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”Our deepest fear is not that we are inadequate. Our deepest fear is that we are powerful

beyond measure. It is our light, not our darkness that most frightens us. We ask ourselves,

Who am I to be brilliant, gorgeous, talented, fabulous? Actually, who are you not to be?

Your playing small does not serve the world. We were born to make manifest the glory of

God that is within us. And as we let our own light shine, we unconsciously give other

people permission to do the same”

Adapted from Marianne Williamson
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SUMMARY

Micro�uidic tools enable high-content phenotyping, and this has led a variety of phar-

macological, genetic and therapeutic screens at the cellular and sub cellular levels1,2. In this

thesis, I will develop micro�uidic-based approaches for addressing high-content screening

challenges that exists in two active areas of research in the Lu lab: growth and cellu-

lar development in human brain organoids and embryonic development in the nematode,

Caenorhabditis elegans (C. elegans). However, developing high-content screening tools

for both multi-cellular systems requires relatively large number of samples to better char-

acterize inter and intra-populational differences, and multiplexed readouts using the same

sample to obtain layered information about developmental changes. Furthermore, gentle

manipulation of the samples is required as they become fragile over time due to nutrient

limitations and/or when treated with speci�c reagents, for example, �xation buffer.

Speci�cally, for C. elegans, several challenges exist in adapting high content screening

tools for embryonic development studies. The embryo is about 20-fold smaller than the

adult worm making it dif�cult to manipulate and handle using conventional techniques.

Furthermore, in order to obtain temporal resolution of developmental changes that occur

during embryogenesis, large numbers of eggs are needed to get a representative sample size

at different stages of development. Several micro�uidic-based embryo handling approaches

have been developed to address these needs. However, these technologies have limitations

as they achieve moderate throughput and do not allow for multiplexed measurements which

limits their use in scaling out �uorescence-based molecular tools used in embryogenesis

studies3,4,5. Hence, there is a need for a micro�uidic-based technology that can adequately

address these challenges.

In parallel, many challenges also limit the use of brain organoids in high-content screen-

ing applications. As the organoids grow up to a few millimeters in size, nutrient and waste

transport from the interior of the organoid become diffusion-limited resulting in cell death
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and the formation of a necrotic core. This limits the organoid size and their extent of mat-

uration which affects their applicability in understanding diseases6. Recently, micro�uidic

approaches have been developed to address some of these challenges by enabling better

control of the culture environment7,8,9,10,11,12,13,14. However, they have limited ability in per-

forming in situassays making it dif�cult to characterize organoid growth and functionality

during culture.

Developing new micro�uidic tools can help address these challenges by enabling multi-

modal imaging, parallelization, rapid reagent delivery and exchange andin situmonitoring.

Hence, this thesis seeks to address micro�uidic-based high content screening challenges

that affect the study of development in bothC. elegansembryogenesis and brain organoids.

In Chapter 2 of this thesis, I designed a micro�uidic-based smFISH assay for highly

resolved temporal analysis of gene expression changes duringC. elegansembryogenesis.

I designed embryo traps and engineered a protocol allowing for ef�cient and simultaneous

reagent exchange for hundreds ofC. elegansembryos. I demonstrate that the on-chip

smFISH protocol preserves the image quality when compared to conventional methods, and

enables parallelization of the protocol through multi-device assembly on a single coverslip.

Finally, I demonstrate that the micro�uidics-based pipeline is capable of performing high

temporal analysis of embryogenesis by analyzingpar-1 gene expression changes in early

C. elegansembryos.

In Chapter 3 of this thesis, I developed an integrated platform to enable robust and

long-term culturing of brain organoids. I designed a meso�uidic bioreactor device based

on a unique diffusion-reaction scaling theory, which achieves convective media exchange

for suf�cient nutrient delivery in long-term culture.

In Chapter 4 of this thesis, I modi�ed several aspects of the integrated platform devel-

oped in Chapter 3 to enable live and longitudinal imaging of organoids during culture for

in situcharacterization of cell quality and differentiation.

Together, the developed micro�uidic tools, imaging and analysis methods provide gen-
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eralizable methods to scale up the use of molecular tools routinely used in developmental

studies, and provide a framework for robustly performingin situ, longitudinal, and multi-

modal analysis of complex biological samples.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

This chapter provides an introduction toC. elegansand brain organoids as models of em-

bryogenesis and brain development respectively. This chapter will also discuss challenges

associated with conventional and micro�uidics-based high content screen tools for ana-

lyzing both multi-cellular systems. Portions of this chapter are adapted from the follow-

ing publications: ”High-Temporal-Resolution smFISH Method for Gene Expression Stud-

ies in Caenorhabditis elegansEmbryos” published in Analytical Chemistry15 and ”Ro-

bust organoid culture and non-invasive quality control enabled by high-content imaging

meso�uidic CSTR bioreactor” which is currently in preparation for submission to a peer-

review journal.

1.1 C. elegansas a model for embryogenesis

Embryonic development in multi-cellular organisms typically involves the assignment of

cell fates to individual cells and tissues16. For cells to be assigned to a unique cell fate,

they must acquire differences in gene expression over time. The properties of gene reg-

ulatory networks responsible for these changes are mostly conserved across many animal

species16,17,18. As a result, the study of embryogenesis in model systems such asC. elegans

can provide insights about other non-accessible and complex multi-cellular systems.

TheC. elegansembryo is a powerful and well-established system for studying embry-

onic development19. The small size and optical transparency of the nematode embryo en-

able observation of embryonic development at the single-cell resolution using both �uores-

cence and non-�uorescence based methods20,21. Additionally, the timing of the processes

that occur during embryonic development as well as the hierarchical cell-cell transitions

within the embryo have been well documented and are mostly invariant20,16. Furthermore,
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many tools and resources are available for characterizing the nematode, making it an ideal

model for studying embryonic development. Some of these include the ability to make

transgenic reporters, conduct forward and reverse genetics, monitor cell lineage develop-

ment, and completely sequence its genome.

1.2 Conventional tools for investigatingC. elegansembryogenesis

1.2.1 ForwardandReverseGeneticScreens

The early stages of embryogenesis in the nematode rely almost exclusively on maternally

produced genes and proteins22.This phenomenon has enabled the study of how maternal-

effect mutations affect cell patterning during embryogenesis23,24,25,26. Forward genetic

screening facilitates these studies because it involves identifying recessive mutations in

the embryos of a mutagenized parental strain27. Most of these recessive mutations have

been observed in previous studies by screening in a genetic background of an egg-laying

defective mutation22. Although forward genetic screens have enabled the identi�cation of

several genes involved in early embryogenesis, the process is very labor-intensive. This

type of screening also does not account for genes that may be redundant or required for

other downstream processes during worm development19. Reverse genetic screens can

help bypass the redundancy limitation via target-selected mutagenesis and gene-targeted

mutagenesis, where the entire genome and a single gene is mutagenized respectively, to

screen for the function or role of a speci�c gene during embryogenesis27. Reverse ge-

netic screens have been enabled by the completion of the entire genome sequence of the

nematode. Reverse genetic screens have also facilitated the identi�cation of genes with es-

sential roles in early embryonic patterning that would only rarely be identi�ed by forward

genetic screens22. Nevertheless, both methods require large population sizes to identify

genes/mutations of interest and are very labor-intensive.
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1.2.2 Transgenicreporters

The use of reporter transgenes inC. elegansembryogenesis studies have enabled thein

situ assessment of gene expression in a tissue-speci�c context28. This process typically

entails gonadal microinjection29,30, microparticle bombardment31, or transposon-mediated

chromosomal integration32 of a protein of interest into the animals. As a result, the zygotic

genes or maternal genes are genetically modi�ed to express a �uorescent marker under

the same regulatory control of a gene of interest33. Imaging of these embryos provides

information about relative gene expression levels with tissue-speci�city34. A limitation of

this method is that it is dif�cult to implement and time-consuming, which can often be a

bottleneck for large-scale studies involving multiple genes33.

1.2.3 Cell lineagecharacterizationwith light microscopy

The small size and optical transparency of the nematode embryo enable observation of em-

bryogenesis at the single-cell resolution using non-�uorescence-based methods20,35 How-

ever, it is incredibly dif�cult to look at the underlying protein and gene expression changes

unless this method is coupled with other live-imaging approaches such as the use of trans-

genic strains16.

1.2.4 RNA sequencing

RNA sequencing methods have made it possible to directly measure gene expression pat-

terns for each cell during embryogenesis36. In fact, some studies have shown the ability

to map each single-cell transcriptome to its corresponding position in the knownC. ele-

ganscell lineage tree36,19,37. Although RNAseq is a very powerful tool for large-scale gene

expression analysis, it is currently not a widely accessible tool due to cost and technical

expertise required for sample preparation and analysis.
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1.2.5 In situhybridizationandImmunohistochemistry

Immunohistochemistry andIn situhybridization (ISH) are �uorescence-based methods for

characterizing protein and gene expression respectively in samples. These techniques can

be used for cell type identi�cation and localization of transcripts with tissue speci�city dur-

ing embryogenesis38,39. However, it is very dif�cult to scale-out these tools due to their low

throughput (in terms of number of samples and number of proteins and genes observable).

Recent efforts particularly in the ISH �eld, have enabled the multiplexed analysis of thou-

sands of genes in whole cells and tissue slices40,41,42. However, the implementation of these

techniques is still limited in terms of number of samples analyzed due to the multiple steps

involved and labor-intensive nature of the protocols.

1.3 Micro�uidic approaches for investigating C. elegansembryogenesis

Micro�uidic devices have been designed to study several aspects of embryonic develop-

ment. Micro�uidic devices are instrumental inC. elegansembryogenesis studies because

they can increase experimental throughput via assay integration, parallelization, and au-

tomation. Several micro�uidic-based embryo handling approaches have been developed to

array embryos, thereby reducing need for manually manipulating the samples. For exam-

ple, a recent study developed a hydrodynamic embryo array for live imaging and tracking

of individual embryos as they transition through different stages of development43. Other

variations of this device have been designed to allow for larger scale studies as well as

enable chemical stimulus delivery during live imaging3,4,44. However, these devices have

a limited capacity due to low density of traps per area. In addition, these devices are de-

signed speci�cally for live imaging with no need for multiple reagent exchanges. Integrat-

ing reagent exchange on-chip is non-trivial due to the presence of many �ow perturbations

during the protocol that can lead to sample movement and sample loss. Hence, establish-

ing a pipeline that allows for ef�cient reagent exchange without losing embryos remains
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challenging. This thesis focuses on developing micro�uidics-based technology to address

this challenge. The developed micro�uidic-based assay provides a generalizable method

to scale up the use of �uorescent-based molecular tools used in developmental biology and

genetics studies.

