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Introduction

Stem cells hold immense potential in research and therapeutic development.
One area where they are being utilized is in the development of advanced cell
models, such as organoids. Stem cell-derived advanced cell models closely
resemble human physiology and therefore can be used to study complex
biological processes and disease mechanisms. In drug development, these
models provide a reliable platform for screening potential therapeutics and
assessing toxicity, reducing reliance on animal testing and improving
prediction of human responses. Furthermore, patient-specific stem cells
facilitate personalized medicine approaches, allowing for the development of
tailored treatments based on individual genetic profiles.

However, the cultivation and maintenance of stem cells present significant
challenges. These cells are notoriously high maintenance and expensive to
work with, requiring precise culture conditions and constant monitoring to
ensure they retain their unique ability to differentiate into multiple cell types.
The pluripotency, viability and homogeneity of stem cells are critical factors
that must be preserved throughout research and therapeutic processes.

In this eBook, we look at how advanced cell models are elevating stem cell
potential. We also explore solutions that are available for the culturing,
maintenance and characterization of stem cells, to ensure models are of the
highest quality.

Annie Coulson

Digital Editor
BioTechniques
annie.coulson@tandf.co.uk
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A vascular organoid developed by Takanori Takebe et al. Credit: Cincinnati Children’s

Exposing the circulatory impacts of
COVID-19 with vascular organoids

Researchers have developed human-derived vascular organoids that can be
infected with SARS-CoV-2 to investigate its impact on blood circulation, revealing
a potential target for therapeutic development.

A recent research collaboration between
Cincinnati Children’s Hospital Medical Center
(OH, USA) and Tokyo Medical and Dental
University (Japan), led by Takanori Takebe (of
both organizations), has successfully developed
vascular organoids to investigate the circulatory
effects of COVID-19. Using these models, the
team has been able to identify key mechanisms
involved in the disruption to blood caused by
SARS-CoV-2 and piece together a potential
therapeutic solution.

When COVID-19 first ripped through the globe,
one of the key factors identified in its deadly
pathogenesis was the impact it had on the
circulation of blood in acutely ill patients; both
deep vein and microvascular thromboses were
observed, alongside pulmonary embolisms.
Unfortunately, the mechanisms behind these
symptoms were not understood and traditional

rodent model studies were of no help, as the
rodent response to infection with SARS-CoV-2
was too disparate from our own.

In order to address this gap in  our
understanding and to facilitate the development
of more effective therapeutics for COVID-19, the
research team set out to design a more
appropriate model  to  investigate  the
mechanisms responsible for the circulatory
effects of the disease. To do this, they
successfully  developed infection-competent
human induced PSC (iPSC)-derived vascular
organoids, dubbed iVOs.

The team then conducted a longitudinal
proteome analysis of critically ill patients” serum
alongside  an  analysis  of  single-cell
transcriptomics  data  derived  from  the
bronchoalveolar lavage fluid of three healthy
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controls, three moderate and six severe COVID-
19 patients.

From this investigation the team found that a
deviancy in the amplification cycle regulated by
complement factor B and D (CFD) played a key
role in COVID-19's impact on the circulatory
system. So, to combat the source of these
symptoms, the team established a long-acting,
pH-sensitive monoclonal antibody therapeutic
that targets CFD. This monoclonal antibody was
used to treat both the newly established
vascular organoids and a cohort of macaque
monkey models, both infected with COVID-19.

“After conducting many proteomic, genetic and
other studies, we determined that the severe
vascular damage and thrombosis associated
with COVID-19 can be mitigated by a long-
acting monoclonal antibody that targets the
complement amplification cycle regulated by
factor D (CFD),” Takebe revealed.

While these results were observed in both the
organoid and macaque models, they were only
mild. Next, the team want to investigate the
development of a clinical-grade monoclonal
antibody to target CFD with the hope that it will
one day be used to successfully treat COVID-
19.

Written by Tristan Free, Senior Editor,
BioTechniques
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Cell Selection
and Retrieval

Organoids and
Spheroids

Automated Workflows for the
High-Throughput Selection and
Picking of Complex 3D Structures

= Automated scanning, detection and gating of complex
3D structures based on a range of morphological
parameters

= Organoid sizes from 80 um to 3.5 mm

= Successful embedding of spheroids and organoids in
100% Matrigel into plates with or without cell culture
membranes

= Low (1 pL) media injection volumes

= No aspiration of neighbouring clones



Organoid and
Spheroid Research

Organoids are self-organizing, 3-dimensional systems
which retain many physiological characteristics of the
native tissue from which they are derived. Accordingly,
these miniaturized models have significant advantages
over the use of traditional immortalized cell lines

in providing accurate information on human disease
modelling and can be used in the fields of drug
screening, rare disease research, personalized medicine,
and many others.

