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Abstract:

Brain organoids deriving from human pluripotent stem cells are highly advanced
in vitro models recapitulating many features of the developing brain. However, the lack
of predictable anatomy and spatial organization has restricted the breadth of
applications for which brain organoids can be used. In nature, the human brain
develops from an elongated structure known as the neural tube, which further polarized
via the coordinated action of multiple morphogens (e. g. Wnt, SHH, BMP) that spatially
regulate cell fate specification in a concentration-dependent manner. Microfluidic
platforms with high controllability on microflows are known to be useful for generating
concentration gradients with sequential mixing microchannels. Biocompatible
materials were proven to be effective in regulating the shape of brain organoids. In this
study, a novel platform with an in-house microfluidic gradient generator and material-
guided elongated brain organoid was established, providing a new methodology for
brain organoid anteroposterior patterning studies. To optimize and develop the
patterning protocol, the influence of dual SMADi and SAG on brain organoid growth
with different exposure periods was investigated. Materials including silk fiber, PCL,
and PDO suture threads were tested for elongated brain organoid generation,
revealing the effect of material properties and sizes on guiding organoid growth. Future
analysis and deeper illustration of complex gene expression and signaling pathways
included in the neural tube anteroposterior patterning process can also be performed
based on this study.
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1. Background introduction

1.1 Cerebral Organoid

The human brain is one of the most complex organs in the animal kingdom. In an
adult brain, there are over ten billion of neurons and glial cells that form over 60 trillion
neuronal connections, making it very difficult to study in vitrol". However, the recent
investigation of human embryo stem cells (hESCs) differentiation in vitro has provided
new opportunities for researchers. hESCs can generate all cells of the three germ
layers allowing for the creation of complex multicellular cultures from a single cell
sourcel?. The 3D floating cultures of ESC aggregates, also known as embryo bodies
(EBs), have been demonstrated to maintain significant cell pluripotency™® and could be
induced into differentiated 3D models that mimic human brain development®. Further
studies proved that Matrigel (MG)®!, a solubilized basement preparation extracted from
the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, which is rich in extracellular
matrix (ECM) proteins, could be used to provide crucial cues for the self-organization
of the neuroepithelium in vitro!®. When the neuronal-induced EB was embedded in MG,
a spherical structure with large neuroepithelia buddings was obtained, which contained
multiple neural stem and progenitor cells (Figure 1.1) and could be further
differentiated into cerebral organoids!”.

hPSC medium Neural induction medium Differentiation medium
Patterning factors

Dissociation

+ Neural
——— - Aggregation induction s, +Matrigel "~ "\ Maturation
— > — B { y _—
L ST
-
|

hPSCs Embryoid body/ Brain organoids :_ !
Spheroid !

Neural progenitors
Neurons

B Glia

I
|
1
I
]
1
1
I
]
Neural rosette :
I

Figure 1. 1. Schematics of cerebral organoid culture procedures, adapted from Sidhaye et al.[®!

A cerebral organoid was first reported by Lancaster et al. in 2013, In their protocol,
EBs were formed with the aggregation of hESCs in the 96 U-bottom well under low-

11



adhesion culture conditions. Neural basal media containing N-2 and B-27 was used to
induce the formation of neuroectoderm with spontaneously established apicobasal
polarity. Based on previous studies!'® ", N-2 is a serum free additive that supports the
expression of primary neuroblastomas and post mitotic neurons originating from the
peripheral and central system. B-27, as widely cited additive for neuronal cell culture,
is used for supporting the survival of embryonic, postnatal, adult hippocampal, and
other central nervous system (CNS) neurons. After MG embedding and further culture,
large buds of neuroepithelium that contained fluid-filled cavities resembling brain
ventricular zones could be obtained (Figure 1.1). The cortical layers resembling the
developing brain could be observed through immunostaining and sketched as Figure
1.2B. Such a self-sorted structure recapitulated many features of the early human brain
during embryonic development, including cytoarchitecture, cell diversity, and
maturation. The apical-basal polarity of radial glia (RG) progenitors, interkinetic nuclear
migration, division modes of neural stem cells, and the pattern of neuron migration that
represent the major features of developing cortex were also well maintained in a brain
organoid( 12,

A Early development Late development

. Apical progenitor

CP
CP

® Intermediate progenitor

@ Basal radial glia

“ Neuron

“~~— Apical surface

Human brain

SvZ
Organoid
sSvZ

Basal surface

VZ
VZ

Blood vessel

Figure 1. 2. A) In vivo human brain cortical layer structure for both early and late development. B) Cell
arrangement in human brain organoid with an irregular pattern and the absence of blood vessel. Adapted
from Kelava et al.””l CP is short for cortical plate. SVZ is short for subventricular zone. VZ is short for

ventricular zone.

Morphologically, the human brain divides into multiple regions, including the
forebrain, midbrain, and hindbrain. In each region, the cortical plate is responsible for
controlling multiple sensory functions and contains six layers of neuronal cells with
blood supply (Figure 1.2A). Compared to the cortical plate in the early human brain,
the neural ectoderm surface of the brain organoid (Figure 1.2B) displayed a similar but
irregular cell arrangement!?. Such a layering structure was still rudimentary. Luckily,
significant improvement in 2016 by Qian et al. has enabled the generation of neurons
corresponding to all six layers!'®l. They developed a miniaturized spinning bioreactor
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system and improved the culture media based on previous monolayer studies. Cellular
diversity of the cortex was maintained in their cortical organoids generating various
types of RG cells and neurons, recapitulating the cytoarchitecture of the developing
cerebral cortex. These studies have demonstrated the great potential of brain
organoids as they could be advanced via engineering platform to model the cortical
structures of the developing brain with considerable accuracy®?.

Functionally, excitatory and inhibitory neurons in brain organoids were also identified
by multiple experiments and could reflect the development and maturation of the brain
during embryonic stages!'. RNA sequencing (RNA-seq) or single cell RNA-seq!™, are
highly advanced tools for profiling the global gene expression of large populations of
individual cells, to which the related studies have indicated that the brain organoids
also showed remarkably high similarity to the developing brain at the transcriptomic
levell’®. The same level of similarities in cell type, structure, and function to the
developing brain have never been reported in other models besides brain organoids,
making them revolutionary in vitro brain models!'4.

1.2 Applications of cerebral organoids

Brain organoids, derived from pluripotent stem cells, can be used to elucidate
species-specific properties!'” '8, In 2016, Otani et al. compared the induced pluripotent
stem cells (iPSC)-derived organoids from human, chimpanzee and macaque and
revealed the different proliferative dynamics of neural progenitors that led to different
neurogenesis outputs, explained the neocortical size differences among primates!'®l.
Therefore, the methodology of brain organoids offered new access to comparative
experiments across species and could facilitate our understanding of human evolution
via studying the neocortex development. Additionally, brain organoids could also
provide human-specific models that help reduce the usage of animal models in
biological studies.

Since the inaccessibility of the human brain has been initially overcome with brain
organoids, neurodevelopmental brain disorders are now extensively explored in vitro.
In 2018, Lin et al. introduced an isogenic APOE4 brain organoids via CRISPR/Cas9
genome editing from iPSCs to interrogate the pathological mechanism of Alzheimer's
disease (AD), as APOE4 is the most significant genetic risk factor for AD?%. They
revealed that converting APOE4 to APOE3 could trigger multiple AD-related
pathologies. Other examples shed light on congenital diseases such as microcephaly.
During the Zika virus outbreak in South America, human iPSCs-derived brain organoid
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models were widely used to study the pathology of Zika virus infection, as considerable
newborn microcephaly has been found related to the virusi?" 22, Lancaster et al. have
interrogated microcephaly with patient-derived organoids and RNA interference
technology to determine the pathogenic role of CDK5RAP2®!. These examples proved
the combination of genetic manipulation with brain organoid as an unprecedently
powerful tool in disease modeling, which led to further clinical applications such as
high-throughput drug screening and toxicity examination!??,

1.3 Limitations of brain organoids

Although brain organoids provided unique access to brain modeling and great
flexibility to be induced and differentiated, several limitations blocked their broad
application in biomedical engineering researches. First, the lack of vasculature could
lead to inner apoptosis and limit the size and long-term culture of brain organoids due
to the restricted mass transport of oxygen and nutrients with passive diffusion’?. Brain
organoids have been engrafted into the brains of living mice to obtain an integrated
vascular structure with such an in vivo vasculature system. The vascularization was
proved to enhance the maturation of brain organoids. However, as this method was
dependent on in vivo transplantation, the convenience and reproducibility of an in vitro
model was lost?. Other studies have reported the incorporation of vascular
components such as endothelial cells and mesenchymal stem cells within the brain
organoids, where the vascularization was only achieved on the surface of the brain
organoid®®. Engineering approaches are currently seeking to achieve an inner channel
that allows nutrient transport to replace natural vascularization, which broadens the
methodology for long-term organoid culture, and has become an important study
direction in the field of brain organoid direction!?!.

Second, the brain organoid is an incomplete neural system. Many neural cell types
that are not differentiated from neuroectoderm are still absent, such as microglia,
endothelial cells, hematopoietic cells, and meninges!'. In this case, the brain organoid
could not appropriately simulate the interactions with non-neural cells. Furthermore,
the immaturity of brain organoid has made it challenging to study late-onset and age-
dependent diseases of the CNS?’], such as Miller-Dieker syndrome, a severe form of
lissencephaly, since current organoids cannot form cortical folds. Therefore, to
simulate age-dependent neurodegenerative disease, induced aging in the brain
organoid via pharmacological or genetic methods is required®. But it is questionable
whether such induced aging events accurately mimic the natural aging process in vivo.
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Finally, a brain organoid that goes through unguided differentiation of the pluripotent
stem cells lacks a polarized and predictable anatomy that faithfully mimics the
developing brain®®. Although the cortex layers of brain organoid are well organized,
the representative brain regions are randomly structured, which hinders the
reproducibility of brain organoids and limits their application value. Natural human
brain development is regulated by multiple biomolecular factors that determine the
differentiation and regionalization of all kinds of cells. Previous studies on ESCs
differentiation in 2D cultures have identified the major signaling pathways related to
CNS development!* 3%, Based on this information, several methodologies have
combined signaling modulators and growth factors to induce brain organoids to
differentiate into specific brain regions®!, including dorsal and ventral cortex®®?,
choroid plexust®, retinal* 3%, midbrain®?'l, cerebellum®®, and spinal cord®’l. These
region-specific brain organoids have provided reproducible models for the studies of
specific brain regions. Afterwards, a novel methodology that fused region-specific
organoids together to generate a polarized complex called “assembloid’®® has
emerged as a popular topic in developing reproducible topography of the in vitro brain
model and allowed for the modeling of cellular interactions between different brain
regions.

1.4 Assembloids

In 2017, Bagley et al. developed dorsal cortex organoids and ventral organoids and
co-embedded them in MG (Figure 1.3A)®°. The two separate organoids fused within
one week and showed functional connectivity with interneurons migration. In their
results, the dorsoventral cell-cell interactions were exhibited by the migration,
morphology modification, and synapses formation of y-aminobutyric acid(GABA)—ergic
cortical interneurons and cortical glutamatergic neurons, thus generating a functional
neural circuit modeling the developing brain. It was claimed that the assembloids were
invaluable tools reflecting the interactions between specific brain regions through long-
distance cell projections, thus illustrating the basic mechanisms of brain formation in
uterot?l,

The assembly of dorsal and ventral brain organoids has inspired other combinations
of region-specific organoids following the rules of brain development. For example, the
striatum-midbrain assembloids could be used to model the cortico-spinal projections*.,
With genetically edited chromosomes, such assembloids can be used to investigate
the cortico-striatal pathway and how its defects lead to neuropsychiatric disease.
Andersen et al. explored the potential of assembloids in establishing an
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anteroposterior axis*? by fusing cortical spheroid with spinal cord spheroid and
achieved a functional multi-synaptic circuit in vitro. Corticofugal neuron projection,
motor neuron connection, and further contraction of 3D muscles were observed from
the cortical-spinal cord assembloids.