1.4 Brain organoids for modeling development and disease

1.4.1 Overview

Understanding the anatomy, connectivity, and function of the human brain is necessary

to develop new treatments for devastating brain diseases. The lack of suitable preclinical

models that simulate the structure and function of the human brain has limited our ability

to study human brain development and model brain diseases. Hence, it is important to

develop human-speci�c models that can faithfully recapitulate human brain development

under normal and pathological conditions. human induced pluripotent stem cells (hiPSCs),

which capture identical risk alleles as the donor individual and have the capacity to dif-

ferentiate into any cell type in the human body can help address this limitation.45,46,47,48.

Recently, complex structures resembling whole developing organs, named organoids, have

been generated from hiPSCs via three-dimensional (3D) culturing methods49,50. Human

stem cell-derived-brain organoids thus hold great promise for modeling development and

diseases51,52,53,54,55,56,57, drug,58,59,60,61and neurotoxicity screens6,14,7,62and for personalized

medicine. Despite the exciting potential of brain organoids, their large-scale applications

have been limited due to a number of critical challenges. Some of these challenges in

addition to the solutions proposed in this thesis are discussed in the subsequent sections.

1.4.2 ChallengesandConventionalmethodsof BrainOrganoidCulture

Although brain organoids hold great potential as models for neurodevelopmental and neu-

ropyschiatric diseases, several challenges limit their widespread application. First, 3D

brain organoids need long-term culture (weeks to months) to develop human-relevant tissue
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structures and can grow from a few hundred microns to a few millimeters. The long cultur-

ing time and varying organoid size make it especially dif�cult to maintain ef�cient oxygen

and nutrient exchange due to a lack of vasculature in these systems63. Second, organoids

vary widely in size, diversity of cell types present, and structural features in culture. To

date, this variability of 3D organoids can only be assessed by end-point assays. Although

culturing protocols to improve uniformity have been proposed64,65,66, the lack of automated

and non-invasive assessment of live organoids still complicates quantitative analyses and

limits the applicability of brain organoids in disease modeling and drug screening applica-

tions.

Typical culture platforms for organoid culture have a number of disadvantages. Organoids

are typically cultured in platforms such as spinning bioreactors51,67, miniaturized spinning

bioreactors6, and multiwell plates68,59. Spinning bioreactors enable bulk culture and man-

ufacturing of organoids but require large volumes of media due to their size which in-

creases the cost of culturing. Additionally, it is dif�cult to perform longitudinal,in situand

multiplexed assays in these systems. Multi-well plates particularly, 96-well plates have

recently been demonstrated for brain organoid culture with the advantage of performing

automated andin situ analysis of organoids68,59. However, the use of automated liquid

handling systems makes this approach dif�cult to access. Additionally, the diffusion-

dominated reagent delivery scheme used by this culture method may not fully support

long-term organoid growth. Disadvantages of these current systems highlight the need for

new low-cost organoid culture platforms. In this thesis, to address this need, a micro�uidic

platform for organoid culture was designed and optimized for the growth of millimeter-

sized organoids. This technology provides new capabilities for the non-invasive culture

and monitoring organoids, real-time assessments of organoid phenotypes via functional

and dynamic imaging and provides a framework to inform future device and experimental

designs.
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1.4.3 Micro�uidic Platformsfor BrainOrganoidCulture

The reduced footprint of micro�uidic devices has shown the promise to improve culturing

scalability for organoid systems10,14. Micro�uidic technologies are also capable of pro-

viding precise spatiotemporal media and reagent delivery, which has proven effective in

controlling the local culturing environment in two-dimensional (2D) cell cultures69,70. As

a result, several micro�uidic technologies have been developed in recent years for brain

organoid culture. These technologies are discussed in more detail below:

The �rst example of technologies that have been developed are micropillar array de-

vices. These devices have been used for thein situ generation and subsequent culture of

brain organoids from single cells10,14. Organoids are typically embedded in Matrigel to

prevent sample loss and media is delivered via manual pipetting. The use of micropillar

arrays have enabled large scale generation and culturing of brain organoid systems with

better control over the organoid size distribution.

A second example of implementation of micro�uidic technologies for brain organoid

culture involves the use of microchannels for continuous perfusion of reagents. Berger

et al, used a commercially available milli�uidic platform for mid brain organoid culture9.

The device design enables the delivery of reagents at the top of the device which diffuse

through the device wells to the organoids growing at the bottom of the wells. The authors

demonstrated that continuously perfusing reagents in this manner reduced size of the “dead

core” area in the organoids and increased differentiation towards midbrain dopaminergic

neurons when compared to conventional methods. Other device geometries with similar

modes of reagent delivery have been proposed and have demonstrated the ability to perform

bright�eld and �uorescence-based monitoring12 and deliver various chemical stimuli8.

In parallel to the traditional continuous perfusion-based micro�uidic devices, other

modes of reagent delivery have been explored for organoid culture. For example, Cai et al,

developed mini-bioreactors for cerebral organoid culture by integrating acousto�uidic de-

vice design with sensor fusion and intelligent system integration11. They demonstrated that
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platform allows for better control over organoid rotation, enhances reagent perfusion and

in turn, promotes more uniform size distribution and enhanced neural differentiation. In

parallel, Cho, Jin, An et al, designed a cross�ow, pump-free micro�uidic device for long-

term cerebral organoid culture13. They demonstrated that culturing organoids embedded

with brain extracellular matrix using the micro�uidic platform led to improvement in cell

growth and differentiation when compared to conventional methods.

Although the aforementioned technologies were able to generate and culture brain

organoids in micro�uidic devices, majority of the time, the on-chip organoids are typi-

cally either encapsulated in gel8,10,13 or located away from the �ow path9. These device

con�gurations render the effective nutrient delivery close to the organoids still relying on

diffusion-based mechanism. The reliance on diffusion-dominated nutrient delivery, though

suf�cient for 2D cell culture, may not provide suf�cient nutrient supply to support healthy

and uniform growth of 3D organoids growing into millimeter-scale, which is necessary

for them to develop critical phenotypes for development and disease studies. In addition,

perfusion operating protocols vary between different devices, which makes transferring

and standardizing these micro�uidic technologies dif�cult. This thesis focuses on the de-

sign considerations and the development of technologies that provide new capabilities for

culturing and analyzing brain organoids and a theoretical frame for designing new tech-

nologies.

1.5 Thesis Objectives and Signi�cance

As discussed, there are a number of technical challenges associated with current conven-

tional and micro�uidic platforms for high content imaging and analysis ofC. elegans

embryos and brain organoids. To overcome these technical limitations, the purpose of

this thesis is to develop platforms that scale out �uorescence-based molecular tools used

in C. elegansembryogenesis studies, and platforms that enablein situ �uorescence and

non-�uorescence-based analysis of 3D cellular systems during culture. Although brain
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organoids are very different fromC. elegansembryos in terms of size, shape and den-

sity/composition, similar transport principles and design considerations can be employed

when developing high content screening tools for both models. This thesis consists of �ve

chapters.

In Chapter 2, a micro�uidic platform was developed for the large scale transcriptional

analysis of individualC. elegansembryos using smFISH. This work demonstrates the util-

ity of a micro�uidics-enabled pipeline for analyzing hundreds of embryos via �uorescence-

based molecular methods. In Chapter 3, a micro�uidic platform was developed for the cul-

ture andin situ analysis of brain organoids. This work utilized a reaction-diffusion model

to guide device design optimization, evaluate the robustness of culture parameters, and

provide a framework for future device and experimental designs for other 3D multi cellu-

lar systems. In Chapter 4, modi�cations are made to the micro�uidic platform in Chapter

3 to allow for non-invasive and �uorescence-based live imaging of overall morphology

and cellular structure formation on the organoid surface during the culture process. The

technology developed in this chapter not only provides opportunities for multi-modal and

longitudinal analysis of 3D systems, but can also be leveraged for performing real-time as-

sessments of cell-cell interactions during 3D culturing. Finally, Chapter 5 provides overall

conclusions and suggestions for future work.
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CHAPTER 2

A MICROFLUIDIC ARRAY FOR LARGE-SCALE SMFISH

TRANSCRIPTIONAL ANALYSIS OF CAENORHABDITIS ELEGANSEMBRYOS

This chapter is adapted from a research article entitled ”High-Temporal-Resolution sm-

FISH Method for Gene Expression Studies inCaenorhabditis elegansEmbryos” published

in Analytical Chemistry in 202115.

2.1 Introduction

Small genetic model organisms, such asC. elegansandDrosophila melanogaster, have

been used to address many questions in organismal development71,72,73. Technical advance-

ments such as CRISPR, single-molecule �uorescencein situ hybridization (smFISH), and

super-resolution microscopy, have contributed signi�cantly to biological discoveries21,74,75,76,77,78.

Many of the readouts of these studies rely on the visualization of cell-biological events us-

ing �uorescence-enabled methods, as �uorescent markers can quantitatively report molec-

ular positions and numbers with reasonable precision. The challenge with �uorescence

reporters, especially non-genetically encoded reporters, is that they tend to involve many

steps of manipulating the specimen to obtain a clear signal, e.g., washing, hybridizing,

staining, and blocking. On the other hand, direct staining and hybridizing methods permit

the treatment of multiple genotypes, an experimental design often required in evolution-

ary developmental biology and quantitative genetics. However, such studies typically also

require large sample sizes for statistical reasons, and these multi-step experiments do not

scale well in terms of manual labor and time involved. As a result, this technical limitation

creates a bottleneck in addressing any questions requiring high replication, such as phe-

notypic differences between wild-type genotypes from a natural population, or dynamic

changes in gene expression over developmental time. This hampers the application of tools
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of developmental genetics to systems biology.

