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Context: Early development of many organs shows many morphological and molecular similarities (teeth, lung, hair, kidney and etc.).
Fundamental questions in organogenesis are related to the identification of a simplified model which is able to mimic the molecular
mechanisms involved in pattern organization and cell fate determination as well.

Evidence Acquisition: It is widely accepted that cells behave more natively if cultured in three-dimensional conditions. Advances in
3D non-destructive, non-invasive analysis methods and improvements in the multi-scale techniques and bioreactors to obtain test and
culture 3D cell aggregates have been made. On the other hand, even if 3D aggregate culture methods are able to recapitulate in vitro
the cell-extracellular matrix interactions properly observed in vivo, and the synthetic/natural matrix and scaffolds have biochemical and
mechanical properties, in order to mimic the native extracellular matrix, both of these systems possesses some limitations and some
methodological improvements are needed.

Results: The processes by which re-aggregated adult single cell types or adult and embryonic explanted tissues are able to recapitulate
embryogenesis in vitro, when cultured in adhesion or embedded in 3D gels, is not surprising and is clearly under the control of a
reminiscent cellular memory which recapitulates early developmental stages.

Conclusions: Our underlying hypothesis is that recapitulating the three-dimensional early embryonic structure, in order to reproduce
betterinvitro the three-dimensional morphogenetic-like re-arrangements, would improve cells differentiation, when in vivo transplanted;

moreover, it could be used as a simplified cancer disease model and reliable drug evaluation method as well.
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1. Context

Embryonic stem cells (ESCs) are pluripotent and it is
possible to differentiate them into almost every cell type
of the human body. However, due to the ethical and legal
issues, the use of ESCs is controversial (1), thus restricting
their application for regenerative purposes in the clinic(2,
3). Unlike ESCs, adult stem cells (ASCs) (4, 5) and “induced”
pluripotent stem (iPS) cells (6) have the potential to be
used for the treatment of many different types of diseases,
even if their stemness properties are different and poten-
tially lower with respect to ESCs.

The extracellular matrix (ECM) interactions and cell-cell
intercellular adhesion are strong inductors of cell fate
decisions, providing all the morphogenetic signals to the
stem cells. The ECM is a complex three-dimensional frame-
work of macromolecules composed of glycosaminogly-
cans and fibrous proteins. This ECM structure provides
mechanical support, adhesive interactions and is able to

retain many growth factors. Moreover, ECM components,
through integrin-mediated signaling events, are capable
of directing cell differentiation; in addition, ECM proteo-
lytic degradation is also able to release growth factors dur-
ing matrix remodeling, influencing cell fate as well (7, 8).

Intracellular signaling cascades are the result of integ-
rin ligation and growth factor binding to receptors that
result in gene expression changes, modulating cell phe-
notype (8). Three-dimensional (3D) cellular models should
ideally mimic the in vivo conditions in order to be helpful;
however, cells are usually cultivated in vitro as monolay-
ers and this culture condition does not permit to establish
these functional requirements. To overcome this problem
tissue engineering is being used as an alternative to ani-
mal models and 2D cell cultures with the intent to repro-
duce the structural and biochemical characteristics of 3D
tissues.

Implication for health policy/practice/research/medical education:

To date research on three-dimensional cell systems is more vital and productive than ever, and such research effort mirrors the common need for im-
proved and more refined models as link between in vitro 2D cell culture and organs in vivo. In this review we discuss the present achievements of the
three-dimensional cell culture methods, a particular attention was devoted to these studies which are focused onto improve 3D aggregate formation
methods, test culture and co-culture methods, also find and test suitable carrier structures and advance bioreactor technologies to obtain a sufficient

nutrient supply.

Copyright © 2014, Razavi Hospital. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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3D cell cultures have been helpful in biomedical re-
search since the beginning of the past century. Using
spherical re-aggregated cultures of embryonic cells was
pioneered by Holtfreter (9) and Moscona (10, 11). During
the past 5 years, there have been an exponential number
of publications based on the 3D cell culture methods. The
three methods: liquid suspension culture in bacterial-
grade dishes, culture in methylcellulose semisolid media
and culture in hanging drops, are usually performed to
obtain in vitro 3D cell aggregates; these cell culture mod-
els, also known as embryoid bodies, spheroids, micro-
masses and mesen-spheres (8, 12), are used to study the
cell differentiation and functionality of cell-cell adhesion
in an organoid structure.