Key Advantages of the CellCelectorin
Organoid Research

@ Automated scanning, detection and gating of complex 3D structures based
on morphological and fluorescence parameters

@ Gentle picking of a wide range of organoid sizes, ranging from 80 um
to 3.5 mm

@ﬂ No changes in 3D structure or morphology following picking and transfer

f}y Organoid transfer with exceptionally low (1 uL) injection volumes
of surrounding media into either 100% hydrogel, liquid media or any
other medium

@ Successful embedding of spheroids and organoids in 100% Matrigel into
plates with or without cell culture membranes

HHH Full documentation of transferred organoids - from source vessel to
destination plate



Organoid Research:
CellCelector Advantages

The CellCelector Flex has a number of inherent hardware features which are crucial for generating successful
results within within various organoid applications:

Cooled Destination Plates

The use of the optional cooled deck tray can maintain
hydrogel temperature at ~0 °C, thus preventing

any polymerization before the organoid structure is
deposited (Fig. 1). Increasing the temperature of deck
tray up to 40 °C subsequently facilitates optimal
polymerization.

Furtherinformation on the cooled deck tray can be found
in the “CellCelector Sample Deposition” technical flyer.

Figure 1: Cooled destination deck tray. (A) Rack containing 500 pum
plastic PrecisionTips; (B) 96 well destination tray for organoid transfer;
and (C) Cooled PCR plate containing 30 pl Matrigel in each well at
approximately 0°C.

Automatic Morphology Measurements and Gating
Automatically identify desirable organoids based on a range
of morphological parameters, including area, diameter,
sphericity, and the presence of neighbouring organoids
(Fig. 2).

Furtherinformation on object measurements and gating
can be found in the “CellCelector Image and Image ‘
Analysis” technical flyer. _ ~/ Nearest

Neighbor
Distance
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Figure 2: Nearest Neighbour Distance between a large heart organoid
and its satellite organoid

Automated Picking Correction for Organoids in :
Suspension .

Non-adherent organoids may move between scanning and :
picking. By using the automated correction pick-up

|
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functionality, organoids which might have moved can be : i @\I , f\‘,
easily picked within a pre-defined detection area (Fig. 3). e ; L ==== :— - f‘— _4!3@0“.“
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Further information on the automatic picking correction iy : /
functionality can be found in the “CellCelector Pickingand = ; 1
Transfer” technical flyer. ) i ..
wn°

Figure 3: Automated picking correction for lung organoids in suspension
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Picking From and Deposition
Into 100% Hydrogel

Picking From Different Hydrogels

Organoids can be easily picked from a variety of hydrogels
or liquid media without disturbing surrounding structures.
In this example, organoids were efficiently picked from
Matrigel despite high organoid density across different
planes (Fig. 4).

Figure 4: Accurate organoid selection and transfer from areas of high

organoid density, (A) before and (B) after selection and transfer

Bubble-Free Deposition Into Hydrogel

Controlling aspiration speed, volume and destination
temperature parameters allows 100% bubble-free organoid
deposition into small volumes of hydrogel (<10 uL) or liquid
media. Different approaches can be taken to achieve this.
Destination plates can be kept at a continuously low
temperature by the cooled deck tray allowing small
hydrogel volumes to be aspirated and deposited without : _
any polymerization, before the organoid is deposited D) Organoid
directly into the hydrogel (Fig. 5). Conversely, both the ‘
hydrogel and the organoid can be aspirated in a single 3
movement, before bubble-free deposition into the Yo oy k
destination plate of choice (Fig. 6). Figure 5: Photograph and scanning of the destination plate to verify

deposits and the absence of air bubbles
A key feature of both approaches are the low media
volumes (<1 plL) aspirated with the organoid before
deposition, therefore ensuring the organoids are
surrounded by the optimal environment required for further
growth and development.

Figure 6: Photograph of bubble-free 10 uL and 20 pL Geltrex dropletsin

U-bottom 96 well plates 90 mins after initial deposition

Morphology Preservation Following Transfer
Comparison of organoid images before (from the source - Source plgtes
plates) and after (from the destination plate) transfer shows
that the organoids retain their morphology and structure
due to the very gentle transfer. Additional downstream
analysis confirmed internal structure preservation (Fig. 7).

Destination plate

Figure 7: 700 pm heart organoids maintained their structure

following gentle transfer
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regenerative medicine

Amanda Marchini® @ and Fabrizio Gelain®?

