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Abstract

In the last decade, the finding that somatic cells can be reprogrammed into induced
pluripotent stem cells (iPSCs) leads to a great improvement of research involving the use
of differentiated stem cells as model of diseases. In the field of neurodegeneration, iPSC
technology allowed to culture in vitro all the types of patient-specific neurons, not only
helping the discovery of diseases” etiopathology but also testing new drugs with a per-
sonalized medicine approach. Moreover, iPSCs can be combined with the 3D bioprinting
technology, allowing physiological cell-to-cell interactions, given by a combination of sev-
eral biomaterials, scaffolds, and cells. This technology combines bioplotter and biomateri-
als which can encapsulate several types of cells, e.g., iPSCs or differentiated neurons, to
develop an innovative cellular model. iPSCs and 3D cell cultures” technologies represent
the first step to obtain a more reliable model, like an organoid to facilitate neurodegenera-
tive diseases’ investigation.
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1. Introduction

Stem cells represent an unlimited cell source because of their property of self-renewal, and they
can also differentiate into almost all adult cell types thanks to their pluripotency characteristic
[1]. One of the main problems of stem cell research was the invasively harvesting techniques,
such as through bone marrow, adipose tissue extraction by liposuction, or blood apheresis
[2]. In 2006, the discovery that adult somatic cells can be reprogrammed into the so-called
induced pluripotent stem cells (iPSCs) has allowed to generate stem cell lines with minimally
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invasive techniques, like skin biopsy or, more recently, blood withdrawal [3]. These recent
findings has led to an outstanding increase in disease mechanisms and drug screening studies
involving stem cells, in particular for neurodegenerative diseases because of the impossibility
to obtain neural cells from patients. The ability to reprogram patient-specific cells also opens
new opportunities for the personalized medicine approach of drug discovery. Moreover, the
development of 3D bioprinting provided a useful tool to generate innovative cell cultures,
permitting to have a 3D model in which cells can be disposed with a controlled manner and
where they can grow in a tissue-like structures [4]. Obviously, 3D bioprinting opened new
possibilities in the field of tissue engineering, but it can be helpful also for disease modeling.
In fact, the generation of a 3D scaffold that can resemble the human tissues will permit to
study neurodegenerative diseases in the so-called brain in dish. Finally, the combination of 3D
bioprinting technique with iPSC technology will permit to develop one of the most realistic
and reliable in vitro cell cultures, permitting to study organoids with patients’ differentiated
cells, leading to a personalized medicine approach in drug testing.

2. Stem cells

Stem cell research is considered one of the most promising areas in cell biology and regenera-
tive medicine due to stem cells” unique properties of self-renewing and differentiation into
all types of cells. These cells represent nowadays the main tool in the regenerative medicine
field because they permit to generate cells needed for transplantation in several degenerative
diseases [1], such as rheumatoid arthritis [5], diabetes mellitus [6], heart failure [7], liver dis-
eases [8], and neurological disorders [9-11]. Moreover, stem cells represent an important tool
for modeling human diseases, in particular for diseases that affect cells that cannot be easily
collected and cultivated. One of the biggest issues in the study of neurodegenerative diseases
is the lack of good cellular models that recapitulate the mechanisms underlying their patho-
physiology, and in the last decade, stem cells played a major role in the study of these diseases.

2.1. Embryonic stem cells

The first evidence that human stem cells, called human embryonic stem cells (hESC), could be
derived from a 5-day blastocyst was reported in 1998 by Thomson and colleagues [12]. ES cells
have the ability to proliferate indefinitely and are considered pluripotent cells because they
can differentiate into all three germ layers (ectoderm, mesoderm, and endoderm) and, thus,
they can generate all the differentiated cells of the adult [13, 14]. Despite that they helped stem
cell research, they also opened many controversies because ES cells are obtained from blasto-
cyst, killing the fertilized embryo that has the potential to generate a human being [15]. The
big ethical issue on the use of hES cells encouraged researchers to understand the pathways
underlying the staminality of this kind of cells.

2.2. Induced pluripotent stem cells

The research done with ES cells and the finding of their highly expressed transcription
factors, permitted in 2006 to induce mouse’s fibroblasts to become pluripotent, by retro-
virus-mediated transduction with four transcription factors, i.e., Oct-3/4, Sox2, KLF4, and
c-Myc [16]. The following studies allowed to improve the technique, permitting to generate
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induced pluripotent stem cells (iPSCs) from adult human cells and to reprogram cells from
several tissues [15]. Moreover, it is now possible to generate iPS cells by different transduc-
tion methods (Figure 1), using different viral and nonviral constructs, as well as integra-
tive and non-integrative system approaches [17]. The best methods to reprogram cells are
the non-integrative methods, and the four main groups are available: non-integrative viral
delivery, episomal delivery, RNA delivery, and protein delivery [18]. The establishment of
human iPS cells has led to have an unlimited source of stem cells overcoming the ethical
limit of hES cells. Moreover, iPSCs can be reprogrammed from any somatic cell line of the
patients providing a way to study diseases’” mechanisms potentially for each patient, open-
ing to the so-called personalized medicine (Figure 1). Actually, many iPSCs’ lines have been
generated from patients with neurodegenerative disease, like Alzheimer’s disease (AD) [19],
Parkinson’s disease (PD) [20], amyotrophic lateral sclerosis (ALS) [21], and Huntington’s
disease (HD) [22].
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Figure 1. An overview of iPSC technology. Somatic cells can be taken from several sources, like the skin, blood, and
urine. There are many reprogramming strategies, and the best ones are the non-integrative strategies. iPSCs can be
differentiated into diverse cell lines that can be used for disease modeling, for drug discovery, and for cell replacement
therapy (the image was taken from Sharma [23]).
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2.2.1. iPSCs in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by the
progressive loss of memory and cognitive functions. The disease leads to a severe form of
dementia that causes the death of the patient [24]. The two main hallmarks of the disease
are the accumulation of amyloid beta (A) plaques in the extracellular compartment and the
aggregation of the tau protein in the intracellular compartment. Only 1-5% of AD cases have
a genetic cause, while in the other cases, the real pathogenesis is still unknown [25].