These models also include co-culture methods with
different cell types, scaffolds and growth factors which
have been developed with the intent to mimic the in vivo
complex and dynamic interactions. In addition the abil-
ity to combine cells and matrices to generate 3D tissue
engineered constructs, followed by their culture in bio-
reactors, has advanced rapidly in recent years becoming
more advantageous for future clinical applications.

3D cultures may not replace the testing of biological
mechanisms for their relevance to in vivo, as well as many
scientific questions can be answered by simply using 2D
cell culture methods. At the same time, as we will try to
demonstrate in the presentreview, 3D in vitro approaches
must be improved to permit a more true recapitulation
of the in vivo organogenesis, in order to be used as elec-
tion methods to evaluate and study stem cells differentia-
tion mechanisms, as simplified cancer disease models, or
areliable drug evaluation method. In addition, these 3D
structures could be the first step of a multistep approach,
which involves both in vitro 3D culture and in vivo trans-
plantation, to settle a future in tissue engineering.

2. Evidence Acquisition

2.1. Bi-Dimensional Vs Three-Dimensional Conditions

The intrinsic ability of stem cells to generate a diverse
number of differentiated cells makes them a great re-
source for cell transplantation and tissue engineering
applications. However, it is essential to find a way to effi-
ciently control and direct their differentiation capability.
Common formats to induce stem cells differentiation in
vitro include monolayer culture on defined matrices (13)
and co-culture with heterotypic cell types (14). In vivo and
in vitro data clearly indicate the importance of physical,
chemical and spatial cues from the local extracellular mi-
croenvironment in directing stem cell differentiation (15,
16).

Thus, current methods in tissue engineering have pri-
marily focused on directing differentiation by adding
soluble factors to the media in 2D conditions, or cultur-
ing in vitro spontaneous or induced cell aggregates on

or within natural or synthetic extracellular matrix in 3D
conditions. Both 2D and 3D culture models are highly
robust and reproducible and offer the potential to study
differentiation and cellular interactions. One major ad-
vantage of 3D cell cultures is their well-defined geometry,
which mimics many of the hallmarks of early embryonic
development; yet the 3D organization and structure of
aggregates also presents unique challenges to direct ef-
fectively the differentiation of the cells and relate direct-
ly structure to function (17-19).

Moreover, it has been demonstrated in a recent study
thatmesenchymal stem cells (MSC)3D aggregates formed
using a forced aggregation technique and maintained
in growth medium in suspension culture for extended
time, exhibited no evidence of cell necrosis or differen-
tiation, and retained their capacity for multi-lineage dif-
ferentiation potential when dissociated. Thus, this study
demonstrates that 3D culture system may circumvent
limitations associated with the conventional monolayer
cultures and maintain the differentiation potential of
multipotent cells (19). In addition, in attempt to find a se-
rum-free substitute to fetal calf serum containing media
to induce stem cell proliferation, it has been demonstrat-
ed that human blood plasma based semi-solid medium
has higher proliferation rates compared to a standard
serum-free approach in 3D aggregate cultures (20). These
reports thus confirm the importance of 3D culture meth-
ods over 2D methods either in scale up or differentiation
conditions for the future clinical purposes.

2.2. Beyond Regenerative Medicine

2D cell culture systems and animal models are routine-
ly used to assess toxicity, antitumoral activity for drug
screening, and to gain insight into the diseases. While
these systems are highly useful, there is growing recog-
nition of the limitations with 2D cell culture and rodent
models, because they are not able to correlate consistent-
ly to human clinical outcomes (21), leaving room for im-
proved methodologies. As an example,animal models are
widely used to study complex disease treatments includ-
ing, but not limited to, treatments for viral (HIV), multi-
bacillary (leprosy) and respiratory diseases, but they have
proven to be an inaccurate model of clinical treatment
outcomes (22, 23). This could be explained by the differ-
ences in the immunological response among humans
and animals, or differences in metabolic and physiologi-
cal responses. Conversely, 2D cell cultures, when used as
model of drug screening give rise to concerns related to
the absence of multi-dimensional inputs, the complex
human tissue transport, and signaling systems.