Tissue Engineering Unit, Institute for Stem Cell Biology, Re%enerative Medicine and Innovative Therapies-ISBReMIT, Fondazione IRCSS
Casa Sollievo della Sofferenza, San Giovanni Rotondo, Italy; "Center for Nanomedicine and Tissue Engineering (CNTE), ASST Grande
Ospedale Metropolitano Niguarda, Milan, Italy

ABSTRACT

Three-dimensional (3D) cell cultures offer an unparalleled platform to recreate spatial arrange-
ments of cells in vitro. 3D cell culture systems have gained increasing interest due to their evi-
dent advantages in providing more physiologically relevant information and more predictive
data compared to their two-dimensional (2D) counterpart. Design and well-established fabrica-
tion of organoids (a particular type of 3D cell culture system) are nowadays considered a pivotal
achievement for their ability to replicate in vitro cytoarchitecture and the functionalities of an
organ. In this condition, pluripotent stem cells self-organize into 3D structures mimicking the
in vivo microenvironments, architectures and multi-lineage differentiation. Scaffolds are key sup-
porting elements in these 3D constructs, and Matrigel is the most commonly used matrix despite
its relevant translation limitations including animal-derived sources, non-defined composition,
batch-to-batch variability and poorly tailorable properties. Alternatively, 3D synthetic scaffolds,
including self-assembling peptides, show promising biocompatibility and biomimetic properties,
and can be tailored on specific target tissue/cells. In this review, we discuss the recent advances
on 3D cell culture systems and organoids, promising tools for tissue engineering and regenera-
tive medicine applications. For this purpose, we will describe the current state-of-the-art on 3D
cell culture systems and organoids based on currently available synthetic-based biomaterials
(including tailored self-assembling peptides) either tested in in vivo animal models or developed
in vitro with potential application in the field of tissue engineering, with the aim to inspire
researchers to take on such promising platforms for clinical applications in the near future.
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Introduction as cell signaling, biochemistry and 3D geometry: yield-
ing results poorly predictive of an in vivo milieu [4-7].
One of the most exciting recent advancements in life
science has been the introduction of 3D cell cultures,
where cells grow, proliferate and differentiate into 3D
microenvironments that are made of natural or a syn-
thetic extracellular (ECM)-like scaffolds [8].

Compared to 2D counterparts, the 3D cultures are bio-

Cell cultures are a widely used as an in vitro tool in
which cells, under proper and controlled conditions,
can live and grow. Their main goals are: (1) improving
the understanding of cellular biology and living tissues
self-organization; (2) providing precious insights for matrix
developmental biology; (3) shining a light on the mech-

anisms of tissue diseases; (4) the development of novel physically and biochemically more similar to in vivo tis-

sues/organs, yielding to a controlled biomimicry of an
in vivo milieu, recapitulating cell-cell and cell-matrix
interactions [9,10]. In recent years, the term “organoid”
has been used to defined a particular 3D cell culturing

tissue engineering and/or drug-based therapies. 2D cell
cultures have been used to study different cellular
types in vitro, assessing cell proliferation, differentiation,
trans-differentiation  [1-3].

survival, 2D migration,

However, due to their simplified setup, 2D cultures can-
not thoroughly simulate the heterogeneous microenvir-
onments and complex processes observed in vivo, such

methodology that incorporates some key features of an
organ. They feature heterogenous and organ-specific
cell types exhibiting spatial organization similar to the

CONTACT Fabrizio Gelain @ f.gelain@css-mendel.it e Tissue Engineering Unit, Institute for Stem Cell Biology, Regenerative Medicine and Innovative
Therapies-ISBReMIT, Fondazione IRCSS Casa Sollievo della Sofferenza, San Giovanni Rotondo, ltaly; Center for Nanomedicine and Tissue Engineering

(CNTE), ASST Grande Ospedale Metropolitano Niguarda, Milan, Italy
© 2021 Informa UK Limited, trading as Taylor & Francis Group
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Figure 1. Strategies to create 3D cell culture systems and organoids. The formation of 3D cell culture systems (left) depends on

integration of PSCs into an engineered 3D matrix.

in vivo and are capable of reproducing some functions
of the selected organ [11]. However, despite their excit-
ing potential in biomedical applications, existing orga-
noid cultures have significant drawbacks. They typically
require animal-derived ECMs substrates, such as
Matrigel or similar products, characterized by a poorly
defined composition and batch-to-batch variability, rais-
ing concern on results reproducibility, pathogen trans-
fer and translational potential. That is why increasing
efforts have been dedicated to develop bioinspired and
fully-synthetic materials that could replace naturally-
derived matrices, potentially generating protocols that
are more reproducible and translatable into clinical
applications [12]. Nonetheless, it is important to note
that some 3D constructs made of synthetic biomaterials
are perfused with serum-containing media, or other ani-
mal extracts, required for cell differentiation and/or
organoid formation in poorly biomimetic sub-
strates [13].

In this Review, we provide a detailed overview of the
recent relevant advances in the field of “synthetic” 3D
cell culture systems and organoids as advanced tools
for regenerative medicine and tissue engineering,
“keeping an eye” on their clinical applications. From
now on, we will consider “3D cell culture systems” and
“organoids” as similar but distinct concepts. On the
other hand, the term “3D constructs” will stand for
both models.

