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Abstract 

Cell death is a phenomenon, frequently perceived as an absolute event for cell, tissue 
and the organ. However, the rising popularity and complexity of such 3D multicellular 
‘tissue building blocks’ as heterocellular spheroids, organoids, and ‘assembloids’ 
prompts to revise the definition and quantification of cell viability and death. It raises 
several questions on the overall viability of all the cells within 3D volume and on 
choosing the appropriate, continuous, and non-destructive viability assay enabling for 
a single-cell analysis. In this review, we look at cell viability and cell death modalities 
with attention to the intrinsic features of such 3D models as spheroids, organoids, and 
bioprints. Furthermore, we look at emerging and promising methodologies, which can 
help define and understand the balance between cell viability and death in dynamic 
and complex 3D environments. We conclude that the recent innovations in 
biofabrication, biosensor probe development, and fluorescence microscopy can help 
answer these questions.  
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1.  Introduction 

As a major tool for in vitro physiological studies, cell culture provides insight into tissue 
development and disease mechanisms, benefitting areas of drug discovery, cancer, 
and regenerative medicine. ‘Classical’ two-dimensional (2D) monolayer cell cultures 
provide low cost, simplicity, and versatility. 3D cell and tissue cultures can bridge the 
gap between 2D cultures and intravital experiments, as they mimic organ-specific 
tissue microarchitecture and microenvironment in a relatively simplified setting [1]. 3D 
cultures efficiently implement the 3Rs principle and minimize animal experimentation 
[2]. They are expected to become widely accepted in preclinical, drug screening 
studies and tissue repair applications after improving their standardization [3, 4]. 
However, the selection of the quality control parameters is not always optimal, and the 
intrinsic differences and capacity of the used 3D models are not always appreciated. 
Standardization, not often correctly applied classification, complexity, and variability 
can become confusing, especially in the understanding of the overall viability of 3D 
tissue constructs. In this review, we look at existing methodologies which can help 
define cell viability and death in spheroids, organoids in bioprints and outline their 
intrinsic differences. 

  
2. Types of 3D tissue models   

Based on the architecture and production method, 3D tissue models can be grouped 
into the three major categories: (a) spheroids, based on rather a physically-driven cell 
assembly process, (b) organoids as self-organized 3D structures recapitulating 
features of the tissue, often consisting of stem cell niche and differentiated 
compartments, and (c) 3D constructs made of dispersed single cells or multicellular 
aggregates confined to the scaffolds and bioprints within natural and artificial 
extracellular matrices.  
Spheroids are typically formed by incubation in a low adhesive environment and 
compactization mediated by E-cadherin [5]. Most cell types, such as mesenchymal 
stem cells (MSCs), adult stem cells (ASCs), induced pluripotent stem cells (iPSCs) 
and cancer cell lines can produce spheroids [6]. Subsequently, spheroids made of 
more than one cell type are referred to as ‘heterocellular’ spheroids. Several 
techniques such as micro-patterned surfaces and non-adhesive matrices can produce 
spheroids of different size, viability, differentiation capacity, and therefore the response 
to chemical and instructive signals [7]. Spheroids vary due to the differences in 
formation method, cell type, cell number, and culturing conditions [8]. Typical spheroid 
diameters are in range of 100~700 µm, leading to the ‘classical’ size-dependent 
diffusion gradients of glucose, ATP, and molecular oxygen (O2) and subsequent 
formation of heterogeneous cell layers and necrotic core [9]. Tumor spheroids can 
display the presence of ‘stable’ three-layer concentric structures including necrotic 
core, quiescent and proliferating areas[10]. The necrotic core makes them similar to 
in vivo solid tumors [11] with the density of extracellular collagen, tissue stiffness, and 
cell invasive behavior [12, 13]. This prompts their use as an alternative to the in vivo 
experiments in testing drug therapy efficiency [14] and cancer cell invasion [15]. 
Spheroid cultures can furthermore help investigate the fusion and functional 
integration of multiple cell types. In the case of assembloids, such interactions are 
useful in tissue engineering and neurodevelopmental disease modeling studies, such 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 3 

as Timothy syndrome [16], macular degeneration [17], regeneration of tooth tissue [18]  
and SARS-CoV-2 neuropathology infection models [19]. Here, the viability of cells in 
the core rather than necrosis is more important for successful application.  
Organoids. In contrast to spheroids, organoids display higher complexity in the 
organization and cellular composition. The term ’organoid’ describes 3D constructs 
composed of mesenchymal and epithelial cells [20]. However, even epithelial tissue-
derived organoids demonstrate much higher complexity than spheroids. The functional 
compartment organization, self-sustained stem cell niche, amplification zone and 
differentiated cells, high-level self-organized cellular diversity of epithelial organoids 
make them physiologically relevant for mimicking normal and diseased tissues. 
Organoids from various organs and tissue types can be produced using iPSCs [21], 
ASCs [22], embryonic progenitors [23], or tissue fragments [24]. This results in the 
same basic intrinsic patterning as the original tissue and produces a more accurate 
‘tissue-like’ organization [3]. Recent advances in cancer modeling, using patient-
derived tumor tissues, enable establishing tumoroids and tumor-like organoids. Such 
models recapitulate the tumor heterogeneity, patient-specific drug response, and 
disease-specific genomic and proteomic tumor profiles [25].  

The key aspect of ‘organoid culture’ is a ‘re-creation’ and maintenance of an artificial 
stem cell niche in vitro within defined 3D cytoarchitecture, where cell differentiation is 
regulated by the physical (i.e. extracellular matrix composition and mechanical 
properties) [26, 27], biochemical (intrinsic and extrinsic chemical signals, growth 
factors and their gradients)[28] and chronobiological factors (i.e. supporting circadian 
rhythms) [29, 30]. All these factors regulate live-dead balance, closely recapitulating 
those phenomena of the tissues they are derived from. These crucial features place 
organoids apart from the spheroids, where the cell live-dead decisions mostly depend 
on the physical (i.e. mass exchange-mediated) availability of bioenergetic substances 
(e.g. glucose, glutamine, pyruvate) and environmental cues (O2 and pH). These 
factors are defined by the spheroid size, culture conditions and intrinsic metabolic 
characteristics of the cell line (Fig. 1).  
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Figure 1. Similarities and differences of cell death and viability in multicellular 

spheroid (A), organoid (B) and 3D-printed spheroid-based microtissue (C). A: Three 

main zones in spheroids are indicated by colours. Cell death and proliferation constantly 

change during spheroid growth and are influenced by their size, internal gradients and 

external conditions, such as medium composition. Subsequently developed periphery-to-

core gradients play the main role in cell fate regulation inside the spheroids. B: In a 

generalised small intestinal organoid the two main domains are present - stem cell niche 

with the actively proliferating daughter cells, and nonproliferating terminally differentiated 

cells. These cells follow aging and subsequent ‘elimination’ by anoikis from the live tissue 

but often become accumulated within a lumen region. Note that cells can also die due to the 

competition process within the stem cell niche. Biochemical cues (growth factor gradients, 

metabolic signalling, nutrient gradients, extracellular matrix and growth medium 

composition), physical and chronobiological factors (related to the regulation of the cell cycle 

longevity and circadian rhythms) all influence cell viability and death. Most of the cells in 

organoid follow the same fate starting from active proliferation of stem cells offspring, 

differentiation and cell death. C: In the classical bioprinted (yellow ‘waffle’ grid) scaffold-

based tissue construct, the balance between cell proliferation, differentiation and death is 

regulated by multiple intrinsic (spheroid-related factors) and extrinsic factors (matrix 

properties, biofabrication procedure, biocompatibility of the polymer matrix, nutrient diffusion, 

local concentration of O2) under the environment, which is expected to mimic the tissue 

development conditions, e.g. using a bioreactor.  
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Well characterized small intestinal organoids provide insight into the mechanisms and 
the importance of live-dead balance in the intestine. They closely recapitulate crypt-
to-villus architecture, where the highly proliferative Lgr5+ crypt base columnar stem 
cells surrounded by Paneth cells localize strictly in crypts and constantly compete for 
the limited niche access. During this process, the border stem cells undergo 
asymmetric cell division in which the committed daughter cells migrate toward the 
transit-amplifying zone, while the new stem cells remain in the crypt. Their division 
compensates for the constant loss of differentiated cells at the villus tip-based 
extrusion zone [31]. In vivo, the proliferation, differentiation, and death are controlled 
by crypt-to-villus gradients of Wnt decrease [32], BMPs increase [33], other growth 

factors and hormones (e.g. TGF- and glucagon-like peptide 2), circadian rhythms, 
innervation, and intestinal microbiota [31]. Crypt base-localized stem cells have a 
survival advantage, retaining long-term self-renewal potential [34]. Within the 
organoids, enterocytes die at the villus-like compartments, being shed into the lumen. 
Their viability is maintained by regular organoid passaging, preventing the 
accumulation of high dead cell numbers. Morphological features of intestinal 
epithelium extrusion, death, and shedding are species-specific, with a close 
resemblance between human and rodent models [35]. Shedding is associated with the 
redistribution of the tight junction protein zonula occludens 1 (ZO-1) firstly at the apical 
and then basolateral regions of shedding cells [36]. Reportedly, the enterocytes at the 
tip of villi die via anoikis, the specific programmed cell death provoked by the loss of 
anchorage-dependent survival signals from the underlying extracellular matrix [24]. 
However, no clear data is present on the role of detachment as the initiating stimuli for 
programmed cell death of enterocytes [31]. 

Besides, cells within the organoids die due to the cell competition for survival and 
space between directly interacting cell populations. Depending on the context of 
mutations and activated pathways, weaker cells are eliminated from the tissue by 
extrusion and induction of apoptosis or, rarely, the induction of senescence in such 
cells [37, 38]. Extrusion is more common in epithelial tissues and is important for 
eliminating newly emerging transformed pre-cancerous cells, as a line of defense 
against epithelial cancer [39]. This is also used as a quality control mechanism in 
tissue repair or as a tumor-promoting role [37, 38]. In this context, organoids are 
essential models to study cell competition in vitro [39, 40]. As the mechanism of cell 
elimination during the competition includes both mechanical and metabolic cues [39] 
the corresponding analytical approaches should be applied together with studies of 
cell death and proliferation. 

Bioprinted constructs. Biofabrication is an engineering approach, aiming at using small 
units of live tissue blocks such as aggregates, organoids, biomaterials, and bioactive 
molecules, to form a biological product, such as a tissue graft or part of the organ. It 
aims at recapitulating the complexity and heterogeneity of tissues and organs more 
closely [41] using either bioprinting or bioassembly. Bioprinting refers to the computer-
aided process that uses raw materials, e.g. cell aggregates, and biocompatible 
polymer-based bioinks to print layer-by-layer structures, expected to heal the tissue. 
Popular techniques include inkjet [42], laser-assisted [43], and extrusion bioprinting 
[44, 45], which can be used to generate different ‘tissue building blocks’ assembled 
via a bottom-up approach. In contrast to bioprinting, the bioassembly is a top-down 
approach in which cells and cell aggregates are seeded in porous scaffolds with a 2D 
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or 3D organization, allowing them to self-assemble into tissue constructs [46]. 
Biofabrication deals with single cells, spheroids, and sometimes organoids, making 
the analysis of their live-dead status complicated and more interdisciplinary.  

The complexity of cell death in such systems is related to both the 3D microtissue and 
the biofabrication procedure itself. The death during and after the biofabrication 
procedure can be caused by non-optimal bioprinting conditions (e.g. temperature, pH, 
the potential toxicity of matrix-crosslinking factors), the specific bioink / matrix 
characteristics (e.g. porosity and O2 solubility [47-49], presence of O2-releasing 
biomaterials [50, 51], mechanical properties and composition) and limited nutrient and 
growth factors delivery to cells in the mm-size or larger biofabricated constructs. As 
these constructs can be kept in a long-term culture or be implanted, the viability 
assessment method should enable for non-destructive long-term monitoring of these 
constructs in combination with a quantitative readout of O2 and other key physiological 
parameters involved in cell death. 

  
3.  Cell death modalities in in vitro 3D models 

In addition to the accidental uncontrollable form of cell death, intensive research over 
the last two decades highlighted the existence of various pathways of regulated 
programmed cell death: apoptosis, autophagy-dependent cell death, necroptosis, 
oxeitosis, NETosis, pyroptosis, ferroptosis, paraptosis, parthanatos [52, 53]. 
Frequently, these pathways are initiated by specific stress or due to failed adaptation 
to stress. However, such cell death modalities as apoptosis, autophagy, and anoikis 
are also involved in non-related to the stress maintenance of tissue and organ 
homeostasis and are referred to as ‘programmed cell death’ [52]. Many of these cell 
death modalities, including programmed cell death, were demonstrated in in vitro 3D 
spheroid and organoid models (see Table 1), notably demonstrating the better 
representation of specific cell death modalities in 3D vs. 2D models [54-56]. 
Importantly, some cell death modalities, linked to specific tissues and requiring the 
involvement of specific cell types, can therefore get an advantage from the application 
of tissue-specific organoid or co-culture models. For instance, application of 
endometrial organoid co-culture with neutrophiles allowed reconstruction of a primary 
immune cell response to Chlamydia infection and demonstration of NETosis in vitro 
[57]. Schinzel–Giedion midface retraction syndrome cerebral brain organoid model 
revealed the parthanatos-based neurodegeneration mechanism [58].    

3D in vitro models not only closely reconstruct the microenvironment of the specific 
cell death modalities, but also can be principally applied for the evaluation of ‘drug-cell 
death inducer’ responses and mechanisms of drug-resistance [59],[60]. In some 
pathophysiological conditions such as cancer, massive apoptotic cell death promotes 
overall tumor cell survival, facilitating resistance and stimulating neighbor cell 
proliferation. The “survival messages” are delivered by apoptotic tumor-cell derived 
extracellular vesicles, which can be phagocytosed by macrophages, parenchymal and 
neoplastic cells [61, 62]. Recent studies on the modeling of extracellular vesicle-
communication with cancer organoids [63, 64], demonstrated the utility of the organoid 
models to study the mechanics of apoptosis-resistance development in tumors.  
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Cell death is often linked to normal tissue maintenance. Dying cells can also support 
survival of neighboring cells by providing necessary resources or affecting their 
survival strategy through the changes in the microenvironment, metabolism, migration, 
differentiation, and proliferation [64-66]. For instance, in lung organoids, activation of 
autophagy does not necessarily result in cell death but controls cell metabolism, 
supporting tissue regeneration [67]. Therefore, it is important to analyze cell death 
pathways together with cell metabolism, proliferation, and differentiation in relevant 
cancer and organoid models for understanding the exact role of the cell death 
phenomena in relevant physiological context. 

 Table 1. 3D in vitro models recapitulating the regulated cell death modalities. 

Cell Death Type  Definition Examples of the 
models 

Intrinsic apoptosis Regulated cell death initiated by 
perturbed extracellular and intracellular 
homeostasis, with characteristic 
massive irreversible mitochondrial outer 
membrane permeabilization, and 
executed by caspases, mainly CASP3 
[52]. 

Breast cancer cells 
(MCF-7) spheroids 
[68]. 
myc-transfected 
fibroblast spheroids 
[69]. 
 
Small intestinal 
organoids [70, 71] 
[72, 73]. 

