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The endomembrane system of mammalian cells provides massive capacity for the segre-
gation of biochemical reactions into discrete locations. The individual organelles of the en-
domembrane system also require the ability to precisely transport material between these
compartments in order to maintain cell homeostasis; this process is termed membrane traf-
fic. For several decades, researchers have been systematically identifying and dissecting
the molecular machinery that governs membrane trafficking pathways, with the overwhelm-
ing majority of these studies being carried out in cultured cells growing as monolayers. In
recent years, a number of methodological innovations have provided the opportunity for
cultured cells to be grown as 3-dimensional (3D) assemblies, for example as spheroids and
organoids. These structures have the potential to better replicate the cellular environment
found in tissues and present an exciting new opportunity for the study of cell function. In this
mini-review, we summarize the main methods used to generate 3D cell models and highlight
emerging studies that have started to use these models to study basic cellular processes.
We also describe a number of pieces of work that potentially provide the basis for adap-
tation for deeper study of how membrane traffic is coordinated in multicellular assemblies.
Finally, we comment on some of the technological challenges that still need to be overcome
if 3D cell biology is to become a mainstream tool toward deepening our understanding of
the endomembrane system in mammalian cells.

Introduction

The cell can be defined as the basic building block of the tissues and organs that ultimately build the hu-
man body. The success of complex multicellular organisms has in no small part come as a consequence
of not only the specialization of cell lineages but also through compartmentalization and the ability to
spatially and temporally segregate biochemical reactions into different parts of the cell. In this regard, the
endomembrane system, primarily comprising the endoplasmic reticulum (ER), Golgi apparatus, endo-
somes and lysosomes, plays a critical role. These organelles host a huge variety of macromolecules, which
together play essential roles in processes such as protein and lipid synthesis, degradation, autophagy, and
signaling. The endomembrane system can broadly be divided into three pathways: the anterograde path-
way, the retrograde pathway and the endocytic pathway. The anterograde pathway is responsible for the
synthesis and secretion of newly synthesized proteins, lipids and carbohydrates, from the ER via the Golgi
apparatus, ultimately delivering material to various destinations [1]. The endocytic pathway is used for
the cellular uptake of molecules and the sorting and recycling of plasma membrane-localized membrane
receptors. Internalized material can be directed into the endosomal-lysosomal system, or in some cases
it can be trafficked toward the Golgi apparatus and ultimately the ER via the retrograde pathway. Alto-
gether, these pathways provide a convenient mechanism for the cell to be able to connect all the key com-
partments of the endomembrane system, they facilitate the recycling of trafficking machinery molecules
back to their site of origin, and importantly they maintain the overall homeostasis of the cell. It is there-
fore unsurprising that any disruption to any one of these pathways is likely to have consequences on the
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others, as well as on the morphology and function of the participating organelles. Similarly, mutations or alterations
in the levels of particular molecules can result in changes to organelle morphology and function, with consequences
on the associated trafficking pathways [2]. Indeed, many diseases are linked to dysfunction of specific organelles such
as the ER, Golgi and lysosomes [3-6]. For these reasons, the study of membrane traffic has for many years been of
fundamental importance to our wider understanding of cell biology, not least because of the ever increasing links
between endomembrane system dysfunction and disease [2].

To date, the overwhelming majority of studies addressing the molecular regulation of the endomembrane system
have utilized conventional two-dimensional (2D) monolayer cells. Cells cultured in this format are easy to manipulate,
they replicate quickly, are amenable to a wide range of perturbation types, and are compatible with both electron and
light microscopy approaches. However, despite the massive advancements in our understanding of basic cell function,
there remains the incongruity that cells rarely grow as simple monolayers in our tissues and organs. For decades we
have ‘conveniently’ sidestepped the study of basic cell function in a three-dimensional (3D) context, despite the calls to
doso [7,8], perhaps due to the many challenges associated with such experiments. Unsurprisingly, a number of studies
have shown that when cells are grown in the form of 3D assemblies, therefore better mimicking the physiological
environment, that there are differences in gene expression and their response to drugs. This is arguably of the greatest
importance in the context of cancer research, drug delivery and toxicology, and it is in these research areas that
we have seen 3D cell models being used more frequently [9-12]. 3D cell models can broadly be categorized into
two groups, namely organoids and spheroids. Organoids are structures that mimic organs and are grown from adult
stem cells, induced pluripotent stem cells, pluripotent stem cells or embryonic stem cells. They are predominantly
utilized in disease modeling, developmental biology, drug toxicity testing and personalized medicine applications
[13-15]. On the other hand, spheroids are assemblies of either one cell type or multiple cell types, which adopt various
shapes. Spheroids can have a regular shape such as a round and mass morphology, or they can have an irregular
shape, such as grape-like or stellate [16]. Many different types of cells are used to grow spheroids [17], and when
cancer cells are used as the source of cells to generate spheroids then they are termed multicellular tumor spheroids
(MCTS). These particular spheroids can begin to replicate the tumor environment with respect to oxygen and nutrient
gradients, as well as the development of a necrotic core at their center [18]. Despite the increased utilization of 3D
cell models in a number of research areas, there are comparatively few studies in which they have been used to study
the endomembrane system. In this mini-review, we will assess why this is the case and provide a perspective on their
importance and potential in furthering our understanding of how membrane trafficking is regulated throughout the
endomembrane system.

Overview of methods to produce 3D cell assemblies

There are a variety of methods to prepare and culture 3D cell models, and these have been extensively discussed
elsewhere [12,18-20]. Here we focus on methods that are likely to have the greatest applicability to study the en-
domembrane system of cells growing in 3D. One convenient way of categorizing these methods is to divide them into
scaffold-free and scaffold-based approaches. Scaffold-free approaches create an environment that does not allow at-
tachment of the cells to a substrate, effectively forcing the cells to aggregate and assemble into 3D structures. Probably
the most popular of these has been the use of liquid overlay techniques, for example utilizing ultra-low attachment
(ULA) plates, which have a surface to which cells cannot adhere. Other scaffold-free approaches include the hang-
ing drop method, and continual rotation or agitation (Figure 1A-C). Magnetic levitation is a method that can work
in the absence or presence of scaffolds (Figure 1F) [12,18-20]. By contrast, scaffold-based approaches utilize some
type of matrix to provide physical support to the cells. These scaffolds can be made from various materials such as
sponges, polymers, membranes and biocompatible inserts. The most popular materials are the natural extracellular
matrix (ECM) mixture termed Matrigel [21], as well as other natural ECM products and synthetic hydrogel polymers
(Figure 1D) [22]. Detailed descriptions of how each of these techniques can be employed are beyond the scope of this
mini-review, and excellent articles can be found elsewhere [12,18-20]. Recently, the field has seen a number of inno-
vations in terms of devices to facilitate the assembly and study of 3D cell assemblies. Each method has its particular
advantages and disadvantages [20], and there are a number of technical considerations to keep in mind. For example,
many of the commonly used scaffolds have particular handling requirements. Matrigel has two different aggregate
states at 10°C (gel and liquid) and thus it can be challenging to use in automated or semi-automated cell assembly
processes that involve robotics. Furthermore, the batch-to-batch variability of Matrigel can influence the growth of
spheroids [23]. However, the advantage of many scaffold-based methods is that many spheroids can be grown per
well. Scaffold-free technologies, such as U-bottomed ULA plates or the hanging drop method, have the disadvan-
tage of producing only one spheroid per well, however have the advantage that the spheroids are usually uniform in
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Figure 1. Main methods for production of spheroids