Many groups used and performed several studies on in vitro models with neural and nonneu-
ronal cells derived from iPSCs. For example, higher susceptibility to AB1-Ap42 oligomers was
found in neuronal precursors derived from iPSC (iPSCs-NSCs) of a patient with a mutation in
the PSEN1 gene (PSEN1-A246E mutation) compared to sporadic AD patient and healthy con-
trol [26]. The authors concluded that neurons derived from AD iPSCs could be effective in drug
screening, to develop new treatments that protect cells from the toxicity of the A peptides in the
AD brain [26]. A similar result was obtained with iPSC-derived neurons of sporadic AD patients
and of a patient carrying the pathogenic APP-E693A mutation. The study shows that these cell
lines produce intracellular A3 oligomers, resulting in a good cellular model of AD [27]. iPSCs
can be used to find new potential biomarkers of the disease, as suggested by Shirotani et al. that
developed an innovative method on neurons differentiated from iPSCs [28]. Moreover, induced
fAD mutations by genome editing of neurons derived from healthy controls could resemble the
pathophysiology of the disease. A decrease in endocytosis and soma-to-axon transcytosis of
LDL was found in human neurons with expression of PSEN1AE9 induced with genome editing
technology. To confirm the potential role of iPSCs in drug discovery, the authors reported that
defects were rescued by [-secretase inhibition [29]. Another study reported the generation of
an Alzheimer-related protein association network using iPSCs, demonstrating that they can be
used as drug screening model and finding a reduction of tau protein after treatment with an
inhibitor of y-secretase [30]. For drug testing, it is important that iPSC-derived neurons are well
differentiated, because it was seen that between early and late differentiation stages, cells have
different susceptibilities to drugs [31]. Genome editing technology could be used also for muta-
tions’ correction, generating an isogenic control. For example, Pires and colleagues reported
that A79V-iPSC line in combination of A79V-GC-iPSC line could be used to study pathological
cellular phenotypes related to A79V mutation in PSEN [32]. Interestingly, the role of iPSCs in
AD research was supported also by analyzing neurons derived from iPSCs of patients with
Down syndrome that usually have a high risk of developing AD early. Authors found that
such neural cells reproduce AD-like initial cellular hallmark, resulting useful for modeling this
variant of AD [33]. Finally, also nonneuronal cells derived from iPSCs could be very useful
in disease modeling and drug screening. Many pathological hallmarks were found aberrant
in astrocytes derived from iPSCs of fAD and sAD patients suggesting that astrocytic atrophy
could be a plausible mechanism for early cognitive impairment and thus opening new thera-
peutic strategies for AD intervention [34]. Another study reported changes in PSEN1-mutated
iPSC-derived astrocytes, revealing the major role of such cells and confirming the importance to
implement iPSC technology to support neurodegenerative diseases” study [35].
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These researches suggest that iPSC-derived neurons from AD patients can help not only to
unravel disease’s mechanisms but also to screen new treatment and to find new possible drug
targets. Moreover, the authors hypothesize that gene correction is a useful tool to generate
isogenic controls or to induce AD mutations in healthy controls. Finally, iPSCs can be dif-
ferentiated into glial cells, e.g., astrocytes, which in recent years gain an important role in the
pathogenesis of several neurodegenerative diseases.

2.2.2. iPSCs in Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease after AD,
with a prevalence of 1% out of the individuals over age 60 years and 4% of the population with
an age over 85 years [36]. The most common mutations, found in about 10% of Parkinson’s
patients, are present in six genes: SNCA, LRRK2, Parkin, PINK1, DJ-1, and ATP13A2 [37].

Usually, iPSCs are differentiated into dopaminergic (DA) neurons to model PD because the
disease is characterized by the loss of DA neurons of the substantia nigra in the midbrain. Since
monogenic mutations cause an idiopathic-like disease, diverse iPSC lines of patients with Parkin
and PINK1 mutations (e.g., 2—4 exon deletions of Parkin and PINK1 Q456X) have been devel-
oped. It was seen that these cell lines present abnormalities in mitochondrial and dopamine
homoeostasis, microtubular stability, and axonal outgrowth, resulting in an optimal model
of the disease [38]. For example, many PD cell phenotypes, i.e., mitochondrial dysfunction,
elevated a-synuclein, synaptic dysfunction, DA accumulation, and increased oxidative stress
and ROS, were found in iPSC-DA neurons of patients carrying mutations in parkin (V324A)
and PINK1 (Q456X) genes [39]. The role in neurons’ maturation of elevated a-synuclein caused
by SNCA gene triplication was investigated in a cellular model obtained from PD-derived
iPSCs. The author has claimed that such triplication leads to the impairment of differentiation
and maturation of iPSCs [40]. An electrophysiological characterization of control dopaminer-
gic neurons derived from iPSC was provided by Hartfield and colleagues that confirmed that
these cells have the physiological hallmarks of dopaminergic neurons previously reported only
on rodent slice. These results suggested that such cells can be considered a useful tool for the
physiological study of PD [41]. Moreover, several evidences suggest that PD is not only a brain
disease but also a gastrointestinal disorder; thus, Son and colleagues differentiated iPSCs car-
rying an LRRK2 G2019S mutation in both neural and intestinal phenotypes, providing the first
evidence that G2019S mutation causes significant changes in gene expression also in the intesti-
nal cells [42]. Interestingly, the pathologic phenotype was reversed in cortical neurons derived
from iPSCs of patients mutated in SNCA using a small molecule found by yeast screening,
opening new possibilities in drug screening and testing [43]. Finally, iPSCs have allowed an
innovative co-culture of microglial cells and cortical neurons, displaying a unique cytokine
profile impossible to obtain without iPSCs [44]. iPSCs were proposed to be used for tissue
transplantation, and Kikuchi et al. achieved the transplantation of human iPS cell-derived
dopaminergic neurons in a primate model of PD treated with MTPT. The authors reported an
increase in spontaneous movement of the monkeys, demonstrating for the first time that such
transplantation could be clinically applicable for the treatment of PD patients [45].
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The studies previously reported hypothesize that iPSC-derived neurons from PD patients can
be very useful in the research of PD pathophysiology and to find new therapeutic targets for
innovative drugs. Moreover, the possibility to differentiate iPSCs into nonneuronal cells, such
as microglial and intestinal cells, will help to unravel the role of immunity response and the
gastrointestinal disorder that affect PD patients.

2.2.3. iPSCs in amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most prevalent motor neuron disease and is character-
ized by the progressive loss of upper and lower motor neurons (MNs), leading to muscle atro-
phy, paralysis, and finally death usually after 2-5 years from the first diagnosis [21]. Also for ALS
the cause is still unknown, but in about 5-10% of cases, several genes are found mutated, among
which are SOD1, TARDPB, and FUS [46]. Moreover, in 2013 the GGGGCC-hexanucleotide
repeat expansion in C9orf72 locus was found in many familial and sporadic cases of ALS [47].

MNs derived from iPSCs are the most common neural cell type used in ALS involving the use
of stem cell differentiation. For example, an increase in oxidative stress and in DNA damage
was found in iPSC-derived C9ORF72 MNs, confirming that the reduction of oxidative stress
could help to delay patients” death [48]. Moreover, MNs derived from iPSCs with induced
mutation in FUS (P525L) were used to investigate the transcriptome and microRNA, finding
an alteration of both in pathways with implications for ALS pathogenesis [49]. The role of
astrocytes was also investigated in both sporadic and VCP mutant patients, suggesting that
in ALS patients, the co-culture between MNs and astrocytes causes alterations in both cell
types [50, 51]. Moreover, the genetic correction allowed to study pathways implicated in ALS,
like Bhinge and colleagues that found that the activation of AP1 drives neurodegeneration
in genetic corrected SOD1 mutant MNs [52]. Small-molecule compounds that regulate IGF-2
expression were found to increase MN resilience, screening the compounds in iPSC-derived
MN:s [53]. Another example is given by Egawa and colleagues that firstly generated and char-
acterized MNs from iPSCs of patients carrying TDP-43 mutations. They found some patho-
logical hallmark, such as short neurites and abnormal-insoluble TDP-43. Then, they tested
trichostatin A, spliceostatin A, garcinol, and anacardic acid and found that the last one, an
inhibitor of histone deacetylase, rescued the pathogenic abnormalities like TDP-43 mRNA [54].
All these researches suggest the increasing importance of iPSCs as model for drug screening.

