


ABSTRACT 

Microfluidic tools for studying epithelial tissues under shear 
flow with vasculature and microstructures 

by 

Sarah Hewes 

Cells are subject to a wide range of mechanical stimulation and structural 

elements that affect their function. There is a need for platforms and methods that 

better model the physiology of complex tissues, such as the small intestine. In this 

thesis, I present tools for studying cells under laminar shear flow as well as 

micropatterning techniques for easily generating microvascular networks and 

crypt-villus microarchitecture. I have divided this research into three specific aims, 

discussing flow, microvascular networks, and crypt villus microarchitecture each in 

turn. Existing research tools to mimic these three aspects of physiology are often 

difficult to fabricate and set up. The techniques and devices that I present make use 

of various types of 3D printing to simplify fabrication, lower cost, and increase 

usability. In my first specific aim, I will discuss a device that is used to apply flow to 

a cell monolayer. In the small intestine, the epithelial cell monolayer is subjected to 

flow as fluids are moved the small intestine. I present a microfluidic device that 

simplifies the application of flow to cells. As a proof of concept, I demonstrate that 

bacterial and viral infections can be performed on monolayers cultured in this 

device under flow and static conditions. The results indicate that this device may 

allow monolayers to be cultured under infected conditions for longer than they can 



in static well plates and allow us to perform infections under more physiological 

conditions. In my second specific aim, I discuss a platform for rapidly forming 

microvascular structures. Vasculature is a critical microstructure present in most 

tissue and has important clinical relevance. For example, the gut-blood barrier 

regulates the passage of nutrients, drugs, and pathogens from the intestine into the 

blood. Here I present a simple technique for establishing networks of microvessel-

like structures using sacrificial, alginate structures that can be conveniently frozen 

without a significant drop in viability. In my third specific aim, I present two 

methods for micropatterning crypt-villus structures, one compatible with 

photocrosslinkable materials and another compatible with physical crosslinking 

materials such as collagen. Crypt-villus architecture is critical to small intestinal 

function as it creates the stem cell niche and serves as the scaffold upon which 

differentiating cells migrate from the stem cell niche in the crypts to their terminal 

positions at the tips of the villi. These techniques and devices lay the groundwork 

for improved, physiological models of vascularized, mechanically stimulated, and 

micropatterned models of tissues.   
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Chapter 1 

Introduction 

One of the core ideas within bioengineering is that form and structure have 

effects on cellular function. 2D cell monolayers have different barrier properties 

than cells cultured in physiological structures, such as intestinal cells on crypt-villus 

micropatterned structures and endothelial cells cultured in tubes. The small 

intestine is one of the most structurally complex tissues in the body, with its crypt-

villus microarchitecture and extensive vascular networks. To recapitulate some 
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elements of intestinal biology, such as the gut-blood barrier, it would be 

advantageous to be able to culture intestinal cells on crypt-villus microarchitecture 

on top of a vascular bed. Epithelial and endothelial cells rarely exist under 

completely static conditions in vivo, so including flow in models of tissues would 

create a more physiological model for the study of disease and homeostatic states. 

By combining 3D printing and PDMS molding techniques, microfluidic devices that 

mimic physiological flow and microstructures can be made accessible to more 

researchers. Recent advances in autoclavable, biocompatible photopolymer resins 

open up even more new possibilities for device design. In this thesis, I lay the 

groundwork for the creation of a perfusable, vascularized tissue model and other 

tools for studying cells under physiological conditions. 

1.1. Specific Aims 

1.1.1. Specific Aim 1: Demonstrate the importance of flow in small 

intestinal disease modelling. 

The small intestine is a dynamic mechanical environment. Studying intestinal 

epithelial monolayers under static conditions on Transwells or in 96 well plates 

cannot capture the potential effects that shear flow could have on the cells and 

pathogens such as bacteria. Here I describe a millifluidic perfusion cassette (mPC) as 

an accessible platform to study bacterial and viral infections under laminar shear 

flow conditions. Together with my collaborators, I documented changes to the cells 

and differences between bacterial infection within this platform and under static 
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conditions. Designed using 3D printing and PDMS molding, this platform is designed 

to be easily manufacturable and inexpensive while recapitulating shear flow 

conditions.    

1.1.2.  Specific Aim 2: Establish a method for rapidly fabricating a 

microvascular network within a microfluidic device. 

The gut-blood barrier is important to drug and nutrient absorption under 

homeostatic conditions, and is dysregulated in many disease states, including viral 

and bacterial infections. Components that can traverse both the epithelial and 

endothelial barriers enter the circulatory system and are rapidly distributed 

throughout the body. While this is beneficial in the case of ingested nutrients or 

therapeutic drugs, bacteria crossing the gut-blood barrier can result in sepsis, and 

viruses can cause widespread transduction as well as immune responses. It is at this 

point that bacteria cause sepsis, viruses spread to other tissues, and drugs are 

transported to the rest of the body. Thus, modelling the gut-blood barrier would be 

broadly useful in studies of intestinal biology and other vascularized tissues but also 

the pharmacokinetics of different drug molecules. I present a method for rapidly 

generating microvessel networks within a microfluidic device, using endothelial 

cells encapsulated within sacrificial structures. The encapsulated cells can be frozen 

down after encapsulation for ease of use in co-culture experiments. This method 

should enable easier incorporation of microvessel networks into microfluidic 

models of vascularized tissues.    
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1.1.3. Specific Aim 3: Fabricate crypts and villi within a microfluidic device.

A diverse array of intestinal epithelial cell types contribute to physiological 

intestinal function. Crypt-villus structures in the small intestine contribute to the 

maintenance of stem cell niches and the organization of differentiated cells. By 

introducing stem cell maintance factors underneath in vitro models with crypt-villus 

topography, it is possible to establish localized concentration gradients to 

recapitulate the intestinal stem cell niche within the crypts. A platform with this 

microstructure and signaling factor gradients has the potential to generate a self-

renewing monolayer and encourage physiological organization of different cell 

types. Additionally, including the crypt-villus microstructure within models of the 

small intestine may generate a more realistic flow-profile for monolayers 

experiencing shear. Existing methods for patterning microstructure include 

micromolding techniques that take days and 3D printing techniques that restrict the 

materials that can be used. Here I present two methods that are compatible with the 

microfluidic device in Specific Aim 2. The first method uses a 3D printed mold to 

directly pattern crypts and villi on collagen. This physical patterning method would 

be compatible with nearly all biomaterials of sufficient mechanical strength. The 

second method uses light-based patterning to generate crypt-villus structures in a 

multistep photolithography process that would be compatible with extremely 

delicate hydrogels. These two methods, both compatible with the microfluidic 

device described in Specific Aim 2, are useful tools to recreate crypt-villus 

architecture on a vascularized chip.  
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1.2. Organization of Dissertation

This doctoral dissertation contains a literature review and research on 

devices to enable the study of cells under more physiological conditions. Chapter 2 

contains a published review of intestinal biology and relevant devices used to model 

various aspects of intestinal physiology in vitro. Since interesting work has been 

reported since that review was published, section 2.8.6 Recent Advances covers 

more recently published devices and research. Chapter 3 presents Specific Aim 1, in 

which a microfluidic device is used to apply flow over a cell monolayer to study the 

effects of flow on infections in intestinal biology. Chapter 4 details a method of easily 

creating centimeter-scale microvascular networks, which is Specific Aim 2. Chapter 

5 relates to Specific Aim 3, describing two methods for patterning crypt-villus 

microarchitecture, one physical and one light-based. Chapter 6 documents other 

prototypes and techniques designed to enhance the study of in vitro tissue models, 

by facilitating flow and hydrogel patterning. The final chapter summarizes overall 

conclusions and possible future directions. 
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Chapter 2 

Background 
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2.1. Collaboration

This chapter was previously published as a review. It was written in 

collaboration with a number of authors, acknowledged in the footnote. The first part 

I edited 

and expanded upon significantly.  

In vitro models of the small intestine: 
engineering challenges, engineering 

solutions12 

2.2. Abstract 

Pathologies affecting the small intestine contribute significantly to the 

disease burden of both the developing and the developed world, which has 

motivated investigation into the disease mechanisms through in vitro models. 

Although existing in vitro models recapitulate selected features of the intestine, 

various important aspects have often been isolated or omitted due to the anatomical 

and ph

heterogeneous cell populations, steep oxygen gradients, microbiota, and intestinal 

 
 

1 This section, with the exclusion of section 2.7.6 Recent Advances, has been published in Tissue 
Engineering B: Reviews 
2 Hewes, Sarah A.*, Reid L. Wilson*, Mary K. Estes, Noah F. Shroyer, Sarah E. Blutt, and K. Jane Grande-

Engineering Part B: Reviews 26, no. 4 (February 11, 2020): 313 26. 
https://doi.org/10.1089/ten.teb.2019.0334. (* These authors contributed equally) 
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wall contractions are often not included in in vitro experimental models of the small 

intestine, despite their importance in both intestinal biology and pathology. Known 

and unknown interdependencies between various physiological aspects necessitate 

more complex in vitro models. Microfluidic technology has made it possible to mimic 

the dynamic mechanical environment, signaling gradients, and other important 

aspects of small intestinal biology. This review presents an overview of the 

complexity of small intestinal anatomy and bioengineered models that recapitulate 

some of these physiological aspects. 

2.3. Impact Statement 

There is a need for improved cell culture models of the small intestine. To 

develop such models it is necessary to give engineers a better understanding of 

intestinal biology, and conversely to give biologists an idea of what is possible with 

microfluidic devices and biomaterial platforms. This work provides a detailed 

overview of aspects of intestinal biology that are important for tissue engineers to 

understand when designing models of the small intestine and provides a summary 

of current approaches. This review highlights both unique and common features of 

various strategies for modelling the intestinal cell environment, not only using 

microfluidic chip-based systems but also several elegant designs that employ a 

materials-based static culture approach. 
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2.4. Introduction

The small intestine is the site of numerous pathologies that contribute 

significantly to the disease burden of both the developing and the developed world. 

Investigation into the pathological mechanisms contributing to small intestinal 

. The 

small intestinal mucosa has an intricate microanatomy with fine topographical 

features that organize its epithelium into distinct proliferative and differentiated 

compartments.1  A steep oxygen gradient extends from the intestinal wall into the 

lumen and supports a complex microbial community growing in a generally 

anaerobic environment in close proximity to the aerobic cells of the mucosa.2  

Finally, the contractions of the intestinal wall and the movement of luminal chyme 

create a dynamic mechanical and chemical environment that contributes to normal 

intestinal homeostasis and influences the crosstalk between the mucosal surface 

and the luminal microbiota.3,4  

Despite their importance in both intestinal biology and pathology, these 

aforementioned features and other aspects of intestinal anatomy are often not 

included in in vitro experimental models of the small intestine. This review covers 

an overview of the complexity of small intestinal anatomy and the bioengineered 

models that recapitulate some of these physiological aspects.  
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2.5. Anatomy 

2.5.1. Structure 

The main function of the small intestine is to digest and absorb nutrients 

from ingested food.1 It begins at the distal end of the stomach (the pyloric sphincter) 

and ends at the proximal opening of the large intestine (the ileo-cecal valve).1 

Starting from the stomach, the sections of the small intestine are the duodenum, 

jejunum, and ileum.1 Anatomically, the intestine is a tubular organ composed of 

several concentric layers, each with distinct compositions and functions (Figure 

2.1).  

 

 

Figure 2.1  Cross section of the small intestine 
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The outermost layer is the serosa, which is composed of a single layer of 

mesothelial cells that rest on a thin layer of connective tissue containing scattered 

fibroblasts, macrophages, mast cells, and other immune cells.1 The serosa is 

continuous with the mesentery and functions as a conduit for blood vessels, 

lymphatics, and nerves that connect to the small intestine.1 The serosa surrounds 

two layers of smooth muscle known as the muscularis externa.1 These layers are 

oriented in different directions: the outer one is oriented longitudinally and the 

inner one is oriented circumferentially.1 Their coordinated actions cause peristalsis, 

a series of radially symmetric contractions that move in an aboral fashion and are 

responsible for mixing and homogenizing the digestate.4 Inside of the muscularis is 

the submucosa, a layer of highly vascularized connective tissue composed of fibrillar 

collagens and hydrated glycosaminoglycans, which is populated by fibroblasts and a 

variety of immune cells.5,6 The submucosa is bounded internally by the mucosa, itself 

consisting of three more layers: the muscularis mucosae, the lamina propria, and the 

epithelium.1 Like the muscularis externa, the fibers within the muscularis mucosae 

are oriented longitudinally near the submucosa and circumferentially near the 

lamina propria; however, this muscularis layer is significantly thinner than the 

muscularis externa.1 The two regions of muscularis are innervated by the enteric 

nervous system, which is composed of two main ganglionic plexi.1 The myenteric 

plexus is located in the muscularis externa between the circumferential and 

longitudinal layers and is responsible for coordinating peristalsis, while the 

submucosal plexus is located within the submucosa and regulates intestinal 

secretion and the motions of the muscularis mucosae.7 Immediately on top of the 



26

muscularis mucosae is a layer of loose connective tissue known as the lamina 

propria.1 The lamina propria forms an array of pocket-like invaginations and finger-

like protrusions, called crypts and villi, respectively.1 Bundles of muscle fibers 

extend from the muscularis mucosae through the core of each villus, enabling villus 

contractility.8 The lamina propria is highly vascularized and contains a wide variety 

of mesenchymal and immune cells that support and nourish the overlying 

epithelium.1 The intestinal epithelium is covered by a layer of mucus, which 

physically separates the epithelium from the bacteria that reside in the lumen of the 

small intestine.9 

2.5.2. Cell types 

The intestinal epithelium is anchored to the underlying lamina propria by the 

intestinal basement membrane.1 The epithelium is composed of five main cell types, 

which are organized into a proliferative compartment located in the intestinal crypt 

and a differentiated compartment located on the intestinal villus.1 This organization 

is known as the crypt-villus axis (Figure 2.2).  
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Figure 2.2  The crypt-villus axis 

The intestinal stem cells, also called crypt-base columnar cells, are found at 

the base of the crypts, and are marked by leucine-rich repeat-containing G-protein 

coupled receptor 5 (Lgr5), which is involved in the Wnt-signaling pathway.10 The 

Paneth cells are also found at the crypt base, interspersed with the intestinal stem 

cells.11 They help maintain the stem cell population by providing Wnt, epidermal 

growth factor (EGF), and Notch signals.11 They also produce anti-microbial peptides, 

-defensins, that regulate the intestinal microbial population 

and protect the intestinal stem cells from infection.11 The higher regions of the crypt 

are filled with transit-amplifying cells, which have committed to a differentiated 

epithelial lineage but are still proliferating.12 In the differentiated villus region of the 

intestinal epithelium, three main types of differentiated intestinal epithelial cells 



28

(IECs) are found: enterocytes, goblet cells, and enteroendocrine cells.1 Enterocytes 

are the most common cell in the intestinal epithelium and are responsible for the 

digestion and absorption of nutrients from the lumen. They have a well-developed 

array of apical microvilli studded with a large amount of digestive enzymes and 

transport proteins.1 This structure is known as the brush border, and it serves to 

increase the surface area available to each cell for nutrient processing and 

absorption. Goblet cells are the next most common cell type, and are characterized 

by an apical mass of mucin-containing secretory granules.1 Mucus secreted from 

these cells maintains a continuous layer of mucus over the intestinal epithelium, 

which provides a protective barrier and helps lubricate the inner wall of the 

intestine.9 The last most common cell type in the villus intestinal epithelium is the 

enteroendocrine cell.1 They are the least prevalent and are characterized by 

prominent basal secretory granules filled with peptide and monoamine hormones. 

When enteroendocrine cells are activated, they release their granules into the 

lamina propria; these granules then exert local paracrine effects or are absorbed 

into the vasculature and perform endocrine functions.1 Enteroendocrine cells 

produce a wide variety of hormones and regulate a number of different functions, 

such as  stimulating gastrointestinal motility, inducing insulin secretion, and 

regulating gastric emptying.13 

Other cell types in the villus intestinal epithelium include tuft cells, microfold 

cells, and cup cells. Tuft cells are important in regulating the immune response to 

parasites.14 Microfold cells, also called M-cells, play a role in immune response to 
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other pathogens and antigen tolerance.15 Cup cells are a distinct cell type, but their 

specific function is undetermined.  

Variation along the length of the small intestine represents additional 

challenges for in vitro modelling. The duodenum experiences lower pH than the rest 

of the intestine and is the site of mixing for chyme from the stomach, enzymes from 

the pancreas, and bile from the liver.16 The jejunum is responsible for most nutrient 

absorption. Vitamin B12 and bile salts are absorbed by the ileum, along with 

nutrients not absorbed by the jejunum.16 In addition to having differences arising 

from their distinct functions, the sections of the small intestine are affected 

differently by diseases and pathogens. For example, the characteristic villous 

atrophy of celiac disease is most often present in the duodenum and proximal 

jejunum, but mostly or completely absent in the ileum.17 

frequently effects the distal end of the ileum.18 The distal ileum is also likely the 

initial site of invasion for pathogenic bacteria such as Salmonella and Shigella.19 

These are just a few examples of the many differences between longitudinal sections 

in the small intestine. These differences necessitate the informed selection of a 

particular section or the inclusion of cells or tissues from multiple sections in 

studies investigating diseases or phenomenon not known to be strongly associated 

with a particular section.  

2.5.3. Barrier function 

One of the main functions of the intestinal epithelium is to form a selective 

barrier between the lamina propria and the intestinal lumen that allows absorption 
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of nutrients, water, and ions, but excludes toxins and infectious microbes.1 Tight 

junction proteins expressed by every IEC are key to this barrier function.20 Tight 

junctions are composed of occludins and claudins, which are transmembrane 

proteins anchored to the actin cytoskeleton by adaptor molecules, such as zonula 

occludens-1 or ZO-1 (also known as tight junction protein 1 or TJP1).20 The 

extracellular domains of occludins and claudins interact to form semipermeable 

barriers that allow paracellular ion transport, but restrict large molecules from 

passing between cells.21 Tight junctions form belt-like barriers around every IEC, 

and define the border between apical and basolateral regions.21 Adherens junctions 

and spot desmosomes are located basal to the tight junctions, and mediate cell-cell 

attachment.21 Like tight junctions, both of these complexes are composed of 

transmembrane proteins that interface with the cytoskeleton through adaptor 

proteins: for adherens junctions, cadherins connect to the actin cytoskeleton via a 

cadherin/catenin complex, while for spot desmosomes, desmoglein and desmocollin 

connect to intermediate filaments via a distinct catenin complex that contains 

desmoplakin.1 

The layer of mucus that lies on top of the intestinal epithelium is also 

important for the barrier function of the intestine.9 It helps protect the small 

intestinal epithelium from the shear flow of materials in the lumen,9 and it creates a 

barrier between the epithelium and the intestinal microbiota.9 Intestinal mucus is 

primarily composed of mucin-2, a gel-forming mucin, although it also contains many 

other mucins.22 These mucins form a dense barrier that is difficult for microbes to 

penetrate, though some pathogenic microbes, notably Salmonella, have evolved the 
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ability to traverse the mucus layer.23 Furthermore, secretory immunoglobulin A 

(IgA), produced by B cells in the lamina propria and extruded into the lumen via 

transcytosis, and anti-microbial peptides, secreted by Paneth cells, reside in the 

mucus layer and present additional obstacles to luminal microbes.24 
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2.6. Homeostasis 

To carry out its nutrient absorption and barrier functions appropriately, the 

entire intestinal epithelium must renew itself about every 5 days, making it one of 

the more proliferative tissues in the human body.1 The regeneration process starts 

at the base of the intestinal crypt, where the Lgr5+ intestinal stem cells (ISCs) cycle 

daily, generating two symmetric daughter cells. These daughter cells compete for 

space at the base of the crypt: those that remain in the crypt base maintain their 

stem cell phenotype, while those that are forced out of the stem cell niche become 

transit-amplifying cells.25 Transit-amplifying cells continue to proliferate as they 

migrate up the crypt, and eventually terminally differentiate into enterocytes, goblet 

cells, or enteroendocrine cells once they reach the villus.25 Paneth cells, in contrast 

to the other differentiated IECs, migrate back down after differentiation to assume 

their position at the crypt base.11 Differentiated IECs are shed from the tip of the 

villus through anoikis, a type of apoptosis caused by loss of cell anchorage.26 

2.6.1. Cellular signaling networks 

The homeostasis of the intestinal epithelium is regulated by the interplay of 

several gene networks that include Wnt, bone morphogenic protein (BMP), 

Hedgehog (Hh), and Notch signaling pathways.27,28 Along the crypt-villus axis, Wnt 

and BMP have an antagonistic relationship. Wnt promotes a proliferative, 

undifferentiated epithelial phenotype while BMP drives epithelial differentiation.27 

In the crypts, Wnt is provided by the Paneth cells and the sheath of stromal cells that 

surrounds each intestinal crypt.28 These stromal cells also produce BMP antagonists 
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to further strengthen the Wnt signal in the crypt.28 In the villi, differentiated IECs 

produce Hh that diffuses to the adjacent mesenchyme and induces BMP expression, 

which then diffuses back to the IECs and promotes further differentiation.28 

Mesenchymal production of Wnt antagonists also drives epithelial differentiation in 

the villus.29  

The Notch signaling pathway is important for lineage specification of 

differentiated IECs. In the canonical Notch pathway, signals are dependent on cell-

to-cell contact and are sent and received by adjacent cells.30 IECs that receive large 

amounts of Notch signal become enterocytes, while IECs that receive low amounts 

are driven towards a secretory lineage (i.e. goblet, Paneth, or enteroendocrine 

cells).30 Atoh-1, which is expressed in ISCs, appears to have a role in directing Notch 

signaling to the ISCs to maintain these stem cell populations.31  Notch signaling is 

also necessary to maintain the Notch Delta-like ligands, Dll1 and Dll4, that are 

expressed by Paneth cells, enteroendocrine cells, and goblet cells.30,32,33  

2.6.2. Mechanobiology 

The homeostasis of the intestinal epithelium is also impacted by mechanical 

forces. During fasting, peristaltic muscle contractions travel down the length of the 

intestines, every 90-120 minutes.3 After eating, more vigorous patterns of peristaltic 

waves move down the intestine to mix the contents of the lumen and to propel them 

towards the end of the gastrointestinal (GI) tract.4 These waves consist of 

contractions of the longitudinal and circumferential muscle layers of the muscularis 

externa that are coordinated by the enteric nervous system (ENS) and gap junctions 
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between individual smooth muscle cells.7 Exogenous factors other than food can 

also influence contraction. For example, murine organoids that were cultured at an 

air-liquid interface demonstrated an increased contraction rate, due to enhanced 

oxygen transport.34  

In addition to the movement of the intestinal walls, the individual villi also 

undergo complicated motility patterns.8 There are two main types of villus 

contractility: piston-like shortening and pendular swaying.8 Both movements are 

independent of the movement of the intestinal walls, and are caused by bundles of 

smooth muscle that run from the base to the tip of the villi.8 These bundles surround 

the villus lacteal, and are thought to aid the movement of lymph from the villus tip 

to larger ducts in the lamina propria.8 Villus contraction is coordinated by ENS 

neurons from the submucosal plexus.35  

Both peristalsis and villus motility expose the intestinal mucosa to a variety 

of mechanical forces, as summarized in Table 1. These physical inputs are sensed by 

the cytoskeletons of the IECs and become converted to biochemical signals by a 

complex and poorly understood process known as mechanotransduction.36 Although 

the identity of these biochemical signals and their mechanism of action remain 

mostly unknown, it is clear that mechanical forces alter both epithelial 

differentiation and proliferation and have a significant impact on intestinal 

homeostasis.37 Although it is not possible to model simultaneously all of the forces 

experienced by the intestinal epithelium in vitro, it is possible to recreate each force 

independently. Uniaxial stretch is the most commonly modelled force, and has been 
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shown to affect IEC barrier function by altering tight junction integrity38 and to 

promote IEC differentiation39,40 and proliferation.41 43 Compressive forces and shear 

stress have been modelled less frequently, but are important for IEC adhesion44 and 

proliferation45 respectively. 