Spheroids can be produced by a variety of scaffold (S) and scaffold-free methods (SF), depending on the cell type and required
downstream application. Using a multi-well plate format, the commonly used methods include (A) ultra-low attachment surfaces,
(B) hanging drop, (C) spinner flasks, (D) addition of an extracellular matrix material, (E) micropatterning and (F) magnetic levitation.
Lines indicate that the spheroids can be prepared directly in the multi-well plate using this method, arrows indicate methods that
require subsequent transfer of the spheroids into the multi-well plate after assembly. Other formats include (G) microfluidic devices
and (H) microwells in a variety of dish types. For each method, one key advantage and disadvantage is given.

size and shape [18,24]. As a general guide, spheroids can be assembled using both scaffold-free and scaffold-based
methods, whereas organoids require the support of, and interactions with, the ECM. Also of note is that organoids
typically require much longer growth times than spheroids, allowing them to fully develop. Important considerations
for selecting the most appropriate 3D cell culture method include the size, number and consistency of the structures
desired, as well as how they will be subsequently analyzed (Figure 1). This latter point is particularly relevant in the
context of studying the endomembrane system, which has the specific requirement that the method needs to main-
tain the spatial identity of the organelles and membrane carriers under study. In this regard, optical microscopy has
become a mainstay technique for study of membrane trafficking pathways, but issues such as light scattering present
particular challenges when imaging living 3D models [25].

Defining the need for creating 3D cell assemblies

It is the fields of cancer biology, drug delivery and toxicology that have been the most prolific in embracing 3D cell
culture technologies. It is not surprising that these research areas can benefit from utilizing assemblies of cells, for
example to study the ability of therapeutics to penetrate into a tumor-like mass. Also noteworthy, are the increas-
ing number of reports indicating that results obtained from monolayer cultures can be significantly different from
those obtained from 3D structures. Several studies have shown alterations in gene expression as well as differences
in drug response and toxicity [26-31]. This clearly suggests that the physical arrangement of the cells, and the in-
teractions that they make in the 3D environment, have the potential to elicit functional differences in cell behavior
compared with when grown as monolayers. Given these observations, perhaps it is timely to consider in a broader
sense, whether the morphological arrangements of cells can impact other cellular events and processes. In the con-
text of membrane trafficking, perhaps the most obvious first site to examine is the plasma membrane, and the routes
taken by cargo to reach this destination. This question becomes especially relevant in cell types such as epithelial cells,
which possess a plasma membrane with differential functionality, providing both an apical and basolateral face. This
polarity within an individual cell is vital for many processes and is controlled by an extensive regulatory network
[32]. Study of polarity in epithelial cells has predominantly come from experimental systems, pioneered by the work
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of David Sabatini, which utilize semi-permeable membrane filters to support tightly opposed assemblies of cells [33].
Although this arrangement allows cells to form distinct apical and basolateral surfaces, the culture is effectively grow-
ing as a monolayer. While these culture conditions have undoubtedly revolutionized our molecular understanding
of epithelial cell polarity, they are not a bona fide 3D system, and are not designed to recapitulate the morphologi-
cal environment found in tissues. Therefore, many questions remain open with respect to how the endomembrane
system is organized and regulated in the 3D environment. For example, do the organelles of the secretory pathway
adopt different morphologies, positions and sizes compared with those seen in monolayer culture? Are the traffick-
ing pathways regulated with the same molecular machinery in cells that are deep inside a large 3D assembly, versus
those cells that are more peripheral? How do cells regulate the composition of their plasma membrane, given that
they are making cell-cell interactions on all sides? Does attenuation of membrane trafficking pathways provide the
mechanism to regulate cell size in a 3D structure? While answering such questions will be challenging, undoubtedly
such insight will be of great value to deepen our understanding of cell function in both normal and healthy tissue,
and may provide avenues for therapeutic intervention in a disease context.

Membrane traffic studies in 3D

Arguably the first significant attempt to study membrane trafficking pathways in a 3D culture system was reported by
Mrozowska and Fukuda in 2016 [34]. In this work, they investigated the transport of the apical marker podocalyxin
in Madin-Darby Canine Kidney (MDCK) II epithelial cells grown as both monolayers and 3D ‘cysts. These cysts
were generated in Matrigel and could be visualized by fluorescence microscopy as a single layered spheroid, with
a hollow lumen containing the apical membrane, and with the basolateral side oriented to the outside of the cyst.
They employed co-localization and RNA interference (RNAi) approaches to systematically assess the distribution of
podocalyxin, in the context of the Rab family of small GTPases, in monolayer cells and cysts. Interestingly, the study
highlighted that the depletion of particular Rab proteins resulted in different phenotypes in the 2D versus 3D cell
models. For example, the knockdown of Rab13 and Rab14 caused an inhibition of podocalyxin transport to the apical
plasma membrane in monolayer cells, whereas it was the knockdown of Rab4a/b, Rab15, Rab19 and Rab25 that caused
an inhibition of podocalyxin transport in spheroids. One specific output from this study was the realization that
different effectors of Rab35 seem to be differentially involved in the regulation of podocalyxin transport between 2D
and 3D models. More recent work from the same group has focused on a number of the guanine nucleotide exchange
factors (GEFs) that regulate Rab35 and have found that two of these, DENN domain-containing 1A and folliculin
seem to be the specific molecules that influence the activity of Rab35 [35]. Unlike the findings in several of the drug
delivery studies mentioned above, the differences in podocalyxin behavior between the 2D and 3D models were not
found to occur as a result of changes in gene expression levels of the GEFs but rather a consequence of the subcellular
localization of the GEF proteins themselves. Given the complexity of the endomembrane system in cells, it is highly
likely that such a mechanism to regulate different behaviors in 2D and 3D is a more widespread phenomenon. While
the MDCK II cyst model might be considered relatively simple in terms of its level of 3D complexity, it nevertheless
also provides fascinating insight into how membrane traffic machinery is instrumental in driving the morphological
arrangement of 3D structures, and specifically the formation of the central hollow lumen [34]. Of course one problem
with the MDCK II cyst model is the orientation of the apical plasma membrane on the inside of the structure, thereby
making uptake studies of exogenous cargoes somewhat challenging. Recently however, a protocol that causes the
inversion of the spheroids (in this particular case intestinal spheroids or enteroids) was reported [36]. Remarkably,
this inversion of the apical and basolateral membranes from the initial inside-out configuration was possible after
formation of the original hollow structure and was driven by cell culture medium changes and accessibility of the
cells to ECM components. This model was then used to assess the interactions and uptake of pathogenic Salmonella
sp. but holds great potential for studying the uptake of a wide range of molecules.