Slow aggregation assays (SAA) are used to assess in vitro
cell transformation and cell tumorigenicity, (24) exploit-
ing the capacity of the transformed cells to form larger
cell aggregates with respect to their untransformed
counterpart, when cultured above an agar base (24, 25).
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Three-dimensionally engineered biomimetic tissue mod-
els are extremely helpful due to their high fidelity in
mimicking various native tissues, giving them a pivotal
role during anti-cancer drug test, or the study of cancer
cell development, interaction, and metastasis analysis
(26, 27). Many studies indicate that gene expression pro-
files, cellular phenotypes, and differentiation capabili-
ties are driven and directed by tissue architecture. In this
view, drug evaluation process will gain tremendous ben-
efits from the accurate predictions of cellular responses
displayed by 3D engineered tissue models when exposed
to anti-tumoral (28) and other drugs types (29) in vitro.

Nowadays 3D tissue models display reliable capabilities
in predicting cellular responses to various therapeutic
agents, and developing delivery methods with improved
accuracy with respect to 2D counterparts (28, 29). While
there is still room for refinement and improvement of
this technology before it can be reliably applied to drug
evaluation, today’s 3D-engineered tissue models can act
as in vitro living platforms for dynamic drug evaluation
(27,30) and simplified disease models (29).

2.3. 3D Analysis Methods

Standard approaches such as histology and quantita-
tive polymerase chain reaction (qPCR), in situ hybridiza-
tion and immunoblot techniques are commonly used to
analyze 3D tissue engineered constructs (31-34), but are
destructive and cannot be used with the intent to moni-
tor tissue changes over time. This is mirrored in the in-
creased number of samples needed to obtain statistically
reliable results over the same number of time points.

Thus, the focus on creating clinically relevant engi-
neered tissues needs new approaches for monitoring
construct health during tissue development. This could
be achieved having in mind that the technology should
be in situ, non-invasive, and provide temporal and spatial
information.

Recent and significant improvements in optical imag-
ing methods, which are capable of probing endogenous
cellular components in 3D specimens, have been used as
a new approach to monitor tissue characteristics over
time, substituting the need for destructive analysis (35-
38). Examples of these noninvasive and non-destructive
imaging methods are confocal microscopy, two-photon
excitation fluorescence (TPEF), and fluorescence lifetime
imaging (35, 39-41). Two-photon imaging has been used
to analyze cellular differentiation grade and the meta-
bolic activity in 3D engineered structures using different
metabolic fluorophores as endogenous sources of con-
trast. Due to its characteristics this method is particularly
suitable for drug and toxicology screening purposes that
require repeated measurements of cell functions (34).
Similarly, 3D tissue-engineered constructs transfected
with a non-stable form of enhanced green fluorescent
protein can be used to monitor exogenous stress.
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Figure 1. Summary of the 3D Aggregate Culture Methods Advances Dur-
ing Last Years

The performance and ability to predict the cellular re-
sponse to stress in 3D tissue-engineered constructs of this
method have been confirmed using compounds known
to be pro-inflammatory or have pro-oxidative properties;
however this method, with slight changes, could be a
reliable method for detecting cellular differentiation in
developing tissue engineered models (42). A new tech-
nique for in situ cell mapping, without the addition of
exogenous probes exploits optical coherence microscopy
(OCM) to quantify cell viability in engineered 3D tissues
maintained during culture conditions. Cell viability was
assessed by collecting and comparing time-lapse images
of speckle generated by sub-cellular features and image
cross-correlation was used to calculate the number of fea-
tures that the final image has in common with the initial
image, establishing the number of viable cells (43).

Tissue-engineered scaffolds are widely used in regen-
erative medicine. In this case, non-invasive and non-de-
structive imaging methods are needed to assess tissue-
engineered constructs before and after seeding, and
following in vivo implantation. It has also been reported
that high-resolution magnetic resonance imaging (MRI)
performed on stem cells is magnetically labeled by incu-
bation with anionic citrate-coated iron-oxide nanopar-
ticle, is a reliable technique to assess 3D structures and to
validate cell-seeding procedures on scaffolds before and
after in vivo implantation (44). Such new approaches, in
combination with routinely performed molecular analy-
sis, have the possibility to comprehend deeply 3D engi-
neered constructs with regard to the cell shape and cel-
lular environment, and determine gene expression and
biological behavior of the cells as well.