2.6.3. Enteric nervous system 

The ENS is responsible for regulating intestinal motility, local blood flow, 

mucosal secretion, endocrine function, immune activity, and transport of fluid and 

ions in the small intestine and the rest of the digestive system.46 The ENS is capable 

of both receiving input from the central nervous system (CNS) and functioning 

autonomously, receiving input from chemical and mechanical stimuli and 

responding dynamically to food and pathogens.46 The ENS is involved in triggering 

diarrhea in response to pathogens, like cholera-toxin and rotavirus.47 Sometimes 

neurotransmitters as the CNS.48 Diseases that affect the CNS or peripheral nerves, 

such 

intestinal dysfunction.48 Irritable bowel syndrome (IBS) and other disorders of 

gastrointestinal function are thought to be related to altered serotonin production 

by the ENS.49 The ENS also communicates with the CNS, playing a significant role in 

regulating mood and appetite.50  
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2.6.4. Cell-ECM interactions

The intestinal basement membrane forms a mesh-like network that 

physically separates the epithelium from the underlying lamina propria.51 It is 

composed of a variety of extracellular matrix (ECM) proteins, namely laminins, 

collagen IV, perlecan, nidogen, and other assorted glycoproteins.51 Cells attach to it 

51 

Interestingly, both the composition of the ECM and the expression of integrin 

isoforms varies along the crypt-villus axis. In the crypt, laminin 111 and 211 

predominate, while on the villus laminin 322 and 511 are highly expressed.52,53 

 which have a high affinity for the laminin 111 

53 The 

functional significance of these observations has not been confirmed, but it has been 

demonstrated in vitro that ECM proteins can alter intestinal epithelial differentiation 

and proliferation.54,55 Furthermore, conditional ablation of laminin 511 alters the 

murine small intestinal epithelial architecture by blunting and fusing villi.56 

Although changes in Wnt and phosphoinositide 3-kinase (PI3K) signaling are seen 

in these mice,57 the reasons for this conversion are not well understood. 

Nonetheless, it is likely that the basement membrane sends important signals that 

help to direct intestinal homeostasis. 
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2.6.5. Immune activity

-associated lymphoid 

tissue, which partially consists of lymphoid follicles and larger, organized lymphoid 

15 M or microfold cells, which are specialized 

epithelial cells that overlie PP, have the ability to transport antigens and bacteria 

from the lumen of the intestine.15 Though PP are critical to mucosal immunity, they 

can be exploited as a route of entry by viruses, bacteria, and prions.15 In addition to 

protecting the host from pathogens, mucosal immunity plays a role in inducing 

antigen tolerance and maintaining the symbiotic relationship with commensal gut 

bacteria.58 Dendritic cells monitor antigens in the blood and activate mucosal T 

cells.59 The distinct anatomic regions of the intestine have different distributions of 

innate and adaptive immune cells; PP, for example, are located in the jejunum and 

ileum.60,61 Certain inflammatory intestinal diseases affect particular segments of the 

intestines,17,18 which could be attributed to regional differences in immune cells. In 

addition to its roles in autoimmune disorders, allergies, and infectious diseases, 

immune activity in the small intestine also maintains homeostasis in the gut 

microbiome.62,63  

2.6.6. Gut microbiome 

The gut microbiome is estimated to consist of more than 1000 types of 

bacteria.64 These bacteria occupy the loose, superficial mucus layer and the lumen of 

the intestine.2 The oxygen gradient between the epithelium and the center of the 

intestinal lumen is steep.2 In fact, some bacteria in the intestine are strict anaerobes; 
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oxygen is toxic to them.2 Some bacterial populations produce antimicrobial 

compounds or are dependent on nutrient processing by others, forming a complex 

web of interdependencies.65  

The intestinal cells and the gut microbiome communicate bidirectionally.64,66 

Signals from the host, notably immune signaling molecules and stress hormones, 

can regulate bacterial proliferation and gene expression of individual 

populations.63,66 Bacteria are also influenced by the mechanical and chemical 

properties of the mucin layer, and thus their populations vary along the length of the 

intestine.67 The gut microbiome is affected by diet, disease history, age, antibiotics, 

breastfeeding, and genetics.68 71 In turn, the composition of the gut microbiome can 

influence host susceptibility to various pathogens and autoimmune diseases.72 The 

importance of the gut microbiome is increasingly recognized as connections have 

been found between the microbiome and autism, mental disorders, transplant 

integration, obesity, allergies, and cancer.73 78  

In summary, intestinal homeostasis is a complex phenomenon that depends 

on many factors: intercellular signaling within the epithelium, paracrine 

communication between the epithelium and mesenchyme, mechanical stimuli, and 

ECM cues. Moreover, it is incredibly important in both intestinal physiology and 

pathology.  
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2.7. Cell types for experimental models

The small intestine is the location of a diverse array of pathologies that 

display alterations in intestinal homeostasis.79 81 Despite significant research effort, 

our knowledge of these diseases is still incomplete, and our ability to treat these 

conditions is limited. One reason for this is the lack of good experimental models. 

Many types of infectious diarrhea cannot be modelled in animals, since the causative 

organisms only affect humans. While animal models of Crohn's disease and cancer 

have significantly advanced our understanding of these illnesses, no animal model 

faithfully recapitulates all features of the disease, making interpretation of 

experiments challenging.82,83 Furthermore, many treatments that have been 

identified and developed using these models have not been successful when 

translated to humans, likely because of interspecies biological differences.82 

In vitro models using human cells are an alternative to animal models, and 

have been used for decades. These models have the potential to recapitulate human 

biology better than do animal cells or models; however, this potential is often 

countered by the non-physiological culture conditions in which the cells are grown. 

Traditionally, in vitro studies involving human cells have consisted of homogenous 

monolayers of transformed cells growing on tissue culture polystyrene, where they 

are separated from the biophysical and biochemical cues that instruct their behavior 

in the human body.84 However, recent efforts in bioengineering have introduced 

physiological substrate stiffness, ECM ligands, mechanical forces, and cell-cell 
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communication into in vitro models to make them more representative of the 

human body.85 

started to address the shortcomings of traditional in vitro cultures, and have already 

attracted considerable interest as models of human disease and drug toxicity.85 90 

2.7.1. Explants 

Intestinal explants are sections of intestinal tissue that have been removed 

from a human or animal to be cultured and manipulated ex vivo.91,92 Since these 

samples come directly from a living organism, the proportions of cell types, ECM 

composition, and tissue structure are all physiological, making explants an attractive 

platform to study complex aspects of intestinal biology, such as inflammatory 

intestinal diseases, drug toxicity and interactions, and the transport of nutrients, 

bile-acids, and drugs.92 94 It can be generally challenging to obtain human samples 

and more or less impossible to control factors that influence intestinal biology, such 

as diet. Another drawback to using explants is the limited survival time, which is 

usually around 48 hours.95 The Ussing chamber is a popular apparatus for 

measuring barrier function in explants.96 Other useful systems have been developed 

to allow co-culture of intestinal explants with other cell types, such as hepatocytes, 

or to introduce luminal flow.97,98 Though the complexity of intestinal explants makes 

them the most physiological of in vitro models, the inclusion of all of the cell types 

can make interpretation of experimental results challenging. If a study would 

benefit from a focus on the epithelium or longer culture time, it can be advantageous 

to use cells instead of explants.  
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2.7.2. Transformed cell types

Transformed intestinal cell lines are commercially available and 

straightforward to culture, and are therefore widely used despite their limited 

physiological relevance. Two popular transformed intestinal epithelial cells (IECs), 

Caco-2 and HT-29 cells, are derived from colon cancer lines, but display properties 

of enterocytes and goblet cells, respectively, when cultured under the correct 

conditions.99 Though the use of these cell lines is well-established, they differ 

significantly from the small intestinal epithelium in gene expression, villi formation, 

and permeability to numerous drugs.100,101 Since most absorption occurs in the small 

intestine, the relevance of permeability studies that use colon cell lines is debatable. 

For these reasons, the use of transformed cell lines in models of the small intestinal 

epithelium has been questioned.  

2.7.3. Other cell lines 

One popular non-transformed cell line is HIEC-6 (human crypt intestinal 

epithelial cells). Though these crypt-like cells have some of the fat absorbative 

capabilities of normally differentiated enterocytes,102 they do not differentiate into 

other types of epithelial cells, limiting their usefulness for studying pathologies that 

involve multiple epithelial cell types. Though cell lines are often convenient and well 

characterized, intestinal organoids or enteroids can be better models for studying 

the diverse cell types that compose the small intestinal epithelium. 
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2.7.4. Human intestinal organoids

Recently, significant advances in stem cell biology have led to the derivation 

of intestinal tissue from pluripotent stem cells (PSCs) in vitro.  Known as human 

intestinal organoids (HIOs), these spheroids consist of an epithelial layer that is 

surrounded by a mesenchymal layer containing fibroblasts and smooth muscle cells. 

Although the epithelium contains both differentiated and undifferentiated regions, it 

more closely resembles the epithelium of the fetal intestine.103 When implanted in a 

murine kidney capsule, HIOs become more differentiated and gain distinct crypt and 

villus architecture, as well as muscularis externae.104 However, this process is 

lengthy and inconvenient, and their 3D spherical architecture makes it quite difficult 

to perform common in vitro procedures, such as measuring apical-basal transport 

and epithelial permeability, or adding commensal and pathogenic microorganisms 

to the apical epithelium. Moreover, HIOs in vitro do not contain some of the normal 

components of the intestinal lamina propria, including vascular cells.105 

2.7.5. Human intestinal enteroids 

The discovery of Lgr5 as a marker of the ISC,10 as well as the elucidation of 

the various niche factors required to maintain them, allowed cultivation of 

polarized, functional units of human intestinal epithelium that contain every major 

cell type along the crypt-villus axis.106 Small intestinal crypts are isolated from 

intestinal tissues left over from surgeries and endoscopic biopsies by washing with 

EDTA, and these crypts are then grown in Matrigel, a poorly defined ECM material 

derived from mouse sarcoma cells, where they form budding cystic structures.107 
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These structures are referred to as adult stem cell-derived human intestinal 

mesenchyme. Unlike the transformed cell lines, human intestinal enteroids (HIEs) 

recapitulate the natural cell differentiation process and physiology of the small 

intestine.108,109 When grown in the presence of Wnt and other growth factors that are 

found in the intestinal stem cell niche in vivo, HIEs are predominantly composed of 

-

these growth factors are withdrawn, the crypt cells within HIEs differentiate, 

producing epithelial cultures with abundant enterocytes, goblet cells, and 

- 109 These two types of 

HIEs can be used to model the physiology of the two compartments (i.e., crypt and 

villus) of the intestinal epithelium. 

Unlike HIOs, HIEs lack any cell types native to the lamina propria.110  

However, HIEs have the distinct advantage of being relatively easy to manipulate, as 

they are only composed of a single layer of epithelium.110 Techniques have been 

developed to co-culture HIEs with other cell types, such as T-cells, macrophages, 

dendritic cells, and subepithelial myofibroblasts,111 115 and to create HIE monolayers 

from enzymatically digested 3D cultures.31 These abilities have facilitated the 

incorporation of HIEs into bioengineered, organotypic intestinal models, which are 

better able to model the intestinal epithelium.  
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2.7.6. Bioengineered models of HIEs

Normal HIE culture requires the exogenous administration of numerous 

growth factors that are normally supplied by the intestinal mesenchyme.107 Attempts 

to co-culture HIEs with primary stromal cells to administer those growth factors 

endogenously have met with mixed success. Mesenchymal tissue from adult humans 

and mice is unable to sustain HIE culture, but tissue from human infants permits 

HIE culture for at least 56 weeks.112 RNA sequencing from supportive and non-

supportive mesenchymal cells demonstrated significant differences in expression 

levels of secreted proteins in the Wnt pathway.113 However, the human 

-smooth muscle 

-SMA) expression,112 suggesting that the mesenchymal cells used in this 

study may differ from the intestinal subepithelial myofibroblasts that express high 

-SMA and surround the crypt base in vivo.116 

Expanding on work performed with Caco-2 cells, HIEs have been grown on 

topographically patterned surfaces. In one study, colonic HIEs (known as colonoids) 

were suspended in Matrigel in arrays of polydimethylsiloxane (PDMS) microwells.117 

As the colonoids grew, they formed an organized architecture reminiscent of the 

structure of the colonic epithelium, with proliferative crypt domains located in the 

recessed microwells and non-proliferative domains found on the flat regions 

between and above the microwells.117 In a separate study,  Caco-2 and HT29-MTX 

cells were grown on porous poly(lactic-co-glycolic acid) (PLGA) villus scaffolds and 

displayed differentiation along the villi and migration of cells up from the crypts.118 
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Although this result is promising, it did not demonstrate the full crypt-villus axis, 

including enterocytes, enteroendocrine cells.  

2.8. Bioengineered in vitro models 

2.8.1. Co-culture models 

Early bioengineering efforts at constructing organotypic models of the 

intestinal mucosa consisted primarily of co-culturing immune or mesenchymal cells 

with transformed IECs on collagen gels on top of porous Transwell membranes.115,119

121 These models demonstrated that IEC monolayers on top of hydrogels could 

engage in paracrine communication with cells embedded within the hydrogel bulk.  

Primary IECs have also been co-cultured with microvascular cells on porous 

membranes within microfluidic chips and on Transwell membranes.101 In co-culture 

with microvascular cells, intestinal epithelial monolayers show decreased 

permeability and increased mucin production. These models have been used to 

model drug absorption and a variety of gastrointestinal pathologies.115,121 

2.8.2. Bioreactors 

There is an unmet need for bioreactors to scale up intestinal cell culture. 

HIEs are currently grown in 3D in Matrigel, a culture method that is labor intensive 

and expensive. If HIEs, HIOs, or other intestinal cells are ever to be used for cellular 

therapy or tissue engineering applications there needs to be a method to grow them 

in large numbers and without the undefined animal factors found in Matrigel and 
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other natural scaffolds. Plurioptent stem cell-derived intestinal organoids have been 

successfully cultured using alginate, poly(ethylene glycol) conjugated to an RGD 

peptide (PEG-RGD), or four-arm poly(ethylene glycol) macromer (PEG-4MAL) as the 

3D scaffold,122 124 but HIEs do not grow in alginate.  

Besides being able to expand intestinal cell numbers, the use of larger 

bioreactors has also been explored to expose intestinal cell cultures to mechanical 

stimulation. In addition to studies involving cyclic stretch, complex physical forces 

have been applied to INT-407 cells in rotating wall vessels. In these devices, cells 

cultured on porous microbeads coated with collagen type I are added to a sterile 

cylinder, which is then filled with media and axially rotated, causing the beads to 

tumble against the other microbeads and the cylinder walls.88 Although the nature of 

the physical forces experienced by the cells is difficult to characterize, it likely 

involves a combination of compression and shear stress. IECs cultured in these 

bioreactors exhibit increased polarization and junctional complex expression, and 

increased expression of surface markers that support the infection and replication 

of pathogenic bacteria. The results from infections with cells in these bioreactors 

and microfluidic devices suggest that physical forces affect host-pathogen 

interactions, and that static culture conditions might not accurately recapitulate the 

in vivo relationship between the intestinal epithelium and the intestinal 

microbiome.88 These studies clearly provided a significant foundation for applying 

bioengineering technology to in vitro intestinal models, even though their use of 

transformed IECs, such as Caco-2 and HT-29 cells, limits the physiological relevance 

of those models in particular. 
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A different type of bioreactor was used to house full thickness intestinal 

biopsies and perfuse media over the luminal and serosal sides, maintaining viability 

for up to 72 hours.125 Though this type of ex vivo device may aid in studying certain 

diseases, the complexity of full thickness intestinal tissue complicates the analysis of 

experimental results and makes certain mechanisms difficult to identify.  

Continuous-flow bioreactors show promise for culturing the complete gut 

microbiome. In these bioreactors, populations of bacteria are maintained by 

introducing nutrients and removing waste continuously. A continuous-flow 

anerobic bioreactor has enabled the in vitro culture of a large part of the diverse 

population of gut microbiota.126 The populations in these bioreactors often shift over 

time and change significantly in response to the nutrient composition of the media. 

Since communication between the IECs and the gut microbiome help regulate 

bacterial populations, incorporating IECs into bioreactors may help maintain 

physiologically balanced bacterial populations. Additional innovations in the way 

samples are collected, stored, and cultured would help preserve the entirety of both 

the aerobic and strict anerobic bacterial populations. 

2.8.3. Microfabrication 

More recent attempts to model the IEC microenvironment have applied 

microfabrication techniques, such as photolithography, to generate arrays of pillars 

and microwells to recapitulate crypt-villus architecture (Figure 2.3).  
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Figure 2.3  Small intestinal cells growing on microfabricated crypt-villus 
structure (Wang et al. 2017) 

When cultured on these topographical surfaces, Caco-2 monolayers 

demonstrated increased metabolic activity, decreased expression of brush border 

enzymes, and lower  transepithelial resistance (TER) values compared to those 

grown on flat surfaces.127,128 Other groups have generated villus-like structures by 

laser-ablating 500 µm depressions into a plastic block and using a series of molding 

steps to generate an array of conical pillars.129 To preserve the delicate villus 
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structures, alginate has been used as a dissolvable mold.130 These arrays of villi have 

been made out of several materials, including collagen gels, poly(ethylene glycol) 

diacrylate (PEG-DA), and porous poly(lactide-co-glycolide) membranes.117,129 131 IECs 

seeded on these scaffolds demonstrated gradients of differentiation along the height 

of the villus, with poorly differentiated, unpolarized cells located in the intervillus 

regions and differentiated polarized cells located on the villi. TER values of 

monolayers cultured on these 3D villi were shown to be lower than those from 

monolayers cultured on flat surfaces, and they exhibit increased permeability to 

drugs. These villus-like structures have also been incorporated into well-plate 

inserts for transport studies132 and into microfluidic devices.132 134 However, 

micropatterned villus structures have not been incorporated into devices that direct 

flow over the epithelium or co-cultured with vascular, lymphatic, or neural cells 

under flow.  

