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ABSTRACT

L'inaccessibilita in vivo ad alcuni tipi di campioni umani e le differenze tra model-
li animali e fisiologia umana ostacolano lo studio dell’organogenesi e della pato-
genesi di importanti malattie umane. Una comprensione piu approfondita delle
tecniche di coltura cellulare tridimensionale (3D) e dei protocolli di differenzia-
zione ha consentito l'istituzione di sistemi di coltura di organoidi (ORG). Gli ORG
epatici possono essere utilizzati per il disease modeling e lo screening dei farmaci,
nonché per studiare lo sviluppo del fegato. Gli ORG sono una tecnologia potente
in molte applicazioni biologiche e cliniche, grazie alla loro architettura 3D fisiolo-
gica e alla loro ampia versatilita in termini di tipi di tessuto ottenibili; gli ORG, in-
fatti, sono stati utilizzati in numerosi studi biomedici su modelli di malattie, me-
dicina di precisione e studi tossicologici. Gli ORG epatici derivati dai pazienti pos-
sono essere uno strumento cruciale per studiare i meccanismi di malattie, come le
condizioni genetiche ereditarie e il cancro. Quando si passa da una coltura cellu-
lare 2D a un costrutto 3D, € importante considerare il mantenimento del traspor-
to di massa. La sopravvivenza cellulare, infatti, dipende non solo dalla capacita di
fornire nutrienti e ossigeno, ma anche dalla rimozione dei prodotti di scarto e dei
metaboliti.

Sebbene I'approccio basato su ORG rimanga molto promettente, l'uso degli ORG
epatici su larga scala deve superare le attuali sfide tecnologiche e biologiche ine-
renti al controllo della composizione in cellule, delle dimensioni, e della forma
degli ORG. I numerosi progressi compiuti nel set up di condizioni di coltura 3D,
in grado di monitorare e controllare specifici fattori ambientali attraverso 'uso di
bioreattori, forniscono tecnologie nuove e migliori per soddisfare i requisiti di ri-
producibilita. In questa prospettiva, il nostro lavoro ha avuto come scopo lo svi-
luppo di ORG epatici umani come modello 3D affidabile per il disease modeling e
lo screening di farmaci. Il nostro obiettivo principale era impostare e ottimizzare i
protocolli utilizzati per ottenere gli ORG in modo riproducibile per poi caratteriz-
zarli. Abbiamo utilizzato particolari piastre appositamente progettate per ottenere
microaggregati cellulari 3D. Non solo 1'utilizzo di queste piastre ha garantito un

accettabile grado di variabilita in termini di dimensione degli aggregati, ma I'ele-



vato numero di micropozzetti su ciascuna piastra ha permesso facilmente la pro-
duzione di un grande numero di sferoidi/organoidi. Inoltre, abbiamo coltivato gli
ORG in condizioni di coltura 3D dinamiche e statiche; studiandone gli effetti sulle
cellule e identificando la condizione di coltura con i migliori risultati in termini di
vitalita e comportamento cellulare. Per farlo abbiamo utilizzato un bioreattore a
perfusione: il LiveBox1 di IVTech; un piccolo bioreattore, paragonabile nelle di-
mensioni ai classici strumenti di coltura come piastre di Petri, che consente I'uso
di un numero inferiore di cellule e volumi di terreno di coltura inferiori, rispetto
ad altri bioreattori, un punto cruciale quando si lavora con cellule differenziate da
cellule staminali pluripotenti indotte (iPSC). Nel nostro studio preliminare, ab-
biamo dimostrato che 1'utilizzo di una condizione di coltura dinamica, come il
bioreattore LiveBox1, ha aumentato la vitalita degli organoidi in esso coltivati.
Utilizzando una linea iPSC di controllo abbiamo differenziato e caratterizzato cel-
lule staminali mesenchimali indotte (iMSC) ed epatociti indotti iHEP) da utiliz-
zare per assemblare gli organoidi. Entrambi i tipi cellulari ottenuti esprimono
marcatori e proprieta caratteristici, confermando cosi la loro natura. In conclu-
sione, sebbene la creazione e 1'ottimizzazione di un modello di organoide 3D pos-
sano essere impegnative, i vantaggi e le possibilita che questo strumento ha da of-

frire superano gli sforzi necessari.
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INTRODUCTION

ORGANOIDS

The inaccessibility to some types of human samples in vivo and the differences
between animal models and human physiology hamper the study of human organ
development and the pathogenesis of important human diseases. Deeper under-
standing in three dimensional (3D) cell culture techniques and differentiation
protocols have allowed the institution of organoid (ORG) culture systems. Lan-
caster and Knoblich define ORGs as “containing several cell types that develop
from stem cells or organ progenitors and self-organize through cell sorting and
spatially restricted lineage commitment, similar to the process in vivo.”(1)

In order to be considered as such, ORGs must resemble the actual organ in terms
of being composed of more than one cell type of the in vivo organ; they should
have some specific function of that organ; and the cellular organization should be
similar to that of the organ itself (1). The complex microenvironments in which
cells naturally reside provide stimuli such as signaling interactions from soluble
factors, mechanical interactions and the Extra-Cellular Matrix (ECM). These
stimuli are crucial for maintaining and regulating the cells’ functions and pheno-
types. From literature, we now know that cells cultured in 3D, in conditions simi-
lar to their native ones, more closely resemble their in vivo counterparts as com-

pared with cells cultured in classical two-dimensional (2D) techniques (2).

In the early 1960s, a number of studies were conducted to comprehend the tissue
patterning process (Fig. 1); mainly using dissociation and reaggregation of tissues
to understand the movements of cells in vitro. Weiss and Taylor, among others,
(3) demonstrated that by taking chick embryo’s dissociated kidney cells and put-
ting them back together, they could obtain aggregates that recapitulate renal de-
velopment. This and other studies confirm that organs can self-assemble, due to
two main processes:

o cells with similar adhesive properties segregate into thermodynamically

stable domains (4);



« spatially determined fate decision (5) (Fig. 2).
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Figure 1. Timeline for the development of organoid cultures A summary of key landmark studies and break-
throughs leading to the establishment of various organoid technologies. 3D, 3-dimensional; ECM, extracellu-

lar matrix; ESCs, embryonic stem (ES) cells; hPSCs, induced pluripotent stem cells (Corro et al., 2020).
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Figure 2. (A) Cell sorting out describes the movement of cells into different domains. Different cell types
(purple or green) sort themselves because of different adhesive properties conferred by their differential ex-
pression of distinct cell adhesion molecules (shown as brown or orange bars). (B) Spatially restricted cell-
fate decisions also contribute to self-organization in vivo and in organoids. Progenitors (green) give rise to
more differentiated progeny (purple), which, because of spatial constraints of the tissue and/or division ori-
entation, are forced into a more superficial position that promotes their differentiation. These cells can

sometimes further divide to give rise to more differentiated progeny (pink), which are further displaced
(Lancaster et al., 2014).

These two mechanisms are particularly evident in the formation of teratomas,

tumors that originate from pluripotent stem cells (PSCs). These tumors are com-
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posed by different organized tissues, spontaneously developed presumably from a
combination of both cell segregation and fate determination; both requiring the
activation of numerous signaling pathways mediated by cellular components or
environmental factors such as ECM and cell culture medium.
Different cell types can be used to derive ORGs:

o Embryonic Stem Cells (ESCs);

o Induced Pluripotent Stem Cells (iPSCs);

« Neonatal or Adult Stem Cells (ASCs) (6, 1) (Fig. 3).
When deriving ORGs from ESCs or iPSCs, differentiation steps are required, in-
volving protocols based on the time-related use of growth factors or inhibitors re-
sembling the developmental cues specific to organogenesis. The pluripotent ca-
pacity of iPSCs not only allows the generation of ORGs from the three germ lay-
ers, but also the generation of patient-specific ORGs, for disease modeling and

drug screening.
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Figure 3. Schematic of the various regions of the body that can be cultured as aSC-Derived (Clevers et al.,
2016)

Since this process depends on spatial organization, it is crucial to have a 3D mi-
croenvironment to give the cells the opportunity to self-assemble in vitro; this
may be achieved using either scaffold or scaffold-free techniques.

For a scaffold-free technique, cells can be cultured in hanging drops, relying on
surface tension and gravity.

Alternatively, scaffolds can be composed by either biological or synthetic gels that
mimic the natural ECM specific to the tissue in study in which the cells will be
embedded. The most commonly used ECM is Matrigel, a protein mixture secreted
by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells (7); this matrix gives
crucial structural support as well as ECM molecular and mechanical signals to the

cells.



LIVER ORGANOIDS

The zygote is a single totipotent cell which proliferates and forms cells that be-
come more and more lineage-restricted. When the blastocyst stage is reached, the
outer cells are committed to become extraembryonic tissues, while the cells of the
inner cell mass (ICM) are pluripotent and give rise to all the embryo’s tissues.
During the gastrulation process, the cells derived from the ICM form the three
germ layers: endoderm, mesoderm, and ectoderm. Within each germ layer, pro-
genitor cells specify to form embryonic organ structures, from which all tissues

and organs will develop (Fig. 4).
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Figure 4. Organogenesis and stages for organoid progenitor isolation. Schematic depicting key stages of or-
ganogenesis timings in mice and humans. Following fertilization and cleavage of the embryo, the blastocyst
is formed in which cells segregate into the outer layer and the inner cell mass (ICM). Cells of the ICM are
pluripotent and can be isolated to generate embryonic stem cells. The next key developmental milestone is
gastrulation, a process whereby cells derived from the ICM undergo dynamic cell movements and rearrange
to form the three germ layers: endoderm, mesoderm and ectoderm. Here we depict a human gastrula which
develops as an embryonic disc (note: gastrulation in mice occurs as an egg cylinder). As development pro-
gresses, progenitors within each germ layer become specified to give rise to specific tissues and organs. The
identities of the progenitors are influenced by their anterior-posterior and dorsal-ventral positions in the
embryo. The endoderm becomes patterned along the anterior-posterior axis into the anterior foregut (AF),
posterior foregut (PF), midgut (M) and hindgut (H). Illustrated here are a selection of organs that derive
from the different endodermal domains: AF—lungs; PF—liver and pancreas; M—small intestine. The hind-
gut gives rise to more posterior tissues such as the colon. Organoids can be derived from tissue-resident pro-
genitors isolated at both organogenesis stages and from adult tissues (Prior et al, 2019).

From the endoderm, a tube forms the gastrointestinal (GI) tract, in which three
different portions can be identified: the foregut, the midgut, and the hindgut (8).



From the foregut originate the oral cavity, pharynx, respiratory tract, pancreas,
stomach, and the liver; the small intestine and the ascending colon come from the
midgut, and from the hindgut develop the remaining colon and the rectum.

The foregut endoderm epithelium gives rise to the liver by originating the hepatic
bud structure, from which hepatoblasts generate (9).

