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This dissertation focuses on the development of innovative open microfluidic cell culture 

platforms and their application in studying intercellular signaling underlying human diseases in 

controlled ex vivo microenvironments. Chapter 1 introduces the background of open microfluidic 

capillary systems, including the design considerations and current fabrication techniques, and 

addresses the advantages of using open microfluidic cell culture systems to study intercellular 

signaling. Chapter 2 presents a new open microfluidic capillary platform, which patterns 

biocompatible hydrogel walls along a rail insert set inside established cultureware. The permeable 

hydrogel walls provide segregation for the cells and support diffusion of soluble factors. Chapter 

3 discusses a microscale collagen gel contraction assay with an engineered well plate insert that 



  

  

 

uses surface tension forces to load and manipulate small volumes of cell-laden collagen. The 

system is easily operated with two pipetting steps and the microscale device moves dynamically 

as a result of cellular forces. Chapter 4 presents an open microfluidic coculture platform consisting 

of two independent cell culture regions separated by a half wall. The cell types are selectively 

seeded into the regions and connected with cell culture media. Using the device, we show that 

human kidney tubular epithelial cells can tune organ-specificity in other endothelial cell types. 

Chapter 5 shows a preliminary asthma disease coculture model of human lung fibroblasts and 

primary alveolar macrophages using a similar open microfluidic coculture device to that described 

in Chapter 4. The preliminary cell culture result indicates that lung fibroblasts exhibit elevated cell 

contractility when cultured separately with alveolar macrophages in shared cell culture media. 

Chapter 6 concludes the thesis and proposes some future research directions and interesting 

metabolomic studies using existing or alternative open microfluidic systems. 
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Chapter 1. INTRODUCTION 

1.1 OPEN MICROFLUIDIC CAPILLARY SYSTEMS 

Microfluidics is the discipline that manipulates and controls small volumes of fluids in systems 

with at least one dimension on the micron scale [1-3]. Over the last three decades, microfluidics 

has evolved as a technology that attracts researchers in both academia and industry, which 

advances the development of life sciences and biotechnologies. Microfluidic devices enable the 

utilization of reduced sample and reagent consumption, shorter assay time, and high-throughput 

processing [4-6]. By leveraging the effects of laminar flow at microscale, microfluidic platforms 

are capable of performing experiments and studying phenomena that are unreachable using 

traditional macroscale tools [7, 8]. 

The interest of cell biologists for microfluidic technology stems from a practical point of view. 

Traditionally, coculture of cells (i.e., culturing two types of cells in shared cell culture medium) 

are performed using standardized cell culture vessels, such as culture plates and Transwell inserts 

placed inside the well plate. Such coculture setups suffer from a few limitations including the fixed 

culture configurations, the number of cultures in communication, the inability to use alternative 

surface materials required by certain cell types, and the poorly defined diffusion gradients [9-13]. 

Innovative microfluidic devices enable biologists to customize and manipulate the 

microenvironment surrounding the cells in culture, which better mimics the condition in human 

body. Moreover, the opportunity to create and test numerous individual culture conditions in 

parallel greatly improves operation efficiencies, which saves on experimental cost, labor, and time. 

However, due to the complications embedded in the fabrication techniques and operation 
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requirements, general biology labs could have problems in accessing and adopting the novel 

microfluidic platforms [6, 7]. 

Open microfluidic systems contain open air−liquid interfaces (devoid of at least one channel wall), 

which provides unique opportunities to deliver, handle, and collect biological samples at any time 

point [13-16]. In open systems, the capillary forces of the liquid in the channel drives the fluid 

flow without the need for external pressure; this is known as spontaneous capillary flow (SCF) [16, 

17]. The conditions for SCF have been well characterized, and certain channel design 

considerations have been developed, to enable the flow in an open channel. In practice, an open 

microfluidic device should be designed to allow simple operation. Since these devices do not rely 

on external actuation or pumping systems, standard tools like automatic pipettes can be deployed 

by users. Additionally, open microfluidic systems offer unique advantages over closed systems, 

including single-step fabrication (e.g., soft lithography, 3D printing, and micromilling), surface 

modification, improved accessibility, and de-bubbling, lowering the barrier of adoption by general 

biological users [14]. 

As a class of versatile and translational tools, open microfluidic systems have been developed and 

applied to a wide range of cell biological studies, including cell signaling, organotypic modeling, 

single cell culture, metabolomics, and multikingdom cell cultures [6, 7, 9-16]. By understanding 

of physics of the open microfluidic capillary forces and the advances in engineering and 

manufacturing methods, open microfluidics will continue to evolve and lead to impactful research 

discoveries. 
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1.2 DESIGN CONSIDERATIONS 

With at least one boundary removed, open microfluidic systems expose fluid to air or liquid 

interfaces with a second immiscible liquid. In open systems driven by capillary flow, the 

microchannel is designed and fabricated such that the fluid flow is driven by surface tension, 

eliminating the need for external pressure sources. This type of fluid spreading at the contact of 

wetting walls driven by capillary force is described as spontaneous capillary flow (SCF), which 

allows fluid movement and control in microscale open systems. In practice, SCF can be predicted 

by the channel wettability and cross-sectional geometry. Based on the free energy of the fluid, the 

general equations for SCF can be derived and used as a design guideline for the microscale open 

channel [16, 17]. 

1.2.1 Conditions for SCF in an Open Channel 

The analytical model of SCF in an open microfluidic system has been derived by Casavant et al., 

which describes the condition required for fluid to flow in a channel without the addition of other 

forces (e.g., pressure at the inlet port, gravity) [16]. When the channel surface is homogeneous, the 

contact angle (θ) of the liquid on every channel surface is constant, and the universal condition for 

SCF can be described as  

𝑃𝑓

𝑃𝑤
< cos(θ) 

where Pf, the free perimeter, comprises the total length of air−liquid interfaces on the channel 

cross-sectional plane at the fluid front; and Pw, the wetted perimeter, comprises the total length of 

solid−liquid interfaces on the channel cross-sectional plane. Furthermore, when the channel 
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material is heterogeneous and the contact angle of the liquid on channel surfaces are different, the 

occurrence of SCF in the system can be determined by the Generalized Cassie law [16, 17]. 

The condition for SCF sets the boundary condition for the dimensions of the channel relative to 

the contact angle of the fluid. Specifically, given the contact angle of the liquid flowing in the open 

channel (i.e., cell culture media) and the geometric relationship (i.e., aspect ratio for a suspended 

rectangular channel) the channel cross section can be determined [14, 16, 17]. 

1.2.1 Evaporation Control 

In open microfluidic systems, evaporation is a common issue due to the existence of air-liquid 

interfaces [14]. Evaporation control is critical at the microscale, as small amounts of evaporation 

can have a large impact on media volumes, shifting concentrations and chemical gradients in the 

microenvironment [18, 19]. As a result, evaporation control should be accounted for in the device 

design process. Since the loading volumes of the liquid are normally less than 100 μL and the 

sample for each replicate needs to be pipetted separately, evaporation can have great impact over 

the device loading process. Therefore, user friendly loading features need to be incorporated into 

the device design. In addition, it has been shown that encompassing an open microscale device 

inside a container with sacrificial droplets, such as pure water or phosphate-buffered saline (PBS) 

solution, can significantly mitigate evaporation [18]. When the system needs to be incubated, the 

open device can be placed inside a secondary or tertiary humidified container, such as a Petri dish, 

an Omni Tray, or a BioAssay Dish containing Kimwipes soaked in water or PBS solution. 

Consequently, the size or the shape of the device needs to be designed to be compatible with the 

evaporation control platforms mentioned earlier. 
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1.3 OPEN MICROFLUIDIC SYSTEM FABRICATION 

Choosing a suitable fabrication method is important when developing microfluidic systems. The 

commonly used techniques to fabricate traditional closed or semi-open microfluidic channels 

include micromachining, injection molding, soft lithography, hot embossing, and laser ablation [2, 

3, 5-8]. Devices can then be bonded to a flat surface using heat-based lamination, solvent bonding, 

ultrasonic or laser welding, or adhesive, to enclose the channel. While bonding methods are well 

established, they are often a very time-consuming step in the fabrication process, which can be 

eliminated when fabricating open microfluidics channels. Additionally, open microfluidics allows 

for fast prototyping using 3D printing without the need to drain uncured polymer as is required for 

closed channels. Open channel designs typically require less fabrication time and, in some cases, 

improve fabrication reproducibility [20-23]. 

1.3.1 Fabrication Techniques 

Due to the complexity involved in the interaction between cells and their surrounding 

microenvironment, creating a suitable microscale in vitro platform for cell-based studies requires 

intensive optimization of the original device design. Consequently, affordable fabrication methods 

that allow for rapid iteration through various designs are favored. 

Micromilling is a very effective method for fabricating microfluidic systems with plastics [20]. 

Specifically, computer numerical control (CNC) milling can automatically convert three-

dimensional (3D) computer-aided design (CAD) models to working prototypes, improving the 

efficiency for design iteration. Compared to stereolithography, hot embossing, and injection 
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molding, CNC milling offers advantages in start-up cost, design versatility and resolution, and 

material selection [21-23]. 

Another simple and direct method for device prototyping and fabrication is 3D printing. The open 

channel configuration reduces material consumption and printing time, and exposed channel 

surfaces allow the polymer curing to go more complete without the extra uncured polymer draining 

process required in closed channel devices. Importantly, 3D printing can achieve complex and 

detailed structures with high resolution and reproducibility within and across batches of devices 

[27]. 

1.3.2 Surface Treatment 

As an essential part of the microfluidic device preparation for cell culture assays, surface 

modifications are normally performed on the microscale channels to enhance surface wettability 

for cell adhesion and proliferation. Subsequently, hydrophilicity of the surface can affect integrin-

mediated cell signaling and mechanotransduction. From a device operation aspect, the 

hydrophilized surface facilitates SCF in the microchannel and minimizes bubble formation during 

the filling process. For PS based or 3D-printed open microfluidic systems, plasma treatment serves 

as a practical technique to prime the channel surface [28, 29].  

During plasma treatment, a source gas such as free air or oxygen is charged in a low-pressure 

environment (i.e., vacuum) by an electric current. Reactive oxygen ions are formed and interact 

with the devices in the chamber to increase the hydrophilicity of the channel surface. The plasma 

treatment is more homogeneously applied to an open channel system as every point along the 

channel surface is readily accessible [14]. A limitation of plasma treatment is the reduced shelf life 
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due to hydrophobic recovery, a reversal of the hydrophilicity of the plasma treated surface over 

time. To avoid surface deterioration and ensure device functionality, surface treatment is normally 

done on the same day of the experiment. Due to the necessity to utilize freshly plasma treated 

devices for cell-based assays, collaborations between engineers and biologists in distant locations 

may be limited if the group receiving devices does not have the ability to plasma treat the devices.  

Additionally, in vitro cell adhesion is a complex process that is affected by the presence of ECM 

proteins, such as Matrigel, collagen, gelatin or other cell culture serum. Coating the device with 

ECM protein solutions or cell culture media is sometimes required for culturing sensitive cell types 

[29, 30]. 

1.4 KEY ADVANTAGES OF OPEN MICROFLUIDIC SYSTEMS  

The configuration of open microfluidic systems offers freedom in device fabrication and operation 

along with several other advantages over traditional closed microfluidic systems and are discussed 

in this section. With careful design consideration and proper choice of material and fabrication 

method, open microfluidic devices can be easily adopted by researchers without needing 

specialized training. 

1.4.1 Pipette Accessibility 

One major advantage of open microfluidic platforms is the accessibility of the open channel, which 

enables researchers to introduce or remove reagents from the device with standard pipetting tools 

[16]. The direct access to the cell culture regions facilitates a simple workflow for media changes, 

which can save time during the experiment and minimize the risk of desiccating the cells in culture. 

Open microfluidic platforms driven by SCF do not need external pumping or tubing equipment, 
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making them portable from benchtop to benchtop and across laboratories. The air-liquid interface 

(ALI), enables air bubbles generated in the open system to escape without complex degassing 

systems [31]. Additionally, an ALI can be an important feature required in experiments or 

reactions. For example, human pulmonary epithelial cells need to differentiate under ALI to mimic 

the conditions in the lung [32]. Additionally, the distance between cell culture units in an arrayed 

microfluidic chip can be designed in accordance with the spacing between the channels of 

multichannel pipettes, further enhancing the operating efficiency. 

1.4.2 Imaging Capability 

Immunocytochemistry and fluorescence imaging are standard techniques employed in modern 

biological research to understand biomolecular properties of tissues and cells in situ. Cellular 

structures and key protein expression can be labeled with fluorescent dyes and imaged to provide 

qualitative information and essential insight for evaluating physiological features of the living or 

fixed tissues. Traditional 2D imaging normally requires the cells to adhere to a flat substrate with 

optical transparency, which can be demonstrated by standard cell culture vessels, such as cell 

culture wells and flasks. Open microfluidic devices can be fabricated from the same material as 

standard cell culture vessels (i.e., polystyrene, polyethylene, and poly methyl methacrylate 

(PMMA)) [20, 26]. 

A main advantage of open microfluidic systems is the capacity to image different cell types grown 

in a confined area. If the device provides the same plane of focus for both cell types, the operating 

efficiency and consistency can be assured without manually adjusting the focal plane for each cell 

type in the device. 
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1.4.3 Design Flexibility 

Computer Aided Design (CAD) software, such as SolidWorks and AutoCAD, are widely used to 

design microfluidic systems. The device development process can take weeks to months of design 

modification and iteration until the design is optimized and finalized. 3D CAD-based device 

designing offers great flexibility in design modification and fast prototyping, allowing researchers 

to customize the system for their own research needs. Additionally, original CAD files can be 

uploaded to online software provided by rapid injection molding companies to streamline 

fabrication of devices in large quantities. Rapid injection molding is a fabrication method that 

improves efficiency, consistency in device fabrication and lowers cost [23]. 

1.4.4 Open Microfluidics vs. Transwell Systems 

Transwell systems, which are permeable membrane inserts for well plates, have been widely used 

as a cell culture tool to study metabolic transport and other intercellular interactions in vitro. Two 

different cell types can be independently loaded into the well plate and the permeable Transwell 

support to facilitate paracrine signaling. Open microfluidic cell culture platforms embody similar 

capacities to culture multiple cell types in a shared microenvironment and offer distinct advantages, 

including the imaging capability and design flexibility discussed in Sections 2-5. Specifically, in 

a Transwell system, one cell type is seeded on the well plate bottom and the other on the porous 

membrane that sits above the well plate bottom, making it challenging to image the cell types at 

the same time. Additionally, the membrane is available in limited materials (polyester and 

polycarbonate), making it difficult to grow sensitive cell types that require a polystyrene substrate. 

Pore sizes ranging from 0.4-8 um are available. Open microfluidic systems can avoid this 
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complication by configuring segregated cell culture regions that are connected by a liquid solution, 

but that do not allow the migration of cells from one region to the other [33]. 

1.4.5 Limitations and Areas for Improvement 

Most current simple open microfluidic systems do not incorporate fluid flow during the culture 

period, but rather use capillary driven flow only in the initial loading of the device and media 

changes periodically during culture [16]. Open microfluidic systems are typically operated with a 

pipette and do not require external pumps, valves or actuation systems to generate fluidic flow, 

which enables general biological laboratories to operate the devices without training on 

complicated fluidic generation systems. However, the resulting static fluid in the open system does 

not provide the capacity of the system to address the effect of shear stress, which refers to forces 

applied parallel to a surface. For example, as blood flows along the vessel wall in vivo, endothelial 

cells lining the blood vessel wall experience shear stress from the flowing blood, which triggers 

them to release paracrine signals to adjacent smooth muscle cells and undergo highly complex 

biochemical interactions [34, 35]. The absence of fluidic flow in open microfluidic systems makes 

it challenging to incorporate shear stress in cell culture models, therefore, fully recapitulating in 

vivo conditions for investigations on diseases related to shear stress is difficult in open systems. 

Consequently, a major design challenge we seek to solve in future work is to incorporate shear 

flow in open microfluidic systems. 
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1.5 NOVEL ADVANCES OF OPEN MICROFLUIDIC TOOLS IN BIOLOGICAL 

RESEARCH 

The flexibility and functionality of open microfluidic tools have been translated to advance 

biological research. Great impact has been made in many research areas, including metabolite 

extraction, hydrogel preparation, gradient generation, cell culture on chip, and perfusion systems 

for cell culture, etc [16]. The subsections below provide an overview of the areas of interest for 

the open microfluidic platforms presented in this thesis. 

1.5.1 Suspended Gel Patterning 

For cell culture applications, hydrogel 3D fabrication and patterning techniques have been 

developed to enable capturing desired biological functions in the microenvironment, such as 

mechanical responses, organotypic function, or geometric separation. Among the established 

engineering methods, photopolymerization is a robust technique with the highest resolution (on 

the order of microns). The limitations are that the precursor hydrogel needs to be chemically 

functionalized prior to using, and therefore limits the use of native or unmodified gels to address 

biological questions; also, the photoinitiators could pose cellular damage to some cell types [36, 

37]. Inkjet and micro extrusion-based printing is another common method. During printing, the 

hydrogel encapsulating cells are exposed to shear stress going through the nozzle, which may 

damage some cell types [38, 39]. 

Alternatively, SCF flow in the open channel can be utilized as a simple but effective tool to achieve 

complex hydrogel patterning [33, Chapter 2]. To pattern hydrogel on a flat surface, we developed 

a patterning device, which in our initial work is typically a 3D printed plastic rail or a hydrophilic 
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track on a hydrophobic surface. The precursor gel solution flows via SCF without external pressure, 

and capillary pinning features constrain the pre-gel solution under the rail footprint. Specifically, 

the patterned hydrogel wall could be used to partition a well plate for coculture studies for two 

main reasons: 1) the patterned hydrogel wall provides spatial segregation for the neighboring cell 

types in the microenvironment; 2) the hydrogel wall is permeable to soluble factors, therefore, 

enabling paracrine signaling between the separated cell types.  

1.5.2 Mechanobiology 

Mechanical forces have long been recognized as fundamental drivers in biological processes, such 

as embryogenesis, tissue formation and disease regulation. Understanding the interaction between 

cells and their mechanical environment can help reveal the geometrical dependencies of certain 

cytoskeleton behavior, direct study of mechanically induced cell behaviors or deformation, or lead 

to better mimicry of tissue organization like vascularization in a confined environment [40]. 