Differences and similarities between 3D cell
culture systems and organoids

It is important to define 3D cell culture systems and
organoids, highlighting their differences and similarities
(Figure 1). Firstly, 3D constructs are made of cells
embedded into biomaterial-made scaffolds.
Biomaterials provide structural and mechanical support
for cell cultures. They are used as substrates mimicking
ECM and, in some cases, they can be tailored to coax
different cell behaviors [8,14]. On the other hand,
mostly used cells are induced-pluripotent stem cells
(iPSCs), pluripotent stem cells (PSCs), adult stem cells
(AdSCs), mesenchymal stem cells (MSCs), embryonic
stem cells (ESCs) or adult primary tissue-derived cells.
The selection of appropriate media, growth factors and
morphogens are fundamental to preserve functional
characteristics of cells and to obtain the desired 3D
constructs. Technologies such as cell encapsulation
[15], 3D printing [16], air-liquid interface [17,18] and
microfluidic organ-on-a-chip [19] have promoted the
development specific 3D constructs applicable in vari-
ous biomedical fields (see the following paragraphs).
Both 3D cell culture systems and organoids provide
artificial microenvironments in which cells grow, differ-
entiate and can interact with each other (and with the
encapsulating biomaterial) in all three-dimensions,
mimicking what happens in the in vivo milieu.
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The definition of organoid is still evolving, but it can be
summarized in four points: (i) two or more interacting cell
types; (i) 3D multi-cellular structure; (iii) self-organization
of multiple distinct cell phenotypes into specific supra-cel-
lular structures found in organs; and (iv) functional proper-
ties resembling the corresponding native tissue. Indeed,
an organoid is a subtype of 3D cell culture system that
mimics its corresponding tissue in terms of morphology,
structure and, in particular, functionality (Figure 1) [11].
Self-organization is the key feature of organoids because it
stands for multicellular structures coming from stem/pro-
genitor cells differentiation/proliferation/migration and
exhibiting remarkable similarities to the in vivo organ cyto-
architecture. While in organoids, organ-specific cell types
self-organize into local structures mimicking those of the
corresponding tissue/organ, in 3D cell culture systems. A
uniformly random cell organization prevails, making them
more approximative replicas of the target organ. Also, 3D
culture systems and organoids can be maintained in cul-
ture for long timeframes (up to 1year) [20] and they can
be expanded after dissociation and subsequent re-plating,
enabling the generation of clonal cultures [21,22].

Different research groups reported the development
of 3D constructs that model (albeit incompletely)

(A) Regenerative Medicine

n vitro maturation of

ntestinal organoid

©) Developmental and Stem Cell Biology
<\ 09
O, \
ol ESCs
Blastocyst
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Intestinal Organoid

amongst other organs: brain [17,23], intestine [24,25],
kidney [26] and liver [27]. Their main application fields
range from tissue engineering [18] and drug discovery
[28] to stem cell biology [29] and disease modeling [30]
(Figure 2). 3D cell culture systems and organoid
achievements will be presented in the following para-
graphs considering the just mentioned differences and
similarities.

Random organization, brief culture times, intensive
cell proliferation and differentiation are key characteris-
tics of 3D cell culture systems. Conversely, cell aggre-
gates in clusters, highly organized structures, extended
culture times and functional properties resembling bio-
logical tissue portray organoid formation. Researchers
have applied these protocols to produce in vitro sec-
tions of several organs (or even whole organs), such as:
brain, kidney, heart, pancreas, liver and intestine.

Engineered 3D matrices for cell
constructs formation

Scaffolds are the key-supporting elements of 3D con-
structs and are also used as standalone components in
tissue engineering to repair and restore damaged

(B) Drug Discovery
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Figure 2. Potential applications of engineered 3D constructs. (A) organoids derived from healthy donor cells could be used as a
bioengineered tissue for regenerative medicine purposes. (B) Organoids can be used to identify specific drugs: patient-specific
organoids may help to identify the best customized drug for each patient. (C) In the field of developmental and stem cell biol-
ogy, organoids can be used to better understand the principles of development, homeostasis and regeneration. (D) Lastly, orga-
noids represent a useful tool for the study of disease modeling because they aim to mimic in vitro the complexity of a diseased
organ. Hence, they are used to study in vitro particular pathologies, difficult to reproduce in in vivo experiments.
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Figure 3. Mechanical, physicochemical and biological parameters of biomimetic scaffolds to be tuned in accordance with specific

in vitro and/or in vivo applications.