These works suggest that MNs derived from iPSCs of mutated and sporadic ALS patients can
be a helpful tool to study both disease mechanisms and drug screening. Several investigations
can be done in iPSC-derived MN cellular models, e.g., oxidative stress, DNA damage, and tran-
scriptome. The co-culture between astrocytes and MNs can give information about how they
interact with each other and whether this interaction could have a pathophysiologic role in ALS.

2.2.4.iPSCs in Huntington’s disease

Huntington’s disease (HD) is characterized by loss of neurons mainly in the caudate nucleus,
the putamen, and the cerebral cortex with affection in a later stage of other areas, e.g., the
hippocampus and hypothalamus [55]. Despite other neurodegenerative diseases, the cause
of HD is well known; in fact it is an autosomal dominant genetic disorder caused by an
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expansion mutation of the trinucleotide (CAG) repeat in the HTT (IT15) gene, encoding a
350-kDa protein called Huntingtin (HTT) [56]. Even though the genetic cause is clear, the
mechanisms through which mutant HTT results in the degeneration of some types of neurons
are still unclear. Thus, studies on HD models are needed in order to discover treatments.

As the neurodegenerative diseases previously reported, also for HD, neurons differentiated
from iPSCs of patients helped to understand the role of mutant HTT gene and the mecha-
nisms that lead to the pathology. For example, early molecular changes in intracellular signal-
ing, expression of oxidative stress proteins, and p53 pathway both in iPSCs and in neurons
differentiated from them were reported [57]. Another study reported changes in neuronal
development and adult neurogenesis, exploiting the iPSC capacity to model also embryonal
development [58]. The generation of iPSCs from a patient that presents an expansion in the
HTT gene without any symptom is very intriguing. The generation of iPSCs in an early stage
of HD will allow to study the pathological process and the abnormal changes that lead to the
pathology [59]. The possibility to differentiate iPSCs into neurons opened the possibility to
discover new therapeutic targets, e.g., pre-mRNA trans-splicing modules [60]. Finally, the
role of glial cells was investigated in several studies, among these who studied it were Hsiao
and colleagues that reported that HD astrocytes provide less pericyte coverage by promoting
angiogenesis and reducing the number of pericytes [61]. Finally, in a mouse cell model of HD,
many but not all pathological hallmarks of HD were found. This result suggests that nonhu-
man iPSCs must be used carefully when translated into human pathology [62].

The researches previously reported highlight the importance to have a realistic model of the
disease to study mechanisms that lead to neurodegeneration and iPSC-derived neurons that
represent as a useful tool. They can be used also to perform a study of drug discovery and
drug screening, to better understand the effect of chemicals in neurons. Moreover, the pos-
sibility to differentiate iPSCs in nonneuronal cells, such as astrocytes, helps to discover the
role of glial cells in HD pathogenesis.

3. 3D bioprinting

The term bioprinting was used for the first time in 2009 by Mironov with the release of the
first issue of the journal Biofabrication, a magazine that took its name from the eponymous
term biofabrication. While the term biofabrication is intended to indicate natural processes
such as biomineralization, the term bioprinting is defined by Guillemot in 2010 as [63, 64].

The use of computer-aided transfer processes for patterning and assembling living and non-
living materials with a prescribed 2D or 3D organization in order to produce bio-engineered
structures serving in regenerative medicine, pharmacokinetic and basic cell biology studies.

3D bioprinting is an emerging technology, used for the manufacture and the generation
of artificial tissues and organs [65], adding new approaches to tissue engineering (TE) and
regenerative medicine, such as the manufacture of scaffold to support cells, as well as in situ
deposition of cell suspensions [63]. Bioprinting technology has allowed to overcome several
limits, such as the control of in vitro 3D biological structures and cellular distribution [66].
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Bioprinting, through the use of hardware and software, has been used in particular for the
design of three-dimensional structures, allowing the creation of “organoids” for biological
and pharmacological studies, and to repair and replace human tissues.

3.1. Bioprinting and bioplotter techniques

Bioprinting can be distinguished on the basis of the bioink printing technique, allowing to
change the printing processes according to the needs that the different cell types require: ink-
jet, laser, and extrusion (Figure 2) [65]. In addition to the specific printer characteristic, each
bioplotter must have common functionalities. The most important is the presence of a robotic
displacement system that can move along the three Cartesian axes, X, y, and, for the 3D char-
acteristics, z. Usually, the bioink is extruded from a dispenser, but it is possible to have more
dispensers, permitting to have different bioinks in the same scaffold. One of the most recent
techniques allows a coaxial extrusion, with a bioink that is surrounded by a second bioink. The
sterility of the printout is usually guaranteed by the presence of sterile chamber with laminar
flow system. If the bioplotter is quite small, this problem could be overcome by simply placing
the bioprinter under a classic cellular hood. Finally, the presence of a dedicated software for the
supply of bioink and for the high-resolution control of the design of the construct to be printed
is essential [65].

Extrusion-based Inkjet-based Laser-assisted
bioprinting bioprinting bioprinting

laser-pulse

piston,
pneumatic
or screw

piezoelectric
actuator
or heater

energy-absorbing donor slide

layer

.
.
.
.
.
.

other polymers

R (optional)

alginate

functional peptides
(as growth factors or

cells adhesion peptides)

Figure 2. On the top the most used printing processes are extrusion-based (performed by piston, pneumatic method, or
screw), inkjet-based operated by a piezoelectric actuator, and laser-assisted (composed of an energy-absorbing slide and
a donor slide that collect the discharged bioink droplets). On the bottom the complexity of the 3D bioprinted construct,
composed of a natural biocompatible material (e.G., alginate), cells, functional peptides, and other biocompatible
materials. (the image was taken from Axpe and Oyen [67]).



From Neuronal Differentiation of iPSCs to 3D Neural Organoids: Modeling...

First, bioplotters that appeared on the market were intended for a purely industrial use, since
they had a high price. The costs limited their development and related researches. With the
advent of technology and knowledge of bioprinting, we have witnessed the birth of multiple
models of bioplotters, each with characteristics that reflect the needs of the individual creator
[12, 13], e.g., increasing the number of nozzles for simultaneous extrusion of several materials
[68] and changing the type of technology that controls the nozzle.