Extrinsic apoptosis Specific variant of regulated cell death 
driven by plasma membrane receptors 
in response to perturbed extracellular 
microenvironment with CASP8-
executed activation cascade, mainly 
CASP3 (with the optional involvement of 
mitochondrial outer membrane 
permeabilization) [52]. 

Anoikis Specific variant of intrinsic apoptosis 
initiated by the loss of integrin-
dependent anchorage [52]. 
 

Mouse gastric 
organoids [74]. 
Chicken  embryo 
small intestinal 
organoids [75]. 
3D floating-cultures of 
mesenchymal stem 
cells  and extracellular 
matrix complexes 
[76]. 

Autophagy-dependent 
cell death 

Regulated cell death executed by the 
autophagy machinery cascade with 
characteristic increase of lysosomal 
activity and appearance of double-
membrane vacuoles [77] [52]. 

Breast cancer cells 
(MCF-7) spheroids 
[68]. 
 
Glioblastoma cell 
spheroids (U87MG) 
[78]. 
Paneth-cells enriched  
small intestinal 
organoids [79]. 
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Tumor spheroids 
generated from 
biopsies [54]. 
 

Programmed cell death Regulated cell death, occurs in strictly 
physiological scenarios triggered by 
intrinsic cues rather than the 
perturbations of homeostasis and is not 
related to the failing adaptation to the 
stress [52]. 
 

Retinal intrinsic cues-
triggered apoptosis in 
retinal organoids [80, 
81]. ARTS-mediated 
apoptosis in stem cell 
niche in mouse small 
intestinal organoids 
[82]. 

Entotic cell death Non-apoptotic regulated cell death that 
originates from actomyosin-dependent 
cell-in-cell internalization (entosis) and 
is executed by lysosomes; often in 
matrix-deprived environment [52]. 

Selenium-induced 
death in pancreatic 
cancer spheroids [83] 
Breast cancer cells 
(MCF-7) spheroids 
[68]. 
Colon cancer HCT116 
spheroids [84]. 

Necrosis A common name for death pathway(s) 
defined by the loss of plasma 
membrane integrity. These include: 
necroptosis, ferroptosis and pyroptosis  
[85]. It is also referred to as an 
uncontrolled energy-independent form 
of cell death induced by external injury 
[62].  

Often poorly 
characterized in 
details of the exact 
death pathway. 
Mouse and human 
enteroids [86]. 
Multicellular spheroids 
[87, 88]. 

Necroptosis Regulated cell death modality triggered 
by perturbations of extra- and 
intracellular homeostatic cues that 
critically depend on MLKL, RIPK3, and 
(at least in some settings) the kinase 
activity of RIPK1 [52]. 

Cancer cell spheroids 
(Caco-2) treated with 
Alkynyl gold(I) 
complex [89]. 
Arctigenin-induced 
cytotoxicity of 
human prostate 
cancer cell spheroids 
(PC-3) [90]. 

Oxytosis Non-apoptotic regulated cell death 
associated with the depletion of 
intracellular glutathione leading to ROS 
accumulation; similar to or the same as 
ferroptosis [91]. 

See Ferroptosis 

Ferroptosis Iron-dependent regulated cell death 
under constitutive control by lipid-
peroxidase GPX4 [52]. 

Lung cancer cells 
spheroids and other 
cell types [92, 93]. 

Pyroptosis Regulated cell death involved in the 
formation of plasma membrane pores 

Colorectal cancer 
patient‐derived 
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by members of the gasdermin protein 
family [52]. 
 

organoids [94]. 
IL-4 and IL-13 treated 
mouse jejunal 
organoids [95]. 
Salmonella sp. -
triggered intestinal 
epithelial cell 
extrusion in intestinal 
organoids [72]. 

Paraptosis A regulated cell death involving non-
autophagy extensive cytoplasmic single-
membrane vacuole formation as a 
reaction to the appearance of misfolded 
endoplasmic reticulum proteins, usually 
associated with photodamage [96]. 

Na+/H+ exchanger-1 
(NHE1) inhibitors-
treated cancer cell 
(MDA-MB-231, MCF-
7) spheroids [97]. 
Cu(II)-complexes 
induced cancer cell 
HCT-15 spheroids 
[98]. 
 

Parthanatos Regulated cell death initiated by PARP1 
hyperactivation and the subsequent 
bioenergetic catastrophe coupled to 
AIF-dependent and MIF-dependent 
DNA degradation. 

Neurodegeneration 
models of Schinzel–
Giedion midface 
retraction syndrome 
cerebral organoids 
and cortical spheroids 
[58]. 
Human organotypic 
3D skin models of 
psoriasis [99].  
Metastatic prostate 
cancer DU145 tumor 
spheroids [100].  

Oxeiptosis Non-inflammatory caspase-independent 
and ROS-induced death with apoptosis-
like morphology including KEAP1, 
PGAM5 and AIFM1 [101]. 

None reported? 

NETosis A ROS-dependent regulated cell death 
restricted to cells of hematopoietic 
derivation and associated with NET 
extrusion [52]. 

Endometrial 
organoids co-culture 
with neutrophils and  
Chlamydia 
trachomatis [57].  
Lung organoid co-
culture with 
neutrophils [102].  

  
4.  Viability modalities  
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As something counterbalancing cell death, viability is harder to define. Commonly it is 
assessed via the ratio of live (or dead) cells in relation to the total cell number, using 
analysis of proliferation or metabolic activity. Subsequently, viability must indeed 
depend on the ‘cell-fate’ decisions to either proliferate, differentiate, remain quiescent 
or die. However, in a more physiological context the exact meaning of ‘viability’ and 
the choice of a specific method depends on the model and the goal of the study. Thus, 
in studies evaluating cytoprotective or cytotoxic effects, the viability would be 
measured as a number of viable or proliferating cells [103, 104]. However, in more 
complex studies, where the abilities to differentiate, maintain heterogeneity and 3D 
organization are important, the multiparametric analyses are needed [73, 105] [106] 
[107] [108].  

Viability in 3D spheroid and organoid systems depends on (but is not limited to) 
diffusion efficiency of the nutrients, biological waste products and growth factors [109, 
110],[111], extracellular matrix mechanical cues [112-114] and capability to provide 
local growth or differentiation-promoting conditions such as development of Wnt 
gradient [32]. Spatial organization of cell-cell metabolic interactions with the cells and 
O2 gradients can be also viewed as a measure of 3D tissue viability [115, 116],[117, 
118]. Physiological hypoxia with O2 levels, normally <30-85 mmHg play an important 
role in tissue homeostasis [119]. The extreme hypoxia induces death, through 
decreased mitochondrial activity, production of reactive oxygen species and nitric 
oxide. On the other hand, hypoxia is also linked to the activation of hypoxia-inducible 
factors (HIFs)[120], associated with cell survival and adaptation, switching to available 
energy sources or even providing a negative feedback loop to reoxygenate the 
microenvironment.  

In contrast to 2D models, 3D spheroids, organoids and microfluidic-based systems 
help recapitulate physiological nutrient- and O2-gradients and specific niche-related 
metabolic profiles. For instance, due to size dictated limitations of waste removal from 
spheroids, lactate accumulates in specific spheroid niche regions, leading to a 
localized decrease of oxidative phosphorylation [9] and utilization of the pentose 
phosphate pathway [121]. Studies of metabolism in small intestinal organoids 
addressing niche-specific metabolic profiles and interplay between Paneth cells and 
intestinal stem cell metabolism [115],[122] demonstrate that, in principle, physiological 
metabolic signaling can be recapitulated in 3D primary tissue cultures. The metabolism 
in 3D significantly differs from 2D cultures, as was recently demonstrated by metabolic 
flux analysis of colorectal and pancreatic cancer spheroids [123]. 

Collectively, 3D in vitro models can recapitulate many biological phenomena of cell 
viability and death in three-dimensional context(s) at different levels of complexity and 
within a more physiologically relevant cell microenvironment. Importantly, due to the 
complexity of these models, more advanced multiparametric approaches should be 
applied to characterize their live-dead phenotype(s) in a physiological context. Below 
we discuss the available tools to assess this. 

5. “Live-dead” measurement approaches  

In addition to spatial (i.e. distribution and proportion of dead material), organoids, 
spheroids or bioprints can display the temporal aspect of ‘live-dead’ phenomena. A 
growing number of physical and microscopy-based methods become available for 
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investigating the live-dead status in 3D and with temporal resolution. Perhaps the most 
popular method is fluorescence microscopy utilizing biosensor probes or simply 
‘biosensors’.  

Biosensors enable the monitoring of cell behavior through a combination of biological, 
chemical, and physical techniques [124, 125]. Table 2 illustrates that some biosensors 
are endpoint and require cell ‘killing’ via fixation, lysis, and extraction, while other 
approaches enable for live cell analysis in a real-time and non-destructive manner. In 
addition to readout (quantitative, qualitative, semi-quantitative), the method resolution 
is important: some biosensors measure ‘bulk samples’, while others can provide 
single-cell and subcellular resolution.  

Table 2. Selected approaches addressing cell viability and death, applicable to 3D tissue 
models. 

What is 
being 
measured? 

Technique Method and instances of use in 3D cultures  

Cell 
mechanical 
properties 

Brillouin 
spectroscopy 

Combination of Brillouin spectrometry, in which 
monochromatic laser light is inelastically scattered 
from acoustic waves “phonons", combined with 
confocal microscopy to measure the longitudinal 
modulus and the live viscoelastic properties [126, 
127]. 

  Microrheology Tracking motion of small probes in soft materials 
to measure elasticity and viscoelasticity in live 
samples [128]. 

  Atomic force 
microscopy 

Type of scanning force microscopy in which a 
cantilever scans over the sample surface causing 
bending and changing the amount of reflected light 
into the photodiode. Measures Young’s modulus 
(stiffness) [129]. 

  Microtweezers Compressing spheroids between two force-
sensing microtweezers containing cantilever tips. 
Determining Young’s modulus by optically tracking 
tweezers bending with a pattern-matching 
algorithm [12]. 

  Raman spectroscopy A laser-based microscopy technique that relies on 
the Raman scattering, the inelastic scattering of 
photons to gain information about the chemical 
structure, surface properties, molecular 
interactions, and crystallinity [130]. Works with 3D 
but normally requires sample fixation [131]. 
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Cell death TUNEL assay Quantitative endpoint analysis for DNA 
fragmentation during apoptosis [69]. 

  Annexin V- Alexa 
Fluor 488 coupled 
with cell-
impermeable dyes 
such as propidium 
iodide, SYTOX dyes 
(blue, green, red, 
deep red), or 7-
aminoactinomycin 
staining 

Annexin V is a phospholipid-binding protein with a 
high affinity for phosphatidylserine, which 
translocates from the inner to outer leaflet of the 
plasma membrane during apoptosis. Membrane 
disruption/ permeabilization, during late apoptosis 
and necrosis, causes DNA intercalation of cell-
impermeable dyes[132, 133]. Can be used in both 
flow cytometry and quantitative 3D live 
microscopy. SYTOX dyes in combination with 
activators and inhibitors are popular in studies of 
cell death, see Table 1. 

  Genetically encoded 
caspase and other 
cell death targeting 
FRET biosensor 
proteins  

Förster resonance energy transfer (FRET) 
between a far-red fluorescent protein (mKate2 or 
eqFP650) and the infrared fluorescent protein 
iRFP, connected through a DEVD caspase-3 
cleavage site containing linker. Semi-quantitative 
detection of apoptosis through caspase-3 
activation by live fluorescence lifetime imaging 
microscopy (FLIM)[134, 135]. See also [84, 136] 
for FRET biosensors. 

  Dye-based staining 
of caspase activity 
e.g. CellEvent 
Caspase-3/7 Green 
detection 

Cleavage of fluorogenic peptide substrates 
conjugated with the four amino-peptide (DEVD), 
by specific caspases[137, 138]. Quantitative 
measurement of apoptosis by fluorescence 
microscopy or flow cytometry. 

Viability Labeling cell 
proliferation by 
thymidine analogs 
(BrdU and EdU) 

  

Thymidine analogs incorporated into nuclear DNA 
during cell division and visualized either using 
antibody or click-chemistry (EdU). Typically, 
endpoint assay for cell proliferation labeling[139, 
140].  

Live tracing with Hoechst 33342 and BrdU in 
multiplexed 3D FLIM are also possible[141, 142].  

  Replication markers 
such as Ki67 and 
PCNA. 

Endpoint antibody-based immunofluorescence 
staining technique of nuclear proteins associated 
with cell proliferation [140, 143]. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 13 

  Genetically encoded 
fluorescent 
indicators, such as 
Fluorescence 
Ubiquitin Cell Cycle 
Indicator (FUCCI) 
sensors 

Two fluorescent proteins fused to cell-cycle-
dependent E3 ubiquitin ligases degradation motifs 
(Cdt1 and Geminin) hereby allow quantitative live 
visualization during different cell cycle phases. 
During mid mitosis and G1-phase, APC/CCdh1 is 
active resulting in degradation of Geminin, while 
during S- and G2-phase SCFskp2 is active causing 
degradation of Cdt1 [144, 145]. 

  ATP measurement 
using luciferase-
dependent 
luminescent and 
FRET assays 

Luminescent highly sensitive quantification of 
ATP, proportional to the number of viable cells. 
Can be combined with mitochondrial stimulation 
(FCCP and oligomycin, endpoint) to measure 
overall input in the viability [146]. Can be also 
performed with microscopy using luciferase and 
FRET-based biosensors [69, 147]. 

  MTT / MTS / XTT 
measurements 

Quantitative colorimetric endpoint assays utilizing 
mitochondrial NAD(P)H-dependent 
dehydrogenases-aided reduction of the reagent 
into the chromogenic formazan [148, 149]. Works 
best with bulk sample analysis. 

  Cell-permeant dyes 
and tracers staining 
different cell 
compartments such 
as mitochondria (e.g. 
MitoTracker Green, 
tetramethylrhodamin
e), endosomes, 
lysosomes, lipid 
droplets, membrane 
tension, calcium 
(Calcein AM green 
and Fluo-4), and 
specific cell markers 
(e.g. SR101). 

Broad range of acetoxymethyl (AM) ester-modified 
dyes that can quantitatively inform on cell calcium 
or overall viability [150]. Mitochondrial tracers 
inform on the mitochondrial network structure and 
polarization (activity and viability) [142, 147] and 
specific cell markers, e.g. SR101 that visualizes 
live astrocytes in neural 3D cultures [151]. Most of 
these dyes are compatible with live microscopy, 
FLIM and can also help segment functional 
regions in live organoids [152]. 

Hypoxia and 
cell/tissue 
oxygenation 

Redox-sensitive 
nitroimidazole 
derivatives such as 
pimonidazole  

Typically provide quantitative endpoint ‘snapshot’ 
readout. In a hypoxic environment, the 2-
nitroimidazole derivative is reduced and detected 
using specific antibody [153]. 

  Fluorescent protein 
expressed under HIF 
promotor 

Quantitative expression of fluorescent protein 
upon activation of HIF signaling by fluorescence 
microscopy or FLIM [154].  
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  Quenched 
phosphorescence-
based dye 
conjugates, 
nanosensors, and 
tissue engineering 
scaffolds 

Live quantitative imaging of cellular O2 using PLIM 
or intensity-based ratiometric microscopy. Can be 
multiplexed with other dyes and assays and 
various 3D tissue models: spheroids, 
neurospheres, organoids, bioprints and scaffold-
grown constructs [44, 47, 154-159]. 