tissues. Scaffolds are made of 3D porous, fibrous or per-
meable biomaterials intended to confer mechanical
support to cultured cells and mimic native ECM via bio-
logical moieties. [8]. Besides mechanical support, hydro-
gels feature other critical cues regulating cell
homeostasis and migration: this is the case for surface
chemistry, porosity, degradation rate, micro-/nanoto-
pography (Figure 3). 3D scaffolds are generally highly
porous with interconnected pore networks facilitating
nutrient/oxygen diffusion and waste removal. Highly
porous biomaterials enable effective release of bio-
active molecules such as: cytokines [31], inhibitors [32],
drugs [33] and antibiotics [34]. Indeed, porosity and
micro-/nanotopography should be tailored and opti-
mized for each 3D cell culture system. As an example,
proliferation and differentiation of MSCs cultured in 3D
matrices are affected by material porosity and fiber
diameter: the higher porosity and larger the fiber diam-
eters, the higher the cell proliferation rate. On the con-
trary, thinner fibers resulted in lower cell attachment
and caused MSCs with spherical morphologies [35].

Moreover, increasing the net positive charge on tissue
engineering scaffolds results in improved proliferation
and the spreading of cells because of their negatively
charged membrane proteins [36]. This is the case for myo-
blast cells showing elongated morphologies when seeded
onto substrates with positive net surface charges [37].

Because of the above, scaffold design is of para-
mount importance and must be customized toward the
target tissue of the desired application to provide the
best possible impact.

The natural ECM is a highly hydrated, organized, het-
erogeneous, bioactive and dynamic structure that regu-
lates cell function. The main components of native ECM
are fibrous proteins of collagen and elastin, fibronectin,
laminin, and glycosaminoglycans [38]. ECM composition
varies considerably from tissue to tissue and changes
during disease and aging [39,40]. Moreover, the mech-
anical properties of biological tissues differ greatly, and
elastic modulus range from the 11Pa of intestinal
mucus to the 20GPa of the cortical bone [41].
Changing the elastic moduli of the cellular environment
can lead to differences in cellular responses, in term of:
adhesion, morphology and differentiation [42]. For
example, it has been demonstrated that scaffolds fea-
turing the in vivo brain mechanical properties,
enhanced neuronal differentiation of neural stem cells
while it was not the case for stiffer hydrogels [43,44].
On the other hand, stiff hydrogels were necessary to
obtain appropriate osteo-inductive cell differentiation
[45]. Hence, deep characterization and understanding
of ECM is essential to design 3D constructs “replicating”
distinct tissues and, as such, effective in regenerative
medicine applications.

Scaffolds can be made from natural sources or from
synthetic polymers, or, as a third option, they can be
synthetic but engineered to mimic the biological activ-
ities of ECM (ECM-like scaffolds) via biological active
motifs (such as IKVAV and YIGSR laminin-derived
sequences, RGD-based sequences, DGRGDSVAYG osteo-
genic cell adhesion motif, and so on [46]) found in the
ECM. Lastly, natural and synthetic biomaterials can be
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mixed together to obtain scaffolds with a hybrid com-
position [8]. A significant advantage of synthetic ECM-
like scaffolds is the possibility to better control mechan-
ical properties, biomimetics or the permeability of the
matrix, in order to modulate the cell fate [47].

Hydrogels are the preferred choice to develop 3D
constructs in vitro [48-50]. In general, hydrogels are
made of 3D networks with hydrophilic polymer chains
entrapping large amounts of water. Also, hydrogel
matrices can better mimic viscoelastic and topograph-
ical properties of ECM and, by means of moieties deco-
rating their nanostructures, may also favor cell-cell or
cell-matrix interactions [51].

Naturally-derived hydrogels are still widely used by
the scientific community to create 3D constructs, des-
pite their serious limitations. They can be used as a
gold standard in in vitro studies due to their availability,
ease of use and versatility for culturing different types
of cells. Also, they have natural adhesive properties and
sustain many physiological cell functions. Theirs assets
are superior cell viability, high proliferation and satisfac-
tory cell differentiation, yielding networks of the cell
phenotypes typically observed in vivo [52]. Matrigel and
similar products, like Geltrex or Cultrex, are the most
commonly used in vitro matrices derived from extracts
of Engelbreth-Holm-Swarm mouse tumors. They con-
tain gelatinous mixtures of ECM components, including:
laminin, collagen type IV, entactin, and heparan sulfate
proteoglycans, as well as some growth factors, such as
TGF-B and FGF [53]. Naturally-derived materials also
includes: collagen [54], agarose [55], alginate [56] and
silk fibroin [57]. They are widely used in vitro for the
production of organoids in the fields of: developmental
and stem cell biology [58], disease modeling [59] and
drug discovery [60]. Nonetheless, their applicability in
advanced biomedical technologies for translational
medicine is hampered by: batch-to-batch composition
variability, limited chemical tunability, risk of pathogen-
transfer and the presence of xenogeneic components
[12,61]. Indeed, numerous studies have identified differ-
ent amounts of: growth factors [53,62], the presence of
xenogenic contaminants [63,64] and unexpected varia-
tions in mechanical properties [65,66] between batches
and within a single batch. As an example, it was dem-
onstrated that the elastic modulus could be doubled in
two analyzed batches (400 Pa and 840 Pa) [65]. Others
reported heterogeneous mechanical properties within
the same Matrigel scaffold, revealing local areas with
higher elastic moduli [66].