Nowadays, as shown in Figure 1.3B, the fusing of brain organoids has become an
important methodology in investigating the interactions between brain organoid and
other cell-based objectives, including different region-specific brain organoid and 2D
differentiated cells originating from CNS system. These cells worked as functional units
to elucidate the effect of different cells on the developing brain. For example, microglia-
like cells have been integrated into the cortical organoids and generated the main
component in amyloid plaques, the B-amyloid protein, and subsequently have been
used to model AD,

Therefore, the methodology of assembloids significantly expanded the complexity
and application versatility of the brain organoids. And in terms of generating
reproducible anatomy, the assembloids containing two different brain regions shed
light on a significant advancing direction in this field, leading to a polarized CNS axis
that more comprehensively mimics the natural brain. Furthermore, for being easy to
operate, the assembloids have become one of the most important tools on brain
organoid polarization studies.

hPS cells

A hPSCs B Directed 20 differentiation e +Organizers
Dorsal Region-specific organoid differentiation
Directed 3D g
differentiation Dorsal Ventral 4
Venlral
— ] A |

N \
\
Microglia Pericytes En‘c‘lmhc\ml \ ]
o ganoids embedded together Organoid fusion cells \ 7
+3D assembly Polarized assembloid
A +3D assembly

Neuroimmune
Brain region-specific organoid

interactions
# “\\ . Neurovascular interactions

forebrain forebrain

organoid organoid

Long-distance projectiof
Interneuron

migration

Multilineage

assembloid Multiregion assembloid

Figure 1. 3. A) Fused dorsal-ventral organoids showing the migration of interneurons. Scale bars = 500
um. Adapted from Bagley et al.**! B) Schematics of the formation of multilineage assembloid and multi-

region assembloid. Adapted from Pasca et al.®]

Polarized brain organoids hold great promise for simulating the functional
connectivity and the complex circuitry of the brain, as compared to the commonly used
cortical cerebral organoids!*?l. However, such unnatural fusion process of assembloids
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is not ideal, as it potentially hinders the complex developmental process of neural tube
polarization and brain regionalization in vivo®®. To address this issue, currently,
researchers are seeking methods to generate polarized brain organoids by taking

inspiration from the natural events.

1.5 Brain regionalization and brain organoid polarization

The development of CNS in mammals starts with the enclosure of a neural plate and
subsequentially forms a tubular structure known as the neural tube (Figure 1.4A). In
the third week of gestation, three vesicle structures appear along the neural tube and
further develop into the forebrain, midbrain, and hindbrain respectively®®l. The division
of neural tube into these primary brain vesicles along the anteroposterior axis is mainly
mediated by Wingless-related integration site family (Wnt) signals*4. Simultaneously,
the neural tube undergoes dorsoventral polarization under the guidance of Bone
morphogenic protein (BMP) and sonic hedgehog (SHH) signals (Figure 1.4B1)),
These biomolecules, known as morphogens, are secreted from respective signaling
centers and form corresponding concentration gradients that regulate subsequent
gene expression and cell differentiation*®). The spatial arrangement of the
differentiated cells will guide the neural tube polarizing into different brain regions in a
concentration-dependent manner.

Figure 1. 4. A) Schematics and scanning electron microscope (SEM) images of the neural plate folding
and closing process during embryo development, reproduced from neupsykey.com. B) Schematics of in
vivo neural tube polarization along both anteroposterior and dorsoventral axes, coordinated by Wnt-

Noggin signal and the BMP-SHH signal, reproduced from Brady et al.[*]

The first molecule identified as a morphogen was the bicoid gene product, which is
essential for anteroposterior neural tube patterning in Drosophila embryost*’]. Based
on the “source and sink” model that Francis Crick proposed in 1970, many groups have
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attempted to analyze and visualize the formation of morphogen gradients in a
quantitative manner, and illustrate the concentration-dependent cell differentiation
events*®. Wolpert's French flag model that explained the mechanism of such
concentration effect has been extensively used in developmental studies!?. It is now
believed that the number of ligand-receptor interactions determines the subsequent
downstream signaling and gene expressiont® 51,

Many studies have demonstrated the caudalization effect of the Wnt signaling
pathway on a stem cell level. Dual SMAD inhibition (dual SMADi) and Wnt activation-
based regulatory methodologies are primarily utilized in mediating hESCs neuronal
caudalization®® %3, In 2020, Libby et al. used the Wnt signal activator, CHIR99021
(CHIR), to treat human iPSCs to generate brain organoids and found the amazing
extension within two weeks of culture that recapitulated neural tube axial elongation in
the early development (Figure 1.5A, 1.5B)4. Spatial representative identities have
been marked on the anteroposterior axis with the Homeotic (HOX) gene family (Figure
1.5C4), which proved the significant potential of human iPSCs in modeling neural
tube caudalization via primary specification of progenitors. Similar research conducted
by Girgin et al. reported a system deriving axial elongation via the aggregation and
pre-treatment of mouse ESCs®®. The culture media contained Transforming growth
factor-B (TGF-B) activator and the serum-free ectoderm induction factors was proved
to promote the ESCs aggregation and obtained epiblast identity and stimulated axial
elongation without using Wnt.

A B

CHIR Forced Rotary
(2D) Agg Culture (3D)

Day -2 Day 0 Day 1 Day 10

Retinoic Acid
Dual SMADi [ Pur (Shh) |

| mTesR | Neuralinduction
F e

Day -2 01 5 7 10

Figure 1. 5. A) Schematics of experimental set-up. B) BF (top) and histological (bottom) images of the

C
Extending

Wnt treated brain organoids. C) RNA-scope of sectioned elongated organoids with probes for HOX
genes (DAPI: blue; HOXBI: red; HOXC6: green; HOXBY9: orange) marking different regions of the spine

on day 10. Arrowheads mark anterior (A) and posterior (P) ends of organoids. Adapted from Libby et
al.>4
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These studies enhanced our understanding of the complex regulatory networks
during early brain development and provided insights into establishing the EB axis in
vitro. However, these models still failed to provide an ideal polarized differentiation of
brain organoids due to the lack of a natural Wnt gradient environment.

In 2019, Cederquist et al.*®! introduced a method by fusing a cluster of SHH-
secreting cells on one side of the forebrain organoid, subsequently formed a SHH
concentration gradient via passive diffusion. As a result, organoid dorsoventral
polarization was observed with immunostaining to identify different spatial markers,
which proved the biophysical gradient paradigm could be applied in brain organoid
polarization study. Their achievement provided an example of morphogen
concentration gradient-mediated brain organoid polarization. However, the Wnt signal
concentration gradient guiding brain organoid anteroposterior polarization has not
been achieved yet, thus leaving a blank space illustrating brain regionalization in vitro.

1.6 Microfluidic gradient generator

Microfluidics refers to the technology involving chip systems that use microchannels
with a size of tens to hundreds of microns to manipulate microflows. The microscale
channels provide unique fluid phenomena that enable a series of micromachining and
microoperations that are difficult to complete by other bioengineering methods!®.
Nowadays, microfluidic devices have been widely used in biomedical researches due
to their advantages in boosting high-throughput drug screening and disease
modeling™8l. In tissue engineering, the culture of organoids with a microfluidic chip was
known as an organ-on-a-chip (OoC) system, which has already been developed for
the lung, liver, kidney, intestine, heart, bone marrow, skin, and brain®®. These systems
offered the advantages of precise control for many kinds of stimuli during organoid
culture and analysis, including biochemical, electrical, and mechanical stimuli. On the
other hand, microfluidic devices have also been used to address the limitations of
blood supply to improve the long-term survival of organoids!?®.

For brain-on-a-chip (BoC) systems especially, there has been significant momentum
in recent years. As Table 1 displayed®”, different microfluidic chip designs could
provide flexible and versatile bioengineering operations on brain organoid culture, thus
enabling multiple topics of research that broadly expanded the field of brain organoid
studies. These previous works demonstrated that BoC systems held great promise in
controllable exposure of growth factors, including the morphogens mentioned in
section 1.5, which altered the model of brain organoid cultures to a certain extend.
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Besides bioengineering manipulation, BoC systems have also been used in disease
modeling. For example, Nishida et al. reported neural stem cell spheroids could be
integrated into microfluidic chambers and used as simple brain models for the study of
AD®", But until now, the utility of microfluidic devices in brain organoid polarization has

never been reported.

Cell type Flow Chip Topic
hiPSCs Manually changed  Micropillar array In vivo organogenesis!®?
media (PDMS)
hiPSCs Syringe pump PDMS chip Prenatal nicotine
exposurel®
hiPSCs Peristaltic pump Resin chip Brain organoid
formation!®
hiPSCs Rocking platform PDMS chip Human brain
development!®d
hESCs Manually changed Based on a tissue  Wrinkles appearance!®®
media culture dish
hESCs Manually changed  Chip array Prenatal exposure to
media cannabis(®!
hESCs Rocking platform Tubular chip Neuroinflammation(©8!
hESCs Acoustic flow Clear resin device Growth of human brain

organoids!®®

Table 1. A summary of the main papers in the field of BoC. Adapted from Saorin et al.[®"]

In 2019, Rifes et al. used a microfluidic platform with sequential mixing channels to
generate linear concentration gradients of glycogen synthase kinase 3 inhibitor
(GSKai)"™, which is a Wnt signal activator, also known to induce ESCs differentiation
into progressively caudalized neural fates (Figure 1.6A, 1.6B). They demonstrated the
microfluidic GSK3i gradient could induce anteroposterior polarization of a monolayer
culture of hESCs. The rostral neural gene indicator OTX2, which covers the entire fore-
and midbrains in vivol”!, has shown a decreased expression (Figure 1.6C) along the
imposed GSKa3i gradient. By day 14 of culture, they divided the monolayer cultures into
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five regions and reported that the boundary between the expression of OTX2 and
GBX2, where the midbrain-hindbrain boundary (MHB) arises during development, was
consistently located between the third and fourth regions. These results firmly indicated
the polarization of neural stem cells along the anteroposterior axis of the neural tube.
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Figure 1. 6. A) Schematics of the microfluidic gradient generator with a hESC layer in the culture
chamber. B) Concentration gradient visualization and the quantification profile showing a linear increase
of the fluorescent signal. C) The whole-mount staining of the cells in the culture chamber with a

decreased OTX2 (red) expression. Scale bars are top 1 mm and bottom 100 pum. Adapted from Rifes et
al.l’0l

We believed a microfluidic gradient generator would be a powerful tool to apply
external morphogen concentration gradients mimicking in vivo neural tube polarization
conditions for inducing brain organoid polarization. Based on Rifes’ research, the
questions remaining are how to assemble the brain organoid in such a microfluidic
chamber, and how to reconstruct the shape of the brain organoid to accommodate the

microfluidic platform.
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1.7 Scaffold mediated brain organoid

The use of 3D biomaterial to support and guide tissue growth is a common strategy
in tissue engineering!?. Recent studies have utilized this strategy for organoid
generation, which provided a promising tool to increase the reproducibility of brain
organoids!”® 7. In organoid studies, scaffold was referred to as the biocompatible
material of any shapes and properties that was embedded with cell suspension to allow
the growth of regulated 3D structures!’™.. As for brain organoid, in 2017, Lancaster et
al.’® used poly(lactic-co-glycolic acid) (PLGA) microfilaments to support the
attachment of hESCs and generated brain organoids with enhanced neuroectoderm
formation and cortical development (Figure 1.7A, 1.7C). The scaffolds could largely
increase the interaction surface, subsequently facilitated the nutrient exchange
efficiency and expanded the growth space of the brain organoids (Figure 1.7B). They
observed that the linear scaffold-guided brain organoids grew into a more complex
topography than the round organoids derived from spherical EBs. Moreover, genetic
quantification analysis of the material-guided organoids from different batches
displayed highly reproducible results in terms of neuroectoderm formation, while the
spheroids were variable as usual.