Metabolism 
and cell 
bioenergetic
s 

Cellular temperature 
(intracellular 
thermometry) 

Various dyes and nanosensors enable live 
quantitative FLIM and confocal microscopy-based 
assessment of cellular ‘heat’ generation. Tested 
with spheroids, where such gradients tend to be 
linked to mitochondrial function [160, 161]. 

  Biosensor 
fluorescent protein-
based scaffolds 
binding collagen and 
cellulose  

Biopolymer-based scaffold materials and 
hydrogels modified with recombinant protein 
biosensors, e.g. sensing extracellular pH and Ca2+. 
Enable for live quantitative FLIM-based multi-
parameter assessment of tumor spheroids and 
intestinal organoids [162, 163]. 

  Endogenous 
autofluorescence 
(NAD(P)H, FAD), 
exogenous 
biosensors, and 
biosensor proteins.  

Live quantitative microscopy of cell metabolism 
based on the two-photon fluorescence of 
endogenous co-factors such as NADH, NADPH, 
and FAD using FLIM [110, 147, 164, 165]. 

 Microplate reader-
based assays such 
as Seahorse 
extracellular flux (XF) 
analyser 

Quantitative measurement of the bulk 3D tissue 
models in specialized microplates. It enables 
probing of the extracellular flux (O2 and H+) giving 
information about oxygen consumption rate and 
extracellular acidification rate, the key indicators of 
mitochondrial respiration, glycolysis and ATP 
production. May have limited utility with bioprints 
and organoids [147, 164, 166] and is typically an 
endpoint method. 

 

Owing to the three-dimensionality, spheroid and organoid detection methods are 
frequently challenged by the sample thickness, presence of multiple cell layers, 
heterogeneity (including the presence of different ECM or scaffold materials), and their 
functional features. For instance, the basal membrane barrier function in small 
intestinal organoids can prevent efficient staining with nanoparticles [167], while high-
resolution volumetric immunofluorescence microscopy of organoids often requires 
fixation and optical pre-clearing[168]. These two examples demonstrate limitations in: 
(i) choosing the appropriate biosensor and (ii) bringing up additional experimental 
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destructive treatment setting the model apart from the ‘real’ and in vivo situation. 
Detection methods can be categorized into destructive and non-destructive methods. 
The former includes destructive single-cell sequencing, flow cytometry, 
immunohistochemistry (combined with paraffin embedding and sectioning), or mass 
spectrometry methods [169]. Most of these methods are time-consuming, labor-
intensive, and often lead to the loss of 3D context. To circumvent these issues, live-
cell imaging can be used [170]. However, like every staining, it can face disadvantages 
of the limited probe and dye diffusion, intrinsic tissue transparency, contrast, and 
temporal/spatial staining [171]. The fluorophore brightness and the optimal light doses 
can affect the cell function and limit the capability of the method. However, recent 
innovations in instrumentation, biosensors, multi-parameter microscopy, FRET, FLIM 
and advances in high-content screening platforms can help addressing these issues 
[152]. For example, the scission-accelerated fluorophore exchange (SAFE) method 
allows quenching and completely removes fluorescent signals thereby allowing 
spatiotemporal multiplexing of immunofluorescence imaging of live cells [172]. 
Recently, an automated multi-scale 3D imaging platform was created using disposable 
microfabricated chips, called JeWells. This method helps to obtain high-content 3D 
images with a throughput of 300 live or fixed stained organoids per hour. Using 
convolutional neural networks, viability and cell death can be quantified [108]. The 
high-content analysis already enables for studying single cell-specific ‘niche’ 
phenotypes within tumor spheroids and brain organoids [105, 173-175].   

The intra- and extracellular mechanical properties, such as Young’s modulus and 
stiffness of the ECM become widely appreciated and represent a rapidly evolving area 
[113]. These properties can influence cell behavior, such as in vivo shape, fate, 
viability, and differentiation [176]. Traditionally used methods typically probe the 
surface of 3D models, while there is a growing interest towards force- and viscosity-
sensitive FLIM biosensors, fluorescent beads and studying cell aggregates within 
specialized scaffolds providing constrained environments for spheroids and organoids 
[26, 177, 178]. 

The main hallmark of cell death is the change in cell membrane permeability and is 
therefore targeted by many detection techniques. The destructive TUNEL assay is 
widely accepted due to its high sensitivity and ease of use. However, it’s expensive 
and provides false positives from necrotic cells, cells involved in DNA repair, or gene 
transcription[179]. Annexin-V has the advantage that it can distinguish between early, 
late apoptotic, and necrotic cells when combined with nucleus-impermeable dyes such 
as propidium iodide (PI). Recently, Annexin-V fusion proteins containing subunits of 
the luciferase enzyme NanoBiT were proposed combined with a cell impermeable 
DNA staining for a non-destructive, real-time kinetics assay[180]. Another traditional 
fluorescent method, “live/dead” staining utilizes green fluorescent Calcein Green-AM 
dye together with red-fluorescent ethidium homodimer-1. However, this method often 
suffers from the capability of the dyes to penetrate across the multiple cell layers 
(‘penetration depth’ issue) and non-uniform distribution in spheroids larger than ~200 
µm in diameter. The non-invasive, label-free optical coherence tomography (OCT) can 
help solving these shortcomings [181]. Specific necrosis inhibitors combined with non-
specific membrane integrity dyes, such as SYTOX, help visualize ferroptosis[182] and 
other mechanisms of cell death (see Table 1). 
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The cell viability is classically assessed through the mitochondrial reductase assays 
(MTT, MTS). More advanced, sensitive, and compatible with the live cell analysis 
methods are based on luciferase-based ATP measurements (endpoint and kinetic 
measurements), the use of biosensors specific to pyruvate, lactate, cellular redox, 
NADH, mitochondrial polarization, and by optical metabolic imaging achieved via two-
photon microscopy of endogenous NAD(P)H and FAD [152, 165, 183-185]. Molecular 
oxygen (O2) is an important complementary parameter for cell death, viability, and 
mitochondrial activity [186]. This can be quantitatively measured with the help of 
phosphorescence lifetime imaging microscopy (PLIM), ratiometric fluorescence, or 
alternative approaches [47, 154]. The semi-quantitative ratiometric approach makes 
O2 monitoring possible in endpoint, multiplexed, and kinetic measurements of 
oxygenation of spheroids and bioprints [48]. These measurements are normally 
validated by mathematical modeling studies in static and fluidic flow conditions [110, 
187]. 

  
5.1. Emerging challenges in live-dead assessment of 3D tissues 

Experimental approaches utilizing spheroids and organoids as essential bio-ink 
components continue to drive innovations in tissue engineering and regenerative 
medicine. Science-fiction fantasies become real, targeting 3D printing of mini-brains 
[188]  and oxygenated neural stem cell-based 3D constructs [44], mimic the space 
microgravity [189]  or engineer the ‘cross-kingdom’ tissues and communities of plants 
and plant-derived materials [50, 162, 190, 191]. 

Even though these novel approaches are very impressive, there are still shortages in 
the assessment of viability and cell death in 3D cultures. 3D printing of organs is more 
complex than simply tissue printing, as the complex architecture and 
microenvironment of the natural organ still need to be considered. Spheroids and 
organoids are more appropriate than 2D monolayer cultures for mimicking the natural 
tissue. Nevertheless, many 3D cultures still fail to take the organ cellular properties 
into account, have different shapes and sizes, lack multi-scale architectures and 
tissue-tissue-interfaces, and exposure to mechanical cues such as tension, 
compression, and shear stress [192]. 

5.1.1 Fluid mechanics 

The shear stress, occurring in the vasculature, influences endothelial cell adhesion, 
migration, and differentiation [193, 194] and must be considered with many 3D tissue 
models. Several in vitro culture systems modeling migration have been described for 
mammary glands [195], liver organogenesis [196], and cancer models [197]. The 
fluidic flow bioreactors and Organ-on-Chip (OoC) platforms can help address tissue 
mechanics in 3D models. Bioreactors aid the in vitro tissue survival before in vivo 
implantation by recapitulating the natural microenvironment by controlling culture 
medium pH, temperature, fluid pressure, cell shear stress, nutrient supply, and waste 
removal [198]. However, bioreactor-based screening of key maturation factors is labor- 
and time-intensive, also requiring special equipment. Alternatively, the in vitro tissue 
spheroid fusion assay can provide a simpler, faster, and thus more cost-effective high-
throughput screening of potential ‘maturogenic’ factors and their overall viability [199]. 
OoCs often represent 3D multi-chamber channel microfluidic cell culture systems, 
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being miniaturized in vitro models for mimicking the physiological human organ 
environment [200]. Despite the multitude of such models and the ambition of multi-
organ-on-a-chip(s), most of them utilize cell suspensions, 2D or spheroid cultures as 
the highest level of complexity [201-206]. Recent advances in these methodologies 
include organoids [207], improved modeling and compatibility with advanced imaging 
modalities [110], and integration with computational elements [208]. For example, the 
research focus shifts to improving the design of ‘4D’ tissue engineering scaffold 
materials and micropatterning technologies to address and direct the microtissue 
development [114, 209]. The complex multicellular architectures can also be 
established by force gradients generated via spirals and aster topology cues, thus 
controlling the self-organization of myoblasts, their differentiation, and steering 3D 
morphogenesis [210]. Tracking the migration, mechanical forces, and viability can all 
utilize labeling live-cell tracers and biosensors (Table 2) for advanced analysis using 
lightsheet fluorescence microscopy [211] or high-content analysis of individual cell 
phenotypes [173, 212].   

5.1.2 Long-term in vivo stability and viability 

The long-term in vivo stability and viability of bioprinted constructs represent another 
challenge. There are surgical challenges (e.g. ischemia, incomplete maturation, host 
biocompatibility, and vascular network incorporation), and challenges of the 3D 
culturing and printing. Vascularization is a prerequisite for maintaining viable grafts 
and successful tissue incorporation [213]. Currently, there are two main blood vessel 
incorporation strategies: the controlled release of angiogenic factors [214] and the 
direct printing of vascularized scaffolds [215]. Challenges of 3D printing include the 
variable viability of bioprinted tissues influenced by the 3D printing parameters, 
ranging from 95% (laser-assisted) to 40-80% (extrusion) viability [216]. Computational 
modeling can help increase cell viability, stability, and reproducibility of the engineered 
tissue constructs through experimental parameter predictions [217, 218]. Additionally, 
the stem and cancer cells typically lack control and guidance cues during organoid 
and spheroid development, resulting in increased variability of spheroid and organoid 
cultures. Until recently, there was little attention to standardizing these models[159, 
219]. So far, such initiatives as MISpheroID consortium[8] and bio-banks address the 
shortcomings of minimal reporting guidelines [220]. 

5.1.3. Heterogeneity of metabolism and growth medium composition 

Introducing novel detection methods helps to uncover heterogeneity and increase 
levels of the complexity of the used models. Next to the different zones of cell types, 
their viability or cellular heterogeneity, 3D cultures can also exhibit metabolic 
heterogeneity [169, 221]. For example, small intestinal organoid culture shows 
heterogeneous tissue oxygenation within (trans-epithelial gradients) and between 
individual organoids (inter-organoid) could be caused by the metabolic heterogeneity 
of the original tissue used for the organoid production [159]. Furthermore, a follow-up 
study using NAD(P)H-FLIM revealed that stem cells can rapidly upregulate oxidative 
phosphorylation and highlighted the need of controlling the medium composition for a 
better understanding of cell behavior in the experiment [164]. The selection of the right 
growth medium is already recognized in cancer microenvironment studies [222],[223] 
and hopefully will be soon implemented in the design of advanced organoids, tissue-
on-a-chip and bioprinted constructs.  
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6.  Conclusion 

Multicellular spheroids, organoids and related bioprinted models can help recapitulate 
both tissue development and different cell death phenomena, which are often present 
together in the live tissue. We see that multiple parameters, based on culturing and 
detection methods, can cause variability in the analysis of live-dead status in 3D 
cultures. Is your tissue 100% live or 100% dead? We do not believe that there is a 
method that can help to definitely answer this. However, innovations in live 
microscopy, non-destructive and multi-parameter imaging can help define and predict 
the real 3D tissue physiological status. The intrinsic disadvantages of biosensors, such 
as the cell-dependent staining are being addressed via continued research in 
chemistry and material sciences, biofabrication methods, and the introduction of novel 
non-invasive optical imaging techniques, such as near-infrared II light-sheet 
microscopy [152, 224, 225], potentially using single cell analysis approaches merged 
with high-content [173, 174] and FLIM-based multiplexing [152, 226, 227]. Essentially, 
combining mentioned analytical chemistry, biomedical optics and advanced cell 
biology techniques must be logically integrated with machine learning and advanced 
modeling approaches [108, 228-232] to further address the viability, reproducibility, 
and ‘sustainability’ of the popular 3D tissue models. 

  

Acknowledgments 

This work was supported by the Special research fund (BOF) grant of Ghent University 
(BOF/STA/202009/003). 

  

Competing interests statement 

No competing interests to declare. 

 

References 
[1] E. Cukierman, R. Pankov, D.R. Stevens, K.M. Yamada, Taking Cell-Matrix Adhesions to 
the Third Dimension, Science 294(5547) (2001) 1708-1712. 
[2] P. Bédard, S. Gauvin, K. Ferland, C. Caneparo, È. Pellerin, S. Chabaud, S. Bolduc, 
Innovative Human Three-Dimensional Tissue-Engineered Models as an Alternative to 
Animal Testing, Bioengineering (Basel) 7(3) (2020) 115. 
[3] M.A. Lancaster, M. Huch, Disease modelling in human organoids, Dis Model Mech 12(7) 
(2019) dmm039347. 
[4] V. Brancato, J.M. Oliveira, V.M. Correlo, R.L. Reis, S.C. Kundu, Could 3D models of 
cancer enhance drug screening?, Biomaterials 232 (2020) 119744. 
[5] R.-Z. Lin, R.-Z. Lin, H.-Y. Chang, Recent advances in three-dimensional multicellular 
spheroid culture for biomedical research, Biotechnology journal 3 (2008) 1172-84. 
[6] X. Cui, Y. Hartanto, H. Zhang, Advances in multicellular spheroids formation, Journal of 
the Royal Society Interface 14(127) (2017) 20160877. 
[7] S.-j. Kim, E.M. Kim, M. Yamamoto, H. Park, H. Shin, Engineering Multi-Cellular 
Spheroids for Tissue Engineering and Regenerative Medicine, Advanced Healthcare 
Materials 9(23) (2020) 2000608. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 19 