Therefore, synthetic polymeric scaffolds are consid-
ered by the scientific community to be more advanta-
geous over natural-derived hydrogels because of their

reproducible mechanical, chemical and biological prop-
erties, that can be tuned by changing their composition
and molecular weight [67] or by adding crosslinker mol-
ecules [68,69] and multifunctional moieties [70].

Advanced biomaterials with
translational potential

In general, biomaterials should feature some goal char-
acteristics: nontoxic, low-immunogenic, chemically inert
and elicit a negligible inflammatory response. In par-
ticular, clinically relevant biomaterials are characterized
by a well-defined composition, low batch-variability
and the absence of animal derivatives, such as serum,
ECM extract and so forth.

Thanks to the advances in nanomedicine and nano-
technology, a myriad of synthetic hydrogels is now
being developed to obtain scaffolds with defined bio-
logical, biochemical, and biophysical features, aiming to
provide effective alternatives to Matrigel and a number
of new products potentially translatable into clinics.
The most common synthetic scaffolds and their applica-
tion are listed in Table 1. Among them, the most widely
used synthetic polymers are: poly(ethylene glycol) (PEG)
[27,71,85], polylactide-co-glycolide (PLG) [18], poly-L-
lactic acid (PLLA), polycaprolactone (PCL) (or a combin-
ation of them) [91] and also self-assembling pepti-
des [75].

Self-assembling peptides: biomimetic scaffolds

Distinct from synthetic polymeric hydrogels, self-assem-
bling peptide (SAP) hydrogels are advanced nanostruc-
tured hydrogels integrating biofunctional, mechanical
and morphological cues in order to reliably mimic
the ECM.

In general, the mostly used and advanced SAPs in
tissue engineering comprise, in their self-assembling
sequence, alternated charged hydrophilic and hydro-
phobic amino acid residues [96] or hydrophilic heads
linked to hydrophobic tails [97]. SAPs can spontan-
eously self-assemble upon exposure to an external
stimulus to form nano-fibrous structures that, at the
nanoscale level, form stable B-sheet structures and self-
assemble into twisted nanofibers and/or flat sheets
(Figure 4(A,B)) [98].

SAPs are versatile matrices that can be customized
to fabricate in vitro microtissues or 3D cell cultures
(Table 1). Multiple bioactive motifs have been success-
fully added to self-assembling backbones without ham-
pering the SAP self-assembling propensity. This
approach provides controllable and simultaneous
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Table 1. 3D constructs made of synthetic (or semi-synthetic) hydrogels, key characteristics and tissue engineering applications.

Organ Scaffold composition Technology used Cell source Description
PEG Cell encapsulation for 3D Human iPSC- and ECS- Long term in vitro neural differentiation (up to
cell culture system derived NPC 49 days) with upregulation of neuronal and

o

RADA16 bi-functionalized
with -RGD and -IKVAV

RADA16 functionalized with

BDNF-derived peptide

Multifunctionalized
SAP (HYDROSAP)

Semi-synthetic GelMA

PDMS

PEGDMA

RADA16 functionalized
with QHREDGS

Hydroxybutyl chitosan HBC

Semi-synthetic GelMA

PEG functionalized
with RGD

Dextran hydrogel
functionalized with RGD

Patented bioscaffold based
on polysaccharide-
polyamine copolymers

PEG

Cell encapsulation for 3D
cell culture system

Cell encapsulation for 3D

cell culture system

Cell encapsulation for 3D
cell culture system

Bioprinting for 3D cell
culture system

Cell encapsulation for 3D
cell culture system

Bioprinting for 3D cell
culture system

Bioprinting for 3D cell
culture system

Cell encapsulation for 3D
cell culture system
LbL and Bioprinting

for organoid

Bioprinting for 3D cell
culture system

Cell encapsulation for 3D
cell culture system

Microfluidics for organoid

Cell encapsulation
for organoid

Cell encapsulation
for organoid

Cell encapsulation for
organoid
Microfluidics for organoid

Co-culture of NPC,
endothelial cells, mural
cells, and
microglia precursors

NPCs/NSCs

hUC-MSCs and
active astrocytes

Human NSCs

sNPCs and OPCs

iPSC-derived NSCs

iPSCs

BMSCs

MSCs

human iPSCs-derived
cardiomyocytes,
NHFC, HMVEC

Cardiomyocytes

Pl isolated from rats

Pl isolated from mice

Patient derived-human PI

Pl isolated from mice

iPSCs-derived hepatic
progenitors

human hepatocytes and
fibroblasts

glial mRNA and presence of glutamate
neurotransmitter [71]