Microfilaments Matrigel
: Q dro let
hPSCs L}
—
CHIR
pulse
Micro- Reproducible Expanded Engineered cerebral
patterned EBs neuroectoderm neuroepithelium organoid (enCOR)
|
I EBmedum | Neurallnducton | | IDM-A I omsa T DM+A | >
Day: 0 5-6 11-12 13 20 40 +ECM 60

Day 8
Day 11

Figure 1. 7. A) Schematics of the procedure of generating scaffolds-guided brain organoids. B) BF
images for the engineered cerebral organoids (enCOR) on day 8 and 11. Scale bars are
250 pm. C) Histological staining by H&E for both spheroid organoid and the enCOR on day 60. The
radially oriented cortical plate in the enCOR was much denser than that in the spheroid organoid. Scale

bars are 100 pm. Adapted from Lancaster et al.[’%]
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In the presented study, regarding of reconstructing the shape of brain organoids to
fit in the microfluidic gradient generator mentioned in section 1.6, biocompatible
materials with high tensile strength and are easy to handle would meet the demands.

Traditionally, polycaprolactone (PCL) is a synthesized biodegradable material with
various applications in tissue engineering and long-term drug delivery!’”: 8. It has also
been utilized in tumor organoid studies’?, demonstrating that the 3D-printed PCL
scaffold facilitated cancer stem cell enrichment and could also be used to study drug
resistance in cancer treatment. Another example was reported in 2021, when
Rothenbucher et al. demonstrated the use of PCL scaffolds could grow brain organoids
with a flattened morphology!, expanded the exploration on brain organoids
reconstruction. These researches proved the biocompatibility of PCL to support brain
organoid growth.

The commonly used PCL scaffold material was fabricated by electrospinning, which
led to a micro-scaled fiber that was easy to degrade®-82l, The micro-PCL scaffold for
brain organoid culture was fragile and difficult to handle and transfer, which was not
suitable for the microfluidic design mentioned in section 1.6. PCL suture thread
circulating on the market, on the other hand, has the perfect size and strength to
support an elongated brain organoid generation assembled in the 2 cm wide
microfluidic culture chamber. The suture threads are very cheap and easy to obtain,
which have the potential to be alternative scaffold materials in regulating simpler brain
organoid morphologies.

Suture threads can be divided into two categories based on their properties:
absorbable suture threads and unabsorbable suture threads. The absorbable suture
threads are referred to as materials that degrade under the skin and lose most of the
tensile strength in 60 days, normally with great biocompatibility and can be further
categorized into natural material suture threads and polymer synthesized suture
threads®®l. For natural material, catgut has the longest history in medicine, and was
manufactured by collagen matrix from the submucosal layer of the sheep intestine®.
The absorption time of catgut is very short, only 4 to 5 days after surgery. However, it
has the disadvantages of insufficient tension, difficulty in suturing and knotting, body
rejection reaction, poor adaptability in vivo, and rapid loss of tensile strength in
digestive fluid and infection environments.

Silk suture thread, another type of natural absorbable sutures, holds advanced
compatibility with human tissue and is less likely to cause allergic reactions and
inflammatory reactions®!. On the other hand, silk sutures have high tensile strength
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and wear resistance, which can provide sufficient support to promote wound healing.
Last but not least, silk sutures are easy to thread and allow accurate operation. Silk-
fibroin (SF) is the main protein that silk suture is composed of, and is one of the
strongest fibers and has a similar tensile strength compared to glass fiber®l. The
chemical properties of SF have proven to be versatile for a wide range of
bioengineering applications, including drug delivery and regenerative medicine of
cardiac, blood vessel, and bonel®" 8,

For chemical synthesized suture thread, polydioxanone (PDO) is one of the most
commonly used materials, possesses high tensile strength and stability. It is a semi-
crystalline polymer that can be manufactured via an extrusion process that allows
controllable shaping and prevents spontaneous depolymerization. In medical
cosmetology, PDO has been used as lift thread material that could be buried under the
skin and hydrolyzed and degraded after six months®¥. As medical implants, studies
with PDO as tissue engineering scaffolds were also widely reported, including the
application in bone, dental, or ligament/tendon repair, based on its stiffness and
biodegradability!®°.

Regarding the demand for the microfluidic chip design in section 1.6, the length of
the brain organoid would be stretched to 2 cm long, which is considerably larger than
any scaffold-mediated brain organoids reported before. Until now, the combinations of
scaffolds with brain organoids were only experimented with micro-scaled materials,
focusing on the minor disturbance and potential chemical interactions between
material fibers and the brain organoids. Contrarily, the minimal diameters of suture
threads range from 0.07 mm to 0.4 mm, allowing brain organoids to grow around them
into a big entity®'!. The suture thread mediated brain organoid with a large size would
be an unprecedented example in this field. Different sizes of suture threads would
provide possibilities for investigating the influence of scaffold diameters on brain
organoid growth. The potential of the reconstruction of brain organoid morphology by
using suture threads has yet to be verified.

24



2 Hypothesis, aims and objectives

Based on the literatures mentioned above, the main hypothesis of this project is the
microfluidic gradient generator and commercial suture threads can be used to develop
a culture platform inducing elongated brain organoid anteroposterior polarization. If
proven, this work will provide a powerful methodology in the field of brain organoid,
which can also be used to interrogate the unresolved mechanisms underlying the cell
fate decisions and spatial organization of the development of human CNS.

The specific aims and objectives can be summarized as follow:

1) Establish an engineering platform consisting of the in-house microfluidic gradient
generator and an elongated brain organoid culture regime, and verify the
concentration gradient generated in the organoid chamber via fluorescent
indicator and live cell microscopy.

2) Determine optimal rostral/caudal morphogen exposure plans for both short-term
and long-term culture accommodating the microfluidic anteroposterior patterning
paradigm using traditional round brain organoids.

3) Achieve brain organoid elongation with commercial suture threads (PCL, PDO
and silk) with different sizes, and prepare suitable cell crowns for the microfluidic
chip assembly.

4) Perform brain organoid anteroposterior polarization experiment via the
microfluidic platform and verify the main hypothesis.
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3 Material and methods

3.1 Microfluidic gradient generator

3.1.1 The microfluidic chip and cell crown design

The microfluidic gradient generator includes two inlet reservoirs, multiple mixing
channels with a cross-section of 200 x 200 um (width x height), a culture chamber (20
x 10 x 4 mm) for organoid assembly with two slopes on the side, and an outlet reservoir
(Figure 9A). The Autodesk Computer Aided Design (Auto CAD) (Solidworks) file was
provided by Dr. Richard Wang, which is a negative mold for the positive
polydimethylsiloxane (PDMS) chip casting. To support the elongated organoid growth,
a cell crown with two clamping clips (Figure 9A) was designed by Dr. Richard Wang
and Dr. Ruoxiao Xie. It is to stretch the tissue engineering scaffold and fit it in the
microfluidic culture chamber. It can also be kept in 6 well plates for the still culture
condition before or after microfluidic gradient exposure.

3.1.2 PDMS microfluidic chip and cell crown fabrication

The CAD-designed file for the microfluidic chip was transferred into stl. format, and
then printed via PrusaSlicer v2.5.0 for Prusa SL1S 3D printer. The orange tough
commercial resin (Prusa) was used with 0.025 Ultra Detail as printing precision. After
printing and isopropanol absolute (IPA) washing with sonication for 15 mins, the mold
was cured with 4 h UV exposure at 60°C. Then the mold was left in a 60°C oven
overnight, and treated with Oz plasma (1 mBar, 0.6 W, 5 min) to obtain a negatively
charged surface. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich 448931-
10G) was used for the silane anti-adhesion layer treating for the mold for 4 h in the
desiccator.

PDMS and the curing agent (SYLGARD® 184 Sylgard 184 Elastomer Kit, VWR
634165S) were mixed with a 10:1 mass ratio and degassed by 1000 rpm centrifuge
before being poured into the mold. The mold filled with PDMS mixture was put into the
desiccator for 30 mins vacuum degassing to remove the air bubbles entirely.
Afterwards, the mold with PDMS was moved into a 60°C oven for curing for 2 h. PDMS
chip demolded from the negative mold was O plasma treated together with a clean
glass slide (VWR MARI1120090091) for 1 min (1 mBar, 0.6 W). Then the two surfaces
bonded with positive and negative charge attraction.
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The cell crown and clips were printed by an SLA 3D printer (Formlabs Form2) with
a proprietary biocompatible resin (Formlabs RS-F2-BMCL-01) to allow biocompatibility
during cell seeding and organoid growth. Both were cleaned with IPA under sonication
and cured with 4 h UV light at 60°C before use.

3.1.3 Brain organoid culture within the microfluidic chip

Customized glass plates with screw holes were used to clamp the PDMS-glass
microfluidic chip (Figure 3.1A). Polytetrafluoroethylene (PTFE) tubing with I.D. x O.D.
0.5 mm x 1.0 mm (Sigma-Aldrich Z609706-1PAK) was used for inlet and outlet media
flow (Figure 3.1B). Before assembly, the microfluidic chip, clamping plates, screws,
and nuts were autoclaved. The tubing was washed with ethanol and rinsed with
phosphate buffer solution (PBS) 3 times, then exposed to UV light for 30 mins. The
syringes filled with media were pre-warmed in the 37°C incubator overnight to remove
air bubbles. During assembly, the cell crown with/without elongated organoid was put
in the culture chamber. The top clamping glass plate was then pressed to seal the
PDMS surface, ensuring no leakage. After the bottom plate was assembled with all
screws and nuts, pre-warmed syringes were connected by the tubing.

Figure 3. 1. A) Schematics of microfluidic gradient generator assembly with cell crown, clamping plates,
screws and nuts. The graph was provided by Dr. Richard Wang. B) Picture of the organoid patterning
platform in a 37°C CO; incubator.
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To fill the micro-channels and culture chamber with media, the syringes were purged
manually until all air was removed. The whole set (Figure 9B) was moved into the 37 °C
incubator and connected to the syringe pump (Harvard Apparatus 33DDS). To fully
maintain the concentration gradient in the culture chamber and prevent air bubbles
formation, the flow rate was decelerated gradually as follows: 1 mL/min 1 min, 500
ML/min 2 mins; 300 yL/min 2 mins; 100 yL/min 2 mins; 50 yL/min 2 mins; 30 yL/min 2
mins; 10 yL/min 2 mins; 5 pL/min 10 mins, and 1.33 yL/min as final flow rate, which
provided 160 pL/h media supply for organoid growth.

3.1.4 Gradient visualization

Following the microfluidic chip operation protocol in 3.1.3, red food dye (Sigma-
Aldrich 458848-100G) or 2.5 uM fluorescein sodium salt (FSS) (Sigma-Aldrich F6377-
100G) in Dulbecco’s modified Eagle’s medium (DMEM) was added to one of the
syringes recapitulating the 100% morphogens which regulate organoid polarization.
The red food dye was used to directly visualize the gradient formation in the channels
and chamber in the preliminary experiment stage, while the fluorescent signal of FSS
can be detected with a live cell imaging platform (Zeiss AxioScope Observer) and be
monitored overnight. The concentration gradient in the culture chamber was analyzed
by ImagedJ quantitively. Gradient detection and data analysis were performed by Dr.
Richard Wang and Dr. Ruoxiao Xie.

3.2 Round cerebral organoid cultivation

3.2.1 Organoid culture media

Stem cell media: mTeSR Plus (STEMCELL 100-0276) media with 50 puM rho-
associated protein kinase (ROCK) inhibitor (Selleck Chemicals S1049) and 1% (v/v)
Penicillin/Streptomycin (Invitrogen).

Neural induction media: DMEM/F23 (Gibco) with 1% (v/v) Penicillin/Streptomycin, 1%
(v/iv) N-2 supplement (Invitrogen 17502048), 1% (v/v) GlutaMAX supplement
(Invitrogen), 1% (v/v) MEM-NEAA (Invitrogen) and 1 pug/mL heparin (Sigma, H3149).
Filtered before use.

Improved - A media: 1:1 (v/v) mixture with DMEM/F12 and Neurobasal media (Gibco)
with 1% (v/v) B-27 minus vitamin A supplement (Invitrogen, 12587010), 0.025% (v/v)
insulin (Sigma, 19278), 0.5% (v/v) N-2 supplement, 1 mg/mL sodium bicarbonate
(Sigma-Aldrich S5761-500G), 1% (v/v) GlutaMAX supplement (Invitrogen), 1% (v/v)
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Penicillin/Streptomycin. Filtered before use.