In addition to these indirect fabrication methods, villi also have been directly 

fabricated with 3D bioprinting (Figure 2.4A).135 By coaxially extruding two collagen-

based bioinks containing a suspension of HUVECs and Caco-2 cells, the Kim group 

was able to fabricate exceptionally tall and narrow villi, matching physiological 

aspect ratios more closely than any of the molding attempts. The HUVECs formed 

capillaries within the villi and encouraged higher cell growth, glucose uptake, and 

mucin expression.  
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Figure 2.4  Platforms for studying intestinal cells  
A) 3D printed villi in collagen using Caco-2 cells with HUVECs in the 

mesenchyme. Adapted from Kim and Kim 2018. B) Tube-shaped silk scaffold 
model containing intestinal myofibroblasts in the bulk gel and HIE-derived 

epithelial monolayer on the inner surface.  Adapted from Chen et al. 2017. C) 
Gut-on-a-chip device featuring two perfusable channels separated an 

epithelial monolayer on a permeable membrane that can be stretched by 
pressurizing adjacent chambers. Adapted from Kim and Ingber 2013. D) 

Human-microbial crosstalk (HuMiX) system for culturing aerobic and 
anerobic bacteria in close proximity to epithelial monolayers and studying 

human microbe interactions. Adapted from Shah et al. 2016. 
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2.8.4. Cylindrical fabrication

The aforementioned modeling approaches have endeavored to recapitulate 

3D intestinal crypt-villus microarchitecture, but the resulting structures were 

nonetheless planar at the mesoscale. This planar setup greatly simplifies handling, 

fabrication, and imaging. However, one group created a tubular model of the small 

intestine, more representative of physiological geometry (Figure 2.4B). They seeded 

patient derived intestinal cells within 2 mm cylindrical channels in a biocompatible 

silk matrix with intestinal myofibroblasts in the bulk.136,137 Their innovative approach 

also incorporated ridged channels, which contributed to patterned cell migration. 

Due to high cell density, this model developed a proximal to distal oxygen gradient. 

The cells grown in these tubes produced more mucus than those grown on 

Transwell membranes.137 The utility of this model was limited by the high opacity of 

the silk matrix, which makes it impossible to perform live cell imaging, although the 

cells could be imaged by fixing and cutting the scaffold to lay the cell layer flat. From 

a tissue engineering perspective, however, the use of the durable and easily sutured 

silk material brings us closer to generating segments of intestine for transplant. 

Culturing HIE monolayers within tubes also addresses a limitation that has been 

largely neglected by other investigators: after about two weeks in planar culture, 

IEC monolayers begin to curl up and detach from the substrate, precluding longer 

studies.138 Monolayers within tubes remain attached for more than 8 weeks, making 

longer term studies possible.136  
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2.8.5. Microfluidic devices

Other bioengineering efforts have led to the development of microfluidic 

-on-a-

involves two chambers separated by a porous membrane, which supports a 

monolayer of IECs. As with Transwells, this design provides access to the apical and 

basolateral sides of the monolayer, allowing epithelial barrier function and 

transport to be measured. There are several variations on this central design. One 

such variation includes empty chambers on either side of the membrane, allowing 

stretch to be administered to the cells by applying vacuum to the empty chambers 

(Figure 2.4C).139 Both chambers of this design are perfusable, which allows shear 

stress to be applied to the apical and basolateral sides of the membrane and 

permeability to be measured over time. Commensal bacteria can be added to the 

apical channel to simulate the effects of the gut microbiome.140 Villi-like structures 

have formed  spontaneously in these devices. Although these structures were only 

as large as 300 

this level of self-assembly highlights the importance of signaling gradients in the 

self-organization of the intestinal epithelium. This model of intestinal epithelium 

was also co-cultured with a monolayer of endothelial cells on the opposite side of 

the porous membrane.141 The intestinal vasculature is a critical part of the gut-blood 

barrier and therefore especially important to include in studies of transport and 

pathology. Using this platform to study radiation damage, the presence of 

endothelial cells was found to exacerbate damage to the intestinal epithelium.141   



53

Other, similar microfluidic designs do not include stretch or allow 

simultaneous flow over both sides of the membrane, but have made significant 

innovations to other design aspects.133,134,142 One model was designed to be integrated 

into a body-on-a-chip device. The intestine and liver components were connected 

and used to assess hepatotoxicity of ingested nanoparticles.133 There is a need for 

more multi-organ in vitro studies involving the intestine and other organs, 

especially the liver. Two other models have made significant improvements to the 

membrane itself. One design used a collagen membrane142 and the other patterned 

villi in collagen atop the polyester (PET) membrane.134 In the future, these 

innovations in micropatterning and the membrane material could be combined with 

stretch and flow elements from other devices.  

One especially innovative device was designed specifically to study the 

crosstalk between the gut microbiome and the intestinal epithelium (Figure 2.4D).143 

This system featured three chambers separated by permeable membranes with the 

long channels arranged in a swirled pattern for convenience of handling. This design 

allowed physiological oxygen gradients to be established and supported 

simultaneous culture of aerobic and obligate anaerobic bacterial. Other devices have 

also established co-culture of anerobic bacteria and epithelial monolayers, including 

a microfluidic device144 and a system that establishes an oxygen gradient across each 

Transwell in an array.145 These devices share this design element of two chambers 

separated by a porous membrane, because most intestinal device development has 

been focused on transport of nutrients, drugs, and infectious agents between the 

apical and basolateral sides of the intestinal epithelium. Further design innovations 
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to recapitulate physiological microstructure, signaling gradients, and mechanical 

stimuli could advance research in other areas such as the gut microbiome, wound 

healing, tissue engineering, and chronic inflammatory conditions.  

Applying existing practical improvements to the microfluidic devices that 

have been designed for intestinal research will substantially improve their ease of 

use and broader translation. To tackle leaks and clogs, it would be worthwhile to 

incorporate bubble traps, on-chip pumps, valves, and built-in sensors; these are just 

a few examples of improvements that could be applied to microfluidics for intestinal 

research.146 151 The small size of microfluidic devices can also exacerbate difficulties 

in handling. For applications where neither the cells nor the reagents are especially 

expensive or rare, larger devices could be used. Larger devices also make it easier to 

co-culture intestinal cells with other cell types and bacteria and to establish oxygen 

gradients.145 Moreover, in cases where the component of interest is produced in 

small quantities, having a larger device that contains more cells could be a useful 

strategy.  

An ideal platform for studying a broad range of intestinal pathologies would 

recapitulate the physiological aspects most relevant to intestinal barrier function. A 

device that provides access to the basolateral and apical sides of a human, polarized 

epithelial monolayer fulfils the basic requirements. Crypt-villus structure, signaling 

gradients, and mechanical stimulation would make the model more physiological. 

An ideal platform would also facilitate co-culture with other cell types relevant to 

disease, including vascular, nerve, and immune cells as well as bacteria. Mimicking 



55

the physiological oxygen gradient and the anerobic environment of the lumen are 

crucial to incorporating the gut microbiome. A practical feature of an ideal device 

would be large size for easy handling and to provide plenty of biological material for 

analysis. A device that is easy to image and able to be deconstructed for sectioning 

would enable morphological studies and localization of pathogens. Other convenient 

features would be embedded sensors to measure transepithelial electrical 

resistance (TEER), mechanical actuators, and on-chip pumps.  

2.8.6. Recent Advances 

The review that we published was a snapshot of technology at the time. 

Several significant intestinal models and technologies that were published after our 

review are highlighted here.  

The OrganoPlate platform was used to study transport from epithelial tubes 

to endothelial tubes.152 It consists of a series of six connected wells where ECM is 

added to the middle pair of wells and forms a barrier between the other two pairs of 

wells due to surface tension. Users can then seed different cell types in the open-

ended tubes that connect to the wells and are separated by this barrier. In this way, 

users could -

lumen of the intestine to the blood stream. This platform is also advantageous 

because it is PDMS-free. Though PDMS is used extensively in biological research, it is 

known to adsorb proteins, therefore alternative materials are attractive for some 

biological studies. Flow is introduced to the channels by placing the platform on an 

interval rocker. In communication with scientists who worked on this platform, it 
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was shared that they could image the channels under flow by putting a whole 

microscope on a rocker. The disadvantage of this platform would be its 

incompatibility with unidirectional flow. It is known that endothelial cells react 

differently under oscillatory and unidirectional shear stress conditions.153 Due to the 

nature of the channel formation, the platform would not scale up well. That is, since 

it takes advantage of surface tension at small scales to create a hydrogel barrier 

between the channels, it is not possible to scale the culture up to encompass larger 

vessels or surface areas. The channels where the cells are seeded were also not 

circular, which may be impactful because of the effects of curvature on cell 

morphology and inconsistencies in the shear stress profile.154,155 The walls of the 

channels also partially consisted of ECM and partially consisted of plastic, which will 

likely affect the epithelial cell morphology, at the very least, as we have observed on 

PEG gels.156 However, this platform appears to be very convenient to set up because 

of its freedom from tubing and pumps, and it is compatible with live-cell imaging for 

permeability studies.  

The recent model published by the Lutolf group incorporates crypt 

patterning and a period flow condition to create a renewable monolayer that they 

have used as a model of injury, of parasitic infection, and of other intestinal 

disorders.157 This model is PDMS-based and contains a mixture of collagen and 

Matrigel patterned in 3D using a confocal microscope laser. In this model, the crypts 

are fully encased within the gel and the villi are saddle-shaped. The lack of full 

villous topography is a drawback of this device; the supplementary images show 

some clusters of LGR5 positive cells in the flat part of the model (perpendicular to 
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topography where additional crypts are expected. The model was not made with 

continuous flow in mind, but rather the potential for flow. In the reported version, 

media had to be exchanged manually, although the system could likely be adapted to 

support continuous flow. By showing several proof of concept studies, this model 

has been well vetted as a model of intestinal homeostasis and disease. The Lutolf 

group investigators also hinted at the future inclusion of vascular channels, so a 

related paper may be published in the coming years. In my opinion, the most 

impactful experiments reported in this work were those that successfully replicated 

the 10 day life cycle of cryptosporidium within their small intestinal model. They 

were able to maintain this model for an impressive culture duration  30 days  by 

diligently removing the buildup of dead cells that were shed from the crypts.  

In a continuation of their previously reported silk scaffold intestinal model, 

the Kaplan lab published a silk-based model of cryptosporidium infection of the 

intestine.158 They used Caco-2 cells as their intestinal epithelial cells on the luminal 

surface of the silk scaffold and filled the bulk of the scaffold with intestinal 

myofibroblasts. They were able to maintain the model for 17 days and use it to 

model the cryptosporidium lifecycle. Although the inability to image through the silk 

scaffold still stands out as limitation with this model, this is balanced by the 

mechanical strength of the silk material, which is an advantageous property for the 

tissue engineering of grafts and artificial organs.159 Silk has been extensively used in 

bioengineering applications that require biocompatibility and mechanical strength 

and is approved for numerous uses in humans, for example vascular grafts and 
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sutures.160 In my opinion, the continuation of work on this silk scaffold platform as 

an in vitro model is more likely than other models to lead to human in vivo tissue 

engineering applications because of the mechanical strength of the material and the 

potential for scalability.  

Over the last 2 years, there have been some notable advances in crypt villous 

patterning. The Albritton lab continued their work in this area with a protocol paper 

about crypt villous patterning on Transwells inserts.161 The process remains the 

same as they have previously reported,129 using photolithography to make a mold 

negative and then a PDMS stamp that is used to pattern the collagen devices. This 

process to make the patterned hydrogel takes a week, after which they initiate 

culture. Their recent report describes culture durations of up to 32 days, although 

this could likely be sustained for longer periods. Another relatively new paper from 

the same lab used a porous membrane to culture murine intestinal cells and control 

diffusion of differentiation factors to form an array of crypts in a clever 2D 

strategy.162 The diffusion of Wnt, Noggin, and R-spondin was localized to the area 

around the pores, forming regions of intestinal stem cells that resembled in vitro 

crypts. As cells differentiate in this system, they migrate away from the crypt 

regions, mimicking in vivo differentiating intestinal stem cells. A recent platform 

from the Netti group also implemented an array of holes to assist in self-assembled 

micropatterning of the epithelial surface, this time with human intestinal 

enteroids.163 Expanding further on self-assembled micropatterning, a new report 

from the Toshiro group describes the use of flow to stimulate the formation of villi 

in vitro.164 By agitating culture media using a shaker, these investigators were able to 
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encourage villi to form from human duodenal organoids. The same technique did 

not produce such structures from colon organoids.  

Reminiscent of the HUMIX model, a recent paper from the Shuler group 

described a pumpless model of the liver and intestine.165 The device was constructed 

from layers of milled polycarbonate, silicone gaskets, and porous polycarbonate 

membranes. Similar to the OrganoPlate system, they used a combination of a rocker 

and gravity to drive flow through the system. The investigators examined the 

absorption and metabolism of caffeine and other drugs by these different cells. The 

drugs passed through the intestinal layer from the apical side to the basolateral side, 

then travelled to the liver layer and were metabolized. This organ pair is 

particularly useful for drug studies. This platform appears to need to be 

disassembled for imaging.  

Taken together, these recent papers indicate a strong shift away from 

microfluidic systems that use a pump and toward approaches that facilitate crypt-

villous patterning. The ability to image live cells without disrupting the platform 

appeared to have lower design priority than the material selection and ease of 

applying flow.   

2.9. Conclusions 

The challenges in engineering models of the small intestine arise from the 

complexity of this organ and our lack of knowledge about the potential 

interdependencies between numerous aspects of intestinal physiology. As a rule, in 
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vitro models of human tissues attempt to strike a balance between physiological 

complexity and experimental simplicity. Innovations in primary intestinal cell 

culture, biomaterials, chip-based microfluidic devices, microfabrication, and 3D 

printing have contributed substantially to the development of more mechanically 

faithful intestinal cell culture models. Given the intricate nature of this organ, future 

models will need to move even further toward physiological complexity to generate 

more accurate results.  
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Chapter 3 

Millifluidic cassette to study enteric 
infections 
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3.1. Collaboration

This project was spearheaded by Dr. Reid Wilson, who originated the device 

design. These experiments were only possible through extensive collaboration with 

groups at Baylor College of Medicine, who handled all the bacterial and viral work, 

as well as the qPCR experiments. I facilitated more than a dozen bacterial and viral 

infection experiments with these devices, as well as control experiments. 

Additionally, I was responsible for the mucin stain images in Figure 3.3C and the 

computational flow model in Figure 3.2C.  

 

A millifluidic perfusion cassette for 
studying the pathogenesis of enteric 
infections using ex-vivo organoids34 

3.2. Abstract 

To generate physiologically relevant experimental models, the study of 

enteric diarrheal diseases is turning increasingly to advanced in vitro models that 

combine ex vivo, stem cell-

 
 

3 This paper has been previously published in Annals of Biomedical Engineering. 
4Wilson, Reid L., Sarah A. Hewes*, Anubama Rajan*, Shih-Ching Lin, Carolyn Bomidi, Takanori Iida, Mary K. 
Estes, Anthony W. Maresso, and K. Jane Grande-
Pathogenesis of Enteric Infections Using Ex-
2021. https://doi.org/10.1007/s10439-020-02705-8. (* These authors contributed equally) 
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environments that expose them to mechanical stimuli, such as fluid flow.  However, 

such approaches require considerable technical expertise with both 

microfabrication and organoid culture, and are, therefore, inaccessible to many 

researchers.  For this reason, we have developed a perfusion system that is simple 

to fabricate, operate, and maintain.  Its dimensions approximate the volume and cell 

culture area of traditional 96-well plates and allow the incorporation of fastidious 

primary, stem cell-derived cell lines with only minimal adaptation of their 

established culture techniques. We show that infections with enteroaggregative E. 

coli and norovirus, common causes of infectious diarrhea, in the system display 

important differences from static models, and in some ways better recreate the 

pathophysiology of in vivo infections. Furthermore, commensal strains of bacteria 

can be added alongside the pathogens to simulate the effects of a host microbiome 

on the infectious process.  For these reasons, we believe that this perfusion system 

is a powerful, yet easily accessible tool for studying host-pathogen interactions in 

the human intestine.  

3.3. Introduction 

Diarrheal diseases and other infections of the intestine are a primary cause of 

death worldwide166, especially in children, in whom repeated diarrhea-causing 

infections lead to significant malnutrition, growth stunting, and cognitive 

impairment.167 Investigations of these diseases, however, are complicated by the 

lack of reliable and relevant models for many of their pathogens. Small animal 

models poorly mimic human physiology and disease pathophysiology due to inter-
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species differences in physiologically-important proteins, host polymorphisms that 

underlie differences in susceptibility to infection, and the strict tropisms of many 

clinically important mucosal pathogens for humans. While large animal models may 

demonstrate pathologies that are more similar to those found in humans, their use 

is severely limited by high costs and low scalability.168  Finally, traditional in vitro 

models lack functional similarity with the human intestine, often lacking the full 

diversity of epithelial cell types and surface proteins.169 As a result, many enteric 

pathogens are simply unable to be studied in vitro.170  

The most promising alternatives are ex vivo models of the human intestinal 

epithelium derived from intestinal epithelial stem cells.171 These cultures, known as 

human intestinal enteroids (HIEs), contain the major cell types and recapitulate 

many important physiological features of the native intestinal epithelium.172 HIEs 

are typically grown as three-dimensional aggregates embedded in Matrigel, but can 

be converted to two-dimensional monolayers to facilitate access to their apical 

surface.173  

 HIE models have contributed significantly to our understanding of diarrheal 

diseases and other intestinal infections, but fail to capture important aspects of 

host-pathogen interactions. For example, physical forces such as fluid shear affect 

the behavior of intestinal cells,174 as well as how these cells interact with luminal 

contents,175 and hence are important elements of intestinal host-pathogen 

interactions. Although most infectious disease research is conducted in 

mechanically static environments, such as Transwell inserts and multiwell plates, 
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certain newer models utilize mechanically dynamic environments mimicking the 

human intestine.140,176 However, these technologies may require sophisticated 

equipment and/or extensive bioengineering and microfluidic expertise to build and 

operate,177 and thus adoption of these powerful experimental tools has been limited.  

To address this barrier, we have developed a millifluidic perfusion cassette 

(mPC). To fabricate the device, we eschewed traditional microfabrication 

approaches, and instead used relatively inexpensive, consumer-level, three-

dimensional printing for construction. The wells of these devices are easily 

accessible by micropipette, require only minimal adaptation of traditional cell 

culture technique, and accommodate diverse bioanalytical techniques. Here, we 

demonstrate the utility of these devices by modeling infections with both human 

norovirus (HuNoV) and Enteroaggregative Escherichia coli (EAEC) and show that 

flow significantly affects the infectious process. For these reasons, we believe that 

the mPC is a powerful, yet easily accessible tool for studying enteric infections. 

3.4. Materials and Methods 

3.4.1. Fabrication of millifluidic perfusion chambers (mPCs) 

The mPC master mold was designed with CAD software (OpenSCAD), and 3D 

printed with poly(lactic acid) filament (Ultimachine) on an Ultimaker 2+ 

(Ultimaker). They were affixed to a 3 in by 4 in glass slide using GO2 Glue (Loctite) 

and treated with Sigmacote (Sigma Aldrich) to reduce adhesion to poly(dimethyl 

siloxane), PDMS. PDMS precursor (Sylgard 184, Dow Corning) was poured over the 
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mold, degassed under vacuum, and partially cured overnight at room temperature. 

The mPCs were then removed, cured at 90°C for 2 hours, and punched with a 1.5 

mm biopsy punch to create inlet and outlet ports. The mPCs were bonded to a 35 

mm by 50 mm #2 glass coverslip (Fisher Scientific) with a corona generator 

(BD20AC, Electrotechnic Products, and then treated with 2% volume 3-

aminopropyl(triethoxy)silane solution (Sigma Aldrich) in 95% ethanol for 15 

minutes at room temperature. This silane treatment enhanced the hydrophobicity of 

the glass coverslip to promote subsequent protein binding. The wells of the mPCs 

were then washed twice with 95% ethanol, baked at 90°C for 1 hour, and sterilized 

under UV light for 1 hour. Finally, each well was filled with 50 µL of 0.125 mg mL-1 

solution of human collagen IV (Sigma Aldrich) in PBS, and incubated overnight at 

4°C. 

3.4.2. Simulation of flow and shear stress in the mPCs 

Flow through one mPC chamber was simulated using computational fluid 

dynamics software (ANSYS Fluent). The density and viscosity of cell culture media 

were assumed to be those of water. Flow in the chamber at both 200 µL hr-1 and 400 

µL hr-1 was laminar, with Reynolds numbers calculated to be less than 1. No-slip 

boundary conditions were set at the chamber walls (dimensions shown in Figure 

3.1). 
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Figure 3.1 - Schematics of millifluidic perfusion cassette (mPC).  
A) Dimensions of the millifluidic perfusion cassette (mPC) and temporary 

PDMS wells. B) Schematic of mPC assembled with syringe pump, tubing and 
reservoirs. C) Image of the mPC in cell culture incubator. 

3.4.3. Isolation and culture conditions of human intestinal enteroids 

As established previously,178 HIE cultures were produced from small 

intestinal biopsies from adults undergoing routine endoscopy or from surgical 

specimens according to a protocol approved by the Institutional Review Board at 

Baylor College of Medicine; established cultures were grown as multi-lobular forms 

termed 3D HIEs in growth factor-reduced, phenol-free Matrigel (Corning). The 

cultures used in this work were derived from jejunal and duodenal intestinal stem 

cells, and included the lines J2179 and D109180 that we have previously reported.  
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Three different formulations of media were used to establish, maintain, and 

differentiate the HIEs. These were referred to as complete medium without growth 

factors (CMGF-), complete medium with growth factors (CMGF+), and 

differentiation medium. CMGF-, used to establish HIEs, consisted of Advanced 

DMEM/F12 (Invitrogen) supplemented with 100 U mL-1 of penicillin-streptomycin 

solution (Invitrogen), 10 mM HEPES buffer, and 1x GlutaMAX (Invitrogen). CMGF+, 

used to maintain cultures, was prepared in 2 steps. In the first step, CMGF- medium 

was supplemented with 50 ng mL-1 epidermal growth factor (Invitrogen), 10 mM 

nicotinamide (Sigma-Aldrich), 10 nM gastrin I (Sigma-Aldrich), 500 nM A-83-01 

(Tocris Bioscience), 10 µM SB202190 (Sigma-Aldrich, 1 mM N-acetylcysteine (Sigma 

Aldrich), 1X B27 supplement (Invitrogen), and 1X N2 supplement (Invitrogen). In 

the second step, the supplemented CMGF+ medium contained medium conditioned 

by culture of cells expressing growth factors. Fifty percent of the CMGF+ was 

conditioned with Wnt3A-producing ATTC CRL-2847 cells (ATCC), 20% was 

conditioned with R-spondin-producing cells (gift of Calvin Kuo, Palo Alto, CA), and 

10% was conditioned with Noggin-producing cells (gift of G. R. van der Brink, 

Amsterdam, The Netherlands). Differentiation medium was prepared in the same 2-

step method as the CMGF+ medium, but it was not supplemented with SB202190 

and nicotinamide and was not conditioned by the Wnt3A-producing cells. 