Work in our own laboratory has sought to investigate the membrane trafficking machinery regulating endocyto-
sis of nanocarriers, as potential therapeutic vehicles, again in an attempt to identify commonalities and differences
between 2D and 3D cell models. RNAI screening of approximately 400 genes associated with membrane traffic and
cytoskeleton regulation was initially used to define the key machinery associated with delivery of polymeric nanopar-
ticles to lysosomes. Much of this work was also focused on the Rab GTPases and identified Rab33b as being a critical
regulator of nanoparticle trafficking to lysosomes in monolayer cells [37]. Subsequently, we repeated this RNAi ap-
proach, albeit on a pilot scale, but using a solid spheroid model of HT-29 adenocarcinoma cells [38]. Interestingly,
while Rab33Db also proved to be a strong regulator of this process in the spheroids, depletion of the endocytic regu-
lator Rab5a was found not to severely impact delivery of the nanoparticles to lysosomes in this model, contrary to
our findings in monolayer cells. While this spheroid study was small-scale, it again points to the fact that there are
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Table 1 Summary of membrane trafficking studies in 3D
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3D cell culture Cellular process Imaging and analysis

Cell type method 3D cell model investigated approach Reference
MDCK I cells Matrigel Cyst Regulation of podocalyxin  Manual point-scanning Mrozowska and Fukuda,
trafficking by Rab GTPases confocal microscopy, 2016 [34]
to apical membranes single plane analysis
MDCK Il cells Matrigel Cyst Rab35 regulation of Manual point-scanning Kinoshita et al., 2020 [35]
podocalyxin trafficking to  confocal microscopy,
apical membranes single plane analysis
HT-29 cells Matrigel Spheroid Endocytosis of Automated high-content ~ Cutrona and Simpson, 2019
nanoparticles spinning disk confocal [38]
microscopy, single plane
analysis
BxPC-3, PANC-1 and U-bottomed ULA plates ~ Spheroid Endocytosis of Manual point-scanning Durymanov et al., 2019 [39]
NIH3T3 cells nanoparticles confocal microscopy,
single plane analysis
AsPC-1 Hanging drop plates Spheroid Endocytosis of Manual point-scanning Luetal., 2015 [40]
nanoparticles confocal microscopy,
single plane analysis
HCT-116 cells U-bottomed ULA plates Spheroid Endocytosis of Manual point-scanning Tchoryk et al., 2019 [41]
nanoparticles confocal microscopy,
single plane analysis
BxPC-3 cells Hanging drop plates Spheroid Endocytosis of Manual point-scanning Wang et al., 2020 [42]

nanoparticles confocal microscopy,

single plane analysis

Summary of studies in which 3D cell culture systems has been used to study aspects of membrane trafficking. All are detailed in the main text.

differences in the mechanics of the endomembrane system depending on the growth format of the cells. Importantly,
this study also demonstrated that high-resolution fluorescence data, at the subcellular level, could be extracted and
quantified from such spheroids. Others have also used 3D cell models to measure delivery efficacy of nanoparticles
synthesized from a variety of materials into cells. These studies have shown that uptake and penetration were de-
pendent on the size and charge of the nanoparticle, and that the process could be inhibited by chemical inhibitors
of endocytosis [39-42]. Unfortunately, these studies do not present subcellular resolution information, which clearly
would be invaluable to reveal the membrane trafficking pathways that these nano-sized objects take, not only within
individual cells, but between neighboring cells within the spheroid. Such information would undoubtedly be helpful
for the design of nanomedicines. All of the above studies are summarized in Table 1.

Emergence of novel methodologies
One significant challenge of working with 3D cell models is selecting a growth method that finds the best compro-

mise between providing a physiologically relevant assembly, and which is amenable to their study, for example using
high-resolution imaging. A variety of fluorescence microscopy modalities are potentially suitable for imaging 3D
assemblies, including confocal microscopy, light-sheet microscopy, super-resolution microscopy and multi-photon
microscopy. These techniques can be combined with advanced clearing protocols to minimize light scattering [43].
Another emerging and exciting option, which can be combined with the above techniques, is expansion microscopy.
This technique utilizes incubation with polymers to enable the physical expansion of the spheroid, organoid or tissue,
and thus increase the size of the cells without affecting the morphology of the 3D environment [44,45]. Common to
many of the works described above has been the use of Matrigel as the ECM material to facilitate 3D assembly forma-
tion. Although Matrigel is widely used for support of spheroid growth, it does present challenges in its handling, as
discussed above. However, it has found favor due its high cell-compatibility as well as showing minimal optical inter-
ference with fluorescence microscopy techniques. Recently, a technique was reported that describes the assembly of
mini spheroids of MCF10A breast cancer epithelial cells, using an automated liquid handling system, in drops of just
0.2 pl of Matrigel [46]. The spheroids were grown in these Matrigel droplets, and cells were visualized by their expres-
sion of the nuclear protein histone 2B, fused to GFP. A small-scale RNAi screen was then carried out, allowing the
researchers to identify genes associated with mitosis, detected by imaging using a dual-view inverted selective plane
illumination microscope (SPIM). Image analysis included volumetric measurements of not only the entire spheroid
but also the individual nuclei within each cell, providing a high level of detail with respect to the changes seen on
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RNAi treatment. While this particular study did not analyze components of the endomembrane system, it does nev-
ertheless demonstrate feasibility of the approach, and in particular capability of generating highly uniform spheroids
for volumetric analysis with subcellular resolution.