Hepatoblasts undergo cell shape changes, in response to signaling factors such as
Fibroblast Growth Factor (FGF), Bone Morphogenetic Proteins (BMP), Hepato-
cyte Growth Factor (HGF) and Wnt, secreted by the surrounding microenviron-
ment; along with cell shape changes, the cells proliferate and migrate, becoming
lineage-committed and giving rise to hepatocytes and cholangiocytes (10).

The hepatocytes and cholangiocytes composing the liver work together with
stromal, endothelial, and mesenchymal cells to perform their physiological role,
maintaining the body homeostasis through metabolic, exocrine and endocrine

functions (11).

Many studies obtained liver ORGs using different methods and different cell
sources (Fig. 5).

Weiss et al. demonstrated that, after dissociation, chick embryonic hepatic tissue
can reaggregate and form secretory units with functional bile ducts (3). Huch et
al. collected Lgr5+ hepatic cells from mice, seeded them in 3D with Matrigel and
obtained ORGs from which mature, functional hepatocytes could be differentiat-
ed (12). In a follow up study, bipotent progenitors derived from adult bile ducts
were established from human liver (13). Takebe et al. described a protocol involv-
ing iPSCs to generate vascularized human liver: human iPSCs were differentiated
into hepatic endodermal cells in 2D and assembled together with human mesen-
chymal stem cells (MSCs) and human endothelial cells in spontaneously forming
3D aggregates (14).

Liver ORGs can be used for disease modeling and drug screening, as well as stud-

ying liver development.
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Figure 5. Liver organoids can be derived from various cells of origin by regulating signaling pathways dur-
ing in vitro culture. (A) Liver organoids can be formed from tissue-resident cells isolated from biopsies of
adult tissues or from embryonic stages during organogenesis. Hepatoblasts (the bipotent embryonic progen-
itors in vivo which give rise to ductal cells and hepatocytes) can be placed in Matrigel as ECM and generate
ductal or hepatocyte organoids depending on the growth factors supplemented in the culture medium.
(Bright-field images of mouse embryonic ductal and hepatocyte organoids taken from Prior et al., 2019).
Signalling pathways which are typically modulated to enable organoid formation are listed; the pathways
which are essential for different types of liver organoids are in bold. Formation of ductal or hepatocyte or-
ganoids from adult tissues requires the isolation of appropriate cells of origin. In order to generate ductal
hepatic organoids from adult tissues, ductal fragments or ductal cells can be placed in Matrigel with the op-
timized media. Formation of adult hepatocyte organoids requires the isolation of mature hepatocytes. (B)
Liver organoids can also be generated from pluripotent stem cells (iPSCs and ESCs), usually by a three-stage
differentiation process that recapitulates the signaling programs active during development. iPSCs/ESCs
are first directed towards an endodermal fate by exposure to Act A and Wnt. These endoderm cells then pro-
gress to a hepatic fate following induction of HGF and FGF signaling. These hepatic progenitors are hepato-
blast-like cells. The hepatic progenitors can form hepatocyte-like cells in response to OSM signaling. Con-
versely, by placing the hepatic progenitors in ECM and modulating FGF, EGF and Act A signaling, ductal
organoids can be generated. Act A, Activin A; BMP, bone morphogenetic protein; ECM, extracellular matrix;
EGF, epidermal growth factor; ESCs, embryonic stem cells; FGF, fibroblast growth factor; FSK, forskolin;
HGF, hepatocyte growth factor; ICM, inner cell mass; iPSCs, induced pluripotent stem cells; OSM, On-
costatin M; TGFbi, transforming growth factor beta inhibitor; TNFa, tumour necrosis factor-alpha (Prior et
al., 2019).
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LIVER ORGANOIDS FOR DISEASE MODELING

ORGs are a powerful technology in many biological and clinical applications (Fig.
6), due to their physiological 3D architecture and their wide versatility in terms of
obtainable tissue types; ORGs, in facts, have been used in a high number of bio-
medical studies for disease modeling, precision medicine, and toxicology studies
(21).
Patient-derived liver ORGs can be a crucial tool to investigate the mechanisms of
diseases, such as hereditary conditions and cancer.
Monogenic liver diseases (MLD) are caused by single gene mutations and are
classified in three groups based on the extent of the parenchyma damage and/or
specific liver expression:

« conditions characterized by liver parenchymal damage and hepatic injury,

« disorders in which the liver is structurally normal,

» diseases characterized by systemic and hepatic clinical manifestations. (15)

Alpha-1-anti-trypsin (AAT) deficiency is an example of a monogenic disorder af-
fecting the liver parenchyma (15). Tissue from patients with AAT deficiency was
used to derive ORGs; as observed in the original biopsy, these liver ORGs accu-
mulate protein aggregates (12).

Genetic disorders from the second group are defects in which extrahepatic com-
plications are the main cause of death, while the liver architecture and function
are generally preserved (15).

Within the third group of monogenic diseases, cystic fibrosis (CF) was the first
monogenic disease modelled with ORGs (11). CF is caused by a plethora of muta-
tions in the cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel, normally expressed in epithelial cells of different organs (16). Dekkers
and colleagues (17) obtained human intestinal ORGs from rectal biopsies of CF
patients and showed that these ORGs recapitulated the disease in vitro when cul-
tured with an activator. Sampaziotis and colleagues (18) and Ogawa and col-
leagues (19) generated cholangiocyte ORGs from iPSCs derived from CF patients

and demonstrated that these ORGs could also be used to model CF in vitro.
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These and other studies confirm that the liver ORG model recapitulates in vitro
the key aspects of the disease in exam and allows a better understanding of the
pathological processes.

Moreover, ORGs not only can be used to model genetic pathologies, but also to
model acquired liver diseases such as primary liver cancer (PLC) and hepatitis.
ORGs are a very useful tool in cancer studies: they allow to take in consideration
the complex histoarchitecture of the tumorous mass. Studies have shown that
tumor ORGs - tumouroids - maintain tissue of origin features over time (11),
thus enabling the identification of genes potentially important in human liver

cancer development.

DRUG SCREENING FOR LIVER TOXICITY

The primary reason for drug removal from the market is acute liver failure (20)
and many clinical trials fail because of an inadequate evaluation of the drug tox-
icity at the preclinical stage (21); this happens because animal models often me-
tabolize drugs in a different way from the human liver, having its distinct metabo-
lism (1).

In this view, an emerging application for liver ORGs is the establishment of bi-
obanks containing both pathogenic and healthy liver cells to be used as screening
platforms to identify drug efficacy against, potentially, any liver disease, or pre-

dict drug-induced liver injury (11).

3D CULTURE

Traditionally, the substrates mainly used for cell culture have been 2D polysty-
rene or glass surfaces (22). The major issue about this technique is the assump-
tion that a cellular monolayer can accurately reproduce animal physiology: native
tissues are clearly different from a 2D layer in terms of morphology, ECM, and
spatial organization; resulting in differences in receptor expression, transcrip-
tional expression, cellular migration, and apoptosis when compared to the 2D in

vitro model (23).
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To overcome these problems, many 3D methods taking into account the cell’s

spatial organization have been developed.
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Figure 6. Applications of liver organoids. (A) Organoids derived from healthy donors or patients can be used
as a model in basic research to investigate liver development and function in healthy conditions and to dis-
sect the mechanisms of disease. Liver organoids are also a potential bridging tool towards personalised
medicine, allowing for patient-specific drug screening and gene therapy. (B) Organoids can be expanded in
vitro and cryopreserved enabling the establishment of biobanks. These can be used on a larger scale for re-
generative medicine (including transplants), drug screening (patient-derived organoids can help identify
drugs that a cohort of patients are most likely to respond to) and toxicology studies for predicting which po-
tential therapies may induce drug-induced liver injury (Prior et al., 2019).

When switching from a 2D cell culture to a 3D construct, it is important to con-
sider the maintenance of mass transport (24, 25). In fact, cell survival depends
not only on the ability to supply nutrients and oxygen, but also on the removal of
waste products and metabolites. Studies have shown that spheroids with diame-
ters greater than 1 mm present a hypoxic core with necrotic cells, surrounded by
an outer layer of living cells (26, 27); hence why, this is a crucial consideration in

the development of 3D culture systems.
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DYNAMIC 3D CULTURE

In early studies, 3D culture models relied on static methods, whereas nowadays
the use of bioreactors is more and more common. Bioreactors allow the control in
a precise and reproducible way of environmental conditions required for cell cul-
ture, such as temperature, pH, flow rate, oxygen, nutrient supply, and waste me-
tabolite removal.

One of the most basic bioreactors is represented by a stirred flask (Fig. 7a), in
which oxygen and nutrients are mixed. However, the turbulent eddies generated

in this kind of bioreactor could have negative effects on cells sensitive to mechan-
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ical stimuli (28).

TRENDS in Bosscthnology

Figure 7. Representative bioreactors for tissue engineering applications. (a) Spinner-flask bioreactors have
been used for the seeding of cells into 3D scaffolds and for subsequent culture of the constructs. During seeding,
cells are transported to and into the scaffold by convection. During culture, medium stirring enhances external
mass-transfer but also generates turbulent eddies, which could be detrimental for the development of the tissue.
(b) Rotating-wall vessels provide a dynamic culture environment to the constructs, with low shear stresses and
high mass-transfer rates. The vessel walls are rotated at a rate that enables the drag force (Fd), centrifugal
force (Fc) and net gravitational force (Fg) on the construct to be balanced; the construct thus remains in a state
of free-fall through the culture medium. (c) Hollow-fiber bioreactors can be used to enhance mass transfer dur-
ing the culture of highly metabolic and sensitive cell types such as hepatocytes. In one configuration, cells are
embedded within a gel inside the lumen of permeable hollow fibers and medium is perfused over the exterior
surface of the fibers. (d) Direct perfusion bioreactors in which medium flows directly through the pores of the
scaffold can be used for seeding and/or culturing 3D constructs. During seeding, cells are transported directly
into the scaffold pores, yielding a highly uniform cell distribution. During culture, medium flowing through the
construct enhances mass transfer not only at the periphery but also within its internal pores. (e) Bioreactors
that apply controlled mechanical forces, such as dynamic compression, to engineered constructs can be used as
model systems of tissue development under physiological loading conditions, and to generate functional tissue
grafts. Compressive deformation can be applied by a computer-controlled micro-stepper motor, and the stress
on the constructs can be measured using a load cell (Martin et al., 2004)
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In order to generate low shear forces, an efficient alternative consists in using a
rotating fluid environment, producing a dynamic laminar flow. Many different
cell types have been used in rotating-wall vessel (RWV) bioreactors (Fig. 7b) for
tissue generation included but not limited to chondrocytes (26), cardiac cells (29)
and various tumor cells (30, 31). These studies show that the morphological, bio-
chemical and physiological properties of the cells grown in the RWV bioreactors
resembled their in vivo counterparts more closely than the static or stirred-flasks
cultured ones.

Another type of bioreactors are the direct perfusion ones (Fig. 7d). These bioreac-
tors increase the mass transport of nutrients and oxygen by perfusing culture me-
dium either through or around semi-permeable fibers or directly through the
pores of cell-seeded 3D scaffolds. It is very important to optimize the bioreactor’s
medium flow-rate, to balance the mass transfer of nutrients and waste products,
the shear stress induced by the medium flow, and the retention of ECM compo-

nents (32).

