in phosphate-buffered saline right after dissection. Scale bar is
500 mm. (C) Micrograph of a single cell suspension of freshly isolated chicken limb bud cells, after dissociation. Scale bar is
50 mm. (D) Schematic representation of a micromass; a high cell density drop plated in the center of a culture dish. (E)
Bird’s eye view of a representative micromass culture after 3 days in culture in a 12-well plate after removal of the culture
medium. Scale bar is 5 mm. Color images available online at www.liebertpub.com/teb

FIG. 2. Mesenchymal condensations in micromass. Bright field (BF) and fluorescent micrographs of a representative
micromass culture after 3 days in culture. Top row shows lower magnification images of multiple condensations; scale bar is
200 mm. Bottom row shows higher magnification images of a single condensation; scale bar is 50 mm. (A) In BF images,
mesenchymal condensations are recognizable as dark spots. Condensations are further characterized by an increased cell
density, visible as bright spots in cultures stained with DAPI (blue) (B), and increased peanut agglutinin lectin (PNA)
staining (green) (C). (D) Color micrograph of a representative micromass, cultured for 3 days, stained with Alcian Blue to
identify deposition of glycosaminoglycans. Mesenchymal condensations show increased staining intensity. Scale bar is
200 mm. Color images available online at www.liebertpub.com/teb
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mice can be used. Genetic knockout of the gene encoding for
the chondroitin sulfate proteoglycan versican, for instance, has
enabled the investigation of its role in chondrogenesis.54 Also,
molecular inhibitors can be added to the culture medium to
interfere with signaling pathways. In this manner, among many
studies, it was found that the small GTPase RhoA, which is
involved in regulating cytoskeletal tension, inhibits the process
of early chondrogenesis, while Rac1 promotes mesenchymal
condensation and chondrogenic differentiation.55 Furthermore,
by simply adding the growth factor to the micromass culture
medium it was shown that GDF-5, for instance, increases
chondrogenesis in a dose-dependent manner.56 Taken together,
the micromass assay provides a simple and highly adaptable
model that allows testing of a variety of aspects of early skeletal
development.

Lessons and Implications from the Micromass Model

The subset of challenges in tissue engineering that are
described in the Introduction section can be sorted into three
categories: the early lineage commitment of skeletal pro-
genitor cells, undesired chondrocyte hypertrophy, and the
generation of tissue patterns and distinct boundaries. In this
section we will first discuss how these issues can be ad-
dressed by micromass cultures using embryonic skeletal
progenitor cells. Second, we will evaluate what the impli-
cations are for the tissue engineering field, considering two
main differences between developmental and regenerative
skeletogenesis: cell type and scale.

Lessons from the micromass model

The micromass assay is typically performed with pre-
chondrogenic cells isolated from embryonic limb buds. The
cells are freshly isolated and directly used in an experiment
(Fig. 1), as they cannot be passaged without losing their
phenotype. In the following section, we will discuss how
this model can be used—and potentially adapted—to gain
insight into the processes of lineage commitment, chon-
drocyte hypertrophy, and tissue patterning.

Lineage commitment. The embryonic limb buds offer a
convenient source of skeletal progenitor cells for in vitro
culture, as the buds are relatively easily accessible and

protocols for isolation are readily available.45 Chicken and
mouse embryos are most commonly used, but rat and rabbit
limb bud cell isolations have been reported as well.57,58

Chicken embryos are typically used at Hamburger Hamilton
stage 20–2417,59 and mouse embryos at embryonic day
11.5–12.5,45 comparable developmental stages at which the
mesenchymal cells in the limb buds have not formed con-
densations yet. Apart from limb bud cells, other sources of
skeletal precursor cells can be used as well. There are re-
ports of the use of sclerotomal cells, the mesenchymal cells
from the paraxial mesoderm that give rise to the vertebral
column.60 Thus, embryonic skeletal progenitor cells of
varying species, developmental stage, and anatomic location
can be used in the micromass assay.