Improved + A media: 1:1 (v/v) mixture of DMEM/F12 and Neurobasal media with 1%
(v/v) B-27 supplement (Invitrogen 17504044), 1% (v/v) vitamin C solution (350 mg/ 50
mL DMEM/F12), 1% (v/v) GlutaMAX supplement, 0.5% (v/v) N-2 supplement 0.025%
(v/v) insulin, 1% (v/v) Penicillin/Streptomycin and 1 mg/mL sodium bicarbonate.
Filtered before use.

3.2.2 HI cell maintaining

Human embryo stem cell line H9 was obtained from WiCell and maintained with
feeder-free conditions. hESC qualified MG (Corning 354277) was used and diluted
with DMEM/F12 according to manufacturer’s instructions, hereinafter referred to as
“coating MG”. 1 mL coating MG solution was used to coat each 6 well plate at 37°C
incubator for over 45 mins, and was removed before cell seeding. 2 mL mTeSR Plus
was added to each well and exchanged daily. At 60 ~ 70% confluency, cells were
passaged by ReLeSR (STEMCELL 05872) treatment for 3 mins at 37°C incubator,
collected with 1 mL mTeSR Plus for splitting.

3.2.3 Cerebral organoid cultivation

For cell seeding, H9 cells with 60% confluency were detached by ReleSR and
collected with 1 mL stem cell media as described in 3.2.1, centrifuged with 800 rpm for
5 mins. The supernatant was removed. Cells were resuspended with stem cell media
to ensure 9000 cells per 150 pL for each well in the round bottom 96 well plate (Ultra-
Low Attachment, Scientific Laboratory Supplies, 444-1020). On day 3, 150 yL mTeSR
Plus media was changed by multi-channel pipettes. On day 5, day 7, and day 9, media
was replaced by 150 yL neural induction media as described in 3.2.1 to regulate the
neural fate differentiation of the EBs. On day 10 ~ 13, optical clearing organoid borders
were observed. In this stage, organoids were embedded with MG (Corning 356235)
droplets on a parafilm for gel formation in the 37°C incubator for 30 ~ 45 mins. Neural
induction media was continually used to flush the droplets off the parafilm and maintain
organoids growth in the 6 cm petri dish. 2 ~ 3 days after the MG embedding, Improved
- A media was used for organoid maturation and exchanged every 2 ~ 3 days. On day
17 ~ 18, organoids were placed on an orbital shaker at a speed of 57 rpm. The short-
term culture terminated on day 20, and the organoids were fixed by 4%
polyformaldehyde (PFA) (Sigma-Aldrich). The long-term culture for more mature
organoids terminated on day 40, during which the media was replaced by Improved
+A on day 25 and exchanged every other day.
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3.3 Brain organoid elongation

3.3.1 Material biocompatibility examination

Silk fiber from Cambridge collaborators, 20G PCL (DHGate), PDO suture thread
(DHGate), and 27G PDO suture thread (Private pharma SKU240) were cut into small
fragments and sterilized with 2% (v/v) Penicillin/Streptomycin in PBS overnight. Before
cell seeding, all materials were coated with coating MG with 1% (v/v)
Penicillin/Streptomycin for at least 1 h. During cell seeding, silk fiber fragments were
mixed with cell suspension with stem cell media to ensure 18000 cell/well with 150 uL
media for the U-bottom 96 well plate. For the suture thread fragments, after cell
seeding with 18000 cell/well with 150 yL media, the materials were moved manually
by autoclaved tweezers to ensure 1 or 2 fragments in each well. The following culture
protocol was consistent with the conventional cerebral organoid culture protocol and
was terminated on day 20. Bright field (BF) images were taken every other day with
triplicates to demonstrate organoid viability, attachment, and growth.

3.3.2 Organoid elongation with 27G PDO

To regulate hESCs around the scaffold surface and facilitate cell attachment, before
sterilization, an agarose (Sigma-Aldrich) base was made, fitting corresponding cell
crown with 27G PDO scaffold (Figure 3.2). Briefly, 3% (w/v) agarose in PBS was
prepared and warmed up by microwave. Cell crown-PDO scaffold was merged with
1.5 mL agarose solution in 6 well plate. After gelling, the cell crown-PDO scaffold was
removed, and the groove for cell suspension was cut to 2 mm wide with a blade along
the mark left with the 27G PDO thread. Both the agarose base and cell crown-PDO
scaffold were sterilized with 2% (v/v) Penicillin/Streptomycin in PBS overnight. Before
cell seeding, the scaffold was coated with coating MG with 1% (v/v)
Penicillin/Streptomycin, and the agarose base was pre-diffused with mTeSR Plus
media with 1% (v/v) Penicillin/Streptomycin for 2 h. Ultra Low attachment 6 well plate
(VWR 734-1582) was used to set the agarose base and the cell crown-PDO scaffold.

60% confluent H9 cells were detached with ReleSR and suspended with stem cell
media to obtain high cell density of 2*107/mL. 80 L cell suspension was added to each
scaffold ensuring all cells were regulated in the groove. After standing for 30 mins, 1.5
mL stem cell media was added slowly to the surface of the agarose base for nutrient
supply. On day 2, the cell crown-PDO scaffold with organoid attached was lifted with a
tweezer and removed to the sterilized holder, which was 3D printed by biocompatible
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resin (Figure 3.2) as well. On day 11, PDO scaffold with elongated brain organoid was
removed from the cell crown and set on a hydrophobic parafilm for MG embedding.
After gelling, the organoid embedded in MG was flushed off by neural induction media
for further culture. The media supply protocol maintained the same as conventional
cerebral organoids, and the experiment terminated on day 20.
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Figure 3. 2. Schematics of elongated organoid seeding process with 27G PDO scaffold.

3.3.3 20G PDO/PCL-guided elongated organoid

2 cm PDO/PCL 20G suture threads were sterilized with 2% (v/v)
Penicillin/Streptomycin in PBS and coated with MG as described in section 3.3.1. A
customized PDMS holder was demolded from an orange tough resin 3D printed mold
and sterilized with 2% (v/v) Penicillin/Streptomycin in PBS overnight. A 4 well ibidi chip
was pre-coated with Anti-Adherence Rinsing Solution (STEMCELL 07010) and then
washed with PBS before seeding. 1 mL cell suspension with density of 4.8*10%/mL was
added to the ibidi well together with the scaffold. On day 2, the scaffold with a thin layer
of cells was moved to the PDMS holder for further culture. On day 11, the scaffold with
organoid was moved to hydrophobic parafilm for MG embedding, and the media supply
was consistent with the conventional cerebral organoid protocol. The experiment was
terminated on day 20.

3.4 Anteroposterior microfluidic patterning

Andersen’s protocol (Figure 3.3A, and B) was used to generate caudal identity of
the brain organoids!*!. Based on that, an optimized anteroposterior patterning protocol
for microfluidic settings was determined as shown in Figure 11C for 20-day short-term
culture by the following experiments. For dual SMAD:i treatment, Andersen et al used
dorsomorphin (DM) and SB431532 (SB), while the most common protocol is the
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combination of SB431532 and Noggin (NG)! %l of which the stock in-house was
sufficient. In our experiment (Figure 3.3C), NG was used instead of DM.
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Figure 3. 3. Andersen’s protocol®!! for A) short-term and B) long-term spinal cord spheroids culture. C)
Time scale of caudal and rostral organoid protocols for the microfluidic platform. The concentrations of
the above factors are: Noggin Fc 100 ng/mL (R&D System 719-NG-050), SB431532 10 uM (Tocris
1614), EGF 20 ng/mL (R&D System 236-EG-200), FGF2 20 ng/mL (R&D System 233-FB-025/CF),
RA 10 nM (Sigma-Aldrich R2625-50MG), CHIR99021 3 uM (Miltenyi Biotech CT99021), smoothened
agonist (SAG) 0.1 uM (Cambridge Bioscience Ltd (Cayman Chemical) CAT11914-1), brain-derived
neurotrophic factor (BDNF) 20 ng/ml (Peprotech 450-02), Insulin-like growth factors -1 (IGF-1)
10 ng/ml (Peprotech 100-11), L-ascorbic acid (AA) 200 nM (Wako 321-44823), cyclic adenosine
monophosphate (cAMP) 50 nM (Sigma-Aldrich D0627) and DAPT 2.5 uM (STEMCELL technologies
72082).

Briefly, after cell seeding with 27G PDO scaffold, the cell crown-scaffold-organoid
assembly was removed from the agarose base and settled into the autoclaved
microfluidic chip as described in 3.1.3. The microfluidic culture chamber was filled with
media containing the gradient of morphogens as shown in Figure 3.4. Since the brain
organoid spontaneously differentiates towards a rostral fate, only one side of the inlet
was supplied with caudalization factors, including CHIR, retinoic acid (RA), fibroblast
growth factor (FGF), and epidermal growth factor (EGF). After morphogen gradients
exposure for 9 days, on day 11, the scaffold-organoid was taken out and embedded
with MG, then set on the customized holder for further cultivation and characterization.
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Figure 3. 4. Schematics of the microfluidic gradient generator guided brain organoid polarization. With
forebrain identity on the side without morphogen treatment, and spinal cord identity on the opposing side,

a continuous and polarized brain organoid along the anteroposterior axis shall be obtained.

3.5 Brain organoid characterization

3.5.1 Cryosection

The organoids fixed on day 20/40 by 4% (w/v) PFA/PBS were washed with PBS 3 x
15 mins and dehydrated by 30% (w/v) sucrose (Merk 84097-250G)/PBS overnight at
4 °C. O.C.T. matrix (Sakura 4583) was used for organoid embedding under -80 °C in
the cryomolds (25 x 20 x 5 mm, Agar Scientific AGG4580). 20 um tissue slices were
obtained with a cryostat machine (Cryostar NX70) at -12°C and collected with
Microscope slide Superfrost Plus adhesion (Fisher Scientific 10149870), stored at -
20 °C freezer for further staining.

3.5.2 Organoid sections immunostaining.

For immunostaining, slides were soaked in PBS at room temperature (RT) for 10
mins to remove the water-soluble O.C.T. matrix. Organoid sections were post-fixed
with 4% (w/v) PFA/PBS for 5 mins, then washed for 3 x 15 mins with PBS. Afterwards,
organoid sections were permeabilized and blocked with 0.3% (v/v) Triton X — 100 (TX
100) (Sigma Aldrich X100-100ML) and 5% (w/v) Bovine albumin (BSA) (Millipore
Sigma 10735078001) in PBS for 30 mins at RT. Primary antibodies were diluted
accordingly with 5% (w/v) BSA and 0.1% (v/v) TX100 in PBS, as described in Table
S1. 400 L diluted primary antibody solution was added to each slide overnight at 4°C
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in a humidified box. The slides were washed 3 x 15 mins with PBS-T (PBS + 0.01%
(v/v) TX100), and 400 yL 1:500 diluted secondary antibodies (Alexa fluor) was added
to each slide for 2 h at RT in a dark humidified staining box. Afterwards, 400 uL 1:1000
diluted DAPI (2 mg/mL stock, BD 564907) solution was added to each slide and
incubated for 5 mins. The slides were washed 2 x 15 mins with PBS-T and 1 x 15 mins
with PBS. Fluorescence mounting medium (DAKO s3023) was used to fix the cover
slides before imaging.

3.5.3 Confocal microscopy imaging

Images were acquired by Leica SP8 confocal microscopy with 405 nm diode laser
for DAPI, 488 nm argon laser (GFP), 543 nm HeNe laser (Alexa Fluor-543/555), and
633 nm HeNe laser (Alexa Fluor-633-647). 10X and 20X images were taken in
triplicates for each sample and processed with Fiji Imaged.

3.5.4 RNA extraction

For homogenization, organoids on day 20/40 were torn by P10 tip pipetting
vigorously and washed with PBS, centrifuged at 800 rpm to remove the embedded MG.
Discarding the supernatant, cell suspension was lysed with TRIZOL reagent (Life
Technologies 15596026), and kept in -80°C freezer overnight. 1 mL TRIZOL reagent
was used to homogenize four 20 day-organoids and two 40 day-organoids. 0.2 mL
chloroform per 1 mL TRIZOL reagent was added for phase separation and vortexed
vigorously for 15 s, incubated at RT for 3 mins. Samples were centrifuged at 12000 g
for 15 mins at 4°C. A clear aqueous phase with RNA was collected in 1.5 mL Eppendorf
(EP) tube. Then, RNA was precipitated with 500 pL isopropyl alcohol per 1 mL TRIZOL
reagent used for the initial homogenization. Samples were incubated at RT for 10 mins
and centrifuged at 12000 g for 10 mins at 4°C. The supernatant was removed, and the
RNA pellet on the bottom was washed twice with 1 mL 75% (v/v) ethanol, and
centrifuged at 7500 g for 5 mins at 4°C. Removing the supernatant entirely, the RNA
pellet was left still and dried at RT for 30 mins and dissolved with Nucleus free water.
The RNA concentration was measured by Nanodrop with A260/280 ratio < 1.6.
Samples were stored at -80°C for cDNA reverse transcription.