In vitro development of highly organized 3D
cell culture system characterized by
neuronal and glial cells, organized vascular
network and microglia with ramified
morphology [72]

Nervous regeneration in sciatic nerve defect,
intracerebral hemorrhage and spinal cord
transection [73]

Application in TBI for cortical coloboma:
reduced injured brain cavities and reduced
reactive gliosis surrounding the
implants [74]

Pre-differentiated human NSCs in vitro showed
high percentage of neuronal markers, better
NSCs engraftment and improved behavioral
recovery when implanted in spinal cord
animal model [75]. Long-term in vitro 3D
cell culture system showed expression of
neurotransmitters and presence of myelinic
proteins in serum-free conditions [76]

sNPCs differentiate into neurons projecting
axons throughout the scaffold channels, and
OPCs differentiate into oligodendrocytes
that myelinate axons creating an effective
relay across the spinal cord injury site [77]

Enhanced axonal regeneration, improved
functional recovery, and inhibited
inflammation in spinal cord injuries [78]

Design of 3D engineered system for the
generation of custom-made kidney
tubules [79,80]

3D printed PEGDA hydrogel patch with
microchannels seeded with BMSCs to treat
myocardial infarction [81]

Improvement of cardiac function, reduction of
infarct size, collagen content and cell
apoptosis in myocardial infarction animal
model [82]

Fabrication of native organ-like 3D cardiac
tissue with one-direction cell alignment and
vascular network formation[83]

Fabrication of 3D culture system of aligned
cardiomyocytes resembling myofibril
alignment of native myocardium [84]

Controlled delivery of VEGF enhanced
vascularization within extrahepatic islet
transplantation site, improving islet viability
and function in vivo [85]

In vivo tracking of PEG-encapsulated islets in
murine model of autoimmune diabetes
demonstrated long-term protection [86]

Long-term expansion of HO in a chemically
defined hydrogel and serum-free medium
showed presence of pancreas ductal cells
with similar characteristic of native
tissue [87]

Bioscaffolds seeded with islets were assembled
into a pancreas-like organoid: neo-
vascularization around the implant site, and
reduced hyperglycemia were detected in
recipients [88]

Fabrication of liver organoids resembling
human liver in terms of morphology, gene
expression and protein secretion [27]

Organ-on-a-chip of liver featuring hepatocytes
with morphology and activity (secretion of
albumin) similar to those of in vivo
cells [89]

(continued)
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Table 1. Continued.

Organ Scaffold composition Technology used

Cell source Description

PEG functionalized
with RGD

Cell encapsulation
for organoid

PLLA and PCL Cell encapsulation for 3D
cell culture system
PGA Cell encapsulation
for organoid
PEG-4MAL Cell encapsulation

for organoid

w

PEG functionalized
with RGD

Cell encapsulation
for organoid
PEVA and PGS Cell encapsulation
for organoid

Rat cholangiocytes

iPSCs-derived hepatocytes-

Human cholangiocytes

Human PSCs

Intestinal stem cells

Intestinal stem cells

Fabrication of fully-synthetic scaffold for
development of bile duct model:
biophysical and biochemical parameters of
scaffold affected cyst morphogenesis [90]

Scaffold supported the iPSCs differentiation
into hepatocytes-like cells in vitro [91]

Functional secretory capacity and formation of
tubular structures similar to native tissue
when transplanted in mice [92]

Intestinal organoids with performances similar
to Matrigel when delivered to injured
mouse colon [93]

Hydrogel seeded improved colonic wound
repair and transplanted human intestinal
organoids engraftment [94]

Well-defined hydrogel for intestinal organoid
cultures but supplemented with animal
derived-laminin-111 [13]

Long-term evaluation of artificial intestine in
piglets with short bowel syndrome [95].

like cells

exposure of different functional motifs from self-
assembled nanofibers, and boosted cell adhesion and
proliferation [46]. Another important feature is the
incorporation of short glycine spacers (2-4 Gly),
between the self-assembling backbone and the func-
tional motif, providing distancing and enough degrees
of freedom to the functional motifs themselves, thus
warranting satisfactory exposure of functional motifs to
cell receptor/membrane binding (Figure 4(C,D)) [99].