Uniformity of spheroid growth is one important characteristic not only from a screening perspective but also be-
cause it simplifies downstream analysis pipelines. One method to achieve this is through the use of geometrical con-
straints coupled to microfluidics (Figure 1G). One such example has been reported in which up to 500 spheroids
can be grown on a single chip [47]. The cells were prepared in a droplet of medium and liquid agarose and were
caught by hexagonal ‘anchors’ as they flowed through the device. Spheroid formation occurred within 24 h, and they
showed a high degree of uniformity in size and shape. Long-term growth was achieved by exchange of cell culture
medium through the device. In this initial work, they were able to measure the organization of the cells in spheroids,
culture different types of cells on the same chip, as well as selectively recover spheroids of interest using local heating
by an infrared laser beam [47]. This approach was further developed by addition of a second anchor to the primary
anchors. These secondary anchors had a lower trapping force than the primary anchors, and allowed the use of two
populations of droplets. The first population contained the cells to form the spheroids and the second population
of droplets was used to manipulate the spheroids, for example allowing establishment of co-cultures or treatment
with drug libraries [48]. This device has also been used to study the formation of organoids by fluorescence imaging
[49], and to study the secretion of vascular endothelial growth factor by mesenchymal stem cell spheroids [50]. These
studies clearly show the potential of this method to grow and manipulate spheroids, and applications for study of
the endomembrane system in spheroids grown in such a device should be extensive. It is important to note however,
that analysis of spheroids in such devices remains challenging, and so far these studies reported have not applied
volumetric analysis to the spheroids, but rather single plane analysis. Potentially, such devices could be coupled to
a light-sheet microscope, which has the specific advantage of being able to rapidly image in multiple planes. Others
have shown that such a set-up can be used to image flowing single cells in suspension, as well as small clusters of
cells with subcellular resolution. Subsequent volumetric analysis was used to measure, for example, the distribution
and size of organelles [51]. Although this study did not use spheroids, one could envisage that this would be possible,
and thereby combining the manipulation abilities of microfluidic devices with this imaging approach would be a very
powerful method to study the endomembrane system in a 3D assembly.

Very early in the utilization of high-content screening approaches, researchers realized that there can be high mor-
phological variability between the individual cells found in a monolayer. As such, methods to grow individual cells
in a constrained manner and in a specific shape emerged, particularly employing micropatterning technology. Two
landmark studies grew individual monolayer cells on these micropatterns and showed that cells organize themselves
differently in cell division and interphase when compared with cells that are not grown in a confined manner [52,53].
More recently, this method was further developed to grow spheroids of a uniform size and shape, as well as in defined
positions. Several different cell lines (HT-29, HCT-116, T-47D, MCF-7, MDA-MB-231, A549 and HeLa cells) were
grown as spheroids on these micropatterns, and alongside assessing cell death using propidium iodide staining, they
measured spheroid diameter, spheroid roundness, and fluorescence levels at ether the center or edge of the spheroid.
They proposed that this system was ideal for fully automated high-content screening [54]. This method of growing
spheroids has the advantage that spheroids are uniform in size and shape and are arranged in defined rather than ran-
dom positions within a well of a multi-well plate (Figure 1E). This latter point thereby reduces the need for imaging
an excessive area of a well, which in turn has a benefit in reducing the volume of data acquired. By adjusting the size
of each micropattern, as well as the pitch between each pattern, highly regular arrays of several hundred spheroids
can be generated in a single well of a 96-well plate (Figure 2A). Micropatterning on glass-bottomed multi-well plates
opens up the potential for using confocal high-content screening microscopy to image these spheroids with subcellu-
lar resolution, revealing the morphology of organelles such as the Golgi apparatus in each of the cells in the spheroid
(Figure 2B). This in turn allows cell-based assays to be carried out, for example treatment of the spheroids with classi-
cal endomembrane perturbation drugs, such as brefeldin A (BFA), which have proved to be highly useful tools for our
deepening our understanding of the endomembrane system [55]. Analysis of such images, at subcellular resolution
level, provide the opportunity to quantify features such as organelle volume, surface area and number of fragments
(Figure 2C).

Another similar approach to surface micropatterning is the use of microwells (Figure 1H). These can be produced
in a variety of ways, using materials ranging from agarose to poly-dimethylsiloxane (PDMS). In some cases these mi-
crowells can have ECM materials such as collagen added, allowing the spheroids to become completely encapsulated.
One study used this technique to investigate hypoxia-induced changes in invasion, proliferation, and phenotypic tran-
sition in glioma spheroids [56]. Another study used two different hydrogels, namely polyethylene glycol (PEG) and
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Figure 2. Morphological analysis of the Golgi apparatus in spheroids

Example of HelLa cell spheroids grown on micropatterns in the well of a 96-well plate, followed by their automated imaging and
analysis. (A) Bright-field image of an entire well showing ordered arrangement of the spheroids after 3 days of growth. Scale bar
represents 1 mm. (B) Single confocal plane fluorescence image of an individual spheroid on the micropattern. The image on the
left is of a control (untreated) spheroid, the image on the right is of a spheroid treated for 20 min with Brefeldin A (BFA). Nuclei
stained with Hoechst 33342 are in blue, Golgi apparatus immunostained for the Golgi matrix protein GM130 are in green. Scale bar
represents 50 um. (C) Examples of volumetric analysis performed on the Golgi apparatus in individual cells within untreated and
BFA-treated spheroids. Parameters of Golgi volume, Golgi surface area, and number of Golgi fragments are shown. Data come
from 10 independent spheroids. Data are from the author’s own laboratory.

calcium alginate, in a co-culture model to demonstrate the importance of secretory factors to induce stem cell differ-
entiation. The innovation in this set-up was that the PEG hydrogel solidified when exposed to light and the alginate
hydrogel could be chemically dissolved, thereby creating a mechanism for generating an alternating micropattern
of columns of the two different hydrogels, each containing the different cell types [57]. More recently, similar ap-
proaches have been miniaturized still further, down to the use of 384-well plate formats, with the cell assemblies used
as micro-tumors in drug screening studies [58]. Although these latter approaches did not acquire single cell resolution
data from the spheroids, these methods of micropatterning and microwell generation display the potential for use in
a wider set of cell-based assays. If problems of light penetration and scattering can be overcome, imaging methods
could be applied.
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Volumetric image analysis