This problem is particularly relevant when using smFISH to study gene expression

changes duringC. elegansembryogenesis. smFISH is a broadly used technique that al-

lows for counting individual mRNA molecules by targeting a gene of interest using short

nucleic acid probes with a �uorescent label39,79. smFISH-based techniques have been re-

cently developed to increase the versatility of this approach and make smFISH a powerful

tool for studying the spatio-temporal expression of genes80,81,82,40,83,84. However, smFISH

implementation in embryogenesis studies remains dif�cult. For example, when targeting

a speci�c developmental stage or performing longitudinal studies inC. elegans, rapid cell

division makes isolating embryos of a particular stage of interest an inef�cient process

(Figure 2.1A). In addition, tens of individual samples are often required to account for het-

erogeneity in gene expression, resulting in the need to process hundreds of embryos per

experimental condition. Performing such an assay is arduous due to the complexity of

smFISH protocols that are time-consuming and labor-intensive. This issue becomes even

more exacerbated as the number of experimental conditions increases to study mutants,

natural variants, or different treatments. Therefore, an effective platform to broaden the

impact of the smFISH method for embryogenesis studies would require single-embryo res-

olution, capability of assaying hundreds of embryos simultaneously, and parallelization of

the protocol. Furthermore, resolving these issues would also enhance many other imaging

techniques that require multiple reagent exchange steps.

Micro�uidics has the potential to transform smFISH into a high-throughput technique

for C. elegansembryogenesis studies. Previous studies have demonstrated the use of mi-

cro�uidic devices to arrayC. elegansembryos85,86,3,4. However, these devices have a lim-

ited capacity (approximately 100 traps per array) due to low density of traps per area. In

addition, these devices are designed speci�cally for live imaging with no need for reagent

exchange. Integrating reagent exchange on chip is non-trivial due to the presence of many

�ow perturbations during the protocol that can lead to sample movement and sample loss.
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Since many imaging-based techniques require multiple reagent exchanges, there is an acute

need for micro�uidic devices for handling a large amount of samples, allowing paralleliza-

tion, and obtaining complementary information via combining several of these techniques.

Establishing a pipeline that allows for ef�cient reagent exchange without losing embryos

remains challenging and would enable a broad range of molecular tools to be applied to

developmental systems biology.

In this chapter, a micro�uidic pipeline to address this challenge is presented. Embryo

traps and subsequently a micro�uidics-based protocol are designed to enable the staining of

hundreds ofC. elegansembryos simultaneously with ef�cient reagent exchange. This pro-

cess is then applied to a multi-step smFISH protocol. The on-chip smFISH protocol allows

for parallelization of experiments while preserving image quality relative to the traditional

slide-based method, thus enabling high-temporal resolution of gene expression during early

embryogenesis. The described micro�uidics-based smFISH pipeline is thus a powerful tool

for characterizing the dynamics of gene expression changes during embryogenesis.

2.2 Experimental Design

We aimed to create a pipeline that considerably increases the throughput of smFISH, to

maximize sample size and thus improve the temporal resolution of gene expression during

embryonic development. smFISH protocols are complex; they include sample collection,

�xation, membrane permeabilization, staining, and mounting for imaging. Altogether, ten

steps are necessary to treat the embryos and prepare them for imaging in traditional sm-

FISH. Figure 2.1B shows an overview of our method in parallel to the off-chip protocol

to highlight some of the advantages of our pipeline. Using a micro�uidic device enables

the arraying of hundreds of embryos while allowing for reagent exchange necessary to the

execution of the smFISH protocol. The on-chip pipeline allows for increasing throughput

during imaging. Using a high-density array for embryo ordering and trapping, we minimize

the painstaking task of preparing numerous single glass slides and circumvent the need for
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a user to set up each glass slide one after the other during the imaging session. Using our

micro�uidic approach, image acquisition can be performed in one run with minimal input

from the user.

Figure 2.1: Pipeline for studying gene expression during embryogenesis with high tem-
poral resolution. (A) Timeline of early stage development of C. elegans embryos. (B)
Schematic highlighting advantages of our integrated micro�uidic pipeline vs traditional
off-chip method for smFISH imaging: parallelization of experiments and automated imag-
ing.
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2.3 Materials and Methods

2.3.1 Micro�uidic devicefabrication

The micro�uidic device was fabricated using soft lithography87. Brie�y, the master was ob-

tained via successive optical lithography steps using SU-8 2015 and SU-8 2025 photoresists

(MicroChem) onto a silicon wafer. The channel depths were 12 µm for the back�ow chan-

nel and 50 µm for the rest of the network. After development in SU-8 develop-er, the mas-

ter was treated overnight with trideca�uoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane vapor

(Sigma-Aldrich). A mixture of 10:1 PDMS:crosslinker was then poured on top of the wafer

to obtain a thickness of 5 mm and cured in the oven at 70 °C for 48 hours. Then, blocks

of PDMS were cut, access wells punched, and the PDMS blocks were bonded to cover-

slips via plasma treatment. Scaling up via multi-array integration was achieved by bonding

several devices on the same glass slide.

2.3.2 C.elegansmaintenanceandreagents

N2 strain nematodes were grown on NGM agar plates with OP50E. coli lawns at 20 °C.

Bleaching solution, M9 buffer solutions were prepared as previously described88; surfactant

tween 20 (Sigma-Aldrich) was mixed in M9 solution at 0.03% (w/w). The �xation buffer

was composed of 5 mL 37% formaldehyde (Sigma-Aldrich) and 45 mL nuclease-free PBS

1x (Corning). Ethanol was mixed in deionized water at 70%. DAPI staining solution was

used to stain chromosomes and identify cell nuclei. Custom-made dry smFISH probes

(Stellaris) targetingpar-1 labeled with Quasar 670 were dissolved in TE buffer (10 mM

Tris-HCl, 1 mM EDTA, pH 8.0). Final hybridization buffer is composed of 1g dextran

sulfate, 1 mL 20X saline-sodium citrate (SSC), nuclease-free, 1 mL deionized formamide,

8 mL nuclease-free water and contains 1.25 µM of the smFISH probe.

Wash buffer was made from 10% formamide, 2× SSC, in nuclease-free water. Prior to

imaging, embryos were prepared with GLOX antifade buffer (850 µL nuclease-free water,
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40 µL 10% glucose in water, 10 µL 1 M Tris-HCl, pH 8.0, 100 µL 20X SSC), followed

by GLOX buffer with enzymes. The solution of GLOX buffer with enzymes was obtained

using 100 µL of GLOX buffer and 1 µL of catalase solution and 1 µL of glucose oxidase so-

lution. The catalase solution is composed of Catalase from Aspergillus niger in ammonium

sulfate suspension (Sigma-Aldrich, C3515). The glucose oxidase solution is composed of

Glucose Oxidase from Aspergillus niger (Sigma-Aldrich, G2133) at 3.7 mg/mL in 50 mM

sodium acetate solution. For the �ow-visualization experiments, �uorescein isothiocyanate

(FITC)-dextran was dissolved in hybridization buffer at 1 mg/mL.

2.3.3 smFISHprotocolonchip

Embryos were obtained by bleaching gravid-adult animals,88 and immediately transferred

into microcentrifuge tubes �lled with 1 mL �xation buffer. After 15 min on a rotary shaker,

the tubes were submerged in liquid nitrogen for 2 min to freeze crack the embryo shells,

then thawed in running water, and placed on ice for 20 min. The resulting pellet was washed

and resuspended in M9 solution with surfactant at roughly 10,000 embryos per mL. The

embryos were then manually loaded in the device using a syringe. All subsequent reagents

were delivered from the side inlet of the device via a syringe. For every reagent change,

the inlet tubing is clipped before releasing pressure of the syringe. Then a new syringe

containing the next reagent is connected. Finally, gentle positive pressure is applied on the

new syringe while the inlet tubing is unclipped. The devices were continuously perfused

with 70 % ethanol overnight at 4 °C using a �ow rate of 125 µL/hr.

The on-chip smFISH protocol was developed from previously published techniques for

C. elegansembryos39,79. All wash steps were conducted at 900 µL/hr while incubation

steps were conducted by �owing at 500 µL/hr for 10 min every 30-60 min. Following the

overnight permeabilization in 70 % EtOH, the embryos were washed in wash buffer for 10

min before incubation in hybridization buffer at 37 °C for 4 hr. Next, the embryos were

washed with wash buffer for 30 min and stained with DAPI for 45 min. The hybridiza-
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tion, wash and DAPI staining steps were conducted in the dark. Finally, the samples were

washed with wash buffer, 2x SSC, then GLOX antifade buffer followed by GLOX buffer

containing enzymes before proceeding to imaging.

2.3.4 smFISHprotocoloff chip

The same reagents were used for on- and off-chip experiments. The embryo preparation

up to freeze-cracking was identical to the on-chip protocol. Afterwards, the embryos in

the microcentrifuge tube were resuspended in 70% ethanol and rotated overnight at 4°C.

Reagent exchange off-chip was carried out by spinning down the embryos for 30 s using

a centrifuge, removing the supernatant and resuspending the embryos in a new reagent.

Embryos were mounted on glass coverslips and using Glox antifade buffer.

2.3.5 Fluorescencemicroscopyandsignalquanti�cation

All smFISH images were obtained using a spinning disk confocal microscope (PerkinElmer

UltraVIEW VoX) equipped with a Hamamatsu C9100-23b back-thinned EM-CCD and a

100× oil immersion objective. The smFISH images were analyzed using FISH-quant soft-

ware to identify and count the punctae89. To enable accurate comparisons between on-chip

and off-chip samples, we matched the age of the embryos and the sample size for each

experiment. Signal-to-noise ratio (SNR) and signal-to-background ratio (SBR) are calcu-

lated using a custom MATLAB code. Brie�y, after masking the embryo area, 2-gaussian

�t modeling was applied to the pixel intensity distribution to identify the background and

punctae. The mean of the “punctae” gaussian was used to threshold the embryo image and

split the image into a background-only image and a punctae-only image. The peak ampli-

tudes of all distinct areas of the punctae image were averaged to obtain the signal amplitude

A. The background image was processed to obtain its mean, B and standard deviation, N

to characterize the background level and noise. SNR and SBR were quanti�ed using the

equationsSNR = ( A � B)=N andSBR = A=B.
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For the �ow-visualization experiments, FITC dye solution was delivered from the side

inlet at a �ow rate of 500 µL/hr on a dissecting scope (Leica, MZ16F).The dynamics of

�uorescence intensity in the microchannels was quanti�ed using a custom MATLAB code.

