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gans or from either terminally differentiated or pluripotent cells. 
Whereas spheroids can succinctly resemble tissues, it is general-
ly accepted that, with a higher level of complexity and function-
ality, organoids better mimic organ behavior. In fact, thanks to 
spatiotemporally defined events (self-organization, lineage com-
mitment, differentiation of progeny, as well as control of the spa-
tially restricted cell-fate decision) and their ability to self-renew, 
stem cells in the presence of other cell types evolve into organ 
bud (Fatehullah et al., 2016; Lancaster and Knoblich, 2014). Or-
ganoids can recapitulate the gastrointestinal system, brain, heart, 
kidney, liver, lung, pancreas, prostate, etc. These models can be 
employed in various fields of application where physiological, 
pathological and developmental processes are studied to better 
translate basic research into clinical applications as well as to de-
velop personalized therapeutics.

Manuela T. Raimondi, Politecnico di Milano, focused on 
frontier technologies for stem cells developed by her research 
group. The NICHOID technology is a substrate for the expansion 
of stem cells that mimics the micro-architectural cues of the phys-
iological niche of stem cells (Raimondi et al., 2013, 2014; Nava et 
al., 2015, 2016, 2017). The substrate is polymerized with a fem-
tosecond-pulsed laser in a biocompatible resin using two-photon 
laser polymerization (Raimondi et al., 2012; Ricci et al., 2017;  
Zandrini et al., 2019). NICHOID could drastically reduce the 
time to market of stem cell products, from currently 20 years to a 
few years. The miniaturized, optically-accessible perfusion bio-
reactor (MOAB) allows culture of 3D organoids of up to a few 
millimeters in size under continuous perfusion of the culture me-
dium. The test agent is infused and the cell response is assessed 
by fluorescence diagnostics, both in real time and post-cultiva-
tion (Laganà and Raimondi, 2012; Nava et al., 2013; Raimon-
di et al., 2015; Credi et al., 2016; Tunesi et al., 2016; Frattini et 
al., 2017; Marturano-Kruik et al., 2018; Izzo et al., 2019). The 
MOAB can accelerate the discovery of new drugs, including 
nanoparticle-based drugs and stem cell-based drugs. Further, the 
MICROATLAS miniaturized imaging window for intravital mi-
croscopy was presented, which is an implantable device to visu-
alize and quantify the immune response to biomaterials, drugs 
and stem cell-based biodrugs in vivo over time. The MICRO-
ATLAS is less invasive than other technologies and can reduce 
the number of animals required by current regulation. The use of 
a 3D microstructured chip allows repositioning the observation 
field of view of a two-photon microscope for repeated and quan-
titative measurement of cell recruitment, neo-angiogenesis and 
fibrotic reactions at different time-points. 

Recent progress in the field of in vitro toxicology has led to the 
development of increasingly complex models that are closer to 
the complexity of organs and tissues, both in terms of structure 
and functionality, and are characterized by more precise, specif-
ic and early endpoints (Ranga et al., 2014; Xinaris et al., 2015; 
Clevers, 2016; Jackson and Lu, 2016; Bartfeld and Clevers, 
2017; Pamies et al., 2018; Truskey, 2018). The transition from 
traditional 2D models to three-dimensional (3D) systems cer-
tainly represents the most important innovation of the last de-
cades. Numerous studies now employ 3D systems, spheroids 
and organoids, also based on pluripotent stem cells, for the study 
of drug toxicity. However, the still high cost of these systems 
limits their use in xenobiotic screening and environmental tox-
icology (Kolaja, 2014; Gómez-Lechón and Tolosa, 2016; Luz 
and Tokar, 2018; Lynch et al., 2019).

The origin and development of advanced cellular models and 
the most recent and promising organoid techniques in the toxi-
cological sector were discussed at the meeting “Organoids, iPS 
and 3D systems: advance models for in vitro toxicology” orga-
nized by CELLTOX Italian Association of in vitro Toxicology at 
Istituto di Ricerche Farmacologiche Mario Negri IRCCS (Mila-
no, Italy) in May 2019. More than 100 people from academia, 
companies and research centers attended the event. The morn-
ing session was chaired by Diego Baderna, President of Cell-
Tox, and Susanna Alloisio, introducing the origin and the tech-
nological progress in the field of organoids and induced plurip-
otent stem cells (iPS).