3.1.1. Inkjet bioplotter

Inkjet bioplotter was the first technique used in the 1980s in offices and then for domestic
use. It was readapted around the year 2000 to be used as a biological printer, replacing the
normal ink with a bioink, containing cells and biocompatible materials [69]. Droplets of the
biomaterial are extruded from very small orifices, deposited on a substrate, maintaining good
cell dispersion, viability, and functionality, even with different cellular types [70]. The stream
can be continuous, command-driven (drop on demand), and electrodynamic. Both piezoelec-
tric and thermal inkjet printers have been readapted for biological printing, offering many
advantages in terms of simplicity, versatility, and material control, both in terms of quantity
and speed in the printing process [71].

3.1.2. Laser technology

Laser-based direct writing was introduced in 1999 and is one of the most used laser-based
bioprinting techniques [72]. The technique involves a layer with biological material (donor
layer) and a layer that collect cells (acceptor layer) that are pushed by the laser through the
first layer. The pulsation of the laser creates bubbles which in turn generate a shockwave,
forcing the cells to pass from the donor layer to the acceptor layer. This technique allows to
have a good resolution but has some disadvantages, such as irreversible damage to the cells
because of the heat and light generated by the laser [65].

3.1.3. Extrusion-based bioprinter

The advent of TE has allowed extrusion technology to be thoroughly studied and applied to
the field of bioprinting, for the generation of living tissues. Extrusion technique includes a com-
bination of different delivery systems combined with an automatic robotic system for extru-
sion and 3D printing [73]. Deposition of the material takes place through extrusion to form a
cylindrical filament made of a biocompatible gelatinous material, in which the cells are encap-
sulated, maintaining the desired three-dimensional structure [74]. This type of extrusion can
be pneumatic or mechanical. Mechanical extrusion involves the use of a piston, which guides
the deposit of the material allowing a good flow control through the nozzle, or a screw, which
allows the extrusion of more viscous substances, but which can cause leakage of pressure,
causing damage to cells. This technique also has some limits, particularly during the develop-
ment of the biomaterial which must have the right viscosity to be extruded and the ability to
be easily homogenized with cell suspension and to maintain three-dimensional structure [65].

3.2. Hydrogel and bioink

One of the fundamental elements that characterize the bioprinting process is the development
of biomaterial, which must have specific characteristics: biocompatibility, printability, and

9
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ability to maintain a three-dimensional structure once printed and maintained in culture [65].
The main feature of the hydrogel, biocompatible material used as a three-dimensional support
for cell growth, is the ability to be extremely hydrophilic, making it an excellent candidate in
terms of biocompatibility for its use in bioprinting. It was initially used in TE because it was
able to simulate the extracellular matrix, guarantying cell growth and communication [75].
Biomaterials are divided, According to their derivation, biomaterials are divided in natural or
synthetic compunds. There are naturally derived polymers such as sodium alginate, gelatin,
collagen, chitosan, fibrin, and GelMA [76-78] and synthetic polymers such as Pluronic®, poly-
ethylene glycol (PEG), and polyurethanes [79, 80]. Over time, it has been seen how the natural
compounds are more performing when placed in contact with the cells than the synthetic
ones. Several cell types associated with different biomaterials to compose the bioink have
already been used in several research areas, where cellular viability and motility have been
demonstrated, as well as a spatial organization similar to in vivo tissue [81]. To create a new
biomaterial, we must consider different physical, mechanical, and biological characteristics
that are close to the tissue we want to recreate. Thus, researchers tend to create a combination
of biomaterials for each cell type, and with well-defined printability specifications, so as to
make the process as standardized and reproducible as possible, despite being a very open
field and full of new developments. New-generation bioinks are now able to maintain each
of these characteristics, thus improving the success in terms of bioprinting. All this is possible
if particular attention is paid to the following chemical, physical, and biological properties:
rheological studies (viscosity, thinning, viscoelasticity), biofunctional analysis, biodegrada-
tion, and polymerization (cytocompatibility, cell adhesion, migration, proliferation, and dif-
ferentiation) [82]. One of the most important features that has different biomaterials is the
ability to cross-link once the bioink has been printed, reticulating the bioink in which cells are
encapsulated, without affecting the viability, the differentiation, and the capacity of migration
[83]. The ability to polymerize depends on the material used; for example, collagen needs
chemical cross-link, through covalent bonds that bind free amines or carboxylic groups of col-
lagen that is able to reticulate, also through a biological process, and through the interaction
with transglutaminase. Other compounds, such as sodium alginate, use an ionic cross-link:
divalent cations such as Ca* bind to two sodium alginate residues, cross-linking the struc-
ture. UV radiation is a very promising cross-link technique given its reaction speed but with
many questions regarding the possible damage induced to the cells included in the material.
Other materials, such as gelatin and agarose, are heat-sensitive, so they are used during the
printing process at the melting temperature and then stiffened with cooling [84-87]. One of
the most common types of bioink used in bioprinting techniques is the so-called cell-laden
hydrogel, which includes natural hydrogels such as agarose, sodium alginate, chitosan, col-
lagen, gelatin, fibrin, and hyaluronic acid and synthetic hydrogels such as Pluronic® and
PEG. Hydrogels can be used with the most common bioplotter that mount different printing
techniques, allowing the creation of bioinks that combine the advantages of the natural mate-
rial with the advantages of synthetic materials [88]. Recent findings have shown also the pos-
sibility to transfect cells with target DNA or plasmid, directly during the bioprinting process
[80]. A new promising method to develop bioinks is the base on decellularized extracellular
matrix. This kind of bioink consists in eliminating cells from a tissue of interest, keeping intact
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the extracellular matrix that is then pulverized and subsequently used as bioink once dis-
solved in a saline buffer. Finally, the cell suspension bioinks, characterized by a print that
does not have a support material, like a scaffold, are also very common. It uses aggregates of
cells in culture medium, placed in mono- or multicell spheres [73]. This technique is based on
the liquidity of the tissue and its fusion, such as to allow cells to assemble, merge, and create
cell-to-cell interconnections [89, 90]. Organovo was the first medical research company that
used this technique to create functional human tissues. They developed a liver model using
parenchyma cells and an extrusion printer of their own creation [91].

4. 3D bioprinting and neurodegeneration

In the last decade, the possibility of replacing dead cells in degenerative processes affecting the
central nervous system opened the way for a more intense and accurate study of stem cells and
their possibility of replacing damaged tissue [92]. It was also thought to exploit the ability of
stem cells to secrete cytokines and growth factors, offering benefits such as anti-inflammatory
effects, protection of neural cells, and endogenous recovery systems. Transplanting these cells
into damaged sites presents various problems such as low cell survival and limited engraft-
ment [93]. To minimize these problems, it was decided to use three-dimensional scaffold print-
ing that mimics the complexity both from the biological and functional points of view of the
tissue to be replaced [94].