2.4 Results and Discussion

2.4.1 Designingplatform for large-scalearrayingand smFISH analysisof C. elegans

embryos

Studying gene expression during embryogenesis requires assaying embryos at speci�c de-

velopmental stages. Precise monitoring of developmental stage is important as gene ex-

pression can vary rapidly. However, achieving temporal resolution is dif�cult, because

developmental stages can only be determined post-analysis and hundreds of embryos may

need to be processed to capture the desired stages. Indeed, cell divisions in early em-

bryogenesis, up to gastrulation, occur every few minutes after fertilization and take place

before the embryos are normally laid outside the body; the zygote then transforms into a

300-cell embryo within 300 min and hatches into a nearly 600-cell larva within 850 min

Figure 2.1A90. The rapid development process makes data acquisition challenging, partic-

ularly for early embryonic stages. Assuming a 5-10 % ef�ciency to collect embryos of a

given stage and the need for a few tens data points to capture gene expression variation,

establishing representative gene expression in early embryogenesis requires collecting ap-

proximately 300-500 embryos. To arrange such a large number of embryos on a single

glass slide is a challenging task because the embryos must remain separated to ensure qual-

ity readout. Performing this step in a time-effective manner is important too. The whole

smFISH protocol requires several days, one wants to complete this preparatory step within

a few minutes to minimize labor. However, such requirement adds signi�cantly to the dif�-

culty of the task. To address this bottleneck, we designed a micro�uidic array for capturing

hundreds ofC. elegansembryos. The system relies on hydrodynamic trapping, where em-

bryos �owing through a main channel are drawn into bypass traps91,92,93,94,95,96. This design
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turns loading of the array into a deterministic process. As embryos �ow in the channel,

the embryos are drawn to the �rst available traps. Once trapped, the embryos obstruct

the back-resistance channels, changing the �ow streamline in the main serpentine channel.

Therefore, next coming embryos are drawn to the next available traps and this process re-

peats itself until complete �lling of the array. This design allows for arraying embryos in

high density and takes advantage of passive trapping to ef�ciently isolate single embryos

from a bulk suspension (Figure 2.2A). To adapt this technology for large-scale phenotyping

of gene expression using smFISH, several key aspects of the device design needed to be

improved.

To allow for large-scale parallel mRNA counting with single-embryo resolution, the

micro�uidic chip was designed with several features speci�c to the smFISH application.

First, to enable reagent delivery to all traps requires a clear �ow path throughout the en-

tire device. This is important as smFISH protocol involves multiple steps with different

reagents. The challenge lies in how best to avoid embryos from clogging the channel be-

cause of their stickiness and natural tendency to clump together. Hence, to address this

issue, an in-line �lter was included alongside a second side inlet downstream the �lter for

reagent delivery. Upon embryo loading, the in-line �lter reduces the number of embryo

aggregates that reaches the array. Once loading is complete, the inclusion of the side in-

let allows for injecting new reagents without pushing embryo aggregates trapped in the

�lter into the array (Figure 2.2A). Second, because the goal is to quantify smFISH sig-

nals throughout the entire embryo sample, maximizing the imageable volume is important.

Hence, the traps were designed to have the anterior-posterior (AP) axis horizontal; thus,

ensuring that the z-direction depth only needs to be 30 µm and minimizing optical artifacts

due to light scattering from the embryo tissue.

The results indicate that the micro�uidic platform allows for ef�cient loading of hun-

dreds of embryos in A-P orientation and with a cleared main channel. Figure 2.2B shows

an image of an array loaded with single embryos in A-P axial orientation. Quanti�cation
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Figure 2.2: Micro�uidic device design and loading characterization. (A) Schematic il-
lustrating the device design and features incorporated to enable robust and reproducible
hydrodynamic loading of hundreds of eggs (total trap number: 600) with Insert detailing
the relevant geometrical dimensions; main channel (100 µm), trap size (35 µm) and resis-
tance channel (12 µm). (B) Image of micro�uidic array showing single embryos loaded
in device in AP direction. (C) Quanti�cation of loading occupancy in device. (D) Homo-
geneity of egg loading throughout the array (c-d: n=4 devices) Error bars represent SD. (E)
Loading duration across 2 different devices

of the loading occupancy across 4 devices shows reliable capture of more than 500 em-

bryos per array (Figure 2.2C) and homogeneous distribution across the array (Figure 2.2D).

Multi-loading events were almost exclusively composed of n = 2 embryos. Less than 10 %

of the traps in the micro�uidic devices were empty traps. One explanation for the empty

traps could be small debris accumulation in the back-resistance channels of these traps,

rendering them unavailable for embryos. Additional washing steps and or use of gentler

mechanical agitation and lower centrifugation speed during the egg preparation may help

avoiding debris and reducing the number of empty traps. In addition, the loading process

is achieved within a couple of minutes: all 12 rows of the device are loaded in less than

2 minutes (Figure 2.2E). The quick loading minimizes the amount of time the samples

are exposed to formaldehyde, which can increase background �uorescence in the smFISH
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images. Altogether, these results demonstrate the ability of the micro�uidic platform to

capture hundreds of single embryos for downstream analysis.

2.4.2 Micro�uidic platform enablesef�cient reagentexchangenecessaryfor executing

smFISHprotocol

Executing the smFISH protocol reproducibly on-chip requires ef�cient reagent exchange.

The smFISH protocol is a multi-step process that involves several reagents, different con-

centrations, temperature changes, and incubation times. Proper execution of each step is

important for obtaining quality smFISH images. However, while most of these parameters

can be optimized by controlling external conditions, reagent delivery is achieved locally

on-chip and is particularly sensitive. For example, delays in bringing the smFISH probe

into and out of contact with embryo can lead to lower probe concentration or over exposure

resulting in lower smFISH signal, uneven staining, and high background �uorescence97,98.

Reagent exchange is challenging because it requires delivering chemicals to the embryo

without losing the embryo in the process. To solve this problem, we added two design con-

siderations to address sample loss from the trap entrance or the back channel. First, when

moving the device from the cold room to the incubator or microscopy room, movement of

the inlet and outlet tubing can generate �uctuations of pressure through the array and gen-

erate back �ow. The back pressure can push the embryo through the trap entrance in the

main channel. This may result in sample loss when �ow is re-applied during the multi-step

protocol. To prevent that, we included a cusp at the trap entrance. The local narrowing of

the channel maintains the embryo inside the trap.
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Figure 2.3: Device features enable ef�cient reagent exchange necessary for executing sm-
FISH protocol. (A) Schematic of resistance channel geometry designed to maintain embryo
positioning during smFISH protocol (left). Representative image of embryo trapped using
the resistance channel geometry (right, scalebar: 15 µm). (B) Image of device �lled with
FITC-dextran. ROIs analyzed are indicated by the red circles. (C) Plot describing the tran-
sition regimes for different ROI throughout the array: delivery reaches rapidly permanent
regime after 30 seconds. Device was �lled with wash buffer and exchanged with FITC-
dextran in hybridization buffer to mimic the hybridization step of the smFISH experiment.
(D) Bar graph of average �uorescence intensity of the different ROIs in the device at the
beginning (40 s) and end (4 hr) of the mock hybridization experiment.

Second, �ow rates and viscous liquids (hybridization buffer viscosity is several tens of

centipoise (CP)) induce shear forces that can push the embryo in or through the resistance

channel. To solve this issue, we designed and compared the performances of three resis-

tance channel geometries (Figure 2.3 and Figure A.1). The �rst design is a single 12x26

µm2 (width x height) channel. We hypothesized that creating a step-down (main channel

height = 50 µm) would reinforce trapping ef�ciency. The second design is composed of two

13x12 µm2 channels. Splitting the back�ow channel may help with avoiding �ow obstruc-
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tion by the embryo and favor reagent exchange. The third design is similar to the �rst one

but �ipped into a single 26x12 µm2 channel. This design reinforces the step-down effect.

Despite their different geometry, all three designs have similar hydraulic resistance and

lead to ef�cient embryo loading. However, we noticed undesirable effects for the two �rst

designs. The �rst design failed to keep the embryo in the trap as the embryo fully blocks

�ow and the pressure differential across the embryo pushes it partially or completely into

the resistance channel. The second design prevents this issue as an embryo blocks only

one of the two channels; however, the embryos were frequently morphologically distorted

between the two resistance channels. Finally, the third design successfully achieves our

goal. The shallow but wide resistance channel helps to prevent the embryo from entering

the resistance channel while preserving its integrity, resulting in a low percentage of em-

bryos being pushed in the resistance channel (< 5%). Therefore, we selected this design for

further characterization.

To ensure the device can exchange reagents ef�ciently without losing embryos, we stud-

ied the delivery of reagents in a fully loaded array device using �uorescein isothiocyanate

(FITC)-dextran in hybridization buffer as a model for the smFISH probes. We measured

FITC-dextran intensity at different locations in the device (Figure 2.3B), and showed that

the �uorescence intensity increases over time and stabilizes in the device after roughly 30 s

(Figure 2.3C), which is negligible compared to the duration of each steps (30 min to several

hours). To verify that reagent delivery is uniform over time, we compared the �uorescence

intensity at the beginning of the assay (once the stable regime is reached) and 4 hr later (�

duration of probe hybridization step). Figure 2.3D shows that the measured FITC-dextran

intensity in the device at the beginning of the experiment is close to the intensity at the

end of the experiment and that these results are veri�ed through the entire device. The

small difference between the two time points can be explained by variation in intensity of

illumination. In summary, our on-chip protocol ensures ef�cient liquid exchange, which is

essential for the proper execution of the complex multi-step smFISH protocol.
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2.4.3 On-chipsmFISHstainingpreservesimagequalityof conventionaltechniques

To check potential degradation in image quality that may arise from absorption of reagents

in PDMS, or optical artefact from PDMS walls, we compared smFISH assays performed

in parallel on-chip and off-chip. Figure 2.4A shows representative �uorescence images.

The embryos were hybridized with probes targeting mRNA transcripts ofpar-1, a kinase

essential in early embryogenesis99,25; each spot indicates a single mRNA molecule and the

total number of punctae per embryo representspar-1transcript abundance. The presence of

PDMS does not induce any artefact and the overall image quality is preserved: we observe

homogenous signal throughout the embryo and clear presence of punctae, typical of sm-

FISH signal79. We quanti�ed the signal-over-noise ratios (SNR) to determine if the SNR of

on-chip images is greater than 7, which is a requirement for smFISH image quanti�cation

as previously described89. The images of on-chip embryos have a SNR of nearly 9 and the

images of off-chip embryos have a SNR of 10 (Figure 2.4B). The slight difference between

the two images may be re�ective of lower intensity in the on-chip images as highlighted

by the difference in signal-over-background ratios (SBR) between the two methods (Fig-

ure 2.4C). Nonetheless, the SBR values are much greater than 1 and the SNR values are

all above 7. Therefore, our method preserves the image quality necessary for performing

valuable smFISH analysis.
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Figure 2.4: Comparison of on-chip smFISH protocol with traditional off-chip method. (A)
Representative images of eggs stained off-chip (top) and on-chip (bottom) with the sm-
FISH protocol. Blue indicates DAPI and identi�es nuclei by staining chromosomes. Red
puncta indicate individual par-1 molecules with zoom-in views in inserts. Scale bars are
15 µm. (B-C) Quanti�cation of image quality between off-chip and on-chip experiments
using SNR and SBR of the puncta for each condition. The red line indicates the minimum
acceptable SNR for smFISH quanti�cation (SNR = 7). Error bars represent SD, n = 20
embryos.