The opening lecture was held by Nathalie Steimberg, Tis-
sue Engineering Laboratory, Department of Clinical and Exper-
imental Sciences at the University of Brescia, who introduced 
the advanced models from an historical point of view and the 
scientific background behind the enhanced complexity of in vi-
tro models in the last 20 years. Used because of their simplicity, 
high reproducibility, and low cost, 2D cultures also have lim-
ited morpho-functional characteristics to correctly mimic organ 
features. 3D models allow cells to self-organize and polarize, to 
create their own extracellular matrix (ECM) as well as 3D in-
teractions, adhesion and communication patterns with neighbor-
ing cells and surrounding ECM (Mazzoleni et al., 2009). Cells 
grown in 3D cultures better express their native functions, reach-
ing more relevant physiological and tissue-specific characteris-
tics. Tissue engineering-based strategies to optimize 3D mod-
els include the formation of spheroids or organoids in static or 
dynamic states, with or without scaffolds, and with biosignaling 
factors. The cells can be from healthy or pathological tissues/or-
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ders. Conventional 2D cell cultures fail to represent the com-
plexity of the brain and novel 3D systems are emerging as more 
realistic and representative models because they better repro-
duce the architecture of real organs and tumours in vitro. While 
not completely replacing animal experimentation, they pro-
vide valid pre-screening systems for potential drugs, reducing 
the number of candidate molecules to be tested in subsequent 
phases. To date, organoids from iPSCs have been generated by 
allowing them to self-organize into 3D structures during differ-
entiation, generating varied structures in terms of size and in-
ternal architecture and affecting the reproducibility of the re-
sults. The technology developed in the HoMoLoG project aims 
to overcome this problem by 3D printing biological material 
(3D bioprinting) to produce iPSC-derived organoids in a more 
controlled and reproducible way. The procedure is based on the 
robotic manipulation of cellular material and organic encapsu-
lation matrices, which are organized in space in a controlled 
manner, similar to the ink of a conventional 3D printer. A nov-
el neural construct was generated by 3D bioprinting of cortical 
neurons and glial precursors derived from human iPSCs. Bio-
printed cells are further differentiated within the construct and 
express neuronal and astrocytic markers. Functional analysis of 
3D bioprinted cells highlights an early stage of maturation and 
the establishment of early network activity behavior (Salaris et 
al., 2019). This work lays the basis for generating more complex 
and faithful 3D models of the human nervous system to provide 
novel disease models of brain pathologies and to assess wheth-
er they can be used for drug testing and for developing new di-
agnostic tools.

Valeria Chiono, from DIMEAS (Politecnico di Torino) and 
Centro 3R, presented the preparation of biomimetic microen-
vironments for in vitro modelling of pathological cardiac tis-
sue carried out within the BIORECAR project. After myocardi-
al failure, the heart undergoes phenotypic changes with the pro-
gressive formation of a fibrotic scar (Porter and Turner, 2009). 
In vitro models of infarcted tissue represent a key tool to eval-
uate new therapies for cardiac regeneration, among which di-
rect cardiac reprogramming is one of the most promising. To 
develop an in vitro model of cardiac tissue, the complexity of in 
vivo tissue physiology should be reproduced, such as cell adhe-
sion, proliferation, and spatial alignment (Zhang et al., 2015). 
Preliminary unpublished data on direct cardiac reprogramming 
suggests that a 3D microenvironment may enhance conver-
sion of human fibroblasts into cardiomyocytes, supporting the 
need for reliable 3D models of cardiac tissue. Such findings are 
in agreement with previous literature results on mouse fibro-
blast direct reprogramming (Li et al., 2016). To better control 
and mimic biological features of infarcted tissue (e.g., cell-cell 
and cell-ECM interactions), a model of human cardiac fibro-
blasts (HCFs) cultured on 3D bioartificial scaffold was present-
ed. Scaffolds were designed and fabricated with both aligned 
and random morphology by melt-extrusion additive manufac-
turing using a biocompatible synthetic polymer. SEM analy-
sis demonstrated that 3D scaffolds had a regular and intercon-
nected porous structure, with pore size ranging from 150 to 350 

Silvia Perego, Promega Italia, introduced industrial efforts to 
enhance the performance of cell-based assays applied to 3D sys-
tems. There is an increasing need for validated assays to measure 
markers in these culture models. Two basic factors to consider 
include the ability of the detection reagent to lyse all the cells 
forming the large 3D structures and the ability of small mole-
cule detection probes to penetrate through the entire 3D structure. 
Working on reagents and protocols already applied to 2D culture 
models, Promega has developed a platform of bioluminescent 
and fluorescent cell-based assays suitable for 3D microtissues. 
Among the most biologically relevant markers, this platform in-
cludes assays for the measurement of ATP for cell viability, LDH 
for cytotoxicity, caspases for apoptosis, GSH for oxidative stress, 
and various metabolites for cell metabolism. 