Additionally, the concentrations of Noggin and R-spondin conditioned media were 

halved for the differentiation medium. 
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3.4.4. Establishment of HIE monolayers in mPCs and application of flow

Established cultures of HIEs were expanded as multi-lobular forms, termed 

3D HIEs, in growth factor-reduced, phenol-free Matrigel with CMGF+ medium. All 

experiments were performed with HIEs below P20. To create a HIE monolayer in 

the mPCs, 3D HIEs were digested to single cells and seeded into the mPC wells in an 

adaptation of a previous method.173 Briefly, the HIEs were released from Matrigel by 

washing with 500 µL of cold PBS with 0.5 mM EDTA pH 7.4, followed by 

centrifugation at 175 rcf for 5 min at 4°C. The cells were treated with 0.05% w/v 

trypsin-0.48 mM EDTA (Gibco) for 4 min at 37°C, and the trypsin was deactivated 

with basal media containing 10% serum. The cells were strained (40 µm) and the 

flow-through was centrifuged at 250 rcf for 5 min at room temperature. Finally, the 

cell pellet was resuspended in CMGF+ with 10 µM Y-27632 (EMD Millipore), and the 

mPC chambers were seeded at a density of 106 cells cm-2. To assure complete filling 

of each chamber, 50 µL of cell suspension was used. Control HIE monolayers were 

also formed in 96-well plates at the same density, but with larger media volumes 

(100 µL/well). After 24 hours, the cells were nearly confluent on the collagen-IV 

coated glass coverslip base of the mPC chamber; cells did not adhere to the PDMS 

walls of the chamber. The media was then changed to differentiation media and 

replaced every 48 hours. Cells were differentiated for 5 days after seeding prior to 

experiments. To increase the volume of media available to the cells in the devices, 

temporary wells were formed by placing strips of UV-sterilized PDMS with circular 

holes over the inlet and outlet channels (Figure 3.1A).  These wells, formed by 

making 3 mm holes in a strip of PDMS using a biopsy punch, increased the capacity 
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of the chambers so that equivalent volumes of media could be used in the chambers 

and the 96 well plates (100 µL of media each). The two PDMS surfaces (at the top of 

the mPC and at the bottom of the temporary well strip) readily adhered together 

with a temporary bond that was sufficient for this purpose. The mPCs were stored 

in humidified 35 mm petri dishes (Corning) to minimize media evaporation. 

After the HIEs were seeded and differentiated, the media and temporary 

wells were removed from the mPCs, and syringes filled with differentiation media 

media and flow was started at 200 µL hr-1 with a syringe pump (PhD Ultra, Harvard 

Apparatus). To prevent air bubbles, the differentiation media was equilibrated in a 

cell culture incubator overnight prior to loading into the syringes. HIE monolayers 

cultured in static conditions also had media exchanged. 

3.4.5. Characterization of HIE phenotype by RT-qPCR 

Differentiated HIE monolayers were cultured in 3 conditions: in 96-well 

plates, in the mPC without flow, and in the mPC with flow (200 µL hr-1) as described 

above.  After 24 hours, the cells were washed 2x with PBS and lysed with Trizol 

reagent (Ambion). RNA was isolated with the Direct-Zol RNA MiniPrep Kit (Zymo 

-3 wells were pooled for one 

biological sample. qScript XLT 1-step RT-qPCR ToughMix with ROX master mix 

(Quantabio) and Taqman primer-probe mixes (ThermoScientific) were used to 

perform RT-qPCR (StepOne Plus, Applied Biosystems). Probe information is in 
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Supplemental Table 1. Gene expression levels were normalized to GAPDH and fold 

change was calculated with the 2  method. 

3.4.6. Characterization of mucin expression by HIEs 

Differentiated HIE monolayers were cultured with and without flow in the 

mPCs for 24 hours as described above.  Afterwards, the HIEs were fixed with 

and then stained with Alcian blue for 30 minutes.  The samples were gently washed 

3x with PBS before brightfield microscopy imaging (Eclipse TE300, Nikon).  

3.4.7. Human Norovirus (HuNoV) infections of HIEs in mPCs 

Differentiated HIE monolayers were infected with HuNoV as described 

previously.179  Briefly, the HIE monolayers (the secretor positive J2 line, which is 

susceptible to HuNoV infection179) were infected with 1.8 x 105 genome equivalents 

of GII.4 Sydney 2012 (TCH12-580) HuNoV for 1 hour. 500 µM of the bile acid GCDCA 

was added to facilitate noroviral entry to the HIEs. After one hour, the cells were 

washed twice to remove unbound virus, and flow through the mPCs was initiated at 

200 µL hr-1 for 23 hours. Wells not subjected to flow (mPC and 96-well plate) were 

refilled with fresh differentiation media (with 500 µM GCDCA). HuNoV genome 

equivalents were harvested from the HIEs at 1 and 24 hours post-infection, 

measured by RT-qPCR, and compared to a standard curve of noroviral RNA. All 

work with HuNoV was conducted under BSL-2 conditions in a biological safety 
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cabinet with appropriate airflow, and with the use of proper personal protective 

equipment. 

3.4.8. Bacterial infection of HIEs in mPCs 

All bacterial infection experiments followed the same generic approach 

(adapted from previously reported methods180). Duodenal HIE monolayers (D109 

line) were formed in the mPCs. Bacteria were expanded in tryptic soy broth at 37°C 

overnight (one day before the experiment), quantified via optical density, and 

diluted in differentiation media to the final multiplicity of infection (MOI). This 

bacteria-containing media was added to the HIEs in the mPC chambers for 1 hour at 

37°C to initiate infection, and then the media and any non-adherent bacteria were 

removed from the well.  The wells were then either refilled with fresh 

differentiation media (no flow) or connected to syringes filled with differentiation 

media, which was flowed through the wells at 400 µL hr-1 for 7 hours.  Afterwards, 

the wells were washed with PBS and prepared for downstream analysis. All work 

with EAEC was conducted under BSL-2 conditions in a biological safety cabinet with 

appropriate airflow, and with the use of proper personal protective equipment. 

To evaluate the effects of flow on wildtype EAEC infections, two strains of 

EAEC were used: EAEC 042 (serotype O44:H18), the prototype strain; and EAEC 

A2A, a clinical isolate. Both strains were added to the HIEs at a MOI of 5, and the 

infections were fixed and evaluated with Wright-Giemsa staining using the Hema3 

fixative and solu

mPC chambers were imaged using an upright microscope with a 100x oil-immersion 



73

objective (Ci-L, Nikon). Imaged cultures were evaluated to ascertain the general 

morphology of the HIEs and the aggregative adherence behavior of the EAECs, such 

as clustering into aggregates or biofilms. Aggregates are groups of 20-100 bacteria 

in which individual bacteria can be seen. In contrast, biofilms are a lawn of 

aggregately clustered colonies with bacteria numbering in the 1000s, and in which 

most bacteria cannot be identified individually. 

To investigate the role of the fimbrial subunit aafA in EAEC adherence and 

aggregation, EAEC 042 aafA, an isogenic mutant of EAEC 042 that does not express 

the adhesion protein aafA, the major structural component of the AAF virulence 

factor,181 was compared to wildtype EAEC 042.  Both bacteria were added at a MOI 

of 0.01.  Following the application of flow, the wells were fixed, stained, and imaged 

as described above for the wildtype-only infections. 

To evaluate EAEC infections with and without commensal E. coli, HIE 

monolayers were infected with either EAEC 042 expressing GFP, the non-pathogenic 

commensal E. coli K12 strain expressing RFP, or both.  Each bacterial strain was 

added to the HIEs at a MOI of 5, with the combined EAEC 042/E. coli K12 condition 

receiving a total MOI of 10. The monolayers were fixed in 4% PFA overnight, the 

nuclei were stained with DAPI, and each well was imaged with confocal microscopy 

(SP8, Leica) 
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3.4.9. Data Analysis

All experiments were conducted at least three times with the exception of the 

aafA study, which was a single proof-of-concept experiment, and the alcian blue 

staining which was performed in triplicate but for one experimental run only. All 

statistical analyses were performed using R (The R Foundation). One-way ANOVA 

with post-

and (ii) HIE phenotypic differences between conditions. Significance was accepted 

as p<0.05. 

3.5. Results 

3.5.1. Fabrication and characterization of the mPCs 

The mPCs were prepared from PDMS using 3D-printed molds affixed to 

coverglass (Figure 3.2A-B). The completed mPCs were rectangular (46 x 52 x 4 mm3, 

Figure 3.1; all dimensions are L x W x H). Each cassette contained 6 wells, each with 

a 3 x 7 x 1.5 mm3 central cell chamber. Triangular transition zones, 3 mm long, 

connected the cell chambers to inlet and outlet channels (4 x 1 x 0.5 mm3). The cell 

growth area was equivalent to that of a standard 96-well plate (~ 0.33 cm2), and the 

volume of each well was ~45 µL. The PDMS layer of the mPCs was plasma-bonded 

to #2 coverglass. The mPCs were treated with 3-aminopropyl(triethoxy)silane to 

provide an adsorptive surface for basement membrane ECM (in this case, collagen 

IV), which promoted the successful formation of HIE monolayers.  
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Computational fluid dynamics simulations showed that the average shear 

stress in the mPC cell growth areas was 2.4x10-3 dyn cm-2 and 4.7x10-3 dyn cm-2 for 

flow rates of 200 and 400 µL hr-1, respectively (Figure 3.2C).  These values fell 

within the estimated range of shear stresses in the human intestine (2.0x10-3  

8.0x10-2).175,182   
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Figure 3.2 - Fabrication and operation of the millifluidic perfusion cassette 
(mPC) 

A) Schematic of the mPC and its wells. B) Example images of the master molds 
for the mPCs created through 3D printing (top) and the mPCs (bottom). C) 

Computational fluid dynamics model of shear stresses present within the well. 
D) Illustration of workflow for a sample experiment with the mPC including 

HIE culture, application of flow, infection with a pathogen, and molecular 
analysis. 
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3.5.1.1. Operation of the mPC is flexible and user-friendly

HIE monolayers could be formed, differentiated, and inoculated with bacteria 

and viruses in the mPCs using minor adaptations of established protocols for 96-

well plates and Transwell inserts.173 After seeding, the cells became confluent after 

24 hours, and were subsequently differentiated for 5 days before flow experiments 

were initiated, with or without co-cultured microbial species (Figure 3.2D). The 

inlet and outlet ports easily accommodated micropipette tips during cell seeding, 

media exchange, and microbial inoculation steps, and the chamber size and 

geometry minimized air bubble formation.  

Flow was applied to the mPCs by connecting a syringe pump to the chamber 

ports with microbore tubing (Figure 3.1B). HIE monolayers survived throughout the 

6-day workflow, from initial culture through experiments, and were then 

characterized with microscopy and transcriptional analysis. Our experiments were 

run for twenty-four hours, but longer duration studies are possible. 

3.5.2. Culture in the mPCs with or without flow does not significantly affect 

HIE phenotype 

To assess the effect of culture in the mPC, we compared HIEs grown in 96-

well plates to those grown in the mPCs under static conditions or under flow at 200 

µL hr-1. HIEs in all three conditions expressed CD44, Lgr5, Wnt3A, and Ki67, which 

are markers for undifferentiated or proliferative crypt cells (Figure 3.3A).  
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Figure 3.3 - Culture in the mPC does not alter the phenotype of human 
intestinal enteroids (HIEs).  

RT-qPCR quantification of markers for proliferative, stem-like cells (A) and 
terminally differentiated (B) intestinal epithelial cells reveal no statistically 
significant differences between HIEs cultured in 96-well plates, static mPCs, 
and dynamic mPCs. Data are compiled from three independent experiments. 

(C) Alcian blue staining reveals no difference in mucin expression between the 
three experimental conditions, scale = 50 µm. Two independent, 

representative samples are shown for each experimental condition. The 
slightly brighter color of the blue stain in the 96-well plate cultures is likely an 

artifact of the illumination light focused and reflected by the tissue culture 
plastic well base and walls when imaging these cultures using a dissecting 

microscope. 
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The cells also expressed markers of differentiated intestinal epithelium (Figure 

3.3B): SI for enterocytes, Muc2 for goblet cells, and Lyz for Paneth cells. Expression 

of all markers relative to GAPDH, both differentiated and undifferentiated, was 

consistent with previous reports.169  Furthermore, there was no statistically 

significant difference between the three culture conditions for all markers 

evaluated, indicating that neither the mPCs nor flow had a significant effect on the 

HIE phenotype. There was also no observable effect of flow on the alignment of the 

HIEs. 

Because intestinal mucus strongly influences interactions between luminal 

microbes and the mucosal surface,183 we further investigated mucin expression of 

the HIE monolayers through an alcian blue stain. The stain appeared as a light blue 

wash across the cultures, but otherwise revealed no qualitative differences in 

protein-level mucin expression between the three experimental conditions (Figure 

3.3C), consistent with the gene expression of Muc2.  

3.5.3. Enteroaggregative E. coli form biofilms on HIE monolayers when 

exposed to flow 

Next, we investigated if flow would improve models of the pathogenesis of 

EAEC infections. HIEs derived from the duodenum were used for these experiments 

since EAEC has a predilection for this intestinal segment in human infections. We 

conducted preliminary experiments (not shown) to adapt EAEC adherence assays 

for the mPC.180 Decreasing the MOI from 10 to 5 extended the survival of HIE 

monolayers from 3-4 hours to 8 hours, and HIE survival was more consistent with 
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flow rates of 400 µL hr-1 vs. 200 µL hr-1. Co-cultured HIEs did not survive infections 

of 16  24 hours, even when using MOIs as low as 1. However, it is likely that MOI, 

flow rates, and infection time can be optimized further to improve HIE survival. 

Wright-Giemsa staining was used to evaluate adherence of EAEC 042 (the 

prototype strain) and EAEC A2A (a clinical isolate) to the HIEs in the presence and 

absence of flow (Figure 3.4). Without flow, both strains of EAECs displayed a sheet-

like adherence pattern consisting of aggregative clusters of bacteria diffusely 

scattered over the apical surface, resembling previous reports;180 individual bacteria 

could be identified within each cluster. With the addition of flow, both EAEC 042 

and A2A formed thick biofilms characterized by large, dense, 3D colonies in which 

individual bacteria were rarely identifiable. Despite the heavy bacterial load present 

with flow, the underlying HIE monolayer remained intact.   
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Figure 3.4 - Flow in the mPC promotes formation of EAEC biofilms.  
Wright Giemsa stain of HIE monolayers infected with EAEC 042 (prototype 

strain) and EAEC A2A (clinical isolate) with and without flow in the mPCs (8 
hours post-infection). EAEC in the cultures without flow demonstrate 

aggregative adherence into small clusters (20-100 bacteria) whereas they 
formed biofilms in the cultures with flow (>1000 bacteria forming a lawn of 

aggregates). Cell nuclei appear purple and bacteria appear dark blue, scale = 
30 µm. Images shown are representative of results from five independent 

experimental runs. 
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3.5.4. Expression of aggregative adherence virulence factors is required for 

the formation of EAEC biofilms 

We next investigated the role of the aggregative adherence fimbriae (AAF), 

an important virulence factor expressed by most pathogenic strains of EAEC. 

Although AAF regulates bacterial adhesion, it has not yet been evaluated in a 

dynamic mechanical environment. Here, we infected HIEs with either wildtype 

EAEC or EAEC 042 aafA, which lacks aafA, a major structural subunit of AAF. We 

used a low MOI of 0.01 to ensure that the number of bacteria bound to the HIE 

surface represented AAF-epithelial interactions, as opposed to bacterial recruitment 

via paracrine signaling.  

Without flow, both wildtype EAEC 042 and EAEC 042 aafA demonstrated 

comparable adhesion and aggregation with the HIE monolayer (Figure 3.5). After 

exposure to flow, their adherence patterns diverged significantly. Consistent with 

the observations in Figure 3.4, wildtype EAEC 042 in the flow condition formed 

large, 3D colonies, albeit smaller ones than before due to the lower MOI.  In contrast, 

the density of EAEC 042 aafA bound to the epithelial cells decreased significantly 

with flow.   
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Figure 3.5 - EAEC expression of aafA is required for biofilm formation.  
Wright Giemsa stain of HIE monolayers infected with wildtype EAEC 042 and 

(AAF), with and without flow. EAECs only form large aggregative biofilms 
when they possess functional AAF. Images shown are representative of results 

from a proof-of-concept experiment. Scale = 20 µm. 
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3.5.5. mPCs allow co-administration of commensal organisms alongside 

pathological bacteria 

Because the intestinal microbiome can impact host-pathogen interactions,184 

we exposed HIE monolayers to EAEC 042, a commensal strain of E. coli (K12), or 

both. In the static mPCs, each of the three bacterial conditions caused complete 

destruction of the HIE monolayer (Figure 3.6), whereas under the flow condition, 

the monolayers remained intact for all three cases: EAEC 042, E. coli K12, and both, 

as shown by the DAPI stain. With flow, the pathological and commensal bacteria had 

different effects. Flow removed almost all of the commensal E. coli, with very few 

bacteria visible on the HIE monolayer afterwards.  In contrast, the bacteria in the 

EAEC-only condition formed the thick biofilms when subjected to flow as seen 

earlier (Figure 3.4). The wells that received both commensals and EAECs did not 

have biofilms, but instead displayed dense aggregates of EAECs with small amounts 

of commensal E. coli.  
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Figure 3.6 - Flow promotes the survival of HIE monolayers infected with both 
commensal and pathogenic bacteria.  

DAPI-stained HIE monolayers infected with RFP-expressing E. coli K12 (red), a 
commensal bacteria, and GFPexpressing EAEC 042 (green) with and without 

flow. Bacteria and HIE nuclei appear blue, scale = 25 µm. Both strains of 
bacteria destroy the HIE monolayer in static culture, but do not in the flow 

condition (top three panels). Co-infection with commensal bacteria reduces 
EAEC biofilm formation (comparison of the bottom two panels). Images shown 

are representative of results from three independent experimental runs. 
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3.5.6. mPCs permit human norovirus infections of HIE monolayers, and 

flow enhances viral replication 

Finally, we infected jejunal HIEs with human norovirus to establish whether 

the mPCs were suitable for modeling viral causes of enteric disease; the jejunal 

response to noroviral infection is the most studied.179  In the 96-well plates, a 1.8 

log10 (58-fold) increase in viral replication was seen after 24 hours (Figure 3.7). In 

the mPCs, 2.3 log10 (213-fold) and 2.6 log10 (386-fold) increases were observed after 

24 hours for the wells cultured statically and under flow at 200 µL hr-1, respectively. 

While there was a trend towards increased viral replication in the static mPCs 

compared to 96-well plates, and the mPCs with flow compared to those without 

flow, a significant difference in norovirus genome equivalents was only observed 

between the 96-well plate and the mPCs with flow. 
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Figure 3.7 - qPCR quantification of viral replication in HIE monolayers in 96-
well plates and mPCs with and without flow.  

Viral RNA was measured at 1 hour and 24 hours post-infection. The fold 
change in viral genome equivalents between the two time points is shown for 

each condition. *** p < 0.005. Data are compiled from three separate 
experiments. Each data point represents three individual wells pooled 

together. 
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3.6. Discussion

Physical forces in the intestine, such as luminal mixing and fluid shear, 

significantly alter how pathogens interact with the intestinal epithelium,185 but how 

these factors influence enteric infectious disease is not well understood. Gaining 

more insight regarding the role of mechanics in this pathogenesis will require new 

experimental models. Adoption of these models, however, will depend on their 

appeal to a wide range of investigators regardless of their expertise with 

microfluidics or their access to expensive equipment for microfabrication. For these 

reasons, we developed a millifluidic perfusion cassette (mPC) that can model 

infections of intestinal epithelial cells with common viral and bacterial pathogens 

under flow. 

The mPC is advantageously sized between microfluidic devices and typical 

parallel plate systems. This size niche allows for fabrication via 3D printed master 

molds instead of requiring specialized photolithography. Because the mPC 

chambers are close in size to wells of 96-well plates, cell culture protocols can be 

readily adapted for use with the device. This advantage allowed the HIEs to be 

seeded in the mPCs at higher densities than some previous reports,186 allowing 

confluent monolayers to form within 24 hours. As a result, the mPCs were able to 

successfully and reproducibly culture HIE monolayers, which can be fastidious and 

challenging. Furthermore, the mPC is transparent and compatible with various 

microscopy setups. Protein, DNA, or RNA (as shown here) can also be easily 

collected with micropipettes at the chamber inlet and outlet ports. The HIE 
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monolayers produced in the mPC were flat and did not contain villi-like structures. 