The final major step once suitable image data have been acquired is to maximize the quantitative information that can
be extracted from the 3D assembly, ideally at single cell and subcellular resolution. Unfortunately, the vast majority
of studies to date have chosen to analyze single and/or selected confocal planes rather than using volumetric analy-
sis. The field of volumetric image analysis is still one that is very much under development. While there are a small
number of commercial software platforms that have this functionality, these are expensive, typically require high com-
putational power, and are not designed to process multicellular spheroid or organoid data on a large scale. However,
new open-source tools are beginning to emerge. Recently, Piccinini and colleagues compared several open-source
software tools/algorithms for volumetric analysis of nuclei, highlighting their strengths and weaknesses [59]. What is
perhaps surprising from this study is that despite cell nuclei being perhaps one of the simplest organelles to identify,
segment and measure (given their relatively standard ovoid shape), the tools tested all performed very differently.
This implies that analysis of more pleomorphic subcellular structures, as found in the endomembrane system, will
be even more challenging to extract quantitative volumetric data from (Figure 2C). Other studies have made volu-
metric measurements in spheroids by segmenting cells and organelles on each confocal z-plane and then integrating
the voxels of the respective regions [60]. Again, probably the greatest success using this approach has been seen in
attempts to measure phenotypes of nuclei. One study measured the deformation of nuclei in spheroids by measur-
ing the voxel number, highlighting that an increase in spheroid size (and therefore in number of cells), increases the
pressure on nuclei, and that the distribution of this stress on nuclei differs according to the shape of the spheroids
[61]. Nuclei shape and orientation in spheroids grown in scaffold-free and scaffold-based systems have also been
examined by light-sheet microscopy. In this case the analysis was performed using the ‘Fit Ellipsoid’ plugin of the
open source image processing software, Icy [62]. Light-sheet microscopy seems to be an appropriate imaging tool to
generate such data for volumetric measurements, potentially allowing as many as 30 features from individual nuclei
in spheroids to be extracted [63]. It should be noted, however, that there are significant challenges with respect to the
handling, storage and analysis of the large imaging datasets that are acquired when working with 3D cell assemblies.
Both high-content screening microscopy and light-sheet microscopy can create terabytes of data within a few hours
of imaging. Appropriate data handling pipelines and solutions are emerging, but it is likely that this challenge will
remain with us [64,65]. Taken together, these examples highlight that volumetric analysis is making progress, and
will undoubtedly shed more light on the mechanics of how cells behave within a 3D assembly. More work will be
needed to develop algorithms that have improved ability to detect, segment, and quantify the myriad of membrane
organelles, often of irregular size and shape, that are found through the cell cytoplasm.

Conclusions

In conclusion, while it is clear that our understanding of the endomembrane system in the context of the single
(monolayer) cell is now well advanced, many open questions remain with respect to whether this functionality is the
same when cells are grown in the confined environment of a 3D cell assembly. However, the tools to both grow such
assemblies, and probe them in a quantitative manner by imaging are rapidly evolving, and it seems inevitable that the
next few years will see a further emphasis on the use of these models in basic cell biology. Our vision of quantitatively
describing the ‘cell®’ is perhaps closer than we might dare to believe!

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
The authors acknowledge the support of an infrastructure research grant from Science Foundation Ireland (SFl) [grant number
16/RI/3745 to J.C.S.]. Work in the UCD Cell Screening Laboratory is supported by the UCD College of Science.

Author Contribution
M.M.M. and J.C.S. wrote the manuscript. M.M.M. produced the figures. Both authors read and approved the final manuscript.

Acknowledgements
The authors also thank all members of the lab for their input and helpful discussions. The artwork in Figure 1 was generated in
BioRender.

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Bioscience Reports (2021) 41 BSR20210850C °
https://doi.org/10.1042/BSR20210850C '. (] EROE%ELAND
°

Abbreviations

BFA, Brefeldin A; ER, endoplasmic reticulum; GEF, guanine nucleotide exchange factor; MCTS, multicellular tumor spheroids;
MDCK, Madin-Darby Canine Kidney; PDMS, poly-dimethylsiloxane; PEG, polyethylene glycol; SPIM, selective plane illumina-
tion microscope.

References

1 Bonifacino, J.S. and Glick, B.S. (2004) The mechanisms of vesicle budding and fusion. Cell 116, 153—166,
https://doi.org/10.1016/S0092-8674(03)01079-1

2 Yarwood, R., Hellicar, J., Woodman, P.G. and Lowe, M. (2020) Membrane trafficking in health and disease. Dis. Model. Mech. 13, dmm043448,
https://doi.org/10.1242/dmm.043448

3 Perkins, H.T. and Allan, V. (2021) Intertwined and finely balanced: endoplasmic reticulum morphology, dynamics, function, and diseases. Cells 10,
2341, https://doi.org/10.3390/cells10092341

4 Bexiga, M.G. and Simpson, J.C. (2013) Human diseases associated with form and function of the Golgi complex. Int. J. Mol. Sci. 14, 18670-18681,
https://doi.org/10.3390/ijms140918670

5 Liu, J., Huang, Y., Li, T., Jiang, Z., Zeng, L. and Hu, Z. (2021) The role of the Golgi apparatus in disease (Review). Int. J. Mol. Med. 47, 38,
https://doi.org/10.3892/ijmm.2021.4871

6 Marques, A.R.A. and Saftig, P. (2019) Lysosomal storage disorders - challenges, concepts and avenues for therapy: beyond rare diseases. J. Cell Sci.
132, jcs221739, https://doi.org/10.1242/jcs.221739

7 Keller, PJ., Pampaloni, F. and Stelzer, E.H. (2006) Life sciences require the third dimension. Curr. Opin. Cell Biol. 18, 117124,
https://doi.org/10.1016/j.ceb.2005.12.012

8 Pampaloni, ., Reynaud, E.G. and Stelzer, E.H.K. (2007) The third dimension bridges the gap between cell culture and live tissue. Nat. Rev. Mol. Cell
Biol. 8, 839-845, https://doi.org/10.1038/nrm2236

9 Eglen, R.M. and Klein, J.-L. (2017) Three-dimensional cell culture: a rapidly emerging approach to cellular science and drug discovery. SLAS Discov.
Adv. Life Sci. R D 22, 453-455, https://doi.org/10.1177/2472555217702448

10 Jensen, C. and Teng, Y. (2020) Is it time to start transitioning from 2D to 3D cell culture? Front. Mol. Biosci. 7, 33,
https://doi.org/10.3389/fmolb.2020.00033

11 Jensen, C., Shay, C. and Teng, Y. (2022) The new frontier of three-dimensional culture models to scale-up cancer research. Methods Mol. Biol. Clifton
NJ 2343, 3-18, https://doi.org/10.1007/978-1-0716-1558-41