In the embryo, the skeletal elements develop from several
sources of skeletal progenitor cells, the lateral plate meso-
derm (limbs), the paraxial mesoderm (vertebral column),
and the cranial neural crest (craniofacial cartilage).22,61

Each of these cell sources gives rise to bone and varying
types of cartilage, indicating that they have similar lineage
potential. Still, widely different types, shapes, and sizes of
bone and cartilage develop at different anatomic sites.62

Comparing the behavior of progenitor cells isolated from
different locations in vitro could provide insight into the
mechanisms that are common to the formation of all skeletal
elements, and those that distinguish the different skeletal
features. Furthermore, comparing cultures using cells from
different stages of development could answer the question
whether and when these cells become intrinsically different.

For example, fore and hind limb skeletal progenitor cells
derived from stage 21–26 chicken embryos were compared
in micromass culture.63 In the early cultures, wing cells
produced broad condensations that eventually merged, re-
sulting in a continuous sheet of cartilage. The condensations
in the leg cultures, on the other hand, were more nodular and
remained discrete, leading to punctate chondrogenic differ-
entiation and a higher overall amount of proteoglycan de-
position. The cultures also responded differently to soluble
factors such as transforming growth factor (TGF)-b and
retinoic acid, which indicates that both intrinsic and induced
differences exist between these two cell populations. Simi-
larly, it would be interesting to compare the behavior of
limb bud cells and sclerotomal cells in micromass culture,

FIG. 3. Micromass is an
adaptable culture method.
Skeletal progenitor cells are
typically isolated from the
embryonic limb buds (indi-
cated by the red box), cul-
tured in micromass, and
analyzed by various standard
laboratory techniques. The
classic micromass can be
supplemented with a range of
genetic, molecular, and bio-
engineering tools to create an
interdisciplinary model sys-
tem to study early skeletal
development in vitro. Color
images available online at
www.liebertpub.com/teb
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since they develop into such different skeletal structures
in vivo.

Investigating the pattern of condensations and the overall
extent of differentiation under various culture conditions could
elucidate potential cellular differences and the role of the local
microenvironment. In conclusion, by taking cells from differ-
ent anatomic locations out of their native microenvironment
and following their progression in micromass culture, one can
specifically investigate whether local environmental or ac-
quired intrinsic cellular differences are causing the distinctive
shapes and patterns of skeletal elements. Moreover, comparing
precursor cells isolated at different stages in development al-
lows investigation at which point the cells obtain the intrinsic
differences that lead to the various skeletal tissue types.

Chondrocyte hypertrophy. To prevent undesired hyper-
trophy in cartilage tissue engineering constructs, a better
understanding of the mechanisms in skeletal development
that determine the bifurcation between stable cartilage and
the transient cartilage anlagen could be insightful.

The micromass model provides a convenient platform for
such investigations, and has facilitated the identification of
signaling pathways involved in hypertrophy in embryonic
skeletal progenitor cells. For example, in long-term micro-
mass cultures of mouse limb bud cells, it was shown that
TGF-b treatment resulted in the delay of chondrocyte hy-
pertrophy and inhibition of matrix calcification and its asso-
ciated gene expression.51 In another study, it was found that
ectopic expression of sonic hedgehog (Shh) through retroviral
transduction leads to the formation of additional chondro-
genic nodules with elevated levels or hypertrophic genes such
as alkaline phosphatase and collagen X.64 Indian hedgehog
(Ihh) and parathyroid hormone-related protein (PTHrP) are
involved in a negative feedback loop that blocks maturation
of prehypertrophic chondrocytes.65

A recent study suggests that actively controlling oxygen
tension, following oxygen exposure patterns known from
embryonic development, can steer adult MSCs in a tissue
engineering construct toward either permanent hyaline carti-
lage or hypertrophic cartilage through metabolic program-
ming.66,67 The micromass assay could be useful to investigate
in more detail the role of spatial and temporal gradients of
oxygen tension in chondrocyte hypertrophy during develop-
mental skeletogenesis. Among many, these studies add to a
fundamental understanding of the pathways governing chon-
drocyte hypertrophy, providing insight into the external cues
that can be used to control this process and underscoring the
usefulness of the micromass assay in unraveling signaling
pathways by facilitating the use of genetic and molecular tools.