The collagen gel contraction (CGC) assay has served as a classic tool in the field of 

mechanobiology to study cell-induced contraction of extracellular matrix (ECM), which plays an 

important role in inflammation and wound healing. In a conventional CGC assay, cell-laden 

collagen is loaded into a cell culture vessel (typically a well plate) and forms a disk-shaped gel 

adhering to the bottom of the vessel. The decrement in diameter or surface area of the gel is used 

as a parameter to quantify the degree of cell contractility [41]. Based on a similar idea, we 

developed a microscale CGC device which consists of a static and a dynamic 3D-printed part [42, 

Chapter 3]. Cell-laden collagen can be introduced into the system and a collagen bridge could be 

formed via surface tension. The microscale device moves dynamically as a result of cellular forces. 

The main advantages of the microscale CGC system include: 1) the system uses markedly less 
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collagen and cell consumption per each assay (7- to 35-fold reduction compared to conventional 

assays); 2) the system enables the capture of dynamic cell-cell interaction in real-time. 

1.5.3 Multi-Culture Platforms 

Multi-cell-type (MCT) interaction is a biological process that is responsible for vital physiological 

responses observed in vivo. Due to a lack of commercially available MCT culture tools, innovative 

multi-culture platforms are required to unravel the contributions of each cell type in the system 

[42]. Conventional micro- and macro-scale platforms for multi-culture platforms have their own 

benefits and limitations owing to their capabilities and ease-of-use. It has been a research focus to 

develop user-friendly multi-culture platforms with low biological and technical barriers. Examples 

of multi-culture platforms in the literature generally fall into two categories: 1) basic mixing of 

cells in traditional macroscale well plate; 2) engineered microfluidic embodiments that render 3D 

culture, perfusion, and compartmentalization for different cell types. The major limitation for the 

simple mixing approaches is that the mixing does not sustain the delicate control over the nature 

of the interactions (paracrine or juxtacrine signaling) or patterning of cell-types, and therefore 

makes it inherently difficult to rationalize changes within the complex mixture. The major 

limitation for adopting the microfluidic tools is the additional complexity in the experimental setup, 

which includes specialized equipment such as microfluidic control systems [43, 44]. 

To reduce the complexity involved in the microfluidic multi-culture embodiments, we developed 

an open microfluidic coculture system, where two adjacent cell culture regions are separated by a 

half-wall, and cell culture media can be added atop the wall to initiate paracrine signaling [45, 

Chapters 4, 5]. The design configuration can be easily customized to adjust the area and volume 

of the culture chambers or incorporate more cell types into the culture system. We envision that 
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such simple and flexible multi-culture platforms could also become a potential tool to create in 

vitro modular, multikingdom culture systems that can be used to study soluble factor signaling 

between mammalian cells, bacteria, and fungi to address more sophisticated biological problems 

[45, 46]. 
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Chapter 2. UPGRADING WELL PLATES USING OPEN 

MICROFLUIDIC PATTERNING 

This chapter is mostly adapted from the original publication: Berry, S. B.;‡ Zhang, T.;‡ Day, J. H.; 

Su, X.; Wilson, I. Z.; Berthier, E.; Theberge; A. B., “Upgrading well plates using open microfluidic 

patterning.” Lab Chip, 2017. 17, 4253. DOI: 10.1039/c7lc00878c (‡ indicates equal contributions). 

2.1 ABSTRACT 

Cellular communication between multiple cell types is a ubiquitous process that is responsible for 

vital physiological responses observed in vivo (e.g., immune response, organ function). Many in 

vitro coculture strategies have been developed, both in traditional culture and microscale systems, 

and have shown the potential to recreate some of the physiological behaviors of organs or groups 

of cells. A fundamental limitation of current systems is the difficulty of reconciling the additional 

engineering requirements for creating soluble factor signaling systems (e.g., segregated cell culture) 

with the use of well-characterized materials and platforms that have demonstrated successful 

results and biocompatibility in assays. We present a new open microfluidic platform, the Monorail 

Device, that is placed in any existing well plate or Petri dish and enables patterning of segregated 

coculture regions, thereby allowing the direct upgrade of monoculture experiments into 

multiculture assays. Our platform patterns biocompatible hydrogel walls via microfluidic 

spontaneous capillary flow (SCF) along a rail insert set inside commercially available cultureware, 

creating customized pipette-accessible cell culture chambers that require fewer cells than standard 

macroscale culture. Importantly, the device allows the use of native surfaces without additional 

modification or treatments, while creating permeable dividers for the diffusion of soluble factors. 

Additionally, the ease of patterning afforded by our platform makes reconfiguration of the culture 
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region as simple as changing the rail insert. We demonstrate the ability of the device to pattern 

flows on a variety of cell culture surfaces and create hydrogel walls in complex and precise shapes. 

We characterize the physical parameters that enable a reproducible SCF-driven flow and highlight 

specialized design features that increase the ease of use of the device and control of the open 

microfluidic flow. Further, we present the performance of our platform according to useful 

coculture criteria, including permeability and integrity of our hydrogel walls and surface-sensitive 

cell culture. Lastly, we show the potential of this type of platform to create modular multikingdom 

culture systems that can be used to study soluble factor signaling between mammalian cells, 

bacteria, and fungi, as well as the potential for adaptation of this technology by researchers across 

multiple fields.   

2.2 INTRODUCTION 

Modeling soluble factor signaling between human cell types and across cells, bacteria, and fungi 

is essential for studying organ function and disease mechanisms. A powerful approach in modeling 

this type of signaling utilizes systems that physically separate cell types yet permit soluble small 

molecules and proteins to diffuse and perform their signaling mechanism. This can typically be 

accomplished using engineered systems such as Transwell inserts or innovative microfluidic 

platforms. Both approaches have been enabling for soluble factor signaling and coculture studies, 

but are fundamentally limited in that they require specifically engineered systems, limiting their 

versatility and transferability – two important aspects we build upon. For established assays to be 

compatible with engineered microsystems, the assays must be adapted to match technological 

requirements that differ between established cultureware and engineered microsystems (e.g., 

accessibility, workflow for changing media, device material, cell culture surface treatments). In 
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contrast, we aimed to create a segregated culture device to study heterotypic cellular 

communication that can simply be inserted into existing culture systems (e.g., well plates) to 

enable facile augmentation of an established monoculture assay without significant alterations of 

experimental protocols. We propose a method to perform segregated multiculture and signaling 

studies through the creation of a hydrogel-wall network patterned using open microfluidics in a 

well plate-compatible insert. 

Cell cocultures have been used to recapitulate specific aspects of in vivo cellular signaling 

phenomena, providing insight into complex physiological systems (e.g., organs, immune response) 

[1]. Specifically, segregated coculture, in which cell types are physically separated but are still 

able to communicate via diffusion of signaling molecules, can capture dynamic, reciprocal 

signaling between cell types [2, 3] and isolate the effects of soluble factors from the effects of 

heterotypic contact that include juxtacrine signaling pathways and cell stimulation [4, 5]. 

Segregated coculture methods are widely available as commercial Transwell inserts which are easy 

to use and integrate with standard culture plates [6, 7], but are limited by fixed culture 

configurations, the inability to tune the size of the culture regions, the number of cultures in 

communication, the use of alternative surface materials (e.g., PC, PET, PTFE), poorly defined 

diffusion gradients that rapidly decay [8, 9], and the inability to culture multiple cell types on a 

single surface. 

Alternatively, researchers have turned to custom engineered microfluidic systems for segregated 

coculture, as these systems can provide precise control over cell culture environments, require 

fewer cells, and can be tailored to mimic physiological conditions [10-20]. These engineering 

approaches have generated effective and creative segregated coculture platforms, using techniques 
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such as hydrogel patterning and laminar flow patterning for precise cell seeding and microchannel 

systems for the isolation of soluble factor effects in complex cocultures [5, 21-26]. For example, 

Hui et al. [27] created a reconfigurable, interdigitated coculture system that permitted precise 

temporal and spatial manipulation of coculture. In addition, Lee et al. [28] fabricated a 

micromolded polydimethylsiloxane (PDMS) device that utilized flow along a rail to pattern gels 

and selectively seed cells and microbes. Similarly, Patel et al. and others created hydrogel-based 

barriers that selectively manipulate the chemical and temporal signaling, as well as movement, of 

cell types in coculture [29-32]. Further, Carney et al. [26] utilized a dual-chambered polystyrene 

(PS) microfluidic device that allowed transport of signaling molecules through diffusion channels 

connecting the segregated chambers. These examples represent impressive endeavors to create 

simple engineering solutions for difficulties associated with segregated coculture, yet they remain 

limited. Many of these approaches [3, 5, 13-17, 19, 22-24, 28-32] use PDMS, which has been 

shown to absorb small molecules [33,34] while others use enclosed culture chambers [24, 26, 28], 

which are only accessible from the inlet/outlet ports, and have not demonstrated compatibility of 

their platforms with unmodified commercially available tissue-culture surfaces [26, 28]. These 

customized microsystems are a valuable alternative to commonly used methods and provide 

important insight into physiological interactions that cannot be easily examined in traditional 

cultureware. However, despite the remarkable push towards simplifying complex cocultures with 

these engineered systems, integration of custom microsystems with established cultureware 

remains difficult. Commercially available well plates and tissue culture treated (TCT) surfaces are 

easy to handle and use, have been validated through decades of experimentation, and are familiar 

to biological laboratories [35]. Further, production of cell culture-treated surfaces is a technically 

challenging and labor-intensive process that has been optimized by industry through decades of 
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effort. Therefore, there exists a need for an easy-to-use tool that provides investigators with the 

flexibility to upgrade their model with multiple cell types while maintaining optimized 

experimental materials and methods.   

We developed a segregated coculture technology, called the Monorail Device, that integrates with 

established cell culture methods and enables the partitioning of cell-culture surfaces in 

commercially available well plates by flowing biocompatible hydrogels to create hydrogel walls. 

Importantly, the Monorail Device upgrades simple monoculture assays by adding any number of 

additional cell-culture wells in controlled configurations on the same plane. Our method builds 

upon previous work in open microfluidics by incorporating spontaneous capillary flow (SCF) 

along an open microfluidic channel comprised of a plastic ‘rail’ insert (channel ceiling), the well 

plate (channel floor), and two open air interfaces (channel sides) [28, 36, 37]. This type of flow 

allows the easy patterning of hydrogel and its polymerization, thereby creating permeable cell 

culture regions. Additionally, the incorporation of SCF as the mechanism of flow eliminates the 

need for external pumping systems during the hydrogel wall fabrication process. Our platforms 

are insertable into individual wells, similar to Transwells inserts, and easy to use, as gels and cells 

can be applied in open wells by simple pipetting. The accessibility to cell culture areas is a key 

design consideration of the platform; the open chambers and channels demarcated by the hydrogel 

walls do not have a ceiling and as such are pipette accessible from the top. Thus, cell seeding, 

media changing, reagent addition, and the removal of media for endpoint analysis (e.g., enzyme-

linked immunosorbent assay (ELISA), liquid chromatography-mass spectrometry (LC-MS)) can 

all be achieved by pipetting directly into the culture regions from the top, just as in a traditional 

well plate. Additionally, the use of open microfluidics (i.e., simple ‘rail’ insert) enables 

straightforward rapid prototyping via 3D printing [38, 39] for platform design and injection 
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molding (Figure 2.11) for scale-up and reproducible use in biology research environments. We 

demonstrate the application of our Monorail Device by patterning hydrogel walls onto multiple 

different surfaces and characterizing the integrity, permeability, flow, and dimensions of the wall. 

We detail specific design features that improve function within the device and increase the 

versatility of our design. Importantly, our device can be easily integrated into biological 

laboratories to fulfill a range of experimental needs, including multikingdom coculture, small 

molecule diffusion, and surface-sensitive cell culture. 

2.3 MATERIALS AND METHODS 

2.3.1 Devices 

Devices were fabricated using a Form 2 SLA 3D printer (Formlabs, Somerville, MA) or a 770 

Series 3 PCNC Mill (Tormach, Waunakee, WI). 3D-printed devices were designed with AutoCAD 

(Autodesk, San Rafael, CA) and converted to .form files with PreForm 2.11.0 (Formlabs) prior to 

being printed with Clear V2 (Figure 2.1, 2.2, 2.3a, 2.3b, and 2.6a-c), Black V2 (Figure 2.3c, and 

2.4), or High Temp (Figure 2.6d) printer resin (Formlabs). After printing, devices were sonicated 

in isopropanol (IPA) for 15 min, rinsed with IPA, and UV-cured (Quans 20W UV Lamp) for 10-

30 min. Milled devices (used in Figure 2.5) were designed with Solidworks 2016 x64 (Solidworks, 

Waltham, MA) and converted to .TAP files with Sprutcam (Sprutcam, Naberezhnye Chelny, 

Russia). Devices were milled from 4 mm thick polystyrene (PS) sheets (Goodfellow USA, 

Coraopolis, PA), rinsed with deionized water, and sonicated for 10 min in 70% ethanol. All devices 

and surfaces were plasma treated for 5 min at 0.25 mbar and 70 W in a Zepto LC PC Plasma 

Treater (Diener Electronic GmbH, Ebhausen, Germany) using ambient air. Original design files 

are included in the Electronic Supplementary Information (Figure 2.10).  
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2.3.2 Characterization of SCF 

Devices of different height and width dimensions, as well as those with integrated design features, 

were designed as shown in Figures 2.2 and 2.3 with n = 3 replicate devices. After fabrication, 

devices were inserted into the bottom of a 24 well plate, and an optimized volume of Matrigel (20-

35 μL, exact volumes provided in Figure 2.7) was loaded into the device via the loading region. 

All 24 well plates were purchased from the following: polystyrene well plates (Nest Scientific, 

#702011, Rahway, NJ), tissue-culture-treated (TCT) well plates (Corning Inc., #353047, Corning, 

NY), glass-bottomed well plates (MatTek Corp., #P24G -1.0-13-F, Ashland, MA), PureCoatTM 

Carboxyl well plates (Corning Inc., #354775, Corning, NY). For imaging purposes, Matrigel (8.0 

- 9.1 mg/mL, Corning Inc., Corning, NY) was mixed 5:1 with red food dye (McCormick, Hunt 

Valley, MD) to give a final concentration of 6.5 - 6.7 mg/mL Matrigel. We observed no difference 

in performance between the Matrigel concentrations used. The process of loading, filling, and 

halting of flow was recorded and imaged using an AmScope MU1403B High Speed Microscope 

Camera on a SM-3TZ-80S Stereoscope (AmScope, Irvine, CA) set up beneath the well plate for 

bottom-up imaging. Device width and height dimensions were measured using image 

measurement tools (ImageJ), and a C112JE Digitmatic Indicator (Mitutoyo, Aurora, IL), 

respectively. For contact angle measurements, Matrigel was placed on glass (#12-542B, Fisher 

Scientific, Pittsburgh, PA), PS, plasma-treated PS, or TCT PS and the resulting contact angle was 

measured using a Kruss DSA25 (Kruss GmbH, Hamburg, Germany). The contact angles were 

measured and analyzed through ADVANCE Software using an elliptical droplet shape with an 

automatic baseline and set volume of 2 μL (Kruss GmbH, Hamburg, Germany). All PS contact 

angle measurements were done on PS Nunc™ OmniTrays™ (Thermofisher, Frederick, MD) since 

contact angle measurements required imaging from the side, which was not feasible with PS well 
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plates. Flow experiments on glass were conducted on fabricated well plates in which the PS bottom 

was replaced with glass microscope slides (#16004-422, VWR International LLC, Radnor, PA). 

Where indicated in Figure 2.2, surfaces were plasma treated according to the same protocol as 

described in the previous section.  

2.3.3 Confocal Imaging of Patterned Hydrogel Wall 

Fluorescent Matrigel was prepared by mixing 1 μL of 1 μg/mL AlexaFluor-488 solution (Thermo 

Fisher, Cat# A33077) with 400 μL of 8.0 mg/mL Matrigel. Devices with and without a trapezoidal 

rail pinning feature were fabricated via the 3D printing protocol described above. The devices were 

inserted into the bottom of glass-bottomed well plates and loaded with 35 μL of the AlexaFluor-

488-dyed Matrigel. After conclusion of flow, the Matrigel wall in devices with and without a 

trapezoidal rail pinning feature was imaged with a Leica TCS SP5 II Laser Scanning Confocal 

Microscope. All z-stack images were obtained at an emission wavelength range of 505 nm to 550 

nm with an Argon 488 nm laser and a section thickness of 6.229 μm. All the .tif files were 

processed with Fiji (Version 10, ImageJ) using the following operations: “Transform > Stack-

Orthogonal Views”.  

2.3.4 Cell Culture 

Benign human prostate stromal cells (BHPrS1) [40] were cultured in RPMI-1640 medium 

(containing 2 mM L-glutamine) with 5% fetal bovine serum (FBS, HycloneTM), penicillin (100 

units/mL), and streptomycin (100 μg/mL).  Human umbilical artery smooth muscle cells 

(HUASMC) (Cell Applications, Cell Applications Inc., San Diego, CA) were cultured in Human 

Smooth Muscle Cell Growth Medium (#311-500, Cell Applications) and passaged using 
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Subculture Reagent Kit (#090K, Cell Applications). Human prostate adenocarcinoma cells 

(LNCaP clone FGC, ATCC, Manassas, VA)41 were cultured in RPMI-1640 medium with 10% 

FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL). Human T lymphocyte cells (Jurkat 

E6.1) (Sigma-Aldrich, St. Louis, MO) were cultured in RPMI-1640 medium with 10% FBS. All 

mammalian cells were maintained in a 37oC incubator with 5% carbon dioxide. S. cervesiae (gift 

from Dr. Jesse Zalatan and Dr. Alshakim Nelson, University of Washington) were grown on YPD 

Agar (Sigma-Aldrich) stored at 4oC. A. fumigatus (AF293) and P. aeruginosa (PA14) (gifts from 

Dr. Nancy Keller, University of Wisconsin) were grown on glucose minimal media (GMM)42 with 

low-gelling temperature agarose (Sigma-Aldrich) and Luria broth (LB) (BD Biosciences, Franklin 

Lakes, NJ) with low-gelling temperature agarose, respectively, and stored at 4oC. Cells were used 

at the following passage number: BHPrS1 P8-9, HUASMC P14, LNCaP P59, Jurkat E6.1 P12.  