The manufacture of three-dimensional prefabricated scaffolds has already given positive results
in the treatment and repair of spinal and nerve damage but with a great limitation in terms of
control of the external shape of the scaffold and of its internal architecture [95, 96]. These prob-
lems have been overcome with the 3D bioprinting, which leaves the operator complete freedom
regarding the shape, the material, and its internal architecture. The recent developments in the
field of 3D bioprinting are mostly aimed to the field of regenerative medicine, to respond to the
growing demand for tissues and organs for transplants, arriving only later for this technology
to be applied to basic scientific research. Until now only few studies have focused on using 3D
printing applied to the creation of neural tissue compared to other widely studied tissues such
as the skin, bones, heart tissue, and cartilaginous structures [97]. The few studies published so
far, in which they use nerve cells in 3D printing processes [98, 99], show a poor characterization
of bioinks to be used for nerve cells, due to the delicacy of the tissue to be recreated and of the
characteristics necessary for the optimal growth of the nervous tissue [94]. Recently, researchers
also think that the nervous tissue printed in 3D may be used for the neural regeneration, a huge
possibility in the field of neurodegeneration to replace degenerated neural tissue [78, 80].

The creation of nerve tissue by bioprinting is also used for pharmacological studies, for toxi-
cological screening, and for basic research. It is necessary to underline how this field is still in
its infancy and how it is necessary to validate this model for the applications described up to
now, to be sure that the model completely recapitulates the pathophysiology that we want to
investigate with this tool [94] in particular with regard to neurodegenerative diseases.
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5. Conclusions

In the last decade, two groundbreaking discoveries, i.e., somatic cell reprogramming into iPSCs
and 3D bioprinting, changed the way to modeling diseases, in particular for those pathologies
which are hard to study in simple cell cultures, such as neurodegenerative diseases. The first
one is permitted to obtain neural cell cultures in few months starting from adult somatic cells,
like fibroblasts and PBMCs, while 3D bioprinting consists in the print of hydrogel and cells, to
generate models that imitate tissue characteristics. While iPSCs are differentiated into neurons
in many papers for disease modeling, 3D bioprinting is actually used for few tissues, like the
cartilage, bone, and heart. Neural 3D cell cultures are still in development, there are no target
bioinks, and the studies that combine neuronal cells and 3D bioprinting are more complicated
than other tissues because of the fragility of such cells. Despite this hurdle, the possibility to
create an in vitro neural tissue would open many fields of research that today are unreachable,
first of all the opportunity to study the 3D spatial connection between different neuronal popu-
lations and how they communicate with each other. In combination with iPSC technology, we
can create a physiological model to understand physiological and pathological mechanisms
and to better understand mechanisms underlying neurodegenerative diseases.

Finally, the combination between 3D bioprinting and iPSC technology will open not only new
possibilities in many fields, drug screening, replacing expensive in vivo experiments, and
overcoming animal models’ issues, but also personalized medicine thanks to the use of cells
derived from patients. More intriguingly, the generation of a 3D neural tissue composed of
patient’s cell will allow the so-called neuro-regeneration, opening the possibility to replace a
degenerated tissue.

Conflict of interest

The authors declare that there is no conflict of interest.

Author details

Matteo Bordoni'?, Valentina Fantini', Orietta Pansarasa' and Cristina Cereda'*
*Address all correspondence to: cristina.cereda@mondino.it
1 Genomic and post-Genomic Center, Mondino Foundation, Pavia, Italy

2 Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy

References

[1] Lodi D, Iannitti T, Palmieri B. Stem cells in clinical practice: Applications and warnings.
Journal of Experimental & Clinical Cancer Research. 2011;30:9



[4]

[5]

[12]

[13]

From Neuronal Differentiation of iPSCs to 3D Neural Organoids: Modeling...

Ong CS, Yesantharao P, Huang CY, Mattson G, Boktor J, Fukunishi T, Zhang H, Hibino N.
3D bioprinting using stem cells. Pediatric Research. 2017;83(1-2):223-231

Haase A, Gohring G, Martin U. Generation of non-transgenic iPS cells from human cord
blood CD34+ cells under animal component-free conditions. Stem Cell Research. 2017;21:
71-73

Moroni L, Boland T, Burdick JA, De Maria C, Derby B, Forgacs G, Groll ], Li Q, Malda
J, Mironov VA, et al. Biofabrication: A guide to technology and terminology. Trends in
Biotechnology. 2017;36(4):384-402

De Kleer IM, Brinkman DM, Ferster A, Abinun M, Quartier P, Van Der Net ], Ten Cate
R, Wedderburn LR, et al. Autologous stem cell transplantation for refractory juvenile
idiopathic arthritis: Analysis of clinical effects, mortality, and transplant related morbid-
ity. Annals of the Rheumatic Diseases. 2004;63(10):1318-1326

Trivedi HL, Vanikar AV, Thakker U, Firoze A, Dave SD, Patel CN, Patel JV, Bhargava AB,
Shankar V. Human adipose tissue-derived mesenchymal stem cells combined with

hematopoietic stem cell transplantation synthesize insulin. Transplantation Proceedings.
2008;40(4):1135-1139

Schachinger V, Assmus B, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Yu ], Corti R,
Mathey DG, Hamm CW, Tonn T, Dimmeler S, Zeiher AM, R.-A. investigators. Intracoronary
infusion of bone marrow-derived mononuclear cells abrogates adverse left ventricular
remodelling post-acute myocardial infarction: Insights from the reinfusion of enriched pro-
genitor cells and infarct remodelling in acute myocardial infarction (REPAIR-AMI) trial.
European Journal of Heart Failure. 2009;11(10):973-979

PaiM, Zacharoulis D, MilicevicMN, Helmy S, JiaoLR, Levicar N, Tait P, Scott M, Marley SB,
Jestice K, et al. Autologous infusion of expanded mobilized adult bone marrow-derived
CD34+ cells into patients with alcoholic liver cirrhosis. The American Journal of
Gastroenterology. 2008;103(8):1952-1958

Papadeas ST, Maragakis NJ. Advances in stem cell research for amyotrophic lateral scle-
rosis. Current Opinion in Biotechnology. 2009;20(5):545-551

Olanow CW, Gracies JM, Goetz CG, Stoessl AJ, Freeman T, Kordower JH, Godbold ],
Obeso JA. Clinical pattern and risk factors for dyskinesias following fetal nigral trans-
plantation in Parkinson’s disease: A double blind video-based analysis. Movement Dis-
orders. 2009;24(3):336-343

Rosser AE, Barker RA, Harrower T, Watts C, Farrington M, Ho AK, Burnstein RM, Menon
DK, Gillard JH, Pickard J, Dunnett SB. NEST-UK, unilateral transplantation of human pri-
mary fetal tissue in four patients with Huntington’s disease: NEST-UK safety report ISRCTN
no 36485475. Journal of Neurology, Neurosurgery, and Psychiatry. 2002;73(6): 678-685

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS,
Jones JM. Embryonic stem cell lines derived from human blastocysts. Science. 1998;
282(5391):1145-1147

Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from mouse
embryos. Nature. 1981;292(5819):154-156

13



14 Recent Advances in Neurodegeneration

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in
medium conditioned by teratocarcinoma stem cells. Proceedings of the National Academy
of Sciences of the United States of America. 1981,78(12):7634-7638

