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Abstract
Three-dimensional (3D) cell culture has tremendous advantages to closely mimic the in vivo
architecture and microenvironment of healthy tissue and organs, as well as of solid tumors.
Spheroids are currently the most attractive 3D model to produce uniform reproducible cell
structures as well as a potential basis for engineering large tissues and complex organs. In this
review we discuss, from an engineering perspective, processes to obtain uniform 3D cell spheroids,
comparing dynamic and static cultures and considering aspects such as mass transfer and shear
stress. In addition, computational and mathematical modeling of complex cell spheroid systems
are discussed. The non-cell-adhesive hydrogel-based method and dynamic cell culture in
bioreactors are focused in detail and the myriad of developed spheroid characterization techniques
is presented. The main bottlenecks and weaknesses are discussed, especially regarding the analysis
of morphological parameters, cell quantification and viability, gene expression profiles, metabolic
behavior and high-content analysis. Finally, a vast set of applications of spheroids as tools for
in vitro study model systems is examined, including drug screening, tissue formation, pathologies
development, tissue engineering and biofabrication, 3D bioprinting and microfluidics, together
with their use in high-throughput platforms.
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1. Spheroids: the phenomenon of cell
aggregation

The first report of cell–cell interaction dates back
to the late nineteenth century, when Wilhelm Roux
[1] cultured neural plate cells of chick embryos out-
side the body for a few days using a buffered saline
solution [2]. Since then, several mechanisms have
been proposed to describe the natural process of cell
aggregation [3–5].

In general, the phenomenon of aggregation is
defined as the formation of clusters of particles that
collide with each other and are held together by the
action of surface forces. The same physical concepts
governing the interaction of immiscible fluids may
be applied to cell aggregation, such as the tendency
to form spherical structures to minimize surface area
and free energy in the system [6, 7]. Cells have sev-
eral systems and molecules specialized in adhesion,
which play a key role in intercellular interaction, such
as the intercellular adhesionmolecules. Among them,
the cadherin superfamily is themainmediator of cell–
cell interactions, either through homophilic and het-
erophilic bonding or by affinity to specific receptors,
whether or not dependent on calcium ions. In addi-
tion, cytoskeleton integrins and proteins stand out as
potential factors responsible for cell aggregation and
compaction of three-dimensional (3D) structures at
advanced stages of development [8].

Once intercellular adhesion is established, extra-
cellularmatrix (ECM) is produced,which binds to the
cytoskeleton by the action of anchoring proteins, such
as integrins, and a series of covalent cross-links are
established to consolidate thematrix–cell interaction,
forming a complex network of connections [3, 5, 9].
In fact, cell aggregation is driven not only by a spon-
taneous process of cell–cell interaction [10], but also
by the way cells interact with ECM fibers, since the
types of fibers and cadherins, as well as their con-
centrations, may vary depending on the type of cell
[11]. Thus, it is the synergy of these mechanisms that
causes the self-assembly of individual cells intomulti-
cellular subunits, forming aggregates. However, ECM
production is not mandatory, as observed for some
types of cancer cells which tend to aggregate even in
the absence of ECM [12].

Smyrek et al proposed a model showing the role
of the intracellular components E-cadherin, actin,
microtubules and focal adhesion kinase (FAK) in 3D
cell aggregation. According to these authors, spheroid
formation at a non-adhesive surface may be generally
divided in three phases: aggregation; compaction and
growth. During the aggregation step, besides cell–cell
contact mediated by cadherins, interactions between
long-chain fibers of the ECM (mainly collagen I and
fibronectins, rich in RGD motifs) with integrins loc-
ated on the surface of cell membrane contribute to
the formation of loose cell aggregates [13]. These

events allow long-range and fast preliminary aggreg-
ation of dispersed cells [8]. The subsequent compac-
tion of these aggregates occurs mainly due to strong
cell adhesion through homophilic cadherin-cadherin
binding between adjacent cells [8, 14, 15]. Cad-
herins are overexpressed in these initial aggregates
[11], and interaction between E-cadherin molecules
can self-regulate E-cadherin gene expression through
mitogen-activated protein kinase signaling pathways
[16], resulting in an increase in cell cohesion and
aggregates’ stiffness, making them more stable and
compact [3]. The transformation of aggregates from
a looser, more distorted and elongated initial state
into a circular and compact shape is exponential, and
the time required for this change is proportional to
the aggregate size, as expected from hydrodynamic
laws [17, 18]. Cytoskeleton proteins, such as actin
and microtubules, also play a fundamental role in
the aggregation and compaction stages, forming a
continuous pre-tensioned network thatmaintains the
structural stability of the aggregate [19, 20]. The ECM
then starts to firmly involve the cells, making the
aggregates more rigid and compact [3].

The last phase, spheroid growth, is observed
especially in aggregates obtained from tumor cells.
Microtubules and FAKs play important roles in
this phase. The effects of FAK on spheroid growth
may originate from integrin-mediated signaling as
suggested by Smyrek et al [13], and are associ-
ated with metastatic potential in tumor cells [21].
Thus, the morphological restructuring of the initial
cell aggregate into its mature spheroidal conform-
ation requires cytoskeleton adaptation and effective
rearrangement of ECM–cell interactions. After the
maturation period, compact and spherical structures
are obtained [22–24].

Moscona and Moscona [25] were the first to
report on the formation of mammalian cell aggreg-
ates in 3D architectures from isolated cells in cul-
ture. Since then, various authors have described and
reviewed methods to obtain such structures, either
from a single cell type [3, 26] or in co-culture [27–29].
Among the 3D architectures obtained from cells in
suspension reported in the literature, spheroids are
considered the most versatile model due to their
spherical conformation [26, 30]. Studies of healthy
cells agglomeration led to advances in understand-
ing the embryogenesis and organogenesis processes
[31]. The capability of cells to form aggregates in sus-
pension culture independently of triggering by mat-
rix attachment was also related to tumorigenicity
in vivo [12]. For that reason, the organization of can-
cer cells in spheroids was related to the development
of tumors, and in fact, tumor cell aggregates have been
reported in the literature for about 50 years [32].

Regardless of cell condition (healthy or tumor),
the phenomenon of self-aggregation leads to three-
dimensionally organized structures which are often
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Figure 1. Terms most commonly used to refer to cell aggregates in over 43 000 articles in the Scopus database.

essential to several biological processes. Therefore,
culturing spheroids has been a powerful tool to
attempt to recap this process in vitro, being the focus
of many works in the fields of oncology and tissue
engineering [27, 30, 33–35].

2. Terminology

Although there is still a debate regarding terminology
in the biofabrication field [30, 36], the term ‘spher-
oid’ is widely used in the literature, with 24 889 men-
tions in the Scopus database search platform in July
2020. Of those, 15 227 hits refer to ‘cell spheroid’. A
search for 3D tumor cell models turns up the term
‘multicellular tumor spheroid model’, which was first
described by Sutherland et al in the 1970s as spher-
ical structures formed by tumor cell lineages [32].
A few decades later other terms emerged, such as
‘organotypic multicellular spheroids’, formed by frag-
ments of tumor tissue from patients, ‘tissue-derived
tumor spheres’, formed solely by neoplastic cells
following partial dissociation of tumor tissue, and
‘tumoroid’, used to describe 3D cultures with typical
characteristics of invasive tumors. With the advance
in cancer stem cell research, the terms ‘tumor-
spheres’ and ‘oncospheres’ were coined to describe
the spherical models obtained with these cell types
[30].

Regarding 3D non-tumor cell culture models, the
term ‘embryoid bodies’ (EB) was used in the 1990s
to refer to the set of embryonic cells that proliferate
and differentiate into 3D colony aggregates [37, 38].

In recent decades, in turn, the wide use of the term
‘tissue spheroid’ to designate the spheroid intended
for research in the area of tissue engineering [39]
is observed. Also noted is the term ‘micromass’ or
‘high density micromass’, often used to describe high
cell density 3D spherical cell cultures [40]. Regarding
more complex spherical models, the term ‘organoid’
has been used, which involve various cell types and
aim to mimic structures similar to mini-organs cap-
able of executing a few more advanced roles such as
hormone synthesis [3, 41, 42]. Besides those, there are
terms that relate to original organs, whether normal
or tumorous, such as neurospheres [43] and mam-
mospheres [44], for models derived from brain and
mammary stem cells, respectively. A recent review by
Moroni et al aimed to offer a guide to terminology
in the biofabrication field, establishing as cell spher-
oid ‘a cluster of cells with a spherical shape, typically
formed by allowing a cell suspension to settle into a
droplet of media’ [36].

A survey carried out on the SCOPUS platform in
July 2020, using the full terms described on figure 1
identified 43 266 documents. The same survey per-
formed in February 2019 retrieved around 36 844
documents, showing around 17% increase of the pub-
lications in this field in about one year and a half. The
percentage of documents were divided into categor-
ies, according to the terms used by the authors, fea-
tured in figure 1.

The lack of standardized terminology referring to
the same concept and the use of terms’ abbreviations
or the names that refer to each organ of the original
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Figure 2. Examples of previously developed strategies for the production of spheroids.

tissue in different research groups hampers the search
for references in the literature. Nevertheless, around
60% of these articles use the term most frequently
cited in the literature, i.e. spheroid.

In short, from a scientific and technological
point of view, the standardization of terminology
is viewed as strategic, with the term ‘cell spher-
oid’ being also recommended by our groups to
describe self-assembled multi-cell structures with
spherical geometry subject to compaction when
mature and obtained by promoting cell–cell contact,
whether by using high cell concentration, inoculat-
ing cells in non-adhesive confined spaces, adding bio-
logical adhesion promoters or other approaches, as
described in the next section.

3. Strategies for obtaining spheroids

Various techniques have been developed to obtain
spheroids, as illustrated in figure 2. Among the
conventional techniques reported in recent decades
are those that use physical stimuli to promote cell
agglomeration, such as centrifugal force, electric and
magnetic field, ultrasound (as reviewed by Achilli
et al [26]) and acoustic waves [45]. One of the
most commonly used techniques is the hanging drop,
due to its simplicity and low cost, in which grav-
ity and surface tension are harnessed to form spher-
oids in Petri dishes or conventional well plates, a
method successfully employed for several cell lineages

[46, 47]. Mechanical stimuli to obtain spheroids also
include cultivating cells in suspension in bioreact-
ors. This dynamic system promotes cell collision con-
trolled by gentle convective forces generated by an
impeller for aggregate formation [48, 49].

In addition, there are techniques that use biolo-
gical compounds to induce aggregate formation, such
as the arginylglycylaspartic acid peptide, which car-
ries the signal sequence that mediates cell binding
[50]. Matrigel®, a gelatinous protein mixture derived
frommouse tumor cells, is another example, recapit-
ulating the natural 3D architecture of the tissue by
mimicking the ECM [51–53].

There are also techniques based on the use
of polymers. An example is the direct addition
of methylcellulose to the culture medium, which
increases its viscosity and induces cell aggregation
[37]. Coating multiwell plates with non-adherent
polymer hydrogels is another approach to impair cell
adhesion to surfaces and stimulate cell aggregation
[54]. In this sense, ultra-low attachment (ULA)
well plates are commercially available (approxim-
ate cost around US$ 25.00 per plate), offering a
simple method of obtaining spheroids at an inter-
mediate cost between the traditional hanging drop
technique andmore sophisticatedmethods. There are
also some more elaborate techniques, such as those
based on the use of thermosensitive polymers, e.g.
P(NIPAM-AA), introduced by Cui et al [55], which
allows, for example, the manipulation of the material
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in fluid form almost at room environment and in gel
form at body temperature [56].

More recently developed techniques use new
sophisticated technological tools and devices, two of
which have stood out worldwide. The first is based on
the development of microfluidic systems, which are
advantageous in situations that require system mini-
aturization and allow precise control of fluid elements
and of shear stress for spheroid formation [28, 57, 58].
The second approach is based on the technique of
additivemanufacturing,more popularly known as 3D
printing, which enables refined control of the inten-
ded geometry and diameter [59, 60].

In the last decade, two major strategies involving
3D printing have been explored. The first is based
on the design of architecture-specific micromolds
using computer-aided design (CAD) software, which
are printed using non-adhesive materials and where
the cells are later placed for spheroid formation
[33, 59, 61]. The second strategy, in turn, is based on
3D bioprinting, where cells are mixed with biocom-
patible hydrogels and this suspension, called bioink
[36], is placed in microchambers located in a scaffold
or on a surface capable of facilitating or promoting
in situ spheroid formation [38, 62]. 3D bioprinting
may also be used for direct production of microtis-
sues, without requiring the previous stage of spheroid
formation [63, 64].

All the techniques described above are based
on classic or sophisticated engineering concepts and
principles. To our knowledge, the reviews published
to date often focus on the qualitative aspects of
obtaining spheroids on a laboratory scale, addressing
superficially the concepts governing the formation of
such structures. Following the survey on the SCOPUS
platform, in February 2019, out of the 22 205 papers
identified using the term ‘spheroid’, only 684 resul-
ted from the combined search of the terms ‘spheroid’
and ‘scale up’ and 196 for ‘spheroid’ and ‘scaling up’,
thus showing that fewer than 4% of articles published
so far address aspects related to scaling up. However,
the same survey with Boolean operators in July 2020
showed an increased from 4% to 27.6% in only one
year and a half, which indicates a higher interest of
the scientific community in this field recently. In this
context, the main goal of this review is to discuss
in detail the engineering aspects related to different
strategies to produce uniform spheroids, aiming to
provide solid knowledge based on themethods repro-
ducibility, scalability potential and availability to end
users at competitive prices.

4. Relevant engineering aspects for the
production of uniform spheroids

Efficiency in the production of multicellular spher-
oids with predefined characteristics from dispersed
cell culture may vary due to numerous factors.
Examples of such factors include the spheroid

productionmethod itself, the cells and the cell culture
conditions (e.g. temperature, composition and pH of
the culture medium). The actual microenvironment
surrounding the cells is affected by the metabolites
produced by the cells, which can also interfere with
cell behavior. The type of material in which cells
are placed or which is used to promote cell contact
may also affect spheroid formation, as may the type
of physical stimulus applied for its formation, such
as magnetic, electrical and acoustic forces used in
matrix-free approaches [65]. When non-adhesive
substrata are used to promote cell contact, the size
and geometry of the devices also have a major influ-
ence on the final characteristics of the spheroids.

Elements associated to transport phenomena,
particularly those concerning mass and momentum
transfer, are among the most prominent factors,
which may affect the production of homogeneous
spheroids on a larger scale, as discussed below.

4.1. Mass transfer and shear stress
There has been an increase in experimental as well as
in mathematical and computational modeling stud-
ies in the last decades related to spheroids. Very often
such studies report the two main limitations related
to homogeneous distribution of viable cells in spher-
oids: mass transport and shear stress.