[8] A. Peirsman, E. Blondeel, T. Ahmed, J. Anckaert, D. Audenaert, T. Boterberg, K. Buzas, 
N. Carragher, G. Castellani, F. Castro, V. Dangles-Marie, J. Dawson, P. De Tullio, E. De 
Vlieghere, S. Dedeyne, H. Depypere, A. Diosdi, R.I. Dmitriev, H. Dolznig, S. Fischer, C. 
Gespach, V. Goossens, J. Heino, A. Hendrix, P. Horvath, L.A. Kunz-Schughart, S. Maes, C. 
Mangodt, P. Mestdagh, S. Michlíková, M.J. Oliveira, F. Pampaloni, F. Piccinini, C. Pinheiro, 
J. Rahn, S.M. Robbins, E. Siljamäki, P. Steigemann, G. Sys, S. Takayama, A. Tesei, J. 
Tulkens, M. Van Waeyenberge, J. Vandesompele, G. Wagemans, C. Weindorfer, N. Yigit, N. 
Zablowsky, M. Zanoni, P. Blondeel, O. De Wever, MISpheroID: a knowledgebase and 
transparency tool for minimum information in spheroid identity, Nature Methods 18(11) 
(2021) 1294-1303. 
[9] L.E. Jamieson, D.J. Harrison, C.J. Campbell, Chemical analysis of multicellular tumour 
spheroids, Analyst 140(12) (2015) 3910-3920. 
[10] Y. Huang, S. Wang, Q. Guo, S. Kessel, I. Rubinoff, L.L.-Y. Chan, P. Li, Y. Liu, J. Qiu, C. 
Zhou, Optical Coherence Tomography Detects Necrotic Regions and Volumetrically 
Quantifies Multicellular Tumor Spheroids, Cancer Res 77(21) (2017) 6011-6020. 
[11] M.T. Santini, G. Rainaldi, Three-dimensional spheroid model in tumor biology, 
Pathobiology 67(3) (1999) 148-57. 
[12] D. Jaiswal, N. Cowley, Z. Bian, G. Zheng, K.P. Claffey, K. Hoshino, Stiffness analysis of 
3D spheroids using microtweezers, PloS one 12(11) (2017) e0188346-e0188346. 
[13] C.R.I. Lam, H.K. Wong, S. Nai, C.K. Chua, N.S. Tan, L.P. Tan, A 3D Biomimetic Model 
of Tissue Stiffness Interface for Cancer Drug Testing, Molecular Pharmaceutics 11(7) (2014) 
2016-2021. 
[14] S.J. Han, S. Kwon, K.S. Kim, Challenges of applying multicellular tumor spheroids in 
preclinical phase, Cancer Cell International 21(1) (2021) 152. 
[15] N. Peela, F.S. Sam, W. Christenson, D. Truong, A.W. Watson, G. Mouneimne, R. Ros, 
M. Nikkhah, A three dimensional micropatterned tumor model for breast cancer cell 
migration studies, Biomaterials 81 (2016) 72-83. 
[16] F. Birey, J. Andersen, C.D. Makinson, S. Islam, W. Wei, N. Huber, H.C. Fan, K.R.C. 
Metzler, G. Panagiotakos, N. Thom, N.A. O'Rourke, L.M. Steinmetz, J.A. Bernstein, J. 
Hallmayer, J.R. Huguenard, S.P. Paşca, Assembly of functionally integrated human 
forebrain spheroids, Nature 545(1476-4687 (Electronic)) (2017) 54-59. 
[17] K. Bharti, M.J. Song, R. Quinn, E. Nguyen, T. Park, C. Hampton, R. Sharma, C. Koster, 
T. Voss, C. Tristan, C. Malley, A. Singh, R. Dejene, D. Bose, P. Derr, K. Derr, S. Michael, F. 
Barone, A. Maminishkis, M. Ferrer, Bioprinted 3D Outer Retina Barrier Uncovers RPE-
dependent Choroidal Phenotype in Advanced Macular Degeneration (preprint), 2021. 
[18] L. Hemeryck, F. Hermans, J. Chappell, H. Kobayashi, D. Lambrechts, I. Lambrichts, A. 
Bronckaers, H. Vankelecom, Organoids from human tooth showing epithelial stemness 
phenotype and differentiation potential, Cellular and Molecular Life Sciences 79(3) (2022) 
153. 
[19] L. Wang, D. Sievert, A.E. Clark, S. Lee, H. Federman, B.D. Gastfriend, E.V. Shusta, 
S.P. Palecek, A.F. Carlin, J.G. Gleeson, A human three-dimensional neural-perivascular 
‘assembloid’ promotes astrocytic development and enables modeling of SARS-CoV-2 
neuropathology, Nature Medicine 27(9) (2021) 1600-1606. 
[20] M.E. Sakalem, M.T. De Sibio, F.A.d.S. da Costa, M. de Oliveira, Historical evolution of 
spheroids and organoids, and possibilities of use in life sciences and medicine, 
Biotechnology Journal 16(5) (2021) 2000463. 
[21] M.A. Lancaster, J.A. Knoblich, Organogenesis in a dish: Modeling development and 
disease using organoid technologies, Science 345(6194) (2014) 1247125. 
[22] J. Drost, H. Clevers, Translational applications of adult stem cell-derived organoids, 
Development 144(6) (2017) 968-975. 
[23] M.B. Rookmaaker, F. Schutgens, M.C. Verhaar, H. Clevers, Development and 
application of human adult stem or progenitor cell organoids, Nature Reviews Nephrology 
11(9) (2015) 546-554. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 20 

[24] T. Sato, H. Clevers, Primary Mouse Small Intestinal Epithelial Cell Cultures, in: S.H. 
Randell, M.L. Fulcher (Eds.), Epithelial Cell Culture Protocols: Second Edition, Humana 
Press, Totowa, NJ, 2013, pp. 319-328. 
[25] N.K. Finnberg, P. Gokare, A. Lev, S.I. Grivennikov, A.W.t. MacFarlane, K.S. Campbell, 
R.M. Winters, K. Kaputa, J.M. Farma, A.E.-S. Abbas, L. Grasso, N.C. Nicolaides, W.S. El-
Deiry, Application of 3D tumoroid systems to define immune and cytotoxic therapeutic 
responses based on tumoroid and tissue slice culture molecular signatures, Oncotarget 
8(40) (2017) 66747-66757. 
[26] C. Pérez-González, G. Ceada, F. Greco, M. Matejčić, M. Gómez-González, N. Castro, 
A. Menendez, S. Kale, D. Krndija, A.G. Clark, V.R. Gannavarapu, A. Álvarez-Varela, P. 
Roca-Cusachs, E. Batlle, D.M. Vignjevic, M. Arroyo, X. Trepat, Mechanical 
compartmentalization of the intestinal organoid enables crypt folding and collective cell 
migration, Nat Cell Biol 23(7) (2021) 745-757. 
[27] S. Rezakhani, N. Gjorevski, M.P. Lutolf, Extracellular matrix requirements for 
gastrointestinal organoid cultures, Biomaterials 276 (2021) 121020. 
[28] A. Merenda, N. Fenderico, M.M. Maurice, Wnt Signaling in 3D: Recent Advances in the 
Applications of Intestinal Organoids, Trends in Cell Biology 30(1) (2020) 60-73. 
[29] E. Aihara, M.M. Mahe, M.A. Schumacher, A.L. Matthis, R. Feng, W. Ren, T.K. Noah, T. 
Matsu-ura, S.R. Moore, C.I. Hong, Y. Zavros, S. Herness, N.F. Shroyer, K. Iwatsuki, P. 
Jiang, M.A. Helmrath, M.H. Montrose, Characterization of stem/progenitor cell cycle using 
murine circumvallate papilla taste bud organoid, Scientific Reports 5(1) (2015) 17185. 
[30] T. Matsu-ura, A. Dovzhenok, E. Aihara, J. Rood, H. Le, Y. Ren, A.E. Rosselot, T. 
Zhang, C. Lee, K. Obrietan, M.H. Montrose, S. Lim, S.R. Moore, C.I. Hong, Intercellular 
Coupling of the Cell Cycle and Circadian Clock in Adult Stem Cell Culture, Molecular Cell 
64(5) (2016) 900-912. 
[31] J.M. Williams, C.A. Duckworth, M.D. Burkitt, A.J.M. Watson, B.J. Campbell, D.M. 
Pritchard, Epithelial Cell Shedding and Barrier Function: A Matter of Life and Death at the 
Small Intestinal Villus Tip, Veterinary Pathology 52(3) (2014) 445-455. 
[32] H.F. Farin, I. Jordens, M.H. Mosa, O. Basak, J. Korving, D.V.F. Tauriello, K. de Punder, 
S. Angers, P.J. Peters, M.M. Maurice, H. Clevers, Visualization of a short-range Wnt 
gradient in the intestinal stem-cell niche, Nature 530(7590) (2016) 340-343. 
[33] J.O. Múnera, N. Sundaram, S.A. Rankin, D. Hill, C. Watson, M. Mahe, J.E. Vallance, 
N.F. Shroyer, K.L. Sinagoga, A. Zarzoso-Lacoste, J.R. Hudson, J.C. Howell, P. Chatuvedi, 
J.R. Spence, J.M. Shannon, A.M. Zorn, M.A. Helmrath, J.M. Wells, Differentiation of Human 
Pluripotent Stem Cells into Colonic Organoids via Transient Activation of BMP Signaling, 
Cell Stem Cell 21(1) (2017) 51-64.e6. 
[34] L. Ritsma, S.I.J. Ellenbroek, A. Zomer, H.J. Snippert, F.J. de Sauvage, B.D. Simons, H. 
Clevers, J. van Rheenen, Intestinal crypt homeostasis revealed at single-stem-cell level by in 
vivo live imaging, Nature 507(7492) (2014) 362-365. 
[35] H. Clevers, Modeling Development and Disease with Organoids, Cell 165(7) (2016) 
1586-1597. 
[36] T.F. Bullen, S. Forrest, F. Campbell, A.R. Dodson, M.J. Hershman, D.M. Pritchard, J.R. 
Turner, M.H. Montrose, A.J.M. Watson, Characterization of epithelial cell shedding from 
human small intestine, Laboratory Investigation 86(10) (2006) 1052-1063. 
[37] C. Díaz-Díaz, M. Torres, Insights into the quantitative and dynamic aspects of Cell 
Competition, Current Opinion in Cell Biology 60 (2019) 68-74. 
[38] S. Vivarelli, L. Wagstaff, E. Piddini, Cell wars: regulation of cell survival and proliferation 
by cell competition, Essays in Biochemistry 53 (2012) 69-82. 
[39] S. Kon, K. Ishibashi, H. Katoh, S. Kitamoto, T. Shirai, S. Tanaka, M. Kajita, S. Ishikawa, 
H. Yamauchi, Y. Yako, T. Kamasaki, T. Matsumoto, H. Watanabe, R. Egami, A. Sasaki, A. 
Nishikawa, I. Kameda, T. Maruyama, R. Narumi, T. Morita, Y. Sasaki, R. Enoki, S. Honma, 
H. Imamura, M. Oshima, T. Soga, J.-i. Miyazaki, M.R. Duchen, J.-M. Nam, Y. Onodera, S. 
Yoshioka, J. Kikuta, M. Ishii, M. Imajo, E. Nishida, Y. Fujioka, Y. Ohba, T. Sato, Y. Fujita, 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 21 

Cell competition with normal epithelial cells promotes apical extrusion of transformed cells 
through metabolic changes, Nat Cell Biol 19(5) (2017) 530-541. 
[40] Y. Fujimichi, K. Otsuka, M. Tomita, T. Iwasaki, An Efficient Intestinal Organoid System 
of Direct Sorting to Evaluate Stem Cell Competition in Vitro, Scientific Reports 9(1) (2019) 
20297. 
[41] L. Moroni, T. Boland, J.A. Burdick, C. De Maria, B. Derby, G. Forgacs, J. Groll, Q. Li, J. 
Malda, V.A. Mironov, C. Mota, M. Nakamura, W. Shu, S. Takeuchi, T.B.F. Woodfield, T. Xu, 
J.J. Yoo, G. Vozzi, Biofabrication: A Guide to Technology and Terminology, Trends 
Biotechnol 36(4) (2018) 384-402. 
[42] M. Singh, P. Haverinen Hm Fau - Dhagat, G.E. Dhagat P Fau - Jabbour, G.E. Jabbour, 
Inkjet printing-process and its applications, Advanced Materials (1521-4095 (Electronic)) 
(2010). 
[43] F. Guillemot, S. Souquet A Fau - Catros, B. Catros S Fau - Guillotin, B. Guillotin, Laser-
assisted cell printing: principle, physical parameters versus cell fate and perspectives in 
tissue engineering, Nanomedicine (Lond). 5(3) (2010) 507-15. 
[44] J. Kajtez, M.F. Wessler, M. Birtele, F.R. Khorasgani, D.R. Ottosson, A. Heiskanen, T. 
Kamperman, J. Leijten, A. Martínez-Serrano, N.B. Larsen, Embedded 3D printing in self-
healing annealable composites for functional patterning of human neural constructs, bioRxiv  
(2021). 
[45] W. Sun, B. Starly, A.C. Daly, J.A. Burdick, J. Groll, G. Skeldon, W. Shu, Y. Sakai, M. 
Shinohara, M. Nishikawa, The bioprinting roadmap, Biofabrication 12(2) (2020) 022002. 
[46] R. Annamalai, D. Armant, H. Matthew, A Glycosaminoglycan Based, Modular Tissue 
Scaffold System for Rapid Assembly of Perfusable, High Cell Density, Engineered Tissues, 
PloS one 9 (2014) e84287. 
[47] S.M. Grist, K.L. Bennewith, K.C. Cheung, Oxygen Measurement in Microdevices, 
Annual Review of Analytical Chemistry 15(1) (2022) 221-246. 
[48] I.A. Okkelman, C. Vercruysse, A.V. Kondrashina, S.M. Borisov, R.I. Dmitriev, Affordable 
Oxygen Microscopy-Assisted Biofabrication of Multicellular Spheroids, JoVE (182) (2022) 
e63403. 
[49] N.E. Fedorovich, E. Kuipers, D. Gawlitta, W.J.A. Dhert, J. Alblas, Scaffold Porosity and 
Oxygenation of Printed Hydrogel Constructs Affect Functionality of Embedded Osteogenic 
Progenitors, Tissue Engineering Part A 17(19-20) (2011) 2473-2486. 
[50] J.S. Ortega, R. Corrales-Orovio, P. Ralph, J.T. Egaña, C. Gentile, Photosynthetic 
microorganisms for the oxygenation of advanced 3D bioprinted tissues, Acta Biomaterialia  
(2022). 
[51] P.A. Shiekh, A. Singh, A. Kumar, Oxygen-Releasing Antioxidant Cryogel Scaffolds with 
Sustained Oxygen Delivery for Tissue Engineering Applications, ACS Applied Materials & 
Interfaces 10(22) (2018) 18458-18469. 
[52] L. Galluzzi, I. Vitale, S.A. Aaronson, J.M. Abrams, D. Adam, P. Agostinis, E.S. Alnemri, 
L. Altucci, I. Amelio, D.W. Andrews, M. Annicchiarico-Petruzzelli, A.V. Antonov, E. Arama, 
E.H. Baehrecke, N.A. Barlev, N.G. Bazan, F. Bernassola, M.J.M. Bertrand, K. Bianchi, M.V. 
Blagosklonny, K. Blomgren, C. Borner, P. Boya, C. Brenner, M. Campanella, E. Candi, D. 
Carmona-Gutierrez, F. Cecconi, F.K.M. Chan, N.S. Chandel, E.H. Cheng, J.E. Chipuk, J.A. 
Cidlowski, A. Ciechanover, G.M. Cohen, M. Conrad, J.R. Cubillos-Ruiz, P.E. Czabotar, V. 
D’Angiolella, T.M. Dawson, V.L. Dawson, V. De Laurenzi, R. De Maria, K.-M. Debatin, R.J. 
DeBerardinis, M. Deshmukh, N. Di Daniele, F. Di Virgilio, V.M. Dixit, S.J. Dixon, C.S. 
Duckett, B.D. Dynlacht, W.S. El-Deiry, J.W. Elrod, G.M. Fimia, S. Fulda, A.J. García-Sáez, 
A.D. Garg, C. Garrido, E. Gavathiotis, P. Golstein, E. Gottlieb, D.R. Green, L.A. Greene, H. 
Gronemeyer, A. Gross, G. Hajnoczky, J.M. Hardwick, I.S. Harris, M.O. Hengartner, C. Hetz, 
H. Ichijo, M. Jäättelä, B. Joseph, P.J. Jost, P.P. Juin, W.J. Kaiser, M. Karin, T. Kaufmann, O. 
Kepp, A. Kimchi, R.N. Kitsis, D.J. Klionsky, R.A. Knight, S. Kumar, S.W. Lee, J.J. Lemasters, 
B. Levine, A. Linkermann, S.A. Lipton, R.A. Lockshin, C. López-Otín, S.W. Lowe, T. Luedde, 
E. Lugli, M. MacFarlane, F. Madeo, M. Malewicz, W. Malorni, G. Manic, J.-C. Marine, S.J. 
Martin, J.-C. Martinou, J.P. Medema, P. Mehlen, P. Meier, S. Melino, E.A. Miao, J.D. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 22 