12 Van Zundert, I., Fortuni, B. and Rocha, S. (2020) From 2D to 3D cancer cell models-the enigmas of drug delivery research. Nanomater. Basel Switz. 10,
E2236, https://doi.org/10.3390/nano10112236

13 Dutta, D., Heo, I. and Clevers, H. (2017) Disease modeling in stem cell-derived 3D organoid systems. Trends Mol. Med. 23, 393-410,
https://doi.org/10.1016/j.molmed.2017.02.007

14 Kyffin, J.A., Sharma, P,, Leedale, J., Colley, H.E., Murdoch, C., Mistry, P. et al. (2018) Impact of cell types and culture methods on the functionality of in
vitro liver systems - a review of cell systems for hepatotoxicity assessment. Toxicol. Vitro Int. J. Publ. Assoc. BIBRA 48, 262-275,
https://doi.org/10.1016/j.tiv.2018.01.023

15 Kim, J., Koo, B.-K. and Knoblich, J.A. (2020) Human organoids: model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol. 21, 571-584,
https://doi.org/10.1038/s41580-020-0259-3

16 Edmondson, R., Broglie, J.J., Adcock, A.F. and Yang, L. (2014) Three-dimensional cell culture systems and their applications in drug discovery and
cell-based biosensors. Assay Drug Dev. Technol. 12, 207-218, https://doi.org/10.1089/adt.2014.573

17 Campbell, M., Chabria, M., Figtree, G.A., Polonchuk, L. and Gentile, C. (2019) Stem Cell-Derived Cardiac Spheroids as 3D In Vitro Models of the Human
Heart Microenvironment. Methods Mol. Biol. Clifton NJ 2002, 51-59, https://doi.org/10.1007/76512018'187

18 Lv, D., Hu, Z., Lu, L., Lu, H. and Xu, X. (2017) Three-dimensional cell culture: A powerful tool in tumor research and drug discovery. Oncol. Lett. 14,
6999-7010, https://doi.org/10.3892/01.2017.7134

19 Nunes, A.S., Barros, A.S., Costa, E.C., Moreira, A.F. and Correia, I.J. (2019) 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors
resistance to therapeutic drugs. Biotechnol. Bioeng. 116, 206-226, https:/doi.org/10.1002/bit.26845

20 Foglietta, F., Canaparo, R., Muccioli, G., Terreno, E. and Serpe, L. (2020) Methodological aspects and pharmacological applications of three-dimensional
cancer cell cultures and organoids. Life Sci. 254, 117784, https://doi.org/10.1016/].1fs.2020.117784

21 Kleinman, H.K. and Martin, G.R. (2005) Matrigel: basement membrane matrix with biological activity. Semin. Cancer Biol. 15, 378-386,
https://doi.org/10.1016/j.semcancer.2005.05.004

22 Kamatar, A., Gunay, G. and Acar, H. (2020) Natural and synthetic biomaterials for engineering multicellular tumor spheroids. Polymers 12, E2506,
https://doi.org/10.3390/polym12112506

23 Caliari, S.R. and Burdick, J.A. (2016) A practical guide to hydrogels for cell culture. Nat. Methods 13, 405-414, https://doi.org/10.1038/nmeth.3839

24 Costa, E.C., de Melo-Diogo, D., Moreira, A.F., Carvalho, M.P. and Correia, I.J. (2018) Spheroids formation on non-adhesive surfaces by liquid overlay
technique: considerations and practical approaches. Biotechnol. J. 13, 1700417, https://doi.org/10.1002/biot.201700417

25 Bardsley, K., Deegan, A.J., El Haj, A. and Yang, Y. (2017) Current state-of-the-art 3D tissue models and their compatibility with live cell imaging. Adv.
Exp. Med. Biol. 1035, 3-18, https://doi.org/10.1007/978-3-319-67358-51

26 Kim, E. and Jeon, W.B. (2013) Gene expression analysis of 3D spheroid culture of human embryonic kidney cells. Toxicol. Environ. Health Sci. 5,
97-106, https://doi.org/10.1007/s13530-013-0160-y

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 9
Attribution License 4.0 (CC BY).


https://doi.org/10.1016/S0092-8674(03)01079-1
https://doi.org/10.1242/dmm.043448
https://doi.org/10.3390/cells10092341
https://doi.org/10.3390/ijms140918670
https://doi.org/10.3892/ijmm.2021.4871
https://doi.org/10.1242/jcs.221739
https://doi.org/10.1016/j.ceb.2005.12.012
https://doi.org/10.1038/nrm2236
https://doi.org/10.1177/2472555217702448
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1007/978-1-0716-1558-4_1
https://doi.org/10.3390/nano10112236
https://doi.org/10.1016/j.molmed.2017.02.007
https://doi.org/10.1016/j.tiv.2018.01.023
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1007/7651_2018_187
https://doi.org/10.3892/ol.2017.7134
https://doi.org/10.1002/bit.26845
https://doi.org/10.1016/j.lfs.2020.117784
https://doi.org/10.1016/j.semcancer.2005.05.004
https://doi.org/10.3390/polym12112506
https://doi.org/10.1038/nmeth.3839
https://doi.org/10.1002/biot.201700417
https://doi.org/10.1007/978-3-319-67358-5_1
https://doi.org/10.1007/s13530-013-0160-y

™ Bioscience Reports (2021) 41 BSR20210850C
.... FF:F?E%ELAND https://doi.org/10.1042/BSR20210850C

27 Xiao, W., Kodama, M., Komori, K. and Sakai, Y. (2014) Oxygen-permeable membrane-based direct oxygenation remarkably enhances functions and
gene expressions of rat hepatocytes in both 3D and sandwich cultures. Biochem. Eng. J. 91, 99-109, https://doi.org/10.1016/j.bej.2014.08.005

28 Fischbach, C., Chen, R., Matsumoto, T., Schmelzle, T., Brugge, J.S., Polverini, P.J. et al. (2007) Engineering tumors with 3D scaffolds. Nat. Methods 4,
855-860, https://doi.org/10.1038/nmeth1085

29 Pickl, M. and Ries, C.H. (2009) Comparison of 3D and 2D tumor models reveals enhanced HER2 activation in 3D associated with an increased response
to trastuzumab. Oncogene 28, 461-468, https://doi.org/10.1038/0nc.2008.394

30 Tung, Y.-C., Hsiao, A.Y., Allen, S.G., Torisawa, Y., Ho, M. and Takayama, S. (2011) High-throughput 3D spheroid culture and drug testing using a 384
hanging drop array. Analyst 136, 473-478, https://doi.org/10.1039/COAN00609B