2.4. 3D Culture Methods Advances

Tissue engineering is a biology driven approach by
which bioartificial tissues are engineered through com-
bining material science and biotechnology. Nowadays,
research on 3D cell systems is more vital and productive
than before and such research effort mirrors the com-
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mon need for improved and more refined in vitro mod-
els as a link between in vitro 2D cell culture and organs
in vivo. Many of these studies are focused on improved
3D aggregate formation methods (I), test culture and co-
culture methods (II), also find and test suitable carrier
structures (ECM matrix, scaffolds) (III) and advance bio-
reactor (IV) technologies to obtain a sufficient nutrient
supply (Figure 1).

Advances in three dimensional culture methods have
been made in order to improve 3D aggregate formation
methods per se or by co-culturing different types of cells
and by using suitable carrier structures (ECM, Scaffolds),
as well as with the intention to improve their culture
methods by using different bioreactors types.

2.4.1. 3D Aggregate Formation Methods

Anovel method for constructing large numbers of deep
concave wells in poly-dimethylsiloxane (PDMS) has been
reported and applied for mass production of uniform
sized 3D aggregates. 3D aggregates were successfully
formed in the deep concave wells without loss of cells
and laborious careful intervention required to refresh
culture media. 3D-aggregates size was uniform, and their
retrieving was done just by flipping over the chip. 3D
aggregates formation and harvest were easy and safe to
cells, showing high cell viability after completion of all
processes (45, 46).

With the same intent, it was reported that in presence of
pulsed ultrasound (pulsed acoustic field as well as with
continuous ultrasound) particles and|or cells levitate in
suspension and on aggregate. 3D aggregate rate can be
modified in a controlled manner by carefully tuning the
number of pulses and the repetition frequency (47, 48).

2.4.2. Culture and Co-Culture Methods

In the attempt to improve stem cell differentiation, it
was also reported that the sequential application of 2D
and 3D culture approach obtained significant improve-
ment in cell differentiation and function (49). It is also
known that the combination of 3D culture and co-culture
with various cell types, namely 3D co-culture, can main-
tain the functions of primary cells as well as stem cell dif-
ferentiation (50).

2.4.3. Find and Test Suitable Carrier Structures (ECM
Matrix Scaffolds)

It is generally agreed that the cellular microenviron-
ment plays an important role in modulating cell reor-
ganization, migration, proliferation and differentiation.
Among these microenvironment factors, there are chem-
ical signaling factors, ECM composition and structure,
physical and mechanical stimuli. Microenvironment
factors that promote survival in the best way and define
signaling pathways modulating the process of a specific

tissue or organ differentiation have also been studied.

ECM consisting of structural and functional molecules
represents a biological scaffolding material that provides
structural support to cells and modulates cellular func-
tion and phenotype. Cell-ECM interactions are extremely
important in a wide range of biological processes, from
the formation of embryonic organs to pathological re-
modeling in disease states. It was demonstrated that 3D
culture in presence of adherent extracellular matrix,
or ECM single proteins favors cell differentiation. In
one simple method, ECM substrate has been obtained
by sequential chemical lysis and enzymatic digestion
to isolate a thin, two-dimensional (2D), ECM substrate
and used to improve stem cells differentiation cultured
in 3D condition (51). Also it was demonstrated that 3D
culture in the presence of culture media enriched with
ECM single proteins supports cell differentiation. These
studies also confirmed that ECM protein components of
basement membrane reinforce the stability of epithelial
structures during the epithelial-mesenchymal transition
(EMT) in embryonic stem cells cultured as 3D aggregates
(52,53).In addition, it has been demonstrated that the ad-
dition of ECM proteins in culture medium favors differ-
entiation and formation of a basement membrane-like
in adult stem cells cultured in 3D aggregates conditions
(33). These studies established that 3D culture conditions
containing ECM components have an advantage in reca-
pitulating tissue formation and interactions seen in em-
bryonic development.

Conventional methods to test cell-ECM factors inter-
actions involve depositing molecules of interest in cell
culture dishes and then culturing cells on top or embed-
ded within the 3D organized molecules. However, this
approach is cumbersome and requires large quantities
of reagents to screen many micro-environmental factors
compositions. An alternative approach should involve
micro-scale technologies, which can minimize the quan-
tity of reagents used. In this regard, ECM protein micro-
arrays have been demonstrated to be a micro-scale high-
throughput approach for investigating and testing the
effect of micro-environmental factors on stem cell differ-
entiation (54, 55). In addition, aggregates confined to ad-
hesive substrates and their subsequent retrieval from mi-
crowells for further experimentation and analysis could
be beneficial for these ECM protein microarrays (54, 56).