As nutrients, metabolic residues and especially
oxygen are transported within the spheroid by diffu-
sion, mass transfer within the 3D spheroid structure
may be a potential issue. The larger the spheroid dia-
meter, the greater the likelihood of occurring hypoxia
and nutrients depletion in the innermost regions, so
that the effectiveness of mass transfer, and therefore
of cell viability, depends on spheroid size (figure 3).
Thus, based on diffusional limitation and evidence
that large spheroids have lower proliferation potential
compared to smaller diameter spheroids [66, 67], Sart
et al [3] suggested that cell proliferation is inversely
related to spheroid size. Moreover, larger spheroids
accumulate in their inner region carbon dioxide and
metabolic reaction products [24] such as lactate and
ammonium. As a result, cell signaling pathwaysmedi-
ate the gene expression profile, affecting the spheroid
cellular phenotype [68]. Under more extreme condi-
tions, effects related to mass transfer limitation may
culminate in cell necrosis in the center of the spher-
oid [69], which consequently promotes the release
of proteases and further metabolic residues into the
structure as a whole, turning it unviable (figure 3(a)).
Tumor cells, on the other hand, may behave differ-
ently, growing faster in large aggregates than in small
structures [12].

The presence of metabolic gradients in the spher-
oid structuremay be harmful or beneficial, depending
on the desired type of application of the spheroid.
For 3D models used as building blocks for tissue
engineering and biofabrication, such gradients are
detrimental as they may reduce the viability of the
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Figure 3.Mass transfer and shear stress in the spheroid: (a) as the spheroid diameter increases, diffusion is no longer efficient in
the core area and may culminate in cell necrosis, due to both difficulty of nutrient input and metabolite output; (b) similarly to
what is observed for single cells [70], when the eddy is larger than the spheroid, it tends to cause minor mechanical damage
because the cell aggregate may be captured by the eddy and move within the streamline. Eddies smaller than the spheroid may
have lethal shearing effects.

structure in the event of extensive necrotic areas
that would affect the assembly of larger human
tissues [69]. However, for 3D tumor models this
characteristic is desirable since proper mimicking
of the in vivo tumor microenvironment occurs,
which is suitable for the study of mechanisms of
resistance, migration, tumor invasion and escape
of malignant cells submitted to treatments such as
chemotherapy [71].

It is possible to estimate the development of the
necrotic region along the 3D structure. As proposed
by Freyer and Sutherland [72], for example, a linear
relationship may be drawn between the thickness of
the viable cell layer (T0) and spheroid diameter (D)
to estimate the necrosis threshold (D0), assuming that
D0 = 2T0 at a late stage of spheroid growth. However,
Groebe andMueller-Klieser [73] later showed that the
necrotic area does not grow gradually with the spher-
oid diameter, but rather abruptly, with a rapid initial
growth.

Over the years, numerous studies have shown
both through experimental data and mathem-
atical modeling that there are other more com-
plex parameters and relationships involved in

the development of necrosis, such as nutrient
consumption and depletion, as well as metabolite
accumulation described by the theory of diffusion
[24, 73, 74]. For this purpose, microfluidic devices
are now considered as the next generation in cytotox-
icity tests, due to their accuracy in simulating specific
functionalities of the local tissue microenvironment
and producing useful data to feed the mathematical
modeling steps. Using oxygen permeable or non-
permeable microchannels, or controlling the meta-
bolites flow, are examples of strategies to simulate a
diffusive gradient microenvironment. Also, the flow
rate of the medium can be controlled to impose a
specific shear stress on the spheroid surface. In both
examples, it is possible to predict potential damage to
the cells and compare the data to critical values related
to necrotic spheroid nucleus development [75, 76].

The second limitation is shear stress. Unlike bac-
teria and fungi, animal cells do not have a protect-
ive cell wall around the plasma membrane, which
is why, when cultured in suspension, they are more
affected by hydrodynamic forces of the medium and
therefore subject to damage [77]. Cell damage associ-
ated with shear stress in mechanically stirred cultures
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results from the quantity of motion transferred to the
liquid medium by the stirring system. The generated
stress is dissipated in cascade by eddies, promoting
spatial uniformity of nutrient and oxygen concentra-
tions. On the other hand, this generates shear stress
on cells, especially those located near the impellers
or the reactor walls, driven by the displacement of
liquid caused by stirring [78]. High shear stress may
then cause changes in cell metabolism [79, 80], gen-
erate extensive damage, including cell lysis, and may
also affect the proliferation of some cell types, such as
endothelial cells [81].

As shear stress plays a very important role in
spheroid formation in dynamic cultures [82], its
modulation by the appropriate choice of stirring
rates and culture medium viscosity becomes of great
interest for the production of spheroids with con-
trolled and reproducible diameter and sphericity.
Moreover, direct comparison between isolated cell
cultures and spheroid cultures shows that due to their
larger size, spheroids are exposed to higher shear
stress [81]. In this context, increases in viscosity also
play a relevant role in the mechanical protection of
cells and spheroids against collisions between aggreg-
ates or when exposed to eddies if the bioreactor is
stirred under turbulent conditions [83].

Traditionally, increasing the viscosity of animal
cell culture media through the addition of inert poly-
mers such as cellulose, starch, dextran and their
derivatives is a practice that has been carried out for
decades [84]. More recently, this strategy has been
reported in the literature for both the production
and structural preservation of spheroids. Zhang et al
[85], for example, attribute the production of more
compact MCF-7 breast cancer cell spheroids to the
addition of methylcellulose (0.24% and 0.48%, v/v)
to the culture medium. Cellulose ethers can also be
successfully used in cervical cancer cell cultures (e.g.
SiHA and HeLa) to increase medium viscosity dur-
ing spheroid formation in ULA plates [86]. More
recently, Sabhachandani et al [87] developed a high-
throughput microfluidic system in which the spher-
oids were associated with a hydrogel consisting of
alginate and PuraMatrix™ prior to insertion in the
device.

Besides polymers, compounds such as glycerol
can also be used as supplement for culture media
with the same purpose of increasing medium viscos-
ity [88], making it possible to obtain more compact
and spherical spheroids. However, the effect of adding
these compounds should be balanced, as higher vis-
cosity may lead to lower mass transfer efficiency and
increased osmolality.

Another possibility is using synthetic surfactants
to provide an additional physical barrier alongside
the plasma membrane, thus improving the mechan-
ical resistance of cells against shear stress [80], as well
as reducing spheroid coalescence[3]. Among those,
the most commonly used compound, approved by

the FDA around 50 years ago, is Poloxamer 188
(P188), also known by their trade names Pluronic®

F-68, Lutrol® F68, Synperonic® F68, and Kolliphor®

P188.

4.2. Comparative analysis between dynamics
and static approaches for the production of
uniform spheroids
4.2.1. Dynamic 3D culture using bioreactors
When the aim is bench-scale in vitro production of
large numbers of cells under controlled conditions,
dynamic culture using bioreactors is recommended
[79, 89]. In bioreactors, it is possible to couple tech-
nologies to monitor and control various parameters
of cell culture. Thanks to their robustness, these sys-
tems have become essential in various areas, such as
industrial-scale of cell cultures [89, 90], cell therapy
research [91, 92] and traditional laboratory environ-
ments, being available in several configurations. The
concept of bioreactors is used in laboratory scale,
in the industrial production to capacities of up to
a few tens of thousands of liters [91, 93] and also
in miniaturization studies of systems such as micro-
fluidic bioreactors [94].

The discussion presented ahead will be focused
on bioreactors used for spheroid production. Due to
being the two configurationsmostly cited in literature
for this purpose, spinner flasks and rotating wall ves-
sels bioreactor will be analyzed in depth, but dynamic
suspension bioreactors and Taylor vortex flow biore-
actors will also be also be covered because of their
effectiveness.

As already mentioned, mass transfer and shear
stress play a paramount role in cell culture in biore-
actors due to the need of maintaining concentra-
tion homogeneity. Thus, the equipment should be
designed so that nutrients and oxygen are transferred
to the cells and the metabolites and byproducts are
removed from their neighborhood [70]. Choosing
an adequate mixing system is critical to maintain
cell suspension at appropriate levels of viability. For
instance, it is known that in small-scale reactors, 70%
of energy dissipation occurs in the region close to
the impellers, which submits the cells to high stress,
despite impellers accounts for only about 10% of the
bioreactor volume [95].

In spheroid production using bioreactors, a crit-
ical point is choosing the mixing level, since lowmix-
ing does not maintain cells in suspension, promot-
ing cell settling and disordered agglomeration at the
bottom of the bioreactor. High levels of mixing, on
the other hand, increase the number of collisions,
but also induce high shear stress, besides removing
cells from the surface layer of freshly formed agglom-
erates [49, 79, 96]. Therefore, choosing the appro-
priate mixing level can promote sufficient collisions
among cells to result in functional and regular aggreg-
ates [26]. A major drawback of culturing cell aggreg-
ates is that as the agglomerates grow, they become
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heavier, requiring changes in the mixing rate to keep
them in suspension, as reported by previous studies
[49, 96, 97]. Due to this drawback, it may be difficult
to produce spheroids highly uniform in size using this
method.

According to the theory originally proposed by
Kolmogorov [98], the turbulent flow velocity field,
as in the case of bioreactors, may generate eddies
of different sizes, and the amount of energy dis-
sipated can be calculated [99]. Large eddies trans-
fer energy to smaller eddies, and the latter trans-
fer energy to even smaller eddies until the system’s
energy is dissipated. When the eddies are larger than
the cells, the cells simply follow the eddy flow. When
the eddies reach micrometer scales, in the same size
range as or smaller than the cells, they are able to
transfer energy to them, generating high shear stress
zones and the occurrence of cell damage or even cell
lysis [3, 70]. Cells grown in microcarriers, cultured
as clumps, aggregates or spheroids are also subjec-
ted to the effects of eddies, mostly those located at
the surface of these structures (figure 3(b)). There-
fore, whenmore intense bioreactormixing is required
to maintain cell aggregates in suspension, a lot of
energy is generated along the energy dissipation cas-
cade. Consequently, this results in an increasing num-
ber of smaller eddies and greater exposure of cells to
shear stress due to their large size.

However, one may assume that, when compared
to single cells growing in suspension or even attached
to monolayer scaffolds such as microporous micro-
carriers, cells growing in spheroids are more resistant
to hydrodynamic forces, in particular those located in
the inner zones of the spheroid. According to Yu et al
[7], spheroids obtained by the hanging drop method
have a relatively more resistant outer region (as an
envelope) and a ‘softer’ inner regionwith lower elastic
modulus. This ensures that structures of this type,
despite being made up of the same cell type in their
full extent, have both the structural integrity and flex-
ibility required in tissue remodeling, a concept that
could supposedly be extended to spheroids obtained
in suspension.

Considering also that cells are able to detect and
respond to mechanical stimuli by cytoskeleton reor-
ganization and, in some cases even by energy gener-
ation due to the activation of mechanosensitive sig-
naling pathways and physical cues, it may be assumed
that the complex 3D structure of the ECM in the
spheroid withstands the aggregate as a whole due
to the greater mechanical protection provided when
compared to isolated cells. Therefore, the increased
shear stress required to keep the spheroids in suspen-
sion may not constitute a major problem.

For some cell lines, such as Chinese hamster ovary
cells (CHO) currently recognized as the leading pro-
ducer lineage of biopharmaceuticals in bioreactors
[100], as well as for human embryonic kidney cells
(HEK), the maximum acceptable shear stress values

are known,making it easier to design and build biore-
actors to grow these cells in suspension. According
to Tanzeglock et al [101], the maximum shear stress
value for CHO cells is between 0.59 and 1.19 Pa, while
the limit for HEK cells ranges from 1.19 to 1.67 Pa. As
for stem cells and tumor cells, limited data are avail-
able in this sense. Regarding stem cells, it is known
that even low shear stress may affect cell prolifera-
tion and metabolic pathways, especially those related
to cell differentiation [102, 103]. This effect may be
beneficial or harmful, depending on the intended
goal. For application in tissue engineering, the use of
shear stress conditions characteristic of the natural
in vivo microenvironment may favor cell differenti-
ation. Arora et al [104], for example, identified the
ideal shear stress environment to enhance the mat-
uration of pluripotent cell-derived endothelial tissue
into an arterial phenotype, aiming at vascular tissue
engineering. It has also been demonstrated that dif-
ferent levels of shear stress can maintain and even
increase gene expression of pluripotency molecular
markers such as Oct-4, Nanog, Sox-2 and Rex-1
[103].

Considering all these aspects and aiming to meet
the requirements of cells grown in vitro, several 3D
culture systems are available for the production of
spheroids, as illustrated in figure 4 and discussed
below.

4.2.1.1. Spinner flask
The spinner flask is the classic equipment for the
development of laboratory-scale dynamic culture
bioprocesses. This culture system consists of a cyl-
indrical glass or plastic flask with an impeller
attached to provide mixing ideally at low shear stress
(figure 4(a)). The most common impeller types are
paddle or bulb-shaped. Although it is traditionally
one of the most widely used systems to produce
spheroids, this type of equipment does not present
uniform shear stress and tends to present peaks in
regions close to the impeller [105], as discussed below
for different cell lines.

Spinner flasks were already used to produce
spheroids of nine tumor cell lines, some of them
deriving frombreast, lung and colorectal tumors [49].
The average diameters of the spheroids reported by
the authors ranged from about 80–300 µm, vary-
ing with cell line, mixing rate and culture time. The
size distribution of the spheroids for each optim-
ized culture presented a standard deviation from the
mean size ranging from 20 to 40 µm (except for the
colorectal cancer lineage, equal to 92 µm). Some cell
lines were able to form highly spherical spheroids,
while others formed irregular structures, depending
on the cancer cell line and on culture conditions.
Santo et al [49] did not observe cell death due to
shear in the 40–80 rpm stirring range when produ-
cing tumor cell spheroids from lung and colorectal
cancer cell lines in 125 and 500 ml spinner flasks
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Figure 4. Cell culture systems commonly used in spheroid production: spinner flask (a); dynamic suspension (b); rotating wall
vessel (c) Taylor vortex flow (d).

equipped with a straight blade paddle impeller. In the
60–100 rpm range, no cell death was observed also
for breast cancer cells, but the maximum shear stress
level in this bioreactor was not reported. Calculation
of this level is relevant to verify whether, as stressed by
Chivukula et al [106], cancer cells have higher shear
stress resistance than epithelial cells. The level of shear
stress induced by liquid flow (e.g. the characteristic
shear stress in human capillaries, whichmay reach up
to 3 Pa) may be actively associated to the induction
of apoptosis of circulating tumor cells, or conversely,
stimulate tumor invasion and adhesion, or even pro-
liferation and metastasis. As reviewed by Huang et al
[107], tumor growth andmetastasis are influenced by
changes in tumor fluid microenvironment, being the
fluid shear stress (FSS) an essential factor. Since FSS
is the product of shear rate and fluid viscosity, under-
standing the behavior of cancer cells under different
levels of shear rate may help to elucidate the develop-
ment of tumor microenvironment itself.

Spinner flasks have also been used to produce
stem cell spheroids. Hunt et al [108] showed that
human embryonic stem cells are resistant to up to
0.85 Pa of shear stress in a 100 ml spinner flask
with a straight blade paddle impeller operating at
100 rpm, with no indication of pluripotency loss.
However, higher levels of stirring can cause cell dam-
age [108]. Conversely, a human pluripotent stem

cell line showed resistance to shear stress of up to
1.54 Pa applied steadily for 40 h regarding cell viab-
ility, but showing physiological changes and altera-
tion in the expression of molecular markers at levels
as low as 0.05 Pa [104]. The use of different cell lines
and culture conditions added to non-homogeneous
shear stress in the spinner flask and to lack of data
regarding impeller design impair the direct compar-
ison of cell culture data, as well as establishing satis-
factory reproducible and cell-comprehensive culture
protocols.