Alessia Bertero, Università degli Studi di Milano-DIMEVET,  
described promising 3D species-specific cultures as in vitro pre-
dictive tools for toxicological evaluations (Augustyniak et al., 
2019). Species-specific organoids better mimic the in vivo tis-
sue structure compared to 2D cultures, and they are flexible and 
characterized by genetic stability, thus their application as mod-
els in toxicological studies (i.e., in vitro evaluations of feed addi-
tives and environmental contaminants) could be beneficial. Spe-
cies-specific organoids have been obtained from tissue-specif-
ic stem cells (SCs) of different sources: keratinocytes (canine), 
intestine (avian, bovine, canine and porcine), liver (canine and 
feline), mammary gland (bovine and caprine). Intestinal organ-
oids, in particular porcine enteroids, have been recently applied 
as an in vitro predictive model in toxicology (Li et al., 2019). 
Canine keratinocyte organoids, bovine mammary organoids, and 
canine and feline liver organoids could be suitable for target or-
gan toxicity studies. 

The afternoon session, chaired by Francesca Caloni and Isa-
bella De Angelis, focused on organ-specific models.

Thomas Hartung, Center for Alternatives to Animal Testing 
(CAAT) and CAAT Europe, spoke about BrainSpheres, a 3D 
brain model derived from human-iPS cells. This technology al-
lows the development of a reproducible neural model with re-
spect to size and shape and including populations of neurons, 
astrocytes and oligodendrocytes (Pamies et al., 2017). It has 
been applied to study developmental neurotoxicity (Pamies et 
al., 2018) and is considered a promising tool for the study of 
neurodegenerative diseases (e.g., Parkinson’s, ALS), infectious 
diseases (e.g., Zika, JC, Dengue) and for gene/environment in-
teractions. Progress has been made in enhancing organ architec-
ture and cell environment through the addition of microglia and 
coating with blood/brain-barrier. Glioblastoma tumor cells have 
been added into the spheroids to generate a 3D heterotypic glio-
blastoma brain sphere for screening anti-glioblastoma agents 
and evaluating personalized treatment options (Plummer et al., 
2019).

The advantages of 3D bioprinting for the production of iPSC- 
derived organoids of human neuronal tissue were introduced by 
Silvia Di Angelantonio, Sapienza University and IIT. Lack of 
appropriate in vitro models of the human nervous system ham-
pers the development of effective drugs for neurological disor-
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potential applications of iPSC-derived tissues in regenerative 
medicine through an experimental approach to curing anemia. 

Taken together, 3D cell cultures are able to increase the ability 
of in vitro models to mimic real physiological conditions, mak-
ing the system more representative and informative. At the same 
time, by allowing preliminary laboratory analyses on organoids 
derived from patients, this technology represents a promising 
tool for personalized medicine, leading to potential advantag-
es in terms of drug efficacy and patient safety. However, there 
are some critical issues to consider when approaching this tech-
nology for toxicological screening, such as the reproducibility 
of the model, the availability of the biomaterials, and the selec-
tion of assays and probes specific for these advanced systems. 
The workshop showed that important progress has been made to 
make 3D models increasingly reliable, reproducible, economical,  
and accessible to a wider audience.
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Animalfree Research is a foundation based in Switzerland that sup-
ports the research and implementation of the 3Rs principles, with 
a focus on the replacement of animal experiments. The founda-
tion strives to distribute knowledge about alternative methods and 
seeks an open and respectful dialogue between the different stake-
holders. Every year, Animalfree Research organizes a forum to 
discuss a topic of high scientific and societal relevance among re-
searchers, students, policymakers, and the interested general pub-
lic. The 9th Animalfree Research Forum was held on October 31, 
2019 in Zurich, Switzerland on “Animal-free Education” (Fig. 1). 

Dr Silvia Frey (Executive Director, Animalfree Research) 
opened the Forum with an outline of the foundation’s main work-
ing areas such as research funding, policy work, and education. 
She highlighted the fact that although the number of animals used 
for educational purposes is much lower than for example in basic 
scientific research, the real numbers are certainly higher in Swit-
zerland than the reported statistical figures as the Swiss animal ex-
periment statistics only represent those animals that are protected 
by animal protection legislation. In Switzerland, with a few excep-
tions for invertebrates, this legislation only considers vertebrates. 
Four presentations by internal and external speakers followed.

In the first talk, Dr Miriam Zemanova (Scientific Associate, 
Animalfree Research) introduced the background of the Forum 
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Fig. 1: A leaflet announcing the topic of the Forum
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