Watt FM, Driskell RR. The therapeutic potential of stem cells. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences. 2010;365(1537):155-163

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell. 2006;126(4):663-676

Bahmad H, Hadadeh O, Chamaa F, Cheaito K, Darwish B, Makkawi AK, Abou-Kheir W.
Modeling human neurological and neurodegenerative diseases: From induced pluripo-
tent stem cells to neuronal differentiation and its applications in neurotrauma. Frontiers
in Molecular Neuroscience. 2017;10:50

Gonzélez F, Boué S, Izpisua Belmonte JC. Methods for making induced pluripotent stem
cells: Reprogramming a la carte. Nature Reviews. Genetics. 2011;12(4):231-242

Robbins JP, Price J. Human induced pluripotent stem cells as a research tool in
Alzheimer’s disease. Psychological Medicine. 2017;47(15):2587-2592

Cobb MM, Ravisankar A, Skibinski G, Finkbeiner S. iPS cells in the study of PD molecu-
lar pathogenesis. Cell and Tissue Research. 2017;373(1):61-77

Csobonyeiova M, Polak S, Nicodemou A, Danisovic L. Induced pluripotent stem cells in
modeling and cell-based therapy of amyotrophic lateral sclerosis. Journal of Physiology
and Pharmacology. 2017;68(5):649-657

Tousley A, Kegel-Gleason KB. Induced pluripotent stem cells in Huntington’s disease
research: Progress and opportunity. Journal of Huntington’s Disease. 2016;5(2):99-131

Sharma R. iPS cells-the triumphs and tribulations. Dentistry Journal (Basel). 2016;4(2):19-42

Karch CM, Cruchaga C, Goate AM. Alzheimer’s disease genetics: From the bench to the
clinic. Neuron. 2014;83(1):11-26

Karch CM, Goate AM. Alzheimer’s disease risk genes and mechanisms of disease patho-
genesis. Biological Psychiatry. 2015;77(1):43-51

Armijo E, Gonzalez C, Shahnawaz M, Flores A, Davis B, Soto C. Increased susceptibility
to AP toxicity in neuronal cultures derived from familial Alzheimer’s disease (PSEN1-
A246F) induced pluripotent stem cells. Neuroscience Letters. 2017;639:74-81

Kondo T, Asai M, Tsukita K, Kutoku Y, Ohsawa Y, Sunada Y, Imamura K, Egawa N,
Yahata N, et al. Modeling Alzheimer’s disease with iPSCs reveals stress phenotypes

associated with intracellular A and differential drug responsiveness. Cell Stem Cell.
2013;12(4):487-496

Shirotani K, Matsuo K, Ohtsuki S, Masuda T, Asai M, Kutoku Y, Ohsawa Y, Sunada Y,
Kondo T, Inoue H, Iwata N. A simplified and sensitive method to identify Alzheimer’s
disease biomarker candidates using patient-derived induced pluripotent stem cells
(iPSCs). Journal of Biochemistry. 2017;162(6):391-394



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

From Neuronal Differentiation of iPSCs to 3D Neural Organoids: Modeling...

Woodruff G, Reyna SM, Dunlap M, Van Der Kant R, Callender JA, Young JE, Roberts EA,
Goldstein LS. Defective transcytosis of APP and lipoproteins in human iPSC-derived
neurons with familial Alzheimer’s disease mutations. Cell Reports. 2016;17(3):759-773

Hossini AM, Megges M, Prigione A, Lichtner B, Toliat MR, Wruck W, Schroter F,
Nuernberg P, et al. Induced pluripotent stem cell-derived neuronal cells from a sporadic
Alzheimer’s disease donor as a model for investigating AD-associated gene regulatory
networks. BMC Genomics. 2015;16:84

Yahata N, Asai M, Kitaoka S, Takahashi K, Asaka I, Hioki H, Kaneko T, Maruyama K,
Saido TC, Nakahata T, Asada T, Yamanaka S, Iwata N, Inoue H. Anti-A(3 drug screening
platform using human iPS cell-derived neurons for the treatment of Alzheimer’s disease.
PL0S One. 2011;6(9):25788

Pires C, Schmid B, Petreeus C, Poon A, Nimsanor N, Nielsen TT, Waldemar G, Hjermind LE,
Nielsen JE, Hyttel P, Freude KK. Generation of a gene-corrected isogenic control cell line
from an Alzheimer’s disease patient iPSC line carrying a A79V mutation in PSEN1. Stem
Cell Research. 2016;17(2):285-288

Dashinimaev EB, Artyuhov AS, Bolshakov AP, Vorotelyak EA, Vasiliev AV. Neurons
derived from induced pluripotent stem cells of patients with down syndrome repro-
duce early stages of Alzheimer’s disease type pathology in vitro. Journal of Alzheimer’s
Disease. 2017;56(2):835-847

Jones VC, Atkinson-Dell R, Verkhratsky A, Mohamet L. Aberrant iPSC-derived human
astrocytes in Alzheimer’s disease. Cell Death & Disease. 2017;8(3):e2696

Oksanen M, Petersen AJ, Naumenko N, Puttonen K, Lehtonen S, Gubert Olivé M,
Shakirzyanova A, et al. PSEN1 mutant iPSC-derived model reveals severe astrocyte
pathology in Alzheimer’s disease. Stem Cell Reports. 2017;9(6):1885-1897

Domingo A, Klein C. Genetics of Parkinson disease. Handbook of Clinical Neurology.
2018;147:211-227

Klein C, Westenberger A. Genetics of Parkinson’s disease. Cold Spring Harbor Pers-
pectives in Medicine. 2012;2(1):a008888

Rakovic A, Seibler P, Klein C. iPS models of Parkin and PINK1. Biochemical Society
Transactions. 2015;43(2):302-307

Chung SY, Kishinevsky S, Mazzulli JR, Graziotto ], Mrejeru A, Mosharov EV, Puspita L,
Valiulahi P, et al. Parkin and PINK1 patient iPSC-derived midbrain dopamine neurons
exhibit mitochondrial dysfunction and a-Synuclein accumulation. Stem Cell Reports.
2016;7(4):664-677

Oliveira LM, Falomir-Lockhart L], Botelho MG, Lin KH, Wales P, Koch JC, Gerhardt E,
Taschenberger H, et al. Elevated a-synuclein caused by SNCA gene triplication impairs
neuronal differentiation and maturation in Parkinson’s patient-derived induced plu-
ripotent stem cells. Cell Death & Disease. 2015;6:€1994

15



16 Recent Advances in Neurodegeneration

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Hartfield EM, Yamasaki-Mann M, Ribeiro Fernandes HJ, Vowles ], James WS, Cowley SA,
Wade-Martins R. Physiological characterisation of human iPS-derived dopaminergic
neurons. PLoS One. 2014;9(2):e87388

Son MY, Sim H, Son YS, Jung KB, Lee MO, Oh JH, Chung SK, Jung CR, Kim J. Distinctive
genomic signature of neural and intestinal organoids from familial Parkinson’s dis-
ease patient-derived induced pluripotent stem cells. Neuropathology and Applied
Neurobiology. 2017;43(7):584-603