4.2.1.2. Dynamic suspension bioreactor
Another type of equipment recently developed for
spheroid production is the dynamic suspension
bioreactor, which keeps cells suspended without the
use of mechanical impellers [109]. Homogenization
in this equipment is based on continuous recircula-
tion of the culture medium at an appropriate flow
rate to maintain a laminar flow regime (figure 4(b)).
This circulation pattern results in the so-called float-
ing vortices, which keep cells and spheroids in sus-
pension. The operating shear stress of this biore-
actor is significantly lower than in other bioreactors,
about 0.05 Pa [109]. The tunable shear stress val-
ues produced in this system are one order of mag-
nitude lower than those normally associated with
commercial spinner flasks: stirring rates ranging from
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15 to 50 rpm lead to mean shear stress values in the
range of 0.02–0.12 Pa, with peak values not exceed-
ing 0.2 Pa. This dynamic suspension bioreactor was
tested for the Calu-3 lung cell line, resulting in spher-
oids with an average diameter of 250 µm after five
days of growth. The authors did not discuss the pro-
ductivity of spheroids or their size distribution, but
recent investigation shows improvement in this biore-
actor performance due to the use of a combined
computational-analytical approach [110].

4.2.1.3. Rotating wall vessel bioreactor
With the purpose to culture cells under micrograv-
ity, NASA developed in 1992 the rotating wall vessel
bioreactor. This bioreactor consists of two horizontal
coaxial cylinders with the cells and culture medium
present in the annular region (figure 4(c)). In this
bioreactor, the liquid is moved by rotating the inner
cylinder, which causes an angular flow to keep the
cells and/or spheroids in suspension [48]. Shear stress
in this bioreactor is more uniform when compared to
stirred systems, with no regions of shear peak.

Ingram et al [27] produced spheroids in this sys-
tem with a series of tumor cell lines, including in
co-culture, to study tissue interactions, such as pro-
state cancer cells and fibroblasts. Invasion of healthy
spheroids by the malignant epithelium was detected
by analyzing tumorigenesis-related protein expres-
sion. This bioreactor type and three other systems
also exploring the principle of exposure to micro-
gravity (clinostat, random positioning machine and
magnetic levitation) were analyzed [111] and showed
to provide effective conditions to prevent cell sedi-
mentation, also reducing fluid shear and positively
contributing to optimized cellular colocation and 3D
growth. Altogether, these culture conditions may be
useful to support the study of the complexities of can-
cer growth and regulation.

4.2.1.4. Taylor vortex flow bioreactor
The Taylor vortex flow bioreactor is similar to the
rotating wall vessel bioreactor. It is also composed
of two coaxial cylinders with culture medium and
cells present in the annular region, but with a vertical
arrangement of the concentric cylinders. Stirring also
occurs by rotating the inner cylinder which besides
keeping the cells in suspension, can also supply O2

to the medium if an oxygen-permeable membrane is
used at the top of the cylinder. This strategy avoids
the need for oxygen sparging in the bioreactor [112],
which is often mentioned as a major source of cell
stress [78, 113]. As this bioreactor has rotating walls,
shear stress is lower and more uniformly distributed
than in spinner flasks (figure 4(d)). This bioreactor
has been positively evaluated by various groups work-
ing with animal cell culture [114–117], having been
used to analyze shear stress effects in murine fibro-
blasts [114], CHO cells [112], and stem cells attached
to microcarries [118]. In addition, its ability to form

spheroids from bladder cancer cell has been explored
and found promising by some of the authors of this
work (data not yet published).

In Taylor vortex flow bioreactors, there is also a
small region with high shear stress, but the peak is
more discrete and shear stress is better distributed in
this device, reaching a maximum stress value of 1 Pa
[114]. This stress level is well tolerated by CHO and
HEK cells, for example. On the other hand, the spin-
ner flask used by Liovic et al [105] reached values of
2 Pa in the region near the impeller when operated
at 60 rpm. This system presents zones with low shear
stress near the walls, but high shear stress near the
impeller, a condition to which neither CHO nor HEK
cells could withstand [101].

To the best of our knowledge, there are no reports
in the literature comparing the use of Taylor vortex
flow bioreactors to spinner flasks for the same cells
cultured under similar conditions. It is also unknown
how this comparison would turn out for spheroid
production, since there are only a few studies report-
ing spheroid culture in spinner flasks [49, 97, 119–
121], in rotating wall vessel bioreactors [27, 111] and
in Taylor vortex flow bioreactors [122].

Although several types of bioreactors are being
developed for spheroid production, there is scarce
information about the phenomena involved in the
uniform formation of spheroids within them. Much
remains to be explored in these devices, such as differ-
ent operating and hydrodynamic conditions and eval-
uation of different cell lines.

4.2.2. Contemporary static approach: cell culture
in 3D printed micromolded non-adhesive hydrogels
The micromolded non-adhesive hydrogels method
for obtaining spheroids has been developed and
improved by integrating newer technologies such as
3D printing, which may offer several advantages. In
this approach, illustrated in figure 5, the first step is
to make a mold with a multiple array of micropil-
lars that will later be used to cast microwells of
well-defined dimensions and shapes in biocompat-
ible non-adhesive hydrogel. Following the solidifica-
tion of the hydrogel with micromolded wells, the cell
suspension is deposited on the hydrogel cavities. Cells
agglomerate due to their physical proximity and the
action of gravity, resulting in spheroids, as shown in
the first reports of this technique [33, 123].

This technique relies on the use of CAD software,
which receives precise input of the dimensions, dia-
meters, areas and volumes of the micropillars printed
on the material that serves as the mold (called here
primarymold) to cast the hydrogel structure (referred
to as micromolded hydrogel).

Therefore, the primary mold is designed regard-
ing dimensions and geometry to allow the produc-
tion of spheroids with predefined final character-
istics regarding size and shape in the micromolded
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Figure 5. Production of spheroids by cell culture in customizable architectures using the 3D printed micromolded nonadhesive
hydrogels method. In step 1, the CAD design, which can explore different geometries and configurations and can be
manufactured by different 3D printing techniques. In step 2, microcasting occurs using nonadhesive hydrogels to acquire the
desired micromolded geometry. In step 3, a high amount of uniform spheroids can be produced from a single cell culture.

hydrogel. The CAD design is converted into the man-
ufactured primary mold in a 3D printer with quality
and resolution compatible with the designed dimen-
sions, which may range from less than 1 µm to over
500 µm [124, 125]. Due to the layer-by-layer depos-
ition of material, reusable primary molds can be suc-
cessfully obtained within a few hours [26, 124].

The choice ofmaterials tomake the primarymold
and the micromolded hydrogel is a critical aspect of
this approach. The printed primary mold must be
composed of materials that are inert, non-adhesive,
non-toxic and resistant, yet flexible enough for proper
handling. As reviewed by Zorlutuna et al [124],
micromolding generally involves the use of elasto-
meric polymers, which are fused to form the micro-
structures to be used as molds. Polydimethylsiloxane
(PDMS) is generally chosen due to its high permeab-
ility, sufficient flexibility and capacity to copy small
details. In addition to PDMS, polyurethanes, poly-
imines and Teflon may be used to obtain the primary
mold.

However, for 3D printing to achieve the appropri-
ate micrometer resolution, commercial 3D printers
are commonly used. And, as commercial 3D print-
ers are often configured to use only a specific range of
materials validated by the manufacturer and do not
allow the parameters to be changed for unrestricted
use, the choice of material is frequently dependent on
the printer. Commercially available materials include
acrylate-based photopolymers such as VeroclearTM,
MED610TM, MED625FLXTM (all produced by Strata-
sys) and iSQUAREDTM, a generic compatible photo-
polymer, among variations based on rubber-like and
polypropylene-like materials available on the market.
The photopolymer materials can assume the mold

shape by means of instant reticulation under ultra-
violet light exposure during 3D printing [126].

Various materials may also be used in subsequent
steps to obtain the primary mold, as previously
reported [33, 123]. The structures can be initially
printed in wax and coated with a synthetic rub-
ber, which functions as a self-curing casting mater-
ial, commercially known as Reprorubber (Flexbar
Machine Corporation, NY, USA). Subsequently, the
material is spray-coated with an epoxy resin and
finally coated with PDMS, which will ultimately serve
as the final primary mold. Due to the popularity
of this technique, various silicone casts with pre-
set shapes and cavities are commercially available
nowadays, such as micro tissues 3D Petri dish micro-
moldmixed spheroid kitTM (manufactured by Sigma-
Aldrich), 3D Petri DishTM (microtissues) and 3D
SpheroFilmTM (Incyto Co.).

Once the primary mold is obtained, the biocom-
patible hydrogel is added to gel in the designed spa-
tial configuration to obtain the micromolded device
in which the cells will be deposited. For adhesion to
occur only among cells, and not between cells and
the surface of the micromolded hydrogel, it is crucial
that the latter is non-adhesive. Due to optical trans-
parency, which allows monitoring and photographic
recording of the formed structures, as well as easy
handling, agarose is one of the most used materials
[33, 60, 123, 127–130]. However, for molds that will
be used for long periods in a humid and heated atmo-
sphere, such as a cell incubator, other more resistant
materials have also been used, such as polyacrylam-
ide [33]. A difficulty of this technique is the fre-
quent adhesion of the material to be micromolded to
the primary mold, which may result in final device
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fracture, affecting the microwell structure. Thus, the
compounds used in the production of both devices
should be carefully selected.

As for the geometry of the cavities of the micro-
moldedmaterial, spherical sections are themost com-
monly used. However, there is evidence that the con-
cave design maximizes cell–cell interactions when
compared to the spherical design, enabling more
effective spheroid formation [33]. This approach also
makes it possible to obtain microwells with more
complex geometries, such as the construction of
lamellar structures, similar to those of honeycombs,
and of small channels that provide room for spher-
oid fusion, as well as loop and circular ring structures,
called toroids, as described by Napolitano et al [127].

In static culture, nutrient transport to cells occurs
via diffusion. In the case of spheroid production,
effective transfer oxygen is observed for cell aggreg-
ates with thicknesses below 200 µm [131]. Therefore,
the production of spheroids with small diameters,
around 200 µm, is recommended for application in
tissue engineering to ensure non-limiting mass trans-
fer conditions [132].

On the other hand, for tumor models, the aim is
to recreate the pathophysiological conditions of early
solid tumors, prior to angiogenesis, in which oxygen
and nutrient concentration gradients are observed
[133]. For this purpose, it is recommended that
tumor-derived spheroids have diameters over 300µm
[133–136]. This size ensures that the innermost layers
have a hypoxic nucleus, which is associated with the
expression of genes responsible for resistance to some
antitumor compounds [137, 138].

To enable the construction of larger spheroids also
for application in tissue engineering, there is cur-
rently extensive research focused on the study of mass
transfer of different chemical species, based mainly
on computer modeling and simulation (item 4.3) as
in the works of Zhao et al [102], Mehta et al [69]
and Murphy et al [139]. In these in-depth studies
the supply of oxygen and nutrients that each cell
type needs may be considered. For some cell types,
such as adipose mesenchymal cells or mesenchymal
cells while differentiating into the chondrogenic and
osteogenic lineages, the oxygen uptake rate is low
[140]. For dental pulp stem cells [141] and chondro-
cytes [142], controlled hypoxia conditions may even
be favorable. In fact, given that cartilage is essentially
a hypoxic tissue, by means of the micromolding tech-
nique associated with cartilage progenitor cells, it is
possible to produce, for cartilaginous tissue engin-
eering, quite large viable spheroids, with diameters
around 480 µm and 88% cell viability [128].

Once the average value of the spheroid diameter
to be obtained is theoretically determined, based on
the cell type under study, two parameters should be
defined: the concentration of cell inoculum and the
well cavity diameter to be set in the CAD software.
Cell inoculum should be homogeneous anddeposited

at a specific height of themicromolded device to allow
even and leveled out deposition in all regions of the
construct, especially in the periphery. Due to the non-
adherence of cells to the surrounding material and
the phenomenonof structural compaction previously
mentioned (section 1), the formed spheroids have a
smaller diameter than the CAD-designed cavities, a
fact already verified for dental pulp stem cell spher-
oids (unpublished data). Thus, cell inoculum con-
centration and cavity diameter parameters must be
predefined for each cell type in order to achieve the
desired result.

Since in micromolded culture wells transfer
of mechanical energy is negligible, as the culture
medium is static, the only pressure exerted on the cells
relates to the small column of culture medium above
the spheroid. Therefore, this approach is advantage-
ous over the conventional stirred bioreactor tech-
nique regarding shear stress. In fact, typical shear
associated with culture in micromolded wells occurs
only at the moment of cell inoculation, culture
medium exchange and removal of spheroids from the
culture system, steps required in all types of culture
systems.

Indeed, the use of this type of technology offers
a considerable distinctive feature compared to other
spheroid production techniques: refined geometric
control of the spheroids to be produced [26, 59, 60,
126]. Greater spheroid uniformity is thus achieved
when compared to processes that depend solely on
collisions between cells and fluid flow. Micromold-
ing is therefore characterized as a robust and repro-
duciblemanufacturing strategy [124], of great applic-
ability in the generation of macroscopic 3D construc-
tions. Expansion of the spheroid manufacturing scale
will therefore depend on the number of cavities and
the dimensions of the micromolded non-adhesive
device.

Compared to the hanging drop approach, for
example, the analysis of 600 spheroids obtained
by both techniques showed that the use of micro-
molds resulted in greater diameter uniformity [59].
Moreover, in terms of time required in the pipetting
step and number of spheroids obtained, the authors
reported a productivity 40 times higher using the
micromolding technique. The production of spher-
oids by cell culture in customizable architectures
using 3D printed molds has also the potential
to be applied directly for in vivo screening. The
multiscreening methodology developed by Higuera
et al [143] is based on a 3D printed multi-well system
composed by many cavities with customizable shapes
and sizes whichmay be implanted in vertebrate anim-
als. After implantation, since each cavitymay display a
specific culture condition, new different tissue form-
ation from the host towards the cell aggregates con-
fined in the cavities may be observed. Although this
technique does not offer the refined geometric con-
trol of the spheroids to be produced, is a promising
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Table 1. Comparison of spheroid production by the methods of dynamic culture in bioreactors and static culture in micromolds
considering high throughput advances resulting from automation.

Parameter Dynamic culture in bioreactors Static culture in micromolds

Shear stress Medium to high Low
Mass transfer High Low
Spheroid diameter control Medium High
Spheroid homogeneity Low High
Spheroid formation time Low Low
Spheroid yield High Medium
Equipment costs Medium to high Medium to high
Culture medium expenditure per spheroid High Low
Cell manipulation Low Medium to high
Process reproducibility Medium High
Up scaling potential High Medium
Ease of final spheroid harvesting High Low to medium

step towards in vivo screening with the capability of
building the device in a simple step.