Biologically-derived materials, such as alginate and
agarose have been traditionally used for scaffolds con-
struction but they may induce inflammation or fibrotic
overgrowth which can impede nutrient and oxygen
transport. According to Lee et al. 2013 (57) tissue-engi-
neered scaffolds should (I) facilitate the delivery of tissue-
specific cells to precise sites in the body, (II) maintain a 3D
architecture that permits the formation of new tissues,
(111) guide the development of new tissues with appropri-
ate function and (IV) be reabsorbed by the cells (57).

Hydrogels are a highly attractive material used as syn-
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thetic ECM substitutes due to their ability to mimic the
hydrophilic nature of most tissues, investigate cell physi-
ology, and fabricate tissues outside the organism. Intrin-
sically the polymeric hydrogel’s structure possesses high
water contents, transport of oxygen, nutrients and waste,
as well as realistic transport of soluble factors. Further-
more, many hydrogels can be formed under mild, cyto-
compatible conditions and are easily modified to possess
cell adhesion ligands, desired viscoelasticity and degrad-
ability (58). Besides their previously described proper-
ties, hydrogels with more porous structure that facilitate
substrate colonization, oxygen and nutrients diffusion
as well as incorporate sophisticated biochemical and
mechanical cues, as mimics of the native extracellular
matrix, are needed to provide a tissue specific induction.
In this attempt, D-mannitol crystals were mixed with
photocrosslinkable methacrylamide chitosan (MAC) as
a porogen to enhance pore size during the hydrogel for-
mation (59). Alternatively, synthetic poly-ethylene glycol
(PEG)-based hydrogels, even if they are not biodegraded,
are easily functionalized, available at high purity, have
controllable pore size and are extremely biocompatible.
In addition, PEG hydrogels can be formed rapidly in a
simple photo-crosslinking reaction that does not require
application of non-physiological temperatures (60).
Additionally, it was also explored the possibility to use
different materials to favor the contemporary regen-
eration of different tissues at the same time (61). Future
developments of these methods and materials could be
successfully employed to probe different matrix, growth
factors and scaffold conditions in a large scale approach.
This systematic approach will permit to better recapitu-
late embryonic signals, resulting in a 3D differentiation
with improved tissues, ECM 3D organization and cell
morphology, similarly to that happens in vivo.

2.4.4. Advanced Bioreactor Technologies to Obtain a
Sufficient Nutrient Supply of the Cells

Cell-based tissue engineering have some intrinsic limi-
tations due to the size of the cell-containing constructs
that can be successfully cultured in vitro, highlighted by
the low diffusion of nutritive molecules and oxygen into
the interior of 3D aggregate culture. The typical arrange-
ment of cells in aggregate culture conditions: prolifera-
tive cells at the periphery, intermediate zone with viable
and clonogenic cells and a necrotic core in the center are
clearly a limited 3D tissue model. This could be due to the
hypoxia, lack of nutrients, accumulation of waste prod-
ucts, or low pH and is the “classical” disincentive for us-
ing 3D culture methods.

Bioreactors constitute and maintain physiological tis-
sue conditions at a desired level, enhance mass transport
rates and expose cultured cells to specific stimuli. Thus,
bioreactor technologies providing appropriate biochem-
ical and physiological regulatory signals guide cell dif-
ferentiation and influence tissue specific function of 3D
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artificial tissues. Dynamic 3D perfusion culture in biore-
actors has been demonstrated to be superior to induce
maturation and prolong functions of primary adult cells
and, at the same time, this approach has been tested on
stem cells evidencing that it is prone to fully promote dif-
ferentiation of stem cells and increase their vitality dur-
ing differentiation process (62).

These studies have led to the increasing use of 3D aggre-
gates in the present and their improvements and combi-
nations will do better in the future.

2.5.Morphogenetic Rearrangements and 3D Culture

Early development of many organs shows many mor-
phological and molecular similarities (teeth, lung, hair,
kidney, etc.). Key questions in organogenesis involve the
identification of a simplified model that recapitulates
the molecular mechanisms of distinct pattern formation
and cell fate determination. Simplifying, morphogenesis
specifies which pathway and behaviour the cells have to
follow in order to obtain a well ordered and functional
shape, and this rearrangement arises because of changes
in the cellular structure, morphology and cell polarity.