Chung CY, Khurana V, Auluck PK, Tardiff DF, Mazzulli JR, Soldner F, Baru V, Lou Y,
Freyzon Y, et al. Identification and rescue of a-synuclein toxicity in Parkinson patient-
derived neurons. Science. 2013;342(6161):983-987

Haenseler W, Sansom SN, Buchrieser J, Newey SE, Moore CS, Nicholls FJ, Chintawar S,
Schnell C, et al. A highly efficient human pluripotent stem cell microglia model displays
a neuronal-co-culture-specific expression profile and inflammatory response. Stem Cell
Reports. 2017;8(6):1727-1742

Kikuchi T, Morizane A, Doi D, Magotani H, Onoe H, Hayashi T, Mizuma H, Takara S,
Takahashi R, et al. Human iPS cell-derived dopaminergic neurons function in a primate
Parkinson’s disease model. Nature. 2017;548(7669):592-596

Ludolph AC. Motor neuron disease: Genetic testing in amyotrophic lateral sclerosis.
Nature Reviews. Neurology. 2017;13(5):262-263

MoriK, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, Schmid B, Kretzschmar HA,
Cruts M, Van Broeckhoven C, Haass C, Edbauer D. The C9orf72 GGGGCC repeat is
translated into aggregating dipeptide-repeat proteins in FTLD/ALS. Science. 2013;
339(6125):1335-1338

Lopez-Gonzalez R, Lu Y, Gendron TF, Karydas A, Tran H, Yang D, Petrucelli L, Miller BL,
Almeida S, Gao FB. Poly(GR) in COORF72-related ALS/FTD compromises mitochondrial

function and increases oxidative stress and DNA damage in iPSC-derived motor neu-
rons. Neuron. 2016;92(2):383-391

De Santis R, Santini L, Colantoni A, Peruzzi G, de Turris V, Alfano V, Bozzoni I, Rosa A.
FUS mutant human motoneurons display altered transcriptome and microRNA path-
ways with implications for ALS pathogenesis. Stem Cell Reports. 2017;9(5):1450-1462

Qian K, Huang H, Peterson A, Hu B, Maragakis NJ, Ming GL, Chen H, Zhang SC. Sporadic
ALS astrocytes induce neuronal degeneration in vivo. Stem Cell Reports. 2017;8(4):
843-855

Hall CE, Yao Z, ChoiM, Tyzack GE, Serio A, Luisier R, Harley ], Preza E, Arber C, Crisp S,
Watson PMD, et al. Progressive motor neuron pathology and the role of astrocytes in a
human stem cell model of VCP-related ALS. Cell Reports. 2017;19(9):1739-1749

Bhinge A, Namboori SC, Zhang X, VanDongen AM]J, Stanton LW. Genetic correction of
SOD1 mutant iPSCs reveals ERK and JNK activated AP1 as a driver of neurodegenera-
tion in amyotrophic lateral sclerosis. Stem Cell Reports. 2017;8(4):856-869



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

From Neuronal Differentiation of iPSCs to 3D Neural Organoids: Modeling...

Osborn TM, Beagan ], Isacson O. Increased motor neuron resilience by small molecule
compounds that regulate IGF-II expression. Neurobiology of Disease. 2018;110:218-230

Egawa N, Kitaoka S, Tsukita K, Naitoh M, Takahashi K, Yamamoto T, Adachi F, Kondo T,
et al. Drug screening for ALS using patient-specific induced pluripotent stem cells.
Science Translational Medicine. 2012;4(145):145ra104

Connor B. Concise review: The use of stem cells for understanding and treating Hun-
tington’s disease. Stem Cells. 2018;36(2):146-160

A novel gene containing a trinucleotide repeat that is expanded and unstable on Hun-
tington’s disease chromosomes. The Huntington’s disease collaborative research group.
Cell. 1993;72(6):971-983

Szlachcic W], Switonski PM, Krzyzosiak W], Figlerowicz M, Figiel M. Huntington dis-
ease iPSCs show early molecular changes in intracellular signaling, the expression of
oxidative stress proteins and the p53 pathway. Disease Models & Mechanisms. 2015;8(9):
1047-1057

H.i. Consortium. Developmental alterations in Huntington’s disease neural cells and phar-
macological rescue in cells and mice. Nature Neuroscience. 2017;20(5):648-660

Bidollari E, Rotundo G, Ferrari D, Candido O, Bernardini L, Consoli F, De Luca A,
Santimone I, Lamorte G, Ilari A, Squitieri F, Vescovi AL, Rosati J. Generation of induced
pluripotent stem cell line, CS5i004-A (2962), from a patient diagnosed with Huntington’s
disease at the presymptomatic stage. Stem Cell Research. 2018;28:145-148

Rindt H, Tom CM, Lorson CL, Mattis VB. Optimization of trans-splicing for Huntington’s
disease RNA therapy. Frontiers in Neuroscience. 2017;11:544

Hsiao HY, Chen YC, Huang CH, Chen CC, Hsu YH, Chen HM, Chiu FL, Kuo HC, Chang C,
Chern Y. Aberrant astrocytes impair vascular reactivity in Huntington disease. Annals
of Neurology. 2015;78(2):178-192

Castiglioni V, Onorati M, Rochon C, Cattaneo E. Induced pluripotent stem cell lines
from Huntington’s disease mice undergo neuronal differentiation while showing altera-
tions in the lysosomal pathway. Neurobiology of Disease. 2012;46(1):30-40

Guillemot F, Mironov V, Nakamura M. Bioprinting is coming of age: Report from
the international conference on bioprinting and biofabrication in Bordeaux (3B’09).
Biofabrication. 2010;2(1):010201

Groll J, Boland T, Blunk T, Burdick JA, Cho D-W, Dalton PD, Derby B, Forgacs G, Li Q,
Mironov VA, et al. Biofabrication: Reappraising the definition of an evolving field. Bio-
fabrication. 2016;8(1):013001

Dababneh AB, Ozbolat IT. Bioprinting technology: A current state-of-the-art review.
Journal of Manufacturing Science and Engineering. 2014;136(6):061016

Nakamura M, Iwanaga S, Henmi C, Arai K, Nishiyama Y. Biomatrices and biomateri-
als for future developments of bioprinting and biofabrication. Biofabrication. 2010;
2(1):014110

17



18 Recent Advances in Neurodegeneration

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

Axpe E, Oyen ML. Applications of alginate-based bioinks in 3D bioprinting. International
Journal of Molecular Sciences. 2016;17(12):1976-1987

Shim J-H, Lee J-S, Kim JY, Cho D-W. Bioprinting of a mechanically enhanced three-
dimensional dual cell-laden construct for osteochondral tissue engineering using a multi-

head tissue/organ building system. Journal of Micromechanics and Microengineering.
2012;22(8):085014-085014

Wilson WC, Boland T. Cell and organ printing 1: Protein and cell printers. The Anatomical
Record. 2003;272A(2):491-496