Although we did not demonstrate the presence of apical microvilli in this work, their 

presence has been confirmed by prior work by our research group using both 

electron microscopy and immunofluorescence staining for actin and villin.179 Thus, 

the mPC is easy to fabricate and operate, especially for non-bioengineers, has 

moderate experimental throughput and media/cell requirements, and is compatible 

with common microscopic and biochemical analyses.  

Using the mPC, we found that EAEC infections of intestinal epithelial cells 

conducted with flow produced biofilms, unlike those without flow. Until now, this  

pathophysiological hallmark has been difficult to reproduce in vitro, only succeeding 

when growing the bacteria in isolation (i.e., without intestinal epithelial cells).181 

Previous static culture studies of EAEC infection of intestinal epithelial cells have 

been limited to adherence assays of 3-4 hours duration, since the bacteria would 

quickly overgrow and kill the intestinal epithelial cells. The ability to drive biofilm 

formation within the mPCs will allow investigators to develop an improved 

understanding of how this bacteria interacts with human hosts over a longer time 

frame, including the effect of the pathogen on the epithelial cell phenotype.  

Our ability to establish biofilms in co-culture with intestinal epithelial cells 

allowed us to demonstrate in a proof-of-concept study that AAF, a virulence factor 

previously shown to mediate EAEC adherence and aggregation, is required for the 

formation of these biofilms. While such a role had previously been supported 

indirectly by a number of in vitro and in vivo studies,187,188 it could not be verified 
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empirically due to the challenge of forming biofilms in co-culture. Using flow will 

enable investigation of how AAF engages with epithelial mucins180 in the mechanical 

environment of the intestinal lumen. 

Similarly, the addition of flow to commensal-HIE co-cultures improved HIE 

survival, likely by replenishing the oxygen and nutrients in the mPC chambers. 

Studying how the complex intestinal microbiomes affect host-pathogen interactions 

has been hindered by the lack of experimental models allowing intestinal epithelial 

cells to be exposed to both commensals and pathogens. Indeed, in our experiments 

HIE monolayers exposed to commensal microorganisms in traditional static culture 

did not survive to the experimental endpoint. With flow, we showed significant 

differences between these pathogenic and commensal organisms that are consistent 

with their effects in vivo. We also noted that EAEC infections performed in the 

presence of commensal E. coli exhibited less extensive aggregation.  This finding 

may have been due to competition between the two bacterial strains, or decreased 

EAEC virulence due to pathogen-commensal crosstalk. In-depth molecular analysis 

will be needed to assess these possibilities. Overall, these results indicate that the 

mPC enables studying how pathogenic bacteria behave in the presence of 

commensal organisms, and underline the importance of studying infections under 

flow conditions. While significant work remains to elucidate the mechanisms 

underlying these effects, the mPC is an effective tool that can be readily adopted by 

research groups to create more realistic in vitro models of enteric disease. 
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We speculate that flow improves the capabilities of these culture models by 

preventing the rapid bacterial overgrowth often found in static in vitro 

bacterial/eukaryotic co-cultures.140 By removing non-adherent bacteria and 

continually providing fresh media to the cell growth chamber, flow increased the 

availability of nutrients and oxygen to both the HIEs and the EAECs.  This action 

would improve HIE survival and delay the stationary phase of the EAEC growth 

curve, revealing the pathophysiology of EAEC infection. Mechanobiological cues 

could also contribute to the flow-driven biofilm production: bacteria can transduce 

mechanical signals from their environment.189 Furthermore, fluid shear can increase 

E. coli adhesion through the catch-bond mechanism of the FimH fimbriae,190 

although this effect reportedly requires shear forces at least 100 times greater than 

what we calculated for the mPC. This flow-driven biofilm formation may be linked to 

dispersin, a soluble factor produced by EAECs that sterically masks bacterial 

adhesins and inhibits EAEC aggregation.191 In static environments, dispersin collects 

near the bound EAECs, inhibiting biofilm formation.  With flow, however, shear 

forces may push dispersin away from the EAECs, thereby lowering the local 

concentration, unmasking adhesins, and promoting biofilm formation. 

It appears unlikely that biofilm formation was due to flow-induced changes 

in HIE phenotype, given that flow did not increase the production of epithelial 

mucins (MUC2), the major target of the EAEC adhesins that promote colonization.188 

Expression of the Paneth cell marker LYZ was similarly unaffected, suggesting that 

flow did not promote proliferation of Paneth cells, which secrete antimicrobial 

compounds. This absence of overt changes in cellular behavior allows the effects of 
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flow to be studied directly, without confounding changes in HIEs susceptibility to 

EAEC infection. Additionally, the shear stresses used in our experiments were 

chosen to minimize the potential for cellular changes, as they fall at the low end of 

the shear stresses estimated for the human intestine.175,182 For endothelial cells, 

shear stress is also known to induce a range of functional changes, including 

realignment of the cells, although the shear stresses applied in endothelial cell 

studies is commonly on the order of tens of dyn cm-2.192,193 We speculate that the 

range of shear stress applied in this work was too low to induce alignment of the 

HIEs. It was reported that even tenfold-higher shear stresses of 0.02  1 dyn cm-2 

did not cause alignment of renal epithelial cells when they were cultured on a flat 

surface.194 The shear stresses applied in our mPCs were also approximately tenfold 

less than those in previous experiments reporting shear-induced phenotypic 

changes in intestinal cells.186,195 Moreover, those studies simultaneously applied 

cyclic strain alongside shear stress, making it difficult to attribute the changes to a 

specific mechanical stimuli. Finally, in contrast to prior work,186 we only applied 

mechanical stimulation to terminally differentiated HIEs, which have greatly limited 

phenotypic plasticity.  Therefore, we do not believe that the biofilm formation in this 

work was due to shear stress-induced phenotypic changes in the HIEs. However, it 

will be of great interest to use the mPC in future investigations of HIE phenotype 

that apply flow at higher rates and during the HIE differentiation period, and that 

examine known mechanosensitive targets in more detail. 

Unlike bacteria, viruses do not have independent metabolism or 

mechanosensory apparatuses when they are outside of a host cell. Therefore, the 
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most likely way for flow to affect viral replication is through the secondhand effects 

of flow on infected intestinal epithelial cells. Norovirus binds to histo-blood group 

antigens present in the glycocalyx of the intestinal epithelium of secretor-positive 

persons,196 and there is considerable evidence that endothelial glycocalyces are 

altered by exposure to shear stress.197 It is possible that increased histo-blood group 

antigen expression drives the increased viral replication seen with flow, however, 

this needs experimental confirmation. Another possibility is that flow improves the 

overall health and/or metabolism of the HIEs, allowing improved viral replication. 

Finally, presentation of the virus particles to the HIEs may be enhanced by more 

rapid mass transport due to flow and/or shorter chamber height in the mPCs 

compared to 96-well plates. 

In conclusion, we have engineered a millifluidic perfusion cassette that is 

easy to produce, requires minimal adaptation of traditional cell culture techniques, 

and is compatible with a wide array of microscopic and biochemical analysis. Using 

this simple system, we investigated the pathogenesis of enteric infections and found 

important differences between infections performed under static conditions and 

infections in the presence of flow. These results provide compelling motivation to 

investigate the mechanisms driving flow-induced alterations of bacterial and viral 

infection. The ability to form EAEC biofilms in co-culture with HIEs, in particular, 

opens up many possible lines of inquiry. Taken together, these initial findings 

demonstrate the utility of our millifluidic culture system, and underscore the 

importance of studying these pathological processes with in vitro models that mimic 

the dynamic intestinal environment.  
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Chapter 4 

Technique for rapidly forming 
networks of microvessel-like 

structures 

The gut-blood barrier has a crucial role in drug and nutrient absorption 

under homeostatic conditions in the small intestine. Dysregulation of the gut-blood 

barrier is a hallmark of many diarrheal diseases. Additionally, pathogens and cancer 

cells that translocate through the gut-blood barrier can lead to escalation of the 

disease state in the form of sepsis, widespread viral infection, and metastasis. Due to 

its importance in disease and normal states, an in vitro model of the gut blood 

barrier would be enable the study of this crucial element of intestinal biology. 

Though co-culture models of epithelial and endothelial monolayers exist, a more 

physiological model that included microvascular network structures will likely yield 

more relevant results. The platform that I describe in this chapter was created to 

speed the creation of a perfusable microvascular network in an accessible way. 

Though this chapter will focus exclusively on microvascular network formation, this 

device was created to be compatible with micropatterning discussed in the chapter 

that follows.  
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4.1. Collaboration

The majority of this project was the results of my own efforts, including the 

design of the devices and the methods. I want to acknowledge my undergraduate 

students, especially Linda Liu, for their significant assistance in device fabrication. 

4.2. Abstract 

Modelling organ-blood barriers through the inclusion of microvessel 

networks within in vitro tissue models could lead to more physiologically accurate 

results, especially since organ-blood barriers are crucial to the normal function, 

drug transport, and disease states of vascularized organs. Microvessel networks are 

difficult to form, since they push the practical limit of most fabrication methods, and 

it is difficult to coax vascular cells to self-assemble into structures larger than 

capillaries. Here I present a method for rapidly forming networks of microvessel-

like structures using sacrificial, alginate structures. Specifically, I encapsulated 

endothelial cells within short alginate threads, then embedded them in collagen gel. 

Following enzymatic degradation of the alginate the collagen gel contained a 

network of hollow channels seeded with cells, all surrounding a perfusable central 

channel. This method uses a 3D printed coaxial extruder and syringe pumps to 

generate short threads in a way that is repeatable and easily transferrable to other 

labs. The cell-laden, sacrificial alginate threads can be frozen after fabrication and 

thawed before embedding without significant loss of cell viability. The ability to 

freeze the threads enables future scale up and ease of use. Within microfluidic 
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devices that restrict access to media, the threads enhance cell survival under static 

conditions. These results indicate the potential for use of this method in a range of 

tissue engineering applications.  

4.3. Impact 

Generating microvascular networks is a challenge in tissue engineering. 

Popular 3D bioprinting techniques use sacrificial structures to generate vascular 

networks, but this requires expensive equipment and extensive troubleshooting. In 

this article, a method is presented to easily and rapidly generate centimeter-scale 

microvascular networks using endothelial cells frozen within sacrificial structures. 

The method for fabricating and freezing the sacrificial threads of alginate containing 

cells using a 3D printed coaxial extruder is also presented. Experiments indicate that 

these microstructures have potential utility to enhance cell survival in environments 

with restricted access to media.  

4.4. Introduction  

Blood vessel networks are hierarchical; larger blood vessels branch into 

microvessels that branch into capillaries. Numerous in vitro and in vivo studies have 

shown that endothelial cells will self-assemble to form a capillary network within a 

scaffold material, such as collagen, even over centimeter scales.198 These self-

assembled capillaries form with diameters of around 5-30 µm.199 Large vessels can 

be created by mechanical means, such as molding or 3D printing.200,201 However, in 
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extrusion bioprinting, the diameter of the nozzle used to print live cells is typically 

limited to a minimum size around 100 µm202 due to mechanical forces that 

negatively impact cell viability at smaller diameters.203 Microvessel networks 

containing blood vessels larger than capillaries are most difficult to form since they 

push the practical limit of most fabrication methods and since vascular networks of 

this scale are difficult to coax into self-assembling. 

One approach that is taken to establish 3D vasculature in vitro is to fabricate 

hollow spaces in a gel where blood vessels are desired. As a general observation, 

endothelial cells cultured in vitro tend to spread to cover available space before 

branching out through a solid matrix. Many investigations take advantage of this 

behavior of endothelial cells by seeding them within pre-formed vascular 

structures.204 206 Sacrificial materials are typically employed to create these spaces by 

excluding the bulk material while it solidifies and subsequently dissolving the 

sacrificial material by chemical, thermal, or enzymatic means. To seed cells within a 

structure prepared with sacrificial material, the channels must be able to be 

perfused. In a complex structure with disconnected forms, direct infusion of cells 

becomes impractical, so the cells are sometimes encapsulated within the sacrificial 

structures.  

Alginate is a common choice for a sacrificial material, because the conditions 

for its gelation and degradation are compatible with live human cells. Endothelial 

cells encapsulated within or grown on the outside of alginate beads or fibers have 

been used to generate vasculature in vitro in combination with gelatin, fibrin, or 
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collagen.207 211 Though cells cannot degrade alginate and thus cannot proliferate 

within alginate structures, alginate is a highly biocompatible material that is widely 

used in tissue engineering.212 Despite its limited utility as cell scaffolding, alginate is 

an excellent material for temporary cell encapsulation, due to its reversible gelation 

properties. Though a calcium chelator, such as sodium citrate, is a popular method 

for reversing alginate gelation, in this work I employ enzymatic degradation to 

assure that the structure does not re-form when calcium-containing media is 

introduced to the system. 

The goal of this work was to create a platform for studying vascularized 

tissues in vitro. Here, I describe a method for rapidly forming microvessels networks 

from cellularized, sacrificial structures that can be used from frozen aliquots.  
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4.5. Methods

4.5.1. Fabrication of coaxial extruder

A coaxial extruder was designed to produce alginate structures of a desired 

diameter and length (Figure 4.1A). A simple coaxial extruder consists of a needle 

positioned lengthwise down the center of a larger tube. In this case, a mixture of 

cells and alginate is flowed through the needle and calcium chloride is flowed 

through the outer, larger tube, creating a sheath of CaCl2 around an alginate core.

The alginate core is quickly crosslinked by the calcium ions to form a thin alginate 

structure encapsulating cells. The minimum goal was to be able to produce at least 1 

ml of threads in under 30 min, while using at most 120 ml of CaCl2. To prevent 

shear-induced cell death, t or 32 

gauge. To achieve alginate threads with diameters smaller than the needle diameter, 

which was 432 µm or 23 gauge in this case, the flow rate within the CaCl2 sheath 

needed to be substantially higher than the flow rate in the alginate core. 

Figure 4.1 Coaxial extruder and alginate threads 
A) Schematic of coaxial extruder for making alginate threads. B) Macro image 

of alginate threads.
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Once a simple coaxial extruder was able to produce continuous alginate 

threads of consistent diameter, the cross-stream portion of the extruder was added 

to periodically drag the threads downstream away from the needle abruptly, 

thereby shearing them into threads of consistent length (Figure 4.1B). The CaCl2 

port nearest to the leur-lock connector of the needle created the fluid sheath that 

formed the threads. The further CaCl2 port created the cross stream to shear the 

threads off at regular lengths. The tip of the needle was positioned 2 mm from the 

center of the crossflow and the crossflow channel had a 1 mm radius. Extruders 

with crossflow center to needle tip distances of 0  6 mm were tested. Briefly, the 

length of the alginate threads appears to scale with the distance from the extruder, 

except that very small diameter threads were produced when the tip of the needle 

was at the edge of the crossflow. The distance between the tip of the needle and the 

cross-stream portion was found empirically, with the goal of producing threads 

around 4 mm long that would be less likely to tangle and bind together, but long 

enough to produce vessels resembling a physiological network.  

The extruder was also designed to be easily reproducible. The extruder 

sheath was printed with a Form 2 SLA printer with Dental SG resin (Formlabs), 

length blunt tip needle (McMaster-Carr) using Loctite GO2 glue. The use of a 

commercial SLA printer, together with the alignment features on the extruder 

sheath, allowed for consistent reproduction of these core-sheath extruders.  
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4.5.2. Fabrication of alginate threads

Alginate threads were fabricated using the 3D printed coaxial extruder. After 

assembling the extruder and allowing the glue to cure for 24 hours, the extruder 

assembly and all tubing was autoclaved. To encapsulate HUVECs within alginate 

threads and facilitate the formation of threads significantly smaller than the needle 

diameter, the alginate flow rate was set at 30 ml/hr and the CaCl2 flow rate was set 

at 40 ml/min at each inlet port. Since the sheath flow rate was significantly higher 

than the core flow rate, two syringe pumps were used. One syringe pump dispensed 

the alginate and cell mixture to the needle with a 5 ml syringe, and the other 

dispensed CaCl2 from two 60 ml syringes that were connected the other two 

extruder ports (Figure 4.1A). A 2% solution of alginate (Sigma-Aldrich) buffered 

with 15 mM HEPES containing GFP-HUVECS (3 million cells/ml) was flowed 

through the needle. A solution of 80 mM CaCl2 in 15 mM HEPES, adjusted to pH ~7, 

was flowed through the other two ports. Controlled volumes of cell-laden alginate 

threads were collected in conical tubes by measuring the amount of time the threads 

were collected. After allowing the threads to settle, the calcium chloride was 

aspirated off. The threads were then collected in cryovials and resuspended in 10% 

DMSO and 90% FBS. The threads were frozen for 24 hours at -80°C and then stored 

in liquid nitrogen for up to 7 months. 

4.5.3. Design of vascular network culture device 

The flow device that would support the collagen-embedded vascular network 

was created with several considerations in mind. To ensure that device would 
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sustain a perfusable network for long periods of time, it was designed to include a 

media reservoir and to have the capacity for recirculating flow at the desired flow 

rates (Figure 4.2A-C). The surface area of the device was approximately 1.28 cm2 

(four times the area of one well of a 96-well plate) to accommodate a volume of cells 

that would enable the collection of abundant mRNA and proteins for biomarker 

detection assays. A central channel was created by molding the collagen around a 

needle, inserted along the long axis of the device. The size of the central channel was 

designed to be 500 µm, which was considered sufficiently large to avoid clogging 

with bubbles or cell clumps, yet small enough to avoid collapse when fabricated 

from 5 mg/ml rat tail collagen. The height of the collagen gel was limited to 2 mm 

due to imaging constraints.  
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Figure 4.2 Schematics of oval flow device and flow loop
A) Flow loop assembly labeled with arrows indicating flow direction. B) Close 
up of millifluidic device (grid is 0.5 inch squares). C) Flow loop hooked in to 
peristaltic pump. D) 3D printed mold for millifluidic devices. E) Top down 
schematic showing dimensions of millifluidic device with red dashed line 

indicating cross section in panel F. Gray indicates PDMS, blue indicates 
collagen F) Cross section of millifluidic device taken at red dashed line at in 

panel. Light blue indicates glass. E. G) cross section of the center of the 
microfluidic device in E perpendicular to the dashed red line.
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To fabricate the device, 3D printed negative molds were printed in polylactic 

acid (PLA) and attached to glass with Locktite GO2 glue (Figure 4.2D). After allowing 

the glue to set for 24 hours, polydimethylsiloxane (PDMS) (DOW) was mixed in a 

1:10 ratio of crosslinker to prepolymer, bubbles were removed using a vacuum 

chamber, and the PDMS was poured into the molds with a 508 µm diameter wire 

(McMaster-Carr) inserted as shown in Figure 4.2D to create a channel for the needle 

to be inserted in a later step. After removing any remaining bubbles, the molds were 

covered with a plastic sheet to create a flat top surface. The PDMS was cured at 

room temperature for 48 hours. After removing the PDMS from the molds, the PDMS 

was baked for 1 hour at 90°C. A 1.5 mm biopsy punch was used to create ports on 

either side of the chamber and connected to the central channel. The PDMS device 

was then plasma bonded to cover glass using a laboratory corona treater (Electro-

Technic Products). The purpose of using thin coverglass as opposed to a more 

durable glass slide was to better facilitate imaging. Small slabs of PDMS, used for 

sealing the device chamber, were cut from cured PDMS in approximate dimensions 

15 mm by 30 mm by 4 mm. The devices were autoclaved before use. 
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4.6. Experiment

4.6.1. Culturing of HUVECS 

GFP-HUVECs were purchased from Angio-Proteomie and cultured in EGM-2 

Media (Lonza) on uncoated tissue culture flasks. Media was changed every second 

day and after a total of three days of culture in an incubator (37°C, 5% CO2) or upon 

reaching 80% confluence, the cells were passaged with a 1:6 split. GFP-HUVECs 

were not allowed to become confluent. For passaging, cells were detached from the 

flask using 0.05% trypsin, which was then neutralized with EGM-2. The cells were 

used in experiments at passage seven. 

4.6.2. Culturing of 10T-1/2 cells 

C3H/10T1/2, Clone 8 (CLL-226) cells were purchased from ATCC and 

cultured in basal modified eagle media with 10% BGS, 2 mM L-glutamine, and 1% 

ABAM on uncoated tissue culture flasks. The cells were passaged 1:3 at around 80% 

confluence every two days and were not allowed to become confluent. For 

passaging, cells were detached from the flask using 0.05% trypsin, which was then 

neutralized with EGM-2. The cells were used in experiments between passage three 

and seven. The cells were tagged with RFP using a PKH26 linker kit from Sigma 

Aldrich according to the instructions. These cells are known to differentiate into a 

pericyte-like phenotype when in co-culture with endothelial cells, so they are 
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4.6.3. Viability studies including freeze/thaw

The ability to retrieve cell-containing sacrificial structures from frozen 

aliquots greatly simplifies experiments. To verify that the cells were not 

compromised by this process, cell viability was assessed using Calcein blue AM 

(Invitrogen) and Ethidium Homodimer-1 (Eth-D) (Thermo Fisher Scientific). Cells 

that had been frozen in liquid nitrogen for a minimum of 24 hours were thawed 

quickly in a 37°C bead bath. Eth-D and Calcein-AM were added in concentrations of 

2 µl/ml and 1 µl/ml respectively and incubated with the cells for 10 minutes before 

imaging on a fluorescence microscope. Cells were counted using Cell Profiler.213 Cell 

viability was evaluated for cells after passaging, cells that had been thawed after 

freezing, cells that had been encapsulated, and encapsulated cells that had been 

thawed after freezing (Figure 4.3). The results were collected over three separate 

encapsulation experiments. 
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Figure 4.3 Viability of cells within alginate threads
A) Viability of HUVECs when passed, in threads immediately after extrusion, 

and after freezing then thawing. B) 10x image of HUVECs in alginate threads in 
phase. C) Calcein-AM live stain of HUVECS within alginate threads. D) Eth-D 

dead stain of HUVECS

4.6.4. Embedding in collagen

To evaluate whether the encapsulated structures would promote the 

formation of a microvascular network, cells were seeded under two conditions: 

GFP-HUVECs randomly seeded within a collagen gel, and a similar number of GFP-

HUVECs encapsulated within sacrificial alginate threads that were mixed within the 

collagen gel as described below. 
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GFP-HUVECs were encapsulated within alginate threads of approximately 

330 ± 100 µm diameter and 4 ± 0.6 mm length, using the custom-designed, 3D 

printed coaxial extruder (Figure 4.1). To embed the alginate threads in collagen

(Figure 4.4), a frozen aliquot of threads was quickly thawed in a 37°C bead bath. 