Molkentin, U.M. Moll, C. Muñoz-Pinedo, S. Nagata, G. Nuñez, A. Oberst, M. Oren, M. 
Overholtzer, M. Pagano, T. Panaretakis, M. Pasparakis, J.M. Penninger, D.M. Pereira, S. 
Pervaiz, M.E. Peter, M. Piacentini, P. Pinton, J.H.M. Prehn, H. Puthalakath, G.A. 
Rabinovich, M. Rehm, R. Rizzuto, C.M.P. Rodrigues, D.C. Rubinsztein, T. Rudel, K.M. 
Ryan, E. Sayan, L. Scorrano, F. Shao, Y. Shi, J. Silke, H.-U. Simon, A. Sistigu, B.R. 
Stockwell, A. Strasser, G. Szabadkai, S.W.G. Tait, D. Tang, N. Tavernarakis, A. Thorburn, 
Y. Tsujimoto, B. Turk, T. Vanden Berghe, P. Vandenabeele, M.G. Vander Heiden, A. 
Villunger, H.W. Virgin, K.H. Vousden, D. Vucic, E.F. Wagner, H. Walczak, D. Wallach, Y. 
Wang, J.A. Wells, W. Wood, J. Yuan, Z. Zakeri, B. Zhivotovsky, L. Zitvogel, G. Melino, G. 
Kroemer, Molecular mechanisms of cell death: recommendations of the Nomenclature 
Committee on Cell Death 2018, Cell Death & Differentiation 25(3) (2018) 486-541. 
[53] T.V. Vanden Berghe, A. Linkermann, S. Jouan-Lanhouet, H. Walczak, P. 
Vandenabeele, Regulated necrosis: the expanding network of non-apoptotic cell death 
pathways, Nature Reviews Molecular Cell Biology 15(2) (2014) 135-147. 
[54] C. Follo, D. Barbone, W.G. Richards, R. Bueno, V. Courtney Broaddus, Autophagy in 
3D In Vitro and Ex Vivo Cancer Models, in: N. Ktistakis, O. Florey (Eds.), Autophagy: 
Methods and Protocols, Springer New York, New York, NY, 2019, pp. 491-510. 
[55] E.A. Guzmán, T.P. Pitts, P.L. Winder, A.E. Wright, The Marine Natural Product 
Furospinulosin 1 Induces Apoptosis in MDA-MB-231 Triple Negative Breast Cancer Cell 
Spheroids, But Not in Cells Grown Traditionally with Longer Treatment, Marine Drugs 19(5) 
(2021) 249. 
[56] C. Bingel, E. Koeneke, J. Ridinger, A. Bittmann, M. Sill, H. Peterziel, J.K. Wrobel, I. 
Rettig, T. Milde, U. Fernekorn, F. Weise, A. Schober, O. Witt, I. Oehme, Three-dimensional 
tumor cell growth stimulates autophagic flux and recapitulates chemotherapy resistance, Cell 
Death & Disease 8(8) (2017) e3013-e3013. 
[57] L. Dolat, R.H. Valdivia, An endometrial organoid model of interactions between 
Chlamydia and epithelial and immune cells, Journal of Cell Science 134(5) (2021). 
[58] F. Banfi, A. Rubio, M. Zaghi, L. Massimino, G. Fagnocchi, E. Bellini, M. Luoni, C. 
Cancellieri, A. Bagliani, C. Di Resta, C. Maffezzini, A. Ianielli, M. Ferrari, R. Piazza, L. 
Mologni, V. Broccoli, A. Sessa, SETBP1 accumulation induces P53 inhibition and genotoxic 
stress in neural progenitors underlying neurodegeneration in Schinzel-Giedion syndrome, 
Nature Communications 12(1) (2021) 4050. 
[59] C. Veelken, G.-J. Bakker, D. Drell, P. Friedl, Single cell-based automated quantification 
of therapy responses of invasive cancer spheroids in organotypic 3D culture, Methods 128 
(2017) 139-149. 
[60] S. Hong, J.M. Song, 3D bioprinted drug-resistant breast cancer spheroids for 
quantitative in situ evaluation of drug resistance, Acta Biomaterialia 138 (2022) 228-239. 
[61] C.D. Gregory, I. Dransfield, Apoptotic Tumor Cell-Derived Extracellular Vesicles as 
Important Regulators of the Onco-Regenerative Niche, Frontiers in Immunology 9 (2018). 
[62] M.S. D’Arcy, Cell death: a review of the major forms of apoptosis, necrosis and 
autophagy, Cell Biology International 43(6) (2019) 582-592. 
[63] X. Ke, R. Yan, Z. Sun, Y. Cheng, A. Meltzer, N. Lu, X. Shu, Z. Wang, B. Huang, X. Liu, 
Z. Wang, J.H. Song, C.K. Ng, S. Ibrahim, J.M. Abraham, E.J. Shin, S. He, S.J. Meltzer, 
Esophageal Adenocarcinoma–Derived Extracellular Vesicle MicroRNAs Induce a Neoplastic 
Phenotype in Gastric Organoids, Neoplasia 19(11) (2017) 941-949. 
[64] E. Fiorini, L. Veghini, V. Corbo, Modeling Cell Communication in Cancer With 
Organoids: Making the Complex Simple, Frontiers in Cell and Developmental Biology 8 
(2020). 
[65] R. Kakarla, J. Hur, Y.J. Kim, J. Kim, Y.-J. Chwae, Apoptotic cell-derived exosomes: 
messages from dying cells, Experimental & Molecular Medicine 52(1) (2020) 1-6. 
[66] B. Puig, S. Brenna, T. Magnus, Molecular Communication of a Dying Neuron in Stroke, 
International Journal of Molecular Sciences 19(9) (2018) 2834. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 23 

[67] K. Li, M. Li, W. Li, H. Yu, X. Sun, Q. Zhang, Y. Li, X. Li, Y. Li, E.D. Abel, Q. Wu, H. 
Chen, Airway epithelial regeneration requires autophagy and glucose metabolism, Cell 
Death & Disease 10(12) (2019) 875. 
[68] D.B.J. Amaral, S.M. Urabayashi, M.G. Machado‐Santelli, Cell death and lumen 

formation in spheroids of MCF‐7 cells, Cell biology international 34(3) (2010) 267-274. 
[69] S. Walenta, J. Doetsch, W. Mueller-Klieser, L.A. Kunz-Schughart, Metabolic Imaging in 
Multicellular Spheroids of Oncogene-transfected Fibroblasts, Journal of Histochemistry & 
Cytochemistry 48(4) (2000) 509-522. 
[70] T. Grabinger, L. Luks, F. Kostadinova, C. Zimberlin, J.P. Medema, M. Leist, T. Brunner, 
Ex vivo culture of intestinal crypt organoids as a model system for assessing cell death 
induction in intestinal epithelial cells and enteropathy, Cell Death & Disease 5(5) (2014) 
e1228-e1228. 
[71] Á. Oszvald, Z. Szvicsek, G.O. Sándor, A. Kelemen, A.Á. Soós, K. Pálóczi, A. Bursics, K. 
Dede, T. Tölgyes, E.I. Buzás, A. Zeöld, Z. Wiener, Extracellular vesicles transmit epithelial 
growth factor activity in the intestinal stem cell niche, Stem Cells 38(2) (2019) 291-300. 
[72] K. Nozaki, V.I. Maltez, M. Rayamajhi, A.L. Tubbs, J.E. Mitchell, C.A. Lacey, C.K. 
Harvest, L. Li, W.T. Nash, H.N. Larson, Caspase-7 activates ASM to repair gasdermin and 
perforin pores, Nature  (2022) 1-8. 
[73] S.N. Patel, M. Ishahak, D. Chaimov, A. Velraj, D. LaShoto, D.W. Hagan, P. Buchwald, 
E.A. Phelps, A. Agarwal, C.L. Stabler, Organoid microphysiological system preserves 
pancreatic islet function within 3D matrix, Science Advances 7(7) (2021) eaba5515. 
[74] H.W. An, S.Y. Kim, J.W. Kwon, S.H. Seok, S.H. Woo, D.Y. Kim, J.W. Park, In vivo 
CRISPR–Cas9 knockout screening using quantitative PCR identifies thymosin beta‐4 X‐
linked that promotes diffuse‐type gastric cancer metastasis, Molecular Carcinogenesis 60(9) 

(2021) 597-606. 
[75] M. Panek, M. Grabacka, M. Pierzchalska, The formation of intestinal organoids in a 
hanging drop culture, Cytotechnology 70(3) (2018) 1085-1095. 
[76] N. Komatsu, M. Kajiya, S. Morimoto, S. Motoike, H. Yoshii, T. Iwata, K. Ouhara, S. 
Matsuda, N. Mizuno, H. Kurihara, Cox2-mediated PGE2 production via p38/JNK-c-fos 
signaling inhibits cell apoptosis in 3D floating culture clumps of mesenchymal stem 
cell/extracellular matrix complexes, Biochemical and Biophysical Research Communications 
530(2) (2020) 448-454. 
[77] D. Tang, R. Kang, T.V. Berghe, P. Vandenabeele, G. Kroemer, The molecular 
machinery of regulated cell death, Cell Research 29(5) (2019) 347-364. 
[78] V.N. Ivanov, P.W. Grabham, C.-C. Wu, T.K. Hei, Inhibition of autophagic flux differently 
modulates cannabidiol-induced death in 2D and 3D glioblastoma cell cultures, Scientific 
Reports 10(1) (2020) 2687. 
[79] E.J. Jones, Z.J. Matthews, L. Gul, P. Sudhakar, A. Treveil, D. Divekar, J. Buck, T. 
Wrzesinski, M. Jefferson, S.D. Armstrong, L.J. Hall, A.J.M. Watson, S.R. Carding, W. 
Haerty, F. Di Palma, U. Mayer, P.P. Powell, I. Hautefort, T. Wileman, T. Korcsmaros, 
Integrative analysis of Paneth cell proteomic and transcriptomic data from intestinal 
organoids reveals functional processes dependent on autophagy, Dis Model Mech 12(3) 
(2019). 
[80] T. Brooks, Y.K. Park, A. Vielle, M.N. Vergara, Elucidating the Mechanisms of 
Developmental Cell Death in the Human Retina Using Stem Cell-derived Organoids, 
Investigative Ophthalmology & Visual Science 61(7) (2020) 3805-3805. 
[81] Y.K. Park, T. Brooks, A. Vielle, M.N. Vergara, Investigating the Timing and Regulation of 
Developmental Retinal Ganglion Cell Death in Human Stem Cell-Derived Organoids, 
Investigative Ophthalmology & Visual Science 62(8) (2021) 3153-3153. 
[82] E. Koren, Y. Yosefzon, R. Ankawa, D. Soteriou, A. Jacob, A. Nevelsky, R. Ben-Yosef, 
G. Bar-Sela, Y. Fuchs, ARTS mediates apoptosis and regeneration of the intestinal stem cell 
niche, Nature Communications 9(1) (2018) 4582. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 24 

[83] P. Khalkar, N. Díaz-Argelich, J. Antonio Palop, C. Sanmartín, A.P. Fernandes, Novel 
Methylselenoesters Induce Programed Cell Death via Entosis in Pancreatic Cancer Cells, 
International Journal of Molecular Sciences 19(10) (2018) 2849. 
[84] E. Bozkurt, H. Düssmann, M. Salvucci, B.L. Cavanagh, S. Van Schaeybroeck, D.B. 
Longley, S.J. Martin, J.H.M. Prehn, TRAIL signaling promotes entosis in colorectal cancer, 
Journal of Cell Biology 220(11) (2021). 
[85] W. Tonnus, C. Meyer, A. Paliege, A. Belavgeni, A. von Mässenhausen, S.R. Bornstein, 
C. Hugo, J.U. Becker, A. Linkermann, The pathological features of regulated necrosis, The 
Journal of pathology 247(5) (2019) 697-707. 
[86] A.E. Rosselot, M. Park, M. Kim, T. Matsu-Ura, G. Wu, D.E. Flores, K.R. Subramanian, 
S. Lee, N. Sundaram, T.R. Broda, H.A. McCauley, J.A. Hawkins, K. Chetal, N. Salomonis, 
N.F. Shroyer, M.A. Helmrath, J.M. Wells, J.B. Hogenesch, S.R. Moore, C.I. Hong, Ontogeny 
and function of the circadian clock in intestinal organoids, The EMBO Journal 41(2) (2022) 
e106973. 
[87] R. Mukomoto, Y. Nashimoto, T. Terai, T. Imaizumi, K. Hiramoto, K. Ino, R. Yokokawa, 
T. Miura, H. Shiku, Oxygen consumption rate of tumour spheroids during necrotic-like core 
formation, Analyst 145(19) (2020) 6342-6348. 
[88] F. Yan, G. Gunay, T.I. Valerio, C. Wang, J.A. Wilson, M.S. Haddad, M. Watson, M.O. 
Connell, N. Davidson, K.-M. Fung, H. Acar, Q. Tang, Characterization and quantification of 
necrotic tissues and morphology in multicellular ovarian cancer tumor spheroids using 
optical coherence tomography, Biomed. Opt. Express 12(6) (2021) 3352-3371. 
[89] I. Mármol, M. Virumbrales-Muñoz, J. Quero, C. Sánchez-de-Diego, L. Fernández, I. 
Ochoa, E. Cerrada, M.J.R. Yoldi, Alkynyl gold(I) complex triggers necroptosis via ROS 
generation in colorectal carcinoma cells, Journal of Inorganic Biochemistry 176 (2017) 123-
133. 
[90] Y.-J. Lee, H.-S. Nam, M.-K. Cho, S.-H. Lee, Arctigenin induces necroptosis through 
mitochondrial dysfunction with CCN1 upregulation in prostate cancer cells under lactic 
acidosis, Molecular and Cellular Biochemistry 467(1) (2020) 45-56. 
[91] J. Lewerenz, G. Ates, A. Methner, M. Conrad, P. Maher, Oxytosis/Ferroptosis—(Re-) 
Emerging Roles for Oxidative Stress-Dependent Non-apoptotic Cell Death in Diseases of the 
Central Nervous System, Frontiers in Neuroscience 12 (2018). 
[92] N. Takahashi, P. Cho, L.M. Selfors, H.J. Kuiken, R. Kaul, T. Fujiwara, I.S. Harris, T. 
Zhang, S.P. Gygi, J.S. Brugge, 3D Culture Models with CRISPR Screens Reveal 
Hyperactive NRF2 as a Prerequisite for Spheroid Formation via Regulation of Proliferation 
and Ferroptosis, Molecular Cell 80(5) (2020) 828-844.e6. 
[93] J. Wu, A.M. Minikes, M. Gao, H. Bian, Y. Li, B.R. Stockwell, Z.-N. Chen, X. Jiang, 
Intercellular interaction dictates cancer cell ferroptosis via NF2–YAP signalling, Nature 
572(7769) (2019) 402-406. 
[94] Y. Zhang, Z. Xu, W. Feng, H. Gao, Z. Xu, Y. Miao, W. Li, F. Chen, Z. Lv, J. Huo, Small 
molecule inhibitors from organoid‐based drug screen induce concurrent apoptosis and 
gasdermin E‐dependent pyroptosis in colorectal cancer, Clinical and translational medicine 