3.5.5 cDNA reverse transcription

According to the RNA concentration of samples, following the protocol of
QuantiTect® Reverse Transcription kit, 1 ug RNA was reverse transcribed to cDNA in
20 pL reactions. The concentration of cDNA was calculated by Nanodrop with
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A260/280 ratio < 1.8. Samples were stored at 20°C for quantitative real time-
Polymerase Chain Reaction (QRT-PCR).

3.5.6 qRT-PCR

Calculating and ensuring 10 ng cDNA/10 uL reaction, Tagman primer probes and
Tagman MasterMix were used following the TagMan® Multiplex PCR Optimization
protocol. gRT-PCR was performed with a Vii6 PCR system with the following cycling
conditions: 20 s at 95 °C, 40 cycles of 1 s denature at 95 °C, and 20 s of extending at
60 °C. Tagman probes of HOXAZ2 (Thermo Fisher 4331182), HOXC6 (Thermo Fisher
4331182), HOXC9 (Thermo Fisher 4331182) were used to demonstrate the rostral-
caudal identity. Relative gene expression to mean + standard error of mean (S.E.M.)
was an average of four replicates and was normalized using 272t method to GAPDH
gene (Thermo Fisher 4331182) expression.

3.6 data analysis

Statistical analyses were performed with GraphPad Prism 7.0. The results were
presented as the means £ S.E.M. One-way ANOVA (analysis of variance) and
Sidak’s test was used for comparison among multiple groups for a certain gene
expression. " indicates p value < 0.05, "*' indicates p value < 0.01.
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4 Results

4.1 Specific aims

As mentioned in section 2, 4 specific aims were included in this project.

For the first aim, the brain organoid polarization platform was primarily established,
as described in section 3.1.1 ~ 3.1.3. Optimizations on the chip design were performed
to obtain a consistent concentration gradient in the culture chamber, which was
visualized with FSS and ImagJ as described in 3.1.4.

For the second aim, as Andersen’s caudalization protocol provided multiple
combinations regarding the concentration of different morphogens, the one that
generated spinal cord identity was chosen in this project, as described in section 3.4
(Figure 3.3A and B), and was verified with round organoids first. Based on this,
modifications to the morphogen exposure periods were performed with traditional
round brain organoids to obtain optimal rostral/caudal patterning protocols that were
suitable for the microfluidic anteroposterior patterning paradigm.

For the third aim, silk fiber, 20G PCL, 20G, and 27G PDO commercial suture threads
were selected as candidate materials. Material screening was performed with round
brain organoids as described in 3.3.1 to verify the biocompatibility. Cell crown, scaffold
holders were designed for elongated brain organoids fixation and culture, as described
in section 3.3.2 and 3.3.3.

For the fourth aim, a comparison experiment was conducted with 27G PDO
elongated brain organoids under still or microfluidic culture conditions to exclude the
influence of microfluidic shear stress on brain organoid growth. On the other hand, the
determined rostral/caudal patterning protocols were verified with 20G and 27G PDO
elongated brain organoids separately. Finally, the brain organoid anteroposterior
polarization experiments were performed via the microfluidic platform with 27G PDO
suture threads. 20G PDO suture threads could also be used in the future.

4.2 Microfluidic concentration gradient generator

4.2.1 Microfluidic chip characterization and optimization

The microfluidic brain organoid patterning platform was prepared according to
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section 3.1.1~.3.1.3. In such design, a low Reynolds number (Re) (0.0023) and a
Peclet number (Pe) > 1 (2.19) for the fluorescent additives were calculated by using
the following equations:

Re =% (1)
Pe =z (2)

Where p is the density of media, v/u is the local flow velocity, L is the characteristic
linear dimension, u is the dynamic viscosity coefficient of media at 305 K, and Ds is
the mass diffusion coefficient of the media®. This result indicated the flow was
dominated by laminar flow and advection in the culture chamber.

Channel height 200 pm: Channel height 400 pm: The end of the channel height 1 mm: chamber height 4 mm (1:4)
chamber height 4mm (1:20)  chamber height 2 mm (1:5)

Figure 4. 1. A) and B) compared the microfluidic chips with different channel width and chamber height,
where gradients were indicated with red food dye. C) Design of slop structures at the end of the

microchannels.

To prevent microbubble formation and obtain a stable chamber gradient, the
microfluidic chip design underwent multiple modifications. Initially, the microchannel
with a height of 200 ym was too small compared to the chamber with a height of 4 mm,
leading to the failure of the gradient formation in the chamber, visualized with red food
dye(Figure 4.1A). However, a testing chip with a chamber of 2 mm in height and
channels of 400 um in height was able to maintain the chamber gradient stably (Figure
4.1B). Based on this observation, slope structures (Figure 4.1C) with open ends of 1
mm in height were added to the end of the channels, which decreased the height
difference and facilitated the stability of gradient in the chamber.
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4.2.2 Microfluidic gradient visualization

The optimized chip was examined with FSS indicator and live cell microscopy
overnight. As shown in Figure 4.2A, two sufficiently mixed laminar flows in the
microchannels and a clear gradient formed in the culture chamber (Figure 4.2B) were
observed. The ImageJ quantification result revealed a gradually increased fluorescent
signal in the direction perpendicular to the microflows while remaining stable in the
direction parallel to the flows. Such results indicated the optimized microfluidic platform
was ready to be used for the subsequent experiments with elongated brain organoids.
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Figure 4. 2. A) FSS indicated laminar flows mixing in the microfluidic channels under live cell
microscopy. Scale bar = 1 mm. B) Live cell image showing the fluorescent signal in the culture chamber
(up, scale bar = 1 cm) and ImageJ quantification analysis (bottom) for both directions perpendicular and
parallel to the flow. The images and analysis result were provided by Dr. Richard Wang and Dr. Ruoxiao
Xie.

4.3 Caudal and rostral protocol for microfluidic patterning

4.3.1 Short-term culture

The feasibility of using Andersen’s protocol®! (Figure 3.3A) in generating 20 day
caudalized brain organoids was verified. The BF results (Figure 4.3A) showed the
cauldalized organoids were bigger than conventional cerebral organoids, and
maintained well-regulated lumen regions surrounding the core area resembling cell
self-sorting and neuroepithelium formation. The neural stem cell marker SOX2 was
expressed with both 20 day-control and caudalized organoids, while the caudal marker
GBX2 was only observed in the caudalized organoids (Figure 4.3B). This result
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suggested the caudalized organoids were successfully generated. However, this
protocol requires the addition of the caudalization morphogens from day 0 to day 20,
which is not a realistic time point for starting the microfluidic gradients as H9 cells will
not be able to attach to the scaffolds on day 0. To adapt Andersen’s protocol to our
microfluidic platform, optimizations are demanded in terms of the timing of the
caudalization morphogens exposure.

A D9 D11 D14 D16 D20

.

Control
.
£

e
e - ~ .

©
@
N
©
o
=
©
O
DAPI GBX2
B
g
€
[}
O
e
o
N
w©
©
3
©
) . .

Figure 4. 3. A) BF images showing the growth of control and caudalized organoids following Andersen's
protocol. B) Immunostaining images indicating the expression of SOX2 and GBX2 of both 20 day-
control and caudalized organoids. Scale bars = 500 pum.

To ensure cell attachment for at least 2 days prior to microfluidic patterning stimuli,
and to avoid interference with the gradient diffusion caused by MG embedding on day
11, the supply of caudalization factors: CHIR, RA, FGF2, and EGF was limited from
day 2 to day 11. To determine the best protocol for microfluidic anteroposterior
patterning, four groups of experiments were conducted as listed in Figure 4.4. The
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concentrations of all factors were consistent with section 3.4 (Figure 3.3). Conventional
round organoids were used to test all the conditions. gqRT-PCR and immunostaining
were used to find the optimal condition, which would be applied to the scaffold-guided
elongated organoids and the microfluidic patterning procedure subsequently.

Caudal side Rostral side
Dual SMADi + SAG ca: Dual SMADi + SAG ro:
DO D4 D6 DA D20 DO D2 D6 D11 D20
I 1 1 1 ] L 1 1 1 ]
I | 1 1 1 I 1 T L 1
group 1 [ nNe.sB | EGFFGFRA | NG,
[ cirR ] — =
SAG
SAG
Dual SMADi- SAG ca: Dual SMAD: ro:
DO D4 Db D11 D20 DO D2 D6 D11 D20
I +— } | — } } i
group 2 | ne,se | EcrFoRRA | NG,
CHIR SB
+2 + SAG ca: +2 + SAG ro:
DO D2 D6 D8 D13 D20 DO D2 D6 D8 D13 D20
P AR . ) i P : !
I 1 1 1 I 1 I 1 1 1 1 1
group 3 NG, SB | EGF FGFRA |
CHIR
SAG SAG
+2 - SAG ca:
DO D2 D6 D8 D13 D20
group 4 |— +— t i — Control: no morphogens
[ NGB | EGFFGFRA |
CHIR

Figure 4. 4. Caudal and rostral protocols for round organoid preliminary experiments. The terms: “Dual
SMAD:i + SAG ca”, “Dual SMADi + SAG ro”, “Dual SMADI - SAG ca”, “Dual SMADi - SAG ro”, “+2
+SAG ca”, “+2+ SAG ro” and “+2 - SAG ca” were continually used in the following text. “ca” and “ro”
refer to the caudal group and rostral group respectively. For group 1 and 2, MG embedding was

performed on day 11. For group 3 and 4, MG embedding was performed on day 13.

The expression of neuron marker MAP2, caudal marker GBX2, and motor neuron
marker OLIG2 that expressed in human spinal cord region, were examined by
immunostaining and confocal microscopy (Figure 4.5, S1). All groups expressed MAP2,
indicating that they have maintained neural identity. For the caudal groups, OLIG2
expression was only observed in the “Dual SMADi + SAG ca” organoids, which also
managed to maintain the conventional organoid morphology as shown in Figure 4.5
and Figure S1.

Figure 4.5 also suggested that for the caudal groups, the use of dual SMADI in the
first two days was essential, as without it, thick neuron layers and random organoid
structures were observed with or without SAG supplement (+2 + SAG ca; +2 - SAG
ca). For the rostral groups, dual SMADiI in the first two days induced neuron layers
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around the organoids (Dual SMADi + SAG ro; Dual SMAD:I - SAG ro). But adding SAG
after MG embedding resulted in a more regulated organoid structure, indicating that
SAG may play a role in cell sorting and organization.

Caudal group With SAG Without SAG Rostral group With SAG Without SAG
DAPI
with dual with dual
SMADI MAP2 SMADI
GBX2 ‘
without without
dual SMADi dual SMADiI

Figure 4. 5. Immunostaining summary for organoids with modified protocols on day 20. The
merged images included DAPI (cyan), MAP2 (magenta), GBX2 (grey), OLIG2 (yellow).
With/without dual SMAD:I refers to the treatment condition from day 0 to day 2. With/without SAG
refers to the treatment condition from day 11 to day 20. Scale bars = 500 um.

The organoids derived from original Andersen’s caudalization protocol and all the
modified conditions were further examined with qRT-PCR (Figure 4.6A). The rostral
groups: control, Dual SMADi + SAG ro, Dual SMADi - SAG ro, +2 +SAG ro, had no
expressions of the spinal cord-related genes: HOXC6 and HOXC9, and the
expressions of hindbrain related gene HOXA2 were considerably low. In contrast, all
the caudal groups have maintained hindbrain and spinal cord identity, indicating the
modifications of the caudal factors (CHIR, RA, EGF, FGF) exposure period did not
interfere with the caudal identity of the brain organoids, and that dual SMADi and SAG
were not directly related to brain organoid caudalization events.