Figure 4.4 Schematic of sacrifical alginate threads process
A) Millifluidic device with single channel molded in collagen. B) Embedded 

alginate threads containing endothelial cells with empty channel in collagen 
containing alginase. C) Alginate has dissolved, releasing the cells into the 

newly-formed channels. D) Cells have spread out and covered the channels 
and holes left by the dissolved alginate. E) Capillaries have sprouted and 

connected to the main channel.

After aspirating the freezing media, the threads were transferred into the device 

-Carr) inserted to 

form a central channel (Figure 4.2E-G). A solution of high concentration rat tail 

collagen (Corning) was diluted to 5 mg/ml on ice and neutralized with 1 N NaOH, 

color. Alginate lyase (Sigma-Aldrich) was added to the neutralized collagen to a final 

concentration of 0.05 UN/ml, including the volume of the alginate threads. The 

neutralized collagen and alginase solution was added to the device chamber over 

the alginate threads, suspending them in the collagen (Figure 4.4). The final gel 
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volume in the devices was approximately 250 ul, with uncertainty coming from the 

exact volume of the alginate threads.  

To prepare control collagen gels containing randomly seeded cells, a solution 

of 1.5 million cells/ml was suspended in the neutralized collagen and alginase 

solution and then added to the device chamber.  

In both conditions, the filled devices were placed on ice for 15 minutes to 

promote the formation of more optically transparent collagen gels that are favorable 

for imaging. The devices containing gels were then incubated at 37°C for 30 min to 

fully solidify the collagen. In the condition of the microfluidic devices, before 

removing the needle, 200 µl warm media was added to the top chamber, a slab of 

PDMS was glued to cover the top, and the needle was back filled with media. When 

the needle was removed in this manner, the central channel remained intact. The 

needle hole in the PDMS on the side of the device was sealed with Locktite GO2 glue. 

In the condition of the well plate control, the samples were seeded and gelled as 

described above, but within a 24-well plate instead of a microfluidic device. In the 

well plate control, 2 ml of media was added on top of the gels after they were fully 

set. The results in Figure 4.5B are from 2-3 samples under each condition.  
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Figure 4.5 GFP-HUVECs encapsulated in collagen
A) Z-stack maximum intensity projections of GFP-HUVECs under conditions 
(top label), on day 0 or day 3 (left label) B) GFP-HUVEC volume over time in 
the conditions listed in A. C) GFP-HUVECs seeded within threads after three 

days of culture magnified from lower right image in panel A. D) Z-stack cross 
section from C showing vessel lumen (diameter ~30 µm). E) Phase image of 
microfluidic device culture chamber containing GFP-HUVECs seeded within 
threads and cultured for 3 days under static conditions. F) Corresponding 

GFP-HUVEC fluorescence from E. 
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4.6.5. Pericyte co-culture

Pericytes were co-cultured with endothelial cells in the ratios of 0:1, 1:3, 

1:10. These experiments were performed using the same collagen gel protocol as 

above, with the only exception being that pericytes were added to the bulk of the 

collagen gel after neutralization in various concentrations before adding the 

collagen to the 18-well plates. The cells were imaged at 0, 1, 2, 3, 5, and 7 days using 

a confocal microscope. Media was changed every second day after imaging. 

4.6.6. Application of flow 

To connect the vascular network device to a flow system, a sterile flow loop 

was filled with warm media, then primed using a peristatic pump to bring the 

meniscus to the end of the loop closest to the reservoir. This is the end that the flow 

would enter the device when the pump is activated (Figure 4.2A). The media formed 

a drop at the end of the tube that allowed it to be connected without introducing 

bubbles to the device. Bubbles elsewhere in the loop would be trapped by the 

reservoir. This end was pressure fit to the device and then glued. The other end was 

attached to the device in a similar way and then the pump was run to remove 

bubbles from the loop. The loop could be disassembled at the barb connectors to 

add holders for the peristaltic pump if desired. Flow was introduced to the devices 

at a rate of 710 µl/min. The media in the device reservoirs was exchanged with pre-

warmed fresh media after 2 days, consistent with standard HUVEC culture. Flow 

was not introduced to the well plate controls.  
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4.6.7. Imaging

Using a Nikon A1-Rsi confocal with a 10x objective, images were taken of 1.3 

mm by 3.4 mm sections of the devices centered on the central channel 

approximately in the middle of the device, 2 cm from the outlet end. The closed 

loops were removed from the incubator for about 30 min at a time for this imaging, 

and then immediately returned to their static or flow conditions. This schedule 

allowed the imaging of the live cells in these devices and in well plates at 0, 1, 2, and 

3 days post seeding (Figure 4.8, Figure 4.7). Large images (Figure 4.5E-F) were 

obtained using a Nikon Eclipse Ti2 with a 4x objective. Exposure time and laser 

power were kept consistent for all images in an experiment to simplify automated 

image analysis. 

4.6.8. Image analysis 

Total cell volume was quantified using MATLAB. A subset of images were 

used to manually set the fluorescence threshold for all images across experiments 

and timepoints. Cell count for the LIVE/DEAD assays was performed using a 

CellProfiler pipeline and was validated with a manual count of cells that intersected 

a grid overlay.  

 

4.6.9. Statistical analysis 

Quantitative data are shown as mean ± standard deviation. Statistical 

analysis was performed using GraphPad Prism 9.1.2. Comparison between the 
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viability data shown in Figure 4.3A was carried out using a two-way analysis of 

variance (ANOVA). Multiple unpaired t-tests were performed on the data in Figure 

4.5 B. Differences with a p-value of <0.05 met the threshold for significance.  
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4.7. Experimental results

4.7.1. Flow loops 

To create the reservoir for the flow loop, a 3 mm hole was drilled into a 15 ml 

conical tube using a Dremel tool. Next, a 28 cm tube and a 22 cm microbore Tygon 

tube with 0.020" inner diameter and 0.060"outer diameter (Cole-Parmer  EW-

06418-02) were inserted into the cap with the ends offset 6 cm within the tube, and 

the tubes were secured with Loctite GO2 glue. The ends were offset to ensure that 

bubbles from the outlet were not recaptured at the inlet. After curing for 24 hours, 

the flow loop was assembled as shown in Figure 4.2A. To form the part of the flow 

loop that attaches to the device, a McMaster-Carr) 

was inserted into the long Tygon tube attached to the reservoir and another into a 

loose 22 cm Tygon tube. To create the part of the flow loop that attaches to the 

pump, the Leur-Lock ends of the needles were connected to a 11 cm long piece of 

Cole-Parmer) using 2x Leur-lock female to barb 

connectors (McMaster-Carr). The assembled loops were autoclaved before use.  
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4.7.2. Cell viability test

The alginate threads containing cells could be frozen and thawed with 

minimal impact on cell viability, comparable to unencapsulated cells (Figure 4.3). 

This was confirmed by two-way ANVOA of the variation between the freezing 

condition and encapsulation state. While freezing did significantly impact viability 

(p = 0.03), encapsulation did not (p = 0.54). The viability of encapsulated cells that 

had been frozen then thawed (76±10%) was not significantly different from the 

viability of unencapsulated cells that had been frozen then thawed (81±17%). The 

viability of the encapsulated cells and unencapsulated cells before freezing were 

92±3% and 94±4%, respectively.  
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4.7.3. Cell proliferation test within threads

After three days of culture within collagen gels, the cells within the well plates 

proliferated in both the random and threads seeding conditions, nearly doubling in 

total cell volume (Figure 4.5, Figure 4.6) and were not significantly different 

between these two conditions (p = 0.94). Within the microfluidic devices under 

static conditions, the threads seeding condition generated large amounts of cell 

growth, comparable to the plate condition, and was statistically significant 

compared to the randomly seeded samples under static conditions (p <<0.05) 

(Figure 4.7). In areas of high local cell density, new structures appeared to bridge 

between the channels formed by the threads (Figure 4.5C). Based on confocal 

imaging these bridging structures appear to be capillaries of ~ 30 µm diameter with 

a hollow lumen (Figure 4.5C-D); however, the functionality of these possible vessels 

could not be visualized with dye due to the blind ended nature of the structures, so I 

have not verified that these structures are hollow as opposed to filled with a 

collagen plug. The device has an area of 1.28 cm2 and the structures span the entire 

area (Figure 4.5F). These results indicate that alginate threads are useful for 

creating centimeter-scale networks of microvessel-like structures. In addition, the 

rapid formation of lumenized capillaries bridging the hollow alginate structures 

demonstrates that hierarchical network formation can be prompted by this 
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patterning method. 

Figure 4.6 Large images of GFP-HUVECs within devices on day 0 and 3
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Figure 4.7 - Large images of GFP-HUVECs within devices in static conditions
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4.7.4. Cell proliferation test under flow

Under flow conditions, the cells in the threads cultured in the device initially 

began to elongate and connect with neighboring cells, but by the third day the 

fluorescent cell population decreased sharply. Randomly seeded cells cultured 

within devices were nearly completely dead by their second day in static conditions. 

While there was a statistically significant difference between these two groups (p = 

0.01), it is of no practical importance because of extensive cell death under both 

threads and random conditions under flow (Figure 4.8). It is notable that the cells 

under flow began to die off around the channel in the randomly seeded conditions, 

though the extent or large-scale geometry of this local die-off was not captured by 

the image size. This flow-related cell death might be prevented by lowering the 

volume of media in the flow loop, changing the flow rate, or introducing flow at a 

later time point after the cells have fully recovered from being frozen. 

  



122

Figure 4.8 - Large images of GFP-HUVECs within devices under flow
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4.7.5. Cell proliferation test with pericytes

While the addition of pericytes did not appear to affect the growth of GFP-

HUVECs within the randomly seeded conditions, they seem to have a positive 

impact on the growth of the cells seeded within the alginate threads, giving rise to 

approximately 8x and 14x volume growth from seeding (Figure 4.9). Though this 

was not statistically significant because of the large spread between the samples, a 

larger sample size would likely reveal a profound increase in cell growth. The 

volume of pericytes remained consistent throughout the experiment, as expected, 

though this was most likely due to the PKH staining method, which introduces a 

fixed amount of dye to the cell membranes that does not self-renew over the course 

of the experiment.   
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Figure 4.9 Total cell volume over time in pericyte co-culture experimen
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4.8. Discussion 

Cells behave differently in 2D compared to 3D; therefore, it is important to 

develop vascularized 3D models of tissues. While other groups have used sacrificial 

structures to create single vessels214 or structures with beads208 or fibers204, the 

technique I present here results in a hierarchical microvascular structure and is 

easy to implement without expensive fabrication equipment. Other groups have also 

used coaxial flow to generate tubular cellular structures.209,215 However, my 3D 

printable coaxial extruder is easily transferrable to other labs and could be readily 

altered to create sacrificial structures of other dimensions.  

In this report, I have described a compact, disposable flow loop including a 

built-in bubble trap and a reservoir for easy media changes. The inclusion of cell-

laden alginate threads into the collagen gels under static conditions generated 

hierarchical microvascular networks, as would be necessary to support large, 

complex, 3D tissue models. The sacrificial threads can be frozen and thawed for use, 

making this system convenient and easy to implement in co-culture experiments. 

These results were in line with other encapsulation systems for cryopreservation.216 

I showed that the viability of encapsulated cells were not significantly affected by 

the encapsulation process or freezing, compared with unencapsulated cells.  

The cell seeding experiments within collagen gels demonstrated the utility of 

this method in generating microvascular networks. The collagen concentration and 

cell density have been optimized for capillary formation in previous work.198 I 
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observed a lower degree of vascular morphogenesis than reported in the literature, 

however this can be explained by the shorter culture period and the recently 

unfrozen status of the cells. The conditions within the well plate were sufficient to 

allow cell survival, whereas the device was only able to support the cells seeded 

within the sacrificial threads. The cells likely survived in this condition because the 

increased porosity of the collagen gel (~30%) due to the voids formed by the 

sacrificial threads was sufficient to allow the diffusion of nutrients. Under flow, 

there was a sharp decrease in cell viability, possibly due to the washout of 

homeostatic factors or low-flow mediated apoptosis. Starting flow after the cells 

have completely recovered from freezing and grown to confluence, perhaps one 

week after seeding, may prevent this problem. All these results indicate that this 

technique for forming microvessels has utility in bioengineering for generating 

microvessel networks.  

The networks resulting from this technique more closely resemble in vitro 

microvascular networks than the cellular structures created by a seemingly 

comparable technique that uses cell-covered gelatin beads,208 owing to the 

formation of distinct lumens instead of monolayers forming around voids between 

spheres and the potential to be able to adjust the diameter of the sacrificial 

structures. Similarly, the application of this technique also results in the 

approximate doubling of cells soon after seeding. Another notable work used a 

single sacrificial alginate vessel to create a channel within a microfluidic device.214 

The technique I present here, expands upon that concept to create a technique that 
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is more suited toward generating large scale microvascular networks, in a flexible 

format that can be used from frozen aliquots.  

Limitations of this method include the inability of the threads to be pipetted 

with standard pipette tips. This limitation influenced the open top design of the oval 

microfluidic device. The diameter of the threads varied along their length, though 

the threads consistent to each other in overall shape. Though this may not be a 

drawback when trying to randomly form any network, it would make it difficult to 

isolate the effects of vessel diameter on the network formation. Lastly, since the 

threads are randomly oriented within the collagen gel, there is significant variability 

of the orientation and density of structures within the sample.  

4.9. Conclusion 

This article presents a method for generating sacrificial, alginate structures 

and embedding them within collagen to speed the formation of networks of 

microvessel-like structures. The alginate threads were created using a 3D printed 

coaxial extruder and syringe pump; a simple method that is easily transferrable to 

other labs and flexible for others to tailor to their needs. The encapsulated cells 

retained viability within the alginate threads after encapsulation and after freezing. 

The flow loop and microfluidic device create a solid platform for studying in vitro 

tissues under recirculating flow. Experiments confirmed that the cells within 

alginate structures survive better than randomly seeded cells under static 
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conditions with limited access to media, indicating that this technique could be 

useful in bioengineering applications with low levels of diffusion. The methods and 

tools presented here will contribute to the development and scale-up of lab-grown, 

vascularized tissues.  

4.1. Summary of innovation 

There are several key innovations within this project and I wish to highlight 

two of them. The first is the 3D printed coaxial extruder, which made it easier to 

prototype and use than a coaxial system of glass rods, for example. Additionally, 

since this 3D printable material was autoclavable and biocompatible, it was 

particularly suited to this application. The second innovation I wish to highlight is 

the open-top design of the microfluidic device, which allowed the addition of the 

alginate threads, which were too large to be pipetted with a standard pipette tip, 

and later allowed the device to function as a model for an air-liquid interface (see 

section Use of the oval device as an air-liquid interface for lung cells6.4.3). This 

innovation also makes this device compatible with micropatterned crypts and villi.  
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Chapter 5 

Crypt-villous patterning 

The crypt-villous microarchitecture is a vital component of intestinal 

physiology. Establishing intestinal epithelial monolayers on top of micropatterned 

hydrogels in vitro is an approach that investigators have used to create stem cell 

niches within the crypts by establishing signaling factor gradients. More information 

on the importance of the crypt-villus axis can be found in background chapter 2.5.2. 

Here, I present two methods for micropatterning crypts and villi at physiological 

scale: a direct physical patterning method and a light-based method for 

photocrosslinkable materials. 

5.1. Collaboration 

The projects in this section are largely my work. Under my direction, my 

undergraduate trainee Linda Liu made significant contributions to the prototyping 

of the mold and the generation of patterns for the hexagonal photomasks, which are 

more physiological, despite not being featured as a test print. 
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5.2. Light absorber free hydrogel patterning  

The purpose of this project was to generate crypt-villous patterns in very soft 

hydrogels. The intestinal mucosa is very soft compared to most hydrogels and the 

cells display different properties on soft gels.156 In normal stereolithography (SLA) 

or digital light processing (DLP) printing, structures are printed upside down and 

attached to a build plate that raises and lowers the print into a bath. The bottom of 

the bath is often made of Teflon film and as a result there is significant separation 

force involved when changing layers. Additionally, the structure must be able to 

support its own weight as it is raised and lowered.  

Fine structures of very soft hydrogels are too delicate to withstand 

separation forces, so a process applied to create structures from very soft hydrogels 

had to be much gentler than SLA or DLP 3D printing. To this end, I sought to 

eliminate the need for force between the structure and a build plate or bath surface. 

I used a process that is an inverted version of classic photolithography.  

Classic photolithography is commonly used to prepare master molds for 

microfluidic device fabrication. In this process a silicon wafer is spin coated with a 

photopolymer substrate then exposed to a UV light is partially blocked by a 

patterned photomask. This process creates a pattern from the top-down. In the 

inverted version of photolithography that I am describing here, the light source is 

behind the surface supporting the substrate (the silicon wafer or the glass slide) 

This process is illustrated in Figure 5.1. For layers following the first one, the 
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patterned light would also shine through the previous layers. For some structures of 

interest, this would be a problem, but in the case of crypt-villus structures, there are 

no overhanging structures to create unwanted crosslinking using this method. 

There is quite a bit of symmetry between the layers of crypts and villi, in that if you 

sliced the crypt-villous structure perpendicular to the villi as if to print it on a DLP 

printer, many of the layers would be identical.  

Taking advantage of the layer similarity of crypt-villous topography, I 

developed a fast way to print crypts and villi with a DLP printer by removing the 

photoabsorbers from the bio-ink and controlling the layer size by successive 

additions of material. In this manner, I was able to print one layer for the crypts, 

expose that to patterned light and then create the villi similarly (Figure 5.1).  

 

Figure 5.1  Process for stereolithography-inspired crypt-villous patterning 
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The bioink I used was 15% gelatin methacryloyl (GelMa) and Eosin-y crosslinker. 

This two-step printing process requires manual material addition, but is very 

efficient in terms of material use. A large excess of bio-ink is not needed to fill excess 

space in a bath as is common in SLA or DLP 3D printing. Furthermore, since this 

process uses white light and an Eosin-Y photoinitiator, it is arguably more 

appropriate for cell encapsulation than processes that use UV light and Irgacure as 

the photoinitiator. Initially, I used a square pattern that could be faithfully 

reproduced in the hydrogel (Figure 5.2). Subsequently I used a physiological 

hexagon packed pattern generated in MATLAB (program created by Linda Liu; 

Figure 5.1). Because this process does not require that a structure be firm enough to 

resist separation forces or remain attached to a plate, it is possible to pattern softer 

hydrogels than could be prepared with traditional light-based printing.  

 

Figure 5.2  Light-patterned crypts and villi  
Structures patterned in 15% GelMa. Field of view diameter ~1.7 mm. A) top 

down view of villi (villi diameter ~ 200 µm). B) top down view of crypts (crypt 
diameter ~100 µm). C) side view of villi (villi length ~1 mm). 
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5.3. Crypt-villous mold 

I also sought, in conjunction with intern Linda Liu, to develop a means of 

patterning crypts and villi within the oval flow device without photocrosslinking, 

i.e., using a negative mold (Figure 5.3A-B). This would allow us to culture intestinal 

epithelial cells on crypt-villus topography formed in collagen, perfuse media 

through channels on the basal side, and maintain access to the apical side. To 

accomplish this patterning, the mold would need to be patterned with a negative of 

crypts and villi. In addition, the mold would need to align precisely atop the oval 

flow device. We developed an oval shaped mold with a horizontal stabilizer feature 

(referred to in Figure 5.3 This mold can 

be consistently aligned within the oval well and will stop at a precise depth, 

preventing the mold from making contact with the glass and forcing the pattern too 

deep into the gel material. To achieve easy demolding and limit villi breakage we 

had fabricated the mold for each villus as a cylindrical hole with no top, so that the 

hole cut all the way through the depth of the mold. This made it possible for air and 

media to flow gently around each villus, minimizing vacuum formation and the force 

on the collagen. Since each villus was a hole in the mold, this design innovation 

made it easy to set the mold without trapping large air bubbles. Minimizing the 

force on the collagen structures was important, both for villus formation and for 

maintaining the integrity of the channel (Figure 5.3D-F). Even though the collagen 

channel was less than 250 microns away from the crypt-villus pattern, the channel 
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remained intact (Figure 5.3E). The drawback of this approach is that it creates villi 

with flat tops (Figure 5.3E-F). Because the crypts and villi needed to be patterned at 

their human physiological size, it was important to print the mold at an extremely 

high resolution. The Titan DLP printer was used because of its 25-micron resolution. 

With an even higher resolution fabrication method, it might be possible to taper the 

mold while leaving holes for air and media to flow through and rounding the tops of 

the villi. 