12(4) (2022). 
[95] R. Xi, J. Montague, X. Lin, C. Lu, W. Lei, K. Tanaka, Y.V. Zhang, X. Xu, X. Zheng, X. 
Zhou, J.F. Urban, K. Iwatsuki, R.F. Margolskee, I. Matsumoto, M. Tizzano, J. Li, P. Jiang, 
Up-regulation of gasdermin C in mouse small intestine is associated with lytic cell death in 
enterocytes in worm-induced type 2 immunity, Proceedings of the National Academy of 
Sciences 118(30) (2021) e2026307118. 
[96] D. Kessel, Apoptosis, paraptosis and autophagy: death and survival pathways 
associated with photodynamic therapy, Photochemistry and photobiology 95(1) (2019) 119-
125. 
[97] M.G. Rolver, L.O. Elingaard-Larsen, A.P. Andersen, L. Counillon, S.F. Pedersen, 
Pyrazine ring-based Na+/H+ exchanger (NHE) inhibitors potently inhibit cancer cell growth in 
3D culture, independent of NHE1, Scientific Reports 10(1) (2020) 5800. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 25 

[98] M. Pellei, V. Gandin, L. Marchiò, C. Marzano, L. Bagnarelli, C. Santini, Syntheses and 
Biological Studies of Cu(II) Complexes Bearing Bis(pyrazol-1-yl)- and Bis(triazol-1-yl)-
acetato Heteroscorpionate Ligands, Molecules 24(9) (2019) 1761. 
[99] F.J. Martínez-Morcillo, J. Cantón-Sandoval, F.J. Martínez-Navarro, I. Cabas, I. 
Martínez-Vicente, J. Armistead, J. Hatzold, A. López-Muñoz, T. Martínez-Menchón, R. 
Corbalán-Vélez, J. Lacal, M. Hammerschmidt, J.C. García-Borrón, A. García-Ayala, M.L. 
Cayuela, A.B. Pérez-Oliva, D. García-Moreno, V. Mulero, NAMPT-derived NAD+ fuels 
PARP1 to promote skin inflammation through parthanatos cell death, PLOS Biology 19(11) 
(2021) e3001455. 
[100] D.L. Ribeiro, K. Tuttis, L.C.B.d. Oliveira, J.M. Serpeloni, I.N.F. Gomes, A.v.H. Lengert, 
C.Q.d. Rocha, R.M. Reis, I.M.d.S. Cólus, L.M.G. Antunes, The Antitumoral/Antimetastatic 
Action of the Flavonoid Brachydin A in Metastatic Prostate Tumor Spheroids In Vitro Is 
Mediated by (Parthanatos) PARP-Related Cell Death, Pharmaceutics 14(5) (2022) 963. 
[101] C. Holze, C. Michaudel, C. Mackowiak, D.A. Haas, C. Benda, P. Hubel, F.L. 
Pennemann, D. Schnepf, J. Wettmarshausen, M. Braun, D.W. Leung, G.K. Amarasinghe, F. 
Perocchi, P. Staeheli, B. Ryffel, A. Pichlmair, Oxeiptosis, a ROS-induced caspase-
independent apoptosis-like cell-death pathway, Nature Immunology 19(2) (2018) 130-140. 
[102] Y. Li, Y. Shen, D. Lin, H. Zhang, T. Wang, H. Liu, Y. Wang, Neutrophils and IL17A 
mediate flagellar hook protein FlgE‐induced mouse acute lung inflammation, Cellular 

Microbiology 21(3) (2019) e12975. 
[103] D.P. Ivanov, T.L. Parker, D.A. Walker, C. Alexander, M.B. Ashford, P.R. Gellert, M.C. 
Garnett, Multiplexing Spheroid Volume, Resazurin and Acid Phosphatase Viability Assays 
for High-Throughput Screening of Tumour Spheroids and Stem Cell Neurospheres, PLOS 
ONE 9(8) (2014) e103817. 
[104] B.L. Worley, Y.S. Kim, J. Mardini, R. Zaman, K.E. Leon, P.G. Vallur, A. Nduwumwami, 
J.I. Warrick, P.F. Timmins, J.P. Kesterson, R. Phaëton, N.Y. Lee, V. Walter, L. Endres, K. 
Mythreye, K.M. Aird, N. Hempel, GPx3 supports ovarian cancer progression by manipulating 
the extracellular redox environment, Redox Biology 25 (2019) 101051. 
[105] I. Lukonin, M. Zinner, P. Liberali, Organoids in image-based phenotypic chemical 
screens, Experimental & Molecular Medicine 53(10) (2021) 1495-1502. 
[106] E. Heninger, D. Kosoff, T.S. Rodems, N. Sethakorn, A. Singh, H. Gungurthi, K.N. 
Carlson, B. Yang, C. Gilsdorf, C.A. Pasch, D.A. Deming, L. Ellis, D.J. Beebe, D.F. Jarrard, 
J.M. Lang, Live cell molecular analysis of primary prostate cancer organoids identifies 
persistent androgen receptor signaling, Medical Oncology 38(11) (2021) 135. 
[107] M. Notaras, A. Lodhi, F. Dündar, P. Collier, N.M. Sayles, H. Tilgner, D. Greening, D. 
Colak, Schizophrenia is defined by cell-specific neuropathology and multiple 
neurodevelopmental mechanisms in patient-derived cerebral organoids, Molecular 
Psychiatry 27(3) (2022) 1416-1434. 
[108] A. Beghin, G. Grenci, G. Sahni, S. Guo, H. Rajendiran, T. Delaire, S.B. Mohamad 
Raffi, D. Blanc, R. de Mets, H.T. Ong, X. Galindo, A. Monet, V. Acharya, V. Racine, F. Levet, 
R. Galland, J.-B. Sibarita, V. Viasnoff, Automated high-speed 3D imaging of organoid 
cultures with multi-scale phenotypic quantification, Nature Methods  (2022). 
[109] A.-N. Cho, Y. Jin, Y. An, J. Kim, Y.S. Choi, J.S. Lee, J. Kim, W.-Y. Choi, D.-J. Koo, W. 
Yu, G.-E. Chang, D.-Y. Kim, S.-H. Jo, J. Kim, S.-Y. Kim, Y.-G. Kim, J.Y. Kim, N. Choi, E. 
Cheong, Y.-J. Kim, H.S. Je, H.-C. Kang, S.-W. Cho, Microfluidic device with brain 
extracellular matrix promotes structural and functional maturation of human brain organoids, 
Nature Communications 12(1) (2021) 4730. 
[110] S. Perottoni, N. Neto, C. Nitto, R. Dmitriev, M. Teresa, M.G. Monaghan, Intracellular 
label-free detection of mesenchymal stem cell metabolism within a perivascular niche-on-a-
chip, Lab on a Chip 21 (2021). 
[111] Z. Farzaneh, S. Abbasalizadeh, M.H. Asghari‐Vostikolaee, M. Alikhani, J.M. Cabral, H. 

Baharvand, Dissolved oxygen concentration regulates human hepatic organoid formation 
from pluripotent stem cells in a fully controlled bioreactor, Biotechnology and Bioengineering 
117(12) (2020) 3739-3756. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 26 

[112] S. Wang, S. Hashemi, S. Stratton, T.L. Arinzeh, The effect of physical cues of 
biomaterial scaffolds on stem cell behavior, Advanced Healthcare Materials 10(3) (2021) 
2001244. 
[113] A. Elosegui-Artola, The extracellular matrix viscoelasticity as a regulator of cell and 
tissue dynamics, Current Opinion in Cell Biology 72 (2021) 10-18. 
[114] N. Gjorevski, M. Nikolaev, T.E. Brown, O. Mitrofanova, N. Brandenberg, F.W. DelRio, 
F.M. Yavitt, P. Liberali, K.S. Anseth, M.P. Lutolf, Tissue geometry drives deterministic 
organoid patterning, Science 375(6576) (2022) eaaw9021. 
[115] M.J. Rodríguez-Colman, M. Schewe, M. Meerlo, E. Stigter, J. Gerrits, M. Pras-Raves, 
A. Sacchetti, M. Hornsveld, K.C. Oost, H.J. Snippert, N. Verhoeven-Duif, R. Fodde, B.M.T. 
Burgering, Interplay between metabolic identities in the intestinal crypt supports stem cell 
function, Nature 543(7645) (2017) 424-427. 
[116] S. Khaloian, E. Rath, N. Hammoudi, E. Gleisinger, A. Blutke, P. Giesbertz, E. Berger, 
A. Metwaly, N. Waldschmitt, M. Allez, D. Haller, Mitochondrial impairment drives intestinal 
stem cell transition into dysfunctional Paneth cells predicting Crohn’s disease recurrence, 
Gut 69(11) (2020) 1939-1951. 
[117] W. Lech, A. Sarnowska, Z. Kuczynska, F. Dabrowski, A. Figiel-Dabrowska, K. 
Domanska-Janik, L. Buzanska, M. Zychowicz, Biomimetic microenvironmental 
preconditioning enhance neuroprotective properties of human mesenchymal stem cells 
derived from Wharton's Jelly (WJ-MSCs), Scientific Reports 10(1) (2020) 16946. 
[118] C.G. Hubert, M. Rivera, L.C. Spangler, Q. Wu, S.C. Mack, B.C. Prager, M. Couce, R.E. 
McLendon, A.E. Sloan, J.N. Rich, A Three-Dimensional Organoid Culture System Derived 
from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell 
Heterogeneity of Tumors Found In Vivo, Cancer Res 76(8) (2016) 2465-2477. 
[119] R.H. Wenger, V. Kurtcuoglu, C.C. Scholz, H.H. Marti, D. Hoogewijs, Frequently asked 
questions in hypoxia research, Hypoxia 3 (2015) 35. 
[120] N. Pescador, D. Villar D Fau - Cifuentes, M. Cifuentes D Fau - Garcia-Rocha, A. 
Garcia-Rocha M Fau - Ortiz-Barahona, S. Ortiz-Barahona A Fau - Vazquez, A. Vazquez S 
Fau - Ordoñez, Y. Ordoñez A Fau - Cuevas, D. Cuevas Y Fau - Saez-Morales, M.L. Saez-
Morales D Fau - Garcia-Bermejo, M.O. Garcia-Bermejo Ml Fau - Landazuri, J. Landazuri Mo 
Fau - Guinovart, L. Guinovart J Fau - del Peso, L. del Peso, Hypoxia promotes glycogen 
accumulation through hypoxia inducible factor (HIF)-mediated induction of glycogen 
synthase 1, PloS one 5(3) (2010). 
[121] C. Riganti, M. Gazzano E Fau - Polimeni, E. Polimeni M Fau - Aldieri, D. Aldieri E Fau 
- Ghigo, D. Ghigo, The pentose phosphate pathway: an antioxidant defense and a crossroad 
in tumor cell fate, Free Radical Biology & Medicine 53(3) (2012) 421-436. 
[122] I.A. Okkelman, N. Neto, D.B. Papkovsky, M.G. Monaghan, R.I. Dmitriev, A deeper 
understanding of intestinal organoid metabolism revealed by combining fluorescence lifetime 
imaging microscopy (FLIM) and extracellular flux analyses, Redox Biology 30 (2020) 
101420. 
[123] T.R. Tidwell, G.V. Røsland, K.J. Tronstad, K. Søreide, H.R. Hagland, Metabolic flux 
analysis of 3D spheroids reveals significant differences in glucose metabolism from matched 
2D cultures of colorectal cancer and pancreatic ductal adenocarcinoma cell lines, Cancer & 
Metabolism 10(1) (2022) 9. 
[124] S.M. Borisov, O.S. Wolfbeis, Optical Biosensors, Chemical Reviews 108(2) (2008) 
423-461. 
[125] A. Solaimuthu, A.N. Vijayan, P. Murali, P.S. Korrapati, Nano-biosensors and their 
relevance in tissue engineering, Current Opinion in Biomedical Engineering 13 (2020) 84-93. 
[126] J. Rix, O. Uckermann, K. Kirsche, G. Schackert, E. Koch, M. Kirsch, R. Galli, 
Correlation of biomechanics and cancer cell phenotype by combined Brillouin and Raman 
spectroscopy of U87-MG glioblastoma cells, bioRxiv  (2022) 2022.03.09.483576. 
[127] V. Mahajan, T. Beck, P. Gregorczyk, A. Ruland, S. Alberti, J. Guck, C. Werner, R. 
Schlüßler, A.V. Taubenberger, Mapping Tumor Spheroid Mechanics in Dependence of 3D 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 27 