Figure 4.6B compared the four caudal groups with the group cultured under original
Andersen’s protocol (caudal original) regarding to the expression of the posterior
genes along the neural tube. This result suggested that “Dual SMADi + SAG ca”
organoids had the highest expressions for all three genes. Combining this with the
immunostaining results, the “Dual SMADi + SAG ca/ro” protocols were chosen to
proceed with elongated brain organoid differentiation and microfluidic gradient
exposure experiments.
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Figure 4. 6. A) q-RT PCR result for all groups. N = 4. B) qRT-PCR and statistical analysis results
for the caudalized organoids, using one-way ANOVA and Sidak’s test for each gene separately. P <
0.05, N =4. HOXA?2 expresses in the hindbrain area; HOXC6 expresses in the brachial area; HOXCY
expresses in the thoracic area.

4.3.2 Long-term culture

To obtain more mature brain organoids for deeper investigation on signaling
pathways and electrophysiology experiments, a 40-day organoid polarization protocol
should also be prepared. Following Andersen’s long-term culture protocol (Figure
4.7A%") and the microfluidic optimization plan that was decided in section 4.2.1 (Figure
4.7B), after day 20, the effect of growth factors (IGF-1, BDNF, AA, cAMP) and DAPT
(notch pathway modulator) were studied. The experimental groups were listed in
Figure 4.7C, with “9dm” referring to the 9-day microfluidic patterning plan (Fig 4.7B),
“+fa” referring to the addition of all factors including DAPT from day 20 to day 24, IGF-
1, BDNF, AA, cAMP from day 20 to day 40; “- DAPT” referring to the addition of IGF-1,
BDNF, AA, cAMP from day 20 to day 40; “ca” and “ro” referring to the caudal group
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and rostral group respectively.

A Do D4 D6 D11 D18 D24 B4
—t— : : : |
DM, SB EGF, FGF-2, RA IGF-1, BDNF, AA, cAMP
CHIR 99021 DAPT
SAG
B
Rostral C
D0 D2 D11 D20
! f : | Round orangoid groups:
‘ SAG | - 40D original
SB
= Control
Caudal * 9dm+acaVSro
Do D4 D6 D11 D20 * 9dm+fa-DAPT ca VS ro
I 1 1 1
[ NG.SB__ | EGFFGFRA SAG \ * 9dm-faca VS ro
CHIR

Figure 4. 7. A) Andersen’s 40-day caudalization protocol!). B) The determined 9-day microfluidic

patterning plan for 20-day organoid culture. C) The experimental groups included in this part of
comparison.
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Figure 4. 8. A) g-RT PCR result for caudal groups. One-way ANOVA and Sidak’s test was used to
compare the group means with each other, for each gene separately. P <0.05. N =4. B) The confocal
images were merged with DAPI (cyan), OLIG2 (Yellow), MAP2 (grey) and apical protein kinase C
(aPKC{) (magenta). Scale bars = 500 pm.

The gRT-PCR results for the caudal groups (Figure 4.8A) indicated that “9dm-+fa-
DAPT ca” organoids had the highest caudal brain marker expression. Moreover, the
rostral groups had low to no caudal identity expression in all cases (Figure S3).
However, the morphologies of the organoids cultured by the three modified protocols
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were poor compared to the group cultured under the original 40-day protocol (Figure
4.8B), where the classic lumen budding structures were compromised. This issue will
require more replications and investigation. Future studies shall focus on the “9dm+fa-
DAPT ca” group and its rostral pair.

4.4 Material screening

4.4 1 Scaffold materials

As mentioned in section 1.7, silk, PCL, and PDO suture threads were chosen in the
first place as scaffold materials for guiding brain organoids growth. However, the
commercial silk suture threads with a diameter of 600 um were too thick (Figure 4.9A
and B) that hESCs failed completely to attach to the scaffolds in preliminary
experiments. The degummed silk fibers were used instead (Figure 4.9C), as the effect
of SF on brain organoid growth was still worth investigating. On the other hand, the
size of micro-scaled silk fiber was closer to the traditional scaffold materials used in
brain organoid studies, which could provide a suitable reference when discussing the
effect of scaffold sizes on brain organoid growth.

A

Figure 4. 9. A) Photo of commercial silk suture thread with needles. B) BF image of silk suture
thread, with fibers bundled together. C) BF image of degreased silk fibers. Scale bars = 500 pm.
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The commercial face-lifting threads circulating on the marked were selected as
follow: 20G PCL, 20G and 27G PDO. The 20G PCL and PDO suture threads had
similar diameters to the silk suture threads (Figure 4.10 A, B, D, and E), but with smooth
surfaces that allowed hESCs to attach and grow. The 27G PDO was much smaller with
an approximate diameter of 240 ym (Figure 4.10 C, and F), which provides an
intermediate scale between 600 um suture thread and micro-scaled fibers.

Figure 4. 10. Photos of commercial 20G A) PDO and B) PCL suture threads on PDMS holders. C)
Photo of commercial 27G PCL suture threads in package. D) BF image of 20G PDO suture thread.
E) BF image of 20G PCL suture thread with the edge caused by scissors cut. F) BF image of 27G
PDO suture thread with the shadow of cell crown. Scale bars = 500 um.

4.4.2 Brain organoid viability test

Following section 3.3.1, organoids grown on the fractures of the selected materials
were captured with BF microscopy (Figure 4.11A). The results showed that single silk
fiber barely supported cell attachment and organoid formation, and multiple silk
fragments led to cell spontaneous differentiation. The immunostaining with SOX2,
MAP2, and aPKCC (Figure 4.11B) further confirmed that silk fibers failed to support
brain organoids formation. On the other hand, both the PCL and PDO suture threads
succeeded in supporting brain organoids formation. On day 20, the expansion of
neuroepithelium buds was observed evenly around the material. With a diameter of
600 uym, 20G PCL and PDO largely expanded the material surface area for cell
attachment, thus ensuring enhanced nutrient exchange efficiency.

Unlike traditional round organoids, there was no necrosis core area observed in the
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PDO/PCL-guided organoids, which indicated a better cell viability that potentially
supported longer term brain organoid maturation and the subsequent studies. In
addition, a thinner 27G PDO scaffold with a diameter of 240 um was also tested (Figure
4.11A). The neuroepithelium buddings were also observed around the scaffold without
necrosis core area. Such a smaller size is closer to the traditional tissue engineering
scaffold and suggests the possibility of illustrating the size effect on organoid

generation.
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Figure 4. 11. A) BF images for 96 well plate material screening. B) Immunostaining and confocal

microscopy images for day 20 organoids induced by different material fractures. Scale bars = 500

pm.
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4.5 Anteroposterior patterning with microfluidic platform

4.5.1 Elongated organoid preliminary experiments

PDO and PCL scaffolds were further tested to generate elongated brain organoids.
Although PCL worked well in the small fragment format, the 2 cm scaffold could hardly
support stable organoid attachment. The organoid easily detached from the PCL
scaffolds on day 17 orbital shaking (Figure S4). Brain organoids on 2 cm PDO, however,
remained firmly attached during the entire culture period and thus were suitable for the
microfluidic patterning experiments and further analysis. Therefore, the 20G and 27G
PDO were decided as scaffold materials for elongated brain organoid culture.

The rostral and caudal protocol for short-term culture, determined in section 4.2.1,
were then performed to induce brain organoids on both 27G (Figure 4.12) and 20G
(Figure 4.13) PDO suture threads. The BF results showed that the organoid
morphologies on PDO suture threads were consistent with the round organoids
respectively, as the caudalized organoids were looser than the rostral ones, and the
rostral organoids was surrounded by a thick layer of neurons.

Figure 4. 12. 27G PDO-guided elongated organoid on day 20 under still condition with A) rostral and

B) caudal differentiation protocol. The overall morphologies were observed with both (i) bright field and
(ii) confocal microscopy, which merged four channels including DAPI (cyan), OLIG2 (yellow), MAP2
(grey) and GBX2 (magenta). Partial views under confocal microscopy (iii) zoomed up the white square

area in ii, with all channels separated. Scale bars = 500 um.

The motor neuron marker OLIG2 and hindbrain marker GBX2 were chosen to check
the caudal identity for both organoids growing on 27G and 20G PDO scaffolds. The
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immunostaining results (Figure 4.12 and Figure 4.13) showed that the caudal identity
was only found in the caudal organoids but not in the rostral ones, suggesting that the
patterning protocols were also effective in inducing elongated brain organoids
differentiation, not interfered with by the supporting materials.

It is interesting to note that the 20G PDO scaffold-mediated organoids had a larger
size than the 27G PDO scaffold-mediated organoids, possibly due to the larger surface
area provided by the material. Besides, the 20G PDO scaffold-mediated rostral
organoid showed more organized lumen budding than the 27G PDO scaffold-mediated
one. Future studies could focus on a deeper analysis of gene expression to illustrate
the influence of material size on organoid growth. Since the diameter of the scaffold
used in previous papers!'® 78 for supporting organoid growth is closer to that of 27G,
the following microfluidic patterning experiments started with 27G PDO scaffold in this
stage. On the other hand, the 20G PDO scaffold could be used in the future with the
cell crown modified accordingly.
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Figure 4. 13. 20G PDO-guided elongated organoid on day 20 under still condition with A) rostral and

B) caudal differentiation protocol. The overall morphologies were observed with both (i) bright field and
(i) confocal microscopy, which merged all channels including DAPI (cyan), OLIG2 (yellow), MAP2
(grey) and GBX2 (magenta). Partial views under confocal microscopy (iii) zoomed up the white square

area in ii, with all channels separated. Scale bars = 500 um.

Before the microfluidic polarization experiment, the effect of microflow on organoid
growth was also examined with 27G PDO-guided elongated brain organoids. The
growth of organoids under static (Figure 4.14A) and microfluidic conditions (Figure
4.14B) without any morphogen supplement were compared as a group.

Immunostaining results of the neural stem cell marker SOX2, neuron marker MAP2,
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and the apical marker aPKC¢ demonstrated the appearance of ventricular zone-like
lumens in both organoids. This result suggested that microfluidic shear stress did not
affect organoid growth so brain organoid elongation was achieved with all the classic
brain organoid features maintained. However, the microfluidic-organoid (Figure 4.14B)
tended to detach from the scaffold during the MG embedding process. Optimizations
on the MG embedding should be performed to prevent the organoid from detaching
and facilitate stable elongated organoid morphologies.

A

SOX2 MAP2

Figure 4. 14. 27G PDO-guided elongated brain organoid on day 20, cultured without any morphogens
under A) still and B) microfluidic conditions. The overall morphologies were observed with both (i)
bright field and (ii) confocal microscopy that merged all channels including DAPI (cyan), SOX2 (yellow),
MAP2 (grey) and aPCK({ (magenta). Partial views under confocal microscopy (iii) zoomed up the white

square area in ii, with all channels separated. Scale bars = 500 pum.
4.5.2 Anteroposterior patterning with microfluidic platform

As described in section 3.4, triplicate experiments were performed with 27G PDO-
guided elongated brain organoids. After microfluidic patterning with the plan
determined in 4.2.1, however, the organoid structure turned loose and fragile, so they
broke off into small fragments on day 11 when terminating the microfluidic device and
trying to lift the organoid-scaffold-cell crown assembly out of the culture chamber
(Figure 4.15).