16



AIM OF THE PROJECT

An ever increasing number of studies focuses on the development of in vitro
models more closely resembling their in vivo counterparts, bridging the gaps be-
tween developmental biology and precision medicine. While the organoid ap-
proach remains very promising, the use of liver organoids on a large scale needs
to overcome the current technological and biological challenges of controlling or-
ganoid size, cell composition and shape.

The many progresses made in setting up 3D culture conditions, by monitoring
and controlling specific environmental factors using bioreactors, provide new and
better technologies to meet the reproducibility requirements.

In this view, our work aimed at the development of human liver organoids as a re-
liable 3D model for disease modeling and drug screening.

Our primary goal was to set up and optimize the protocols used to obtain organ-
oids in a reproducible way and characterize them. Moreover, we cultured the or-
ganoids in either 3D dynamic and static culture conditions; studying their effects
on the cells and identifying the culture condition with the best outcomes in terms
of cell viability and behaviour.

In order to do so, we used a perfusion bioreactor: the IVTech’s LiveBoxi1.

The LiveBox1 is a small bioreactor, comparable in sizes to classical culture-ware
such as petri dishes and multiwell plates, allowing the use of a lower number of
cells and smaller volumes of culture medium, when compared to other bioreac-

tors, a crucial point when working with cells differentiated from iPSCs.
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MATERIALS AND METHODS

CELL CULTURE

HFF
Human Foreskin Fibroblasts (HFF; provided by American Type Culture

Collection, catalogue #CRL-2429) were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Thermo Fisher Scientific) supplemented with 15% fetal
bovine serum (FBS, Thermo Fisher Scientific), 1% non-essential amino acids
(Thermo Fisher Scientific), and 1% penicillin/streptomycin (Thermo Fisher Sci-
entific).

Cells were passaged using Trypsin-EDTA (0.25%) (Thermo Fisher Scientific) eve-
ry 3 or 4 days and split 1:4, with medium changes every other day.

Hep G2

Human hepatoma cells (Hep G2) (provided by American Type Culture Collection,
catalogue #HB-8065) were maintained in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific) supplemented with 10% FBS (Thermo Fisher Scien-
tific), 1% non-essential amino acids (Thermo Fisher Scientific), and 1% penicil-
lin/streptomycin (Thermo Fisher Scientific). Cells were trypsinized every 3 or 4

days and split 1:4, with medium changes every other day.

HUVECs

Human umbilical vein endothelial cells (HUVECs) were isolated from human
umbilical cords, used at early (I-IV) passages, and grown on plastic culture-ware
coated with 0.1% porcine gelatin (Merck) in Clonetics® EGM™-2 medium (Lon-
za). Cells were trypsinized every 3 or 4 days and split 1:4, with medium changes
every other day. HUVECs were obtained from pregnant women, in accordance
with the protocol approved by the Ethics Committee of Brescia (protocol number

1842).
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iPSCs

Human Induced Pluripotent Stem Cells (iPSCs), Gibco Episomal hiPSC Line
(cat#A18945) were bought from Thermo Fisher Scientific. They were seeded at a
density of 15x10"3 cells/cm2 and passaged every 3-4 days with daily medium
changes. Briefly, iPSCs were detached using TryplE (Thermo Fisher Scientific),
centrifuged at 300 g x 5 min and supernatant was discarded. Single cells were re-
suspended in either mTeSR™1 or TeSR™E8™ (STEMCELL Technologies) in
presence of 1ouM of Rock Inhibitor Y-27632 (STEMCELL Technologies) and
seeded on either Matrigel or rhLaminin-521 coated wells.

iPSCs were maintained on either a Matrigel® (Corning) or rhLaminin-521
(Thermo Fisher Scientific) coating. Matrigel® is maintained on ice and diluted in
DMEM F-12 (Thermo Fisher Scientific), as per instructed on the datasheet, dis-
pensed in the culture-ware and then incubated at 37° for 1 hour. rhLaminin-521 is
diluted in PBS++ (Thermo Fisher Scientific) at a 0.5 pg/cm?2 concentration and

left at 4°C overnight prior to use.

1IMSCs

Mesenchymal progenitors were derived from iPSCs using the STEMdiff™ Mesen-
chymal Progenitor Kit (STEMCELL Technologies).

Briefly, on day -2 cells were detached and seeded in TeSR™E8™ at a density of
5x10”3 cells/cm? on a Matrigel® coated well. The medium was refreshed after

18-20 hours. On day 0, the medium was replaced with STEMdiff™ Mesenchymal
Induction Medium and refreshed daily on days 1-3. On days 4-5 the medium was
replaced with MesenCult™-ACF Plus Medium. On day 6 the cells were harvested,
resuspended in MesenCult™-ACF Plus Medium with 1ouM of Rock Inhibitor Y-
27632 and seeded at a density of 1.5-10x10"3 cells/cm? on culture-ware coated
with either Animal Component-Free Cell Attachment Substrate (STEMCELL
Technologies) or 0.1% porcine gelatin.

Medium was refreshed every 2-3 days and the induced Mesenchymal Stem Cells

(iMSCs) were seeded directly on plastic after the second passage.
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In order to further investigate our cells’ properties, we differentiated them in os-

teocytes and adipocytes using commercially available kits.

i)

To obtain the osteogenic differentiation of iMCs, cells were plated at a 5
x 1073 cells/cm? density; after reaching a 60-80% confluence, medium
was replaced with StemPro® Complete Osteogenesis differentiation
medium (Thermo Fisher Scientific). The medium was changed every 3-
4 days until bone matrix formation occurred (approximately 15-20

days).

To obtain the adipogenic differentiation of iMCs instead, cells were
plated at a 10 x 10" 3 cells/cm? density; after reaching a 60 - 80% con-
fluency, medium was replaced with StemPro® Complete Adipogenesis
Differentiation Medium (Thermo Fisher Scientific) and was changed
every 3 days. Adipogenic differentiation occurred in approximately 15

days, confirmed by the appearance of lipid vacuoles.

We stained the cells obtained after the above-mentioned differentiation processes

with Alizarin Red S and Oil Red O, respectively. The cells were fixed in 10% for-

malin for 1 hour at room temperature and then washed with water and stained

by:

i)

Alizarin Red S: Alizarin Red S (Merck) was reconstituted in water, pH
was adjusted to 4.1 - 4.3; the solution was added to the cell, incubated

for 45 minutes, and then the cells were washed with distilled water.

Oil red O: The Oil Red O (Merck) working solution was prepared by di-
luting the Oil Red O stock solution (reconstituted with 100% isopropa-
nol) at a 6:4 ratio in water. A solution of 60% isopropanol was added
and incubated for 2-5 minutes. Oil Red O working solution was added
and incubated for 10 minutes. Wash steps were repeated till the com-

plete removal of the dye.
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HEPATIC DIFFERENTIATION: from iPSCs to endoderm and
further to iHEP

On day o, the iPSCs were detached and resuspended in mTeSR™1 with 1ouM of
Rock Inhibitor Y-27632 and plated at a density of 2.1 x 10”5 cells/cm2 onto coat-
ed wells.

After 24 hours, on day 1, the medium was replaced with Medium 1, prepared by
diluting both supplements MR and CJ in STEMdiff™ Endoderm Basal Medium at
a1in 100 dilution.

On day 2, the medium was replaced with Medium 2, prepared by adding Supple-
ment CJ to STEMdiff™ Endoderm Basal Medium at a 1 in 100 dilution and
changed daily on days 3-5.

On days 6 and 8, the medium was replaced with Hepatocytes Specification Medi-
um, consisting of RPMI, B27, 10 ng/ml FGF2, 20 ng/ml BMP4. From day 9, the
cells were cultured in Hepatocyte Maturation Medium consisting in Clonetics®
HCM™ (Lonza) supplemented with 5% FBS, 100nM Dexamethasone, 20 ng/ml
Oncostatin M and 10 ng/ml HGF (STEMCELL Technologies). Induced Hepato-
cytes (iHEPs) were used on day 9 of differentiation.

SPHEROIDS

Hep G2 spheroids were obtained using EZSPHERE Microplate 96 Well (REPRO-
CELL) by seeding 160’000 cells in each well on day 0. Cells were then cultured for

24-48h.
ORGANOIDS
i) Mixed cell cultures: since obtaining iHEPs and iMSC is an expensive

and time consuming process, preliminary experiments were carried out
using a “mock” version of the intended cell populations in order to de-
velop and optimize cell culture conditions. For the mock mixed culture
(mMC), Hep G2, HUVECs and HFFs were mixed together at a 10:7:2 ra-
tio and resuspended in a mix of DMEM + 10% FBS and EGM2 at a 1:1
ratio. Thus, HFF were used as cellular model for mesenchymal cells,
and Hep G2 cells as model for hepatic derived cells. For the mixed cul-
ture (MC), iHEPs, HUVECs and iMSCs were mixed together at a 10:7:2
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ratio and resuspended in the mixed culture medium, consisting of
EGM2 and HCM (supplemented with 5% FBS, 100nM Dexamethasone,
20 ng/ml Oncostatin M and 10 ng/ml HGF) at a 1:1 ratio.

i1) Organoids: in order to obtain organoids (ORGs), either EZSPHERE Mi-
croplate 96 Well or AggreWell™ Microwell Plates (STEMCELL Tech-
nologies) were used. The mixed culture was seeded in a well on day o,
cultured for 48 hours and the ORGs obtained were then used for further

applications.

3D DYNAMIC CULTURE

Liveflow and LiveBox1 (LB1) (IVTech) were used to perform the ORGs’ 3D dy-
namic culture. This system is composed of a peristaltic pump allowing the genera-
tion of a constant fluid flow inside the LiveBox1 culture chamber. This fluid flow
can be set in a range varying from 100 to 450 ml/min. In our experimental condi-
tions, fluid flow was fixed on 330 ml/min. ORGs were resuspended in a solution
of 1.5% alginate in HEPES-NaOH 20mM (pH = 7.4); drops 1-2 mm wide were
formed by dispensing the solution containing the ORGs in CaCl. with a syringe.
The drops, containing a total of about 150-200 ORGs, were cultured for 96 hours
in the bioreactor and then collected. A peristaltic pump (IVTech LiveFlow®) cre-

ates the flow. All IVTech bioreactor’s components were autoclaved.

FLOW CYTOMETRY

The cells were detached and resuspended in a stain buffer (PBS++, 2% BSA). The
antibodies were added and the cells were incubated at 4°C for 20 minutes. Sam-

ples were analyzed using FACSCanto™ flow cytometry (BD Bioscience).
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HUMAN CD MOLECULES | FLUOROCHROME | MANUFACTURER
CD34 PE/Cy7 BIOLEGEND
CD73 PE BIOLEGEND
CD9o APC BIOLEGEND
CD105 PerCP/Cys.5 BIOLEGEND
CXCR4 FITC BIOLEGEND
CD117 FITC BIOLEGEND

Table 1. Flow cytometry antibodies.