31 Weigelt, B., Lo, A.T., Park, C.C., Gray, J.W. and Bissell, M.J. (2010) HER2 signaling pathway activation and response of breast cancer cells to
HER2-targeting agents is dependent strongly on the 3D microenvironment. Breast Cancer Res. Treat. 122, 35-43,
https://doi.org/10.1007/s10549-009-0502-2

32 Martin, E., Girardello, R., Dittmar, G. and Ludwig, A. (2021) New insights into the organization and regulation of the apical polarity network in
mammalian epithelial cells. FEBS J., https://doi.org/10.1111/febs.15710

33 Cereijido, M., Robbins, E.S., Dolan, W.J., Rotunno, C.A. and Sabatini, D.D. (1978) Polarized monolayers formed by epithelial cells on a permeable and
translucent support. J. Cell Biol. 77, 853—-880, https://doi.org/10.1083/jch.77.3.853

34 Mrozowska, P.S. and Fukuda, M. (2016) Regulation of podocalyxin trafficking by Rab small GTPases in 2D and 3D epithelial cell cultures. J. Cell Biol.
213, 355-369, https://doi.org/10.1083/jcb.201512024

35 Kinoshita, R., Homma, Y. and Fukuda, M. (2020) Rab35-GEFs, DENND1A and folliculin differentially regulate podocalyxin trafficking in two- and
three-dimensional epithelial cell cultures. J. Biol. Chem. 295, 3652—3663, https://doi.org/10.1074/jbc.RA119.011646

36 Co, J.Y., Margalef-Catala, M., Li, X., Mah, A.T., Kuo, C.J., Monack, D.M. et al. (2019) Controlling epithelial polarity: a human enteroid model for
host-pathogen interactions. Cell Rep. 26, 2509.e4-2520.e4, https://doi.org/10.1016/j.celrep.2019.01.108

37 Panarella, A., Bexiga, M.G., Galea, G., O’Neill, E.D., Salvati, A., Dawson, K.A. and Simpson, J.C. (2016) A systematic high-content screening microscopy
approach reveals key roles for Rab33b, OATL1 and Myo6 in nanoparticle trafficking in HeLa cells. Sci. Rep. 6, 28865,
https://doi.org/10.1038/srep28865

38 Cutrona, M.B. and Simpson, J.C. (2019) A high-throughput automated confocal microscopy platform for quantitative phenotyping of nanoparticle uptake
and transport in spheroids. Small Weinh. Bergstr. Ger. 15, 1902033, https://doi.org/10.1002/smil.201902033

39 Durymanov, M., Kroll, C., Permyakova, A. and Reineke, J. (2019) Role of endocytosis in nanoparticle penetration of 3D pancreatic cancer spheroids.
Mol. Pharm. 16, 1074-1082, https://doi.org/10.1021/acs.molpharmaceut.8b01078

40 Lu, H., Utama, R.H., Kitiyotsawat, U., Babiuch, K., Jiang, Y. and Stenzel, M.H. (2015) Enhanced transcellular penetration and drug delivery by
crosslinked polymeric micelles into pancreatic multicellular tumor spheroids. Biomater. Sci. 3, 1085-1095, https://doi.org/10.1039/C4BM00323C

41 Tchoryk, A., Taresco, V., Argent, R.H., Ashford, M., Gellert, P.R., Stolnik, S. et al. (2019) Penetration and uptake of nanoparticles in 3D tumor spheroids.
Bioconjug. Chem. 30, 1371-1384, https://doi.org/10.1021/acs.bioconjchem.9b00136

42 Wang, G., Zhou, Z., Zhao, Z., Li, Q., Wu, Y., Yan, S. et al. (2020) Enzyme-triggered transcytosis of dendrimer-drug conjugate for deep penetration into
pancreatic tumors. ACS Nano 14, 4890-4904, https://doi.org/10.1021/acsnano.0c00974

43 Dekkers, J.F, Alieva, M., Wellens, L.M., Ariese, H.C.R., Jamieson, P.R., Vonk, A.M. et al. (2019) High-resolution 3D imaging of fixed and cleared
organoids. Nat. Protoc. 14, 1756—1771, https://doi.org/10.1038/s41596-019-0160-8

44 Edwards, S.J., Carannante, V., Kuhnigk, K., Ring, H., Tararuk, T., Hallbddk, F. et al. (2020) High-resolution imaging of tumor spheroids and organoids
enabled by expansion microscopy. Front. Mol. Biosci. 7, 208, https://doi.org/10.3389/fmolb.2020.00208

45 Pernal, S.P., Liyanaarachchi, A., Gatti, D.L., Formosa, B., Pulvender, R., Kuhn, E.R. et al. (2020) Nanoscale imaging using differential expansion
microscopy. Histochem. Cell Biol. 153, 469-480, https://doi.org/10.1007/s00418-020-01869-7

46 Eismann, B., Krieger, T.G., Beneke, J., Bulkescher, R., Adam, L., Erfle, H. et al. (2020) Automated 3D light-sheet screening with high spatiotemporal
resolution reveals mitotic phenotypes. J. Cell Sci. 133, jcs245043, https://doi.org/10.1242/jcs.245043

47 Sart, S., Tomasi, R.F.-X., Amselem, G. and Baroud, C.N. (2017) Multiscale cytometry and regulation of 3D cell cultures on a chip. Nat. Commun. 8, 469,
https://doi.org/10.1038/s41467-017-00475-x

48 Tomasi, R.F.-X., Sart, S., Champetier, T. and Baroud, C.N. (2020) Individual control and quantification of 3D Spheroids in a high-density microfluidic
droplet array. Cell Rep. 31, 107670, https://doi.org/10.1016/j.celrep.2020.107670

49 Sart, S., Tomasi, R.F.-X., Barizien, A., Amselem, G., Cumano, A. and Baroud, C.N. (2020) Mapping the structure and biological functions within
mesenchymal bodies using microfluidics. Sci. Adv. 6, eaaw7853, https://doi.org/10.1126/sciadv.aaw7853

50 Saint-Sardos, A., Sart, S., Lippera, K., Brient-Litzler, E., Michelin, S., Amselem, G. et al. (2020) High-throughput measurements of intra-cellular and
secreted cytokine from single spheroids using anchored microfluidic droplets. Small Weinh. Bergstr. Ger. 16, €2002303,
https://doi.org/10.1002/smll.202002303

51 Vargas-Ordaz, E.J., Gorelick, S., York, H.M., Liu, B., Halls, M.L., Arumugam, S. et al. (2021) Three-dimensional imaging on a chip using optofluidics
light-sheet fluorescence microscopy. Lab Chip 21, 2945-2954, https://doi.org/10.1039/D1LC0O0098E