Xu T, Jin ], Gregory C, Hickman JJ, Boland T. Inkjet printing of viable mammalian cells.
Biomaterials. 2005;26(1):93-99

Gudapati H, Dey M, Ozbolat I. A comprehensive review on droplet-based bioprinting;:
Past, present and future. Biomaterials. 2016;102:20-42

Wang W, Li G, Huang Y. Modeling of bubble expansion-induced cell mechanical profile
in laser-assisted cell direct writing. Journal of Manufacturing Science and Engineering.
2009;131(October):051013

Mironov V. Printing technology to produce living tissue. Expert Opinion on Biological
Therapy. 2003;3(5):701-704

Ozbolat IT, Yu Y. Bioprinting toward organ fabrication: Challenges and future trends
IEEE Transactions on Biomedical Engineering. 2015;60(November):691-699

Patterson J, Martino MM, Hubbell JA. Biomimetic materials in tissue engineering. Mate-
rials Today. 2010;13(1-2):14-22

Hunt NC, Grover LM. Cell encapsulation using biopolymer gels for regenerative medi-
cine. Biotechnology Letters. 2010;32(6):733-742

Brunger JM, Huynh NPT, Guenther CM, Perez-Pinera P, Moutos FT, Sanchez-Adams ],
Gersbach CA, Guilak F. Scaffold-mediated lentiviral transduction for functional tis-

sue engineering of cartilage. Proceedings of the National Academy of Sciences. 2014;
111(9):E798-E806

Zhou X, Cui H, Nowicki M, Miao S, Lee SJ, Masood F, Harris BT, Zhang LG. Three-
dimensional-bioprinted dopamine-based matrix for promoting neural regeneration.
ACS Applied Materials & Interfaces. 2018;10(10):8993-9001

Censi R, Schuurman W, Malda J, Di Dato G, Burgisser PE, Dhert WJA, Van Nostrum CF,
Di Martino P, Vermonden T, Hennink WE. A printable photopolymerizable thermosen-
sitive p(HPMAm-lactate)-PEG hydrogel for tissue engineering. Advanced Functional
Materials. 2011;21(10):1833-1842

Ho L, Hsu SH. Cell reprogramming by 3D bioprinting of human fibroblasts in polyure-
thane hydrogel for fabrication of neural-like constructs. Acta Biomaterialia. 2018;70:57-70



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

From Neuronal Differentiation of iPSCs to 3D Neural Organoids: Modeling...

Lutolf MP, Gilbert PM, Blau HM. Designing materials to direct stem-cell fate. Nature.
2009;462(7272):433-441

Kyle S, Jessop ZM, Al-Sabah A, Whitaker IS. Printability” of candidate biomaterials for
extrusion based 3D printing: State-of-the-art. Advanced Healthcare Materials. 2017;6(16):
1-16

Schiitz K, Placht AM, Paul B, Briiggemeier S, Gelinsky M, Lode A. Three-dimensional
plotting of a cell-laden alginate/methylcellulose blend: Towards biofabrication of tissue
engineering constructs with clinically relevant dimensions. Journal of Tissue Engineering
and Regenerative Medicine. 2017;11(5):1574-1587

ChaC,Soman P, Zhu W, Nikkhah M, Camci-Unal G, Chen S, Khademhosseini A. Structural
reinforcement of cell-laden hydrogels with microfabricated three dimensional scaffolds.
Biomaterials Science. 2014;2(5):703-709

Pereira RF, Bartolo PJ. Manufacturing of advanced biodegradable polymeric compo-
nents. Journal of Applied Polymer Science. 2015;132(48)

Rutz AL, Hyland KE, Jakus AE, Burghardt WR, Shah RN. A multi-material bioink method
for 3D printing Tunable, Cel-compatible hydrogels. Advanced Materials. 2015;27(9):
1607-1614

Skardal A, Devarasetty M, Kang HW, Mead I, Bishop C, Shupe T, Lee SJ, Jackson J, Yoo ],
Soker S, Atala A. A hydrogel bioink toolkit for mimicking native tissue biochemical and
mechanical properties in bioprinted tissue constructs. Acta Biomaterialia. 2015;25:24-34

RibeiroM, DeMoraesMA, BeppuMM, GarciaMP, Fernandes MH, Monteiro FJ, FerrazMP.
Development of silk fibroin/nanohydroxyapatite composite hydrogels for bone tissue
engineering. European Polymer Journal. 2015;67:66-77

Jakab K, Neagu A, Mironov V, Markwald RR, Forgacs G. Engineering biological struc-
tures of prescribed shape using self-assembling multicellular systems. Proceedings of
the National Academy of Sciences. 2004;101(9):2864-2869

Fleming PA, Argraves WS, Gentile C, Neagu A, Forgacs G, Drake CJ. Fusion of uni-
luminal vascular spheroids: A model for assembly of blood vessels. Developmental
Dynamics. 2010;239(2):398-406

Nguyen DG, Funk ], Robbins JB, Crogan-Grundy C, Presnell SC, Singer T, Roth AB.
Bioprinted 3D primary liver tissues allow assessment of organ-level response to clinical
drug induced toxicity in vitro. PLoS One. 2016;11(7):1-17

Yoo J, Kim H-S, Hwang D-Y. Stem cells as promising therapeutic options for neurologi-
cal disorders. Journal of Cellular Biochemistry. 2013;114(4):743-753

Wu KH, Mo XM, Han ZC, Zhou B. Stem cell engraftment and survival in the ischemic
heart. The Annals of Thoracic Surgery. 2011;92(5):1917-1925

19



20 Recent Advances in Neurodegeneration

[94]

[95]

Hsieh F-Y, Hsu S-h. 3D bioprinting: A new insight into the therapeutic strategy of neural
tissue regeneration. Organogenesis. 2015;11(4):153-158

Panseri S, Cunha C, Lowery ], Del Carro U, Taraballi F, Amadio S, Vescovi A, Gelain F.
Electrospun micro- and nanofiber tubes for functional nervous regeneration in sciatic
nerve transections. BMC Biotechnology. 2008;8(1):39

Cao H, Liu T, Chew SY. The application of nanofibrous scaffolds in neural tissue engi-
neering. Advanced Drug Delivery Reviews. 2009;61(12):1055-1064

Lee W, Pinckney J, Lee V, Lee ]J-H, Fischer K, Polio S, Park J-K, Yoo S-S. Three-dimensional
bioprinting of rat embryonic neural cells. Neuroreport. 2009;20(8):798-803

Lee YB, Polio S, Lee W, Dai G, Menon L, Carroll RS, Yoo SS. Bio-printing of collagen and
VEGF-releasing fibrin gel scaffolds for neural stem cell culture. Experimental Neurology.
2010;223(2):645-652

Lorber B, Hsiao W-K, Hutchings IM, Martin KR. Adult rat retinal ganglion cells and glia
can be printed by piezoelectric inkjet printing. Biofabrication. 2013;6(1):015001