VIABILITY ASSAY

The CellTiter-Glo® 3D Assay (Promega) was used to assess the ORGs’ viability.
The ORGs were collected from the multiwell plate or the bioreactor, put in an
opaque multiwell plate and an equal volume of CellTiter-Glo® 3D Reagent was
added to the culture medium. The ORGs were incubated at room temperature for
25 minutes, and luminescence was recorded.

To determine the number of ORGs to read for each point, a calibration curve was
made on a range from 4 x 10"3 to 320 x 103 cells. From 160 x 10”3 cells up, the
signal was in overload, while the best results were obtained in the range 40 - 80 x
10”73 cells. Since each ORG is composed of approximately 2 x 10”3 cells, the via-

bility assay was carried out using 30 ORGs (in tryple) for each point.

PROTEIN QUANTIFICATION

Quick Start™ Bradford Protein Assay (BioRad) was used for protein quantifica-
tion. The ORGs were collected, resuspended in lysis buffer, and sonicated on ice 3
times for 5 seconds. The samples transferred to a multiwell plate and 1x dye rea-
gent was added to each well. Samples were incubated at room temperature for 5
minutes and then the absorbance at 595 nm was measured with a spectropho-

tometer.
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IMMUNOHISTOCHEMISTRY

The ORGs were collected, centrifuged and the supernatant was discarded. A com-
pacting solution consisting of 75% methanol, 20% chloroform and 5% glacial ace-
tic acid was added to the pellet and let dry for 30 minutes. The pellet was stained
with hematoxylin and eosin, in order to make it visible for the subsequent slicing,
put in an histology cassette and fixed in 4% formaldehyde. The samples were then
processed for inclusion. The 2 mm thick representative sections from paraffin
embedded blocks were de-waxed and rehydrated. Endogenous peroxidase activity
was blocked with 0.3% H202 (Sigma Aldrich) in methanol for 20 minutes. Anti-
gen retrieval was performed using a microwave oven in 1.0 mM EDTA (Carlo
Erba) buffer (pH 8.0) or in 1.0 mM Citrate (Carlo Erba and Panreac) buffer
(pH6.0).

Sections were then washed in tris-buffered saline (TBS, Carlo Erba) (pH 7.4) and
incubated for one hour in the specific primary antibody diluted in TBS 1% bovine
serum albumin (BSA, Merck) (CD31 (clone PECAM-1) NovocastraTM 1:50), Al-
pha Fetoprotein (rabbit polyclonal, Diagnostic Biosystems, 1:200), CD90/Thy1
(rabbit monoclonal clone EPR3133, Abcam,1:50) and Vimentin (mouse monoclo-
nal clone VP, Leica, 1:150).

The signal was revealed using the DAKO Envision+System-HRP Labelled Poly-
mer Anti-Mouse or Anti-Rabbit, followed by diaminobenzydine (DAB) as chro-
mogen and hematoxylin as counterstain. Images were acquired with a Nikon DS-
Ri2 camera (4908 x 3264 full-pixel) mounted on a Nikon Eclipse 50i microscope
equipped with Nikon Plan lenses (x10/0.25; X2070.40; X40/0.65; X100/1.25) us-

ing NIS-Elements 4.3 imaging software (Nikon Corporation).

IMMUNOSTAINING

Cells were fixed in 4% Immunofix (Bio-Optica) for 15 minutes and then permea-
bilized for 10 minutes with 0.1% Triton X-100 in PBS.

The cells were then incubated with Blocking Buffer (PBS containing 1% BSA, 2%
Donkey serum (Thermo Fisher Scientific), 0.1% Triton X-100 (Merck)) for 60
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minutes at room temperature. Next, primary antibodies (Table 2) diluted in
blocking buffer were added and incubated 3 hours at room temperature. After
washing, Alexa Fluor 594- and/or Alexa Fluor 488-conjugated secondary anti-
bodies (ThermoFisher Scientific) were added 1 hour at room temperature. Cellu-
lar nuclei were stained with DAPI(Merck). The cells were observed under an in-

verted fluorescent microscope (Axiovert, Zeiss).

Antibody Company Cat#

Mouse anti-SOX17 ThermoFisher Scientific, Cat#MA5-24885
Rabbit anti-FoxA2 ThermoFisher Scientific, Cat#720061
Rabbit anti-HNF4A ThermoFisher Scientific, Cat# MA5-14891
Donkey anti-mouse IgG 488 ThermoFisher Scientific, Cat#A21202
Donkey anti-rabbit 488 IgG ThermoFisher Scientific, Cat#A21206

Table 2. Immunostaining antibodies.

RNA EXTRACTION AND RT-PCR ANALYSIS

ORGs were homogenized prior to RNA extraction using a Micro-Vasoter
Elvehjem 0,1 ml Wheaton potter (Biosigma).

Total RNA was extracted with Quick-RNA MiniPrep (Zymo Research), and then
quantified.

Reverse transcriptase-PCR of 1 ug of total RNA was carried out using iScript
cDNA Synthesis Kit (BIO-RAD), followed by specific PCR amplification. Sequenc-

es of individual primer pairs are detailed in Table 3.

GENE FORWARD/REVERSE (5’-3’)

OCT 3/4 | GGGTTTTTGGGATTAAGTTCTTCA/GCCCCCACCCTTTGTGTT

SOX2 CAAAAATGGCCATGCAGGTT/AGTTGGGATCGAACAAAAGCTATT

NANOG | AGGAAGACAAGGTCCCGGTCAA/TCTGGAACCAGGTCTTCACCTGT

ACTB CACTCTTCCAGCCTTCCTTC/AGTGATCTCCTTCTGCATCCT

HNF4a TGCGACTCTCCAAAACCCTC/TGATGGGGACGTGTCATTGC

AFP AAGTTTAGCTGACCTGGCTACC/TGCAGCAGTCTGAATGTCCG
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ALB TCTTCTGTCAACCCCACACG/GCAACCTCACTCTTGTGTGC

SERPINA1 | TCCGATAACTGGGGTGACCT/AGACGGCATTGTCGATTCACT

Table 3. Primers.

SECRETED PROTEINS QUANTIFICATION

The secretion of Alpha-1 Antitrypsin (AAT), Alpha Fetoprotein (AFP), Aspartate
Transaminase (AST), Alanine Transaminase (ALT) and Alkaline Phosphatase
(AP) was measured in a collaboration with the Laboratorio Centrale di Analisi
Chimico-Fisiche of Spedali Civili di Brescia. The iHEPS’ culture medium was col-
lected every other day starting from day 11 of differentiation.

Albumin quantification was carried out using the RayBio® Human Albumin ELI-
SA Kit. Briefly, the medium of iHEPs at day 19 of differentiation was collected and
diluted 500,000 fold in Assay Diluent C. The standard curve was prepared using
the human Albumin provided with the kit.

Each standard and sample was added to the appropriate well and incubated for
2.5 hours at room temperature. The solution was then discarded and the wells
were washed with 1X Wash solution. After the last wash, the plate was inverted
and blotted against a clean paper towel. The biotinylated antibody was added to
each well, incubated for 1 hour at room temperature. A wash step was repeated
and then Streptavidin solution was added and incubated for 45 minutes at room
temperature.

Another wash step was performed, TMB One-Step Substrate Reagent was added
to each well and incubated for 30 minutes at room temperature.

The Stop Solution was then added to each well and the absorbance at 450 nm was

immediately measured.
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RESULTS

SPHEROIDS

To investigate the behaviour of cells in complex 3D systems, we directed our in-
terest towards the development of a 3D organoid (ORG) model that could be fur-
ther used in disease modeling and drug screening studies. “ORGs” are organ-like
tissues obtained by mixing together multiple cell types in order to enhance their
viability, engraftment potential, maturation status, etc.

Liver ORGs need an endothelial component, to help avoid necrosis at their inner
core, and a stromal component, holding structural properties (14).

We started with setting up all the protocols needed for the actual ORGs’ for-
mation using less valuable cell lines; indeed, the preliminary experiments were
performed using Hep G2 hepatoma cells.

The first step of experiments consisted in finding a reproducible way to obtain
spheroids (SPHs) that resemble the same 3D structure of an ORG, but are com-
posed of a single cell type. Hep G2 cells were seeded and then cultured for 24-48
hours in peculiar multiwell plates, the EZSPHERE Microplate, which contain
about 80 microwells for each of the 96 wells of the plate (Fig. 8). Each plate is in-
dividually laser-etched and coated with a biocompatible non-adherent surface so
that the cells can slide to the bottom of the wells by gravity and hence aggregate
forming SPHs.

After 48 hours, the SPHs were processed for inclusion; to optimize the protocol,
we stained the pellet with hematoxylin and eosin in order to make it visible dur-
ing the slicing. As shown in Fig. 9, there is only a small degree of variability in
terms of size of the SPHs obtained: the average diameter size of the SPHs resulted
being 161,6 um, with a standard deviation of 52,8 (n= 30), thus validating the use
of the EZSPHERE Microplates.
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Fabrication process

EB-formation process

CO, gas laser Inoculate single cells

Cells drop nto each micro-well

Plastic Petr1 dishes or plates

3~6 hours
About 100 ~ 400 um

About 200 ~ 1,000 pm

Figure 8. EZSPHERE Microplate's microwells (modified from EZSPHERE Microplate brochure).

Figure 9. Hematoxylin and eosin staining for the SPHs. 4x magnification (A) and 10x magnification (B). Scale
bar corresponding to 500 um and 200 um, respectively.

MOCK ORGANOIDS

Having identified a method to obtain SPHs/ORGs in a reproducible way, we pro-
ceeded to set up the remaining protocols using mock organoids (mORG), ob-

tained by mixing together human hepatoma Hep G2 cells, human endothelial
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cells HUVECs, and human fibroblasts HFFs as stromal component at a 10:7:2
previously published ratio (14); the mock mixed culture (mMC) was then grown

for 48 hours (Fig. 10).

Figure 10. Cell seeding in the EZSPHERE Microplate. A shows the cells right after seeding, B shows the 3D cell
agglomerates after 48 hours.

Since the size of the aggregates obtained reaches and exceeds 200 microns, a size
considered problematic for the diffusion of nutrients in the cell culture medium,
we compared the behaviour of the mORG in either static or dynamic culture con-
ditions. LiveBox1 (LB1) was used to set up the mORG’s 3D dynamic culture. LB1
(Fig. 11) is a transparent chamber designed for inter-connected dynamic cell cul-
tures, featuring a flow inlet and outlet for the perfusion of cell culture media. The
mORG were resuspended in a solution of 1.5% alginate and were entrapped in gel
drops 1-2 mm wide by dispensing the suspension with a syringe in CaCl. solution
(Fig. 12). The drops, containing a total of about 150-200 mORG, were cultured for
96 hours either in the bioreactor (Fig. 12B) or in a dish (Fig. 12A) and then col-
lected. As a control culture we used the mORG grown statically in the EZ-
SPHERE.
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Figure 11. LiveBox1 chamber.