For the initiation and maintenance of cultures in our devices, specialized protocols were developed 

as described in each section below. To prevent evaporation of media in all of our device cultures, 

the spaces between wells were filled with 1:1 deionized water/phosphate buffered saline (PBS), 

and the well plates were stored within a humidified bioassay dish (#240835, Thermo Fisher) with 

saturated (1:1 water/PBS) Kimwipes. All optimized hydrogel loading volumes are in Table S1 in 

the ESI.  

2.3.5 Determination of the Permeability of the Hydrogel Wall 

The devices (Figure 2.4b) were inserted into the bottom of a TCT PS 24 well plate. Each device 

was loaded with 85 μL of 9.1 mg/mL Matrigel, and the plate was incubated for at least 3 min at 

37oC after conclusion of flow. Fluorescent dye solution was prepared by mixing AlexaFluor-488 

with PBS (final concentration of 237.2 μM). 120 μL of the dye solution was loaded into the 
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sourcing chamber, 120 μL of PBS was loaded into the receiving chamber (t = 0 h), and the plate 

was incubated at 37oC. 100 μL of solution in the receiving chamber was collected separately at t 

= 1 h, 3 h, 5 h, 17.5 h, and 29 h. Samples were diluted by a factor of 50 (t = 1 h, 3 h, 5 h) or 100 (t 

= 17.5 h, 29 h) with PBS prior to analysis. The fluorescence of each sample was measured using 

a Multiskan Spectrum UV/Visible Microplate Reader (Thermo Labsystems, Waltham, MA) (n=3 

devices per time point).  

2.3.6 Validation of the Hydrogel Wall Integrity for Compartmentalized Cell Culture   

The coculture device (Figure 2.4a) was inserted into the bottom of a TCT PS 24 well plate, loaded 

with 35 μL of 8.0 mg/mL Matrigel, and incubated for at least 3 min at 37oC after conclusion of 

flow. BHPrS1 cells and HUASMC were stained with green and red CellTracker Dye at a 

concentration of 4.55 μg/mL and 6.25 μg/mL for 45 min (ThermoFischer), respectively, and 

selectively seeded into the outer and inner chambers of the device, respectively. Cells were 

suspended in culture media at a concentration of 2.3x105 cells/mL. 14 μL (outer chamber) or 7 μL 

(inner chamber) of the cell suspension were seeded into each culture chamber to achieve a seeding 

density of 400 cells/mm2. After overnight adhesion, fluorescent images of the cells along the wall 

were obtained using a Zeiss Axiovert 200 with a 4x objective and Axiocam 503 mono camera 

(Carl Zeiss AG, Oberkochen, Germany) (n=3 devices). All the images were processed with Fiji 

using the following operations: “Subtract Background > Adjust-Brightness/Contrast > Color-

Merge Channels > Adjusted-Color Balance”.  
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2.3.7 Comparison of LNCaP Morphology on Different Well Plate Surfaces 

The device (Figure 2.5) was placed into the bottom of a TCT PS or a Corning PureCoatTM Carboxyl 

PS (C-PS) 24 well plate. 40 μL of 9.1 mg/mL Matrigel was loaded into the device and incubated 

for at least 3 min at 37oC after conclusion of flow. LNCaP cells were thawed from liquid nitrogen 

storage and seeded directly onto a pre-wetted TCT PS 24 well plate or a C-PS 24 well plate in the 

presence or absence of the device. Cells were suspended in culture media at a concentration of 

2.4x105 cells/mL. In the absence of the device, 320 μL of the cell suspension were seeded into a 

well containing 200 μL of media to achieve a seeding density of 400 cells/mm2 and a final volume 

of 520 μL. In the presence of the device, 120 μL of cell suspension were seeded into a well 

containing 75 μL of media to achieve a seeding density of 400 cells/mm2 and a final volume of 

195 μL. The cells were incubated overnight at 37oC and 5% CO2, and then imaged with phase 

contrast using a Zeiss Primovert Microscope ((Carl Zeiss AG, Oberkochen, Germany) and an 

AmScope MU1403B High Speed Microscope Camera (AmScope, Irvine, CA) (n=3 devices).   

2.3.8 Validation of the Modular Rail-Based Hydrogel Patterning Platform 

The device (Figure 2.6) was inserted into the bottom of a TCT PS 24 well plate, loaded with 50 

μL of 8.0 mg/mL Matrigel, and incubated for at least 3 min at 37oC after conclusion of flow. For 

Figure 2.6c, BHPrS1 cells were suspended in culture media at a concentration of 2.3x105 cells/mL, 

and 240 μL of the cell suspension were seeded into each outer culture chamber to achieve a seeding 

density of 400 cells/mm2. Jurkat E6.1 cells were suspended in culture media at a concentration of 

4.0x105 cells/mL and 100 μL of the suspension was seeded into the inner culture chamber. The 

insertable pegs were loaded with 2% BD BactoTM Agar solution (Fisher Scientific) and allowed to 

gel at room temperature. A S. cervesiae colony was scraped (≈ 1 mm) with a sterile toothpick from 
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Petri dish culture and streaked onto the center of an agar-filled peg. After overnight incubation at 

30 oC, the yeast-containing peg was loaded into the top of the hydrogel-patterning device, which 

contained BHPrS1 and Jurkat E6.1 cells. The assembled platform, containing all three cell types, 

was imaged. The human cells were imaged with phase contrast using a Zeiss Primovert 

Microscope with a 20x objective and an AmScope MU1403B High Speed Microscope Camera 

(n=3 devices). The yeast was imaged with an Ultra-High-Resolution SLR camera (Nikon-D5300).  

For Figure 2.6d, 100 μL of A. fumigatus in liquid GMM were seeded into the bottom of the central 

chamber of the modular Monorail Device at a concentration of 1x105 spores/mL and 250 μL media 

added to the outer chambers. 3 μL of P. aeruginosa were seeded onto LB-agarose (5 μL) in a peg 

at a concentration of 1x108 bacteria/mL and the peg was inserted on top of the A. fumigatus culture 

and maintained at 37°C. Phase contrast images were taken after 24 hours using a Zeiss Primovert 

Microscope with a 10x objective and an AmScope MU1403B High Speed Microscope Camera 

(AmScope, Irvine, CA) (n=3 devices). Fluorescence images of A. fumigatus stained with 

Calcofluor white (1 mg/mL, 10 μL + 10 μL 10% KOH, Sigma-Aldrich) were taken after 4 days in 

coculture; for staining, a peg was removed, the Calcofluor white solution was added directly to the 

media in the A. fumigatus culture in the bottom of the well plate, incubated for 1 minute, and then 

imaged with a Zeiss Axiovert 200 with a 10x objective and Axiocam 503 mono camera. All 

fluorescence images were obtained in a single focal plane; as the A. fumigatus was not confined to 

a single plane by Day 4, the focal plane with the highest intensity of Calcofluor white staining was 

captured in each well. Two fluorescence images were captured for each well at different fields of 

view; when quantifying the Calcofluor white signal (Figure 2.6d, v), the integrated intensity of 

both replicate images was averaged. The plotted points represent the average of two images 

(collected for each of the three replicate wells), and the plotted standard error of the mean (SEM) 
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is the SEM of the three replicate wells. Fluorescence images were quantified with Fiji following 

the protocol: “Subtract Background > Adjust Brightness/Contrast > Analyze > Measure > IntDen”. 

Prism (GraphPad Software) was used to conduct a two-tailed unpaired Student’s t-test (Figure 2.6d, 

v). 

2.4 RESULTS AND DISCUSSION 

2.4.1 Spontaneous Capillary Flow along a Rail System 

We created a hydrogel-wall patterning platform that easily integrates into existing cultureware and 

utilizes SCF along a rail as the principal mechanism of function (Figure 2.1). Operation of our 

Monorail Device is simple and fast, as wall fabrication via SCF requires minimal user interaction 

through a two-step process: placing the device in a well or on a cell culture surface (Figure 2.1a), 

similar to a Transwell, and pipetting of the hydrogel into the loading zone (Figure 2.1b and c). In 

this work, we optimized our platform for use with Matrigel, and we have also used our platform 

with fibrin and collagen I. Flow within our platform is described by an open microfluidic rail 

system, in which liquid flows in a channel with no side-walls. The cross-section of the open 

channel thus defines a wetted perimeter (Pw), comprising of all the solid surfaces, and a free 

perimeter (Pf), comprising of all the open interfaces. SCF along a rail has been previously 

modeled28,36,37 additionally, to describe the specific conditions of flow in our device embodiment, 

we performed a balance-of-pressure analysis between the inlet surface-tension-based Laplace 

pressure and the Laplace pressure in the advancing fluid under the rail, which led to the 

development of an analytical model of the conditions for flow based on the aspect ratio of the open 

channel (Figure 2.2b).  
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Our model states that flow within our platform is dependent upon the height (h) and width (w) of 

the rail (Figure 2.1d); these two physical parameters can be utilized as guidelines for customizing 

our open microfluidic system, in which the Laplace pressure affects the performance of a system 

with different aspect ratios or shapes (Figure 2.1e). Using experimentally measured values for the 

contact angles of Matrigel on the rail surface (θ = 22.3° ± 1.6°) and a TCT PS surface (θ = 38.4° 

± 1.1°), we derived a relationship between h and w which determines the limit between “flow” and 

“no flow” (illustrated by the boundary between the red and green shaded regions in Figure 2.2b). 

To validate our model, we characterized conditions for flow in our system using devices of 

different heights and widths on the TCT PS surface. We use a simple single rail device and a 

qualitative binary system to differentiate between “flow” and “no flow” conditions: “flow” is 

defined as complete reproducible flow of Matrigel via SCF along the entire length of the rail, 

whereas “no flow” is defined as no initiation of flow along the rail after reservoir filling or 

incomplete flow along the rail (Figure 2.2a). According to our model, the region below the 

boundary (shaded green) represents favorable flow conditions, and the region above the boundary 

(shaded red) represents conditions for which “no flow” was predicted (Figure 2.2b). Indeed, when 

we plotted the experimental data of the flow and no-flow observations for devices with a range of 

heights and widths, we found that the model predicted the conditions for flow well (only one 

experimental point showed a deviation) and presented an experimental trend, as expected, in which 

larger widths and smaller heights promoted flow within our platform (Figure 2.2b). We expect this 

trend to hold for dimensions below those presented in this work, as we were limited by the 

fabrication capabilities of the 3D printing technology used in this paper (see Methods). However, 

open microfluidics has been demonstrated and the laws governing open fluid flow have been 
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validated at scales smaller than those employed here [28, 36], supporting that our method could be 

extended to smaller length scales achieved with alternative fabrication procedures [43]. 

Cell-culture platforms are highly tuned towards specific cell types, often matching cell-surface 

requirements with functionalizing treatments to favorably alter cell adhesion on the culture surface. 

In order to assess the ability of our platform to adapt to any cultureware surface, we characterized 

flow on the surface of commonly used cell culture materials (e.g., glass, PS) with different contact 

angles. We tested the ability of our platform to pattern hydrogel walls on surfaces with a range of 

contact angles (17.9° – 49.9°) and observed successful hydrogel flow on each surface (Figure 2.2c). 

These results agree with behavior predicted from our model, in which a device with a height of 

0.25 mm and a width of 1 mm would be expected to facilitate SCF on the  surfaces tested. The 

ability of our platform to successfully pattern hydrogel walls on a range of common surfaces 

illustrates the versatility of our platform. The manipulation of the height, width, and contact angles 

of the platform can allow our method to be used with a wide range of surfaces.   

2.4.2 Design of the Open Microfluidic Hydrogel Patterning Platform 

The ability to precisely control fluid flow in open channels dictates the shape, size, and ease of use 

of our platform. To achieve greater control over the fluids and more reproducible filling of the 

device via SCF, we added features to control the capillary forces along the pathway of flow. These 

features ensure that the hydrogel flows along the rail and accurately patterns the surface; 

additionally, these regions increase tolerance to pipetting speed and pipette placement by the user. 

To ensure reproducible initiation of flow, we incorporated a controlled inlet (Figure 2.3a, (ii)) that 

confines the hydrogel beneath the rail as it flows from the inlet to the end of device; without the 

controlled inlet, we observed uncontrolled wetting by the inputted fluid in culture chambers and 
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around the device (Figure 2.3a, (3)). Additionally, the controlled inlet contains a height gradient 

that directs the hydrogel towards the middle of the inlet (Figure 2.8), thereby enabling the user to 

load the hydrogel by placing a pipette anywhere in the loading zone. In conjunction with the 

controlled inlet, we incorporated a region of high capillary favorability (i.e., a capillary sink) at the 

end of the flow path to ensure controlled flow within the device (Figure 2.3b, (ii)); without the 

capillary sink, we observed flooding into the culture chambers (Figure 2.3b, (3)). The capillary 

sink promotes controlled flow because of an increased favorability of the hydrogel to wet a feature 

with a larger width (resulting from a lower h:w ratio, as h is kept constant from the rail to the sink); 

therefore, inputted hydrogel preferentially flows to the capillary sink instead of into the culture 

chambers. 

As the channels are open, there is the potential for the fluid to wick vertically up along the sides 

of the rails, a phenomenon also known as capillary rise (Figure 2.3c, (3)). Indeed, we observed 

capillary rise within our platform, which led to an increased width at the base of the wall and 

flooding into the culture chambers while in the process of device filling. At the conclusion of 

device filling, we observed recession of the hydrogel back towards the rail, leaving a faint residue 

on the surface where the gel had originally flooded into the culture chamber. To halt the capillary 

rise of the hydrogel, we improved the pinning ability of the rail by increasing the acuteness of the 

angles on the sides of the rail, creating a trapezoidal cross section (Figure 2.3c, (ii)). It is important 

to note that the width at the base of the wall is greater than the width of the rail even with the 

trapezoidal cross-section, as the bottom surface is not bound laterally (Figure 2.3c, (3)); however, 

the width at the base is consistent, with the extent of flooding remaining < 260 μm into the chamber, 

and therefore can be accounted for when designing platform dimensions (Figure 2.8, 2.10). Lastly, 

another source of error is Concus-Finn filaments (i.e., filaments of fluid in a wedge defined by two 
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surfaces intersecting) [36, 44] that may occur when rails change direction, split, or merge. The 

Concus-Finn filaments can be prevented by rounding all the concave angles of the device. By 

removing wedge-shaped regions conducive to Concus-Finn flow, flow within our device more 

closely resembled a solid fluid front (i.e., without additional fluid filaments). When combined with 

the controlled inlet and the capillary sink, these flow-controlling features represent necessary 

design aspects for the successful execution of SCF in our platform and across different designs.  

2.4.3 Application of Platform for Cell Culture Experiments 

The intrinsic characteristics of hydrogels provide several advantages when used for wall 

fabrication; hydrogels are permeable, thereby enabling diffusion of soluble factors through the 

wall, yet are able to maintain a defined shape that can act as a physical barrier for objects like cells. 

These characteristics support the use of hydrogels as a barrier for segregated coculture systems, as 

they permit soluble factor signaling while prohibiting physical contact between cell types [32]. To 

demonstrate the segregation and containment of cells by the hydrogel walls, we selectively stained 

and seeded benign prostate stromal cells (BHPrS1) and umbilical arterial smooth muscle cells 

(HUASMC) into separate chambers within a device, separated by the hydrogel wall (Figure 2.4a). 

After cell incubation and adhesion, we imaged the device and observed no mixing of the cell 

populations, clearly demonstrating the physical compartmentalization of each cell type. 

Importantly, this platform can be used with reduced cell numbers (≈2000 cells/chamber), 

illustrating utility for experiments involving rare or limited cell types (e.g., patient cells).  

We then quantified the diffusion of a model small molecule (AlexaFluor-488) through the hydrogel 

wall to model soluble factor signaling. We generated a diffusion profile by measuring the 

concentration of AlexaFluor-488 as it diffused through the hydrogel wall from the sourcing 
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chamber to the receiving chamber (Figure 2.4b).  The concentration of AlexaFluor-488 followed 

the model predicted by the quasi-static Fick law indicating a linear diffusion gradient of 

AlexaFluor-488 across the hydrogel wall. The diffusion profile demonstrates predictable and 

controllable signaling across the hydrogel wall. Diffusion time is dependent upon the size of the 

molecule, the thickness and permeability of the wall, and the distance between the source and the 

receiver. Therefore, for applications where different diffusion rates are required, the dimensions 

of the wall and culture chambers and the concentration/type of hydrogel can be adjusted. 

Importantly, these results support the use of this platform as a method to study intercellular 

communication while maintaining physical separation of cell types.   

The versatility of our Monorail Device extends into applications involving specialized cultureware 

and sensitive cell types; as a tunable insert, our platform can be incorporated into any “off the shelf” 

well plate, including those with pretreated and coated surfaces. As a proof of concept, we 

demonstrate the compatibility of our patterning platform with the human prostate cancer cell line, 

LNCaP, that is sensitive to culture surface chemistry and that grows better on plates with surface 

chemistry tuned for improved adherence [45]. Prior work has shown that LNCaP cells exhibit 

better adherence and spreading on Corning’s commercially available PureCoatTM Carboxyl PS (C-

PS) than traditional TCT PS [46]. First, we tested and observed successful rail-based hydrogel 

patterning with our platform on Corning’s specialized C-PS well plates. After validation of the 

compatibility of our platform with the C-PS well plates, we thawed LNCaP cells and directly 

seeded the cells on TCT PS and C-PS in the absence or presence of hydrogel walls patterned by 

our platform. As expected based on prior studies [46], we observed morphological differences 

between LNCaP cells cultured on TCT and C-PS, with LNCaP cells cultured on C-PS displaying 

more spread out, adherent morphology than the LNCaP cells cultured on TCT PS, which showed 
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predominantly rounded morphologies (Figure 2.5). The effect was independent of the presence of 

our platform.  In these experiments, we used PS rails fabricated using CNC milling rather than the 

3D printed rails used in prior figures because we observed that the 3D printer resin affected LNCaP 

morphology. We believe this is due to leaching of compounds from the 3D printer resin into the 

cell culture media; previous work has shown that some printer resins are detrimental to certain cell 

types [47]. A key advantage of our open microfluidic design is that it is injection moldable (Figure 

2.11); in the future, inserts can be injection molded in established cell culture materials (e.g., PS). 