The complex morphogenetic rearrangements stem
from a very limited number of cell biological processes:
cell multiplication, cell expansion, elective cell death, cell
migration, cell aggregation or condensation, cell fusion,
mesenchymal-to-epithelial transition, keystone defor-
mation and convergent extension (63, 64). In the course
of executing the morphogenetic rearrangements, cells
need to orient themselves in the plane of the whole tis-
sue to which belongs.

In vivo, cells perceive signals from soluble growth fac-
tors, cell-cell interactions, components of the ECM, such
as laminin and collagens, cell memory, and sense physi-
cal conditions, such as ECM stiffness, cell confinement
and the orientation of such cell behaviors has a profound
impact on the macroscopic rearrangements within the
organism (Figure 2) (65).

Aggregate-assembly is a complex process involving mul-
tiple mechanisms working in concert; commonly during
the first phase, the rounding-up of 3D aggregates into a
spheroidal shape is a manifestation of liquid behavior
(66). Subsequently, the process goes to completion by the
effect of passive chemical forces resulting from binding
of cadherins expressed on the cell surfaces (67), and by
active chemical forces in which the cytoskeleton proteins
play an important role in generation and stability of 3D
aggregates (68-70).

3D aggregates cultured in solution are in a condition of
equilibrium, in which they receive chemical signals from
the medium but are not able to interchange physical sig-
nals due to the absence of physical contact with the envi-
ronment. However, it has been reported that rotational
and random movements are observed during morpho-
genesis in vitro and these random movements can occur
in the absence of rotational external forces (71).
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Previous evidence has been confirmed by another
study which demonstrated that 3D aggregates cultured
completely embedded in Matrigel matrix possesses
such rotational capacity at least during early phases of
mammary gland acini formation. Also in this case, au-
thors observed no preference in rotation sense and few
structures changed the direction of rotation during the
course of morphogenesis (72). In addition, a recent study
demonstrated that cells anchored in a 3D microenviron-
ment showed significantly altered phenotypes, from
altered cell adhesions, to cell migration and differentia-
tion. Summarizing, in this condition cells were able to as-
semble an actin network in contact with a hard substrate,
but remarkably, in presence of a softer substrate cytoskel-
eton, assembly was diminished also with respect to the
cell cultured in 2D conditions (55). Cell confinement,
and thus cell interaction with substrates, positive influ-
ence on cell spatial organization were also confirmed in
a similar micro-patterned 3D cell culture method during
the epithelial morphogenesis (54). These complex cell
movements, interactions and morphogenetic-like rear-
rangements have been also demonstrated to permit to
a single cell population of adult or embryonic stem cells
to reorganize in ordered tissues once cultured in vitro in
adhesion (73) as well as in organs by the recombination of
the cells that constitute the organ itself (74).

The fact that these embryonic processes could be main-
tained in adult human cells in 3D gels is not surprising
and organ/multi-tissue cultures have been commonly
performed in semi-solid media since fifties (75).

For these reasons 3D cultures of stem cells completely
embedded in natural matrix have become popular as
3D culture platforms both in differentiation approaches
(76) as well as for proliferation aims (20); but even if these
methods permit cell proliferation and favor cell differen-
tiation due to the physical contact between matrix and
3D aggregate, these systems possess some limitations
associated with perfusion of nutrients and oxygen. Mor-
phogenesis and differentiation are influenced by a vari-
ety of factors comprising: soluble factor signaling, ECM
interactions, cell-cell interactions, spatial confinement
and orientation, matrix stiffness and cell memory.

3. Results

3.1. Morphogenesis and Cell Memory

The processes by which adult cells or adult and embry-
onic explanted tissues parts are able to recapitulate em-
bryogenesis in adhesion or 3D gels are not well known,
but are clearly under the control of a reminiscent cellular
memory which recapitulates early developmental stages
through genetic and epigenetic signaling.

In support to this observation, it has been demonstrat-
ed that early-passage induced Pluripotent Stem cells (iPs)
preferentially differentiate into the cell lineage of the
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Figure 2. Factors Influencing in Vivo Morphogenesis and Differentiation

origin, negatively affecting their differentiation poten-
tial, as result of a temporary maintenance of their tran-
scriptional and epigenetic memory (77). Morphogenesis
of an organism results from coordination between cell
interac tion, self-ordered properties, together with the
action of internal and external physico-chemical stimuli.