52 Théry, M., Racine, V., Pépin, A., Piel, M., Chen, Y., Sibarita, J.-B. et al. (2005) The extracellular matrix guides the orientation of the cell division axis.
Nat. Cell Biol. 7, 947-953, https://doi.org/10.1038/ncbh1307

53 Théry, M., Pépin, A., Dressaire, E., Chen, Y. and Bornens, M. (2006) Cell distribution of stress fibres in response to the geometry of the adhesive
environment. Cell Motil. Cytoskeleton 63, 341-355, https://doi.org/10.1002/cm.20126

54 Monjaret, F., Fernandes, M., Duchemin-Pelletier, E., Argento, A., Degot, S. and Young, J. (2016) Fully automated one-step production of functional 3D
tumor spheroids for high-content screening. J. Lab. Autom. 21, 268-280, https://doi.org/10.1177/2211068215607058

10 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1016/j.bej.2014.08.005
https://doi.org/10.1038/nmeth1085
https://doi.org/10.1038/onc.2008.394
https://doi.org/10.1039/C0AN00609B
https://doi.org/10.1007/s10549-009-0502-2
https://doi.org/10.1111/febs.15710
https://doi.org/10.1083/jcb.77.3.853
https://doi.org/10.1083/jcb.201512024
https://doi.org/10.1074/jbc.RA119.011646
https://doi.org/10.1016/j.celrep.2019.01.108
https://doi.org/10.1038/srep28865
https://doi.org/10.1002/smll.201902033
https://doi.org/10.1021/acs.molpharmaceut.8b01078
https://doi.org/10.1039/C4BM00323C
https://doi.org/10.1021/acs.bioconjchem.9b00136
https://doi.org/10.1021/acsnano.0c00974
https://doi.org/10.1038/s41596-019-0160-8
https://doi.org/10.3389/fmolb.2020.00208
https://doi.org/10.1007/s00418-020-01869-7
https://doi.org/10.1242/jcs.245043
https://doi.org/10.1038/s41467-017-00475-x
https://doi.org/10.1016/j.celrep.2020.107670
https://doi.org/10.1126/sciadv.aaw7853
https://doi.org/10.1002/smll.202002303
https://doi.org/10.1039/D1LC00098E
https://doi.org/10.1038/ncb1307
https://doi.org/10.1002/cm.20126
https://doi.org/10.1177/2211068215607058

Bioscience Reports (2021) 41 BSR20210850C °
https://doi.org/10.1042/BSR20210850C '. (] EROE%ELAND
°

55 Jackson, C.L. (2000) Brefeldin A revealing the fundamental principles governing membrane dynamics and protein transport. Subcell. Biochem. 34,
233-272, https://doi.org/10.1007/0-306-46824-7'6

56 Ma, J., Zhang, X., Liu, Y., Yu, H., Liu, L., Shi, Y. et al. (2016) Patterning hypoxic multicellular spheroids in a 3D matrix - a promising method for
anti-tumor drug screening. Biotechnol. J. 11, 127-134, https://doi.org/10.1002/biot.201500183

57 Sugiura, S., Cha, J.M., Yanagawa, F., Zorlutuna, P., Bae, H. and Khademhosseini, A. (2016) Dynamic three-dimensional micropatterned cell co-cultures
within photocurable and chemically degradable hydrogels. J. Tissue Eng. Regen. Med. 10, 690—-699, https://doi.org/10.1002/term.1843

58 Yan, X., Zhou, L., Wu, Z., Wang, X., Chen, X., Yang, F. et al. (2019) High throughput scaffold-based 3D micro-tumor array for efficient drug screening
and chemosensitivity testing. Biomaterials 198, 167-179, https://doi.org/10.1016/j.biomaterials.2018.05.020

59 Piccinini, F., Balassa, T., Carbonaro, A., Diosdi, A., Toth, T., Moshkov, N. et al. (2020) Software tools for 3D nuclei segmentation and quantitative analysis
in multicellular aggregates. Comput. Struct. Biotechnol. J. 18, 1287-1300, https://doi.org/10.1016/j.csbj.2020.05.022

60 Wardwell-Swanson, J., Suzuki, M., Dowell, K.G., Bieri, M., Thoma, E.C., Agarkova, I. et al. (2020) A framework for optimizing high-content imaging of
3D models for drug discovery. SLAS Discov. Adv. Life Sci. R D 25, 709722, https://doi.org/10.1177/2472555220929291

61 Khavari, A. and Ehrlicher, A.J. (2019) Nuclei deformation reveals pressure distributions in 3D cell clusters. PLoS ONE 14, e0221753,
https://doi.org/10.1371/journal.pone.0221753

62 Desmaison, A., Guillaume, L., Triclin, S., Weiss, P., Ducommun, B. and Lobjois, V. (2018) Impact of physical confinement on nuclei geometry and cell
division dynamics in 3D spheroids. Sci. Rep. 8, 8785, https://doi.org/10.1038/s41598-018-27060-6

63 Schmitz, A., Fischer, S.C., Mattheyer, C., Pampaloni, . and Stelzer, E.H.K. (2017) Multiscale image analysis reveals structural heterogeneity of the cell
microenvironment in homotypic spheroids. Sci. Rep. 7, 43693, https://doi.org/10.1038/srep43693

64 Miillenbroich, M.C., Silvestri, L., Onofri, L., Costantini, I., Hoff, M.V., Sacconi, L. et al. (2015) Comprehensive optical and data management
infrastructure for high-throughput light-sheet microscopy of whole mouse brains. Neurophotonics 2, 041404,
https://doi.org/10.1117/1.NPh.2.4.041404

65 Wan, Y., McDole, K. and Keller, P.J. (2019) Light-sheet microscopy and its potential for understanding developmental processes. Annu. Rev. Cell Dev.
Biol. 35, 655-681, https://doi.org/10.1146/annurev-cellbio-100818-125311

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 1 1
License 4.0 (CC BY).


https://doi.org/10.1007/0-306-46824-7_6
https://doi.org/10.1002/biot.201500183
https://doi.org/10.1002/term.1843
https://doi.org/10.1016/j.biomaterials.2018.05.020
https://doi.org/10.1016/j.csbj.2020.05.022
https://doi.org/10.1177/2472555220929291
https://doi.org/10.1371/journal.pone.0221753
https://doi.org/10.1038/s41598-018-27060-6
https://doi.org/10.1038/srep43693
https://doi.org/10.1117/1.NPh.2.4.041404
https://doi.org/10.1146/annurev-cellbio-100818-125311