In summary, these results support the use of our device as a compatible culture platform for 

sensitive cell types and illustrate its use on custom commercially available culture surfaces beyond 

traditional TCT plastics.  

To further demonstrate the versatility of our Monorail Device in cell culture applications, we 

created a modular system that can be used to study multikingdom soluble factor signaling (e.g., 

signaling between bacteria, fungi, and human cells). Coculture of cell types from different 

kingdoms can be used to decipher complex physiological microenvironments (e.g., human 

microbiome) and to better understand transkingdom relationships [48-52]. Key challenges of 

establishing multikingdom cocultures include differential media and culture conditions for each 

cell type, and the tendency of microbial cultures to overgrow human cultures. These challenges, 

along with the complexity of existing engineered multikingdom coculture platforms, have made it 

difficult for multikingdom coculture to expand into most microbiology and cell biology 

laboratories, with much of the current work accomplished within specialized engineered platforms 

[53], further illustrating the need for simple and easily-adapted systems that researchers can use to 

approach these complex environments. Therefore, building upon previously demonstrated 

reconfigurable systems [27, 54, 55] and Transwell technology, we present a modular 
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multikingdom coculture platform in which removable coculture “pegs” can be inserted into an 

existing hydrogel-wall patterned region (Figure 2.6a). Modularity of the individual culture 

compartments (i.e., peg and hydrogel-patterned well plate) allows users to separately culture each 

kingdom in its optimized conditions before combining the compartments to initiate soluble factor 

signaling. Additionally, the ability to load and remove multiple pegs simultaneously allows users 

to build combinatorial coculture systems (Figure 2.6b). To demonstrate the physical device 

workflow, we combined a model yeast organism (S. cerevisiae) with model adherent and non-

adherent human cells (BHPrS1 and Jurkat E6.1 cells, respectively). We cultured the S. cerevisiae 

atop agar-filled pegs while the BHPrS1 and Jurkat E6.1 cells were cultured in their own media in 

hydrogel-defined culture chambers. After overnight incubation, the three separate cultures were 

combined by insertion of the S. cerevisiae-containing peg into the hydrogel-patterned ring 

containing human cells (Figure 2.6c.). Further, we recapitulated a separate multikingdom coculture 

system of two human pathogenic microbes, A. fumigatus (fungus) and P. aeruginosa (bacterium), 

demonstrating an additional use of our rail-based hydrogel patterning platform and characterizing 

the ability of our platform to permit soluble factor signaling in a multikingdom coculture. Prior 

work has demonstrated that coculture of these two organisms in soluble factor contact results in 

reduced growth of A. fumigatus due to secretion of inhibitory factors by P. aeruginosa.[25, 56-58]. 

Therefore, we examined A. fumigatus growth in our modular Monorail Device while in coculture 

with P. aeruginosa. Briefly, A. fumigatus was seeded into the inner chamber of a hydrogel-

patterned well plate, in which the outer chambers were filled with media, and P. aeruginosa was 

then seeded into LB-agarose-filled pegs and inserted into a peg-holder directly above the A. 

fumigatus. As expected, we observed growth of A. fumigatus over four days in monoculture and 

decreased A. fumigatus growth when A. fumigatus was cocultured with P. aeruginosa (Figure 2.6d). 



  

 

38 

The inhibition of A. fumigatus growth by P. aeruginosa demonstrates cellular communication 

between two different kingdoms, supporting the use of our modular Monorail Device as a platform 

to study soluble factor signaling in multikingdom cultures. In future work, to study signaling 

mechanisms between human cells and microbial pathogens, human cell types such as lung 

endothelial or epithelial cells could be incorporated into separate culture chambers within the 

modular Monorail Device. The modularity of our proof of concept platform, in addition to the 

customizability of our rail-based system, demonstrates the potential of our platform as a simple 

yet versatile tool for studying multikingdom communication. 

2.5 CONCLUSION 

In this work, we present the creation of a new hydrogel-wall patterning platform, the Monorail 

Device, that utilizes SCF along a rail to pattern hydrogel walls on commercially available 

cultureware. The pipette-accessible cell culture chambers, compatibility with a range of 

cultureware materials, and the potential to reconfigure design geometries facilitate easy integration 

of our technology into biological laboratories and with established detection methods (e.g., 

microscopy, ELISA, LC-MS). The ease of use of our device is on par with that of Transwells 

inserts, and the potential scalability of our technology to existing manufacturing techniques such 

as injection molding (Figure 2.11) can lower fabrication costs, as our technology relies on SCF 

instead of specialized fabrication methods to create a cell-segregating membrane. We envision use 

of this device as a tool to probe underlying mechanisms of cellular communication and 

multikingdom soluble factor signaling. The platform that we present can further be used for 

applications that require good control over the cellular micro-environment (e.g. cell migration) as 

well as applications that require a higher level of complexity, such as host-microbe interactions. 
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The patterned regions can sustain 2D and 3D cell culture, in which cell-laden hydrogels could be 

loaded into the culture chambers or used to pattern walls. The use of customizable hydrogels can 

also enable the selective filtering of specific biomolecules in order to tailor the communication 

between the cells in culture [32]. We acknowledge the need for further optimization with regards 

to specific assay requirements, such as extended culture times, incorporating specific cell types 

depending on the application, and maintaining gel adherence and integrity (or degradability) over 

time as desired for a given application. Our optimization in the present paper centered on the 

physical hydrogel patterning capabilities of our platform to create open coculture chambers and 

we outline foundational technological features that will allow personalized optimization and 

development of our platform. Ultimately, we aim to create a platform that can be easily translated 

across fields and adapted by researchers for their own research questions.     
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2.6 FIGURES 

 

Figure 2.1 Overview of device operation and cross section showing SCF in a rail system. 

a) Insertion of the Monorail Device into a 24 well plate for hydrogel-wall patterning; image shows 

the device in a standard 24 well plate. b) Hydrogel is loaded into the inlet, filling the device; the 

cross section demonstrates a hydrogel-filled device with two separate cell types seeded in the inner 

and outer culture chambers. c) Schematics (i) and images (ii) of selected time points corresponding 

to device filling, as imaged through the bottom of a 24 well plate. Corresponding video is included 

in the ESI. d) Cross section of rail system with SCF. SCF is governed by the physical parameters 

height (h) and width (w), as well as the contact angles (θ1 and θ2 , not shown) between the gel and 

the rail and the gel and the bottom surface. e) The patterning method is versatile and can be used 

to create chambers of diverse geometries. All liquids were dyed red for visualization. Scale bars = 

2 mm. 
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Figure 2.2. Characterization of flow along rails. 

a) Representative images showing i) “flow” and ii) “no flow” of Matrigel along rail (n = 3 devices). 

Scale bar = 2 mm. b) Phase diagram of theoretical (shaded region) and experimental observations 

(plotted points) of “flow” and “no flow.” Theoretical predictions were according to our model (see 

ESI), wherein the green region represents the region in which flow is expected to occur, and the 

red region represents the region in which flow is not expected to occur. Experimental results 

(plotted as red or green points for “no flow” and “flow,” respectively) were obtained by varying 

the height between the rail and well plate or width of the rail in our device (representative of n = 

3 devices). All devices were used on tissue culture treated (TCT) polystyrene well plates. 

Theoretical values were calculated based on contact angles collected on a TCT Omnitray and the 

3D printer resin. c) Successful flow conditions on surfaces with varied contact angles. All trials 

were conducted with the same device design (w = 1 mm, h = 0.25 mm), and images are 

representative of n = 3 devices. The results show that SCF along the rail occurs on all surfaces 

tested, as predicted by our model. In image i), the ring of Matrigel along the periphery of the well 

is due to a gap created from adhering a glass slide to a PS well plate to create a glass-bottomed 

well. In image iv), the ring of Matrigel along the periphery of the well is due to Concus-Finn flow 

(i.e., flow along a wedge).36,44 Scale bars = 2 mm. 
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Figure 2.3. Integrated design features for improving control of hydrogel flows. 

Schematics and images depicting functional design features of our platform include a) a controlled 

inlet, b) a capillary sink, and c) a trapezoidal rail cross section. For each feature, a 3D schematic 

(1) and image (2) illustrates the presence or absence of the design feature in the device. For each 

design, a device containing the design feature and a device without the feature were loaded with 

hydrogel and allowed to flow to completion (3); devices without the functional design feature 

experienced flooding of the hydrogel into the culture chamber (a,b) or capillary rise (c, red circles). 

Devices for a) and b) were used on TCT PS with Matrigel that was dyed red for visualization. 

Images are representative of n = 3 devices, and videos of each condition are available in the ESI. 

Scale bar = 2 mm (2), = 1 mm (3). For c), rails for cross sectional images were printed larger for 

imaging purposes (Scale bar = 1 mm); actual-sized rail images are in the ESI (Figure 2.9). Confocal 

images of AlexaFluor-488-dyed Matrigel flow were obtained on glass 24 well plates to minimize 

autofluorescence. Scale bar = 100 μm.  
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Figure 2.4. Integrity and permeability of patterned hydrogel walls. 

A) Integrity of the hydrogel walls is demonstrated by the segregation and containment of cells on 

either side of the patterned hydrogel wall: i) HUASMC cells stained with CellTracker Red were 

selectively seeded into the inner culture chamber of the device; ii) BHPrS cells stained with 

CellTracker Green were selectively seeded into the outer culture chambers of the device. After cell 

adhesion (overnight incubation), the cells were imaged at the border of the two culture chambers 

demonstrating the integrity of the hydrogel wall (image is representative of n = 3 devices). Scale 

bar = 200 μm. B) Permeability of the hydrogel wall was demonstrated via diffusion through the 

wall. AlexaFluor-488 solution was loaded into the sourcing chamber, and PBS was loaded into a 

receiving chamber at time = 0 h. The solution in the receiving chambers was collected at t = 1 h, 

3 h, 5 h, 17.5 h, and 29 h, and the fluorescence intensity of each sample was measured. Data are 

expressed as mean ± standard error of the mean (n = 3 devices). 
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Figure 2.5. Rail-based hydrogel wall patterning technique is compatible with surface-modified 

commercial well plates designed for sensitive cell types. 

Consistent with prior studies,46 LNCaP cells cultured on PureCoatTM Carboxyl well plates 

exhibited more spread out morphology compared to cells cultured on traditional TCT well plates; 

this effect was observed when LNCaP cells were cultured in well plates without ((a) and (b)) and 

with ((c) and (d)) hydrogel wall patterning. Rail devices used in this experiment were micromilled 

from PS. All images are representative of n = 3 replicates; images were taken between the middle 

of the culture chamber and the well wall ((c) and (d)) or at a corresponding location off center in 

the well plate ((a) and (b)). Scale bars = 200 μm, inset scale bars = 20 μm. 
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Figure 2.6. Multikingdom coculture in a modular rail-based hydrogel patterning platform. 

a) An insertable multikingdom coculture platform containing two hydrogel-patterned culture 

compartments on the well plate surface and four modular “pegs” for temporal or spatial 

manipulation of multiple cell types. b) Different cell types can be easily added or removed in 

different permutations to create combinatorial multikingdom cultures; i) Monorail Device with 

one peg, representing one cell type, while the other ports remain empty; ii-iv) a second, third, and 

fourth peg can be added as desired. Scale bar = 2 mm. c) A model yeast strain (S. cerevisiae) was 

cultured on agar-filled pegs (iii) and model human adherent and non-adherent cells (BHPrS1 and 

Jurkat E6.1, respectively) were cultured separately in a hydrogel-patterned 24 well plate ((iv) and 

(v)). Jurkat E6.1 cells were seeded into the inner culture chamber of the device, and BHPrS1 cells 

were seeded into the outer culture chamber. The pegs were then inserted into the device, placing 

the yeast proximal to the BHPrS1 and Jurkat E6.1 cells. Images are representative of n = 3 devices. 

The device used for this experiment contained 4 yeast-filled pegs. Scale bar = 2 mm ((i-ii)), 200 

μm ((iii - v)). d) Coculture of A. fumigatus with P. aeruginosa inhibits growth of A. fumigatus. 

Brightfield microscopy images of A. fumigatus in monoculture and coculture (with P. aeruginosa) 

on Day 1 ((i) and (iii)). Fluorescent images of Calcofluor white stained A. fumigatus in 

monoculture and coculture on Day 4 ((ii) and (iv)). Quantification of Calcofluor white fluorescent 
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signal from A. fumigatus in mono- and coculture conveys decreased A. fumigatus growth in 

coculture (v). Images are representative of n = 3 devices, scale bars = 100 μm. Data is the average 

of two pegs images per device across three devices plus standard error of the mean (SEM) (error 

bars).  ** indicates significantly different values according to a two-tailed unpaired Student’s t-

test (p ≤ 0.01).  

2.7 SUPPLEMENTARY INFORMATION 

Derivation of theoretical model for conditions for flow in our platform 

The pressure in the aqueous phase is generated by surface tension and can be evaluated using the 

Young-Laplace equation, where ΔP is the pressure difference across a curved air-liquid interface, 

𝛾 is the interfacial tension, and R1 and R2 are the radii of curvature of the interface at a point on the 

interface in two orthogonal directions (e.g., horizontal and vertical).  

The Laplace pressure difference (ΔP) at every interface is zero when the interface is flat (R1 = R2 

= ∞). When the curvature of an interface is concave due to favorable wetting (i.e., contact angle < 

90°), the Laplace pressure difference becomes negative. Inversely, when the curvature is convex, 

the Laplace pressure difference becomes positive. Laplace pressure is a well-defined phenomenon 

that can be controlled experimentally and used to predict conditions for flow in our system. 

Conditions for flow in an open channel have been derived in a general way by Berthier et al [1]. 

and are known as the spontaneous capillary flow (SCF) equation (in the case of a channel that has 

the same contact angle on all faces) or as the generalized Cassie angle equation (for the more 

general case when there are any number of contact angles along the surface of the channel). The 

current analytical models, however, assume that the pressure at the inlet of the open channel is 

negligible. The models allow prediction of the theoretical ability for SCF to occur. In order to 
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refine the conditions for flow in our system, we added a pressure balance analysis between the 

surface tension-based pressures at the inlet and at the advancing fluid front (assuming the front 

exists).  

The inlet of our system is a rectangular cross-section defined by the insert and the walls of the well 

plate. The liquid meniscus at the inlet is concave due to the wettability of the insert and well 

(contact angle < 90°) and the interface will take the shape of a cylinder (as the channel cross-

section is long (8.6 mm) and narrow (1 mm)). The radius of curvature along the long edge of the 

channel inlet is thus infinitely large, while the radius of curvature R3 along the smaller edge of the 

inlet is uniquely characterized by two different contact angles with the device insert and the well 

plate, respectively (Figure 2.7). The pressure of the fluid at the inlet is written as: 

 
Δ𝑃inlet = 𝛾 (

1

𝑅3
) 

(Eq. 1) 

The fluid front advancing under the plastic rail has a more complex geometry. The fluid front is 

described by a saddle point as the liquid is wetting the rail ceiling and well floor plastics (creating 

a concave fluid interface in the x-z plane) and is rounded from the top view as the channel does 

not have any side walls (the interface is convex in the x-y plane) (Figure 2.7). The pressure at the 

fluid front is described by Eq. 2, where R1 is chosen to be the radius of curvature in the x-z plane, 

and R2 is chosen as the radius of curvature in the x-y plane:  
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Δ𝑃front = 𝛾 (

1

𝑅1
+

1

𝑅2
) 

(Eq. 2) 

The condition for flow in our system requires the Laplace pressure of the inlet to be greater than 

the Laplace pressure at the fluid front in order to drive the fluid towards the area of lowest pressure: 

 
𝛾 (

1

𝑅3
) > 𝛾 (

1

𝑅1
+

1

𝑅2
) 

(Eq. 3) 

Therefore, the limit of flow will occur when the two pressures are equal: 

 
𝛾 (

1

𝑅3
) = 𝛾 (

1

𝑅1
+

1

𝑅2
) 

(Eq. 4) 

Or: 

 1

𝑅1
+

1

𝑅2
−

1

𝑅3
= 0 

(Eq. 5) 

The radii of curvature in our system are governed by the physical aspect ratio of the channel, which 

includes the width w of the rail and the gap gfront between the rail and the well plate (gfront = h), the 
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gap ginlet between the insert and the well wall, and the contact angles of the fluid on the rail and 

the well plate surfaces.  

We derived an equation for the radius of curvature of the fluid in the advancing filament in the x-

z plane in function of the contact angles of the fluid on the well plate (𝜃2), the contact angle of the 

fluid on the rail (𝜃1), and the height of the rail (h). Using the geometric relations illustrated in 

Figure 2.7, we obtain: 

 
𝑅1 = − (

ℎ

cos 𝜃1 + cos 𝜃2
) 

(Eq. 6) 

To assess the curvature of radius R2, we assume that the fluid is minimizing the surface energy, 

and thus assume that the interface is taking the shape of a large semi-circle of the same radius as 

the half-width of the rail.   

We apply the same reasoning utilized to determine R1 in Eq. 6 in order to derive R3, as a function 

of ginlet, 𝜃2, and 𝜃1.  Substitution of R1, R2, and R3 into Equation 5 yields: 

 1

−(
ℎ

cos 𝜃1 + cos 𝜃2
)

+
1
𝑤
2

−
1

−(
𝑔inlet

cos 𝜃1 + cos 𝜃2
)

= 0 
(Eq. 7) 

Where w is the width of the rail, h is the height of the rail, and ginlet is the space between the well 

and the device at the inlet in mm. Solving for h yields: 



  

 

50 

 
ℎ =

cos 𝜃1 + cos 𝜃2

2
𝑤 +

cos 𝜃1 + cos 𝜃2
𝑔inlet

 
(Eq. 8) 

Equation 8 is graphed to give the boundary between the red and green shaded regions in Figure 

2.2b, providing a model to predict when flow will occur in our system for devices based on the 

device dimensions.  

 

Figure 2.7. Illustrations of radii of curvature for the calculation of Laplace pressure differences in 

our system. 

Perspectives demonstrate the radii of curvature (R), the contact angle between the liquid and the 

surface (θ), the height of the channel (h), the width of the channel (w), and the gap between the 

insert and the patterned surface (g). 
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Figure 2.8. Heat map illustrating the height of the rail above the well plate surface. 