Figure 12. mORGSs were incapsulated in alginate beads. These beads were maintained in either static (A) and
dynamic (B) 3D culture conditions.

Fig. 13 shows the protocol setup:

e atT-2/Do, the mMC was seeded in the EZSPHERE;

e after 48 hours, at To/D2 the mORGs were collected to perform a viability
assay and to process for inclusion, and to set up all the different culture
conditions;

e at Tf/D6, the experiment was stopped and all the samples were collected to

perform further analysis.

Do D2 D6
| 24h | | | | |
| I | I I I |
CONTROL
T_z \F‘ZSPHFRF/AGGRFWFLL) Tf
STATIC 3D
DYNAMIC 3D

(LiveBox)

Figure 13. Protocol timeline and conditions of the experiment.
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ANALYSIS OF mORG MORPHOLOGY
For a better understanding of the 3D morphology of the mORG, we embedded

them in paraffin and stained them with hematoxylin and eosin (Fig. 14). In the
mORGs’ core we found some signs of necrosis, regardless of the culture condition
(Fig. 14E-F), even if there seems to be a larger amount of dead cells in the control.
We found that the ORGs cultured in the 3D static condition (Fig 14A) are larger
than the other ones, even if they were all the same size at the starting point. A
staining with a proliferation marker such as MIB1 will be necessary to see if their

increase in size is due to proliferating cells.

Figure 14. Hematoxylin and eosin staining for the mORG at To (A), Tf in EZSPHERE (B), static (C), and dy-
namic (D). Images are x20 original magnification, scale bar corresponding to 100 um.
4o0x original magnification of representative necrotic core (E-F). Scale bar 50 um.
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To understand how the mORG self-assembled, we stained them for specific cell-
lineage markers: CD31 for the endothelial cells, Alpha Fetoprotein (AFP) for the
Hep G2, CD90/Thy1 and Vimentin for the fibroblasts. Fig. 15 shows that the core
of the mORG is composed of HUVECs and fibroblasts, with an outer layer of Hep
G2.

Moreover, there is a loss of AFP+ cells in the control condition (Fig. 15B) that
could be due to either a loss of Hep G2 or to a switch in phenotype in such cells.
This result needs to be further analyzed to fully comprehend it.

In addition, there’s a high number of CD9o+ cells in the static 3D culture condi-
tion (Fig. 15M), indicating that the CD9o+ cells proliferated in this condition,
whereas the weak vimentin signal could be explained by a phenotypical switch in
the fibroblasts.

mORG TO EZSPHERE (ctrl) STATIC DYNAMIC (LB1)

AFP

CD31

Vimentin

Figure 15. A-D staining for Alpha Fetoprotein on for the mORG at To (A), Tf in EZSPHERE (B), static (C), and
dynamic (D). E-H staining for CD31 for the mORG at To (E), Tf in EZSPHERE (F), static (G), and dynamic (H).
I-N staining for CD9o for the mORG at To (I), Tf in EZSPHERE (L), static (M), and dynamic (N). Staining for
vimentin for the mORG at To (0), Tf in EZSPHERE (P), static (Q), and dynamic (R). All images are x20 original
magnification, scale bar corresponding to 100 um.

32



ASSESSMENT OF CELL VIABILITY in mORG
To assess the viability of the mORG, we used the CellTiter-Glo® 3D; this assay is

specifically designed for determining cell viability in 3D microtissues, measuring
ATP as an indicator of viability through a luminescent readout; the luciferase re-

action for this assay is shown in Fig. 16.

Figure 16. Luciferase reaction.

We quantified the amount of proteins in each sample and used it to normalize the
luminescent data obtained (Fig. 17).

This is a necessary step because there’s a small degree of variability among the
ORGs'’ sizes. The data is therefore expressed in RLU/mg of protein. As shown in
the chart in Fig. 17, there’s a decrease of viable cells in the control culture condi-
tion, compared to the starting point, while the mORG cultured in the bioreactor

show the highest viability, confirming our previously obtained data.
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Figure 17. Luciferase activity (RLU/mg protein) at the starting point (To) and at the end point (Tf) for mORGs
maintained is EZSPHERE, or static and dynamic culture conditions.
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From this chart we can confirm that 3D culture conditions favor cell survival,
even if we need more experiments to assess if the differences shown are statis-

tically significant.

Having obtained these preliminary results and having set up our protocols, we
then proceeded to derive mesenchymal stem cells (iMSCs) and hepatocytes

(iHEPs) from a commercial iPSCs line used in our laboratory.

CELL DIFFERENTIATION AND CHARACHTERIZATION

iMSC

A high number of factors are involved in the formation of a 3D liver bud, includ-
ing the fine regulation of signals between endodermal epithelial, mesenchymal
and endothelial progenitors (10).

The mesenchymal component of our ORGs, crucial for the structural develop-
ment, was derived from iPSCs.

We differentiated iMSCs from a control line used in our laboratory and then we
performed a characterization of the cells obtained to assess their nature.

The International Society for Cellular Therapy (ISCT) defines MSCs on a set of

characteristic properties:

e Plastic-adherent properties,

e Self-renewal capacity,

e Multi-lineage differentiation potential (e.g., osteocytes, adipocytes, and
chondrocytes),

e Characteristic cell surface marker expression.

As shown in Fig. 18, after a week of differentiation we obtained mesenchymal

looking cells that had self-renewal capacity and did adhere to plastic.
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Figure 18. iPSCs colonies (A) and iMSCs (B) after one week of differentiation. Scale bar 400 um.

We then tested the cells for the surface markers CD34, CD73, CD9o and CD105
using flow cytometry (Fig. 19). Our results show that 98% of the cell population is
CD34-, and 92% of the population is CD73+, CD9o+ and CD105+, thus confirm-

ing the mesenchymal characteristic cell surface marker expression.
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Figure 19. Flow cytometry analysis on iMSCs.

After 7 passages, we extracted the total mRNA from the cells and we measured
the expression level of the pluripotency genes OCT3/4, SOX2, and NANOG. Fig.
20 shows that the pluripotency genes are downregulated in the differentiated

cells, compared to the iPSC’s expression level.

35



1,2

038

0,6

2A-ACT

0,4

0,2

iPSC iMSC

mOCT 3/4 mSOX2 ~ NANOG

Figure 20. Expression level of the pluripotency markers OCT3/4, SOX2 and NANOG in iMSCs
compared to iPSCs.

In order to further investigate our cells’ properties, we differentiated them in os-
teocytes and adipocytes using commercially available kits; after 20 days of differ-
entiation, we stained the cells obtained with Alizarin Red S and Oil Red O, respec-

tively (Fig. 21).

Figure 21. Staining with Alizarin Red S (A) and Oil Red O (B). Scale bar 400 um.
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Alizarin Red S reacts with calcium, thereby highlighting calcium deposits typical
of osteocytes, while Oil Red O is a fat-soluble dye that stains neutral triglycerides
and lipids. The positive staining for both of these dyes corroborates the multi-
lineage differentiation potential of our cells.

These results taken together confirm that we successfully differentiated iMSCs

from iPSCs that could be used for the next set of experiments.

iHEP

The core goal of our project was to assemble functional liver ORGs from patient
derived iPSCs; for the set-up of the many protocols of our preliminary experi-
ments, we used a control line.

The first step towards the derivation of hepatic lineage cells from iPSCs is the in-
duction of definitive endoderm (DE) (Fig. 22); its efficiency can be monitored
through the modulation of gene expression and/or changes in the expression of

surface markers.

Dayo Day1 Day 2-5 Day 6-8 Dayo9
Passage and plate single- ~ Wash cells and change ~ Change medium Change medium Detach the cells
cell suspension medium

| -

Single-Cell passaging Medium 1 Medium 2 gq:is pecification Hep Maturation

Medium STEMiff Definitive Endoderm  STEMdiff Definitive Endoderm Camm . Med““_“ )

mTESR with Y-27632 Supplement MR and CJ in Supplement CJ in Basal RPMI with B27, FGF2, BMP4 HCM with Oncostatin M,
Basal Medium Medium Dexamethasone, HGF

Figure 22. iHEPs' differentiation protocol.
The iPSCs were seeded at high density on Matrigel coated wells; after 24 hours

the medium was replaced with STEMdiff™ Endoderm Basal Medium. At day 5 of

differentiation, the cells show a change in morphology: the cells became larger,
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flatter and acquired a polygonal shape, indeed resembling cells of endodermal

origin (Fig. 23).

Figure 23. 1PSCs cells 24 hours after seeding (A), definitive endoderm at day 5 of differentiation (B). Scale bar
200 um.

Furthermore, on day 5 of differentiation, the cells obtained were analyzed by flow
cytometry for the presence of CXCR4 and CD117, markers largely used to assess
endoderm induction from iPSCs (Fig. 24). Our results show that 96.4% and
92.7% of the cell population is CXCR4+ and CD117+ respectively, from which we

can confidently confirm the endodermal nature of the cells obtained.
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Figure 24. Flow cytometry analysis for CXCR4 (A) and CD117 (B).

To further characterize our cells, we stained them for another set of specific en-
dodermal markers: FOXAz2, a transcription factor involved in the development of

multiple endoderm-derived organ systems such as the liver; HNF4, a transcrip-
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tional regulator which controls the expression of hepatic genes during the transi-
tion of endodermal cells to hepatic progenitors; and SOX17, a transcription regu-
lator which plays a key role in the regulation of embryonic development and is re-
quired for normal development of the definitive gut endoderm (9). Fig. 25 shows
the expression of these markers in our cells, further confirming their endodermal

nature.

Figure 25. Staining for FOXA2 (A), HNF4 (B), SOX17 (C). Scale bar 20 um.

We then proceeded to guide the hepatic specification by adding B27, bone mor-
phogenetic protein (BMP-4) and basic Fibroblast Growth Factor (bFGF or FGF2)
to the DE cell culture for additional two days. In order to promote maturation of
the specified population, we cultured it in the presence of Hepatocyte Growth
Factor (HGF), oncostatin M and dexamethasone for 15 days starting from day 9 of
the differentiation.

At days 5 and 9 of differentiation, we extracted the total mRNA from the cells and
we measured the expression level of the pluripotency genes OCT3/4, NANOG, key
genes that are upregulated in iPSCs.

The histograms in Fig. 26 show that the pluripotency genes are downregulated in

the differentiated cells, compared to the iPSCs’ expression level.
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Figure 26. Expression level of the pluripotency markers OCT3/4 and NANOG in DE at day 5 of differentiation
and iHEPs at day 9 of differentiation compared to iPSCs.

Moreover, the expression of HNF4 is higher in the obtained cells compared to the

iPSCs, and highest in the cells at day 9 of differentiation (Fig. 27).
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Figure 27. Expression level of HNF4 in DE at day 5 of differentiation and iHEPs at day 9 of differentiation com-
pared to iPSCs.