SAPs may act as scaffolds for a wide range of bio-
medical applications ranging from: neural regeneration,
angiogenesis and cardiac tissue regeneration to
homeostasis and bone repair, but also for dental pulp
and cartilage regeneration [100]. Furthermore, SAPs
have been tested in clinical trials while many are being
studied, thus showing their promising safety and thera-
peutic potential. For example, monomeric SAP P11-4,
applied either in combination with fluoride varnish or
polymeric SAP matrix, was a superior treatment for
early caries compared to fluoride varnish alone in the
treatment of non-cavitated occlusal caries in
humans[101]. PuraStat peptide, based on RADA16, is
currently used in clinics as an hemostat to control acute
gastrointestinal blending, providing an effective control
of different types of gastrointestinal hemorrhage when
conventional hemostatic methods fail [102].

During in vitro studies, SAPs are used as physical
supports for different cell types to generate 3D con-
structs. SAPs can embed pancreatic islets (Pl) for their
in vitro culturing and subsequent transplantation by
protecting their viability and function over time. As rep-
resented in Figure 4(E), SAPs, contrarily to standard
in vitro free-floating cultures, can help PI to maintain
their primary islet structure throughout several weeks

in vitro thanks to their soft biomechanics, nanostruc-
tured milieu and a protein-like composition similar to
native pancreatic ECM [103]. Also, a wide range of pub-
lications demonstrated that SAPs can be used as
serum-free reproducible supports fostering neural stem
cells (NSCs) spreading and entanglement by conferring
adhesive cues to enhance their proliferation, differenti-
ation and maturation [1,43,97]. RADA16-BMHP1 [104],
FAQ-LDLK12 [1] and multi-functionalized HYDROSAP
[75] can support neuronal differentiation (Blll-Tubulin
cells) of NSCs similarly to a natural derived matrix
(Cultrex) [76]. Neuronal and oligodendroglial differenti-
ation of NSCs cultured on synthetic SAPs were similar
to Matrigel and Cultrex, with the advantage of being
xenogeneic contaminant-free (Figure 4(F)). HYDROSAP
was recently used [76] to design a 3D cell culture sys-
tem achieving cell proliferation, neural differentiation,
entanglement and neuronal maturation in long term
cultures of densely seeded human NSCs. In Figure 4, a
SAP-based 3D cell culture system (Figure 4(G)) is
depicted, that is made of uniformly distributed human
NSCs after one week’s culture (Figure 4(H)), subse-
quently self-organized into structures resembling a
neural organoid after 8 weeks in vitro (Figure 4(1)).

Building 3D scaffolds

Encapsulating cells in a hydrogel structure offers
numerous features for tissue engineering applications,
including protecting encapsulated cells from immune
system and mediating interactions with the host envir-
onment [105,106]. Conventional protocols on cell
encapsulation for the fabrication of artificial nanostruc-
tures with biological activities comprise cells mixing in
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Figure 4. SAPs properties and applications. (A) AFM image of SAPs shows disposition of nanofibers into twisted protofibrils and
flat sheets, while (B) TEM observation confirms a regular twisted protofibril structure. (C) Molecular representation of RADA16
self-assembling backbone linked to PFSSTKT (BMHP1), FLGFPT and YFQRYLI functional motifs interspaced with a di-Glycine spacer.
Once exposed to physiological pH solutions these SAPs self-assemble into cross-beta structures (D): functional motifs hang from
the double-layered RADA16 B-structure and are available for cell-receptors binding to trigger cell-specific responses. (Ei) SAPs pre-
vent islets aggregation and maintain unaltered Pl native structure in in vitro culture compared to free-floating Pl (Eii).
Functionalized SAPs (Fi) are an excellent alternative to gold standard natural-derived matrices (Fii): for example, neurons stained
with Blll-tubulin marker (in green) show extended process and entangled neuronal network in both conditions. A 3D cellularized
patch composed of differentiating human NSCs and functionalized SAP was obtained in vitro (G) and maintained in culture for
1week (H) and for 8 weeks (I) in order to study self-organization and dense neural network formation. The different morphology
represented in Haematoxylin-Eosin staining shows aggregates of clustered cells (H) giving rise to a proliferated, widespread and
differentiated progeny (I), featuring also self-organized cellular proto-structures (dashed circles). Scale bar 100 um for E and F;
5mm for G; 500 um for H and .

a liquid solution followed by hydrogel gelation (Figure adopted to produce advanced platforms of cell encap-

5(A)) [107].

However, several artificial biologically active struc-
tures lack heterogenicity, and, as such, they fail to
recapitulate the complexity of native tissues. Recently,
novel strategies including microfluidics (Figure 5(B)),
air-liquid interface (Figure 5(C)), layer-by-layer (Figure
5(D)) and 3D bioprinting cultures (Figure 5(E)), were

sulation systems. In the following paragraphs, we focus
our discussion on the most recent advances in each of
the mentioned approaches.

Hydrogel scaffolds for cell encapsulation
As mentioned before, conventional protocols on cell
encapsulation include the fabrication of 3D constructs
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Adva