Controlling tissue organization and boundaries. In vivo,
highly organized skeletal structures result from the tight
temporal and spatial control of soluble and nonsoluble cues
during early skeletogenesis.68,69 In contrast, the bulk in-
duction of lineage commitment of skeletal progenitor cells
that is often employed in tissue engineering strategies pro-
vides little control over tissue boundaries and structural
organization. The micromass can be used to provide insight
into the cues that guide tissue patterning and boundary
formation in skeletal development.

Growth factors and other morphogens form an important
group of soluble cues that are known to guide morphogenesis.

Specifically, it is the spatial and temporal gradients of soluble
cues that are thought to guide the generation of controlled
tissue patterns in the embryo.70–72 For example, a localized
source of Shh in the tip of the limb creates a gradient through
the tissue, which is shown to determine the specific pattern of
skeletal elements in the limbs,69 and the spatiotemporal ex-
pression patterns of Ihh and PTHrP are key in generating and
maintaining the highly organized growth plate in long
bones.65 To mimic this type of exposure, a range of methods
could be used to establish spatial gradients of growth factors
in culture. For example, gradients could be achieved in vitro
by using growth factor-soaked beads positioned at specific
locations with respect to the cells, a technique that is used
more often in developmental biology.43,73 Microfluidics is
also a powerful tool to establish highly controlled spatial and
temporal gradients of soluble factors in cell culture.74,75

In addition to soluble morphogens, there is a range of
physical cues that are known or hypothesized to affect pro-
genitor cell behavior and tissue pattering.76–78 The role of
these cues in skeletal patterning could be investigated in a
controlled manner by combining the micromass model with
tools that have emerged from the bioengineering field, such as
mechanical loading devices, traction force microscopy, and
cellular patterning (Fig. 3) and quantifying the numbers and
spacing of condensations in the culture as a measure of pat-
terning.79,80 For example, a developing tissue is subjected to
geometric boundary conditions by neighboring tissues.

Recently, to mimic the geometric boundaries of the devel-
oping vertebral column, we have subjected embryonic skeletal
progenitor cells to narrow geometric constraints by combining
the micromass assay with a microchannel cell patterning
technique.81 It was found that patterning of mesenchymal
condensations, quantified by their spacing and density in cul-
ture, is modulated by geometric boundary conditions. More-
over, the pattern of condensations at the site of the developing
vertebral column in vivo in chicken embryos was shown to
match the correlation between geometric constraints and the
distance between neighboring condensations found in vitro.

Differential growth rates of distinctive tissues and cellular
traction forces cause tissue-level stresses and deforma-
tions.82,83 Different mechanical loading regimes have been
applied to micromass cultures to address those effects. In a
recent study for example, compressive loading was applied
through the culture medium at days 2 and 3 of culture, which
resulted in increased levels of chondrogenic differentiation and
matrix deposition.84 In contrast, in a different study stepwise
uniaxial strain applied daily at days 4–7 was shown to lead to
the inhibition of chondrogenesis.85 These studies indicate that
additional investigations are required to characterize the exact
mechanical loading conditions that are relevant to skeletal
progenitor cells during skeletal development, and how they
affect tissue patterning. Overall, the micromass assay can fa-
cilitate a wide range of soluble and physical cues. This enables
the well-controlled investigation of the role of these cues in
skeletal patterning, which can guide the design of structurally
complex tissue engineering constructs.