Regions of the device with a lower height to width ratio are more favorable for spontaneous 

capillary flow (SCF) and tuning the height as shown enables controlled and reproducible hydrogel 

flow. The height gradient along the loading zone directs flow towards the middle of the flow path 

while feet (shown in dark blue, h = 0 mm) keep the patterning region off the surface. 
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Figure 2.9. Extent of device patterning capabilities on TCT PS. 

A) Extent of flooding along a rail. Devices were filled with matrigel dyed with red food dye and 

imaged from beneath (n = 3 devices). Data presented in the table represent the average width of 

the wall ± SD for three different device aspect ratios. Height, in addition to width, influences the 

flooding of the chamber by the wall. B) Limit of culture chamber area due to flooding. Our 

platform enables fabrication of culture chambers down to a resolution of 0.25 mm width, below 

which we observed complete flooding of the culture chambers during the flow. At the conclusion 

of flow, the gel receded from the chamber leaving gel residue on the chamber floor. Images are 

representative of flow in n = 3 devices on TCT PS at different time points. Scale bar = 1 mm. C) 

Geometric patterning capabilities of our platforms. Scale bars = 1 mm. 
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Figure 2.10. Images represent the trapezoidal rail cross section. 

Cross sections presented here illustrate the rail without (i) and with (ii) a trapezoidal pinning 

feature at the scale used in each device. 3D-printed defects can be observed along the base of the 

rail, which were consistent throughout all devices. Scale bar = 1 mm. 

 

Figure 2.11. Schematic diagrams illustrating the dimensions of our platform.  

(All dimensions are in mm. CAD files are also included for all devices in the ESI online.) 
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Chapter 3. INVESTIGATING FIBROBLAST-INDUCED COLLAGEN 

GEL CONTRACTION USING A DYNAMIC 

MICROSCALE PLATFORM 

This chapter is mostly adapted from the original publication: Zhang, T.;‡ Day, J. H.;‡ Su, X.; 

Guadarrama, A. G.; Sandbo, N. K.; Esnault, S.; Denlinger, L. C.; Bertheir, E.; Theberge, A. B., 

“Investigating Fibroblast-Induced Collagen Gel Contraction Using a Dynamic Microscale 

Platform.” Frontiers in Bioengineering and Biotechnology, 2019;7:196. DOI: 

10.3389/fbioe.2019.00196 (‡ indicates equal contributions). 

3.1 ABSTRACT  

Mechanical forces have long been recognized as fundamental drivers in biological processes, such 

as embryogenesis, tissue formation and disease regulation. The collagen gel contraction (CGC) 

assay has served as a classic tool in the field of mechanobiology to study cell-induced contraction 

of extracellular matrix (ECM), which plays an important role in inflammation and wound healing. 

In a conventional CGC assay, cell-laden collagen is loaded into a cell culture vessel (typically a 

well plate) and forms a disk-shaped gel adhering to the bottom of the vessel. The decrement in 

diameter or surface area of the gel is used as a parameter to quantify the degree of cell contractility. 

In this study, we developed a microscale CGC assay with an engineered well plate insert that uses 

surface tension forces to load and manipulate small volumes (14 µL) of cell-laden collagen. The 

system is easily operated with two pipetting steps and the microscale device moves dynamically 

as a result of cellular forces. We used a straightforward one-dimensional measurement as the gel 

contraction readout. We adapted a conventional lung fibroblast CGC assay to demonstrate the 

functionality of the device, observing significantly more gel contraction when human lung 
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fibroblasts were cultured in serum-containing media versus serum-free media (p≤0.05). We further 

cocultured eosinophils and fibroblasts in the system, two important cellular components that lead 

to fibrosis in asthma and observed that soluble factors from eosinophils significantly increase 

fibroblast-mediated gel contraction (p≤0.01). Our microscale CGC device provides a new method 

for studying downstream ECM effects of intercellular cross talk using 7-35 folds less cell-laden 

gel than traditional CGC assays. 

3.2 INTRODUCTION 

Fibroblasts are key mesenchymal cells in connective tissue which synthesize extracellular matrix 

(ECM) components and provide structural support for the extracellular environment [22]. As part 

of the tissue self-repair mechanism, fibroblasts interact with surrounding ECM proteins through a 

variety of inflammatory mediators and differentiate into a more contractile phenotype known as 

myofibroblasts [14, 22, 35]. However, overreactive myofibroblasts generate and deposit excessive 

ECM proteins in the interstitium, contributing to fibrotic diseases such as asthma and idiopathic 

pulmonary fibrosis [13, 16]. Therefore, understanding the mechanobiology of fibroblasts in ECM 

and the underlying signaling mechanisms is essential to developing therapies for diseases 

involving fibrosis. The goal for this study is to develop a microscale assay that captures and reflects 

dynamic fibroblast-ECM interactions. 

The fibroblast-induced collagen gel contraction (CGC) assay was established by Bell et al. to study 

fibroblast-matrix interactions [3] and has been modified and widely used over the past four decades. 

The traditional CGC assay is performed by embedding fibroblasts into a three-dimensional (3D) 

gel matrix, such as collagen or fibrin, on the bottom of a well plate, which is then manually 

separated from the well plate surface (for example by scraping a pipette tip around the perimeter 
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of the well) to loosen the gel puck from the well plate walls and enable contraction [8, 32]. The 

contractile forces generated by fibroblasts propagate throughout the collagen matrix and arrange 

collagen fibers to higher density structure with decreased matrix volume [24]. As a result, 

measuring the decrease in size of a gel matrix puck by imaging and subsequent analysis provides 

a direct way to assess fibroblast contractility.  

Addressing some complications in the existing CGC assay workflow could help researchers meet 

a diverse set of experimental needs. For example, deformation of gel shape and ambiguous post-

contraction gel borders make the exact gel area difficult to define [6]; the requirement of relatively 

large cell samples precludes the assay from use with limited primary cells [34]; large volumetric 

consumption of gels (>100 μL per replicate in a 96 well plate) is relatively expensive [15, 40]; and 

the friction between gel and substrate upon gel contraction is not well defined, potentially adding 

variation to the data [7, 41]. Through the years, numerous tools and technologies have been 

developed to improve these shortcomings. For example, automated image analysis programs have 

been used to improve accuracies for the geometric gel shape readout [6, 23]. Leung et al. developed 

a high-throughput microscale aqueous two-phase droplet fabrication method in conventional 384-

well plate which effectively reduced the gel droplet to 10-15 µL [28]. Ilagan et al. used glass 

capillary to cast cell-laden collagen which was subsequently detached from the glass surface by 

pipetting force, significantly reducing friction and converting three-dimensional parameters into a 

single, linear measurement [21]. The recent efforts to develop new CGC assay platforms have 

underscored the utility of the assay and motivated our work to develop a new microscale CGC 

assay that builds on past improvements and enables a combination of new experimental features. 
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Microfluidics has emerged as a versatile toolbox that researchers have used to develop a wide 

variety of assay platforms [33, 42]. Our goal was to use microfluidics to create a microscale CGC 

assay that addresses the needs in objective gel shape quantification, reducing cell and gel 

consumption, minimizing friction between the plastic culture substrate and the gel, and enabling 

segregated coculture to study paracrine signaling. Here, we describe a microscale CGC platform 

based on 24 well plate insert that enables the study of dynamic cell-matrix interactions. The device 

is characterized by a two-step pipetting operation and a simple angle measurement as a contractility 

readout. We demonstrate a proof of concept use of this technology with a serum stimulation 

experiment. Further, we validate our device for coculture by testing the hypothesis that soluble 

factors secreted by eosinophils induce increased gel contraction by lung fibroblasts as has been 

previously observed using the traditional CGC assay [45]. In the future, we envision that we and 

other researchers could use our technology to address additional research questions relating to 

paracrine signaling in lung fibrosis as well as fibrosis in other organs such as the regulation of 

epithelial-to-mesenchymal transition in kidney fibrosis and the role of stellate cell activation in 

hepatic fibrosis. 

3.3 MATERIALS AND METHODS 

3.3.1 Devices Fabrication 

Devices were fabricated using a Form 2 SLA 3D printer (Formlabs, Somerville, MA). 3D-printed 

devices were designed with Solidworks and converted to .form files with PreForm 2.11.0 

(Formlabs) prior to being printed with Form 2 Clear V4 Resin (Formlabs). After printing, devices 

were sonicated in isopropanol (IPA) for 15 min, rinsed with fresh IPA, and UV-cured (Quans 20 

W UV Lamp) for 2 hours. Original design files are included in the ESI. 
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3.3.2 Cell Culture 

Human fetal lung fibroblasts (HFL-1) were obtained from the American Type Culture Collection 

(Rockville, MD, USA). The cells were cultured in a T-75 tissue culture flask (Falcon; Franklin 

Lakes, NJ, USA) with F-12K Medium (Kaighn's Modification of Ham's F-12 Medium, ATCC® 

30-2004) supplemented with 10% heat-inactivated fetal bovine serum (FBS; GIBCO&SOL; BRL 

Life Technologies), penicillin (100 units mL−1), and streptomycin (100 μg/mL). Fibroblasts were 

used between the 4th and 10th passage. Confluent fibroblasts were trypsinized (Trypsin-EDTA; 

GIBCO/BRL Life Technologies, 0.05% trypsin 0.53 mM EDTA), resuspended in serum free F-

12K medium at a working concentration of 3×106 cells/mL, and kept on ice prior to use in the 

CGC assay. 

AML14.3D10 cells (cell line was generously provided by Cassandra Paul (Wright State University, 

Dayton, OH)), a differentiated human myeloid leukemic cell line that displays typical morphology 

and enzymatic activity of normal eosinophils [1, 2, 11] (Ackerman et al., 2000; Baumann and Paul, 

1997; Esnault et al., 1998), were grown in T-75 tissue culture flasks in RPMI 1640 media 

containing 8% FBS, supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 0.05 mg/mL 

gentamycin, and 5.5×10-5 M 2-mercaptoethanol. Eosinophil concentration was maintained 

between 1×105 - 1×106/mL in the flask. All cells were maintained in a 37 °C incubator with 5% 

carbon dioxide. 

3.3.3 HFL-1 Collagen Gel Contraction Assay in the CGC Device and 96 Well Plate 

Two parts of HFL-1 in serum free F-12K media (3×106 cells/mL) were mixed together with one 

part of type I collagen (9.4 mg/mL; Corning, Corning, NY, USA ) and one part of 1×HEPES to a 
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final concentration of 2.35 mg/mL of collagen, 1.5×106 fibroblasts/mL. CGC devices were 

assembled and inserted into 24 well plates. 14 μL of fibroblast-laden collagen was loaded into the 

loading channel, contacting the free-swinging arm head and swinging it into the loading channel 

(as shown in Figure 3.1 i)). 40 μL of F-12 K media supplemented with 10% FBS (for all conditions) 

was pipetted into the retraction tube to contact the free-swinging arm (Figure 3.1 ii)); the media 

was then quickly withdrawn to pull the free-swinging arm back into the retraction tube (Figure 

1iii)). The plate was incubated for 15 min at 37 °C.  For monoculture experiments (Figure 3.2), 2 

mL F-12 K media with or without 10% FBS was gently loaded into each well of the 24 well plate; 

for coculture experiments (Figure 3.3), 7×105 eosinophils were resuspended with 2 mL of serum-

free F-12K media then gently added into each well. The plate was incubated overnight. 

For the CGC assay in 96 well plate, 100 μL of the fibroblast-laden collagen was loaded into each 

well. The plate was incubated for 1 h at 37 °C. 100 μL F-12 K media with or without 10% FBS 

was gently loaded into each well of the 96 well plate. To initiate contraction, the gel disc in each 

well was manually separated from the well plate surface by scraping a pipette tip around the 

perimeter of the well. The plate was incubated overnight. 

3.3.4 Measurement of CGC Device Angle 

The top view of each device was imaged using a MU1403B Microscope Camera mounted on an 

Amscope SM-3TZ-80S stereoscope (Amscope, Irvine, CA). Each device was imaged after setup 

and media addition (initial angle, 𝜃i) then placed into incubator, and imaged with the same setup 

(position, lighting condition, and same Amscope parameters) after 24 h (final angle, 𝜃f). The 

brightness of each image was adjusted with Fiji (ImageJ, version 2.0.0), and the CGC device angle 

was determined by the pivot point of the rotation axis and two side faces of collagen in contact 
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with the device (as depicted in Figure 3.1B and Figure 3.2A). The initial and final angles were 

measured automatically with ImageJ for each device, respectively.  

3.3.5 Viability Test 

After overnight incubation, live/dead labeling reagent (LIVE/DEAD® Viability/Cytotoxicity Kit 

for mammalian cells, Invitrogen, L3224) was added into each well to a final concentration of 0.01 

mM Calcein AM (labelling reagent for live cells, green) and 2 nM Ethidiumhomodimer-1 

(labelling reagent for dead cells, red). The plate was incubated for 20 min. For fibroblast imaging, 

the device was removed from the well plate and mounted on a 3D printed imaging support 

(“microscope jig” in Figure 3.4; original design file is included in the ESI.). Eosinophils settled on 

the well plate bottom were imaged directly in the well plate (Figure 3.4(iii)). All images were taken 

with a Zeiss Axiovert 200 equipped with an Axiocam 503 mono camera (Carl Zeiss AG, 

Oberkochen, Germany). 

3.3.6 Statistical Analysis 

Data are presented as the percentage of the initial angle (i.e., 𝜃f /𝜃i). Data are plotted as the mean 

of three independent experiments ± the standard error of the mean (SEM); each plotted point on 

the graphs in Figures 3.2B and 3.3B represents an independent biological experiment and is the 

mean of three devices within each experiment (the data for each set of experiment is provided in 

Figure 3.5). Differences between two groups of data were evaluated using a two-tailed unpaired 

Student’s t-test (Prism, GraphPad Software). 
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3.4 RESULTS 

3.4.1 Device Design and Workflow 

The underlying principle of our device is that it moves dynamically in response to cell-induced 

collagen gel contraction. As shown in Figure 3.1A, the device is composed of two parts: a base 

insert (which contains the loading channel and retraction tube) and a free-swinging arm. The free-

swinging arm rests on a pivot point that juts out from the base insert, which allows the arm to 

rotate freely inside the well. When mechanical force is applied by cell-mediated collagen gel 

contraction, the device is dynamically reconfigured via rotation of the free-swinging arm, as shown 

in Figure 3.1B. The movement of the device can then be used as a quantitative metric for cell 

contractility by measuring the change in CGC device angle as described below. To begin the device 

workflow, cell-laden collagen gel precursor solution is pipetted into the loading channel of the 

device, where it flows through a closed tube to an opening that is positioned adjacent to the head 

of the free-swinging arm (Figure 3.1B i)). As the gel precursor solution is added, it forms a droplet 

at this opening, which grows until it meets the head of the free-swinging arm. Surface tension then 

pulls the head of the arm into the droplet. In the next step, media is pipetted into the retraction tube 

of the device (Figure 3.1B ii)). The media is pipetted in excess of the 30 μL inner volume of the 

tube such that the media wets the tail of the free-swinging arm. Upon immediate withdrawal of the 

media from the retraction tube (which does not remove all the media in the retraction tube), the 

wetted arm tail is pulled into the retraction tube by surface tension (Figure 3.1B iii)). The resulting 

surface tension force at the arm tail pulls the spherical droplet into a hyperboloid, or bridge, at the 

arm head. An approximate calculation of this surface tension force is provided in the supporting 

information (Figure 3.10), which is 1 mN. To ascertain the reliability of the retraction system, we 

varied the volume of medium loaded into the retraction tube (30-50 μL), and found that the wetted 
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arm tail was successfully pulled into the retraction tube with a loading volume greater than 35 μL; 

at 30 μL, which is equal to the inner volume of the tube, the arm tail was not fully retracted due to 

an incomplete wetting of the arm tail (Figure 3.6). After the collagen bridge is formed, the device 

is incubated at 37 °C to polymerize the collagen hydrogel, setting the three-dimensional geometry 

of the bridge. The well is then filled with media (Figure 3.1B iv)). The surface tension force exerted 

by the media in the retraction tube is nullified because the air-liquid interface that applied this 

force is submerged in media; this allows the device to move freely in response to the force that the 

cells exert when contracting the gel. Finally, the initial angle (𝜃i) is measured (Figure 3.1B v)), 

and the final angle (𝜃f) is measured after 24 hours of incubation (Figure 3.1B(vi)). To evaluate the 

consistency of the 3D printed device and reproducibility of 𝜃i, devices 3D printed on four different 

days were loaded with collagen-cell media mixture, and 𝜃i was measured. The data suggested that 

the average 𝜃i was 32°± 0.5°, indicating an overall consistency in device loading. 

Quantification of gel contraction in our assay is done by comparing the initial angle, 𝜃i (as shown 

in Figure 3.1B v)), with the final angle, 𝜃f (as shown in Figure 3.1B vi)), after a period of incubation 

(typically 24 h) during which the cells contract the collagen gel. Importantly, our device design 

maximizes the dynamic range of our CGC assay measurement by forming the hyperboloid 

collagen bridge (through the use of the retraction tube as discussed in Figure 3.1B ii), iii)), which 

increases the initial angle (𝜃i) that the device takes and increases the maximum potential change 

in angle that can occur due to cellular forces contracting the gel. Additionally, retraction of the 

collagen bridge is not affected by gel-substrate friction due to the dynamic nature of our device. 
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3.4.2 Viability Test 

We evaluated the viabilities of fibroblasts and eosinophils in the coculture system after 24 h of 

incubation. Images from a live/dead stain are included in the ESI (Figure 3.4 iii)). 