2.4.4 Scalingupvia multi-arrayintegration

To study multiple conditions, it is necessary to scale up the device. For example, studies

comparing different RNAi treatments or genotypes (natural variants or mutants) require

batches of embryos to be assayed separately, but otherwise identically. To do so, we inte-

grated three devices and acquired smFISH images in a single session. Figure 2.5A shows

representative images ofpar-1 gene expression in embryos for each of the three devices.

The images show similar and uniform quality across the embryos. We also calculated the

signal-over-noise ratio to quantify signal quality and observe that the SNR values across

the different devices are all over 7 and meet quality requirement for automated software

analysis (Figure 2.5B).

These results also illustrate another critical advantage of our method, which is the time

saved during image capture. Imaging with the traditional method remains time-consuming
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and labor-intensive because it requires tracking each embryo manually in bright �eld to

register their position. Two bottlenecks render this process painstaking and inef�cient.

First, spotting embryos randomly spread on a large surface in the absence of any spatial

marker is dif�cult. Second, throughput is limited by how many embryos are present on

a single substrate. As one batch is processed, user input is necessary to remove the glass

slide and mount another one on the microscope stage before repeating the process. Our

micro�uidic approach signi�cantly improves these two bottlenecks. Arraying provides a

spatial frame to navigate through the samples and register their position. Furthermore,

the small footprint of a single array allows for the integration of multiple arrays on a single

glass slide. Therefore, the embryo-position registration can be done at once; the continuous

presence of an operator is no more mandatory to image hundreds of samples. For example,

using a traditional approach would require imaging 30 coverslips to image 60 embryos of

a developmental stage. With our micro�uidics-based approach, this type of analysis would

require only 3 devices saving time and labor. Scaling up via multi-array integration does

not compromise experimental integrity, affording a dramatic increase in sample size and

image ef�ciency while eliminating potential batch effects across treatments. This bene�t

could be exploited further, limited only by the number of devices that can be arranged on a

slide.
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Figure 2.5: Integration of multiple arrays on single substrate for high-throughput confocal
imaging. (A) Representative smFISH images of embryos from each device. Red puncta
indicate individual par-1 molecules. Scale bar is 15 µm. (B) Quanti�cation of image quality
using SNR and SBR of puncta in each separate device. Error bars represent SD, n = 20
embryos.

2.4.5 Highly resolvedtemporalanalysisof geneexpressionusingmicro�uidic platform

Obtaining a detailed temporal analysis of the RNA levels in an organism is key to under-

standing the effect of its genotype on its traits and behaviour100. This knowledge will not

only provide information about gene expression dynamics in tissues of interest, but also

provide insight on gene interactions that occur throughout the organism's life cycle36. To

demonstrate the ability to assay embryos across developmental stages at high temporal

resolution, we freeze-cracked, arrayed, and stained embryos on-chip with the nuclei stain
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DAPI. In addition, using thepar-1 gene as a case study, we demonstrate that the platform

can provide information on the dynamics of gene expression during embryogenesis.Par-1

plays a key role in asymmetric division during early developmental events101,102,103. There-

fore, we imaged and quanti�ed gene expression of developmental stages ranging from just

before the �rst cleavage (2-cell stage) to the beginning of gastrulation (30-cell stage).

We observe a decline inpar-1 gene expression between early developmental stages

and later time points (Figure 2.6). This observation is consistent with the known essential

activity of PAR-1 during embryonic polarization99,25 as well as observations of declining

par-1 transcripts at later stages104. This observation is also consistent with our own mea-

surements using the traditional off-chip method (Figure A.2). With a similar trend to our

on-chip samples, the number ofpar-1 gene transcripts declined from 4,000 transcripts at

the 2-4 cell stage to 1500 transcripts at 30 cell stage. Altogether, these results highlight

the performance and utility of our platform to advance biological studies requiring longi-

tudinal data about gene expression at a high temporal resolution. It is interesting to note

that, during the embryo collecting process, embryos as old as mid-gastrulation ( 150-cell

stage) were also collected (but not analyzed). Since embryos do not change size during

development, our device can be used to perform longitudinal studies of gene expression at

later stages during the proliferation, metamorphosis, elongation and quickening phases.
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Figure 2.6: Time-resolved analysis ofpar-1gene expression changes during early embryo-
genesis showing the transcript count versus number of cell nuclei (n = 25 embryos). Inserts
show representative smFISH images of embryos at different developmental stages corre-
sponding to the red-circled data points.

2.5 Conclusions

In this chapter, we report the development of a micro�uidics-based smFISH method, which

we use to demonstrate changing gene expression inC. elegansembryogenesis at high tem-

poral resolution. We designed a large-capacity, high-density array that can load hundreds

of embryos in a few tens of seconds. By trapping large numbers of embryos, this method

enables study designs that require large sample sizes, for example assays of changing gene
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expression across developmental stages. The trap geometry promotes ef�cient reagent ex-

change, which allows wash, hybridization, staining, and related steps to be performed on-

chip. Finally, the small device footprint allows for multi-array integration that facilitates

image acquisition and allows for the application of our platform to larger scale studies. Our

approach for reagent delivery and exchange not only reduces the labor-intensiveness of the

smFISH protocol but also allows for the integration of alternative or additional assays, such

as immunostaining. Furthermore, because the design principles used are not speci�c to the

exact dimensions ofC. elegansembryos, simple scaling should allow our approach to be

adapted for other problems, including development and pathogenesis inDrosophilaor other

small genetic model organisms, cancer spheroids, stem cell aggregates, or organoids.

In modern biology, limits to experimental or statistical power often constrain elucida-

tion of the molecular and cellular dynamics that govern development, or the relationship

between genotype and phenotype. For example, just as large sample sizes are required

to measure change across developmental time, high replication is often required to detect

differences in trait expression between multiple genotypes. By enabling loading, staining,

washing, and other reagent exchange steps for hundreds of embryos, and by minimizing

user effort during image capture, this method offers a generalizable way to scale up the use

of molecular tools routinely used in developmental genetics research in order to address

larger questions at the level of the biological system.
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CHAPTER 3

A MICROFLUIDICS-BASED PIPELINE FOR LONG-TERM CULTURE AND

NON-INVASIVE MONITORING OF BRAIN ORGANOIDS MIMICKING

NORMAL OR DISEASED CONDITIONS

This work is planned for submission to a peer review journal with collaborative contribu-

tions from Dr. Emily Jackson-Holmes, Dr. Gongchen Sun, Dr. Ying Zhou, Dr. Zhexing

Wen, and PhD candidates; Haejun Han and Arina Nikitina.

3.1 Introduction

The lack of robust and ef�cient human-speci�c models that resemble the human brain has

posed a signi�cant challenge for studying human brain development, modelling brain dis-

eases, and testing drug ef�cacy. With the rapid development of stem cell technology, 3D

brain organoids can be generated to recapitulate critical organ and tissue-speci�c features of

the developing brain, and exhibit human-relevant properties not observed in animal mod-

els6,51,53,57,105,106,107,108. Hence, they provide a unique opportunity to study human organ

development, model brain diseases, and screen therapeutics51,52,53,54,55,56,57,58,59,60,61,6,14,7,62.

Despite the exciting potential of brain organoids, their large-scale application has been lim-

ited due to a number of critical challenges. First, 3D brain organoids need a long-term cul-

ture (weeks to months) to develop human-relevant tissue structures and can grow from a few

hundred microns to a few millimeters. The long culturing time and varying organoid size

make it especially dif�cult to maintain ef�cient oxygen and nutrient exchange while min-

imizing cell-damaging shear stress. This challenge is especially relevant when using bulk

scale bioreactors (e.g. spinner �asks, orbital shakers) for culture51,67. Second, organoids

vary widely in size, diversity of cell types present, and structural features in culture109. To

date, this variability of 3D organoids can only be assessed by end-point assays. Although

30



culturing protocols to improve uniformity have been proposed64,65,66, the lack of automated

and non-invasive assessment of live organoids still complicates quantitative analyses and

limits the applicability of brain organoids in disease modelling and drug screening applica-

tions.

To improve the consistency and quality of organoid culture, various micro�uidic tech-

nologies have been developed in recent years to reduce the laborious manual manipulation

and the risk of external contamination7,8,9,10,11,12,13,14. The reduced footprint of micro�uidic

devices has shown the promise to improve culturing scalability10,14. Micro�uidic tech-

nologies are also able to provide precise spatiotemporal delivery of media and reagents,

which has proved effective to control local culturing environment in 2D cell cultures69,70.

Although most micro�uidic technologies for 3D organoid culture use continuous �uid per-

fusion for long-term media exchange, the on-chip organoids are either encapsulated in

gel8,10,13or located away from the �ow path through which fresh media is delivered9. These

device con�gurations render the effective nutrient delivery close to the organoids still rely-

ing on diffusion-based mechanism. The reliance on diffusion-dominated nutrient delivery,

though suf�cient for 2D cell culture, may not provide suf�cient nutrient supply to sup-

port healthy and uniform growth of 3D organoids growing into millimeter-scale, which is

necessary for them to develop critical phenotypes for development and disease studies. In

addition, perfusion operating protocols vary between different devices, which makes trans-

ferring and standardizing these micro�uidic technologies dif�cult.

This chapter describes an integrated platform technology to enable long-term culture

and live sample assessment of 3D human brain organoids to address these challenges.

Guided by a novel reaction-diffusion scaling theory, the CSTR-inspired bioreactor plat-

form provides uniform and optimal nutrient delivery for robust long-term culture while

allowing for longitudinal tracking of individual organoids. Our reaction-diffusion scaling

theory highlights the robustness of the CSTR-inspired bioreactor platform against different

�uid perfusion protocols, which simpli�es the adaptation of our technology. Organoids
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cultured in the automated platform developed comparable structural and molecule pro�les

to traditional cultures and strongly recapitulated developmental trajectories seenin vivo.