Implications for tissue engineering

When interpreting insights from the approaches outlined
above, one has to consider two important differences be-
tween developmental and regenerative skeletogenesis: cell
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type and scale. In this section, we will discuss the impli-
cations for the tissue engineering field.

Lineage commitment. To investigate the difference be-
tween embryonic and adult MSCs with respect to their lin-
eage commitment, we look into studies that have performed
micromass assays with adult or immortalized mesenchymal
cells, instead of the commonly used primary embryonic
mesenchymal cells.86–89 Although the micromass provides
an environment that favors chondrogenic differentiation in
these cultures,86,87 adult or immortalized cells typically do
not form condensations. Mesenchymal condensations, indi-
cated by foci of increased cell density—within the high
density culture—appear spontaneously within 2–3 days in
micromass cultures using primary embryonic cells (Fig.
2).17,45,46 In contrast, the cell density in cultures using adult
or immortalized cells is equally high but remains homoge-
neous (Fig. 4).87,89 Consequently, the chondrogenic com-
mitment, typically shown by Alcian Blue staining, in these
micromass cultures is fairly homogeneous86,88 instead of
nodulated.45,88

It has been shown for both embryonic and adult MSCs
that a high cell density, which allows for cell–cell con-
tacts and thus facilitates cell–cell communication, is re-
quired for the induction of chondrogenic differentiation.28,90

We can conclude that in embryonic cells this high cell
density is established in specific locations, through an
intrinsic mechanism of mesenchymal condensation, while
adult MSCs do not go through this process spontaneously,
potentially due to differences in the expression of adhesion
molecules and/or their interaction with the available ECM.

Adult skeletal progenitor cells thus lack the capacity of
mesenchymal condensation, yet it is possible to induce
chondrogenic commitment by enhancing the cell density to
secure the required cell–cell interactions. In cartilage tissue
engineering, such high cell density can be achieved by the
use of pellet or high-density 3D cultures.91,92 However, as
oxygen and nutrient supplies do not penetrate far into the
densely packed culture, the size of such constructs is lim-
ited. Recent studies describe a possible solution by main-
taining small high-density spheres using chondrocytes or

adult human MSC in culture for a certain amount of time
while inducing cartilage tissue phenotype, before merging
several spheres into a larger construct.93,94 Alternatively, 3D
printing could be exploited to place small cellular aggre-
gates into a large porous structure.95,96 Such an approach
would facilitate sufficient diffusion and provide structural
support while maintaining a high cell density, and thus meet
both the microscopic and macroscopic requirements of a
cartilage tissue-engineering construct. These and various
other approaches could be used to overcome the lack of
spontaneous condensation in adult skeletal progenitor cells.

Chondrocyte hypertrophy. Among various signaling
pathways identified through micromass and in vivo studies,
it was shown that Ihh is expressed in prehypertrophic
chondrocytes and is associated with PTHrP in a negative
feedback loop that modulates the rate of chondrocyte hy-
pertrophy and maturation.65 Among many approaches,
(over)exposure of Ihh has been proposed and investigated as
a potential way to prevent hypertrophy in cartilage tissue
engineering.97,98 While chondrogenic commitment was en-
hanced in these studies, continuous exposure resulted in
limited prevention of chondrocyte hypertrophy. Intermittent
exposure to PTHrP, however, was shown to lead to reduced
hypertrophy in human MSCs.97 In another study, it was shown
that BMP2, a growth factor that is commonly used in skeletal
tissue engineering strategies, increases hypertrophy in adult
chondrocytes, while BMP7 acts as a suppressor. Both ef-
fects are mediated through the transcription factor Bapx1/
Nkx3.2.99 Altogether, the signaling pathways that are iden-
tified through micromass and in vivo studies in embryonic
skeletal progenitor cells form a valuable basis for studies
that aim to prevent hypertrophy in adult progenitor cells.