By carefully calibrating the printing parameters, we were able to print the 

mold and use it to pattern collagen to create crypts and villi shapes that were 

relatively close to physiological dimensions (~700 microns diameter and ~500 

microns length for villi, and ~200 microns diameter for crypts).   
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Figure 5.3 Crypt-villous patterning with a 3D printed mold
A) 3D schematic of an open top flow device with a patterned gel. B) crypt-
villous mold inserted into the oval flow device. C) schematics of the crypt-

villous mold including side view (top) and top down view of the mold surface
(bottom) with all measurements in mm. D) top down slice of a molded 

collagen surface (GFP tagged with NHS fluorescein) with arrows to indicate 
crypts and villi. E) side view of confocal stack, oriented along the long axis of 
the device, looking down the channel formed by the needle. F) confocal stack 

viewed top down with visible crypts and villi. 
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5.1. Summary of innovation 

I want to highlight three key innovations. The first innovation is the absence of a 

photo-absorber component in the light-based patterning. By allowing the light to 

come through the entire thickness of the gel at once, the total printing time is cut 

down, which can be important when working with devices that already contain cells 

at the time of printing. The second innovation for the light-based pattering was that 

the printing was done inverted instead of on a moving build plate. This innovation 

means that the forces that the structures experience are minimized, allowing crypt-

villus patterning of extremely soft materials. The third innovation is an 

improvement to direct molding: the cut through holes for villi. This prevented 

bubbles from getting trapped in the mold and minimized the separation force 

between the mold and the gel. The simple, direct molding process is an 

improvement over existing micropatterning techniques. 
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Chapter 6 

Design iterations and additional 
research tools  

3D printing has made it easier than ever to prototype new devices and tools 

for research. It is now possible to design new microfluidics or other tools for 

research without machining experience or commercially created photomasks. 

Design iterations can be completed in hours rather than days. 3D printed molds for 

PDMS devices can be created rapidly and for a fraction of the cost of a commercial 

photomask. Additionally, devices can be scaled to thicknesses that would be difficult 

to achieve with conventional photolithography. The recent innovation of 

biocompatible 3D printing resins creates an exciting opportunity to directly 3D print 

tools for studying cells in more physiological conditions. 3D printing devices for 

research also allows us to create with greater freedom and start to think differently 

about tools for studying cells under more physiological conditions.  

In this chapter I will present various platforms that can be used in the study 

of intestinal biology and pathology. The devices I have created focus on application 
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of flow over an epithelial surface or through vasculature and the inclusion of 3D 

collagen structures. 3D printing flow devices and microstructures can enable 

broader experimental opportunities with systems that recapitulate physiological 

mechanical stimulation along with complex geometries and microstructures.  

6.1. Collaboration 

The devices presented in the following sections were largely my designs. 

Contributions by others are noted within the relevant subsection.  

6.2. Gel patterning 

3D bioprinters are still in the process of becoming user friendly. It requires 

expertise and often multiple iterations to get a bioprinter to produce the desired 

results. For very simple shapes, such as tubes, lines, and droplets, simple droplet 

forming techniques or extruders can be a used to produce the desired shapes in a 

way that is much more accessible. This next section will focus on methods and 

extruders designed to produce gel structures of specific shapes related to 

vasculature, as well as droplet-based encapsulation for organoid culture scaling. 

These techniques make extensive use of the instant, reversible gelation properties of 

alginate and 3D printed extruders. These fast, simple methods offer tremendous 

opportunities to recapitulate select geometries useful for the scale up of organoid 

cultures and other diverse applications.  



139
 

6.2.1. Reverse spherification of enteroids 

The purpose of the reverse spherification system was to create an easier way 

to grow enteroids. Enteroids in our group are normally cultured in 30 µl drops of 

Matrigel on the bottom of an 18-well plate. The enteroids are fragmented in order to 

passage them, and then they are grown into hollow 3D spheroids in Matrigel. This 

method is labor intensive, so there was a strong desire to scale up this culture using 

suspension culture. For this purpose, I wanted to create small Matrigel capsules that 

would let us culture enteroids in suspension.  

I used a reverse spherification process whereby enteroid fragments 

suspended in pure Matrigel and calcium chloride solution were introduced 

dropwise to a bath of alginate containing a small amount (0.01%) of Pluronic F-127 

to assist the droplets in breaking the surface tension. The alginate shell that 

crosslinked instantly in the presence of calcium chloride held the Matrigel in place 

as it warmed and subsequently gelled. The alginate shell was then removed using 

alginase and the Matrigel spheroids were cultured for several days.  

The enteroids appeared to stop expanding and fill up with dead cells 

noticeably starting around two days after passaging (Figure 6.1). This outcome was 

puzzling, so a number of experiments were performed to narrow down the cause of 

cell death to one of the encapsulation components. It was determined that the 

degraded alginate was causing this problem. This cause was demonstrated by 

adding a small volume of enzymatically degraded alginate solution to enteroids in 
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normal 3D Matrigel culture conditions and observing their death after two days of 

exposure. Based on this result, I did not continue the enteroid encapsulation project.  

Interestingly, about a year and a half after I performed this study, there was a 

publication describing the alginate encapsulation of intestinal enteroids and 

organoids, and similarly they reported that the enteroids also died when in contact 

with alginate, but the intestinal organoids survived.122 Enteroids consist of intestinal 

epithelium, whereas intestinal organoids also contain nerve, muscle, and other cell 

types. Is still seems likely that the suspension culture of intestinal enteroids may be 

possible, so long as alginate is not used in the process. One possible alternative may 

be supplementing the suspension culture media with 10% Matrigel, a technique 

used in suspension culture of brain enteroids. This variation may be worth further 

investigation in the future.  
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Figure 6.1  Enteroid encapsulation  
Schematic of enteroid encapsulation process (top) and phase images of 

encapsulated enteroids over time (bottom). 
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6.2.2. Alginate thread spinning  

In this section I will discuss the design innovations that lead to the final 

coaxial extruder design implemented in the work shown in Chapter 4. The purpose 

of creating alginate threads was consistently to facilitate microvascular network 

formation. Embedding cell-containing sacrificial alginate fibers randomly within a 

gel is potentially a faster and simpler method for forming microvascular networks 

compared with most 3D printing strategies.  

I first attempted to make long threads of alginate by putting the dispensing 

needle into a spinning bath of calcium chloride on a stir plate and slowly extruding 

the alginate. Caught by the current, the alginate would be pulled into long threads. 

Though this worked well, it generated a single thread in a long, tangled mass, which 

would make consistent experiments difficult. As an aside, this approach also served 

as an excellent demonstration for high school students on lab tours since it created a 

tangible material that could be handled, and the process was easy and non-toxic 

enough to let the students engage in a hands-on activity that was relevant to tissue 

engineering. I designed a bracket (Figure 6.2D) to hold the needle at a consistent 

angle, but the velocity within different areas of the spinning bath was inconsistent 

and difficult to control. The coaxial extruder was created to provide a method for 

creating these alginate structures that could be implemented by other groups.  
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Figure 6.2  Alginate threads extruder without cross-stream  
A) labelled setup for alginate thread spinning B) alginate threads embedded 
in PEG and then dissolved and the space injected with food coloring. C) phase 

image of spun alginate threads. D) labelled setup for alginate threads 
formation with extruder. (inset: CAD image of extruder). E) alginate extruder 

with arrows indicating direction of flow of alginate and calcium chloride. 
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cables that have concentric layers of different materials. The coaxial extruder also 

has concentric layers. In this simple case, the coaxial extruder is a needle is 

surrounded by a tube larger than the outer diameter of the needle. When alginate 

calcium chloride, both flowing in the same 

direction, not immediately mixing under laminar flow conditions. Since alginate 

rapidly crosslinks in the presence of calcium chloride, this allows the formation of 

long alginate threads. I created a 3D printable part that could incorporate a needle 

for the core and included a barb connector to allow a silicone tube to be connected 

for the sheath flow (Figure 6.3).

Figure 6.3 Cross-section of extruder designs
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The coaxial design soon evolved to include a cross-stream feature, where a 

second syringe could be connected to form a stream that crossed perpendicular to 

the coaxial portion, designed to automatically cut the threads into uniform pieces 

(Figure 6.3). When a newly formed thread reaches the edge of the cross stream, it is 

quickly dragged into the cross stream and tears the thread off at the level of the 

needle because the gelled alginate structure is now moving faster than the alginate 

behind it can gel. The alginate threads formed using this process had non-uniform 

thickness, thinning toward the tail of each thread, but had an average thickness of 

330 ± 100 µm (Figure 4.1). This is the extruder design that was used in the paper in 

Chapter 4. The length of the threads scaled with the distance from the tip of the 

needle to the cross flow. Shorter threads could be produced by making this distance 

smaller. The diameter of the threads could be modulated by adjusting the flow rate 

of the alginate, with thinner structures being produced at lower flow rates.  
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6.2.3. Hydrogel tube extruder  

The purpose of this project was to produce multi-layered gel constructs that 

could be used in a variety of applications, such as miniaturized intestinal models or 

large-scale vasculature such as coronary artery grafts. To advance the larger goal of 

generating vascularized intestinal models, I investigated the development of larger 

gel structures that would complement the alginate threads work. Whereas the 

alginate threads were developed to form a rapid vascular network structure, the 

hydrogel tube extruder was designed to create a larger structure.  This project was 

designed with the idea that the construct would be fabricated in an operating room 

with a slurry of patient venous tissue that was unsuitable for use as grafts and a 

disposable coaxial extruder.  

Towards this goal, we designed a multi-layered coaxial extruder (Figure 6.4A, 

B).  
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Figure 6.4  Hydrogel tube extruder  
A) CAD model of multi layer extruder. B) successive prototypes of the extruder 

and the syringe holder. C) Multi syringe holder (right) with yellow alginate 
and coaxial nozzle (left) set up in CaCl2 bath. D) single-walled alginate tube 

with green-dyed alginate. 
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To provide a well-recognized vascular structure as a design goal, we focused 

on fabricating an alginate structure that would approximately match the dimensions 

of a coronary artery and produce a length of around 5 cm. The extruder was 

designed to create three total layers. The innermost and outermost layers were 

intended for the delivery of a calcium chloride solution, which was used to crosslink 

the alginate extruder from the layer in between to form a tube (Figure 6.4D). There 

are three layers and four barb connectors in the extruder because the outermost 

layer needs two barb connectors to deliver the increased volume of calcium chloride 

(Figure 6.4A). The connectors that deliver solutions to the inner layers extend 

through the outer layers but are narrow enough in diameter and located a sufficient 

distance from the opening of the extruder that laminar flow of the outer layer 

solutions is not affected (Figure 6.5).  
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Figure 6.5 Hydrogel tube extruder cutaway diagram 
Outer calcium chloride inlet (1 of 2). B) Inner calcium chloride inlet. C) 

Alginate inlet. D) Outer calcium chloride inlet (1 of 2). 
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This project was conducted together with my laboratory interns. Diego 

Gonzalez made many improvements to the design, notably adding a series of raised 

dots (not pictured) to indicate the different extruders. It was important to number 

the extruders since the layer to which they were connected was inherently hidden 

by the extruder design. These dots were considered a clearer way to indicate 

numbers on 3D printed extruders than letters of small sizes because they would be 

less dependent on the printer resolution to come out clearly and could be felt by the 

user. Cassidy Andrichik also made improvements to this design, with her main 

contribution being the design of a 3D printed holder to make it easier to position all 

time (Figure 6.4C).  

Although there were significant improvements in the design of the coaxial 

microvessel extruder, this project was discontinued due to inconsistencies in gel 

thickness and extrusion shape (Figure 6.4D) and the availability of alternative 

technologies.  
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6.3. Open channel devices 

Many tissues experience some type of flow or shear stress. The endothelial 

cells experience the flow of blood through the blood vessels. Food (chyme) and 

liquids flow over the surface of the small intestine. When designing devices to mimic 

physiological microenvironments, this is an important force to consider. Creating 

devices to recapitulate physiological shear stress or flow is technically challenging. 

Two of the most significant challenges are combating leaks and preventing the 

introduction of bubbles during assembly. Leaking of media from a device can create 

a way for bacteria to contaminate an experiment or ruin the experiment outright. 

Leaking of air into the device can create similar problems with contamination and 

can also influence the effectiveness of pumps. Bubbles can kill cells and block flow 

from moving through small channels. These three devices were early design 

iterations towards addressing these issues.  
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6.3.1. Transwell trough 

The Transwell trough system consisted of a long trough, designed to hold 

four Transwells, and a lid with tubing ports to connect to a system for driving flow 

(Figure 6.6). The purpose of this device was to simulate flow between intestinal 

sections. Different sections of the intestine are affected differently by bacterial 

infection (more information about how the sections of the intestine differ can be 

found in Section 2.5.2). I theorized that intestinal cells from different sections 

communicate across the apical side and basolateral side. This device would allow 

biologists to simulate the different sections of the intestine having bacteria travel 

from one section, downstream to the next. With the cells on the other side, such that 

there could be transport between the basal side (underside) of the cell monolayers, 

it would be possible to see the effects of bacterial infection in one section on the 

other sections through the basal side connection. The design criteria for this device 

were that it would facilitate the connection of four different types of cells and 

include unidirectional flow, to facilitate the application of shear stress on the cell 

monolayers and carry signals from upstream to downstream cell types. Transwells 

were chosen to hold cells because they have been extensively used in the literature 

and a trough was chosen as a design to facilitate unidirectional flow. 
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Figure 6.6 Transwell trough
A) Schematic of Transwell trough. Media is shown as a part of the model to 

indicate the space it occupies within the device. B) Early Transwell trough PLA 
prototype hooked up to flow of peristaltic pump. C) Transwell trough with lid 
printed in resin, hooked up to flow in an incubator. D) Transwell trough with 

lid removed. E) Series of frames in a video over the course of two minutes 
where ink was introduced to the bottom of the inlet side of the Transwell 

trough. Series clearly shows flow under the bottom of the Transwells. Last 
frame is with Transwells removed.  
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This device was designed to facilitate flow under the Transwells. The lid 

maintains the sterility and provide ports through which flow could be introduced. A 

peristaltic pump brings flow to the inlet and actively pump it from the outlet. 

Alternatively, two syringe pumps could be used to generate non-recirculating flow. 

If it was desirable to apply shear stress to cells, they could be grown on the bottom 

of the Transwell, or if not the cells could be grown on the top side of the Transwell. 

Early experiments with dye showed that there is substantial flow through the device 

and under the Transwells. In these experiments, printer ink was introduced to one 

side of the well and the pump was run to drive flow originating from the ink side. 

The ink was visible moving underneath the Transwells (Figure 6.6E). This 

distribution of ink was not driven by diffusion, because when the pump was 

stopped, flow of ink stopped as well. It is likely that this particle-based ink was too 

heavy to quickly diffuse through the water without being driven by the flow.  

This device was created to be simple to use, even for people with no prior 

experience with microfluidics. This device, being an open channel design, it is 

extremely easy to set up because the user does not need to be careful to avoid 

introducing bubbles. Features of a device specifically designed to prevent the 

introduction 

take advantage of the difference in density or hydrophobicity of between the air and 

the liquid to remove air from the system. In this case, the bubble trap is inherent in 

the device, since the main chamber is not sealed against the air escaping and the 

bubbles have ample space to surface without disturbing the cell monolayers. The lid 
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fits like the lid of a petri dish, in that it does not fit tightly to the device but has 

clearance between the sides and a lip that mimics the design of a petri dish. Despite 

not being sealed this design should maintain sterility. The lid also features barbed 

connectors that allow the easy connection of silicone tubing. This relatively large 

silicone tubing is easier to use than the smaller Tygon tubing used in the mPC 

(millifluidic perfusion cassette) described in Chapter 3 or the small flexible tubing 

that is used in the oval flow device described in Chapter 4. The ends of this tubing 

must be pressure-fit into the PDMS, and their small size makes this difficult. In the 

case of the small flexible tubing, a pipette tip must be used to wedge them into place, 

which takes practice. In contrast, connecting silicone tubing to a barbed connector it 

is much easier to slip the large silicone tubing over a barbed connector. As shown in 

Figure 6.6A, 3D printed tubes extend from the barbed connectors, ending a short 

distance from the bottom of the trough. This extension is intended to produce 

laminar flow near the bottom of the channel.  

Prototyping has been made cheaper and easier by 3D printing. When 

prototyping large devices, like the Transwell trough, researchers may consider the 

relative cost of different 3D printing methods. Due to the higher cost of the resin and 

the size of the device, the Transwell trough was first prototyped in PLA to verify that 

the dimensions were correct. The resin was thoroughly crosslinked with the bright 

light crosslinker in the Biomaterials Center. This step is extremely important 

because uncrosslinked resin is vastly more toxic than its crosslinked form.217 Though 

the cells would not be growing directly on the resin material, uncrosslinked 
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components can still leach out of the material into the media and reach the cells, so 

this step remains important even in this case. 

Once the Transwell tough was printed in resin and crosslinked, my 

collaborator Hannah Carter (Baylor College of Medicine  Maresso Lab) was able to 

grow enteroids on the top and on the bottom of the Transwell inserts in this setup. 

The successful formation of monolayers of this sensitive cell type indicates the non-

toxicity of fully crosslinked resin. She was also able to use the system for a bacterial 

infection experiment and saw that few bacteria were able to adhere to the 

monolayers, though it was unclear whether this was due to gravity, flow, or some 

other reason, such as an antibacterial effect of the resin. More work will need to be 

 

Future work on this device should include flow modelling to evaluate how 

the flow rate influences the shear stress on the bottom of the Transwells. I believe 

that this design will have a maximum recommended flow rate, beyond which the 

resistance of the media passing underneath the Transwells would cause the media 

to build up on the inlet side and the wells would overflow.  The risk of overflow 

could be minimized by having the trough fit tightly around the sides of the 

Transwells or by increasing the distance from the Transwell to the bottom of the 

trough. Despite being driven by a pump, the open nature of this design means the 

flow is gravity-driven. It may be possible to enhance the flow rate by placing the 

device at an angle and running the pump, but this configuration would require extra 
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care to keep all wells under the media surface because the surface tension on a 

bubble can damage a cell monolayer. A simulation could also be used to determine 

how much fluid mixing (turbulence) is present in the system. Based on pilot 

experiments with printer ink, the flow under the wells appears to be laminar. If 

mixing were desired, it would be trivial to introduce a series of posts to create 

mixing conditions at the beginning or end of the device. The simplicity and user-

friendliness of this device make it a good candidate for continued experimental 

applications.  
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6.3.2. Crescent flow device 

The crescent flow device was designed based on the need for a compact 

system that could be used to control the flow of fluid over cells in a manner that also 

allows for live cell imaging (Figure 6.7). Laminar, recirculating flow was desired, 

since the laminar flow is easier to replicate and would separate the effects of flow 

from the effects of turbulent flow. Since the target shear rate was relatively low (2-5 

× 10 3 dyne cm 2  mimicking the mPC experiments), the system could achieve this 

flow rate without sealing and pressurizing. The system was designed to run 

set up because it would eliminate any potential bubble problems. Recirculating 

media would lead to a better static control, by assuring that the application of flow 

was not tied to greater access to fresh media. A 6-well plate was chosen to contain 

the flow device because it would allow imaging without ending the experiment or 

risking contamination.  
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Figure 6.7 Crescent flow device. 
Top-down view of a 6-well plate, with the center of the top middle row 

blocked by the crescent shape. A dotted orange line denotes the space where 
the cells would be grown. Inset: 3D printed center blocker (left) and aligner 

(right).  
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In addition to simplifying the application of flow over a monolayer of cells, 

size was also an important consideration. A device with a small overall size would 

help facilitate many experiments in parallel. For this reason, the system was 

designed to fit into a single well of a 6 well plate, allowing up to six experiments to 

be run on the same plate. The growing area for cells was designed to be 

approximately the area of a 96-well because, at the time, the enteroids grew best in 

small areas and it would match the size of the mPC wells. Additionally, a small well 

size would make it possible to conserve expensive cell types.   

To meet these constraints, I designed a crescent-shaped piece would be 

rigidly attached to the center of each well in a 6-well plate. Initial prototypes were 

3D-printed with PLA, but since PLA performs poorly in warm, wet, biological 

conditions, it was planned to make future versions with Dental SG or a similarly 

compatible photopolymer. The hole in the interior of the crescent shape houses a 

pair of magnetic bearings. When the well is filled with liquid and placed on a stir 

plate, the bearings spin and generate a current around the well. Cells could be 

introduced into this device by either (i) blocking the channel to create a small well 

opposite the stir bar or by (ii) ensuring that only the area opposite the stir bar 

received tissue culture treatment (which would drive cells to grow on only that 

section).  

This project was conducted together with my undergraduate trainee, Linda 

Liu, who fabricated the initial prototype (Figure 6.7) and designed a tool to help 
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position the crescent pieces consistently. She also attempted to create a compact 

system of electromagnets to spin the stir bar and drive flow through these devices. 