The proposed culturing method is robust and easily generalizable and thus, is potentially

applicable for many 3D organoid manufacturing processes.

3.2 Material and Methods

3.2.1 DesignandFabricationof OrganoidCultureChamber

Device fabrication was conducted using previously published protocols110 but with mod-

i�cations. The device design was drawn in SolidWorks, and molds for the devices were

made using 3D printing by the company Protolabs. The molds were printed in the material

Accura SL 5530. Using the 3D printed molds, micro�uidic devices were fabricated in poly-

dimethylsiloxane (PDMS) (Dow Corning Sylgard 184, Midland, MI) by soft lithography87.

Brie�y, PDMS was mixed in a 10:1 ratio of pre-polymer and crosslinker, degassed to re-

move air bubbles, poured on the master mold, degassed a second time to remove remaining

bubbles, and cured overnight at 80°C. Following curing, PDMS devices were peeled off

of the master molds. The molds were not pre-treated prior to use. Additionally, creating

the cross-�ow in the device required two-layer PDMS fabrication. The mold for both lay-

ers was identical. For both layers of features, PDMS was poured on the mold to a height

of approximately 5 mm to de�ne the height of the culture chamber. Following curing and

peeling, cylindrical chambers were made in both feature layers by manually punching holes

with a 5 mm biopsy punch (VWR). Inlet and outlet holes were punched with a 2 mm biopsy

punch (VWR). The bottom PDMS layer was plasma bonded to a 1 mm thick glass slide.

Finally, the top and bottom PDMS layers were plasma bonded together and left in an oven

at 80°C overnight to strengthen the bond.
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3.2.2 ForebrainOrganoidCulture

Forebrain organoids were formed and cultured according to published protocols6,110. Brie�y,

embryoid bodies (EBs) were �rst formed from hiPSC cultures by detaching the hiPSC

colonies with Collagenase Type IV and culturing in ultra-low attachement 6-well plates

(Corning) in media containing DMEM/F12 (Life Technologies), 20% Knockout Serum

Replacement (Life Technologies), 1X Glutamax (Life Technologies), 1X non-essential

amino acids (Life Technologies), 0.1 mM 2-mercaptoethanol (Life Technologies), 2 µM

A-83 (Tocris), and 2 µM Dorsomorphin (Sigma). On days 5-6, half of the media was

replaced with induction media containing DMEM/F12 (Life Technologies), 1X Gluta-

max (Life Technologies), 1X non-essential amino acids (Life Technologies), 1X Peni-

cillin/Streptomycin (ThermoFisher), 1X N2 Supplement (ThermoFisher), 1 µM CHIR 99021

(Cellagen Tech), and 1 µM SB-431542 (Cellagen Tech). At day 7, organoids were embed-

ded in individual drops of Matrigel (Corning) and cultured in induction media in 6-well

plates until day 14. At day 14, Matrigel was mechanically dissociated from organoids by

pipetting with a 5 mL serological pipette. Organoids were then transferred to micro�u-

idic devices or low attachment tissue culture plates for the remainder of culture. From

day 14 on, organoids were cultured in differentiation media containing DMEM/F12 (Life

Technologies), 1X N2 and B27 Supplements (ThermoFisher), 1X Glutamax (Life Tech-

nologies), 1X non-essential amino acids (Life Technologies), 1X Penicillin/Streptomycin

(ThermoFisher), 0.1 mM 2-mercaptoethanol (Life Technologies), and 2.5 µg/mL insulin

(Sigma Aldrich). For culture in spin omega, approximately 12 organoids were cultured per

well with 3 mL of media. Media was exchanged every other day.

3.2.3 OrganoidCulturein AutomatedCulturePlatform

Organoid culture in automated platform was conducted as described previously110 but with

modi�cations. Prior to each experiment devices, luer �ttings (Nordson Medical), the bubble

trap (Cole Parmer) and tubing (1/32” ID silicone tubing, 1.6mm ID peristaltic tubing; Cole
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Parmer) were sterilized by autoclaving. The day prior to organoid loading, devices were

treated with air plasma to render the PDMS hydrophilic. After treatment, devices were

immediately primed with DMEM/F12 (Life Technologies) to maintain the hydrophilicity

and then re-sterilized with UV treatment for 1 hour. Devices were then placed in a cell

culture incubator overnight after replacing the DMEM/F12 with fresh DMEM/F12.

Prior to organoid loading, devices were primed with differentiation media. Organoids

were loaded into individual chambers of the device by pipetting with cut 200� L tips.

Following loading of organoids into individual chambers, the devices were sealed with

3M™ Thermally Conductive Adhesive Transfer Tape (Product No:9882) to seal the culture

chambers. Finally, primed tubing and �ttings were connected to the device inlet and outlet.

The devices were then connected to a syringe pump or peristaltic pump. The entire setup

was placed in a humidi�ed incubator (HERAcell 240i, Thermo Scienti�c) for culture.

3.2.4 Live ImagingandQuanti�cation

Bright�eld images of devices were acquired every other day during culture using an EVOS

microscope. Organoid size and shape features were quanti�ed from images using FIJI/ImageJ.

For larger organoids, multiple images of different regions of the same organoid had to be

taken due to the organoids being larger than the �eld of view on the EVOS microscope.

The images were then stitched together using pair-wise stitching plugin on Fiji/ImageJ111

before quanti�cation.

3.2.5 ImmunohistologyandImaging

Organoids were prepared for immunohistology and imaging as described previously6,110.

Organoids were collected from the micro�uidic devices or spin omega and �xed in 4%

Paraformaldehyde (Sigma Aldrich) in PBS for 1 hour at 4� C. Organoids were then washed

in PBS and incubated in 30% sucrose overnight. Organoids were embedded in optimal cut-

ting temperature compound (OCT) and sectioned with a cryostat. The organoid slices were
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permeabilized with 0.2% Triton-X for 1 hour and then washed with blocking buffer con-

taining 10% donkey serum and 0.1% Tween-20 in PBS for 30 minutes. Next, the sections

were incubated in primary antibodies in blocking buffer overnight at 4°C. This was fol-

lowed by a PBS wash and subsequently,incubation with secondary antibodies in blocking

buffer for 1 hour. The organoid slices there then washed in PBS and incubated with DAPI.

Finally, the images of the stain sections were collected on an epi�uorescent microscope.

Quanti�cation of imaging data was performed using a customized Python code.

3.2.6 ImmunohistologyQuanti�cation

Custom code for immunohistology quanti�cation was developed. The code uses the image

for the nuclear stain (DAPI, Hoechst etc) as the input and range of sizes of cells to be

detected (For our analysis, we used a minimum cell radius of 5 and a maximum cell radius

of 25). The code then creates a general outline of the organoid slice by performing a

closing operation with kernel size equal to 2 maximum cell diameters. Next, it takes the

original image and performs iterative adaptive thresholding with window sizes ranging

from maximum cell diameter to the minimum image dimension, each time adding newly

identi�ed foreground pixels to the total mask image (“bitwise or” operation). The number

of steps in this process is determined by user. Next, the original nuclei-stained image is

passed to the Laplacian of Gaussian blob detection �lter. Local maxima of the �ltered

image are then detected, each designating the center of a cell. Since we are working with

the organoids all cells detected outside the general outline of the organoid are artifacts and

are �ltered out. Remaining cell centers are next used as seeds in a watershed algorithm

with boundaries set to the total mask of the organoid slice.

In the next steps, the intensity of each cell is calculated in each of the given channel

images using the cell outlines identi�ed during the segmentation. To determine positively

and negatively stained cells in each channel we used several approaches: k-means cluster-

ing with k=2, otsu, triangle and mean thresholding. The choice of the right thresholding
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method is dependent on numerous factors (imaging conditions, quality of the antibodies

used for staining etc) and is left to the discretion of the user. For the SOX2, Ki67 and

TBR1 channels, we performed k-means clustering to separate the positively and negatively

stained cells. For the CTIP2 and TBR2 channels, we performed triangle thresholding to

separate the positively and negatively stained cells.

3.2.7 StatisticalInformation

Statistical analyses were performed using GraphPad Prism software. For bar plots describ-

ing experiments with replicate data, the error bars represent +/- standard error. Sample sizes

(N) and number of independent experiments are also detailed in the corresponding �gure

legends. Statistical tests for two groups were performed using a two-tailed Mann-Whitney

U test (with Welch's correction). Statistical tests for three or more groups were performed

using non-parametric one-way ANOVA (with Kruskal-Wallis) combined with Dunn's mul-

tiple comparison's test or Bonferonni multiple comparison's for comparison of individual

samples. A 95 % con�dence level was used for determining p-value signi�cance.

3.3 Results and Discussion

3.3.1 Reaction-DifussionModelingof OrganoidGrowthin Meso�uidic Bioreactor

Overview of model parameters

The following parameters were used for developing the reaction-diffusion model:

a: the radius of the organoid; Unit:m.

� cell : the cell density in the organoid; Unit: no of cell /m3.


 cell : the per cell consumption rate of a critical nutrient; Unit: mol / s (per cell).We

use mole as the basic unit for nutrient.

� cell : the total amount of nutrient required to grow a new cell (for example, by cell

division); Unit:mol (per cell).
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C0: the concentration of a critical nutrient in the fresh culturing media; Unit: mol /m3.

D0: the diffusivity of the critical nutrient in the media; Unit:m2 / s.

Dorganoid : the diffusivity of the critical nutrient in the organoid; Unit:m2/ s.

General Assumptions Made in the Model

We assume an organoid as a homogeneous, isotropic, spherical “reactor”. The radius of

an organoid is denoted bya. The organoid is composed by cells. For simplicity, we assume

all cells are the same. The cell density in the organoid is denoted by� cell . A cell, once

made, consumes nutrient at a consistent rate. We denote the per cell consumption rate of a

critical nutrient by
 cell . Note that the term “cell” in our model analysis is not equivalent to

a real biological cell. We simply treat a “cell” as a unit volume that consumes nutrient at a

constant rate.

We consider the problem in the following analysis in the spherical coordinate. The

center of the organoid is located at the origin. We are interested in how a critical nutri-

ent (glucose, oxygen, etc.) is transported to and in the organoid and is consumed by the

organoid. Therefore, we denote the concentration of such nutrient in the fresh media by

C0.