3.4.3 FBS Augments Fibroblast Gel Contraction in Our Device 

We used a simple fetal bovine serum (FBS) stimulation experiment as a proof-of-concept to 

validate that the microscale platform is capable of quantifying collagen gel contraction due to a 

known treatment; the comparison between fibroblast-mediated gel contraction under serum-free 

and serum-containing conditions is frequently used in macroscale CGC assays as a validation 

experiment [29, 46]. Human fetal lung fibroblast (HFL-1)-laden collagen was loaded into the CGC 

device in both 10% FBS and serum-free media conditions. The initial angle of the CGC device (𝜃i, 

as shown in Figure 3.1B v)), was measured immediately after cell culture media was added into 

each well. After 24 h of incubation, the angle was measured again (𝜃f, as shown in Figure 3.1B 

vi)). The difference in the gel contraction can be clearly seen by eye (Figure 3.2A). In the absence 

and presence of FBS, the CGC device angle decreased to 69% and 41% of initial angle, 

respectively (Figure 3.2B). The gel contraction was reported as the average of three independent 

experiments performed on different days (the data for each independent experiment is provided in 

Figure 3.5A); the presence of FBS in the media resulted in significantly more collagen gel 

contraction than in serum-free conditions. Collagen without fibroblasts was loaded into the device 

as a negative control, and there was no significant change in the angle (Figure 3.9). We also 

performed a traditional CGC experiment with HFL-1 using a 96 well plate format. The result 

showed that the gel surface area decreased to 47% and 27% over 18 hours of incubation in either 

serum free media or media containing 10% FBS, respectively (Figure 3.8). Therefore, our small 
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scale CGC system offers a comparable dynamic range as the conventional well plate CGC assay, 

while the gel consumption is 7-fold smaller. 

3.4.4 Eosinophils Cocultured With Fibroblasts Augment Collagen Gel Contraction in Our 

Device  

Following a similar CGC device loading workflow, we established an eosinophil-fibroblast 

coculture using our platform to test the hypothesis that soluble factors secreted from eosinophils 

increase fibroblast-mediated collagen gel contraction as observed in prior work by Zagai et al. [45] 

using the traditional CGC assay. We used the eosinophil cell line model AML14.3D10, a 

differentiated human myeloid leukemic cell line that displays typical morphology and enzymatic 

activity of normal eosinophils [1, 2]. Eosinophils were maintained in RPMI media supplemented 

as described in the Materials and Methods section (as recommended for this cell line) and 

resuspended into serum-free F-12K media prior to loading to the well plate for coculture (Figure 

3.3A). Eosinophils were loaded into the culture media surrounding the device after the fibroblast-

laden collagen was established in the device (Figure 3.3A (iv)); this setup allows us to study 

soluble-factor mediated signaling while keeping the eosinophils and fibroblasts physically separate 

from each other. The CGC device angle was measured at the starting point of the culture and after 

24 h incubation as described previously. In the absence and presence of eosinophils, the CGC 

device angle decreased to 90% and 60% of initial angle, respectively (Figure 3.3B). The gel 

contraction was reported as the average of three independent experiments performed on different 

days (the data for each independent experiment is provided in Figure 3.5B); the presence of 

eosinophils resulted in significantly more collagen gel contraction than in monoculture. 

Differences were observed between the absolute values of percentage of initial angle in the 

monoculture serum-free conditions across Figures 3.2 and 3.3, likely due to higher passage number 
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cells used in Figure 3.3; we discuss this further in the Discussion section. Collagen without 

fibroblasts was loaded into the device with the presence of eosinophils as a negative control for 

coculture, and there was no significant change in the angle (Figure 3.9).   

3.5 DISCUSSION 

In the fields of regenerative medicine, tissue engineering, and organotypic models, cell-

encapsulating microfluidic hydrogels have been widely employed as an effective model to study 

cell behaviors in ECM environment [4, 9, 19, 20, 26, 30]. Specifically, the 3D culture of fibroblasts 

in native type I collagen gels has enabled researchers to integrate cell behaviors with surrounding 

matrix components, capturing some key aspects of cell-extracellular matrix interactions that are 

lost in simple 2D culture on plastic substrates [4, 9]. 

Here, we designed a dynamic microscale CGC system, and identified three ways in which we 

could build on and improve traditional CGC assays: 1) reduced cell and gel consumption, 2) 

straightforward measurements of collagen gel contraction that are not dependent on scale 

calibration or ambiguous gel boundaries, and 3) the ability to perform coculture experiments to 

study how paracrine signaling (soluble-factor mediated signaling) between fibroblasts and other 

cell types affects fibroblast contractility. In this study, we developed a dynamic microscale CGC 

platform that integrates these criteria through use of a small gel volume (14 µL in comparison to 

over 100 µL typically used in traditional CGC assays [17, 40], a simplified quantitative readout 

(CGC device angle), and compatibility with coculture.  

Importantly, existing cell-based assays developed around the traditional CGC assay can be readily 

translated to our microscale CGC assay because both assays share similar protocols for cell-laden 
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collagen preparation. Prior systems for microscale gel droplet fabrication have achieved 

impressive advances in terms of miniaturization, which often involve engineering with new 

biomaterials or reagents such as polyethylene glycol or dextran that allow for rapid polymerization 

of droplets and careful management of evaporation [28, 33]. Since the gel polymerization 

conditions are pH-sensitive and thermally driven, the addition of new materials in the process 

requires intensive testing of precise gelling conditions [12]. Moreover, washing steps are required 

to remove the additional materials from the droplet, increasing the time and labor involved in the 

fabrication process [28, 33]. Our CGC device serves as an alternative surface-tension driven 

method to manufacture microscale gel droplets (and ultimately stretch the droplets into 

hyperboloid bridges), eliminating the possible complications involved in adding new materials. 

Gel area quantification has been a hurdle to the accuracy and reproducibility of the CGC assay 

largely due to the difficulties in characterization of gel boundaries, as well as aberrancies in gel 

shape post-contraction [5, 6]. Although atomic force microscopy (AFM) and traction force 

microscopy (TFM) serve as alternative quantification methods for cell contraction force 

measurement bypassing the gel border delineation issue, the instruments are normally unfamiliar 

to common users in traditional biological laboratory settings [38]. The CGC device we present in 

the study measures the change in CGC device angle, which converts the 3D change in gel volume 

to single parameter that is straightforward to measure. Three reference points are clearly and easily 

identified in digital images of the device, and the angle is calculated automatically using image 

processing software (see Methods section and Figures 3.1B and 3.2A).  

Previous studies have identified a group of soluble factors including transforming growth factor-

𝛽 (TGF- 𝛽), that contribute to fibroblast myodifferentiation, leading to increased expression of 𝛼-
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smooth muscle actin and a contractile phenotype typified by increased collagen gel contraction 

[15, 18, 25]. Myodifferentiation and fibrosis are particularly important in airway remodeling and 

asthma as they can lead to exacerbated symptoms and progressive damage [15, 18]. To better 

understand how fibroblasts are affected by soluble factors from other types of cells in airway 

remodeling, researchers have conducted mixed coculture (embedding additional cell types into the 

fibroblasts-laden collagen), conditioned media coculture (feeding fibroblast-laden gel matrix with 

supernatants collected from other types of cells), and segregated Transwell coculture CGC 

experiments [13, 31, 44]. These studies revealed that mast cells, red blood cells, and eosinophils 

can promote fibroblast contraction in mixed 3D coculture, or in conditioned media culture through 

paracrine signaling; whereas blood monocytes and lung epithelial cells attenuate fibroblast-

mediated gel contractility, an important aspect of tissue repair [10, 39].  

Given the importance of paracrine signaling in myodifferentiation illuminated by prior work, we 

developed an eosinophil-fibroblast paracrine signaling coculture model to demonstrate the ability 

to conduct coculture experiments with our microscale CGC assay (Figure 3.3A). Our coculture 

system enabled eosinophils, which settled to the bottom of the well plate physically separate from 

the fibroblast-laden gel suspended in our device above, to communicate with fibroblasts through 

shared media. In contrast to culture systems that involve transfer of conditioned media from one 

cell type to another, the shared media in our coculture model enables bidirectional signaling and 

signaling based on short-lived factors that may degrade in conditioned media studies [36] (Ruth et 

al., 1999). Here, we cocultured HFL-1 with AML14.3D10, which is a well-characterized mature 

eosinophil surrogate (Figure 3.3A) [2]. Previous studies have identified eosinophil cationic protein 

as an important biomarker for airway inflammation, which is largely released from mature 

eosinophils [27, 44, 45]. Using our microscale CGC device, we found that the presence of 
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eosinophils caused significantly increased fibroblast contractility (Figure 3.3B), which agreed with 

the previous mixed coculture experiments where eosinophils were mixed in with fibroblasts in 

collagen gel [45].  

It is worth noting that we observed a decrease in HFL-1 contractility (in the monoculture, serum-

free condition) in the second set of experiments (Figure 3.3B, 𝜃f /𝜃I = 90 ± 2%) compared to the 

first set of experiments (Figure 3.2B, 𝜃f /𝜃I = 69 ± 5%), as the cells were at higher passage numbers 

in the second set of experiments. Thus, it is important to set up separate controls within each set 

of experiments (as we did in Figures 3.2 and 3.3); the comparison between the treatment and the 

control within experiments should be considered rather than the absolute value of the percentage 

of initial angle, which can vary across passage numbers. 

In conclusion, this paper presents a novel platform that translates a traditional CGC assay to a 

microscale assay, minimizing fibroblast and gel consumption. Utilizing surface tension, the device 

enables generation of a suspended cell-laden gel with two standard pipetting steps. Gel contraction 

quantification is simplified to a single angle measurement. Moreover, we established an 

eosinophil-fibroblast coculture model using the CGC device and showed that the platform 

sustained segregated coculture and paracrine signaling to recapitulate aspects of immune-

fibroblast-ECM interactions. Importantly, our platform captures bidirectional and time-sensitive 

paracrine signaling interactions which are sometimes lost in stepwise conditioned media studies 

due to decay of short-lived cytokines and other signaling molecules. Finally, our device fits within 

a standard well plate and cell culture incubator, increasing its translation to biology laboratories. 
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3.6 FIGURES 

 
Figure 3.1. Overview of device configuration and operation. 

Overview of device configuration and operation. (A) Overview of collagen gel contraction (CGC) 

device. (i,ii) Schematic drawing of an assembled CGC device, which consists of a collagen loading 

channel, a free-swing arm, and a retraction tube. (iii) Top down picture showing inserting an 

assembled CGC device in a 24-well plate. (B) Top view of CGC device operation workflow. i) 14 

𝜇L of cell-laden collagen is loaded into the loading channel; after filling the loading channel, a 

collagen droplet is formed in between the loading channel and arm head. ii) and iii) 25 𝜇L of cell 

culture media is pipetted in and out of retraction tube; the arm tail is pulled back into the retraction 

tube with the flow of the media, causing the collagen droplet to extend into a collagen bridge. iv) 

The system is incubated at 37 °C for 15 min for collagen to gel; cell culture media is loaded directly 

into the well plate from top. v) and vi) The top view of the device is captured to determine the 

angle at starting point (𝜃i) and end point (𝜃f), respectively. The change in 𝜃 reflects cell 

contractility. Scale bars: 2 mm. 
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Figure 3.2. CGC device characterization using fibroblast contraction in differential serum 

conditions. 

(A) Representative images showing the contracting angle, θ, of the same device immediately after 

loading the cell-laden gel and cell culture media (0 h, top) and after 24 h in culture (bottom), in 

both serum-free media (left) and media containing 10% FBS (right) (scale bars: 2 mm). (b) 

fibroblasts (HFL-1) cultured in media containing 10% FBS contract collagen gel more than 

fibroblasts cultured in serum-free media. Each data point represents the average of three devices 

from an independent experiment; three independent experiments were performed. Error bars: SEM 

of three independent experiments; * indicates significantly different values according to a two-

tailed paired Student's t-test (p ≤ 0.05). 
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Figure 3.3. CGC device application in a coculture system with human fibroblast cells (HFL-1) 

and eosinophil model cell line (AML14.3D10) to evaluate the effect of soluble factor signaling 

from eosinophils on fibroblast gel contraction. 

(A) Schematics of the coculture configuration and workflow. i) Fibroblast-laden collagen is loaded 

into the CGC device in a 24-well plate. ii) and iii) Cell culture media is pipetted in and out of 

retraction tube and the arm tail is pulled back into the retraction tube. iv) The system is incubated 

for the collagen to gel; eosinophils are suspended in serum-free F-12K media at a concentration of 

3.5 ×107 cells/mL; 2 mL of serum-free media (for monoculture) or cell suspension (for coculture) 

is added into each well. v) and vi) Top view image is taken to measure 𝜃i and 𝜃f, respectively. (B) 

Coculture of fibroblasts with eosinophils augments HFL-1 collagen gel contraction in serum-free 

media. Each data point represents the average of three devices from an independent experiment; 

three independent experiments were performed. Error bars: SEM of three independent experiments; 

** indicates significantly different values according to a two-tailed paired Student's t-test (p ≤ 

0.01). 
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3.7 SUPPLEMENTARY INFORMATION 

 

Figure 3.4. Imaging in CGC device. 

i) Imaging in device requires a microscope jig, which positions the collagen bridge directly above 

a glass slide. ii) Schematic view of imaging in device. Microscope jig is omitted for simplicity. iii) 

Fluorescence images of fibroblasts in collagen and eosinophils in the well plate (green: live, red: 

dead, scale bars: 100 μm). 



  

 

78 

 

Figure 3.5. Complete set of data collected across three independent experiments; each data point 

plotted is from a replicate device within an independent experiment. 

These are the complete data sets data corresponding to (A) Figure 3.2B and (B) Figure 3.3B. Error 

bars: SEM of three device replicates; p-value indicates significantly different values according to 

a two-tailed unpaired Student's t-test (*p≤ 0.05, **p ≤ 0.01, ****p≤ 0.0001). 

 

 

 
Figure 3.6. Determination of the volume of media required when loading the retraction tube such 

that the free-swinging arm is pulled back and the collagen droplet extends into a collagen bridge 

(step ii) and iii) of Figure 3.1). 

Each image is the representative of four devices for each loading volume. The loading was 

successful with a volume of 35, 40, 45, and 50 µL of media. With a loading volume of 30 µL, 

there was not enough media to bring the tail of the swing arm completely back into the retraction 

tube, resulting in a small gap (red box). Scale bars: 2 mm. 
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Figure 3.7. The initial angle of six devices (each plotted as a separate data point) containing 

collagen with no cells from four different batches (3D printed on different days). Error bars 

represent SEM. 

 

 

Figure 3.8. HFL-1 induced collagen gel contraction in a 96 well plate, using the standard 

macroscale collagen gel contraction assay. 

(A) The gel contours are traced in yellow, showing gel disc distortion. (B) Each data point 

represents the percentage of initial gel area of each replicate from an independent experiment. 

A 

B 
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Error bars: SEM of 5 replicates; p-value indicates significantly different values according to a two-

tailed unpaired Student's t-test (**p ≤ 0.01). Scale bars: 1 mm. 

 

 

Figure 3.9. HFL-1 mediated collagen contraction in serum-free media under four different 

culture conditions. 

“No cells” and “Eosinophils only” conditions are used as negative controls. Each data point 

represents a single device from the same experiment. Error bars: SEM; ** indicates significantly 

different values according to a two-tailed unpaired Student's t-test (p ≤ 0.01); only the “Fibroblasts 

only” and “Coculture” conditions were compared. 

 

 

Approximate determination of surface tension forces in CGC device. 

 

The force provided by the surface tension of media in the retraction tube is equal and opposite to 

the force applied by the surface tension of the collagen bridge. This force can be calculated using 

the following equation: 

𝐹 = 𝑃𝐴 = 𝛾(
1

𝑟1
+

1

𝑟2
)𝐴 

Where P is the Laplace pressure associated with the air-liquid interface, A is the surface area of 

that interface, 𝛾is the surface tension of the liquid, and r1 and r2 are the characteristic radii of 
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curvature that describe the interface. If we assume that the collagen bridge is approximately 

cylindrical, and that its surface tension is equal to the surface tension of pure water, then we can 

calculate the surface tension force applied by the collagen bridge: 

𝛾 = 72 × 10−3  
𝑚N

m
 

𝑟1 = 1.014 × 10−3 m  

𝑟2 ≅ ∞  

𝐴 ≅ (2 × 10−3 (
3.172 + 1.477

2
) (𝜋 × 1.014 × 10−3))  

Note that the surface area of the collagen bridge is approximated as the area of two trapezoids with 

width of parallel edges given by measurements 2 and 3 from Figure S7, and height given by half 

the circumference of the cylindrical bridge. 

𝐹 = 𝑃𝐴 = 72 × 10−3 (
1

1.014 × 10−3
+

1

∞
) (2 × 10−3 (

3.172 + 1.477

2
) (𝜋 × 1.014 × 10−3)) 

Using these assumptions, and by measuring the diameter of the collagen bridge in FIJI image 

processing software, we find that the collagen bridge applies a force of approximately 1 mN, and 

thus the media in the retraction tube also applies 1 mN in opposition. However, the surface tension 

force applied by the media in the retraction tube is nullified when the device is submerged in media 

at the beginning of an experiment, thus enabling the device to move dynamically based on forces 

exerted by the cells on the collagen. 
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Figure 3.10. Photo used to make retraction force approximation and corresponding schematic 

representation of surface area approximation. 

a) Photo of device used for approximation with b) inset of collagen bridge. Yellow lines indicate 

where measurements were taken. c) Schematic of 3D shape used to approximate collagen bridge 

(cylinder with angled end caps). d) Schematic of approximate 2D (splayed out) surface geometry 

of collagen bridge. Measurements from b) were used to calculate the area of this shape. Scale bar: 

2 mm. 
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Chapter 4. PARACRINE SIGNALING FROM HUMAN KIDNEY 

EPITHELIAL CELLS PROMOTES KIDNEY 

SPECIFICITY OF ENDOTHELIAL CELLS  

This chapter is mostly adapted from the original publication: Zhang, T.; Lih, D.; Nagao, R. J.; 

Xue, J.; Bertheir, E.; Himmelfarb, J.; Zheng, Y.; Theberge, A. B., “Open microfluidic coculture 

reveals paracrine signaling from human kidney epithelial cells promotes kidney specificity of 

endothelial cells”. American Journal of Physiology-Renal Physiology. 

4.1 ABSTRACT  

Endothelial cells (ECs) from different human organs possess organ-specific characteristics that 

support specific tissue regeneration and organ development. EC specificity are identified by both 

intrinsic and extrinsic cues, among which, parenchyma and organ-specific microenvironment are 

critical contributors.  These extrinsic cues are, however, largely lost during ex vivo cultures. 

Outstanding challenges remain to understand and re-establish EC organ-specificity for in vitro 

studies to recapitulate human organ-specific physiology. Here, we designed an open microfluidic 

platform to study the role of human kidney tubular epithelial cells in supporting EC specificity. 