Micromolded hydrogels methods can be also
applied to reach the status of a high throughput
method on the development of complex architec-
tures, with less manipulation and contamination
risks. Vrij et al [144] demonstrates the flexibility
in building complexity geometry tissues through
sequential assembly of cell aggregates. Rivron et al
[145] showed how deformation and contractil-
ity stimuli applied on cell aggregates with differ-
ent shapes inside micromolded wells can modulate
angiogenesis. Finally, moving from the nonadhesive
hydrogels platform to the micro-thermoforming of
thermoplastics films, Vrij et al [146] developed a 96
microwell screening plate in which each well contains
an array with 144 microwells (12 × 12 grid). The
focus is to offer a possibility of screening of com-
pound libraries via an on-chip approach, allowing
the development of an extremely high amount of
small EB per plate, to perform a systematic study of
organogenesis in vitro.

Finally, through the use of a micromolding tech-
nique, Stevens et al [147] demonstrated how com-
plex tissue architectures can influence cell behavior.
Human hepatocytes were cultured in a 3D hydro-
gel containing multiple micropatterned cellular com-
partments, showing that the hepatic functions of
engineered tissues could be modified by varying the
microorganization of the cellular compartments. As
reviewed by Simunovic andBrivanlou [148], substan-
tial development in micropatterning is expected in
the near future. Recent efforts in the development
of sophisticated hydrogels and platforms to obtain
organized 3D models are already contributing to the
analysis of cell stimulation to organize into more
reproducible and complex structures [149–151].

Table 1 summarizes the issues discussed above
regarding the engineering aspects of uniform spher-
oid production by dynamic culture in bioreactors
and static culture in micromolds considering that it
will soon evolve to a high throughput technology.

The competitiveness of micromold culture is clearly
noted in a wide range of parameters, e.g. less shear
stress, higher reproducibility and quality control of
the spheroids obtained regarding mean size and size
distribution, and significantly lower ratios of culture
medium volume spent per spheroid. Conversely, in
stirred bioreactors less cell manipulation is required,
more effective mass transfer is observed, easy spher-
oid harvesting can be accomplished by gravity and
process scale up is favored. Despite in both sys-
tems spheroid formation is slow, cell to cell con-
tact is much faster in the micromolded well system.
Medium to high costs would be expected in both
situations. While bioreactors demand large invest-
ments in high-quality tanks with temperature, pH,
nutrients and metabolites concentrations controlling
devices, in addition to a robust stirring system and
other accessories, the micromolded well system only
requires a 3D printer and molding materials along
with cell suspension and culture medium dispens-
ing systems as well as incubators. Significant costs for
both systems are also naturally associated with the
necessary aseptic manipulation during all the process
steps.

4.3. Mathematical and computational modeling
of spheroids
Mathematical and computational modeling have
increasingly proven to be key methods for the sim-
ulation, analysis and prediction of complex and
multiscale biological phenomena [152–154]. Analog-
ously to simulation of industrial processes, these tools
can be used to reduce time and costs for the under-
standing, design and mass production of spheroid
and tissues in the near future [126]. Table 2 sum-
marizes examples of studies involving spheroids in
which these tools have been employed, directly relat-
ing them to the engineering aspects exploited in each
case.

In all studies the tools are used in a sequence
of steps. Initially, spheroids are treated in a sim-
plified manner as materials that have definite and
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measurable mechanical properties [167]. Then the
equations that specifically describe the study scenario
are identified and interrelated, and this is summarized
in a mathematical model. Finally, parameters extrac-
ted from the scenario are used for the validation of the
mathematical model developed [153, 154].

Determining measurable spheroid-related para-
meters that appropriately fit the specific study model
is a difficult task. Thus, compatible analogies are often
employed throughout the construction andmodeling
steps to enable the use of these tools. For example, to
study the diffusivity and uptake of oxygen and nutri-
ents, spheroids could be modeled similarly to porous
chemical catalysts, for which well-defined concepts
and equations are available.

Moreover, considering the complexity involved
in biological phenomena, which interrelates struc-
tures, functions and their interactions, it is relev-
ant to previously analyze the influence that each of
the parameters will have on the response variable of
the model. This makes it possible to define which
parameters should be incorporated into the model
and which ones should be dismissed, by adopting
simplifications. Simplifications are also measures to
solve issues related to the processing and computa-
tional cost of simulations and to readily eliminate
some inconsistent assumptions. Therefore, ideally,
the experimental design would be based on the res-
ults of spheroid characterization obtained in vitro to
feed the in silico model, improving their predictab-
ility, accuracy and relevance. Such synergy greatly
increases the chance of success, clarifies why the
in vitro procedure may not be fully effective and saves
time and costs associated to empirical optimization of
the process under development [154].

Multiple software tools are currently used for
simulation of spheroid formation and designed
application, including the classic engineering soft-
ware based on the finite element method, ANSYS
(www.ansys.com/), and the multiphysics simula-
tion software COMSOL (www.consol.com). In these
cases, it is necessary to build representative analogies
of the biological phenomenon of interest with
the mathematical equations. In turn, CompuCell
3D (www.compucell3d.org/) and Systems-Biology
(www.systems-biology.com/) are biology computer
simulation software. CompuCell 3D allows users to
swiftly build biological simulations without extens-
ive programming or software development experi-
ence, featuring a variety of simulations for complex
multiscale phenomena such as spheroid and cancer
growth, developmental biology, evolution and the
immune system [168]. Several studies focusing on
spheroids were developed in this platform [46, 153,
157]. Systems-Biology, in turn, is a software owned by
the Bayer pharmaceutical company that aims to offer
comprehensive understanding of biological systems,
their interaction with pharmaceutical products and
the dynamic processes involved, as in the comparative

study of cell growth kinetics inmonolayers and spher-
oids by Radszuweit et al [169].

Besides software, many biological databases are
available, such as the open Biomodels Database,
which provide thousands of mathematical models
built or generated from metabolic pathways, as well
as biological simulators such as CompuCell 3D. Thus,
it is believed that in the near future, efficient integra-
tion of these software platforms with in vitro assays,
and later on with in vivo testing, will assist even
more effectively to obtain complex biological struc-
tures such as tissues and organs [126, 154].

5. Spheroid characterization

Despite the advances in studies that emphasize the
evolution of using 3D cell models, 2D models are
still routinely used in both academic and indus-
trial environments [48]. One of the reasons is pre-
cisely the limitation of analytical tools for spheroid
characterization, since most of the techniques avail-
able currently were developed and standardized for
2D models and need adaptation prior to be used in
3D culture. Such adaptation poses a great risk to data
quality as there is no guarantee that the tools will
work in the same way for different culture systems
[170]. Some of the techniques most frequently used
for spheroid characterization presently are discussed
below.

5.1. Morphological parameters
One of the relevant factors in choosing themethod for
spheroid generation relates to obtaining aggregates of
uniform geometry and homogeneous size [171]. As
mentioned above, different methods may cause mor-
phological variations, including size and shape [136],
thus affecting the reproducibility of results.

Morphological parameters can be characterized
by different optical microscopy techniques, such
as bright or dark field, phase contrast, differential
interference contrast, fluorescence, scanning (SEM)
and transmission (TEM) electron microscopy, as
reviewed by Jaros et al [172]. Once the images
are obtained, they can then be processed in ana-
lysis software that allows measurement of prop-
erties such as diameter, area, perimeter, solidity,
roundness and sphericity [54]. It is noteworthy
that sphericity is an important parameter, as spher-
ical aggregates are more stable regarding morpholo-
gical variations throughout growth and less likely to
develop structural changes, such as the presence of
two hypoxia centers and necrotic regions [30, 173].
Among the software used for this purpose, ImageJ
(National Institutes of Health, Bethesda, MD, USA)
is one of the most cited. All these measurements
are considered simple and low-cost [174] and can
be performed manually or through process auto-
mation in case of analysis of a large number of
spheroids [130].
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Electron microscopy analysis can be used to
obtain images with higher magnification and resolu-
tion, but the methodologies for fixing and sectioning
samples must be adapted to 3D models [172]. High
vacuum SEM is the most commonly used electron
microscopy device for its capacity to show spheroid
surface details in nanometer scales [55]. For instance,
depending on the cell type, it is possible to visual-
ize microvilli on spheroid surface, which are plasma
membrane projections often found in transitional
epithelial cells of normal tissues and also on papillary
carcinoma [54]. In addition, roughness, presence of
pores, channels and other structures involved in cell–
cell interactions [175] can also be observed. However,
SEM has disadvantages, such as generating changes
in spheroid morphology due to the preparation and
gold-coating steps, besides the risk of structure col-
lapse. Therefore, the use of low vacuum and low tem-
peratures is advised to circumvent such limitations
[176].

Recently, focused ion beam scanning electron
microscopy (FIB-SEM) has been applied for large-
volume 3D spheroid imaging as it can automatically
generate 3D images with superior z-axis resolution
[177]. This approach allows a better understanding of
spheroid formation andmechanical characterization,
and may reveal the complex 3D architecture of those
spheroids [178]. Also, it has been used to investig-
ate the interaction between the spheroids surface with
magnetic nanoparticles used as drug delivery carriers
[179].

The TEM technique, in turn, is used for more
detailed analyses of ultrastructural compartments in
the spheroids. De Moor et al [60], for instance,
used TEM to analyze the formation of capillary-like
structures in spheroids produced by co-culture of
endothelial cells, fibroblasts and mesenchymal stem
cells (MSCs) from adipose tissue. This characteriza-
tion technique has also been reported as useful for the
analysis of gap junctions and desmosomes in cell–cell
interactions in hepatocellular carcinoma spheroids
[180].

5.2. Qualitative analysis of cell viability
for characterization of 3D internal structure
and cell cycle
Spheroid sizemay influence the viability of the cells in
the inner regions of the structure, as well as their cell
cycle stage. Such characteristics can be observed by
immunohistochemistry techniques which, by means
of optical microscopy using biomarkers or antibod-
ies chemically modified to emit fluorescence, are able
to specifically identify the presence of intracellular
proteins [181]. Confocal laser scanning microscopy
is reported, for example, to observe the different lay-
ers of the spheroids. However, for the analysis of large
spheroids, in which light penetration is hindered,
this technique may not be effective [182]. A tradi-
tional solution to this limitation is the cryosection of

spheroids in thin slices of up to 7 µm [130]. How-
ever, sectioning may generate morphological distor-
tions of the 3D structure due to the cutting procedure
itself and requires the use of software tools to join the
sections to reconstruct the complete spheroid image
[11]. Alternatively, a widely employed solution is the
use of light sheet fluorescence microscopy (LSFM).
This is an advanced fluorescence microscopy method
developed for 3D structures [24] which does not
need sample sectioning [11]. Two-photon [183] and
multiphoton [184] microscopy systems are examples
of LSFM alternatives that can be used for this
purpose.

Matrix-assisted laser desorption/ionization-mass
spectrometry (MALDI-MS) imaging is another relev-
ant method, having been proven useful for the ana-
lysis of colon tumor spheroids [185]. This technique
has been considered attractive for the development
of pharmaceutical compounds, allowing to mon-
itor drug absorption by spheroids whilst mimicking
physiological barriers to drug penetration [186].

In methods not requiring cryosection steps, spe-
cial protocols with differential fixation and permeab-
ilization procedures should be used to ensure that
biomarkers and antibodies penetrate all spheroid lay-
ers [11]. For visualization of the hypoxic microen-
vironment of the central spheroid regions, antibody
markers of hypoxia inducing factors such as HIF [3]
and biomarkers like EF5 [187] and pimonidazole
[181] may be used. Apoptotic cells can be identified
with antibody markers of caspase-3 [188], while sen-
escent cells can be identified by antibody markers of
multiple tumor suppressor-1 (p16) and biomarkers
for β-galactose, β-gal [189]. Antibody markers of Ki-
67 protein and glucose transporter 1 (GLUT-1, which
is overexpressed in tumor cells) are useful for the ana-
lysis of proliferative cells located at the spheroid outer
region [190].

Fluorescent compounds can be used for qualitat-
ive analysis of cell viability, such as calcein AM [191]
and fluorescein diacetate (FDA). For nuclear staining,
Hoechst and 4′,6-diamidino-2-phenylindole (DAPI)
can be employed, as reviewed by Costa et al [181]. For
late-stage cell analysis of apoptosis or necrosis, eth-
idium bromide (EtBr), ethidium homodimer (EthD-
1) [191] and propidium iodide (PI) are used [181].
Other dyes capable of color variation as a result of
biological phenomena are also used, as well as those
being able to stain specific molecules or regions of
cells. For example, when using hematoxylin and eosin
(H&E) staining, dark pink indicates proliferating cells
and light pink, necrotic cells. Toluidine blue (TB),
which identifies the DNA of highly proliferating cells
by blue dots and apoptotic cells within the spheroid
by broader blue-stained regions, is another example.
Masson’s trichrome stain (MTS), can be employed
to stain in blue collagen fibers, being useful for the
analysis of the organization of histologically sectioned
spheroids [30, 181].
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For qualitative cell cycle analysis, fluorescent dyes
that bind to or intermix with DNA can be used. Most
cells within the spheroid are in the senescence phase
(G1/G0) and can be identified by using Fucci-red, an
ubiquitination-based stain [192]. Highly proliferat-
ing cells, in turn, more precisely in the outer layers
of the spheroid, can be identified in the S–M phase
transition by the Fucci-green stain or only in the S
phase by the 5-bromo-2′-deoxyuridine (BrdU) stain
[192].

For quantitative analysis of the cell cycle, the
aforementioned stains can be used asmarkers and the
population can be characterized by flow cytometry
[192]. However, using the latter technique requires
previous spheroid dissociation, since the samples
must consist of individual cells.

5.3. Quantification of viable cells in spheroids
The number of viable cells in spheroids can be
determined by direct methods, such as manual or
automatic counting, and indirect methods, through
colorimetric and bioluminescent assays. In the case
of direct methods, the spheroids must be dissociated
into individual cells. The difficulty of this process
will depend on the cell type composing the spheroids
[193] and on the characteristics of the ECMproduced
by the cells.

As discussed earlier, depending on the complex-
ity of cell aggregation, some spheroids may be more
easily dissociated. This is the case of HepG2 liver can-
cer tumor spheroids [194], spheroids of Dbrtg-05MG
glioblastoma, SJSA-1 ostosarcoma andHs578T breast
cancer [10], and A549 lung cancer spheroids [24]. In
these easily dissociable spheroids, the cells can be sep-
arated by direct methods via enzymatic action, such
as the traditional collagenase [195], trypsin-EDTA
solutions, or more complex solutions of proteolytic
and collagenolytic enzymes such as Accutase® and
Accumax® [193]. Dissociation is followed by con-
ventional single cell counting protocol in Neubauer
chamber, using Trypan blue solution to stain dead
cells [84].

Viable cells can also be quantified by flow
cytometry, which requires stains such as annexin
V-FITC (fluorescein isothiocyanate-conjugated), a
phospholipid-binding protein that indicates apop-
totic cells, or PI, which binds DNA, correlating cel-
lular DNA content with cell cycle. When using the
annexin V-FITC-PI conjugated method, subpopula-
tions of healthy cells can be quantified (both annexin
V and PI negative), as well as apoptotic cells (annexin
V positive and PI negative) and dead cells (both
annexin V and PI positive) [188, 194].