The genome's capacity to generate a form depend on
many physico-chemical processes constituting a panoply
of developmental mechanisms beyond the sheer capac-
ity of the genome to co-ordinate the synthesis of specific
RNA and protein molecules in time and space. Stem cells
are capable of self-renewal and can give rise to the cells
that have the potential to differentiate specialized cell
types. The reminiscent transcriptional and epigenetic
memory which recapitulates early developmental stages,
found in differentiated single cell type or adult and em-
bryonic (ASCs, ESCs) explanted tissues, is also present at
variable degree in stem cells. This property depends on
many factors, but needs to be recovered by adding cor-
rect external chemical and physical stimuli.

As already described, the rounding-up of 3D aggregates
into a spheroidal shape is a manifestation of the liquid
behavior, subsequently the process goes to completion
by the effect of passive chemical forces resulting from
binding of proteins expressed on cell surfaces and by ac-
tive chemical forces in which cytoskeleton proteins play
an important role in force generation and stability of 3D
aggregates. Thus, when stem cells are cultured in differ-
entiation conditions as 3D aggregates in suspension, the
impossibility to perceive correctly the orientation within
their behavior and the impossibility to physically inter-
act with an external matrix, or belong to a whole tissue,
do not allow to exploit these information to direct and
support embryonic-like cellular rearrangements and
presumably recall the stem cells reminiscent cellular
memory. For these reasons, further improvements are
needed to obtain 3D in vitro structures which are able
to perform morphogenetic movements and rearrange-
ments, perceive their spatial position, external chemical
and physical stimuli acting as a “simplified-embryo”.
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4. Conclusions

If the principal aim of regenerative medicine is regen-
erating in vitro, a transplantable organ with the shape
and size of the physiological organ, previous studies
suggest that the main limiting factor of 3D aggregate
procedures is the size and shape of the 3D constructs. For
these reasons, parallel studies have demonstrated that
cell homing offers an alternative, especially with regard
to the clinical translation, to methods of regeneration by
cell transplantation. Cell homing is a well-recognized ap-
proach in tissue regeneration, the omission of cell isola-
tion and ex vivo cell manipulation accelerates regulatory,
commercialization, costs and clinical processes, (78-80)
and this superiority is permitted by the fact that all cells,
in growth-factor delivery or growth-factor-free scaffolds,
are host derived differentiated endogenous cells.

On the other hand, even if this approach has given good
results in terms of shape and size, it is far from the perfec-
tion, because the induced regeneration was partial and
always lacked some tissues (61, 78-80). Failure may have
been caused by the absence of a correct 3D framework
between host cells, because even if cellular context was
appropriate, it was unable to mimic the tissues relation-
ship evidenced within organ’s embryonic germ. On the
contrary, 3D aggregate techniques have the capacity to
reproduce in vitro, the cell-cell interactions occurring in
vivo. Developing a 3D organization composed of pheno-
typically and morphologically different cells separated
by basement membranes, could be useful if the aim of
tissue engineering is regenerate in vitro, an organ germ
which once in vivo transplanted will be able to recapitu-
late organogenesis and regenerate the entire organ. De-
spite advances in 3D non-destructive, non-invasive analy-
sis methods and the improvements in the multi-scale
techniques and bioreactors to obtain, test and culture 3D
cell aggregates, some 3D methodological improvements
are also needed.

Co-culturing 3D aggregates anchored to matrix scaffold
or completely embedded in 3D matrix, could be helpful
to maintain engineered aggregates in a static position, fa-
vor anchorage and morphogenetic-like movements, cell
polarization as well as the cell layers adhesion, migration
into the scaffold’s matrix as well as layer specific differ-
entiation. But the adhesion condition needed to colonize
tailored scaffold’s matrix, even if it favors cell migration,
it will cause three-dimensionality loss; instead of the
completely embedded approach, even if it permits physi-
cal contact between matrix and 3D aggregate, limits nu-
trients and oxygen perfusion.

In our opinion ongoing areas for improvement include
proper 3D aggregate interaction with the external envi-
ronment, aiming to recapitulate in vitro, some morpho-
genetic movements typically found in vivo. This condi-
tion could be helpful to mimic in vitro the in vivo tissue
structure, permitting to exploit the physical, cell-cell,
cell-ECM interactions and the gravity force to induce cel-
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lular morphogenetic-like movements, ameliorate ECM
secretion and cell differentiation as well, dramatically
improving current 3D tissue engineering methods, 3D
cancer disease models and 3D drug screening methods
as well.
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