Forebrain marker FOXG1, floor plate marker FOXA2, caudal brain maker GBX2,
and motor neuron marker OLIG2 were stained with three cryo-sectioned slices
separately. Results (Figure 4.15) showed no caudal or rostral identity, but the floor

plate marker was observed all over the fragments. Perhaps in the microfluidic chamber,
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the morphogen gradients were interfered with air bubbles and mixed up
homogeneously and made a 50% concentration that generated identity in the middle
of the anteroposterior axis. In the future, comparative experiments should be
conducted on round organoids with 50% morphogen concentration to verify a such
hypothesis. Further optimizations on experimental handling should make sure a
consistent and stable gradient in the microfluidic chamber and keep the organoid whole.

aPKCC OLIG2 MAP2 GBX2

D DAPI

Figure 4. 15. The overall views for the fractured organoids aligned by the corresponding positions
as they were on the scaffold. All channels were merged, stained with: A) DAPI (cyan) and FOXG1
(green); B) DAPI (cyan), FOXA2 (yellow) and aPKC( (magenta); C) DAPI (cyan), OLIG2 (red),
MAP2 (grey), and GBX2 (blue). Scale bars = 1 mm. The partial view D) separated all channels and
zoomed up the white square areas in A), B), and C). Scale bars = 500 um.
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5 Discussion

5.1 Microfluidic based brain organoid polarization platform

The microfluidic sequential mixer with serpentine channels was first brought up by
Jeon et al. in 2000, explaining a simple, highly adaptable methodology to generate
gradients with different shapes, types, and kinds (static and dynamic) through
customized CAD design®®. However, there were a lot of serpentine bending angles in
the micro-scaled channels, it was very easy to generate bubbles and disturb
microflows. Despite various optimization attempts in the presented study, including
slowing down the flow rate gradually, using pumps with precise control, and
prewarming the syringes and media, microbubbles remained a significant issue that
would often cause failure in gradient generation.

Figure 4.2 proved a linear concentration gradient in the microfluidic chamber, but
the brain organoid anteroposterior patterning plan was still unsuccessful, according to
section 4.5.2. It was possible that the existence of a cell crown-scaffold-organoid set
in the culture chamber disturbed gradient formation. And during microfluidic chip
assembly, in order to guarantee the viability of the brain organoid, operation time
should be reduced to minimal, which might cause leakage or loosening in the
microfluidic chip.

Besides optimizing the chip design and practice the assembly process, an
improvement on the microfluidic chip quality is also in demand. The formation of air
bubbles was likely due to temperature differences, soluble gases, and the roughness
of the microfluidic channels. The 3D printing machine that was used in this project had
a 25 um resolution, and the micro-channel width was 200 ym. Therefore, such 3D
printer might leave a coarse surface on the mold that graved on the PDMS chip (Figure
S5). In Kirkeby’s paper™, however, the negative mold was fabricated with plastic
polyoxymethylene by micro-milling. And they used a thin layer of PDMS bottom instead
of sealing with glass directly to reduce the shear stress caused by material
differences®®. These strategies are reliable to be applied in future work to prevent air
bubble formation and optimize the fabrication of the microfluidic chip.

On the other hand, in section 4.4.1 ~ 4.4.2, both 27G and 20G PDO suture threads
were examined as biocompatible materials for brain organoids elongation and
morphogen-induced differentiation. However, for our microfluidic chip design (Figure
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3.1A), the 4 mm chamber height was determined by the thickness of the cell crown
fixing scaffold with lower hardness and strength, like 27G PDO thread and silk fiber.
Such cell crown does not fit with the 20G PDO thread, which can be directly put on
both edges of the chamber and support itself like a bridge. With a simple positioner to
prevent the scaffold from moving, the depth of the culture chamber can be reduced
accordingly. Based on the previous experiments on 2 mm-chamber chips (Figure 4.1B),
we assume such gradient will be more stable than the 4 mm-chip designs. Future
investigations on 20G PDO scaffold and its optimized microfluidic chip can be
performed to verify the influence of height difference on maintaining a stable chamber
gradient.

In general, the establishment of the microfluidic brain organoid patterning platform
for in vitro brain organoid polarization was partially finished. It was an unprecedented
trial exploring the combination of microfluidic gradient generator with scaffold-mediated
brain organoid. Such a platform held flexibility and controllability, enabling various
modifications based on material or different patterning protocols, and was worthy of
deeper exploration.

5.2. Morphogen regulations for 20-day brain organoid

anteroposterior patterning

The formation of EB is a process of 3D organization that resembles the initial
segregation of extraembryonic and embryonic tissues, including trophectoderm,
primitive endoderm, and early mesoderm®l. Such cell differentiation and spatial
sorting are fundamental for the formation of an epithelia-like cell sheet on the EB
surface, which is also the basic event for the generation of neuroectoderm in the
subsequent neuronal induction. Section 4.3.1 compared the effect of dual SMADi and
SAG on rostral/caudal differentiation of the organoids, focusing on their different
combinations and timings of supplement. For the caudalized organoids, “+2 +/- SAG
ca” referred to the Dual SMADi treatment started on day 2 instead of day 0, as
explained in Figure 4.4, leading to a result with caudal identity remained (Figure 4.6,
S1), while the organoid morphologies were deteriorated (Figure 4.5, S1). However, the
caudal organoids with Dual SMADi from day 0 (Dual SMADi +/- SAG ca) managed to
maintain organoid morphologies. These results indicated that the timing of Dual SMAD:I
treatment is crucial, which must start before the formation of the epithelia-like cell sheet
on the EB.
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SMAD proteins are a group of signal transmission proteins that play an essential
role in BMP and TGF-f pathways, which are involved not only in neural induction but
also in bone development and cancer progression!®® ®1. Dual SMAD inhibition that
includes the use of Noggin and SB431542 is a methodology that specifically blocks
SMAD signaling via inhibiting the TGFB and BMP pathways in an EB-based protocol,
which rapidly induces hESCs to differentiate into early neuroectoderm3,

The determined caudalization protocol mainly relies on the Wnt signal activation with
CHIR, which also has many other roles in early embryogenesis, such as dorsalization
and mesoderm tissue generation!'®. Therefore, the use of dual SMADi is a
prerequisite condition for Wnt signal to establish robust and lasting brain organoid
caudal identity, preventing the ESCs from differentiating towards mesodermal fatel'°l,
Immunostaining (Figure 4.5, S1) and qRT-PCR results (Figure 4.6) have demonstrated
the success of brain organoid caudalization using Dual SMADi and CHIR, that
activates Wnt signal. However, for the rostral groups without Wnt signal activation, dual
SMAD:I treatment in the first two days led to an abnormal morphology with layers of
neurons surrounding it (Figure 4.5, S1, Dual SMAD:i - SAG ro).

To our understanding, for monolayer cell culture, dual SMADi induces neural
rosettes formation and generates different types of neurons!'®?, which is not ideal for
brain organoid-generating protocol. With TGFB and BMP pathway blocked by Noggin
and SB431542 in the first two days, the subsequent neural induction and the formation
of neural ectoderm tissue were interfered, resulting in an abnormal morphology of the
“Dual SMAD:i - SAG ro” organoid (Figure 4.5, S1). However, the addition of SAG after
day 11 (Dual SMAD:i + SAG ro) has improved such situation by maintaining organoid
morphology, as shown in Figure 4.5 and Figure S1. Similar findings of SAG facilitating
brain organoid morphology were also found in the caudal groups, comparing the “Dual
SMAD:i +/- SAG ca” organoids (Figure 4.5, S1). qRT-PCR results further proved the
upgrading of caudal gene expression with the presence of SAG (Figure 4.6). The motor
neuron marker OLIG2 expression was also observed in the “Dual SMADi + SAG ca”
organoid (Figure 4.5, S1), which was even better than the original Andersen’s protocol
generated brain organoid (Figure S2). These results indicated that SAG might have
crosstalk with dual SMADI treatment. A possible examination target could be the BMP
pathway that both SAG and dual SMAD:i are linked with['%3 1941 A |igand binding assay
could be used to verify this assumption, which is a very interesting point to investigate
in the future.

In addition, SAG has been used as an SHH signal agonist that combines with IWP2
generating a ventral identity for brain organoids. Literatures also suggested that a low
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concentration of SAG would augment the proliferation and the survival of neural
cells', In the rostral groups tested in 4.2.1, for the one with only SAG supplement
after day 11 (+2 + SAG ro), the organoids formed membrane-like structures folding
around the core, which was likely to be ventricular-like structures cuddling together
(Figure S1, Figure 4.4). Such morphology was very usual, only similar to the choroid
plexus organoid reported in 2020, which was patterned from EB exposed to BMP and
CHIR that activate Wnt signals!'%. In the future, comprehensive immunostaining is
required, including the choroid plexus epithelium marker TTRI'%7: 1081 to identify the cell
types within the membrane-like structures and promote the understanding of the effect
of SAG on brain organoid polarization.

Moreover, the comparison between Dual SMADi + SAG ca protocol and the original
Andersen’s protocol (Figure 4.6, S2) provided insights into brain organoid
caudalization. The only difference is the timing of the addition of CHIR, EGF, FGF, and
RA, which are very effective caudalizing factors, as previous described!'%. In
Andersen’s protocol, these factors were supplemented from day 4 to day 20, while in
the “Dual SMADi + SAG ca” protocol, the addition of these factors was terminated on
day 11 before MG embedding and SAG supplement. In this case, the interaction
between the Wnt signal and SAG was excluded. To note, Wnt is also involved in neural
tube dorsalization, while the SHH signaling pathway that SAG agonized induces
ventral polarization. Therefore, the effect of CHIR (Wnt activator) and SAG might be
inhibited by each other. For the “Dual SMADi + SAG ca” organoids, after MG
embedding, when large buds of continuous neuroepithelium were formed, the
supplement of SAG could modulate early spontaneous electrical activity in the
embryonic spinal cord, which is crucial for spinal neuron differentiation and GABAergic
phenotype homeostatic specification!''%. This might be an explanation for the OLIG2
expression and upgraded HOXC6, HOXC9 gene expressions. These results facilitated
our understanding on generating spinal cord organoids and the studies about SAG —
Wnt signal crosstalk. A deeper illustration shall require RNA seq to map the cell
differentiation events and reveal the brain anteroposterior mechanisms at a genetic
level.

Regarding the second aim in section 2, results in section 4.3.1 achieved an optimal
rostral/caudal patterning protocol for short-term microfluidic culture. Multiple
combinations of drug treatment and the influence of timing on brain organoid
caudalization were discussed, emphasized the significance of brain organoids as in
vitro brain model to illustrate neural induction, as previously, the biomolecular studies
were performed with model animals.
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5.3 Long-term culture

Section 4.3.2 explored the rostral and caudal protocols for 40-day brain organoid
culture that can be applied in the determined 9-day microfluidic exposure plan (Figure
4.7B). Among the four caudal conditions including the original Andersen’s protocol,
“9dm+fa-DAPT ca” exhibited the highest expressing level of HOXC6 and HOXCO,
indicating that with the modification from day 2 to day 20, the notch pathway
modulation of DAPT!'"' was not necessary anymore. On the other hand, the
morphologies of brain organoids under modified caudal conditions (“9dm+fa ca”,
“9dm+fa-DAPT ca”, “9dm-fa ca”) were deteriorated, and surprisingly, the expression
of OLIG2 was also lost (Figure 4.8B). Since the morphologies of the original
Andersen’s protocol-induced organoids were maintained, it was indicated that our
modifications (Dual SMADi + SAG ca/ro) on the Andersen’s protocol were incompatible
with the cultivation plan from day 20 to day 40.

20-day brain organoid only generates rudimentary neuroepithelia structures that are
composed of neural progenitor cells. For organoids cultured beyond 40 days, however,
more specific neuron cells could be observed, leading to an identical layer of cell
sorting, as shown in Figure 1.2D. In this stage, functional studies can be conducted,
such as neuron migration, calcium imaging, and electrophysiology“® 42, Additionally,
mechanism studies for long-term cultured brain organoids have significant importance
in interrogating the complex genetic regulatory system and the concentration-
dependent effect of natural brain regionalization.

Therefore, the aim to generate mature polarized brain organoid has not been
achieved yet. To better evaluate the presented microfluidics-based platform, an
applicable 40-day microfluidic patterning protocol is required in the future, maintaining
the basic epithelial morphology of brain organoids. More comprehensive experiments
with different factors and exposure periods are expected with round organoids.

Single-cell transcriptomics and spatial transcriptomics are powerful tools that can be
used to study the trajectory of anteroposterior polarization in the engineered brain
organoids!'?. These techniques allow for global profiling of the gene expression of
large populations of individual cells!"*®l. In the future, brain organoids at different
stages/positions can be harvested during the polarization process and then perform
transcriptomic analysis to determine the spatial and temporal changes in cell
phenotype, including the expression of genes related to stemness, neural
differentiation, and polarization. Once the long-term culture protocol is determined, the
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development of the engineering neural tube can be mapped to examine the differences
between 20-day and 40-day organoids. This will provide a better understanding on the
developmental trajectory of the polarized organoids, providing a versatile platform for
subsequent mechanism studies.