These results confirm that the iPSCs were not only successfully differentiated into
endodermal cells, but also that they achieved a more hepatocyte-like phenotype

over time.
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We also measured the expression of the ALB, SERPINA1, and AFP, confirming
that these hepatic genes are not expressed in the iPSCs and furthermore, their ex-

pression is higher in the cells at day 9 of differentiation (Fig. 28).
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Figure 28. Expression level of AFP, ALB and SERPINA1 in DE at day 5 of differentiation and iHEPs at day 9 of
differentiation compared to iPSCs.

We measured the secretion of several hepatic markers over time (day 11- day 23):

e Alpha-1 Antitrypsin (AAT), a protease inhibitor synthesized primarily by
hepatocytes;

e Alpha Fetoprotein (AFP), marker of immature hepatocytes;

e Aspartate Transaminase (AST), which catalyzes the interconversion of as-
partate and a-ketoglutarate to glutamate and oxaloacetate;

e Alanine Transaminase (ALT), which catalyzes the conversion of pyruvate
and glutamate to L-alanine and a-ketoglutarate;

e Alkaline Phosphatase (AP), present in the canalicular membrane of the

hepatocyte (Fig. 29).

41



AAT AFP

12000 450
400
10000 350
8000 300
= < 250
< 6000 2 200
od =
£ 150
4000
100
2000 50
0
0 11 13 15 17 19 21 23
1 13 15 17 19 21 23
day
A day B
AST ALT
25 9
8
20 7
6
3 =5
~ =~
S S 4
=2 2
3
5 2
1
0 0
11 13 15 17 19 21 23 11 13 15 17 19 21 23
C day D day
AP
12
10
8
=
S
4
5
0
11 1 15 1 19 21
E day

Figure 29. Quantification of AAT (A), AFP (B), AST (C), ALT (D), and AP (E) secretion.

This set of data confirms that the obtained cells secrete enzymes specific to the
hepatocytes. More specifically, AST and ALT’s secretion levels (Fig. 29C-D) are
congruous with in vitro hepatocytes’ secretion (38), while the secretion profile
showed for AAT (Fig. 29A) has a very peculiar trend and needs to be deeply ana-
lyzed in further experiments.

These results suggest that between day 13 and 15 of differentiation a phenotypical
change, probably towards a more mature status, occurs. We also hypothesize that
the trend shown by AFP secretion (Fig. 29B) might depend on the different matu-
ration status of the cells. In facts, during liver organogenesis in the embryo, the
level of AFP expression decreases while ALB expression increases (35, 36), thus

explaining the higher secretion of AFP at the early stage of hepatocyte differentia-
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tion and its subsequent decrease at a later stage. Changes in the phenotype relat-
ed to the maturation status might also explain the trend shown by AP’s secretion
levels (Fig. 29E), since iPSCs produce AP at their pluripotent stage (37) as do ma-
ture hepatocytes.

We also attempted to measure albumin (ALB) secretion, in a collaboration with
the Laboratorio Centrale di Analisi Chimico-Fisiche of Spedali Civili di Brescia,
but with this method we obtained a saturated signal. We therefore performed an
ELISA assay on the medium collected from the culture at day 19 of the differen-
tiation to assess the presence of ALB (Fig. 30A). Compared to primary human
hepatocytes (39), iHEPs secrete less ALB; this could be due to a less mature phe-
notype. Nevertheless, these results show that our cells produce hepatic specific

enzymes and proteins.
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Figure 30. Quantification of ALB secretion in tHEP at day 19 of differentiation (A). ALB secretion in Proliferat-
ing Human Hepatocytes (ProliHH) in different passages (B) (Modified from Zhang et al., 2018)

ORGANOIDS

Having set up all the protocols and having successfully differentiated our cells of
interest, we performed our experiments using iHEPs, HUVECs, and iMSCs mixed
together at a 10:7:2 ratio (14). We cultured this mixed cell population (MC) for 48

hours in AggreWell™ 400 plates (Fig. 31); each well contains a standardized array
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of microwells 400 pm in size, enabling the production of large numbers of em-
bryoid bodies (EBs) and SPHs.

Figure 31. Cell seeded in the AGGREWELL plate. A shows the cells right after seeding, B shows the 3D cell ag-
glomerates after 48 hours.

Since the differentiation of the iHEPs needed for the experiment requires millions
of iPSCs, our first goal was to ensure that the actual ORGs could be grown in the
previously set up conditions. In order to do so we carried out the experiment on a
smaller scale: we used the time frame in Fig. 13, but without the LB1 culture con-
dition.

The MC was seeded in the AGGREWELL plate at T-2 and after 48 hours (To) we
collected the ORGs, performed a viability assay, and set up the 3D culture condi-
tion. The ORGs were then cultured for an additional four days.

The viability assay (Fig. 32) confirmed that culturing the ORGs in a 3D static
condition improved their viability, as previously shown in the preliminary exper-
iments.
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Figure 32. Luciferase activity (RLU/mg protein) at the starting point (To) and at the end point ('Tf) in the two
different experimental conditions
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To further investigate the ORGs’ behaviour, we extracted the total RNA from the
AGGREWELL samples at To and Tf, and measured the expression level of hepatic
genes such as ALB, SERPINA1, and AFP, comparing them to samples of DE at
day 5 of differentiation and iHEP at day 9 of differentiation. As shown in Fig. 33
there’s an increased expression of ALB, SERPINA1, and AFP in the ORGs when
compared to the single cell type population, which gets even higher at the exper-
iment’s end point for ALB and AFP (Fig. 33A, C); SERPINAT1’s unique behavior
will be further analyzed in following experiments. These results suggest that co-
colturing iHEPs with iMSC and HUVEC might enhance their hepatic-like func-

tions.
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Figure 33. Expression level of ALB (A), SERPINA1 (B) and AFP (C) in the ORGs at the starting point (To) and at
the end point (Tf) compared to DE at day 5 of differentiation and iHEPs at day 9 of differentiation.
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Having obtained these results, we then proceeded to set up a more comprehen-
sive experiment. We used the time frame of the previous experiments (Fig. 13),
adding a 2D control condition: at T-2 the MC was seeded in both the AGGRE-
WELL plate and in a standard 2D dish, maintaining the same ratio. Along with
the MC, we performed the same experiments using only iHEPs (Fig. 34 and 35).

Experiments and the analysis are still ongoing.
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Figure 34. Experiment layout.
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Figure 35. Parallel culture set up in the LiveBox1 bioreactor
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CONCLUSION

Organoids are a powerful tool to apply in developmental studies, drug screening,
and disease modeling. The ever increasing progress made in finding new technol-
ogies to obtain and culture 3D cell aggregates, makes this model more and more
closely resembling its in vivo counterpart. The organoid model is therefore as
promising as it can be a challenging technology.

The first challenge when assembling 3D constructs lies in making the process as
reproducible as possible; we overcame this critical issue by using peculiar multi-
well plates specifically designed to obtain 3D cell microaggregates. Not only using
these multiwell plates granted an acceptable degree of variability in terms of size
of the aggregates, but the high number of microwells on each plate easily allowed
the production of a batch of spheroids/organoids.

Another challenging aspect of this technology is the search for the right culture
conditions that not only give the best outcome in terms of viability, but also in
terms of physiological behavior, especially when working with iPSCs-derived
cells. The optimal culture condition should allow the organoids to reach the ap-
propriate state of maturation, while maintaining their in vivo counterpart’s func-
tional properties.

In this view, a growing amount of studies on 3D constructs rely on bioreactors,
since they allow to control in a precise and reproducible way the environmental
conditions required for cell culture, such as temperature, pH, flow rate, oxygen,
nutrient supply, and waste metabolite removal. However, the main limitation of
classic bioreactors technology consists in the high number of cells needed for the
culture, hence why we used the LiveBox1, a small bioreactor comparable in sizes
to classical culture-ware such as petri dishes and multiwell plates.

In our preliminary study, we demonstrated that using a dynamic culture condi-
tion, such as the LiveBox1 bioreactor, increased the viability of the cultured or-
ganoids.

Our goal was to develop a model that could be used in disease modeling and drug

screening tests, hence why we wanted to derive patient-specific cells.
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Using a commercial iPSCs line we differentiated and characterized iMSCs and
iHEPs to use to assemble the organoids. Both obtained cell types express charac-
teristic markers and properties, thus confirming their nature.

Each experiment takes roughly 3-4 weeks of preparation time to obtain the neces-
sary cells: only for the experiment in Fig. 34 we needed 12 x 1076 iPSC to differ-
entiate into 19 x 10”6 iHEPs just to perform the basic analysis: viability assay,
morphology assessment and total RNA extraction; many characterization studies
are yet to follow and still needed.

In conclusion, though setting up and optimizing a 3D organoid model can be
challenging, the perks and possibilities this tool has to offer outweigh the efforts

needed.
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Featured Application: The proposed device and method can promote the arrangement of cells in
defined geometries through acoustic flexural plate waves for organized engineered tissues.

Abstract: In this paper, the possibility to steer and confine live human cells by means of acoustic waves,
such as flexural plate waves (FPWs), generated by piezoelectric actuators applied to non-piezoelectric
substrates, has been explored. A device with two lead zirconate titanate (PZT) actuators with an
interdigital transducer (IDT) screen-printed on an alumina (Al,O3) substrate has been fabricated and
tested. The experimental results show that, by exciting the actuators at their resonant frequencies,
FPW modes are generated in the substrate. By exploiting the device, arrangements of cells on lines
at frequency-dependent distances have been obtained. To maintain the alignment after switching
off the actuator, cells were entrapped in a fibrin clot that was cultured for several days, enabling the
formation of cellular patterns.

Keywords: acoustic waves; piezoelectric actuators; flexural plate waves (FPWs); in-liquid cell
steering and confining; cell manipulation; tissue engineering applications; fibrin gel; myoblasts;
endothelial cells

1. Introduction

So-called “tissue engineering science” refers to the practice of combining cells, biomaterials,
and suitable biochemical and physicochemical factors to assemble a biological functional tissue.
Tissue engineering science is emerging as a promising technique to build functional constructs that
restore, maintain, or improve damaged tissues [1].

The physical and structural properties of the tissue, along with biological and biochemical
environments, play key roles in achieving cell differentiation, maturation, and organogenesis [2].
Hence, the field of tissue engineering relies on the search for a three-dimensional (3D) scaffold
representing a template for tissue formation that can be used in vivo, where it can act as a guidance
for cellular regeneration, or can be seeded in vitro with cells and growth factors or subjected to
biophysical/mechanical/chemical stimuli that promote tissue growth [3].
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A crucial step in building a 3D tissue lies in its thickness, because the exceeding of a certain
size (from 100 to 200 um) prevents the oxygen, nutrients, and metabolic exchange among cell layers,
irreparably leading to tissue necrosis [4]. To overcome this issue, current strategies rely on in vitro
settings that increase the diffusion/perfusion of the tissue, such as a dynamic culture, while in vivo
the colonization of the tissue by host vessels after grafting is promoted. Nevertheless, as happens
in natural tissues, the fabrication of a network of microvessels that can be integrated with the host
vasculature, could increase the survival of cells more sensitive to reduction of supply of nutrients and
oxygen [5].