Patterning and tissue boundaries. During skeletal de-
velopment, patterning occurs at the early stage of mesen-
chymal condensation, a stage that is not recapitulated by
adult MSCs in regenerative skeletogenesis. Potential meth-
ods to overcome the lack of spontaneous condensation are
discussed above. With respect to the difference in size, cues
that are involved in guiding tissue patterning could be

FIG. 4. Various adult and/or immortalized skeletal progenitor cell types in micromass. BF micrographs of immortalized
mouse bone marrow-derived mesenchymal stem cells (MSCs) (D1), immortalized mouse embryonic fibroblasts (C3H10T1/
2), and primary rat bone marrow-derived MSCs (rBM-MSC) cultured in micromass for 3 days. Mesenchymal condensa-
tions, indicated by local increases in cell density (Fig. 1), have not formed in any culture. Although the rat MSC micromass
culture appears to show inhomogeneities in cell density in the BF image, a micromass stained with DAPI (right) shows
homogeneous cell density. For all BF images, scale bar is 100mm. For fluorescent DAPI image, scale bar is 200 mm. Color
images available online at www.liebertpub.com/teb
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adjusted to account for the larger dimensions. In terms of
growth factor presentation, for instance, engineering strat-
egies are being used to gain spatial and temporal control of
growth factor release in constructs, which allows for the
controlled onset and spatially regulated differentiation.

For example, well-defined spatial and temporal control of
the release of osteogenic and chondrogenic growth factors,
in combination with inhibiting antibodies, is being exploited
to establish multilineage differentiation of MSCs in sharply
defined zones. Such an approach could be useful in the re-
generation of the bone-cartilage interface.100 Even matrix
properties can be controlled in time and space, for example,
by hydrogels of which the mechanical properties can be
changed over time to modulate mechanoresponsive effects
in the encapsulated cells101 or spatial gradients of adhesion
ligands to control cell–matrix interactions.102

In addition to these controlled spatiotemporal inhomogene-
ities, patterned differentiation has also been induced spon-
taneously in soft hydrogels in vitro through cell-mediated
contraction. For example, organized cell contraction of im-
mortalized embryonic fibroblasts in nanofiber scaffolds was
shown to lead to inhomogeneous gene expression and spa-
tially regulated chondrogenic differentiation.103 Also, cell-
mediated contraction of adult MSCs in collagen gels under
time-varying boundary conditions led to spatially regulated
osteogenic differentiation.104 Taken together, fine spatio-
temporal control of both soluble and physical cues could be
achieved through the advanced engineering of scaffolds and
their boundary conditions. Among many others, this is one
of the strategies being explored to establish tissue patterns
and boundaries in large tissue engineering constructs.

Conclusions and Future Directions

Skeletal tissue engineering aims to regenerate bone and
cartilage tissues in the adult body. These strategies have not
reached their full potential, partly due to an incomplete
understanding of the molecular and mechanobiological
mechanisms of skeletal regeneration. The micromass assay
provides a convenient platform to study the process of early
skeletal development in vitro and can thus provide relevant
insight into the tissue engineering field. For example, the
assay can be performed with embryonic skeletal precursor
cells from different anatomic locations and different de-
velopmental stages. By taking them out of their native mi-
croenvironment, one could learn whether and when the cells
become intrinsically different and what factors determine
their lineage commitment.

The assay can further be used to gain insight into the
signaling pathways that are involved in chondrocyte hy-
pertrophy, facilitated by the possibility to use cells from
transgenic mice, apply retroviral gene transduction, and use
molecular inhibitors in the culture medium. The micromass
model can also be combined with a range of engineering
tools to allow for the spatiotemporal control of soluble and
physical cues, to investigate their effect on skeletal tissue
patterning. To translate the results from micromass studies
to tissue engineering applications, however, it is important
to consider the two main differences between developmental
and regenerative skeletogenesis: cell type and scale. For
example, it was observed that adult MSCs differ from em-
bryonic skeletal progenitor cells in that they do not spon-

taneously form mesenchymal condensations. Also, with
regard to determining tissue patterning and boundaries,
gradients of soluble and physical cues thus need to be ad-
justed to account for the different scale.