Most stir plates spin a magnet with a motor, but this consists of attaching magnets 

to a motor made of more magnets and then spinning those with an electric coil, 

creating unnecessary bulk. In place of a motor attached to a magnet, an array of 6 

electromagnetic systems could be used to drive all the stir bars at independent 

rates. In theory, this compact system of electromagnets could have been customized 

to allow the device to fit into a microscope and allow simultaneous imaging and 

flow. Unfortunately, the attempts to create this electromagnet device was not 

successful, so this design was ultimately abandoned in favor of the oval flow device 

described in the next section. 
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6.3.3. Upright unified pump chip  

The purpose of the upright unified pump chip was to model the small 

intestinal architecture in profile along the crypt-villous axis and allow for live 

imaging along this profile view. To reduce the complexity of the device and 

eliminate risks of leakage or bubbles from attachment points, this chip was designed 

to unify the pump with the chip and include an additional bubble trap to prevent 

bubbles from entering the model section. The model section was designed to allow 

the creation of a perfusable, vascular channel under a 2.5D representation of the 

intestinal epithelial microarchitecture, for example a single row of alternating crypts 

and villli. Since the device consists of PDMS plasma bonded to glass, light-based 

imaging or patterning would work well through the glass side. The top of the model 

section was designed to allow the user easy access to the cells for sampling media 

from the apical side or adding infectious agents without disassembling the device.  

The resulting self-contained system/chip consisted of a cell culture chamber, 

a pump, a bubble trap, and a media reservoir. Starting at the chamber designed to 

contain a hydrogel and cells (Figure 6.8B), the media would move through a pump, 

then to a bubble trap before returning to the cell chamber (Figure 6.8A).  
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Figure 6.8  Upright unified pump device  
A) Schematic of device chamber, showing the location of intestinal cells on a 
monolayer and a microvascular network with a central channel. B) Device 

schematic showing the parts of the upright unified pump chip. C) Pump set up 
for holding millifluidic chip upright unified pump chip (inset: bearing head of 
the motor viewed through the on-chip pump). D) PLA device mold. E) Dental 
SG molds printed on a Form 2 parallel to plate (left) and on support at a 45 

degree angle (right). F) CAD version of alternate standalone model chamber. 
G) food colored gelatin illustrating the different parts of the standalone model 

chamber.  

 

 

 



164
 

This concept was very similar to what the Lutholf group later published in an 

elegant paper.157 As a proof of concept and a visual aid, a simplified device with only 

the chamber was fabricated (Figure 6.8G) and filled with colored gelatin to illustrate 

the positioning of the collagen gel with vasculature (blue) and the intestinal layer 

(red). 

My plan was to fabricate this unified chip using PDMS. I tested several 

methods for creating the PDMS mold including printing the negative in PLA (Figure 

6.8D) then gluing it to glass, and printing the negative using a heat-resistant SLA 

printing resin (Figure 6.8E), so it could withstand baking and finish curing PDMS 

part in an hour rather than a day. I attempted to print the part at a 45-degree angle 

(Figure 6.8E right), but there was warping in the mold and so I decided to print it 

directly on the build plate (Figure 6.8E left), which produced a flat mold. PDMS did 

not cure properly in these molds, perhaps due to interaction between the PDMS and 

components of the resin that dampen crosslinking.  

The pump portion was designed to be like a peristaltic pump that was 

squeezed as it was compressed by rotating bearings (Figure 6.8C inset). This pump 

design turned out to have been previously published and has been commercialized 

as Takasago Fluidics. I assembled a 3D printed frame and housing for a motor that 

was driven by an inexpensive Bluetooth chip (Figure 6.8C). Although the self-

contained aspect of this chip was considered to be a positive, I ultimately chose to go 

in a different direction because of difficulties in designing a frame (Figure 6.8C) that 
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could apply sufficient pressure to work the pump and in developing a means of 

plugging the top to allow easy imaging while preserving sterility of the device.  
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6.4. Variations of the oval flow device 

Several of the devices I created involved a 3D hydrogel component and 

microfluidics to facilitate the introduction of flow. This design configuration was 

developed to recapitulate the concentration gradient between the mesenchyme and 

the epithelium or the bed of vasculature upon which the epithelium sits, which are 

important elements of intestinal physiology. The devices were designed with cell 

monolayers cultured within tubes or upon 2D areas of significant size, with the goals 

of minimizing edge effects in future permeability studies and preventing monolayer 

peeling, which poses a problem for long term experiments.  

This next section contains devices related to my final open-top oval flow 

device (as presented in Chapter 4). Several of the devices described here are 

previous steps in the evolution of this design, such as the parallel channels device or 

the cylindrical device, whereas other devices are offshoots of the ultimate design, 

such as the PDMS channels device or the air-liquid interface configuration. The 

objective of all these devices was to facilitate the co-culture of endothelial networks 

and epithelial monolayers.  
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6.4.1. Cylindrical cuvette 

An early design for the two-channel device was developed with a cylindrical 

 (Figure 

6.9). The purpose of this design was to create a homogeneous environment around a 

pair of tubes that could be coated with endothelial or epithelial cells. This design 

increased the distance between the hydrogel and a glass or PDMS surface, negating 

the mechanical effects of a nearby stiffer substrate. This design was developed 

before the design of the parallel channels device (Section 6.4.2) and the oval flow 

devices described in Section 6.4.3 and Chapter 4. 
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Figure 6.9 Cylindrical cuvette device. 
A) Three prototype cylindrical devices showing one channel (top), two 

parallel channel (mid), and no channels (bottom). B) Flow setup of device 
including second glass tube that functions as a bubble trap. C) Syringes 

showing method of loading device with collagen (left) and media filled needle 
to form central channel (right). D) magnified image view of cylindrical device 
in panel C. E) Entire flow loop as partially shown in panel B. Two white braces 
on left hand side show where the loop is to be attached to a peristaltic pump.
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To prepare this culture system, a 6 mm inner diameter glass tube was cut to 

approximately 2 cm. End caps were 3D printed and provided access to the tube 

center with two barb connectors. To form a central channel, a needle was inserted 

into one end and the device was filled with collagen from the other end. The device 

was then wrapped with ice for 15 minutes to slow the collagen gelation and 

encourage larger fibers to form, resulting in collagen gels that are more optically 

transparent. The device was limited to 2 cm long because of the length of available 

needles and constraints of the microscope.  

Unfortunately, the ability to image the system proved to be a major hurdle. 

There is a light sheet microscope at Baylor that theoretically could have been used 

image this device; however, to be imaged successfully, the glass needed to be much 

thinner, which would make the device very fragile. Since the device requires a 

specialized microscope, it could not be easily checked to monitor the culture 

progress. This project was abandoned due to these imaging constraints. 
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6.4.2. Parallel channels (oval flow device) 

The first iteration of the oval flow device contained either a single channel or 

two parallel channels and was designed to facilitate permeability studies between 

endothelial and epithelial monolayers as well as single-channel controls for these 

experiments. The design goals were to have both types of cells growing in 

monolayers on a 3D gel and to have flow over the monolayer surfaces. I created this 

flow device design and planned to insert two needles to create parallel channels 

within the gel. One channel would be coated with intestinal epithelial cells and the 

other with endothelial cells (Figure 6.10). By having the channels in parallel, it 

would be possible to study transport between them. This device was the basis for 

the later work in Chapter 4. 

 

 

Figure 6.10 - Schematics of the single and double channel devices 
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Figure 6.11  Endothelial cells on collagen channel 
A) phase (top), native GFP (mid), and dead stain (bottom) images of a channel 

containing HUVECs on 5 mg/ml collagen and cultured for 24 hours before 
imaging. B) representative mold (needle not shown). C) representative device 

with closed top. Note that versions hooked up to flow had 2 mm punches 
instead of 5 mm holes on either side.  

 

Although I had limited success coating the channels with endothelial cells 

(Figure 6.11), there were problems with getting the enteroids to coat the channels. 

In one case, the enteroids grew successfully on the PDMS, but not on the collagen gel 

(Figure 6.12A-C).  
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Figure 6.12  Enteroids within PDMS channels 
A) Top down schematic of device, with red boxes indicating the area of images 

B and C. B) Actin (red) and DAPI (blue) stain of jejunal (J3) enteroids on 6 
mg/ml collagen showing poor monolayer coverage. C) Actin (red) and DAPI 

(blue) stain of jejunal (J3) enteroids on PDMS in the same device showing 
excellent monolayer coverage. D) PDMS channel chips filled with media. E) 
PDMS channel chip prototype for four intestinal section sequential culture.  
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Based on that result, I prototyped a device to facilitate flow through enteroid 

tubes grown on PDMS (Figure 6.12D). By linking adjacent ports with tubing, I also 

showed that the PDMS tubes on this chip could be linked together to facilitate 

sequential culture of different cell types (Figure 6.12E). The cylindrical shape of the 

channels may have held another advantage. When epithelial monolayers are 

cultured for multiple weeks, they may begin to curl up at the free edges around the 

circumference of the well. By minimizing the free edges of the monolayer, the 

cylindrical shape of the channels in this device might have helped avoid this issue of 

mature monolayer detachment, which is a common problem in flow devices 

including the mPC. This design was put on hold to pursue other options that would 

allow access to the basolateral side of the epithelial monolayer, which is critical for 

monolayer polarization and some infection and permeability studies.   

The top of this flow device was initially designed to be closed, but it was 

changed to an open top configuration to allow for placing alginate threads into the 

system. The alginate threads are large enough to become tangled and clog a pipette 

tip, so they could not be pipetted easily. The new open-top design allowed the large 

clusters of threads to be scooped into the well with a pipette tip instead. Sealing the 

device then involved gluing a rectangular slab of PDMS onto the top of the open oval 

to form a closed device ( 

Figure 6.14). The upper surface of the collagen gel containing alginate 

threads was located several millimeters below the PDMS slab.  
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One important design feature that was developed after switching to the 

open-top design was the short indent at either end that helps hold the gel in place 

under flow. This difference is illustrated in Figure 6.13. Though the device is PEI 

coated, which helps with collagen adhesion, the extra surface area at the ends of the 

device increases the adhesion of the gel to the device when under flow. 

Figure 6.13 Oval device comparison
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Original oval device, where red line indicates cross section. B) Improved oval 
flow device with 2 mm indent. Note that cross section is the same as A. C) 

Horizontal cross section from B of the improved oval flow device with indent. 
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6.4.3. Use of the oval device as an air-liquid interface for lung cells  

The final application investigated for the oval flow device was air-liquid 

interface studies. Intestinal epithelial cells adopt a more physiological phenotype 

when cultured at an interface between air and liquid, air-liquid interface (ALI).34  

The ALI method of culture is also especially relevant for the lung epithelium. In 

collaboration with the Bao group, I cultured human lung epithelial cells on the oval 

flow device and adapted it for ALI culture. First, the collagen gel was prepared with 

a single channel, without embedded cells or cells within the central channel. Next, 

the human lung epithelial cells were seeded atop the gel and cultured for 4 days 

under media in differentiation conditions, while culture medium was flowing 

through the collagen gel at a rate of 300 µl/min. After the first four days, I removed 

the media from the tops of the gels by inserting two small needles, one connected to 

a syringe to draw out the media and the other connected to nothing to equalize the 

pressure with air. The needle holes were sealed with Locktite glue and allowed to 

dry for 15 minutes before turning the device upright and re-introducing flow. The 

side of the device was chosen for the needle insertion point to avoid marking the top 

of the PDMS in a way that might interfere with imaging. Media had to be removed 

every day because it would accumulate in the device (i.e., approximately half of the 

device would be filled after 24 h). The media in the flow loop was changed every 

two days by removing media from the conical tube reservoir and replacing it with 

fresh, warm media. At the flow rate used, it is likely that the flow was still getting 

through the gel but the resistance from the relatively small diameter channel 
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through the collagen caused pressure to build up within the device. This was 

confirmed when using needles to remove the media from the top of the collagen, 

since the media would begin to leak out of the first needle inserted. The device was 

cultured in a vertical orientation with the normal of the cell monolayer 

perpendicular to the direction of gravity ( 

Figure 6.14A). This caused two different conditions to arise within the same 

device, with one half under air and the other half under liquid for the majority of the 

time. At the end of the culture period (two weeks), the cells were stained and the gel 

was flipped over cell side down for imaging. Interestingly, it was very evident that 

the top half of the monolayer when oriented vertically was under air and the bottom 

half was under media, because the air side grew into a visibly denser monolayer ( 

Figure 6.14C).  
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Figure 6.14 Air-liquid interface device
A) Device configured for air-liquid interface (ALI) flow conditions. B) phase 
image of device after culture under liquid conditions for 4 days followed by 
partial air-liquid-interface in vertical orientation for 9 days C) DAPI stain of 

lung epithelial monolayer coating top of collagen. D) 20x image of lung 
epithelial cells on ALI (top). E) 20x image of lung epithelial cells on liquid-

liquid side (bottom).
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6.5. Summary 

This chapter has documented the iterative process of device design, as well 

as offshoot devices that have their own future uses. Techniques such as the reverse 

spherification of Matrigel for enteroid encapsulation work in theory, but unstudied 

biological features of the particular cell line prevented its success. The alginate 

thread spinning was an early iteration of the cross-stream coaxial extruder that was 

used with the final version of the work in Chapter 4. Of all of the devices described, 

the Transwell trough is likely to be used because it is the simplest and performs its 

function. Other devices such as the cylindrical cuvette, the crescent flow device, and 

the upright unified pump chip, would require a substantial amount of additional 

innovation to achieve usability.  

I want to highlight the innovation of the open-channel flow within the 

Transwell trough. The fact that this device can function seems to run contrary to 

what we know about liquid transport; one might expect the system to overflow or 

the Transwells to not experience shear flow, but we've shown that flow does occur 

and that the system does not overflow. Open-channel flow devices have the 

potential to eliminate common issues with microfluidics, the prevention of bubbles 

and leaks, and make experiments with flow simpler and more accessible.  
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Conclusions 

 

This work is progress toward a perfusable, vascularized model of the small 

intestine that recapitulates crypt-villus microarchitecture as well as other 

vascularized and mechanically stimulated tissues. I have shown that flow is useful 

for studying intestinal monolayers, under both physiological and pathological 

conditions. I presented a technique for rapidly forming networks of microvessel -

like structures using sacrificial materials, as well as two methods for patterning 

crypt-villus structures, compatible with both photocrosslinking and physical 

crosslinking hydrogels.  

Results  

The work with the mPC has demonstrated the importance of flow when 

studying intestinal epithelial monolayers in the context of infection. Bacteria form 

biofilms in this system as they do in vivo, a feature of intestinal biology that has not 

been replicated in static, well-plate cultures. Additionally, the flow refreshes media, 

bringing oxygen and nutrients to the cells, improving monolayer survival, especially 

under conditions of bacterial infection, as this the flow removes toxic bacterial 

products. The mPC was also able to replicate the physiological response of the 

intestinal epithelium to co-cultured commensal and pathogenic bacteria. This 
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system has the potential to enable longer duration studies of infection and is 

broadly useful for the study of intestinal pathogens.  

The alginate threads method has been shown to enable the rapid formation 

of microvessel network-like structures. This method was successful in encouraging 

the formation of these structures in low-media flow environments within a 

microfluidic device, where randomly seeded cells did not survive. This work 

demonstrated the ability to freeze and thaw encapsulated cells within sacrificial 

structures, which makes this technology particularly attractive for applications in 

biofabrication.  

I demonstrated two techniques to pattern crypt-villus microstructure, faster 

and easier than existing alternatives. Additionally, the light-absorber free method of 

patterning, enables the patterning of much softer photocrosslinkable hydrogels than 

traditional 3D printing. These patterning techniques are compatible with the oval 

flow device used in the sacrificial alginate microvasculature experiments, opening 

up the possibility that future experiments may combine these techniques to 

generate a vascularized model of the small intestine that includes the crypt-villus 

microarchitecture.  

Impact 

The development of the mPC represents an advance in a user-friendly 

microfluidic system for studying intestinal infectious diseases. By making it easier to 

include physiological flow in these studies, this technology could drive advances in 
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our understanding of how bacteria infects the intestinal epithelium, leading to 

better treatments for infectious diseases.  

Including blood vessels within in vitro models of healthy and diseased tissues 

will yield more physiological results that are useful for developing technologies that 

will impact many lives. The method of creating networks of microvessel-like 

structures that I have presented here may encourage wider adoption of vascularized 

tissue models. Generating microvascular networks is also a challenge in the 

engineering of tissues and organs for transplant. Since my experiments indicate that 

these sacrificial microstructures enhance cell survival in environments with 

restricted access to media this method could find uses within engineered organs.  

As 3D printing improves, becoming more reliable and user friendly, a larger 

variety of materials will be used to create vascular structures on the scale of 

microvessels. However, I believe that sacrificial structures without 3D printing will 

have a place in biofabrication because they are time efficient and technically simple 

to implement. This method of generating microvasculature could be particularly 

impactful if combined with the SWIFT bioprinting process, pioneered by the Lewis 

lab at Harvard. The failure of flow to enhance cell growth, instead resulting in cell 

death, highlights the importance of future experiments optimizing flow for culturing 

vascularized tissues in vitro. The positive effect of a high concentration of pericytes 

in co-culture with the alginate thread encapsulated endothelial cells, indicates that 
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adding pericytes may improve the vascularization of tissue models with pre-formed 

vascular structures.  

Crypt-villus architecture is critical to the physiological function of intestinal 

epithelial cells. The patterning methods presented here are easier to implement 

than previous micropatterning techniques and do not rely on direct 3D printing. 

These innovations may result in the wider implementation of crypt-villus structures 

for intestinal research that currently does not use other microfluidic devices and 

lead to more physiological results that have been difficult to observe in monolayers.  

Future directions 

While the research described in this thesis lays the groundwork for the 

creation of improved tissue models, there is still further work to be done. Notable 

challenges that would need to be addressed in the future would include the 

sustained culture of intestinal organoids on areas larger than 96 well plates. 

Additional optimization would have to be done on a collagen gel surface to ensure 

that the collagen is not activating an inflammatory phenotype. As an alternative to 

the physical molding approach, the laminin-III conjugated PEG used by the Lutlof 

group in their intestinal model157 is a promising material that would be compatible 

with the light absorber free hydrogel patterning described in previous chapters. An 

alternative light source that is better columnated would be necessary to scale this 

patterning method up, because the light source used in this proof of concept is 

angled in a way that might become problematic near the edges of a larger device. In 
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the future, xolography or other types of holographic printing may supplant this 

these patterning methods as these types of printing will be especially compatible 

with printing hydrogel structures possibly even within closed microfluidic devices. 

This may be possible by projecting a pattern with intensity below the crosslinking 

threshold into the bottom of a microfluidic device and crossing that light pattern 

with a laser sheet to crosslink a patterned plane. By moving the laser vertically, 

successive layers within a microfluidic device could be crosslinked. The main 

challenge with this would be fabricating a microfluidic device that had sides with 

suitable optical properties to maintain the light sheet. This would allow closed 

microfluidic devices to be fabricated, and though using a slab of PDMS and glue to 

seal devices does work, having the device in one piece would contribute to its 

reliability and usability.  

One immediately useful application of these crypt-villus fabrication 

techniques would be patterning hydrogels on Transwells. This would augment the 

existing popular platform of studying intestinal epithelium and may lead to more 

physiological results, especially if a concentration gradient of signaling factors can 

be established between the apical and basolateral compartments. This system could 

be combined with flow in the Transwell trough. Previous research has noted 

monolayer death when devices become choked with dead cells and this system 

would avert that problem entirely by allowing apoptotic cells to be swept away by 

gravity and flow. I believe that a patterned crypt-villus structure, cultured inverted 
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within the Transwell trough flow system would be a good future direction to take 

this research.  

The next steps to advance the goal of micropatterning should be to pattern 

crypts and villi on Transwells. Though it is a material that I never used, the Lutlof 

-III PEG would be an ideal material and an excellent alternative to 

Matrigel on top of PEG for which our lab has established protocols. Keeping in mind 

that this patterning should work on either side of the Transwell membrane, these 

patterns could be made on the underside of the Transwell inserts, making them 

compatible with flow using the Transwell trough. In this setup, the more expensive 

CMGF+ media (stem cell media) could be added to the inside of the Transwells while 

the differentiation media could be flowed through the Transwell loop. Anecdotally, 

other groups have reported improvement in cell survival when dead cells are 

frequently removed from the surface. The combination of the patterning, the 

Transwell and the stem cell factor gradient, may result in a system that can be used 

for long term (> 1 month) culture of enteroids.  

endothelial and epithelial cells. One potential direction for future work would 

examine this relationship, possibly uncovering important physiological interactions 

between the intestine and its vasculature. The simplest way to study this interaction 

would involve simple membrane transport experiments, perhaps on the system 

described in the previous paragraph. An extension of these experiments might 
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involve micropatterned crypts and villi on Transwells with a large pore size to 

potentially allow capillaries to invade the hydrogel and interact directly with the 

crypt-villus structures. This would be a step toward a truly vascularized microfluidic 

model of the small intestine.  

To sustain the high number of cells, a vascularized tissue microfluidic device 

will need to be perfused. More experiments would be needed to optimize flow to 

prevent the washout of crucial homeostatic factors or flow-mediated apoptosis. 

Introducing the flow at a later timepoint after the network has been fully 

established and seeding the central channel may help solve this problem. Though, it 

would require minor changes to the device, introducing flow on the apical side 

would have its own challenges, including how ensure that the entire area receives 

similar shear flow conditions. More co-culture experiments between endothelial and 

epithelial cells would generate evidence to support the continued innovation of this 

platform.  

As previously mentioned, enteroids cannot tolerate the presence of alginate 

or its degradation products. The mechanism behind this intolerance is unknown and 

not present in intestinal organoids, which contain mesenchyme and other cell types 

in addition to epithelial cells. Additional experiments are needed to determine 

whether sacrificial alginate techniques are compatible with enteroids culture after 

alginate degradation products have been washed out of the matrix. 



187
 

The adoption of new tools for research is a balance between ease-of-use, the 

cost of the experiment, and the value of the data generated. It is my hope that the 

tools that come from this work will not only be worth the trouble but be used 

advance our understanding of tissue engineering and biology.  
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