Analysis of Organoid Growth under Diffusive Culturing by an Extra-organoid Diffusion-

Reaction Model

In this section, we are interested in why diffusive culturing conditions fails to grow organoid

over a certain size. Hence, we sought to ask a simple question:can the nutrient supply to-

wards the organoid by diffusive �ux alone be enough to compensate the consumption

by the organoid?

To answer this question, we compare two quantities: the overall nutrient consumption

rate by the organoid, and the nutrient diffusive �ux towards the organoid. The overall

nutrient consumption rate,� organoid , can be expressed as:
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� organoid = 
 cell � cellVorganoid = 
 cell � cell
4
3

�a 3 (3.1)

� organoid has a unit of of mol/s. Note that the overall consumption is scaled with the

cube of radius of the organoid,a3.

To obtain the expression for the nutrient diffusive �ux into the organoid, we consider

the extra-organoid diffusive transport of such nutrient, which can be described by Laplace

equation:

D0r 2Cout = D0
1
r 2

d
dr

(r 2 dCout

dr
) = 0 (3.2)

whereCout denotes the the far-�eld condition in which the media is fresh;r = a

describes the concentration in the vicinity of the organoid.

To promote the diffusive nutrient �ux, a depleted boundary layer in the vicinity of the

organoid must be established. The maximum inward �ux is achieved when the nutrient is

completely depleted near the organoid. Therefore, to compare the organoid consumption

rate with the maximum nutrient supply possible, we renderC1 = 0.

Solving the Laplace equation, we obtain the nutrient distribution outside the organoid:

Cout (r ) = C0(1 �
a
r

) (3.3)

Therefore, the maximum integrated diffusive �ux to supply nutrient towards the organoid,

Jdif fusion , can be obtained as:

Jdif fusion =
ZZ

S
D0r Cout (a)dS = 4�D 0C0a (3.4)

Sdenotes the surface area of the organoid;Jdif fusion has a unit of mol / s. Note that the

�ux is scaled with the radius of the organoid,a.

Comparing the overall nutrient consumption rate� organoid and the maximum diffusive
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nutrient �ux Jdif fusion , we notice that a critical radius exists. Beyond this critical radius,

Jdif fusion is always smaller than� organoid , which means the nutrient supply is no longer

suf�cient to sustain the consumption of the organoid. We can obtain this critical radius by

solving� organoid = Jdif fusion , with respect toa. Therefore, the critical radius is:

acritical =

s
3D0C0


 cell � cell
(3.5)

This critical radius represents the maximum viable size of spherical organoid growth,

and has also been described or estimated differently in previous studies of 3D spherical

growth under diffusive conditions112,113,114,115. However, a major assumption of this analy-

sis is that the nutrient consumption rate of the organoid is constant. Given that the organoid

is composed of a wide diversity of cell types with varying levels of metabolic activity, we

estimated the range of critical size values that would be supported under diffusive condi-

tions. For our analysis, we focused on estimating the critical size values for two essential

nutrients (glucose and oxygen) using parameters obtained from literature. A summary of

the parameters used in this study is provided below in Table 3.1.

Species D0 C0 
 cell Ref

Oxygen 1-3 � 10� 9m2=s 0.2 mM 2.3� 10� 18 - 7� 10� 16mol=cell=s [112, 116]
Glucose 6-7 � 10� 10m2=s 4-55mM 9� 10� 17 - 2.2� 10� 16mol=cell=s [112, 117, 118]

Table 3.1: Summary of parameters used in sensitivity analysis for glucose and oxygen

We estimated the critical organoid size at varying glucose consumption rates. Figure 3.1

shows the results of our analysis. As expected, the estimated critical size is lower for cells

with higher nutrient consumption rates and vice versa. Additionally, the critical size is

on the order of hundreds of microns to millimeters. The analysis was performed using

an initial concentration (C0) value of 20.4mM; a glucose concentration previously used

in brain organoid cultures9. The glucose consumption ranges chosen were from 9� 10� 17

mol/cell/s (estimated average human neuron consumption)117,118 to 2.2� 10� 16 mol/cell/s

(estimated average human cortical neuron consumption)117
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Figure 3.1: Sensitivity analysis of critical organoid size under diffusive conditions at dif-
ferent glucose consumption rates.

A similar analysis was performed for oxygen (Figure 3.2). The analysis was performed

using an initial concentration (C0) value of 0.2mM. The oxygen consumption ranges chosen

where from 2.3� 10� 18 mol/cell/s (estimated hiPSC oxygen consumption)116 to 7� 10� 16

mol/cell/s (estimated average human neuron oxygen consumption)117,118. In both oxygen

and glucose analysis, the estimated organoid density (� cell ) used was on the order of1014

cell/m3 as determined by previous studies9,112.

We observed a similar trend between the critical size and the nutrient consumption rate

when performing the analysis for oxygen. However, oxygen appears to be more limiting

than glucose due to the lower critical sizes calculated. These results are consistent with

previous analytical models of tissue construct growth under diffusive conditions112.

Our results may explain why 3D organoids exhibit premature cell death when they

grow beyond 1 mm under a pure diffusive culturing condition. It is important to note that

such critical radius is unique in 3D geometry and exists because of the establishment of

the depleted boundary layer around the 3D organoid. 2D cell culture on a plane does not
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Figure 3.2: Sensitivity analysis of critical organoid size under diffusive conditions at dif-
ferent oxygen consumption rates.

encounter such a transport limit.

Analysis of Organoid Growth Under Continuous Micro�uidic Perfusion Culturing by an

Intra-Organoid Diffusion-Reaction Model

To culture the organoid beyond the critical radius, a cross-chamber micro�uidic perfu-

sion strategy is proposed whichaims to prevent the establishment of the depleted nutri-

ent boundary layer and maintain the nutrient concentration around the organoid. In

this section, we sought to understand the “healthy” growth dynamic of the organoid under

the micro�uidic perfusion condition. By investigating an intra-organoid diffusion-reaction

transport model, we show that this problem can be reduced to the analysis of a non-linear

one-dimensional system:a0 = f (a) wherea0 is the �rst derivative of organoid radiusa

with respect to time. Using dimensional analysis, we demonstrate that under continuous

micro�uidic perfusion, the growth of the organoid follows a simple square root scaling of

the culturing time.
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The growth of an organoid as a one-dimensional dynamic system

The growth of an organoid can be considered as transforming nutrients into new cells. The

new cells grow from the existing organoid and hence increase the size of the organoid. Note

that a hidden assumption of the “healthy” organoid is that no cell death inside the organoid.

Translating to our model analysis, this assumption means that a cell, once grown, keeps

the same volume and a consistent nutrient consumption rate,
 cell . We also introduce a new

parameter,� cell , which denotes the total amount of nutrient required to grow a new cell (a

nutrient-consumed unit volume).� cell has a unit of mol (per cell).

We �rst assume a separation of timescales to set up the question. Two relevant timescales

are discussed: the timescale for nutrient molecules to diffuse into the organoid center from

outside for nutrient supply,t � , and the timescale for a new cell to grow in the outer shell of

the existing organoid,tgrowth . From the experimental observation, the cell growth timescale

tgrowth (on the order of days to weeks) is much larger than nutrient molecule diffusion

timescalet � (on the order of hours). Therefore, we can separate these two timescales and

consider the intra-organoid nutrient diffusion as a pseudo-steady-state process.

We then consider the intra-organoid nutrient mass balance within a small time interval.

The diffusion-reaction transport process can be described as:

Dorganoid r 2C in = 
 cell � cell + � cell � cell
4�a 2a0

4
3 �a 3

(3.6)

The LHS of the equation describes the diffusion-dominant transport of the critical nu-

trient inside the organoid, whereC in denotes the intra-organoid concentration pro�le. The

RHS of the equation describes the nutrient consumption of the organoid within this time

interval. The �rst term,
 cell � cell , denotes the volume averaged nutrient consumption rate

of existing cells in the organoid. The second term,� cell � cell
4�a 2a0

4
3 �a 3 denotes the volume av-

eraged nutrient consumption rate to grow new cells in the derivative outer shell of the

organoid within this time interval. Under the pseudo-steady-state assumption, the second
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RHS term is a small perturbation compared to the �rst RHS term. Note thata0 represents

the derivative thickness of the newly grown outer shell of the organoid within this time

interval.a0 = da
dt has a unit of m / s and uni�es the unit of all three terms in the equation.

To solve the intra-organoid concentration pro�le, we reorganize the equation:

r 2C in = � (3.7)

where

� =

 cell � cell + 3� cell � cell

� 0

�

Dorganoid
(3.8)

We then specify the boundary conditions. Due to the continuous micro�uidic perfusion

culturing, the outside boundary condition at the outer edge of the organoid is expected to

be at the fresh media concentration,C0. The inside boundary condition at the center of the

organoid can be speci�ed by symmetry (Neumann boundary condition).

BC1 : C in (r = a) = C0 (3.9)

BC2 :
dCin

dr
(r = 0) = 0 (3.10)

We can hence obtain the intra-organoid nutrient distribution:

C in (r ) =
�
6

(r 2 � a2) + C0 (3.11)

We are interested in understanding the growth dynamic of the organoid, which can be

analyzed by solving fora0. To obtain the expression ofa0, we integrate nutrient concen-

tration pro�le over the volume of the organoid for the total amount of the nutrient in the

organoid, and assume it equals to a certain constant,M . M has a unit of mol.
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M =
ZZZ

V
C in dV =

Z �

0

Z 2�

0

Z a

0
C in (r )r 2 sin'drd�d' =

4�
3

C0a3 �
4�
45

� a5 (3.12)

Intuitively, M is determined by the nutrient supply and the scale of the organoid. For

now, we don't know the value ofM and we call it as the “nutrient supply constant”. In later

analysis, we will show that under the continuous micro�uidic perfusion culturing,M does

not affect the scaling of the growth dynamic.