Microenvironment Stiffness and Degradability by Brillouin Microscopy, Cancers 13(21) 
(2021). 
[128] B.A. Krajina, B.L. LeSavage, J.G. Roth, A.W. Zhu, P.C. Cai, A.J. Spakowitz, S.C. 
Heilshorn, Microrheology reveals simultaneous cell-mediated matrix stiffening and 
fluidization that underlie breast cancer invasion, Science Advances 7(8) (2021) eabe1969. 
[129] L. Guillaume, L. Rigal, J. Fehrenbach, C. Severac, B. Ducommun, V. Lobjois, 
Characterization of the physical properties of tumor-derived spheroids reveals critical 
insights for pre-clinical studies, Scientific reports 9(1) (2019) 1-9. 
[130] H. Kim, Y. Han, I.R. Suhito, Y. Choi, M. Kwon, H. Son, H.-R. Kim, T.-H. Kim, Raman 
Spectroscopy-Based 3D Analysis of Odontogenic Differentiation of Human Dental Pulp Stem 
Cell Spheroids, Analytical Chemistry 93(29) (2021) 9995-10004. 
[131] V. Schweikhard, Coherent Raman Scattering with STELLARIS 8 CRS–Applications 
and Innovations, Advanced Chemical Microscopy for Life Science and Translational 
Medicine 2022, SPIE, 2022, p. PC119730N. 
[132] A.M. Au - Rieger, K.L. Au - Nelson, J.D. Au - Konowalchuk, D.R. Au - Barreda, 
Modified Annexin V/Propidium Iodide Apoptosis Assay For Accurate Assessment of Cell 
Death, JoVE (50) (2011) e2597. 
[133] T. Hoevel, R. Macek, K. Swisshelm, M. Kubbies, Reexpression of the TJ protein 
CLDN1 induces apoptosis in breast tumor spheroids, International Journal of Cancer 108(3) 
(2004) 374-383. 
[134] A. Bressenot, S. Marchal, L. Bezdetnaya, J. Garrier, F. Guillemin, F. Plénat, 
Assessment of Apoptosis by Immunohistochemistry to Active Caspase-3, Active Caspase-7, 
or Cleaved PARP in Monolayer Cells and Spheroid and Subcutaneous Xenografts of Human 
Carcinoma, Journal of Histochemistry & Cytochemistry 57(4) (2009) 289-300. 
[135] O.A. Zlobovskaya, T.F. Sergeeva, M.V. Shirmanova, V.V. Dudenkova, G.V. Sharonov, 
E.V. Zagaynova, K.A. Lukyanov, Genetically encoded far-red fluorescent sensors for 
caspase-3 activity, BioTechniques 60(2) (2016) 62-68. 
[136] J.R. Conway, S.C. Warren, P. Timpson, Context-dependent intravital imaging of 
therapeutic response using intramolecular FRET biosensors, Methods 128 (2017) 78-94. 
[137] R. Dmitriev, S. Borisov, J. Jenkins, D. Papkovsky, Multi-parametric imaging of tumor 
spheroids with ultra-bright and tunable nanoparticle O2 probes, SPIE2015. 
[138] S.-Y. Lee, I. Doh, D.W. Lee, A High Throughput Apoptosis Assay using 3D Cultured 
Cells, Molecules 24(18) (2019) 3362. 
[139] A.M. Crane, S.K. Bhattacharya, The Use of Bromodeoxyuridine Incorporation Assays 
to Assess Corneal Stem Cell Proliferation, in: B. Wright, C.J. Connon (Eds.), Corneal 
Regenerative Medicine: Methods and Protocols, Humana Press, Totowa, NJ, 2013, pp. 65-
70. 
[140] J. Laurent, C. Frongia, M. Cazales, O. Mondesert, B. Ducommun, V. Lobjois, 
Multicellular tumor spheroid models to explore cell cycle checkpoints in 3D, BMC Cancer 13 
(2013) 73-73. 
[141] I.A. Okkelman, R.I. Dmitriev, T. Foley, D.B. Papkovsky, Use of Fluorescence Lifetime 
Imaging Microscopy (FLIM) as a Timer of Cell Cycle S Phase, PLOS ONE 11(12) (2016) 
e0167385. 
[142] I.A. Okkelman, D.B. Papkovsky, R.I. Dmitriev, Estimation of the Mitochondrial 
Membrane Potential Using Fluorescence Lifetime Imaging Microscopy, Cytometry Part A 
97(5) (2020) 471-482. 
[143] M.A. Badea, M. Balas, A. Hermenean, A. Ciceu, H. Herman, D. Ionita, A. Dinischiotu, 
Influence of Matrigel on Single- and Multiple-Spheroid Cultures in Breast Cancer Research, 
SLAS DISCOVERY: Advancing the Science of Drug Discovery 24(5) (2019) 563-578. 
[144] L. Spoerri, K.A. Beaumont, A. Anfosso, N.K. Haass, Real-Time Cell Cycle Imaging in a 
3D Cell Culture Model of Melanoma, 3D cell culture: Methods Molecular Biology 1612(1940-
6029 (Electronic)) (2017). 
[145] N. Zielke, B.A. Edgar, FUCCI sensors: powerful new tools for analysis of cell 
proliferation, WIREs Developmental Biology 4(5) (2015) 469-487. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 28 

[146] A.V. Zhdanov, C. Favre, L. O'Flaherty, J. Adam, R. O'Connor, P.J. Pollard, D.B. 
Papkovsky, Comparative bioenergetic assessment of transformed cells using a cell energy 
budget platform, Integrative Biology 3(11) (2011) 1135-1142. 
[147] N.M.C. Connolly, P. Theurey, V. Adam-Vizi, N.G. Bazan, P. Bernardi, J.P. Bolaños, C. 
Culmsee, V.L. Dawson, M. Deshmukh, M.R. Duchen, H. Düssmann, G. Fiskum, M.F. 
Galindo, G.E. Hardingham, J.M. Hardwick, M.B. Jekabsons, E.A. Jonas, J. Jordán, S.A. 
Lipton, G. Manfredi, M.P. Mattson, B. McLaughlin, A. Methner, A.N. Murphy, M.P. Murphy, 
D.G. Nicholls, B.M. Polster, T. Pozzan, R. Rizzuto, J. Satrústegui, R.S. Slack, R.A. 
Swanson, R.H. Swerdlow, Y. Will, Z. Ying, A. Joselin, A. Gioran, C. Moreira Pinho, O. 
Watters, M. Salvucci, I. Llorente-Folch, D.S. Park, D. Bano, M. Ankarcrona, P. Pizzo, J.H.M. 
Prehn, Guidelines on experimental methods to assess mitochondrial dysfunction in cellular 
models of neurodegenerative diseases, Cell Death & Differentiation 25(3) (2018) 542-572. 
[148] G. Bresciani, L.J. Hofland, F. Dogan, G. Giamas, T. Gagliano, M.C. Zatelli, Evaluation 
of Spheroid 3D Culture Methods to Study a Pancreatic Neuroendocrine Neoplasm Cell Line, 
Frontiers in Endocrinology 10 (2019). 
[149] P. Terry L Riss, Richard A Moravec, BS, Andrew L Niles, MS, Sarah Duellman, PhD, 
Hélène A Benink, PhD, Tracy J Worzella, MS, and Lisa Minor, Cell Viability Assays, Assay 
Guidance Manual [Internet]  (2004). 
[150] O. Sirenko, T. Mitlo, J. Hesley, S. Luke, W. Owens, E.F. Cromwell, High-content 
assays for characterizing the viability and morphology of 3D cancer spheroid cultures, Assay 
Drug Dev Technol 13(7) (2015) 402-414. 
[151] F. Nimmerjahn A Fau - Helmchen, F. Helmchen, In vivo labeling of cortical astrocytes 
with sulforhodamine 101 (SR101), Cold Spring Harbor protocols 2012(3)  326-334. 
[152] R.I. Dmitriev, X. Intes, M.M. Barroso, Luminescence lifetime imaging of three-
dimensional biological objects, Journal of Cell Science 134(9) (2021) 1-17. 
[153] K.A. Krohn, J.M. Link, R.P. Mason, Molecular Imaging of Hypoxia, Journal of Nuclear 
Medicine 49(Suppl 2) (2008) 129S-148S. 
[154] D.B. Papkovsky, R.I. Dmitriev, Imaging of oxygen and hypoxia in cell and tissue 
samples, Cellular and Molecular Life Sciences 75(16) (2018) 2963-2980. 
[155] R.I. Dmitriev, S.M. Borisov, H. Düssmann, S. Sun, B.J. Müller, J. Prehn, V.P. 
Baklaushev, I. Klimant, D.B. Papkovsky, Versatile Conjugated Polymer Nanoparticles for 
High-Resolution O2 Imaging in Cells and 3D Tissue Models, ACS Nano 9(5) (2015). 
[156] R.I. Dmitriev, A.V. Kondrashina, K. Koren, I. Klimant, A.V. Zhdanov, J.M.P. Pakan, 
K.W. McDermott, D.B. Papkovsky, Small molecule phosphorescent probes for O2 imaging in 
3D tissue models, Biomater Sci 2(6) (2014) 853-866. 
[157] R.I. Dmitriev, A.V. Zhdanov, Y.M. Nolan, D.B. Papkovsky, Imaging of neurosphere 
oxygenation with phosphorescent probes, Biomaterials 34(37) (2013) 9307-9317. 
[158] J. Jenkins, R.I. Dmitriev, K. Morten, K.W. McDermott, D.B. Papkovsky, Oxygen-
sensing scaffolds for 3-dimensional cell and tissue culture, Acta Biomaterialia 16 (2015) 126-
135. 
[159] I.A. Okkelman, T. Foley, D.B. Papkovsky, R.I. Dmitriev, Live cell imaging of mouse 
intestinal organoids reveals heterogeneity in their oxygenation, Biomaterials 146 (2017) 86-
96. 
[160] J. Jenkins, S.M. Borisov, D.B. Papkovsky, R.I. Dmitriev, Sulforhodamine 
Nanothermometer for Multiparametric Fluorescence Lifetime Imaging Microscopy, Analytical 
Chemistry 88(21) (2016) 10566-10572. 
[161] J. Zhou, B. del Rosal, D. Jaque, S. Uchiyama, D. Jin, Advances and challenges for 
fluorescence nanothermometry, Nature Methods 17(10) (2020) 967-980. 
[162] N. O'Donnell, I. Okkelman, P. Timashev, T. Gromovykh, D. Papkovsky, R. Dmitriev, 
Cellulose-based scaffolds for fluorescence lifetime imaging-assisted tissue engineering, Acta 
Biomaterialia  (2018). 
[163] I.A. Okkelman, R. McGarrigle, S. O’Carroll, D.C. Berrio, K. Schenke-Layland, J. Hynes, 
R.I. Dmitriev, Extracellular Ca2+-Sensing Fluorescent Protein Biosensor Based on a 
Collagen-Binding Domain, ACS Applied Bio Materials 3(8) (2020) 5310-5321. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 29 

[164] I. Okkelman, N. Neto, D. Papkovsky, M.G. Monaghan, R. Dmitriev, A deeper 
understanding of intestinal organoid metabolism revealed by combining fluorescence lifetime 
imaging microscopy (FLIM) and extracellular flux analyses, Redox Biology 30 (2019) 
101420. 
[165] A.J. Walsh, R.S. Cook, H.C. Manning, D.J. Hicks, A. Lafontant, C.L. Arteaga, M.C. 
Skala, Optical metabolic imaging identifies glycolytic levels, subtypes, and early-treatment 
response in breast cancer, Cancer Res 73(20) (2013) 6164-6174. 
[166] M.C. Ludikhuize, M. Meerlo, B.M.T. Burgering, M.J. Rodríguez Colman, Protocol to 
profile the bioenergetics of organoids using Seahorse, STAR Protoc 2(1) (2021) 100386. 
[167] B.J. Müller, A.V. Zhdanov, S.M. Borisov, T. Foley, I.A. Okkelman, V. Tsytsarev, Q. 
Tang, R.S. Erzurumlu, Y. Chen, H. Zhang, C. Toncelli, I. Klimant, D.B. Papkovsky, R.I. 
Dmitriev, Nanoparticle-Based Fluoroionophore for Analysis of Potassium Ion Dynamics in 3D 
Tissue Models and In Vivo, Advanced Functional Materials 28(9) (2018) 1704598. 
[168] J.F. Dekkers, M. Alieva, L.M. Wellens, H.C.R. Ariese, P.R. Jamieson, A.M. Vonk, G.D. 
Amatngalim, H. Hu, K.C. Oost, H.J.G. Snippert, J.M. Beekman, E.J. Wehrens, J.E. Visvader, 
H. Clevers, A.C. Rios, High-resolution 3D imaging of fixed and cleared organoids, Nature 
Protocols 14(6) (2019) 1756-1771. 
[169] C.A. Perez-Ramirez, H.R. Christofk, Challenges in Studying Stem Cell Metabolism, 
Cell Stem Cell 28(3) (2021) 409-423. 
[170] U. Schnell, F. Dijk, K.A. Sjollema, B.N.G. Giepmans, Immunolabeling artifacts and the 
need for live-cell imaging, Nature Methods 9(2) (2012) 152-158. 
[171] M.A. Reiche, J.S. Aaron, U. Boehm, M.C. DeSantis, C.M. Hobson, S. Khuon, R.M. 
Lee, T.-L. Chew, When light meets biology–how the specimen affects quantitative 
microscopy, Journal of Cell Science 135(6) (2022) jcs259656. 
[172] J. Ko, M. Wilkovitsch, J. Oh, R.H. Kohler, E. Bolli, M.J. Pittet, C. Vinegoni, D.B. Sykes, 
H. Mikula, R. Weissleder, J.C.T. Carlson, Spatiotemporal multiplexed immunofluorescence 
imaging of living cells and tissues with bioorthogonal cycling of fluorescent probes, Nature 
Biotechnology  (2022). 
[173] M. Durens, J. Nestor, M. Williams, K. Herold, R.F. Niescier, J.W. Lunden, A.W. Phillips, 
Y.-C. Lin, D.M. Dykxhoorn, M.W. Nestor, High-throughput screening of human induced 
pluripotent stem cell-derived brain organoids, Journal of Neuroscience Methods 335 (2020) 
108627. 
[174] S. Sant, P.A. Johnston, The production of 3D tumor spheroids for cancer drug 
discovery, Drug Discovery Today: Technologies 23 (2017) 27-36. 
[175] T. Zhou, L. Tan, G.Y. Cederquist, Y. Fan, B.J. Hartley, S. Mukherjee, M. Tomishima, 
K.J. Brennand, Q. Zhang, R.E. Schwartz, T. Evans, L. Studer, S. Chen, High-Content 
Screening in hPSC-Neural Progenitors Identifies Drug Candidates that Inhibit Zika Virus 
Infection in Fetal-like Organoids and Adult Brain, Cell Stem Cell 21(2) (2017) 274-283.e5. 
[176] D. Herrmann, J.R.W. Conway, C. Vennin, A. Magenau, W.E. Hughes, J.P. Morton, P. 
Timpson, Three-dimensional cancer models mimic cell–matrix interactions in the tumour 
microenvironment, Carcinogenesis 35(8) (2014) 1671-1679. 
[177] D.M. Kingsley, C.L. Roberge, A. Rudkouskaya, D.E. Faulkner, M. Barroso, X. Intes, 
D.T. Corr, Laser-based 3D bioprinting for spatial and size control of tumor spheroids and 
embryoid bodies, Acta Biomaterialia 95 (2019) 357-370. 
[178] T.H. Qazi, M.R. Blatchley, M.D. Davidson, F.M. Yavitt, M.E. Cooke, K.S. Anseth, J.A. 
Burdick, Programming hydrogels to probe spatiotemporal cell biology, Cell Stem Cell  
(2022). 
[179] M. Watanabe, M. Hitomi, K. Schaefer, F. Rothenberg, S. Fisher, R. Zucker, K. 
Svoboda, E. Goldsmith, K. Heiskanen, A.-L. Nieminen, The Pros and Cons of Apoptosis 
Assays for Use in the Study of Cells, Tissues, and Organs, Microscopy and microanalysis : 
the official journal of Microscopy Society of America, Microbeam Analysis Society, 
Microscopical Society of Canada 8 (2002) 375-91. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 30 