5.4 Elongated brain organoid generation

Before the material screening, the preliminary experiments discussed whether MG
coating was essential for cell attachment (Figure S6). For silk fibers, the coating was
effective to a certain extent but could not guarantee linear growth of brain organoids
along the scaffolds. In fact, the cell attachment majorly relied on the cell amount
surrounding the surface of the material. With MG coating, the same cell seeding
density (1.2 * 10%/mL) worked well with 96 well plate for material fragment seeding
(Figure 4.8) but failed in 2 mm stretched material seeding for all kinds of materials.
Because the U-bottom of 96 well plate aggregated ESCs while the 6 well plate
suspended cells, which led to a considerably lower cells density around the material
surface specifically. The seeding density in 6 well plate once was increased to 4.8 *
10%/mL for all materials (silk, PDO, and PCL), but results showed poor organoid
attachment still. Such cell clusters either fell off the scaffolds or grew into spheres after
day 11 MG embedding (Figure S7).

hESCs in suspension tended to gather and form small spheroids. 2 cm 20G
PDO/PCL suture thread, like a stick, had a bigger surface area for such spheroids to
settle and connect. The cell seeding with 4.8 * 10%/mL density succeeded in 4 ibidi well,
where much smaller space than 6 well plate regulated all cell clusters and facilitated
cell attachment. Once the cell clusters became a continuous layer that covered around
the 20G PDO/PCL surface, cells survived and started to grow as a whole. 27G PDO
was more like a fiber, so that a cell crown was necessary to fix it, and the surface area
was comparatively small for hESC clusters to settle. Figure 3.2 shows how an agarose
base was applied to make a groove that fixed both the cell crown and the scaffold, and
significantly increased cell density to 2*107/mL.

This way, cell clusters did not settle on the material surface, and the organoid
morphology was not guided by the material. It was the groove that regulated hESC
clusters to form an elongated EB that buried the scaffold inside. When removing the
cell crown-scaffold assembly on day 2, the elongated EB was passively carried out
with the 27G PDO, then grew along with it. Such seeding methodology provided a new
idea about regulating the shape of brain organoids via a narrow groove structure rather
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than scaffold materials. It was based on the fact that EB is composed of an epithelia-
like cell sheet on the surface, which is mediated by the cell-cell adhesion that supports
self-organization®. In this case, EBs with more flexible shapes and connected types
can be produced in the future, for example, a bridge or even a net-like structure.

Figure 4.9 shows the way neuroepithelium grew on fracture of materials including
20G PDO, 27G PDO, and 20G PCL, where the necrotic core of traditional round
organoids that limited their size seemed invisible. This observation suggested that the
efficiency of neuroectoderm formation was significantly improved via scaffold guidance,
which coincided with Lancaster’s previously described!’®. However, whether such
improvement has been linked to the size of the supporting scaffold remains unknown.
Figure 4.10B. i, ii, Figure 4.12A. i, ii, B. i, ii showed the brain organoids elongated via
27G PDO with different culture protocols. A hollow area was observed within all the
organoids above, making a tube-like structure of the brain organoids. It was hard to
determine whether the hollow area was caused by the 27G PDO or also caused by
inner necrosis. Cell viability, the efficiency of oxygen, and nutrient exchange should be
examined in the future to provide evidence for material screening that further optimizes
the whole microfluidic brain organoid patterning platform.

To sum up, the hypothesis that commercial suture threads could be used as scaffold
materials regulating the shape of brain organoids has been perfectly proved, thus
providing an alternative strategy in generating tissue engineering. The major
considerations focused on the tensile strength, surface properties (smooth or rough)
and the accessibility on the market. However, the commercially processed suture
threads might hinder the natural chemical properties. Therefore, the exploration in this
project on material-brain organoid interaction remained relevantly superficial and left
significant advancing space for studies in the future.
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6. Future work

First of all, optimizations on microfluidic chip fabrication should be performed to
reduce the appearance of air bubbles, and improvement on day 11 MG embedding
should be done to prevent the organoid from breaking off after microfluidic patterning
stimuli. Afterwards, replication of the 20-day anteroposterior microfluidic brain organoid
patterning experiment can be conducted to verify the application of such microfluidics-
based platform in guiding brain organoid polarization. Secondly, exploring the 20G
PDO as an alternative material to provide flexibility to the microfluidic brain organoid
patterning platform. Thirdly, the 40-day organoid patterning protocol should be
determined via round organoid screening.

The effect of morphogen gradient in development is very complicated and essential.
Naturally, the gradients of Wnt, RA, and FGF are not working together in the same
direction (Figure 6.1A)""4l. Therefore, packing all the caudalization factors together in
the same media may not be ideal. Figure 6.1B shows an idea of using multiple
microfluidic gradients to recapitulate the natural morphogen gradients in the
anteroposterior axis more accurately. This approach would involve a Wnt gradient in
the forebrain and hindbrain segment, and an opposing gradient of RA, FGF, and
GDF11 in the spinal cord segment. Future advances can be achieved based on the
flexibility of microfluidic design to make versatile gradients that induce more mature
polarized brain organoids.

B
A No factors  Wnt RA FGF GDF11
Pasterior (caudal)
Anterior o %‘
(rostral ) — — GDF11) & %
Dorsal ?%
S5
33
Ventral

Forebrain Hindbrain  Spinal cord

Figure 6. 1. A) The morphogen distribution along the anteroposterior axis of the natural brain. Adapted

from Tao et al.[''¥l B) Schematics for multiple microfluidic gradients hypothesis.
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7. Conclusion

This work has explored multiple morphogens in regulating brain organoids
differentiation towards rostral and caudal fate, and different commercial suture threads
in guiding brain organoid elongation, which are applicable for a novel microfluidics-
based engineering platform for brain organoid anteroposterior patterning by providing
a controllable morphogen concentration gradient.

The FSS indicator under a live cell microscope visualized the homogeneous mixing
of two microflows in the microfluidic channels and a gradually increased gradient in the
culture chamber, which was analyzed by ImagedJ. The calculation of Pe and Re
numbers suggested that the flow was dominated by laminar flow and advection in the
culture chamber. However, air bubbles remained a significant issue that led to an
unstable gradient damaging brain organoid anteroposterior polarization outcome.
Further optimizations, such as increasing the printing resolution and using PDMS as a
sealing bottom are expected to prevent microbubble formation.

Comparative experiments between different microfluidic chips revealed the fact that
reducing the height difference between the microchannels and the culture chamber
would facilitate a more stable chamber gradient, which provided insights into the
design of such microfluidic gradient generator. With cell crown to fix thinner scaffold
such as 27G PDO thread, 4 mm of chamber depth was required. However, a stronger
scaffold such as 20G PDO thread can support itself and be fixed in the chamber with
a simple positioner, thus largely reducing the height of the chamber. Such a strategy
can be conducted in the future to expand the flexibility and application breadth of the
presented microfluidic brain organoid patterning platform.

The effect of multiple morphogens included in neural tube anteroposterior patterning
was explored via comparative experiments with round organoids. Dual SMADI
supplement must start on day 0 before the formation of the epithelia-like cell sheet of
the EB, otherwise the organoid morphologies would deteriorate. However, for the
rostral groups, dual SMADi treatment in the first two days caused a thick layer of
neurons surrounding the organoids, which might be related to the early neuronal
inducement of dual SMAD:i before the cell sorting of EB happens. For both rostral and
caudal organoids with dual SMADi treatment started on day 0, the addition of SAG
facilitated organoid morphologies. Further examination shall focus on their common
signal target, such as the BMP pathway, by a ligand binding assay and RNA-seq.
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The “Dual SMADi + SAG ca” organoids exhibited the highest expression level of
caudal neural tube genes HOXC6 and HOXC9, and was the only condition generating
motor neurons, with specific marker OLIG2 observed via immunostaining, which was
even absent in organoids following the original Andersen’s caudalzaition protocol. The
only difference between them was the exposure period of SAG and the caudalization
factors (CHIR, EGF, FGF RA). The “Dual SMADi + SAG ca” protocol prevented the
interaction between SAG and the caudalization factors, while the Andersen’s protocol
used caudalization factors until day 20. Deeper illustration at the genetic level is
required in the future to reveal the crosstalk between SAG and Wnt signaling pathways.

40-day long-term culture conditions were extended based on the “Dual SMADi +
SAG calro” plan, which was determined as the microfluidic anteroposterior patterning
protocol for 20-day culture and 9-day microfluidic stimuli. However, all the caudal
comparative groups failed to generate brain organoids with epithelial morphology and
OLIG2 expression, despite the caudal gene expressions being maintained at a good
level. Future experiments are required to find out a suitable plan for long-term culture,
fulfilling the condition of organoid functional studies. “9dm+fa-DAPT” had the highest
expression of HOXC6 and HOXC9 compared to the other 40-day caudal patterning
groups, indicating that future optimizations can exclude notch pathway modulation.

Viability tests proved the biocompatibility of commercial suture threads (27/20G PDO
and 20G PCL) in guiding brain organoid growth, while silk fibers failed to generate
brain organoids in the 96 U-bottom well plate. MG coating of materials was necessary
for hESCs attachment and EB formation, but silk fiber with a very small size also failed
to support elongated brain organoid growth. In terms of the cell seeding with 2 cm
suture threads, cell attachment also relied on high cell density of seeding. A 4 ibidi well
with 4.8 * 105/mL cell density succeeded with 20G suture threads (PDO/PCL) seeding.
For the 27G PDO suture thread, an agarose groove structure was needed to aggregate
hESCs maximumly and have the material buried into them.

The necrotic core of conventional round organoids was not observed in the 20G
materials-guided brain organoids, which indicated an improved efficiency of
neuroectoderm formation. Both 27G and 20G PDO suture threads succeeded in
guiding elongated brain organoid growth and differentiation. Via immunostaining,
differences in multiple markers expression were not found between them. But a hollow
area was observed within the 27G PDO-guided brain organoids. More comprehensive
staining and RNA-seq are expected to compare the difference in cell survival,
differentiation trajectory, and cell-material interaction to reveal the effect of material
size on brain organoid growth and differentiation.

60



Finally, the trial experiment on brain organoid microfluidic anteroposterior patterning
pointed out the direction of further optimization. On the one hand, optimizations on
microfluidic chip fabrication should be performed to provide a more stable chamber
gradient. On the other hand, an improvement on day 11 MG embedding should be
made to prevent the organoid from breaking off.
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Supplementary materials

Name Host Isotype Dilution Source

SOX2 Rabbit I9G 1:600 Abcam ab97959
MAP2 Chicken IgY 1:600 Abcam ab5392
aPKCC Mouse IgG2a 1:200 Santa Cruz sc-17781
OLIG2 Rabbit IgG 1:500 Abcam ab136253
FOXG1 Rabbit I9G 1:200 Abcam ab18259
FOXA2 Rabbit I9G 1:30 Thermo PA5-35033

Table S1. Primary antibodies used for brain organoid immunostaining.
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Figure S1. BF and confocal images of 20-day morphogens induced brain organoids following the
plan of Figure 15. Scale bars = 500 um.

70



Caudalized

Control

MERGE

Figure S2. Confocal images of 20-day Pasca protocol caudalized organoid and control brain
organoid stained by DAPI (cyan), MAP2 (magenta), GBX2 (grey) and OLIG2 (yellow). Scale bars

=500 pm.
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Figure S3. g-RT PCR result for 40-day brain organoids, N = 4.
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Figure S4. BF image of organoid peeled off the 20G PCL (left) but grew well on 20G PDO (right)
scaffold. Scale bars = 500 pum.

S —————

e

Figure S5. BF images of microfluidic PDMS chip surface. Scale bar = 500 pm.

MG Coated

Non coated

Figure S6. BF images of the MG coated and uncoated silk fibers regulating brain organoids growth.
Scale bars = 500 pm.
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Figure S7. BF images of day 8 brain organoids growing on A) 20G PDO, B) 27G PDO, and C) silk

fiber without appropriate seeding strategies. Scale bars = 500 pm.
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