In future studies, the micromass assay could be further
improved and exploited to explore the mechanisms of
skeletal development from an interdisciplinary perspective.
The classic micromass assay models the biological process
of early skeletal development in vitro, but it does not capture
the full complexity of the in vivo microenvironment. Var-
ious coculture methods, 3D culture approaches, and bioen-
gineering tools, such as the cell patterning methods and
mechanical loading devices described in this review, could
complement the existing micromass assay to create a model
that incorporates the biological, chemical, and mechanical
components of the developing skeletal elements (Fig. 3).

Cross-disciplinary laboratory techniques such as traction
force microscopy and advanced imaging methods could
generate more detailed and quantitative information from
these cell cultures, which will provide a more profound
understanding of the mechanisms involved in skeletal de-
velopment. When cells are cultured on elastic substrates
with embedded fluorescent beads, traction force microscopy
uses the displacements of the beads during culture to quantify
the forces that cells exert on their substrate, and the forces at
cell–cell interactions in multicellular aggregates.105,106 The
balance between cell–cell and cell–matrix interactions and the
forces applied at these adhesions are considered in the process
of mesenchymal condensation,107,108 but this hypothesis is
hardly explored in embryonic cultures. To this end, a com-
bination of the micromass model with traction force micros-
copy, adhesion-blocking antibodies, and chemical interference
with matrix deposition and degradation could be used.

To better understand what regenerative medicine can
learn from studying skeletal development, further studies are
required to identify the specific differences and similarities
between embryonic and adult skeletal progenitor cells. To
overcome the possible limitations of adult MSCs, the use of
induced pluripotent stem cells (iPSCs) for regenerative
strategies is being explored. Several methods have already
been developed to generate MSCs from iPSCs.109,110 It
would be useful to know whether these induced MSCs are
more similar to embryonic or adult skeletal progenitor cells
in their ability to generate bone and cartilage, for example,
by studying whether they have the ability to spontaneously
form mesenchymal condensations. Alternatively, skeletal
tissue-specific cells can be generated directly without the
need of a pluripotent intermediate. For example, chon-
drocytes were transdifferentiated directly from somatic cells
using a combination of reprogramming and chondrogenic
factors.111–113 Such approaches have great potential but
should be well characterized and regulated to diminish the
risk of teratoma formation and immune rejection.

In tissue engineering constructs it is key that the cellular
microenvironment is designed to guide proper stem cell
differentiation. At the same time, the bulk properties of the
construct need to meet the tissue-level requirements such as
size, as discussed in the review, diffusion-permitting po-
rosity, and mechanical properties that can bear tissue level
loads. Moreover, it might be desirable for the conditions to
change over time to facilitate different stages of tissue
generation or to obtain proper structural organization.
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Further investigations into this direction might build upon
current efforts to design constructs of which the properties
can be changed on demand through for example thermally
induced shrinking, cleavable peptides, or on-demand de-
livery of growth factors.114–116 Alternatively, constructs
could be engineered with the ability to adapt and/or grow
autonomously in vivo.117,118 Investigations along these
lines, combining mechanistic biological insight with ad-
vanced bioengineering tools, hold great potential for the
advancement of skeletal tissue engineering.

In conclusion, micromass studies using embryonic skel-
etal precursor cells provide fundamental insight into the
mechanisms of lineage commitment, the regulation of
chondrocyte hypertrophy, and the cues that determine tissue
patterning. Various bioengineering tools, such as 3D print-
ing and traction force microscopy, can be used to further
exploit this model. To fully understand what the tissue en-
gineering field can learn from the micromass model, it is
important to supplement these studies with investigations
that address the main differences between developmental
and regenerative skeletogenesis: cell type and size.
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