Indirect methods may involve colorimetric
and bioluminescent assays. In colorimetric assays,
changes in culture color are quantified by absorbance
or fluorescence analysis, which results in values pro-
portional to the number of metabolically active cells

[196]. However, such assays are based on the ability
of cells to uptake the stain, and they behave differ-
ently when dissociated or aggregated into spheroids.
For example, in the neutral red assay, the cationic
stain passively diffuses through the cell membrane
and accumulates in lysosomes, causing a change in
culture color, which is then measured by absorb-
ance [197]. Another widely used assay is reduction
of resazurin by NADH or NADPH mitochondrial
dehydrogenases to resofurin, a compound that can
be detected by fluorescence [198]. Other types of col-
orimetric assays involve generation of chromogenic
products resulting from enzymatic reactions that take
place in cellular subcompartments. In these rather
common assays in animal cell culture, tetrazolium
salts are reduced by mitochondrial dehydrogenases
and reductases, generating the chromogenic product
formazan, which can be quantified [196]. Examples
of these tetrazolium salts include MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide), MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxyme thoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium), XTT (2,3-bis(2-methoxy-4-nitro-
5-sulphenyl)-(2H)-tetrazolium-5-carboxanilide)
and WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2-tetrazolium)
as reviewed by Costa et al [181] and Riss et al [196].

In turn, for the analysis of spheroids ofmore diffi-
cult dissociation, direct methods are not recommen-
ded, and indirect methods are limited and ineffect-
ive. In direct methods, due to the strong cell–cell
and matrix–cell interactions, a more complex mix-
ture of enzymes with higher concentrations is usu-
ally required, as well as stirring and heating proced-
ures, which result in greater exposure to conditions
that may cause potential cell damage [199], affecting
cell viability, which is precisely the target parameter.
This difficulty is associated to cells that produce high
amounts of ECM, such as cartilage progenitor cells
grown in spheroids in late differentiation stage [128].

MSCs produce great amounts of ECM, and this
fact is of great importance, since regarding the use of
spheroids in tissue engineering, this cell type is one
of the most frequently used [3, 68, 200]. By analyz-
ing MSCs secretoma, Mizukami et al [201] detected
intense production of ECM, observing that collagen,
lumican, fibronectin and versican are the main com-
ponents produced.

MSCs spheroid dissociation procedures resemble
the process of harvesting these cells when they are
adhered to microcarriers in bioreactor culture. As the
number of cells increases, the process becomes more
complex [202]. As reviewed by Sart et al [3], higher
compaction ofMSCs spheroids is observed for longer
periods than for other cell types. It is therefore hypo-
thesized that in the clustering of isolatedMSCs for the
formation of high cell density spheroids, the amount
of ECM produced may be even greater.
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Indirect methods can theoretically be used to
determine cell concentration and viability when
in spheroids. However, quantitative methods that
depend on the diffusion of chemical compounds
within the spheroids may show discrepancies if great
variation in spheroid diameter, shape and cell com-
paction occurs within the same production batch
[69, 198]. Another option to overcome this difficulty
is to perform indirect bioluminescent assays, which
are based on reactions of conversion of luciferin by
the enzyme luciferase due to cytoplasmic ATP con-
centration [203]. Also based on the bioluminescence
principle is the assay to quantify caspase-3, which
makes it possible to infer the number of apoptotic
cells present in the spheroid [49, 204].

Compared to staining assays, bioluminescent
assays prove to be more robust, more sensitive, with
lower interference of chromogenic compounds and
faster, for there is no need for the stain incubation
period, which may require a few hours when using
othermethodologies. Nevertheless, it is still necessary
to standardize the assay for the specific cell type and
find ways to verify whether the generated result is
indeed representative of the overall cell population in
the spheroid.

This major challenge has recently led to the emer-
gence of a technological alternative based on high-
content analysis (HCA) methodologies (section 5.6).
This approach, which is promising but recent in the
literature, is currently in the stage of protocol optim-
ization for application in 3D cultures [205].

5.4. Gene expression profile
The transcriptional and translational profiles charac-
teristic of the source tissue from which the cells were
isolated may be lost in monolayer cell culture. This
loss is mainly related to the reduction of cell polar-
ity in this conformation, which directly interferes
with cell signaling pathways. However, as reviewed
by Birgersdotter et al [206], proper polarity can be
restored when cells are grown in 3D cultures and this
spatial reorganization is able to retrieve the transcrip-
tional and translational profiles lost during in vitro
monolayer cultivation.

Indeed, cells grown in 3D have a different gene
expression profile compared to those cultured in 2D
under the same conditions. Studies with spheroid
models show that a large number of genes are over-
expressed when compared to 2D culture data and
that those genes are largely related to increased sur-
vival rate, angiogenesis, migration, multi-lineage dif-
ferentiation [3, 200, 204], invasion and in vivo tumor
chemoresistance [180].

Thus, one way to relate these transcriptional and
translational profiles to the biological phenomena
involved is to identify the presence of proteins tran-
scribed in the cell lysate by means of the semi-
quantitativeWestern blot technique. This requires cell
lysis, either by chemical processes, e.g. with buffers

containing sodium dodecyl sulfate, or physical meth-
ods, such as sonication, with the purpose to release
the proteins present in different cell compartments
into the medium [207]. Due to high spheroid com-
paction, larger volumes of lysis buffer and longer
incubation processes may be required. A comple-
mentary technique to Western blotting is real-time
quantitative PCR (qRT-PCR) analysis. This tech-
nique uses extracted RNA samples to quantify gene
expression. The minimum number of cells required
to perform such assays may be a limitation in the
case of spheroids. However, new versions of micro-
scale Western blotting showing high protein detec-
tion sensitivity are already commercially available
[208]. There are also reports of optimized techniques
for obtaining spheroid DNA and RNA [209]. The
most commonly analyzed proteins and genes, by both
Western blotting and qRT-PCR, are those associated
with cell growth, induced by hypoxia, and parti-
cipants in cytoskeleton formation and cell adhesion
[181].

5.5. Cell metabolism
Due to the architecture of the spheroids and con-
sequent formation of oxygen and nutrient gradients
between their subsequent layers, characterization of
nutrient transport as well as of metabolic and bioen-
ergetic pathways in spheroids can be important tools
for the analysis of their viability [66, 173]. In some cell
types, such as those of tumor origin, there is a kind of
metabolic symbiosis resulting from the interaction of
oxygen and pH gradients, so that cells consume gluc-
ose and produce lactate, and this lactate is converted
to pyruvate to be consumed by other cells in oxidative
respiration processes [173]. Glucose, glutamine, lact-
ate and ammonium concentrations can be measured
using multiparametric automated biochemical ana-
lyzers such as YSI (Yellow Springs Instruments, Yel-
low Springs, OH, USA) [54], by selective electrodes
and by chromatographic techniques such as high-
performance liquid chromatography [210]. In these
methods, culture supernatant is periodically collected
for analysis.

Currently, assays for the analysis of spher-
oid metabolic functional can be performed using
equipment that analyzes extracellular flow and
measures glycolysis by the extracellular acidification
rate and oxidative phosphorylation by the oxygen
consumption rate, according to Noel et al [211].
These devices can be coupled to microplates in which
spheroids are cultured for real-time periodic imaging
[212].

5.6. HCA
As detailed above, spheroid characterization is largely
performed by means of techniques that require much
effort and time, often associated with low yield
and reproducibility issues. Therefore, there is great
demand for techniques that make it possible to
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quickly evaluate a high number of spheroids, whether
their cell types are easy or difficult to dissociate, and
simultaneously interpret themultiple biological para-
meters involved, with the purpose of establishing
correlations that represent well their characteristics
and behavior. To overcome this challenge, approaches
based on multiparametric analysis focusing on HCA
methodologies have been explored. This technology
is the result of enhanced efficiency in capturing
images, image processing algorithms and developing
robust data analysis software [212].

Although MALDI-TOF mass spectrometry [185]
and fluorescence-activator cell sorting [213] can also
be used for multiparametric spheroid analysis, HCA
has some advantages. First of all, HCA has the poten-
tial to be applied in the analysis of fluorescentmarkers
in a single cell, in a set of specific subpopulations that
make up the spheroid or in the aggregate as a whole
[214], with no need for cell dissociation. In addition,
image processing can be used to successfully reduce
background signals, noise and artifacts that inter-
fere and hinder image interpretation by conventional
methods. Regarding testing time, the workflow is
accelerated since both culture and analysis can be per-
formed on the same platform, and it is known that
the less the spheroids are handled in these assays, the
fewer the risks of aggregation and overlapping struc-
tures, which increases the reliability of image pro-
cessing. Lastly, an economic advantage is the reduced
reagent use, as automatic image processing decreases
the volume up to 11 times compared to manual
processing [130, 215].

Regarding disadvantages, HCA requires auto-
matic microscopes, usually fluorescence or confocal,
and robust data analysis and storage software, which
results in high initial investment. In addition, HCA
assays require process miniaturization with spheroid
analyses in special microplates of 96–384 wells [215].

There is currently a wide variety of image ana-
lysis software available that is constantly updated.
SpheroidSizer software is able to automatically meas-
ure the longest and shortest axial length of mul-
tiple spheroid images at the same time, calculating
the volume individually [216]. Sirenko et al [217]
report using MetaXpress software and MaxPro max-
imumprojection algorithm to combinemultiple focal
planes of the same spheroid into a single image and
evaluate changes in shape, size, cell number (Hoechst
stain), viability (calcein-AM) and presence of apop-
totic cells (EthD-1). Boutin et al [205] developed a
protocol in MATLAB software that is capable of sim-
ultaneously analyzing changes in the entire struc-
ture and core volume of each spheroid. Besides these,
other automated image analysis software cited in
the literature are: Spheroid Analyser [218]; CellPro-
filler [219]; AnaSP [24]; TASI [220]; AMIDA [221];
PCaAnalyser [222]; qVISTA and Celigo [223].

The frequently reported use of HCA described in
the literature relates to studies on preclinical drug

development [199, 224–226]. In this type of study,
compound action usually cannot be measured by
a single parameter, such as cell viability, requir-
ing methods that can simultaneously analyze pro-
tein transport, spheroid morphological changes and
aspects related to metabolism, for example. Thus,
HCA methods are combined with high-throughput
screening (HTS) techniques to result in high-content
screening (HCS) methods. In this context, Mittler
et al [224] simultaneously explored the cytostatic and
cytotoxic actions of the drug MLN4924 in prostate
cancer spheroids by automatically processing a series
of EC50 values obtained. Reid et al [225], in turn,
developed algorithms capable of evaluating changes
in the expression of the GFP (green fluorescent pro-
tein) gene reporter, relating it to tumor cell viability.
Through HCA analysis, the authors monitored fluor-
escence intensity in real time, rapidly performing kin-
etic studies of the tested compound activity.

Software for thorough analysis on the changes in
spheroid structure and roughness are also available.
Alterations in these spheroid characteristics can be
related to compounds that act by inhibiting cell
migration routes, which in turn may indicate tumor
invasion and progressionmechanisms [226]. In addi-
tion, data from tissue engineering studies are start-
ing to be analyzed by these methodologies. Ivanov
and Grabowska [130] reported successful investig-
ation of stem cell differentiation and development
in 3D structures. Arnaoutova and Kleinman [227]
presented a fast and reliable HCS analysis protocol for
spheroids with appropriate application to the study
of cell adhesion, migration, protease activity, meta-
bolic pathways involved in angiogenesis activation
and microtissue formation.

6. Spheroid applications as study models

6.1. Drug efficacy and toxicity trials: drug
screening
In recent years, the low rate of new drugs approved
has affected the productivity of the pharmaceutical
industry [228]. The investment associated with the
development of a new drug, from the discovery of
a new compound with therapeutic action until its
market launch, is estimated to be around US$ 2.6
billion [229, 230], however, only a small fraction of
the candidate compounds are approved by the reg-
ulatory agencies. More than 90% of drug candidate
compounds that pass through the preclinical phase
do not show positive results in terms of efficacy and
safety in subsequent clinical trials, and are abolished
from the development process [231]. The majority
of the compounds (57%) is not approved because of
lack of effectiveness, and another considerable por-
tion (17%), for safety reasons [232]. Regarding antic-
ancer medication, only 5% of the drugs that undergo
the preclinical and clinical phases are approved by the
Food and Drug Administration (FDA, USA) [233].
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This discrepancy between the number of molecules
approved in the preclinical phase and the percentage
of drugs that reach the market is mainly due to the
lack of prediction of in vitro and in vivomodels tradi-
tionally used in the preclinical phase [234].

In vivo animal models have been widely used in
preclinical studies to assess the therapeutic potential
of new antineoplastic drug candidates and developed
to investigate cellular, molecular and histological
changes in human neoplasias [235]. These models
are able to provide the heterogeneous microenvir-
onment necessary for the development of human
tumors, since they can offer a natural ECM with
stromal cells and growth factors, and a vascularized
system [236]. Mouse-based experimental models are
among the most used ones because these are highly
standardized and due to the fact that they share some
genetic and physiological similarities with humans
[237]. Patient-derived xenografts (PDX) models, in
which tumor fragments from patients are implanted
in immunodeficient mice [238], have been attract-
ing also significant attention, given that these explants
are capable of maintaining intratumoral heterogen-
eity, such as histopathological characteristics, meta-
static behavior and gene expression profile [239]. The
PDXmodels have been applied in the field of person-
alized medicine, as they make it possible to propagate
the own patient tissue cells in the laboratory to select
candidate drugs to more effectively treat the patient
[240].

Although animal models were originally
developed to evaluate the efficacy and toxicity of cer-
tain substances, their use in the current context has
been greatly questioned. Limitations such as availab-
ility of animals, variability of procedures employed,
high maintenance costs and also ethical aspects have
often been reported [241]. In addition, animal mod-
els may not adequately predict the clinical efficacy
of the tested substance in humans due to species
differences [242]. Regulatory agencies recommend
performing clinical research minimizing animal suf-
fering and stress (refinement), as well as the use of
in vitro methodologies that favor the achievement
of scientific results (replacement) and the reduc-
tion of the number of experimental animals used
(reduction), in accordance with the 3Rs principle
proposed in 1959 and revised by Jaroch et al [243].

In this scenario, the use of in vitro cell models in
drug screening trials has advantages such as the pos-
sibility of using smaller sample quantities, added to
greater process simplicity and reproducibility [244]
when compared to animal trials. For these types of
tests, monolayer or two-dimensional (2D) cell cul-
tures are traditionally used. However, when cells grow
attached to a surface under 2D conditions they exhibit
a significant reduction in cell–cell and cell–ECM
interactions [245]. Since the phenotype and func-
tion of individual cells are dependent of these inter-
actions, 2D organization limits the ability of these

cultures to mimic natural cellular responses in vitro
[246]. Therefore, tumor spheroids appear as a prom-
ising model for the selection of new drug candid-
ates for cancer therapy, since they are able to recapit-
ulate, among other characteristics, the 3D architec-
ture of themicroenvironment where tumor cells grow
[48].