The platform consists of two independent cell culture regions segregated with a half wall; culture 

media is added to connect the two culture regions at a desired timepoint, and signaling molecules 

can travel across the half wall (paracrine signaling). Specifically, we report that in the microscale 

coculture device, primary human kidney proximal tubular epithelial cells (HPTECs) rescued 

primary human kidney peritubular microvascular EC (HKMEC) monolayer integrity and fenestra 

formation, and HPTECs upregulated key HKMEC kidney-specific genes (HNF1B, AJAP1, 

KCNJ16) and endothelial activation genes (VCAM1, MMP7, MMP10) in coculture. Co-culturing 
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with HPTECs also promoted kidney-specific genotype expression in human umbilical vein ECs 

(HUVECs), and human pluripotent stem cell-derived ECs (hPSC-ECs). In comparison to the 

culture in HPTEC conditioned media, co-culture of ECs with HPTECs showed increased 

upregulation of kidney specific genes, suggesting potential bidirectional paracrine signaling. 

Importantly, our device is compatible with standard pipettes, incubators, and imaging readouts, 

and could also be easily adapted to study cell signaling between other rare or sensitive cells. 

4.2 INTRODUCTION 

During human development, ECs acquire tissue-specific properties based on cues from the local 

microenvironment while organs undergo vascularization; in vitro cell culture systems often lack 

microenvironmental cues, making it challenging to maintain endothelial cell identity [20]. 

Therefore, a better understanding of how to preserve endothelial cell morphologic phenotypes and 

gene expression profiles in ex vivo environments is important to building more physiologically 

relevant endothelial cell-based disease models for pathological research. Specifically, the human 

kidney is a highly vascularized organ, and the peritubular capillaries play an important role in 

maintaining normal renal function of selective reabsorption and secretion, in addition to providing 

oxygen and nutrients to the tubules and surrounding cells [1, 27, 33]. The loss of renal 

microvasculature integrity has been recognized as a classic finding contributing to progressive 

renal diseases, including tissue ischemia, tubular dysfunction, inflammation, and fibrosis [27, 32, 

36].  Reabsorption occurs through both passive and active transport, from the proximal tubular 

epithelial cells lining the tubule, across the extracellular matrix (ECM) separating the tubules, 

through the ECs and into the adjacent peritubular capillaries [9]. 
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The interplay between human kidney proximal tubule epithelial cells (HPTECs) and human kidney 

peritubular microvascular ECs (HKMECs) is a complex process largely regulated by soluble 

factors in the tubulo-interstitium [27, 34, 38]. The understanding of human kidney 

microvasculature injury and regeneration mechanisms has been of great interest in the past several 

decades, and a group of growth factors have been identified that mediate the intercellular 

interaction [52, 53, 55]. Importantly, vascular endothelial growth factor (VEGF) is an angiogenic 

and vascular permeability factor, which is critical to the survival and proliferation for ECs [23, 28]. 

However, due to the challenge of isolating primary HKMECs from fresh tissues and the 

unavailability of an established HKMEC cell line, much of our understanding has come from cell 

culture models using non-renal human cell lines, such as human umbilical vein ECs (HUVECs), 

or animal cells. For example, Kim et al [28] showed that human kidney epithelial cells generate 

VEGF which promoted branching angiogenesis of HUVECs in vitro; Zhao et al. [62] discovered 

that mouse renal proximal tubular epithelial cells helped mouse renal peritubular ECs maintain 

phenotypes in coculture. More recently, our group [33] successfully isolated and purified 

HKMECs and discovered that the significant difference between HKMECs and HUVECs in 

morphology, phenotype and transcriptional profiling. Further, we [37] reported that ECs from 

different human organs exhibit organ-specific gene expression profiles, which correlate with 

specific cell functions, including metabolic rate, angiogenic potential, and barrier properties. 

However, compared to freshly isolated cells, most of organotypic gene expression is lost during in 

vitro expansion, which highlighted the importance of both employing specific endothelial cell 

types and identifying ways to enhance organotypic properties during in vitro culture.  

We sought to test whether soluble factors from HPTECs could be used to maintain kidney-specific 

gene expression and morphology in HKMECs cultured in vitro using a microfluidic coculture 
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platform, and further to understand if non-parenchymal tissues (i.e., non-kidney ECs) are plastic 

to develop organ-specificity through paracrine signaling with parenchymal cells (i.e., kidney 

epithelial cells). Emerging as an alternative tool for coculture studies, microfluidic platforms 

reduce cell and reagent consumption and offer better control over the configuration of the cell 

culture regions. Despite the rapid development of microfluidic technologies, many microfluidic 

platforms require handling expertise and equipment such as pumps and valves, creating significant 

obstacles for general biological laboratories to adopt microfluidic cell culture devices [8, 48, 61]. 

In this study, our goal was to create a user-friendly microfluidic device not only suitable for our 

coculture objectives, but also translatable to other cell culture schemes and easily adoptable by 

general biology researchers.  

Here, we present an open microscale coculture platform that contains two cell culture chambers 

segregated by a polystyrene half wall. Paracrine signaling is initiated by connecting the two 

chambers with additional cell culture media, which overflows the half wall. We separately cultured 

HPTECs with three different endothelial cell types in the device and evaluated key endothelial cell 

organ-specific features under differential culture conditions. Our findings suggest that coculture 

with HPTECs supports maintenance of key organ-specific genes in primary human kidney ECs 

(HKMECs) and enhances kidney-specific gene expression in non-kidney-derived cells (human 

umbilical vein ECs (HUVECs), and human pluripotent stem cell-derived ECs (hPSC-ECs) over 

three days in culture. This work also serves as a proof of concept to demonstrate that the presented 

device could become a simple and efficient platform to study paracrine signaling effects across 

different cell types. 
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4.3 MATERIALS AND METHODS 

4.3.1 Open Microfluidic Coculture Device Fabrication 

Devices were fabricated using a Series 3 PCNC Mill (Tormach, Waunakee, WI) or a DATRONneo 

(Datron Dynamics, Germany). The devices were designed with Solidworks 2017 ×64 (Solidworks, 

Waltham, MA) and converted to .TAP files with Sprutcam (Sprutcam, Naberezhnye Chelny, 

Russia) or to .simpl files with Fusion 360 (Autodesk, San Rafael, CA). Devices were milled from 

2 mm thick polystyrene (PS) sheets (Goodfellow USA, Coraopolis, PA). After milling, the device 

was washed thoroughly with dish soap and water, followed by 70% ethanol and DI water then air 

dried. A piece of 1.2 mm PS plastic (Goodfellow USA, Coraopolis, PA) was cut (65×50 mm 

square), cleaned, and solvent bonded to the bottom surface of the device according to the protocol 

adapted from Young et al. [60].  Briefly, a hot plate (Torrey Pines Scientific, HP60) was pre-heated 

to 65 °C; the bottom of the milled device was mated to the top surface of 1.2 mm PS square; small 

amounts of acetonitrile (ACN; A998-4, Fisher Chemicals) was pipetted gently through the hollow 

regions of the device until the liquid filled the entire mated area between the PS square and the 

device. Weight (2 kg) was placed on the top for about 30 s to facilitate the reaction between solvent 

and the polymer interface. The bonded device was sonicated with 70% ethanol at 68 °C for 15 min 

and rinsed with DI water and air dried. The device was plasma treated for 5 min at 0.25 mbar and 

70 W in a Zepto LC PC Plasma Treater (Diener Electronic GmbH, Ebhausen, Germany) using 

oxygen, followed by 10 min of UV sterilization. An engineering drawing of the device with 

dimensions is included in Figure 4.6. Original design files are included in the ESI. 
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4.3.2 Isolation and Cell Culture of HPTEC and HKMEC 

This work was approved by the University of Washington Institutional Review Board 

(IRB447773EA).  Human HPTECs and HKMECs were isolated from surgically dissected kidney 

tissues from fetal donors (donor A: 125 days, male; donor B: 113 days, male; donor C: 127 days, 

female; donor D: 110 days, female), as we reported previously [33]. Kidneys were minced in 

serum-free EBM2 endothelial growth medium (Lonza) with 0.2 mg/mL Liberase and 100 U/mL 

DNase (Roche). The minced kidneys were incubated for 30 min at 37 °C in a shaking water bath. 

The tissue homogenate was filtered through a 40 𝜇m cell strainer. For HKMEC enrichment, 

EpCAM-positive cells were depleted first from the cell suspension using EpCAM microbeads 

(Miltenyi Biotec). EpCAM-negative cells were cultured on gelatin-coated T-75 flasks in EBM2 

media supplemented with antibiotic/antimycotic (Invitrogen), 10% FBS (Invitrogen), 10 𝜇g/mL 

ECGS (Cell Biologics), 50 ug/mL heparin (Sigma), and 40 ng/mL VEGF (R&D Systems). Cells 

were cultured at 5% CO2 and 37 °C until confluent, and HKMECs were sorted as CD144-positive 

population on BD FACSAria II at the UW SLU Flow Cytometry Facility. After sorting, HKMECs 

were cultured in EBM2 media supplemented with antibiotic/antimycotic (Invitrogen), 10% FBS 

(Invitrogen), 10 𝜇g/mL ECGS (Cell Biologics), 50 𝜇g/mL heparin (Sigma), and 20 ng/mL VEGF 

(R&D Systems) at 5% CO2. For HPTEC enrichment, EpCAM-positive cells were collected using 

EpCAM microbeads from the cell suspension. HPTECs were then cultured in T-75 flasks in 

DMEM/F12 (Corning) supplemented with antibiotic/antimycotic (Invitrogen), ITS-X (Invitrogen), 

and 50 nM hydrocortisone (Sigma-Aldrich) at 5% CO2 and 37 °C. Cells between passage 1-5 were 

used for coculture experiments. 
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HKMECs and HPTECs were plated on the center (17 𝜇L) and side chamber (37 𝜇L) of the 

coculture device at a density of 1×105 cells/cm2 and 4.35×104 cells/cm2 with their own media, 

respectively. 24 hours after initial cell plating, the two chambers were connected using 100 𝜇L 

HKMEC media +/- VEGF (20 mg/mL), which was replaced every 24 h. Throughout culturing, the 

devices were kept in a primary container (a 86×128 mm OmniTray, or a 100×150 mm Petri Dish 

(Thermo Scientific)). Sacrificial PBS droplets (total volume of 1 mL) were pipetted around the 

devices to mitigate evaporation. The primary container was placed in the center of a 245×245 mm 

BioAssay Dish (Corning) with 100 mL PBS. The peripheral of the primary container was wrapped 

tightly with moisten Kim Wipe. The secondary container was incubated at 5% CO2 and 37°C. 

For HKMECs and HPTECs conditioned media culture experiment, HPTECs were plated on the 

side chambers of the device and recovered overnight. On the next day, HPTECs were fed with 100 

𝜇L HKMEC media supplemented with 20 mg/mL VEGF. HKMEC were plated on the center 

chambers of separate wells. After overnight recovery, HPTEC conditioned media was collected 

and filtered to remove any HPTEC debris. 100 𝜇L of conditioned media was added to the wells 

containing HKMECs. The conditioned media was collected and changed every 24 h. 

4.3.3 Cell Culture of HUVEC and hPSC-EC 

HUVECs (Lonza) were cultured in EBM (Lonza) supplemented with EGM Endothelial Cell 

Growth Medium SingleQuots Kit (Lonza) and used at passage 3-6. The coculture procedures for 

HUVEC-HPTEC were the same as HKMEC-HPTEC coculture described above using HUVEC 

media. Human pluripotent stem cells (hPSC) (WTC line, a gift from Dr. Murry, University of 

Washington) was first differentiated to posterior-like ECs according to the protocol adapted from 

Palpant et al. [41] and Redd et al. [44] with low Activin A and high BMP4 for 10 days. Then these 
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cells were trypsinized and plated into co-culture device (at center well) to allow for attachment 

and growth into confluency. HPTECs were plated into the outer well of the device at day 11, and 

co-cultured with hPSC-EC for additional two days in hPSC-EC media [41]. At day 13, five devices 

were fixed with PFA for immunostaining, and additional 5 devices were lysed for RNA collection. 

4.3.4 Cell Staining and Imaging 

The ECs in the study were washed with PBS, blocked with PBS containing 2% BSA for 1 h, and 

incubated with 0.1% Triton X-100 for 5 min. The cells were washed and incubated at 1:50 dilution 

over night at 4°C with primary antibodies: mouse anti PV-1, rabbit anti VECad, and sheep anti 

vWF (Abcam). The samples were washed and incubated at 1:200 dilution for 1 hour at room 

temperature with secondary antibodies: goat anti mouse 488, goat anti rabbit 568, and donkey anti 

sheep 568 goat anti-rat secondary antibody (Thermo Fisher). The secondary antibodies were 

removed, a 1:1000 dilution of DAPI (Invitrogen) was added and incubated for 5 min. The samples 

were washed twice, mounted with PBS, and covered with a glass slip to prevent sample 

dehydration during imaging. The protected device was fitted directly into the mounting frame for 

fluorescence microscopy. 

4.3.5 RNA Isolation, RT-PCR, and qPCR Analysis for ECs 

RNA was collected and purified using the RNAeasy Mini Kit (Qiagen), and residual DNA was 

removed by on-column DNase digestion (Qiagen). RNA quantity and quality were measured with 

NanoDrop ND 1000 Spectrophotometer. RT-PCR was performed using Biometra T-Personal 

Thermal Cycler with iScript Reverse Transcription Supermix (Bio-Rad). qPCR was performed 

using the Real-time PCR System (Applied Biosystems) with Fast SYBR Green Master Mix 
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(Applied Biosystems) and primers (RealTimePrimers). The gene expression was quantified 

according to MIQE guidelines, and the expression of each gene was determined relative to 

reference gene GAPDH [10].  

4.3.6 Microscopy and Image Processing  

ECs were imaged using a Nikon High Resolution Widefield microscope with a high-resolution 

CCD camera. Brightness/contrast adjustments were made uniformly across all images in Fiji 

(ImageJ). To calculate the cell size for HKMECs monoculture without VEGF condition, a random 

cell region on 10x image was chosen and cells were counted, and average cell size was determined 

by region area/DAPI count. For other culture conditions where HKMECs were confluent, the 

average cell size was determined by field of view/total DAPI count. 

4.3.7 Statistical Analysis  

Quantitative data was graphed and analyzed using GraphPad Prism 7 software. In Figure 4.2C, 

each plotted point represents the average of approximately 3.5×104 cells – 8.0×104 cells analyzed 

within a device. HKMEC cell size was compared using a one-way an ANOVA test followed by 

Tukey's multiple comparisons. In Figures 4.3 and 4.4, statistical tests were run to compare the 

expression in coculture vs. monoculture (all VEGF-free) as follows: Due to the distribution of data 

from multiple human donors,  the coculture expression ratios for the three donors were log 

transformed to better fulfill the assumptions of the t-test. The log transformed coculture data were 

then compared to 0 using a two-tailed one-sample t-test using “QuickCalcs one-sample t-test” on 

the GraphPad website. (Note that the coculture data had previously been normalized to 
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monoculture data, which was set to 1 as described in the figure captions; log(1)=0 hence we 

compared to 0 using the one-sample t-test.)  

4.4 RESULTS AND DISCUSSION 

4.4.1 Open Microfluidic Device Design and Workflow 

Open microfluidic systems are characterized by the introduction of an air-liquid interface, where 

liquid flows in microscale channels devoid of at least one side-wall [2, 5, 6, 13]. Unlike typical 

microfluidic devices with enclosed culture chambers, open devices offer increased pipette 

accessibility at any point along the culture chamber and simpler fabrication processes, such as 

straightforward micro-milling and injection molding, allowing open microfluidic devices to 

become efficient tools with versatility and transferability across different research disciplines [11, 

18, 30, 31, 40, 49, 58]. 

In the present study, we develop a user-friendly platform to maintain and evaluate kidney 

endothelial cell organ-specificity under various microenvironments. Our device consists of two 

cell culture regions, a center chamber and a side chamber, segregated by a half wall (Figure 4.1A, 

Figure 4.6A). The width and height of the side chamber are designed to allow filling by a single 

pipette-dispensing step based on the concept of spontaneous capillary flow in open microchannels 

(see SI for equation describing the conditions for capillary flow and illustrations in Figure 4.6). 

Two cell types are selectively pipetted into the center (ECs) and the side (HPTECs) chamber, 

respectively; after adherence, the cells are placed into paracrine signaling contact by filling cell 

culture medium over the half wall (Figure 4.1B). The notched features for each chamber are 

designed to accommodate a pipette tip for ease of use when pipetting media. Figure 4.1C shows a 
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device with 5 by 4 array of the wells. The replicating wells allow for testing multiple culture 

conditions in a single experiment. Additionally, the dimensions of the device plate are designed to 

fit into a standard petri dish (88 mm in diameter, shown in Figure 4.1C) to maintain sterility and 

control evaporation during incubation. The device plate dimensions (60×50 mm) are also 

compatible with universal microscope mounting frames for convenient endpoint imaging.  

Importantly, the coculture device is fabricated with polystyrene, which is the standard material for 

cell culture due to its biocompatibility and good optical properties for medium resolution imaging, 

which is used for standard kidney endothelial cell immunocytochemistry and morphology studies 

[17]. In contrast to microfluidic platforms made of polydimethylsiloxane (PDMS), the device used 

in this work mitigates problems with oligomer leaching and adsorption of small molecules (such 

as potential drugs or toxicants that this device could be used to screen in future studies) (7, 25, 45, 

54). The ECs (HKMECs, HUVECs, and hPSC-ECs) and HPTEC coculture model presented in 

this study demonstrates that the coculture device, and our culture protocols to avoid evaporation 

and ensure nutrient availability in microscale culture, are compatible with cells from different 

sources. Additionally, to demonstrate the versatility of the device for culturing different cells in 

the side chamber, we cultured freshly isolated human pericytes in the side chamber and HKMECs 

in the middle chamber for 72 hours; this is a biologically relevant coculture model because kidney 

pericytes play a profound role in inflammation and the renal pericyte-endothelial cross-talk 

contributes to fibrogenesis during kidney disease progression [29]. The results showed that 

incorporation of pericytes increased HKMEC density in the device (Figure 4.7). 