[180] K. Kupcho, J. Shultz, R. Hurst, J. Hartnett, W. Zhou, T. Machleidt, J. Grailer, T. 
Worzella, T. Riss, D. Lazar, J.J. Cali, A. Niles, A real-time, bioluminescent annexin V assay 
for the assessment of apoptosis, Apoptosis 24 (2019) 184-197. 
[181] Y. Jung, O.J. Klein, H. Wang, C.L. Evans, Longitudinal, label-free, quantitative tracking 
of cell death and viability in a 3D tumor model with OCT, Scientific Reports 6(1) (2016) 
27017. 
[182] R. Demuynck, I. Efimova, A. Lin, H. Declercq, D.V. Krysko, A 3D Cell Death Assay to 
Quantitatively Determine Ferroptosis in Spheroids, Cells 9(3) (2020) 703. 
[183] J. Berg, Y.P. Hung, G. Yellen, A genetically encoded fluorescent reporter of ATP: ADP 
ratio, Nature methods 6(2) (2009) 161-166. 
[184] A. San Martín, S. Ceballo, I. Ruminot, R. Lerchundi, W.B. Frommer, L.F. Barros, A 
genetically encoded FRET lactate sensor and its use to detect the Warburg effect in single 
cancer cells, PloS one 8(2) (2013) e57712. 
[185] T.S. Blacker, M.R. Duchen, Investigating mitochondrial redox state using NADH and 
NADPH autofluorescence, Free Radical Biology and Medicine 100 (2016) 53-65. 
[186] A. Al-Ani, D. Toms, D. Kondro, J. Thundathil, Y. Yu, M. Ungrin, Oxygenation in cell 
culture: Critical parameters for reproducibility are routinely not reported, PloS one 13(10) 
(2018) e0204269. 
[187] J.A. Leedale, B. Lucendo-Villarin, J. Meseguer-Ripolles, A. Kasarinaite, S.D. Webb, 
D.C. Hay, Mathematical modelling of oxygen gradients in stem cell-derived liver tissue, 
PLOS ONE 16(2) (2021) e0244070. 
[188] M.A. Heinrich, R. Bansal, T. Lammers, Y.S. Zhang, R. Michel Schiffelers, J. Prakash, 
3D-Bioprinted Mini-Brain: A Glioblastoma Model to Study Cellular Interactions and 
Therapeutics, Advanced Materials 31(14) (2019) 1806590. 
[189] D.H. Choi, B. Jeon, M.H. Lim, D.H. Lee, S.-K. Ye, S.-Y. Jeong, S. Kim, 3D cell culture 
using a clinostat reproduces microgravity-induced skin changes, npj Microgravity 7(1) (2021) 
20. 
[190] F. Krujatz, S. Dani, J. Windisch, J. Emmermacher, F. Hahn, M. Mosshammer, S. 
Murthy, J. Steingröwer, T. Walther, M. Kühl, M. Gelinsky, A. Lode, Think outside the box: 3D 
bioprinting concepts for biotechnological applications – recent developments and future 
perspectives, Biotechnology Advances 58 (2022) 107930. 
[191] D.J. Modulevsky, C. Lefebvre, K. Haase, Z. Al-Rekabi, A.E. Pelling, Apple Derived 
Cellulose Scaffolds for 3D Mammalian Cell Culture, PLOS ONE 9(5) (2014) e97835. 
[192] T. Mammoto, D.E. Mammoto A Fau - Ingber, D.E. Ingber, Mechanobiology and 
developmental control, Annual Review of Cell and Developmental Biologu 29(1530-8995 
(Electronic)) (2013) 27-61. 
[193] S. Stolberg, K.E. McCloskey, Can shear stress direct stem cell fate?, Biotechnology 
Progress 25(1) (2009) 10-19. 
[194] C. Urbich, E. Dernbach, A. Reissner, M. Vasa, A.M. Zeiher, S. Dimmeler, Shear 
Stress–Induced Endothelial Cell Migration Involves Integrin Signaling Via the Fibronectin 
Receptor Subunits α5 and β1, Arteriosclerosis, Thrombosis, and Vascular Biology 22(1) 
(2002) 69-75. 
[195] Y. Lu, R. Deng, H. You, P. Lu, 3D in vitro culture system to study collective migration in 
mammary organoid epithelium, STAR Protoc 2(3) (2021) 100778-100778. 
[196] O. Ogoke, O. Yousef, C. Ott, A. Kalinousky, W. Lin, C. Shamul, S. Ross, N. 
Parashurama, Modeling Liver Organogenesis by Recreating Three-Dimensional Collective 
Cell Migration: A Role for TGFβ Pathway, Frontiers in Bioengineering and Biotechnology 9 
(2021). 
[197] J. Pijuan, C. Barceló, D.F. Moreno, O. Maiques, P. Sisó, R.M. Marti, A. Macià, A. 
Panosa, In vitro Cell Migration, Invasion, and Adhesion Assays: From Cell Imaging to Data 
Analysis, Frontiers in Cell and Developmental Biology 7 (2019). 
[198] N. Plunkett, F.J. O'Brien, Bioreactors in tissue engineering, Technology and Health 
Care 19 (2011) 55-69. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 31 

[199] Z. Hajdu, V. Mironov, A.N. Mehesz, R.A. Norris, R.R. Markwald, R.P. Visconti, Tissue 
spheroid fusion-based in vitro screening assays for analysis of tissue maturation, Journal of 
Tissue Engineering and Regenerative Medicine 4(8) (2010) 659-664. 
[200] Q. Wu, J. Liu, X. Wang, L. Feng, J. Wu, X. Zhu, W. Wen, X. Gong, Organ-on-a-chip: 
recent breakthroughs and future prospects, BioMedical Engineering OnLine 19(1) (2020) 9. 
[201] M. Abulaiti, Y. Yalikun, K. Murata, A. Sato, M.M. Sami, Y. Sasaki, Y. Fujiwara, K. 
Minatoya, Y. Shiba, Y. Tanaka, H. Masumoto, Establishment of a heart-on-a-chip 
microdevice based on human iPS cells for the evaluation of human heart tissue function, 
Scientific Reports 10(1) (2020) 19201. 
[202] M.-H. Kim, D. Kim, J.H. Sung, A Gut-Brain Axis-on-a-Chip for studying transport across 
epithelial and endothelial barriers, Journal of Industrial and Engineering Chemistry 101 
(2021) 126-134. 
[203] L. Liu, Y. Koo, T. Russell, E. Gay, Y. Li, Y. Yun, Three-dimensional brain-on-chip 
model using human iPSC-derived GABAergic neurons and astrocytes: Butyrylcholinesterase 
post-treatment for acute malathion exposure, PLOS ONE 15(3) (2020) e0230335. 
[204] A.M.A.O. Pollet, J.M.J. den Toonder, Recapitulating the Vasculature Using Organ-On-
Chip Technology, Bioengineering (Basel) 7(1) (2020) 17. 
[205] J. Sateesh, K. Guha, A. Dutta, P. Sengupta, K. Srinivasa Rao, Design and analysis of 
microfluidic kidney-on-chip model: fluid shear stress based study with temperature effect, 
Microsystem Technologies 25(7) (2019) 2553-2560. 
[206] Y. Xiang, H. Wen, Y. Yu, M. Li, X. Fu, S. Huang, Gut-on-chip: Recreating human 
intestine in vitro, Journal of Tissue Engineering 11 (2020) 2041731420965318. 
[207] E. Park Sunghee, A. Georgescu, D. Huh, Organoids-on-a-chip, Science 364(6444) 
(2019) 960-965. 
[208] P. Kumar, K.B. Mirza, K. Choudhury, M. Cucchiarini, H. Madry, P. Shukla, Tissue 
Regeneration through Cyber-Physical Systems and Microbots, Advanced Functional 
Materials 31(31) (2021) 2009663. 
[209] F.M. Yavitt, B.E. Kirkpatrick, M.R. Blatchley, K.S. Anseth, 4D Materials with 
Photoadaptable Properties Instruct and Enhance Intestinal Organoid Development, ACS 
Biomaterials Science & Engineering  (2022). 
[210] P. Guillamat, C. Blanch-Mercader, G. Pernollet, K. Kruse, A. Roux, Integer topological 
defects organize stresses driving tissue morphogenesis, Nature Materials  (2022). 
[211] R. Richards, D. Mason, R. Kelly, R. Lévy, R. Bearon, V. Sée, 4D imaging and analysis 
of multicellular tumour spheroid cell migration and invasion, bioRxiv  (2019) 443648. 
[212] C. Wenzel, B. Riefke, S. Gründemann, A. Krebs, S. Christian, F. Prinz, M. Osterland, 
S. Golfier, S. Räse, N. Ansari, M. Esner, M. Bickle, F. Pampaloni, C. Mattheyer, E.H. Stelzer, 
K. Parczyk, S. Prechtl, P. Steigemann, 3D high-content screening for the identification of 
compounds that target cells in dormant tumor spheroid regions, Experimental Cell Research 
323(1) (2014) 131-143. 
[213] D.J. Ravnic, S.V. Leberfinger An Fau - Koduru, M. Koduru Sv Fau - Hospodiuk, K.K. 
Hospodiuk M Fau - Moncal, P. Moncal Kk Fau - Datta, M. Datta P Fau - Dey, E. Dey M Fau - 
Rizk, I.T. Rizk E Fau - Ozbolat, I.T. Ozbolat, Transplantation of Bioprinted Tissues and 
Organs: Technical and Clinical Challenges and Future Perspectives, Annals of Surgery 
266(1) (2017) 48-58. 
[214] L. Minardi S Fau - Pandolfi, L. Pandolfi, X. Taraballi F Auid- Orcid: --- Fau - Wang, E. 
Wang X Fau - De Rosa, Z.D. De Rosa E Fau - Mills, X. Mills Zd Fau - Liu, M. Liu X Fau - 
Ferrari, E. Ferrari M Fau - Tasciotti, E.A.-O. Tasciotti, Enhancing Vascularization through the 
Controlled Release of Platelet-Derived Growth Factor-BB, ACS Applied Materials & 
Interfaces 9(17) (2017) 14566-14575. 
[215] P. Datta, B. Ayan, I.T. Ozbolat, Bioprinting for vascular and vascularized tissue 
biofabrication, Acta Biomaterialia 51(1-20) (2017). 
[216] C. Kryou, V. Leva, M. Chatzipetrou, I. Zergioti, Bioprinting for Liver Transplantation, 
Bioengineering 6(4) (2019) 95. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 32 

[217] J. Barrila, J. Yang, A. Crabbé, S.F. Sarker, Y. Liu, C.M. Ott, M.A. Nelman-Gonzalez, 
S.J. Clemett, S.D. Nydam, R.J. Forsyth, R.R. Davis, B.E. Crucian, H. Quiriarte, K.L. Roland, 
K. Brenneman, C. Sams, C. Loscher, C.A. Nickerson, Three-dimensional organotypic co-
culture model of intestinal epithelial cells and macrophages to study Salmonella enterica 
colonization patterns, npj Microgravity 3(1) (2017) 10. 
[218] I. Papantoniou, G. Nilsson Hall, N. Loverdou, R. Lesage, T. Herpelinck, L. Mendes, L. 
Geris, Turning Nature’s own processes into design strategies for living bone implant 
biomanufacturing: a decade of Developmental Engineering, Advanced Drug Delivery 
Reviews 169 (2021) 22-39. 
[219] A. Schmitz, S.C. Fischer, C. Mattheyer, F. Pampaloni, E.H.K. Stelzer, Multiscale image 
analysis reveals structural heterogeneity of the cell microenvironment in homotypic 
spheroids, Scientific Reports 7(1) (2017) 43693. 
[220] N. Sachs, J. de Ligt, O. Kopper, E. Gogola, G. Bounova, F. Weeber, A.V. Balgobind, K. 
Wind, A. Gracanin, H. Begthel, J. Korving, R. van Boxtel, A.A. Duarte, D. Lelieveld, A. van 
Hoeck, R.F. Ernst, F. Blokzijl, I.J. Nijman, M. Hoogstraat, M. van de Ven, D.A. Egan, V. 
Zinzalla, J. Moll, S.F. Boj, E.E. Voest, L. Wessels, P.J. van Diest, S. Rottenberg, R.G.J. 
Vries, E. Cuppen, H. Clevers, A Living Biobank of Breast Cancer Organoids Captures 
Disease Heterogeneity, Cell 172(1) (2018) 373-386.e10. 
[221] R.W. Kasinskas, R. Venkatasubramanian, N.S. Forbes, Rapid uptake of glucose and 
lactate, and not hypoxia, induces apoptosis in three-dimensional tumor tissue culture, 
Integrative Biology 6(4) (2014) 399-410. 
[222] A.N. Lau, M.G.V. Heiden, Metabolism in the Tumor Microenvironment, Annual Review 
of Cancer Biology 4(1) (2020) 17-40. 
[223] B.I. Reinfeld, M.Z. Madden, M.M. Wolf, A. Chytil, J.E. Bader, A.R. Patterson, A. 
Sugiura, A.S. Cohen, A. Ali, B.T. Do, A. Muir, C.A. Lewis, R.A. Hongo, K.L. Young, R.E. 
Brown, V.M. Todd, T. Huffstater, A. Abraham, R.T. O’Neil, M.H. Wilson, F. Xin, M.N. 
Tantawy, W.D. Merryman, R.W. Johnson, C.S. Williams, E.F. Mason, F.M. Mason, K.E. 
Beckermann, M.G. Vander Heiden, H.C. Manning, J.C. Rathmell, W.K. Rathmell, Cell-
programmed nutrient partitioning in the tumour microenvironment, Nature 593(7858) (2021) 
282-288. 
[224] E. Trampe, K. Koren, A.R. Akkineni, C. Senwitz, F. Krujatz, A. Lode, M. Gelinsky, M. 
Kühl, Functionalized Bioink with Optical Sensor Nanoparticles for O2 Imaging in 3D‐
Bioprinted Constructs, Advanced Functional Materials 28(45) (2018) 1804411. 
[225] F. Wang, Z. Ma, Y. Zhong, F. Salazar, C. Xu, F. Ren, L. Qu, A.M. Wu, H. Dai, In vivo 
NIR-II structured-illumination light-sheet microscopy, Proceedings of the National Academy 
of Sciences 118(6) (2021) e2023888118. 
[226] M.S. Frei, M. Tarnawski, M.J. Roberti, B. Koch, J. Hiblot, K. Johnsson, Engineered 
HaloTag variants for fluorescence lifetime multiplexing, Nature Methods 19(1) (2022) 65-70. 
[227] K. Schilling, E. Brown, X. Zhang, NAD(P)H autofluorescence lifetime imaging enables 
single cell analyses of cellular metabolism of osteoblasts in vitro and in vivo via two-photon 
microscopy, Bone 154 (2022) 116257. 
[228] N. Gritti, J.L. Lim, K. Anlaş, M. Pandya, G. Aalderink, G. Martínez-Ara, V. Trivedi, 
MOrgAna: accessible quantitative analysis of organoids with machine learning, Development 
148(18) (2021) dev199611. 
[229] P. Mergenthaler, S. Hariharan, J.M. Pemberton, C. Lourenco, L.Z. Penn, D.W. 
Andrews, Rapid 3D phenotypic analysis of neurons and organoids using data-driven cell 
segmentation-free machine learning, PLoS computational biology 17(2) (2021) e1008630. 
[230] D. Pierangeli, V. Palmieri, G. Marcucci, C. Moriconi, G. Perini, M. De Spirito, M. Papi, 
C. Conti, Living optical random neural network with three dimensional tumor spheroids for 
cancer morphodynamics, Communications Physics 3(1) (2020) 1-10. 
[231] X. Tian, G. Zhang, Z. Zou, Z. Yang, Anticancer drug affects metabolomic profiles in 
multicellular spheroids: studies using mass spectrometry imaging combined with machine 
learning, Analytical chemistry 91(9) (2019) 5802-5809. 



Accepted version before publication: Debruyne AC, Okkelman IA, Dmitriev RI: Balance 
between the cell viability and death in 3D. Seminars in Cell & Developmental Biology 2022. 
 

 33 

[232] L. Wang, M. Barroso, J. Goldwag, C. Roberge, D. Corr, Classification of organelle 
objects using high resolution imaging and machine learning in 2D and 3D cancer cell 
systems, SPIE2022. 

 