Indeed, differences in response to drugs have been
reported between 2D and 3D models, as 3D culture
systems show greater treatment resistance in compar-
ison to conventional 2Dmonolayer models, thus bet-
ter reflecting the conditions found in native tissues
[134]. Drug screening studies to propose new ther-
apies for ovarian cancer, for example, have not made
much progress in recent decades due to the use of
conventional 2D models, which do not adequately
reflect the clinical condition of the disease [247].
3D ovarian cancer models show greater resistance
to treatment with antineoplastic compounds, as well
as the induction of ALDH1A- and CD133-related
transcript expression associated with cancer stem
cells when compared to 2D cultures [138]. Differ-
ences between 2D and 3D models are also observed
with bladder cancer cells. Amaral et al [54] observed
higher values of inhibitory concentration (IC50) fol-
lowing treatment with doxorubicin in spheroids of
RT4 cells obtained in two different culture systems
(ULA and hanging drop plates) when compared
to those determined for cells grown in traditional
monolayer mode.

Spheroid models produced using triple negative
breast cancer cells (MDA-MB-157) showed similar-
ity regarding ECM protein deposition, presence of
hypoxia cells within the spheroid, expression of CSC-
associated genes and presence of markers such as
CD24, CD133 and Nanog when compared to solid
tumors [248]. Wenzel et al [212] were able to eval-
uate the response of active drugs in spheroids due
to the presence of an environment with low oxy-
gen concentration, which would be unfeasible in a
2D model. Hypoxic microenvironmental conditions
are also frequently associated to cartilage tumors,
as well as to ECM-rich tissues. In spheroid mod-
els generated with chondrosarcoma cells from car-
tilage tumors (HEMC-SS), increased secretion of
glycosaminoglycans and vascular endothelial growth
factor (VEGF) are observed in the extracellular envir-
onment, in addition to hypoxic cores, resulting in a
microenvironment closer to the native tumor tissue
[135].

The 3D environment can also lead to struc-
tural differences in tumor cell receptors. Changes in
receptor structures may lead, for example, to changes
in intracellular signaling pathways and, consequently,
in the response profile to certain drugs, as found in the
case of SKBR-3 breast cancer cells [249]. The recept-
ors of those cells appear as HER2 tyrosine kinase
homodimers when they are cultured as spheroids. In
contrast, under 2D conditions, such receptors appear
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as HER2 and HER3 heterodimers. Likewise, in 3D
lung cancer spheroid models (H69AR and H460),
Pearce et al [250] observed overexpression of Bcl-2
protein as well as resistance to paclitaxel in spheroids
obtained with different lung cancer lines (H69AR and
H460). In addition, transcription factors associated
with autophagy (TFEB and FOXO3) were also asso-
ciated with resistance to traditional therapies, as well
as their overexpression in spheroids of different neur-
oblastoma lineages [251].

Regarding cytotoxicity trials, organoids have been
used in hepatic cytotoxicity studies because they
reproduce typical functional characteristics of nat-
ive tissues, such as cytochrome P450, CYP2B6 and
CYP2C9 activities [252]. When compared to conven-
tional 2D models, hepatic organoids have proven to
be a predictive model for long-term drug-induced
toxicity studies [253]. Other models have recently
emerged to evaluate those characteristics, such as
co-culture of hepatic and cardiac organoids [29].
Kidney organoids also have similar histological and
organizational characteristics to kidneys in vivo and
can be used as models to evaluate drug-induced
nephrotoxicity. The similarity between organoids and
nephrons is characterized by cell organization in
tubular geometry and expression of markers present
in proximal tubules, Henle’s loop and distal tubules
[254].

The comparison of drug response between anim-
als and in vitro 3D models is also a focus of some
recent research. For example, the use of spheroids
produced of tumor cells obtained from PDX as mod-
els of bladder [255, 256], breast [257] and liver [258]
cancer has been reported. When performing effic-
acy trials with these spheroids, the authors observed
responses to drug sensitivity and resistance similar
to those obtained in trials using the PDX mod-
els from which the cells were originated. Such data
make it possible to infer that the tumor cells pre-
served in vitro, in the spheroids, exhibits patho-
physiological characteristics similar to those observed
in vivo, confirming the potential of using spheroids
as a more effective predictive model for drug screen-
ing. Moreover, attempts to culture spheroids with
primary tumor cells directly from patients (without
expansion in mice) is a challenge that has made great
progress in recent years [259]. The establishment of
increasingly complex and more predictive in vitro 3D
preclinical models will result not only in reducing the
cost and time of the screening processes for drug can-
didates, but also in decreasing the use of animals in
research. It is hypothesized that, in the future, in vitro
3D models may have such a high predictive capacity
that they could be able to replace or almost completely
replace in vivomodels in areas such as oncology, as is
already the case in cosmetology.

Finally, tumor spheroids can also be an interest-
ing tool to understand processes of tumor cellsmigra-
tion and invasion, and to lead to the development

of therapies whose targets are compounds involved
in such processes. In an in vivo 3D native envir-
onment, migrating and invasive cells produce actin-
rich adhesion components [260]. Such structures are
also observed in 3D tumor cell cultures, but not in
traditional 2D models [261]. In addition, GTPase
RhoA protein-dependent protrusions of cell mem-
brane, involved in cell migration, are spatially regu-
lated in pancreatic cancer cells when cultured in 3D,
but are not detected in 2D models [262]. The same
happens with the distribution and dynamics of pax-
illins and vinculins, essential adhesion components
for migration, which differ in cells cultured in 2D and
3D models [263].

6.2. Investigation of organ development
and congenital diseases
Spheroids and organoids are also used as models for
developmental studies and to elucidate mechanisms
related to different types of pathologies due to their
ability to mimic physiological conditions of specific
tissues and organs. In this perspective, organoid cul-
tures are valuable research tools not only in cancer
studies but also in infectology, toxicology, hereditary
diseases, stem cell biology and developmental stud-
ies. Contributions from the group led by Hans Clev-
ers from the Hubrecht Organoid Technology Insti-
tute (in Utrecht, Netherlands) significantly increased
the number of organoid researches in the last dec-
ades. This Institute focused in Wnt signaling that
can drive proliferation in cancer cells and inhibit dif-
ferentiation in tissue turnover studies [264]. Using
Wnt-dependent stem cells within multiple adult tis-
sues (Lgr5+ stem cells), the authors developed a tech-
nology to grow these stem cells into ever-expanding
epithelial organoids of different organs [265], such
as liver [266], ovarian [267], breast [268], colon
[269] and pancreas cancer organoids [270]. These
organoids recapitulate some aspects of their tissue of
origin and are genetically and phenotypically stable.
When grown directly from a diseased patient tissue,
the organoids can be used as a disease model to pre-
dict drug response in a personalized manner, and
paving the way for new perspectives for regenerative
medicine and gene therapy when associated with gen-
ome editing technology [271].

Neurodevelopment and neurodegenerative dis-
ease studies have been performed in differentiated
human neural stem cell spheroids cultured in a
perfusion-type 3D model [272]. In addition, Hare-
maki et al [149] developed a neuruloid system which
has shown applicability to modeling developmental
diseases such as neural tube defects, Huntington’s dis-
ease and developmental disorders. In turn, Purpura
et al [273] developed an aggregate-based model using
pluripotent stem cells and delivered potent blood-
inductivemolecules to closelymimic the in vivo blood
developmental niche. A robust platform to enhance
differentiation efficiency could be provided.
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In turn, organoids obtained from pancreas cells,
derived from stem cells or induced pluripotent stem
cells, have emerged as an important tool for the pro-
duction of β cells for the therapy of type 1 diabetes
[274] and as models in gene identification studies
associated with pancreatic cancer progression [269].
Progression of type 2 diabetes mellitus, including
β-cell failure, hepatic insulin resistance, hepatic ste-
atosis and cirrhosis, has been studied in pancre-
atic islet and liver organoid microtissue co-culture
[28, 275]. Additionally, organoids formedwith intest-
inal cells are being used for nutrient absorption and
drug uptake studies, as they preserve the pheno-
typic and functional characteristics of the target tissue
[276].

Moreover, lung cell organoids have proven cap-
able of maintaining some of the histological fea-
tures found in native tissue, besides showing tran-
scriptional profiles similar to those of human fetal
lungs [277, 278] As reviewed by Gural et al [279],
liver infection 3D models can be used to recapit-
ulate many aspects of pathogen–host interactions,
such as those related to hepatitis B and C viruses,
Plasmodium falciparum (malaria) and Plasmodium
vivax. Nowadays, these platforms are essential to
mimic the diverse liver-targeting pathogens and have
shown significant clinical progress in the develop-
mental diseases of hepatotropic pathogens.

6.3. Development of large-scale tissue engineering:
biofabrication
Failure or malfunction of human organs and systems
requires procedures and strategies to repair or replace
the affected tissues. Transplantation is currently the
main procedure, and this restricted option has cre-
ated an intense demand for organs in recent decades,
aggravated by the serious shortage of available donors
[280–282].

According to the United Networking for Organ
Sharing [283], 2018 was the 6th consecutive record-
breaking year in number of transplants performed
in the United States, exceeding 36 500 procedures.
In Brazil, according to the Ministry of Health, as of
Sept 2018 [284] a similar record was achieved, with
a 7% increase compared to 2017. Despite these mile-
stones, on average, every ten minutes a new person is
added to the USA waiting list, and every day, about
18 people die in the same country waiting for a trans-
plant [283]. This information, when related to data
from previous years and joined with the world pop-
ulation growth projection [285], evidences that the
gap between the number of people on the waiting list
and the number of transplants performed continues
to widen dramatically.

In Brazil, which has the largest public trans-
plant system in the world [284], 87% of transplants
are performed in the public health system. Accord-
ing to the Brazilian Registry of Transplants (2018),
from January to September 2018, 6419 solid organs

transplants (heart, liver, kidney, pancreas, lung and
multivisceral transplants), 11 321 corneal transplants
and 2080 bonemarrow transplantswere performed in
the country, thus exceeding 19 000 procedures. Dur-
ing that same period, however, the list of waiting
patients comprised 33 407 people, of whom 22 990
were admitted as of January 2018 and 1852 died
before transplantation. In the same time interval, only
2635 donors were registered. Moreover, for various
types of diseases, existing therapies using autolog-
ous or allogeneic transplants are considered as high-
risk procedures [286] and sometimes still not well
established. Therefore, the investigation of alternative
strategies is very attractive.

Given this scenario, tissue engineering seems to
be the most promising option to face such a chal-
lenge, considering that consistent and reproducible
techniques have enabled the manufacture of micro-
tissues since its emergence in 1988, with the works
of Joe Vacanti and Bob Langer [287, 288]. More
recently, in order to automate the construction of
these tissues, the principles of engineering and live
sciences have been applied to tissue engineering with
biofabrication approaches. Thus, using cell culture,
bioactive molecules, biomaterials and refined control
regarding design, modeling, fabrication and integra-
tion of these factors for the construction of 3D tis-
sues, biofabrication has enabled the engineering of
more elaborate and reproducible tissues and organ-
like constructs [22, 34, 36, 61, 280, 289, 290].

One of the various biofabrication strategies that
have emerged recently involves the use of spher-
oids, as reviewed by Bajaj et al [280]. In this case,
spheroids are considered building blocks of larger
and more complex tissues [34] and present a num-
ber of features of great interest in the area of tis-
sue engineering, such as: (a) the possibility of being
generated in defined sizes; (b) better regenerative
properties compared to 2D culture-based approaches;
(c) the ability to mimic 3D multicellular organiza-
tion typical of organ-forming tissues; (d) the poten-
tial to generate complex tissues incorporating differ-
ent cell types in co-culture; and (e) the possibility
of fusion for the construction of microtissues, thus
enabling the development of tissue engineering at
large scale [23]. In addition, the use of cell spheroids
consists in a very promising approach compared to
classic tissue engineering based on temporary scaf-
fold matrices seeded with isolated cells, as it over-
comes the challenges of inflammatory processes res-
ulting from the host’s immunogenic response to the
exogenous matrix and degradation byproducts of the
biomaterial, which can be released at the graft site
and excreted from the body, overloading the func-
tions of organs such as liver, kidneys and pancreas
[22, 24].

Regarding the use of spheroids in tissue engineer-
ing, those formed by MSCs have been singled out as
the most prominent in various studies [3, 68, 200,
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204]. Sart et al [3] and Murphy et al [204] repor-
ted that culturing MSCs in the form of spheroids
may result in improvements in some biological prop-
erties of the cells, such as the potential for multi-
line differentiation and increased survival rate when
exposed to harsher environments. Moreover, spher-
oids secrete significantly more growth factors and
exhibit greater resistance to apoptosis when com-
pared to isolated mesenchymal cells. Bartosh et al
[200] highlighted the increased anti-inflammatory
properties of MSCs when organized as aggregates.
This suggests that spheroids are fitter for survival after
transplantation when compared to isolated cultures.

In recent years, numerous studies have repor-
ted different biofabrication strategies, with extens-
ive use of spheroids. Prominent among them are
works focusing on the construction of thin, elastic
scaffolds, such as polyurethane membranes obtained
by electrospinning, in which spheroids are deposited
in a controlled manner and then fuse into the final
structure [39]. Other prominent approaches include
the construction of bioactive biological matrices
previously associated with growth and differenti-
ation factors on which the spheroids are deposited
[291] and the incorporation of spheroids to hydro-
gel matrices containing collagen type I, which plays a
role in directing the structure to be obtained [34].

In terms of obtaining more complex structures,
various groups have reported advances in adhe-
sion and fusion of tissue spheroids using casts and
matrices to obtain larger 3D structures with poten-
tial formicrovascularization. Jakab et al [22] reported
the specific deposition of spheroids on a hydrogel sur-
face in both cylindrical and spherical shape, resulting
in the formation of endothelial microtissues to obtain
vascular structures. Ishihara et al [292]manufactured
a cylindrical Teflon cast in whichMSC spheroids were
deposited, obtaining an also cylindrical microtissue
thatwas implanted in osteochondral defects in animal
models and proved to be effective for in vivo bone
and cartilage regeneration for one year, enhancing
the clinical potential and safety of this methodology.
Also noteworthy is the adhesion of tissue spheroids
using microscaffolds intertwined by a hook system, a
strategy known as ‘lockyballs’ [293].

Besides the two main limitations already pointed
out in this review regarding the use of spheroids (mass
transport and shear stress, section 4.1), other chal-
lenges need to be considered. To obtain 3D structures
through the fusion of spheroids disperse on a scaf-
fold, the affinity of the cell spheroid to the material
should be studied before. If the affinity is high, such
as adhesive surfaces (i.e. polystyrene, commonly used
to fabricate T-flasks), it is observed that spheroids lose
their circular shape and spread out on the surface,
consequently losing their three dimensionality. How-
ever, if the surface is non-adhesive, the 3D conform-
ation can be maintained for long periods to enable
the fusion process. Another challenge is to define

the maximum acceptable distance between neighbor-
ing spheroids to allow fusion during a specific time
span. The key to predict the distance involves hydro-
gel viscosity, spheroids mobility in the hydrogel, cell
signaling to coordinate the fusion process, and also
particularities of the cell line. Some reports already
showed fusion studies between two or more aggreg-
ates [23, 294]. However, reports on successful efforts
in this sense involvingmore complex conditions, such
as using a higher number of spheroids encapsulated
in hydrogels, are expected shortly. Besides the above-
mentioned works, a great number of studies has been
developed as proof of concept of the construction of
more complex microtissues, especially those aimed at
obtaining thick, branched tissues containing different
cell types, as reviewed by Jakab et al [22]. The success
obtained in the biofabrication of macroscopic struc-
tures from spheroids and directing polymer matrices
suggests that in the near future this technology will
provide the necessary conditions for the construction
of more complex tissues.