By expanding� , we can easily solve fora0 to obtain the dynamic relationship of this

system:

a0 = f (a) =
� 2

� 1
a� 1 �

� 3

� 1
a �

M
� 1

a� 4 (3.13)

where:

� 1 =
4�

15Dorganoid
� cell � cell (3.14)

� 2 =
4�
3

C0 (3.15)

� 3 =
4�

45Dorganoid

 cell � cell (3.16)

Approximation of the organoid growth dynamic by dimensional analysis

f (a) appears to be highly non-linear. Hence, we perform non-dimensionalization of the

system to simplify the dynamic relationship. We �rst make an estimation of nutrient sup-

ply constantM . The nutrient concentration in the media and right outside of the organoid

is held constant asC0 by the continuous micro�uidic perfusion culturing condition.C0

is much larger than the consumption density of the organoid to ensure a suf�cient nutri-
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ent condition and the nutrient concentration inside the organoid is always smaller than

C0. Therefore, we can estimate the expression ofM as: M = �C 0Vorganoid , where� is

a smaller-than-one number. The upper limit of� can be estimated by the ratio between

the nutrient consumption density and the nutrient supply density. Hence, we estimate� as:

� = 
 cell � cell

C0
Q f lowrate

Vtrap

= 
 cell � cell t f low

C0
. Here, we introduce a new time scale,t f low = Vtrap

Qf lowrate

, which denotes the characteristic timescale to refresh the media in a single micro�uidic

trap. We can qualitatively compare the three timescales involved in this process.t f low is

orders of magnitude smaller thant � under the continuous micro�uidic perfusion condition

to allow for a suf�cient nutrient delivery.t � is further orders of magnitude smaller than

tgrowth as suggested by experimental evidence.

To perform non-dimensionalization, we denotea� as a characteristic length scale of the

organoid radius and chooset � as the characteristic time scale. We especially selecta� so

thata2
� = Dorganoid t � . We can then render the dynamic equationa0 = f (a) dimensionless

by de�ning the non-dimensional organoid radius:~a = a
a�

, and the non-dimensional time

~t = t
t �

. Substituting the estimated expression ofM in the dynamic equationa0 = f (a), we

then obtain the dimensionless dynamic equation:

d~a

d~t
=

5C0

� cell � cell
(1 � � )~a� 1 �

1
3


 cell

� cell
t � ~a (3.17)

Since� cell is the total amount of the nutrient required to grow a new cell and
 cell

is the single cell nutrient consumption rate, it is reasonable to suggest that� cell

 cell

is at the

same order oftgrowth . Due to the abundant amount of nutrient in the media, the density

of nutrient required to grow a new cell� cell � cell is at the same order of the nutrient supply

concentrationC0. Hence, the coef�cient of the second RHS term13

 cell
� cell

t � is at the same

order of magnitude as13
t �

tgrowth
, while orders of magnitude smaller than the coef�cient of

the �rst RHS term 5C0
� cell � cell

(1� � ). We approximate the dimensionless dynamic equation as:
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d~a

d~t
�

5C0

(� cell � cell
(1 � � )~a� 1 =

5C0

� cell � cell
(1 �


 cell � cell t f low

C0
)~a� 1 (3.18)

Therefore, we can solve the approximated dynamic equation to obtain the scaling rela-

tionship between the radius of the organoid and the culturing time:

a �

s
10Dorganoid C0

� cell � cell
(1 �


 cell � cell t f low

C0
)t (3.19)

For organoids cultured with suf�cient nutrient delivery under the continuous micro�u-

idic perfusion condition, the growth dynamic should follow such a scaling relationship. It

hence provides us a guideline to analyze the experimental observation of the organoid. We

can apply natural log to both sides of the equation, and obtain:

ln a �
1
2

ln t +
1
2

ln
10Dorganoid C0

� cell � cell
+

1
2

ln(1 �

 cell � cell t f low

C0
) (3.20)

If we apply log to experimental data and plotln a versusln t, the well-fed (no outside

nutrient depletion layer) and healthy (no premature cell death) organoids should show a

linear ln a � ln t relationship with a1
2 slope. The experimental data shows non-linear re-

lationship or non-12 slope indicates that the organoid was nutrient-de�cient or underwent

signi�cant intra-organoid cell death at some point during the culturing. The intercept of

theln a � ln t relationship shown in the second RHS term may indicate certain physiolog-

ical properties of the organoid. For example,Dorganoid may indicate the integrity of the

organoid which is related to how dense the ECM is and hence, the intra-organoid diffusiv-

ity; � cell and� cell may indicate the cell type and the differentiation direction of the organoid.

These physiological properties are expected to be affected by many factors, including the

overall nutrient delivery, ratio between different nutrients, shear stress during culturing, etc.

This is not captured in this model but can be experimentally determined. The intercept of

theln a � ln t relationship shown in the third RHS term is affected by the culturing condi-

tion, namely the �ow rate of the micro�uidic perfusion. However, upon close inspection,
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we �nd that as long as the perfusion ensures an abundant nutrient environment without the

depletion boundary layer, the in�uence on the organoid growth dynamic by the �ow rate

is almost negligible. This is because
 cell � cell
C0

is at the same order of magnitude oft � . The

third RHS is close1
2 ln 1 � t f low

t �
, and hence� 1

2 ln 1 = 0.

3.3.2 Designof ameso�uidic CSTRbioreactorplatformfor 3D organoidculture

Although there have been previous demonstrations of devices employing diffusive me-

dia exchange mechanisms7,8,9,10,11,12,13,14, 3D organoids cultured under diffusion-dominated

conditions usually cannot grow healthily into millimeter scale due to the inef�cient nutrient

supply To understand this culturing limitation, we compared the diffusive �ux of critical

nutrients (e.g. oxygen, small molecules such as GSK-3�=� inhibitors; CHIR, ALK5/TGF-

� type I Inhibitors; SB, etc.) with the nutrient consumption rate by the growing organoid.

As described in more detail in section 3.3.1, we found that in the 3D geometry, there exists

a critical organoid radius over which the diffusion-dominated nutrient supply can no longer

support the nutrient requirements of a growing organoid. This critical organoid radius

can be expressed asacritical =
q

3D 0C0

 cell � cell

, whereD0C0 characterize the external diffusive

�ux of the certain nutrient and
 cell � cell characterizes the nutrient consumption rate of an

organoid. In particular, when oxygen is the limiting nutrient, we estimated that the length

scale of this critical radius to be on the order of 1 millimeter. Brain organoids typically need

to be grown larger than 1 millimeter in diameter to exhibit relevant tissue structures51,6,13.

Therefore, micro�uidic devices using only diffusive media exchange mechanisms are not

adequate to be applied for 3D brain organoid.

To enable robust long-term culture of 3D human brain organoids, we thus designed a

convective-base meso�uidic bioreactor device inspired by the classic CSTR concept. Our

device consists of eight culturing bioreactor chambers in parallel, which are connected to

�uidic channels for perfusing media and reagents through the chambers (Figure 3.3A).

Culture medium is perfused from the inlet channel at the bottom of the chamber and exits
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from the outlet channel at the top. Although we do not agitate the media with mixers,

the counter-gravity convection mechanism ensures that the media is effectively well-stirred

and nutrients are uniformly distributed in the chamber, which meets the CSTR criteria. The

chambers are connected through a cascade of bifurcating channels to a single set of device

inlet and outlet, which enables consistent �ow and reagent exchange between all culturing

chambers (Figure 3.3C). The convective media exchange is controlled by using a syringe

pump or a peristaltic pump during the multi-week-long culture (Figure 3.3D).

To allow for the growth of millimeter-scale organoids51,6,13, we incorporated several

unique mesoscale geometrical features in our device. Each individual culture chamber was

designed to be 5mm wide to account for the increase in organoid size as they mature. The

culture chamber height was designed to be on the order of mms to minimize the �uid shear

stress experienced by the cells in culture. A large, 0.6 mm wide bifurcated channel con-

nects all of the chambers; the media delivery channels are designed such that all organoids

are exposed to the same media composition. The culturing chambers were patterned to con-

form to the 96-well plate footprint, which makes our device compatible with other standard

laboratory equipment such as a multichannel pipette110.

The mesoscale device was then applied for long-term culturing of 3D forebrain organoids

as described by previous protocols (Figure 3.3B)6. We integrated our meso�uidic device

with high-content imaging of individual forebrain organoids to monitor the morphology of

the organoids during their development. Using the longitudinal, multi-dimensional bright-

�eld metrics of individual organoids, we validated the results from our reaction-diffusion

model of organoid growth. The organoids were then analyzed with conventional molecular

assays such as immunohistochemistry to con�rm proper protein expression.
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Figure 3.3: Overview of CSTR-based meso�uidic device design and perfusion setup. (A)
Schematic illustrates the design of both device layers in a top-down view. (B) Side view
of a single chamber showing details of fabrication of the device. (C) Perspective view of
the device. (D) Peristaltic-pump setup for perfusing devices. Two devices are connected
in parallel to a media reservoir and a peristaltic pump that drives �ow. A bubble trap is
located upstream of the devices to minimize bubble formation in the tubing and devices.
The entire setup can be moved in and out of an incubator while maintaining sterility of the
experiment.

49



3.3.3 Convective-basedCSTRculturingstrategyenablessuf�cient nutrientdeliveryand

robust3D organoidculture

Our meso�uidic CSTR bioreactor platform promotes the healthy development of organoids

by enabling uniform convective reagent exchange in individual organoid chambers. High-

quality bright�eld images of individual organoids can be obtained longitudinally by track-

ing culture chambers in the meso�uidic platform (Figure 3.4A). We then assessed the

growth of the organoids using two time-dependent metrics; the overall organoid size by

its projected area (Figure 3.4B) and the organoid growth rate (normalized change in diam-

eter of an organoid, Figure 3.4C). The organoids underwent a signi�cant increase in size

and growth rate during the culturing process indicating suf�cient nutrient delivery to the

samples.

Previous studies have explored the effect of critical parameters in micro�uidic culture

on 2D and 3D stem cell behavior and differentiation119,120,121. The insights from these stud-

ies highlighted the importance of establishing a balance between the frequency of media

exchange, which is needed to ensure the cells are not nutrient-limited and the need to al-

low the accumulation of cell-secreted factors to promote cell differentiation. Hence, using

our convective-based �ow regime, we explored the effect of different modes of reagent

exchange on organoid development during culture(Figure B.1A). We explored two modes

of recirculating media in the organoid platform; 1. Syringe recirculation where we per-

fused media back and forth through the device at the same frequency (single-step recycle)

or varying frequency (multi-step recycle) using a period length of 1 hr (that is, the period

between switching the direction of �ow), and 2. True recirculation where we continu-

ously perfused media in a closed loop set-up using a peristaltic pump at a constant �ow

rate. Using bright-�eld imaging, we assessed the growth of organoids under these different

perfusion protocols and validated the insights obtained from the reaction-diffusion model.

From the dimensional analysis of the reaction-diffusion model of organoid growth, we

found that under the CSTR culturing condition, a healthy organoid growth follows a dis-
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