In recent research activities, 3D bioprinting, wherein both the layer-by-layer precise positioning of
biological materials, biochemicals, and living cells, and the spatial control of the placement of functional
components has been adopted, allowed for the fabrication of 3D structures exploiting bio-mimicry;,
autonomous self-assembly, and mini-tissue building blocks [6]. These goals can be pursued with the
help of different deposition and shaping techniques, such as inkjet, microextrusion, and laser assisted
printing, although these innovative technologies require expensive instrumentation. Bioprinters and
bioplotters typically adopt piezoelectric or pneumatic devices for depositing cells, even dispersed
into a proper liquid solution [7], and have the benefit of the flexibility of customizable patterning
design, but have several drawbacks, such as the relatively large amount of time necessary to correctly
achieve the spatial location of cells within the hydrogel, and limitations with respect to the density and
viscosity of the liquid solution in which the cells need to be dispersed [8]. The main challenge remains
the reproduction of the complex microarchitecture of extracellular matrix components with sufficient
resolution, in which multiple cell types interact and exert their biological functions [9].

As an alternative, several strategies for cell trapping have been proposed and exploited in the
literature. The most straightforward is hydrodynamic cell trapping, where a (series of) microchannel(s)
of sufficiently small size in order to trap cells by suction is fabricated within microsystems [10].
Microbioreactors allowing direct-perfusion of culture medium through tissue-engineered constructs
may overcome diffusion limitations associated with static culturing and may provide flow-mediated
mechanical stimuli. The hydrodynamic stress imposed on cells within scaffolds is directly dependent
on scaffold microstructure and on bioreactor configuration [11].

Microfluidic systems based on acoustic waves generated through the piezoelectric effect have
recently received a great deal of attention in biological and medical fields for mixing, sorting, separation,
counting, and positioning of particles and cells, mostly relying on the nodes and antinodes generated
by standing waves [12]. Surface acoustic wave (SAW), bulk acoustic wave (BAW), and FPW (flexural
plate wave) acoustic modes can be generated and detected by piezoelectric actuators driven at suitable
frequencies to obtain wavelengths in the order of up to 100 pm [13,14]. The forces generated by the
interaction between acoustic waves and fluids can be used to actuate fluids and suspended particles,
such as cells, at a small scale with micrometric resolution. Additionally, piezoelectric devices have the
inherent advantage of allowing contactless operation between the transducer and the electronics [15].

Custom-built microfluidic perfusion bioreactors with integrated ultrasound standing wave traps
have been proposed for cartilage tissue engineering [16]. In such devices, acoustic waves and
continuous perfusion of the culture medium at a low-shear flow rate promote scaffold-free generation
of 3D agglomerates of human articular chondrocytes and enhance cartilage formation by cells of
the agglomerates via improved mechanical stimulation and mass transfer rates. A versatile SAW
technique has been proposed to control the distance between two isolated cells, to drive the clustering
of single cells in defined geometries, by maintaining them in suspension, and transferring them to their
adherent state [17]. The typical configuration of the microfluidic devices used for fluid and particle
manipulations exploiting SAWs or FPWs requires piezoelectric substrates with interdigital transducers
(IDTs) to realize the actuators [18-22].

In this study, the use of screen-printed piezoelectric films for the generation of the FPWs on
alumina substrate was explored to assemble 1D cellular structures. The aim was to demonstrate
that arrangements of living human cells can be advantageously obtained by acoustic waves with
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actuators on generic non-piezoelectric substrates, thereby including transparent substrates typically
adopted for the fabrication of microfluidic devices. This is advantageous compared to similar devices,
both those based on FPWs and those based on SAWSs, because non-piezoelectric substrates ease the
patterning of IDTs in different positions without the need to consider the crystallographic orientations.
Thus, by adding one or more pairs of IDTs, in principle it could be possible to obtain 2D-cellular
structures. From a biological point of view, the use of the proposed device enables the formation of
ordered cellular structures that can be merged into an engineered tissue.

2. Design and Fabrication of the Device

A sketch of the device developed to steer and confine cells dispersed in liquid is shown in Figure 1a.
The device exploits two piezoelectric actuators placed diametrically opposed on the bottom of a 25 mm
in diameter circular alumina (Al,O3) substrate to generate standing acoustic waves, as schematically
represented in Figure 1b. The distance between pressure nodes, in which the cells are expected to be
confined, corresponds to half the wavelength of the generated acoustic waves.

Section A-A Cells

Liquid Cels Liquid
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o000 0 000 0 0508 0

o o oo
° o 0 0o © o o
11%0/0910691050°00°950000% 0

°
°
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a) substrate Piezoelectric actuators b)

Figure 1. Sketch (a) and cross-section A-A (b) of the device developed to steer and confine cells
dispersed in liquid.

The two piezoelectric actuators have been fabricated by the screen-printing technique [23].
Figure 2a,b show a section and a bottom view of the device, respectively, while Figure 2c shows an
enlarged view of a cross-section of the piezoelectric actuator.

The fabrication process of the actuators starts with the screen-printing deposition of a
palladium-silver (PdAg) ink to create the bottom 6 mm X 6 mm electrode (connected to pad C)
on a 635-um-thick alumina substrate, as shown in Figure 2d. Then drying at 150 °C and firing at 850 °C
processes are applied to finalize the bottom electrode. A lead zirconate titanate (PZT) 8 mm X 8 mm
layer is realized on top of the bottom electrode with multiple screen-printing depositions to obtain the
final thickness of about 100 um, as shown in Figure 2e. Drying at 150 °C and firing at 950 °C peak
temperature are carried out to each PZT deposition. Finally, an IDT composed of two interleaved
comb-shaped arrays of metallic electrodes (connected to pads A and B) is realized on top of the PZT
layer by a deposition of PdAg ink, as shown in Figure 2f. Final drying and firing processes are applied
to the IDT electrodes, as for the bottom electrode. The IDT has finger width and spacing of 350 um,
as shown in Figure 2¢/f.

The PZT layer has been poled at 4 MV/m along the thickness by applying a DC voltage between
the two armatures formed by A and B electrically shorted and C, respectively. Thus, a sinusoidal
excitation voltage applied between A and B (with C floating), or between A and B electrically shorted
and C, generates sinusoidal deformation along the PZT-layer thickness by exploiting mainly the d3;3
mode in both cases, since the thickness of the PZT layer is thinner than the spacing between two
adjacent IDT fingers.

Compared to similar devices [12-14], a larger volume of liquid can be used. This is granted by
the thickness of the screen-printed PZT film in the order of hundreds of micrometers and typically
higher piezoelectric coefficients compared to piezoelectric crystals, thereby providing comparatively
higher effectiveness of the actuators. The screen-printed deposition of PZT can be applied to other
non-piezoelectric substrates, such as high-temperature glasses, which could grant optical transparency
to the device.
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piezoelectric actuator (c). Fabrication process: deposition of the bottom electrode (d), lead zirconate

titanate (PZT) layer (e), and interdigital transducer (IDT) electrodes (f).
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Figure 3a,b show top-view and bottom-view pictures of the fabricated device fixed to a printed
circuit board (PCB) for electrical connections, respectively. The device can be used by filling the
5-mm-high chamber with liquid in which the cells are dispersed and where the generation of standing

acoustic FPWs is expected.

TOP VIEW BOTTOM VIEW

Piezoelectric actuators

Chamber for liquid IDT electrodes Bottom electrode

Figure 3. Top-view (a) and bottom-view (b) pictures of the fabricated device fixed to a printed circuit

board (PCB).
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3. Materials and Methods

3.1. Reagents

Bovine fibrinogen 90% clottable and bovine thrombin, high purity grade, were purchased from
MP Biomedicals. Neutral Red was purchased from AMRESCO. 4’,6-Diamidine-2’-phenylindole
dihydrochloride (DAPI) was purchased by Sigma.

3.2. Cell Culture

L6 rat myoblasts and human foreskin fibroblasts (HFF; provided by American Type Culture
Collection, catalogue #CRL-2429) were maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies) supplemented with 15% (v/v) fetal bovine serum (Life Technologies), 1% (v/v)
non-essential amino acids (Life Technologies), and 1% (v/v) penicillin/streptomycin (Life Technologies).
Cells were trypsinized every 3 or 4 days and split 1:4, with medium changes every other day.

Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords,
used at early (I-IV) passages, and grown on plastic surface coated with 0.1% (w/v) porcine gelatin
in Clonetics® EGM™-2 medium (Lonza). Cells were trypsinized every 3 or 4 days and split 1:4,
with medium changes every other day. HUVECs were obtained from pregnant women, in accordance
with the protocol approved by the Ethics Committee of Brescia (protocol number 1842).

Human adipose-derived mesenchymal stem cells (hMSCs) were obtained from a previous study
described in [24]. Cells were maintained in Iscove’s modified Dulbecco’s medium containing 5% (v/v)
human platelet lysate (STEMCELL™ Technologies) and 2U/mL heparin (Sigma). Cells were trypsinized
every 3 or 4 days, and subcultures were seeded at 5000 cells/cm? with medium changes every other
day. Cells from a single donor were used up to passage 6.

For human samples, written informed consents were obtained from patients in accordance with
the Declaration of Helsinki.

3.3. Cell Viability Tests

Cells were counted using TC20™ Automated Cell Counter (BIO-RAD) that exploits auto-focus
technology and sophisticated cell counting algorithms to produce accurate cell counts in less than 30 s.
Viability tests were performed by adding to cell suspension one volume of the Trypan Blue Dye, 0.4%
(w/v) solution. The presence of the blue dye inside a cell leads the machine to consider it as dead cells,
thereby enabling the calculation of cell viability. Results are then reported as a percentage of total
cell number.

3.4. Cell Staining

For the Neutral Red staining, cells were detached, resuspended in phosphate buffer saline (PBS)
containing 40 ug/mL Neutral Red, incubated for 20 min, and directly used for the experiment.

For the nuclear fluorescent staining, DAPI was diluted to a final concentration of 1 ug/mL and
incubated for 5 min. Cells were then washed twice with PBS before imaging.

3.5. Cell Alignment

Cells were detached and counted. A total of 10° cells were resuspended in 0.5 mL ice-cold
culture medium. Cell suspension was transferred to the chamber for the actuation and the following
microscopical observation.

To embed the cells in a clot, 10 mg/mL fibrinogen was added to cell culture medium without
serum. Just before the transfer to the chamber for actuation, 2 uL of thrombin solution (200 U/mL in
0.9% NaCl) was added to the cell suspension. Actuation was performed for 5 min at the indicated
frequency in order to allow for a complete clot polymerization.
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The clot was transferred to a cell culture multiwell plate, covered with cell medium, and observed
in the following days.