Nevertheless, despite the advantages of the
biofabrication strategies shown above, this approach
is mostly based on manual or artisanal techniques for
obtaining tissues. This limitation presently hinders
the feasibility of developing the process on a larger
scale, especially with complex tissues such as sub-
units of organs involving various cell types and, in the
future, whole organs. In this context, a highly prom-
ising method of using tissue and organ biofabrication
strategies with high levels of control, precision and
automation is based on the 3D bioprinting technique,
as reviewed by Mota et al [295].

6.4. 3D bioprinting
The term bioprinting, to the best of our know-
ledge, was used for the first time in 2004, defined
as: ‘The use of material transfer processes for
patterning and assembling biologically relevant
materials—molecules, cells, tissues, and biodegrad-
able biomaterials—with a prescribed organization
to accomplish one or more biological functions’
[289]. Bioprinting enables the automated deposition
of cells or spheroids in positions preset by CAD-
designed virtual 3D models, which are manufac-
tured into actual physical models through layer-by-
layer deposition with the structure duly controlled
[296, 297]. In the case of spheroids, this approach
provides deposition in the correct position for adhe-
sion and fusion with neighboring spheroids to build
structures and microtissues with precise 3D arrange-
ments by a reproducible process. The spheroids in
suspension therefore act as building blocks which,
when associated with a suitable polymer solution, are
considered a ‘bioink’, while the biocompatible surface
on which they are deposited plays the role of a ‘biopa-
per’ [34, 36]. Through 3D bioprinting, the combin-
ation of the bioink with the biopaper turns possible
to produce not only flat cellularized materials, but
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also more complex structures shaped as rings, rods,
branching rods, sheets and cubes, as reviewed by
Mironov et al [34].

Current challenges to 3D cell and spheroid
bioprinting involve the requirements that the bioma-
terials and cell models composing the bioink must
match to make the approach feasible. These include
printability, biocompatibility and degradation kinet-
ics of the biomaterial, as well as byproducts gener-
ated and maintenance of the structural and mechan-
ical properties of the bioink after printing [296, 298].
Again, such factors are largely related to engineering
concepts, since the printability of the bioink mater-
ial when using extrusion bioprinting, for example,
is associated with rheological characteristics such as
viscosity, shear-thinning and viscoelastic properties
related to yield stress [298]. So relevant are these
characteristics to compose satisfactory bioinks that
they led Dávila and D’Ávila [298] to set up an eval-
uation protocol based on sequential stages of rhe-
ological analysis. In short, to achieve adequate 3D
bioprinting, the viscosity of the bioink must have a
suitable shear-thinning behavior to enable the depos-
ition of filaments, providing greater deposition fidel-
ity to the CADdesign if compared to the deposition of
droplets. However, the shear stress generated during
the process should not negatively affect the cells.

The importance of shear-thinning behavior is
mainly associated with facile deposition of the mater-
ial. In this case, reduced viscosity is accompanied
by increased shear rate, allowing the material to
flow more easily through the extrusion nozzle. The
combined viscoelastic behavior must transition from
solid-like behavior to liquid-like behavior, which
defines the flow point. After the material has been
deposited on the culturing substrate, it must regain
its viscosity and, at the same time, transition to solid-
like behavior, which ensures that the bioink does not
flow and collapse after deposition. Ideally, the mater-
ial should be thixotropic, to ensure that the initial
structure of the material is fully recovered after yield
stress. Yet, the yield stress rate should be appropriate
to avoid reaching shear stress limits fatal to the cells
[298, 299].

Some studies report clear progress in obtaining
viable biological structures through 3D bioprinting
that could serve as possible implants for osteochon-
dral and cartilage tissues. Cui et al [64] presen-
ted one of the first examples of obtaining a viable
bioprinted biological structure with sufficient mech-
anical stability for the development of human car-
tilage. Bioprinting was performed through sim-
ultaneous layer-by-layer photopolymerization of
human chondrocytes associated in a poly(ethylene
glycol) dimethacrylate hydrogel on an osteochon-
dral plug harvested from bovine femoral condyles.
After bioprinting and implantation in animals, it
was observed that the bioprinted cartilage was firmly
attached to the surrounding tissue, the cells remained

viable and, after a given period, the native tissue
around the implant had a positive effect on the
grafted tissue chondrogenesis, with acceleration of
ECM production. Fedorovich et al [63] performed
bioprinting of ten layers of hydrogel fibers in different
configurations, with deposition of MSCs associated
with osteoinductive ceramic particles in one region
and chondrocytes combined to hydrogel spheres in
another region. This study demonstrated the feasibil-
ity of biofabrication of porous heterogeneous osteo-
chondral constructs. Mouser et al [300] followed the
same line of creating heterogeneous constructs, aim-
ing to mimic the depth histoarchitecture of the native
cartilage tissue. This goal was successfully achieved
by combining two hydrogel systems and three dif-
ferent cell lines, which resulted in a two-zone con-
struct mimicking both the superficial zone and the
middle/deep zone of cartilage tissue.

More recently, some reports showed the use of
various technologies in combination or even the
development of new ones. Diloksumpan et al [301]
introduced a novel technique combining various 3D
printing technologies to construct a mechanically
reinforced hydrogel-ceramic interface. This mater-
ial mimics a bone-to-cartilage interface to obtain an
osteochondral plug. The bioceramic ink was made
based on a calcium phosphate solution, which was
printed by a pneumatic-driven extrusion method
in a subchondral shape. Then, microfibrous poly-
meric meshes obtained through melt electrowriting
were anchored on the bioceramic ink. Finally, this
composed material was embedded in a cell-laden
methacryloyl-modified gelatin hydrogel, which is
representative for the cartilage tissue. Thismulti-scale
printing approach offered a promising strategy to
advanced biofabrication of osteochondral constructs
and supported osteogenesis in vitro and cartilage
deposition. Kang et al [302] presented an integ-
rated tissue-organ printer, which offers the possibil-
ity of fabricating human-scale tissue constructs of any
shape. The study has a translational approach, using
the shape of anatomical defects as a model to dis-
pense cells in distinct locations. Successful biofabrica-
tion ofmandible, cartilage, calvarial bone and skeletal
muscle was demonstrated.

In recent years, two studies reported successfully
obtaining complete human structures through 3D
bioprinting from isolated cells in culture: skin [303]
and cornea [304]. Cubo et al [303] reported 3D
bioprinting of human skin using a bioink contain-
ing blood plasma, primary fibroblasts and keratino-
cytes obtained from human skin biopsies. From the
analysis of the structure and function of the bioprin-
ted skin both in in vitro 3D cultures and when trans-
planted to immunodeficient mice, the authors con-
cluded that the skin produced was very similar to
human skin. Isaacson et al [304] bioprinted the first
human cornea by combining isolated stem cells taken
from the cornea of a healthy donor and a hydrogel
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composed of alginate andmethacrylated type 1 colla-
gen. The cornea was bioprinted in about ten minutes
and the cells showed high viability even one week
after bioprinting. These works demonstrate the feas-
ibility of the 3D bioprinting technology to gener-
ate viable human biological structures at short inter-
vals and to enable tissue engineering for therapeutic
applications in an automated manner. More recently,
Noor et al [305] reported 3D bioprinting of car-
diac patches, with thickness, nutrient perfusion and
vascularization capacity that matched the patient’s
cellular, immunological, biochemical and anatom-
ical properties. The bioprinting of this heart-like, yet
primitive, structure is an effective proof of concept
of the potential of tissue engineering to generate cus-
tomized organs and tissues.

According toMironov et al [34], the most attract-
ive aspects of using 3D bioprinting for human tis-
sue fabrication and assembly are indeed suitability
for system automation and feasible scalability. The
use of spheroids rather than single cells is obviously
advantageous in terms of processing speed, since a
much higher concentration of cells can be precisely
deposited in the case of spheroids and their depos-
ition site can be controlled [50]. Moreover, as tis-
sue maturation is more advanced in spheroids com-
pared to isolated cells due to processes of aggregation
and ECM production typical of these structures, an
additional gain in productivity is expected. This is the
background for the most recently developed biofab-
rication technique, based on the use of single spher-
oids as bioink components for 3D bioprinting, called
scaffold-free bioprinting by some authors [306]. The
difference from the so-called scaffold-based approach
is that it replaces the bioprinting of cells associated
with hydrogels and scaffolds by the bioprinting of a
very large number of cells in a preset confined space.

Two studies have already confirmed the feas-
ibility of 3D bioprinting with both healthy aortic
endothelial cell spheroids [50] and breast cancer cell
spheroids [51]. Boland et al [50] reported that the
optimumminimal thickness of each layer of the struc-
ture should not be smaller than 600 µm, the dia-
meter of the cell aggregates used. Indeed, the authors
emphasized the low cell survival ratio in aggregates
following bioprinting, even warning against a pos-
sible set back of the technique in this regard.However,
as several studies carried out after that have shown
that the maximum diameter to ensure spheroid viab-
ility should be around 150–200 µm [69, 131, 136],
most likely the high necrosis reported by Boland et al
[50] was largely due to the high diameter of the
aggregates rather than the 3D bioprinting technique.
The recent study by Swaminathan et al [51] corrob-
orates this fact, indicating that structures bioprin-
ted using breast cancer spheroids of 100 µm in dia-
meter showed high cell viability, above 82%, and
high resistance to the anticancer drug proposed in the
study compared to bioprinted isolated cells.

Indeed, this is the beginning of a long path
that will provide the structural and conceptual basis
required to make complex organ bioprinting from
spheroids possible, in the perhaps still distant but
increasingly feasible future.

6.5. Increasing system complexity: microfluidics
and high-throughput platforms
As reviewed by Ronaldson-Bouchard and Vunjak-
Novakovic [307], greater complexity of 3D mod-
els is increasingly aimed to reliably mimic a tumor
microenvironment or native tissue, to ultimately
culminate in complex organs. This is a promising
approach to reproduce the human system in mini-
aturized scale, but taking into account its complexity
involves co-culture of different cell types in micro-
fluidic systems. Such systems aim to mimic com-
plex human systems, such as the circulatory and
lymphatic networks, under strict spatial and time
control, enabling the evaluation of the synergistic
effects of various factors, such as nutrient,metabolites
and gases flow, shear stress and mechanical and
hydrodynamic forces. These complex miniaturized
systems, called organ-on-a-chip, multi-organs-on-
a-chip, body-on-a-chip or spheroids-on-a-chip are
already established and being applied to several tissue
engineering models, such as skin [308], neural [309],
muscle, lung, heart, liver, intestine, and kidney [307],
aswell as in tumor spheroids for cancermigration and
invasion studies [57].

Moshksayan et al [58] presented various newly
developed microfluidic systems for the production,
culture and application of spheroids. These devices
enabled the manipulation of cells isolated by arrays
which are susceptible to the action of mechanisms
that induce the formation of spheroids, such as the
construction of sinusoidal anchoring arrays and U-
shaped microstructure arrays to confine cells, as well
as the use of a porousmembrane system that prevents
cell movement. The devices are built in hydrophobic
materials with hydrophilic sites designed for spher-
oid formation and, lastly, controlled viscosity gradi-
ents are set up in the culture medium flow that feeds
the system, thus inducing the formation of spheroids
in strategic regions of the device. It should be noted
that due to the easyminiaturization of the system, cell
viability is maintained by means of a closed nutri-
ent and gas perfusion system that constantly feeds
the microfluidic device. Therefore, on the same plat-
form it is possible to produce spheroids, maintain
them with high viability and use them for different
applications.

Microfluidic devicesmay be built usingmicroma-
chining, microelectronics and photolithography
techniques, which can achieve spatial resolution
of 1 µm [94]. However, these techniques are lim-
ited regarding the geometric freedom of complex
structures. In this context, one notes the technological
advance of very high spatial resolution 3D printers
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in the range below 100 nm, such as the emerging
technique called two-photon polymerization (2PP).
This technology is based on photon absorption, thus
enabling polymerization of the material in very high
resolutions [310]. It is the first technique that allowed
the manufacturing of true 3D nano and microstruc-
tures in absence of scaffolds [36]. 2PP is already being
applied to build microfluidic devices and there are
reports of the building of a device for diffusive study
of the placenta with structures of 25 µm [311].

However, the more complex the developed sys-
tems, the harder it will be to apply them in high-
throughput platforms. The reproducible miniaturiz-
ation of these systems in 96- to 384-well plates, to
be incorporated into an automated screening sys-
tem compatible with traditional assays and analysis
techniques available today, is still a major challenge
for researchers. Nevertheless, high-throughput plat-
forms are important, especially for screening new
drug candidates, as both academia and industry have
been looking for increasingly robust, predictive and
reproducible 3D culture models for this purpose
[233, 312].

Recent reports of multi spheroids and organoids
on-a-chip technology are being developed aiming to
recapitulate the complexity of an organ or tissue. As
reviewed by Park et al [313] and Takebe et al [314]
although this technology offers a powerful and syner-
gistic strategy for studying individual organs, efforts
have been challenged by the complexity of model-
ing an organism as a system of interconnected and
interdependent organs. Some drawbacks to be faced
are, for instance, the need to extract higher through-
put phenotypic readouts fromdrug screening studies,
what is currently not achieved. A second obstacle is
related to the natural capability of organs to recapit-
ulate interactions with other organs and then integ-
rate a full organism, what still has to be investigated.
A third drawback is the capability of involving differ-
ent niche levels, such as molecular, cellular, tissue and
organ in the same technology approach, which is crit-
ical to create a realistic disease 3D model on a chip.

Successful examples of organ-on-a-chip studies
comes from the Dr Linda Griffith’s and Dr Donald
Ingber research groups. Her team has developed and
commercialized a microscale perfusion reactor in
which it is possible to culture liver organoids, cre-
ating a liver-on-a-chip system applied to investig-
ate the areas of physiology and drug development,
such as, respectively, liver inflammation and drug
toxicity [315]. The group has recently expanded the
microphysiological system to other types of organoids
that will be interconnected in a physiologically rel-
evant manner, creating a ‘Human Physiome on a
Chip’ [316]. In the same perspective, a group led
by Dr Chris Chen constructed a microengineered
bile duct using an organ-on-a-chip technology and
organoid culture to replicate in vitro key aspects of
bile duct structural organization and physiological

protective barrier function for bile compartment-
alization [317]. This group is also applying the
technology to microfabricate blood vessel models
[151]. Ingber’s team adapted computer microchip
manufacturingmethods to engineermicrofluidic cul-
ture devices to recapitulate the functions and the
microarchitecture of living human organs [318]. This
group has also developed an automated machine to
linkmultiple organ chips together tomimic the inter-
connection of organs, naming it ‘human body-on-
chips’ [319]. In this approach, the fluid is transferred
between the common vascular channels of three dif-
ferent chips, such as gut, liver and kidney chips,
through a central arteria-venous fluid mixing reser-
voir that, in turns, mimics blood drawing from a peri-
pheral vein [320].

Despite some attempts started to study on one
side the interconnection of different organoids on a
chip [321] and on the other side to deliver new integ-
rated technology [319] to address these drawbacks,
on-chip platforms still need to efficiently recapitulate
the complexity of an organism, which goes far beyond
the multiplexing of different cellular aggregates in the
samemicrobioreactor platform.Advanceswill have to
comprise the substitution of an artificial fluidic net-
work with blood vessels, the integration of a lymph-
atic network and of the immune system response.

Figure 6 schematically summarizes all spheroid
applications discussed in this review, interrelating
them with their current state of development. While
some technologies are in a quite advanced state, oth-
ers still demand significant input and fundamental
work to be considered as consolidated approaches.

7. Conclusions and perspectives

It is now unquestionable that the use of 3D cell mod-
els offers numerous advantages over 2D models and
this is certainly a close future trend of cell culture
research. From the vast list of references presented
in this review, it is evident that the current moment
is one of transition, aiming at the feasible applica-
tion of 3D models in all situations mentioned above.
The effective transposition of 2D to 3D cell stud-
ies will only be possible when a series of conceptual
challenges of both technical and operational nature is
overcome, as summarized below.

Regarding the use of spheroids in preclinical trials
for the development of new therapeutic compounds,
the adoption of this technique by the academic and
industrial sectors is currently limited, due to their
complexity and more laborious characterization.
Characterization difficulties impair the implementa-
tion of spheroid-based models in the pharmaceutical
industry. In addition, these models do not yet com-
ply with the control and regulation practices estab-
lished by the sector. Moreover, miniaturization of
these models for application in high-content and
HTS platforms still lacks techniques and protocols,
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Figure 6. Spheroid applications in different fields of research to be used as study models, animal testing replacement and tissue
building blocks. The current state of development depends on the number of techniques and approaches available nowadays,
together with the complexity involved in each application. The spheroid complexity stage here illustrates in what stage of
development we understand the use of spheroids in those applications is currently in. This analysis was inspired on the Technology
Readiness Level (TRL) scale from the European Commission aiming to clarify the level of maturity of a new technology.

which hinders their implementation. Another limit-
ing factor is the monitoring of these spheroids on
drug-screening platforms, which requires improved
imaging and analysis techniques, which currently
have also a number of limitations.

Regarding applications aiming at biofabrication
of large tissue constructs, this is still a distant reality,
even in relation to single cell cultures. The microen-
vironment of single cells growing attached to a por-
ous membrane or encapsulated in a hydrogel, for
example, is already actually of 3D nature. Specific-
ally concerning the application of spheroids, the
challenges are even greater. There are difficulties in
maintaining cell viability at different stages of the pro-
cess, which are generally associated with severe shear
stress conditions. Examples includemixing the spher-
oids with hydrogels to produce bioinks, the extru-
sion process characteristic of 3D bioprinting, the
long maturation period of the formed microtissue, as
well as degradation of scaffold materials. Maintain-
ing nutrient and degradation byproduct concentra-
tions at appropriate levels is also a challenge. There are
also limitations regarding the sterilization of biocom-
patible polymer matrices to avoid material degrada-
tion. Generally, the materials that withstand the most
commonly used sterilization conditions, whether by
serial filtration or exposure to high temperatures
or chemical agents, are synthetic materials with low
biocompatibility.

On the other hand, some current demands
can already be considered as accomplished, such
as the production of uniform and reproducible
spheroids, with controlled size, shape and cell
growth performance. Non-adhesive micromolding

techniques are examples of recent technological
advances in this regard. Other advances, such as the
use of additive manufacturing as a technique that
provides the refined control and automation neces-
sary for tissue production, as well as microfluidics,
which enables precise control of fluid elements and
shear stress, albeit on a small scale, are of great
relevance.

Overcoming the abovementioned challenges
requires multidisciplinary teams working synergistic-
ally. As a researcher community, we need to gainmore
insights in fundamental tissue development using it
as tissue building block models. Only then we will be
able to effectively offer the means of spheroid pro-
duction and application in a reproducible manner,
with potential scalability, automation and availability
to end users at competitive prices in a higher scale,
such as the establishment of a 3D in vitro model to
pharmaceutical industry.
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[298] Dávila J L and D’Ávila M A 2018 Rheological evaluation of
laponite/alginate inks for 3D extrusion-based printing Int.
J. Adv. Manuf. Technol. 101 675–86

[299] Malda J, Visser J, Melchels F P, Jüngst T, Hennink W E,
Dhert W J A, Groll J and Hutmacher D W 2013
Engineering hydrogels for biofabrication Adv. Mater.
25 5011–28

[300] Mouser V HM, Levato R, Mensinga A, Wouter J A,
Gawlitta D and Malda J 2020 Bio-ink development for
three-dimensional bioprinting of hetero-cellular cartilage
constructs Connective Tissue Res. 61 137–51

[301] Diloksumpan P, Ruijter M, Castilho M, Gbureck U,
Vermonden T, Van Weeren P, Malda J and Levato R 2020
Combining multi-scale 3D printing technologies to
engineer reinforced hydrogel-ceramic interfaces
Biofabrication 12 1–16

[302] Kang HW, Lee S J, Ko I K, Kengla C, Yoo J J and Atala A
2016 A 3D bioprinting system to produce human-scale
tissue constructs with structural integrity Nat. Biotechnol.
34 312–9

[303] Cubo N, Garcia M, Del Cañizo J F, Velasco D and
Jorcano J L 2017 3D bioprinting of functional human skin:
production and in vivo analysis Biofabrication 9 015006

[304] Isaacson A, Swioklo S and Connon C 2018 3D bioprinting
of a corneal stroma equivalent Exp. Eye Res. 173 188–93

[305] Noor N, Shapira A, Edri R, Gal I, Wertheim L and Dvir T
2019 3D printing of personalized thick and perfusable
cardiac patches and hearts Adv. Sci. 6 1–10

[306] Ozbolat I T 2015 Scaffold-based or scaffold-free
bioprinting: competing or complementing approaches?
J. Nanotechnol. Eng. Med. 6 024701

36

https://doi.org/10.1016/j.ejcb.2012.04.002
https://doi.org/10.1016/j.ejcb.2012.04.002
https://doi.org/10.4161/sgtp.2.4.17275
https://doi.org/10.4161/sgtp.2.4.17275
https://doi.org/10.1089/ten.tea.2010.0273
https://doi.org/10.1089/ten.tea.2010.0273
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2018.11.013
https://doi.org/10.1016/j.cell.2018.11.013
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1126/science.aaw6985
https://doi.org/10.1126/science.aaw6985
https://doi.org/10.1007/7651_2016_333
https://doi.org/10.1007/7651_2016_333
https://doi.org/10.1016/j.biomaterials.2011.10.051
https://doi.org/10.1016/j.biomaterials.2011.10.051
https://doi.org/10.1242/dev.150201
https://doi.org/10.1242/dev.150201
https://doi.org/10.3934/celltissue.2018.3.119
https://doi.org/10.3934/celltissue.2018.3.119
https://doi.org/10.1038/srep16831
https://doi.org/10.1038/srep16831
https://doi.org/10.1016/j.bbrc.2015.12.091
https://doi.org/10.1016/j.bbrc.2015.12.091
https://doi.org/10.1242/dev.140103
https://doi.org/10.1242/dev.140103
https://doi.org/10.1016/j.jcmgh.2017.11.005
https://doi.org/10.1016/j.jcmgh.2017.11.005
https://doi.org/10.1146/annurev-bioeng-071813-105155
https://doi.org/10.1146/annurev-bioeng-071813-105155
https://doi.org/10.1101/cshperspect.a014985
https://doi.org/10.1101/cshperspect.a014985
https://doi.org/10.1007/s40620-019-00634-x
https://doi.org/10.1007/s40620-019-00634-x
http://portalarquivos.saude.gov.br/images/pdf/2017/marco/09/Transplantes_RJ.pdf
http://portalarquivos.saude.gov.br/images/pdf/2017/marco/09/Transplantes_RJ.pdf
https://population.un.org/wpp/Publications/Files/WPP2017_KeyFindings.pdf
https://population.un.org/wpp/Publications/Files/WPP2017_KeyFindings.pdf
https://doi.org/10.1016/j.athoracsur.2012.02.052
https://doi.org/10.1016/j.athoracsur.2012.02.052
https://doi.org/10.1126/science.8493529
https://doi.org/10.1126/science.8493529
https://doi.org/10.1001/archsurg.1988.01400290027003
https://doi.org/10.1001/archsurg.1988.01400290027003
https://doi.org/10.1088/1758-5090/8/1/013001
https://doi.org/10.1088/1758-5090/8/1/013001
https://doi.org/10.1002/term.1635
https://doi.org/10.1002/term.1635
https://doi.org/10.1089/ten.teb.2009.0085
https://doi.org/10.1089/ten.teb.2009.0085
https://doi.org/10.1186/s13018-014-0098-z
https://doi.org/10.1186/s13018-014-0098-z
https://doi.org/10.1080/17452759.2012.740877
https://doi.org/10.1080/17452759.2012.740877
https://doi.org/10.3389/fbioe.2020.00484
https://doi.org/10.3389/fbioe.2020.00484
https://doi.org/10.1021/acs.chemrev.9b00789
https://doi.org/10.1021/acs.chemrev.9b00789
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1016/j.tibtech.2012.10.005
https://doi.org/10.1016/j.tibtech.2012.10.005
https://doi.org/10.1007/s00170-018-2876-y
https://doi.org/10.1007/s00170-018-2876-y
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1080/03008207.2018.1553960
https://doi.org/10.1080/03008207.2018.1553960
https://doi.org/10.1088/1758-5090/ab69d9
https://doi.org/10.1088/1758-5090/ab69d9
https://doi.org/10.1038/nbt.3413
https://doi.org/10.1038/nbt.3413
https://doi.org/10.1088/1758-5090/9/1/015006
https://doi.org/10.1088/1758-5090/9/1/015006
https://doi.org/10.1016/j.exer.2018.05.010
https://doi.org/10.1016/j.exer.2018.05.010
https://doi.org/10.1002/advs.201900344
https://doi.org/10.1002/advs.201900344
https://doi.org/10.1115/1.4030414
https://doi.org/10.1115/1.4030414


Biofabrication 13 (2021) 032002 M C Decarli et al

[307] Ronaldson-Bouchard K and Vunjak-Novakovic G 2018
Organs-on-a-Chip: a fast track for engineered
human tissues in drug development Cell Stem Cell
22 310–24

[308] Abaci H E, Guo Z, Doucet Y, Jacków J and Christiano A
2017 Next generation human skin constructs as advanced
tools for drug development Exp. Biol. Med.
242 1657–68

[309] Pamies D, Hartung T and Hogberg H T 2014 Biological
and medical applications of a brain-on-a-chip Exp. Biol.
Med. 239 1096–107

[310] Ovsianikov A, Mironov V, Stampf J and Liska R 2012
Engineering 3D cell-culture matrices: multiphoton
processing technologies for biological and tissue
engineering applications Expert Rev. Med. Devices 9 613–33

[311] Mandt D et al 2018 Fabrication of placental barrier
structures within a microfluidic device utilizing
two-photon polymerization Int. J. Bioprinting 4 1–12

[312] Joshi P, Datar A, Yu K N, Kang S Y and Lee M Y 2018
High-content imaging assays on a miniaturized 3D cell
culture platform Toxicol. Vitro 50 147–59

[313] Park S E, Georgescu A and Huh D 2019 Organoids-on-
a-chip Science 364 960–5

[314] Takebe T, Zhang B and Radisic M 2017 Synergistic
engineering: organoids meet organs-on-a-chip Stem Cell
21 297–300

[315] Beckwitt C H, Clark A M, Wheeler S D, Taylor L, Stolz D B,
Griffith L and Wells A 2018 Liver ‘organ on a chip’ Exp. Cell
Res. 363 15–25

[316] Trapecar M et al 2020 Gut-liver physiomimetics reveal
paradoxical modulation of IBD-related inflammation by
short-chain fatty acids Cell Syst. 10 1–17

[317] Du Y, Khandekar G, Llewellyn J, Polacheck W, Chen C S
and Wells R G 2020 A bile duct-on-a-chip with organ-level
functions Hepatology 71 1350–63

[318] Bhatia S N and Ingber D E 2014 Microfluidic
organs-on-chips Nat. Biotechnol. 32 760–72

[319] Novak R et al 2020 Robotic fluidic coupling and
interrogation of multiple vascularized organ chips Nat.
Biomed. Eng. 4 407–20

[320] Herland A et al 2020 Quantitative prediction of human
pharmacokinetic responses to drugs via fluidically coupled
vascularized organ chips Nat. Biomed. Eng. 4 421–36

[321] Skardal A et al 2017 Multi-tissue interactions in an
integrated three-tissue organ-on-a-chip platform Sci. Rep.
7 1–16

37

https://doi.org/10.1016/j.stem.2018.02.011
https://doi.org/10.1016/j.stem.2018.02.011
https://doi.org/10.1177/1535370217712690
https://doi.org/10.1177/1535370217712690
https://doi.org/10.1177/1535370214537738
https://doi.org/10.1177/1535370214537738
https://doi.org/10.1586/erd.12.48
https://doi.org/10.1586/erd.12.48
https://doi.org/10.18063/ijb.v4i2.144
https://doi.org/10.18063/ijb.v4i2.144
https://doi.org/10.1016/j.tiv.2018.02.014
https://doi.org/10.1016/j.tiv.2018.02.014
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1016/j.stem.2017.08.016
https://doi.org/10.1016/j.stem.2017.08.016
https://doi.org/10.1016/j.yexcr.2017.12.023
https://doi.org/10.1016/j.yexcr.2017.12.023
https://doi.org/10.1016/j.cels.2020.02.008
https://doi.org/10.1016/j.cels.2020.02.008
https://doi.org/10.1002/hep.30918
https://doi.org/10.1002/hep.30918
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1038/s41551-019-0497-x
https://doi.org/10.1038/s41551-019-0497-x
https://doi.org/10.1038/s41551-019-0498-9
https://doi.org/10.1038/s41551-019-0498-9
https://doi.org/10.1038/s41598-017-08879-x
https://doi.org/10.1038/s41598-017-08879-x

	Cell spheroids as a versatile research platform: formation mechanisms, high throughput production, characterization and applications
	1. Spheroids: the phenomenon of cell aggregation
	2. Terminology
	3. Strategies for obtaining spheroids
	4. Relevant engineering aspects for the production of uniform spheroids
	4.1. Mass transfer and shear stress
	4.2. Comparative analysis between dynamics and static approaches for the production ofuniform spheroids
	4.3. Mathematical and computational modeling of spheroids

	5. Spheroid characterization
	5.1. Morphological parameters
	5.2. Qualitative analysis of cell viability for characterization of 3D internal structure and cell cycle
	5.3. Quantification of viable cells in spheroids
	5.4. Gene expression profile
	5.5. Cell metabolism
	5.6. HCA

	6. Spheroid applications as study models
	6.1. Drug efficacy and toxicity trials: drug screening
	6.2. Investigation of organ development and congenital diseases
	6.3. Development of large-scale tissue engineering: biofabrication
	6.4. 3D bioprinting
	6.5. Increasing system complexity: microfluidics and high-throughput platforms

	7. Conclusions and perspectives
	Acknowledgments
	References