3.6. Clot Histology and Antibody Staining

Fibrin clot was fixed in 4% (w/v) paraformaldehyde (Bio-Optica) and processed for inclusion.
The 2-pm-thick representative sections from paraffin embedded blocks were de-waxed and rehydrated.
Endogenous peroxidase activity was blocked with 0.3% (v/v) H,O, (Sigma Aldrich) in methanol for
20 min. Antigen retrieval was performed using a microwave oven in 1.0 mM EDTA (Carlo Erba) buffer
(pH 8.0).

Sections were then washed in tris-buffered saline (TBS, Carlo Erba) (pH 7.4) and incubated for
one hour in the specific primary antibody diluted in TBS 1% (w/v) bovine serum albumin (BSA) (CD31
(clone PECAM-1) Novocastra TM 1:50).

The signal was revealed using the DAKO Envision+System-HRP Labelled Polymer Anti-Mouse,
followed by diaminobenzydine (DAB) as chromogen and hematoxylin as counterstain.

4. Results and Discussion

4.1. Electrical Characterization of the Device

The IDT actuators have been characterized experimentally in order to extract the frequencies at
which the maximum FPW generation effectiveness is expected. Figure 4a,b show the admittances Ya.p
and Yap.c measured between A and B while C was floating, and between A and B electrically shorted
and C, respectively.

The resonant frequencies of the two configurations, i.e., the frequencies where the conductance
reaches a maximum [25,26], are at about 6.7 and 8.0 MHz for Y s.g, and at about 6.0 and 7.2 MHz
for Yap.c. These frequencies are expected to correspond to the propagation of FPW modes in the
substrate [27,28].

A tailored electronic interface has been developed to drive the actuators. Figure 5 shows a block
diagram of the interface. The excitation signals were generated by a programmable direct digital
synthesizer (DDS, AD9959) that allowed us to excite the actuators with two independent channels and
provided the possibility of setting both the common excitation frequency and the phase difference
between the channels.

Dedicated power amplifiers (ADA4870) have been adopted as the output stage to properly drive
the actuators. The electronic interface excites the actuators with a sinusoidal signal with peak-to-peak
amplitude and frequency of up to 20 V and 15 MHz, respectively.
200
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Figure 4. Measured admittance Ya_p (a) and Yap.c (b) as functions of frequency. The plots show
resonances at frequencies around 6.7 and 8.0 MHz (a) and around 6.0 and 7.2 MHz (b).
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Figure 5. Block diagram of the tailored electronic interface used to drive the actuators.

4.2. Alignment of Cells

Preliminary tests have been carried out to verify the capability of the device to generate acoustic
waves that lead to alignment of a cellular suspension. Cells to be aligned were detached from the
culture dish, dispersed in PBS as single cells, stained with the live dye Neutral Red, and put in the
chamber of the device. Figure 6 shows the experimental setup with the device placed under the optical
microscope and the tailored electronic interface used to drive the piezoelectric actuators.

Initially, different concentrations of cells were tested in order to identify the amount required
to appreciate the alignment in the volume of 500 uL, starting from 2 x 10° cells/mL and reaching
4 x 10° cells/mL. From these experiments, 2 X 10° cells/mL was identified as the optimal concentration
for the formation of distinct lines of single cells, and therefore this amount was used for all the
following experiments.

Since the survival of L6 rat myoblasts despite acoustic wave exposition was critical, this cell line
was used to verify that the actuation was not hampering cell viability. The experiment was set up by
exposing different samples with the same cell concentrations to FPWs for different lengths of time.
Cell viability was then measured by trypan blue cell exclusion (Table 1). Since cell viability remained
high even at long times, a 5-min actuation period was chosen for all the following experiments.

Optical

‘microscope - odj'/b ‘ ,

-

Chamber
for liquid

Figure 6. Experimental setup with the device placed under the optical microscope and the tailored
electronic interface used to drive the piezoelectric actuators.
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Table 1. Cell viability as a function of the actuation time of the device.

Actuation Time (min)  Cell Viability (%)

2 100
4 98
5 100
7 98

Different wavelengths were tested to verify the effects on the alignment of human fibroblasts
(HFF) by exciting a single actuator with a sinusoidal signal applied to A and B (C was floating).
To demonstrate the alignment of cells induced by the acoustic waves, HFF dispersed in PBS were used,
since their viability is unaffected by the acoustic field.

The distance d between the different pressure nodes in the fluid, in which the cells are expected
to be confined, corresponds to half the wavelength of the acoustic waves, resulting d = A/2 = v/2f,,
where v = 1500 m/s is the expected propagation velocity of the acoustic waves into PBS, and f. is the
excitation frequency. Figure 7a,b show the results obtained with f,; = 6.7 MHz and f, = 8.0 MHz,
for which distances di = v/2f; = 112 pm and dp = v/2f¢; = 93.8 um are expected, respectively.

As it can be observed, an increase of the excitation frequency, i.e., decrease of the wavelength,
corresponds to a decrease in the distance between lines. The mean distances between the cell alignments
a1 mean = 121 um and d3 mean = 103 um, which are in good agreement with predictions, have been
estimated from the gray-scale intensity plots derived from the insets. Similar results have been
obtained by exciting a single actuator with a sinusoidal signal applied to A and B (shorted) and C with
frequencies of 6.0 and 7.2 MHz (not shown).
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Figure 7. Effects of different wavelengths of acoustic waves on a human foreskin fibroblast (HFF) cell
suspension. Cell accumulation in lines caused by the acoustic waves generated by exciting a single IDT
atfe1 = 6.7 MHz (a) and f, = 8.0 MHz (b), respectively. The mean distances dj mean = 121 um and
a3 mean = 103 pm have been estimated from the gray-scale intensity plots derived from the insets.

4.3. Entrapment of Cells in a Matrix

Switching off the actuator lets the cells scatter in the fluid, thereby losing the alignment. Hence, to
maintain the cell alignment and separation, actuated cells have been entrapped in a 3D matrix.

To allow for wave propagation, a low-viscosity fluid capable of going through a sol-gel transition
in a short time was needed, in which the polymerization had to start after the alignment. During the
time needed for the sol-gel transition of the culture medium, i.e., five min in our experiments, the cell
viability could be affected, given the impossibility of the cells, during this time, to make contact
through the integrins with proteins of the cell matrix, a mechanism that has already been showed
to regulate cell viability [29]. Relying on previous experience in the angiogenesis field, a fibrin gel,
obtained by adding thrombin to a liquid fibrinogen solution, was used, rather than other biomaterials,
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such as inert substrates mixed or linked to extracellular matrix molecules [8,30]. Besides, the survival
of fibroblasts [31,32], fibroblasts/myoblasts [33], and HUVECs [34,35] in the fibrin gel has already
been widely demonstrated. Cells were subsequently resuspended in a 10 mg/mL fibrinogen solution
maintained at 4 °C, and thrombin 0.4 U was added just before transferring the cell suspension into
the chamber. After five minutes, the fibrin clot was formed and aligned cells were entrapped in the
matrix. For a long-term culture, the clots containing the cells were transferred to a cell culture dish,
covered with cell culture medium, and observed in the following days. A 6.7 MHz excitation frequency
was chosen for the following experiments.

The first experiments were done using rat myoblasts that, although totally alive after the actuation
process, did not survive the following 24 hour culture, thereby suggesting that the stiffness of the fibrin
matrix may not represent the correct environment for myoblast survival [36].

The next set of experiments was therefore performed with HFF. These cells entrapped in the fibrin
clot maintained the aligned geometry for several days, as evidenced in Figure 8a—c, respectively. Of note,
the magnification box in Figure 8a shows that each line is composed of single cells. Starting from 48 h,
cells showed cytoplasmic protrusions, reflecting cell health, that became more complex over time, as
shown in Figure 8d by a histological section of the clot and by the higher magnification box.

BT/ RSN, g o)
B e

Figure 8. Aligned HFF in fibrin clot maintained in culture for 24 (a), 48 (b), and 72 h (c) with higher
magnification boxes. Histological section of (hematoxylin and eosin)-stained cells at 72 h (d) with
a higher magnification box.

4.4. Entrapment of Endothelial Cells in the Fibrin Clot

Angiogenesis assays are normally based on the capacity of endothelial cells to invade gels of
different origins, mainly collagen or fibrin, and to form capillary-like structures [37]. Since the
alignment could represent a preliminary step for the formation of a capillary, human endothelial
cells were challenged in the device to verify the hypothesis that the process can promote it.
Indeed, aligned HUVECs tend to form structures that become more complex during time. At 96 h



Appl. Sci. 2020, 10, 3477 10 0f 13

these structures still comprise several cells, as shown by microscope observations and nuclear DAPI
staining in Figure 9a,b, respectively.

Next, the clot containing these structures was fixed, embedded in paraffin, and sliced, and the
various sections underwent an immunochemical reaction with antibodies recognizing the CD31
endothelial antigen. In these conditions, HUVECs maintain the aligned organization that comprises a
hole, as shown in Figure 9c.

To confirm that the alignment was based on a mechanical process, rather than a biological
interaction, HUVECs were mixed with MSCs before the actuation. As those cells had similar
sizes, their distribution along the pressure nodes was not clustered by cell type, as shown in
Figure 9d. The presence of MSCs does not alter the cellular alignment, but the release of trophic factors
characteristics of this type of cell [26,38] inhibits the formation of the hole, and promotes the formation
of several cytoplasmic protrusions of HUVECs that are still recognized by their CD31 expression.
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Figure 9. Aligned endothelial cells in fibrin clot at 96 h (a). DAPI staining showing cellular nuclei (b).
CD31 (clone PECAM-1) staining of clot-entrapped human umbilical vein endothelial cells (HUVECsS)
(c). CD31 staining of clot-entrapped HUVECs and hMSCs (d).

5. Conclusions

The use of PZT actuators to generate acoustic waves in non-piezoelectric substrates has been
proposed to steer and confine cells dispersed in liquid. A test device with two screen-printed PZT
actuators used to generate acoustic waves on alumina substrate has been fabricated. The proposed
device has the advantage of exploiting an inexpensive substrate which does not need to be piezoelectric,
thereby allowing to use of high-temperature reinforced glasses which have the property of being
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transparent. A tailored electronic circuit has been developed to generate the excitation signals for
the actuators. Experimental results demonstrate that, by exciting a single actuator at its resonant
frequencies, FPW modes are generated in the substrate. Accumulation of cells dispersed in liquid on
lines can be obtained by selecting the proper excitation frequency. These results confirm the capability
of the proposed PZT actuators to generate acoustic waves for applications in microfluidic devices as
controlled positioning of cells dispersed in liquid.

From a biological point of view, devices similar to the one proposed are required to obtain ordered
structures for tissue engineering purposes. Indeed, alignment of cells is a key step in several biological
processes. For example, the basic unit of a muscle, i.e., the fiber, is formed by the fusion of several
myocytes whose aligned actin and myosin molecules will produce effective muscle contraction [39].
Moreover, in engineered tissues, the presence of blood vessels that allow the distribution of nutrients
or the cellular waste removal is an essential requirement. Therefore, the effective realization of an
engineered tissue cannot be disjointed from an adequate architecture that, as shown, can be obtained
using acoustic waves.
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