Although Transwells have been widely used in coculture studies to study soluble factor signaling, 

our open microfluidic coculture system offers additional features that address several limitations 
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of the Transwell system. Specifically, our system provides a tissue culture-treated polystyrene 

substrate to culture both cell types, avoiding the potential complication of culturing sensitive cell 

types on Transwell insert membrane; the coculture device enables imaging both cell types in the 

same plane of focus, enabling efficient imaging during culture; the open microfluidic design allows 

for a simple workflow for media changes, minimizing the operation time and the risk of drying the 

cells in culture; finally, the size and the ratio of the two cell culture regions can be tuned easily in 

the computer aided design (CAD) file, offering the flexibility for researchers to customize the 

system suitable for their own research purpose. However, a potential limitation for this present 

open microfluidic system is that it does offer the mechanical capacity (which requires syringe 

pumps and valves) to address the effect of shear stress caused by the tubular flow and blood flow 

in the in vivo kidney proximal tubules and peritubular microvessels, respectively. A pending 

design challenge we seek to solve in future studies is to combine shear flow and real time paracrine 

signaling events in microfluidic coculture models. 

4.4.2 HKMEC and HPTEC Coculture in an Open Microscale Device Preserves Endothelial 

Morphology   

A central goal of our study is to understand to what extent EC specificity can be modified by 

parenchymal cells in vitro, and potentially to develop a method to maintain kidney specificity of 

HKMECs in vitro. The loss of microvascular endothelium in renal disease progression is directly 

related to altered local secretion of VEGF in vivo, which is mainly produced by proximal tubular 

epithelium [21, 46, 57]. We utilized the open microscale coculture devices to examine the 

morphology of HKMECs in four different cultural conditions (Figure 4.2A). Briefly, HKMECs 

were cultured in the center chambers of the device alone or with HPTECs cultured in the side 

chambers, both in media with and without exogeneous VEGF. We used immunocytochemistry to 
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qualitatively compare the expression of vascular endothelial cadherin (VECad), an endothelial 

integrity marker that is an essential component of endothelial intercellular adherens junctions and 

critical to endothelium integrity and barrier function [12],  and the expression of plasmalemma 

vesicle associated protein (PV1), a marker critical to the formation of stomatal (in the peri-nuclear 

cytosol) and fenestral (in the periphery of EC membranes) diaphragms on endothelial cell 

membranes [50].  

As shown in Figure 4.2B, without exogenous VEGF, HKMECs cultured alone (i.e., “Monoculture, 

VEGF-”) lost consistent expression of VECad between adjacent cells, and gaps between the cells 

were observed (Figure 4.2B, box), indicating disrupted EC barrier. Additionally, in the 

“Monoculture, VEGF-” condition, majority of PV1 expression is perinuclear, suggesting limited 

fenestrae formation. Addition of exogenous VEGF in monoculture enabled a contiguous 

monolayer without gaps (as visualized in the VECad staining) and partially rescued PV1 

expression. With the presence of HPTECs in VEGF-free media (i.e., “Coculture, VEGF-”), 

HKMECs maintained integrated cell-cell contact (VECad staining) and showed clusters of clear 

PV1 expression (Figure 4.2B, arrows, punctate staining), indicating that soluble factors from the 

neighboring but physically separated HPTECs helped maintain important endothelial cell function 

without exogenous VEGF. In addition to qualitatively comparing immunostaining of HKMECs, 

we also quantitatively compared the cell count and cell size for HKMECs in differential culture 

conditions. We found that HKMECs cultured with “VEGF+” media yielded higher cell counts 

than HKMECs in “VEGF-” media, regardless of the presence of HPTECs in the coculture device 

(***p<0.001, ****p<0.0001, Figure 4.2C). The increase in cell number corresponding to the 

addition of exogeneous VEGF in the media suggested that VEGF had essential role in HKMEC 

proliferation. Moreover, we quantified average HKMEC cell size and found that in the “Coculture, 
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VEGF-” condition, HKMECs had larger cell size when compared to the “Monoculture, VEGF-”, 

and “Coculture, VEGF+” conditions (****p<0.0001, Figure 4.2D). This suggests that HPTECs 

co-culture promoted HKMECs quiescence and maturation [35]. Adding VEGF alone did not have 

the same influence on cell size as the co-culture condition, suggesting that HPTECs affect 

HKMECs via different or additional small molecule signaling than VEGF alone. The similar trend 

was observed across donors, and additional data from donor A is provided in Figure 4.8. Taken 

together, our results show the utility of the coculture device as a simplified in vitro platform able 

to recapitulate key kidney endothelial protein expression and morphology sustained by soluble 

factor crosstalk with kidney epithelial cells. 

4.4.3 HPTECs Support Expression of Key HKMEC Organ-Specific and Endothelial-

Remodeling Genes in Coculture 

Previous studies observed that during organ development, ECs from different organs are 

heterogeneous in both morphology and gene expression patterns and participate in crosstalk with 

surrounding microenvironments to form the organ-specific vasculature [14, 39]. Multiple kidney-

specific endothelial genes are highly expressed in freshly isolated primary kidney endothelial 

tissues yet become significantly downregulated in expanded culture [37]. We wanted to determine 

if coculture with HPTECs could help rescue this loss in parenchymal gene expression by soluble 

factor signaling. With the same setup shown in Figure 4.2A, we cultured HKMECs under the four 

different conditions (Figure 4.2A) and collected RNA for quantitative gene expression analysis 

(RT-qPCR) of selected genes.  

We chose to focus on a panel of genes that were previously identified as representative molecular 

markers for HKMECs [33, 37]. The qPCR data in Figure 4.3 indicate that compared to HKMECs 
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in monoculture VEGF-free media (red bars), HKMECs in coculture VEGF-free media (green bars) 

exhibited upregulation of selective kidney-specific genes (top panel), including a 3 to 21-fold 

increase in Hepatocyte Nuclear Factor 1 Homeobox B (HNF1B), a transcription factor important 

to nephron development; a 7 to 28-fold in Adherens Junctions Associated Protein 1 (AJAP1), an 

adhesion junctional protein precursor crucial to endothelium barrier function; and a 2 to 32-fold in 

Potassium Voltage-Gated Channel Subfamily J Member 16 (KCNJ16), a gene encoding potassium 

channel protein essential to fluid regulation and pH balance. Key endothelial activation genes 

(bottom panel) followed a similar trend of upregulation in the coculture (green bars) versus 

monoculture (red bars) condition, including a 33 to 95-fold increase in MMP7 and a 2 to 13-fold 

increase in MMP10, two matrix metallopeptidases, and a 6 to 526-fold increase in Vascular Cell 

Adhesion Molecule 1 (VCAM1), which regulates leucocyte adhesion to vascular wall [15, 19, 26, 

42, 51]. Additionally, HKMECs from donor C (square symbol) showed 5-fold upregulation of 

kidney specific gene Contactin 4 (CNTN4), which is linked to normal kidney development, and a 

6-fold upregulation in endothelial activation gene Angiopoietin 2 (ANG2), which regulates 

angiogenesis and vascular inflammation in coculture versus monoculture [24]. Interestingly, 

HKMECs cocultured in VEGF-supplemented media (blue bars) showed less upregulation on 

average of the aforementioned genes except for ANG2, as compared to HKMECs cocultured in 

VEGF-free media (green bars). These data suggest that in coculture, HPTECs secrete not only 

VEGF but also other soluble factors supporting HKMECs to maintain key kidney endothelial 

features via paracrine signaling [22, 43, 56]. 

In contrast to the genes discussed in Figure 4.3, a subset of genes including PV1, VECad, Nitric 

Oxide Synthase 3 (NOS3, an endothelial proliferation gene), and VEGF Receptor 2 (VEGFR2) 

were upregulated when cultured in “VEGF+” media compared to “VEGF-” media, for both 
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monoculture (orange vs. red bars) and coculture (blue vs. green bars) conditions (Figure 4.9). The 

result suggested the critical role of VEGF in HKMEC proliferation and certain aspects of kidney 

function development. 

Figure 4.3 and 4.9 also demonstrate variance across different human donors, which highlights the 

importance of studying human cell signaling pathways with patient specific cells to understand 

patient-dependent disease mechanisms. Due to the variation across human donors, only AJAP1 

and MMP7 show statistical significance between “Monoculture, VEGF-” condition (red bar) and 

“Coculture, VEGF-” condition (green bar); however, from a biological perspective, it is 

meaningful that all three human donors show at least 2-fold higher expression in the latter than the 

former condition for HNF1B, AJAP1, KCNJ16, VCAM1, MMP7, and MMP10. The response 

among donors for CNTN4 and ANG2 was mixed, with only donor C (square symbol) showing 

upregulated expression. Moreover, donor C showed the most pronounced upregulation in 

“Coculture, VEGF-” condition than the other two donors across all genes of interest in Figure 4.3. 

4.4.4 HPTECs Induce Key Kidney-Specific Markers in Other Types of ECs 

As shown in the preceding figures, HKMECs display plasticity in the coculture device and 

demonstrate that paracrine signaling with HPTECs led to enhanced parenchymal properties. 

Further, we wanted to investigate if parenchymal cells (i.e., HPTECs) have inherent potential to 

tune human non-kidney ECs through paracrine signaling. 

Human umbilical vein ECs (HUVECs) have been widely used as a microvascular endothelial cell 

surrogate in traditional kidney research [19, 26, 28, 52, 53]. We determined whether coculture with 

HPTECs could induce parenchymal changes (i.e., kidney-specific expression) in HUVECs 
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through paracrine signaling. We placed HUVECs in the center chamber of the coculture device 

with or without HPTECs seeded in the side chamber. After three days of incubation, we used 

immunocytochemistry to evaluate expression of the platelet-endothelial cell adhesion molecule 

(PECAM1, also known as CD31), blood glycoprotein von Willebrand Factor (vWF), and actin 

cytoskeleton molecule (phalloidin staining) in differential culture conditions [16, 47]. Figure 4.4A 

shows that HUVECs in monoculture had robust PECAM1 localization at intercellular junctions, 

whereas in coculture, very low levels of PECAM1 resided at the intercellular junctions, suggesting 

junctional instability and cell activation. In addition, HUVECs in coculture showed less vWF in 

cell cytosol than in monoculture, and more aligned phalloidin structure, suggesting that HPTECs 

perturbed endothelial quiescence and led to endothelial activation (4). Together, the data suggest 

that HPTEC perturbed HUVEC quiescence in coculture, and HPTECs secreted soluble factors that 

may stimulate endothelial activation in HUVECs. 

We also compared the expression of the same panel of kidney-specific and activation genes in 

HUVECs cultured alone or with HPTECs. Figure 4.4B suggests that similar to HKMECs in 

coculture with HPTECs, HUVECs expressed higher levels of the kidney organ-specific genes, 

including AJAP1 (7 to 11-fold), KCNJ16 (7 to 12-fold), and CNTN4 (5 to 22-fold), and the 

endothelial activation genes, including MMP7 (5 to 17-fold), MMP10 (26 to 99-fold), and 

VACM1 (148 to 323-fold) in coculture. However, none of the donor cells led to upregulation of 

ANG2. The expression of HNF1B, a kidney-specific gene was also detected in the HUVECs after 

coculture, whereas no detectable expression in the HUVEC alone condition (data not shown). 

Consequently, HPTECs showed potential to induce parenchymal characteristics in HUVECs 

through paracrine signaling. 
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Generating ECs de novo by using human pluripotent stem cells (hPSC) has emerged as a tool in 

the past decade to study vascular pathogenesis and construct tissues for drug screening and other 

therapeutic applications [32, 41]. Here, we explored whether hPSC-derived ECs (hPSC-ECs) can 

develop kidney specific features when co-cultured with HPTECs. Briefly, we differentiated hPSCs 

to ECs following the protocol adapted from Palpant et al. [41], and cultured hPSC-ECs in our 

microscale device in center well alone (monoculture) or co-cultured with HPTECs. We show that 

compared to in monoculture, hPSC-ECs in coculture exhibited upregulation of MMP7, and 

VACM1, whereas no obvious changes of AJAP1, KCNJ16, CNTN4, MMP10, and ANG2 across the 

three human donors (Figure 4.4C). Similar to HUVECs, the expression of HNF1B was not detected 

in the hPSC-EC monoculture sample, but at a detectable level in the coculture samples (data not 

shown in the figure). Hence, through the coculture of non-kidney ECs (i.e., HUVECs and hPSC-

ECs) with HPTECs, we demonstrated a proof-of-concept that HPTECs can induce changes in EC 

phenotype, and ECs can acquire kidney specificity by the support of HPTECs in the 

microenvironment. Moreover, parenchymal tissue coculture (i.e., HPTEC and non-kidney EC 

coculture) has the potential to tune human generic cells through paracrine signaling to develop 

organ-specific physiological features. The present open microfluidic coculture system also 

provides opportunities for future investigation of the effects of paracrine signaling on developing 

tissue-specific features in other cell types. 

It should be noted that cross contamination of the cell types could be a potential issue during the 

media changing step, as unattached cells or debris could be flushed into the other cell culture 

chamber when fresh media is pipetted directly from the top of the device; if this occurred, the 

purity of the cell lysate sample used for qPCR analysis would be affected. In this study, since the 

immunofluorescence images of the ECs (Figure 4.2) did not show any presence of the HPTECs, 
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we are confident about the purity of the endothelial cell lysate collected from the center chamber. 

Further, we have explored this co-culture effect via conditioned media cultures as below, to further 

support the changes of ECs by HPTECs.  

4.4.5 HPTEC Coculture and Conditioned Media Culture Lead to Different Effects 

Historically, transferring conditioned media from one cell type to another has been a common 

approach to recapitulating cell-cell interactions via soluble signaling mediators. Although 

conditioned media experiments have facilitated the understanding of cellular signaling 

mechanisms and the discovery of biomarkers and therapeutic targets in diseases, they are 

inadequate to capture the effects of fast-decaying factors or dynamic bidirectional signaling due to 

the temporal segregation of the cell populations [8, 59].  Using the segregated coculture device, 

we were able to compare the difference between HKMECs in shared media coculture with 

HPTECs and HKMECs in HPTEC conditioned media culture. To model conditioned media culture, 

HPTECs were plated in the side chamber of the device overnight, and conditioned media was 

collected to feed HKMECs seeded in the center chamber of a separate device. The HPTEC 

conditioned media was collected every 24 hours, and the freshly collected medium was used to 

replace HKMEC culture medium. HKMECs were collected for RT-qPCR analysis after three days 

of culture with HPTEC conditioned medium. 

As shown in Figure 4.5, HKMECs in conditioned media culture (red) showed similar trend with 

noticeable upregulation of kidney specific genes, particularly KCNJ16, MMP7, VCAM1, whereas 

the changes of   HNF1B, AJAP1, and MMP10 are evidently less pronounced in conditioned media 

culture (red) than in coculture (green). This data suggests that the signaling between HKMECs and 

HPTECs involves both unidirectional signaling (in conditioned media) and bidirectional signaling 
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(in shared media) pathways. It is also possible that some of the key signaling factors are short-

lived and are therefore lost in the conditioned media experiments while still present in the coculture 

experiments. Although potential improvement in our system can be made to include the features 

of tissue-specific architecture, 3D structure, and proximity of two cell populations to better 

resemble the in vivo condition, our system provides an opportunity to investigate the bidirectional 

signaling molecule interactions in real time, which is a step forward compared to the traditional 

one-way signaling in conditioned media studies. 

4.5 DISCUSSION 

Here, we present an open microscale coculture device that provides spatial segregation for 

different cell types and supports paracrine signaling in the shared microenvironment. With 

relatively small cell samples and regular pipetting actions (no sophisticated external pumps or 

valves), a coculture configuration with operation efficiency can be achieved. Using the microscale 

device, we cocultured HPTECs with ECs from different sources. We observed that signaling 

molecules secreted by HPTECs enhance some level of kidney specific characteristics in generic 

human ECs (HUVECs and hPSC-ECs) and led to endothelial remodeling, indicating a supporting 

role of HPTECs to the functional development of ECs. Since adult human kidney ECs are similar 

to fetal kidney ECs in morphology and protein expression profile [33], we expect to see that 

HPTEC coculture would lead to similar changes in adult human kidney ECs. Future studies would 

be interesting to examine the different level of genetic modification for different types of ECs in 

the coculture model. 

Moreover, we observed higher upregulation in certain kidney specific genes and endothelial 

activation genes when HKMECs were cultured with HPTECs in shared media (coculture) than in 
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conditioned media, suggesting a bidirectional paracrine signaling mechanism in the system. In 

future work, we envision performing proteomic analysis of the conditioned media collected from 

HPTEC monoculture and HPTEC-HKMEC coculture, which will provide more specific insight 

into the mediators of paracrine signaling in the system. 

Due to the functional differences among ECs from different organs, it is important to use organ-

specific ECs to understand specific vascular injury and regeneration mechanisms. For the study of 

the interaction between human kidney proximal tubule epithelium and peritubular microvascular 

endothelium, this is the first time that primary human kidney cell types are cocultured in shared 

media, more precisely resembling the paracrine signaling effect in the in vivo microenvironment. 

Our findings suggest parenchymal cells have the capability to tune generic human cells in vitro 

through paracrine signaling.  

Our culture system is simple to use, and we have translated it to biological collaborators in other 

application areas who are able to operate the device in their own laboratories without assistance. 

In future work, we envision that our microscale device will be batch fabricated by injection 

molding [18, 30, 31] and easily adapted to tune parenchymal characteristics in in vitro cell culture 

studies, and construct patient-specific tissue paracrine signaling models for pathological research 

and therapeutic applications. 
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4.6 FIGURES 

 
Figure 4.1. Coculture device design and operation. 

(A) 3D and top view of device design. (B) Cross section view of device operation: different cell 

types (endothelial cells (ECs) and HPTECs) are selectively seeded into the separated cell culture 

chambers (i-ii) and placed into paracrine signaling contact by addition of shared media on top (iii). 

(C) A photograph of a plate of devices in 5×4 array fitted inside a petri dish. Center and side 

chambers are loaded with purple and green dye, respectively, to visualize chamber segregation. 
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Figure 4.2. Coculture with HPTECs preserves HKMECs morphology in coculture. 
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(A) Device cross section views showing the four culture conditions of HKMECs and HPTECs: 

monoculture of HKMECs in media without (i) or with (ii) exogeneous VEGF; segregated coculture 

of HKMECs and HPTECs in media without (iii) or with (iv) exogeneous VEGF. (B) 

Immunofluorescence images of HKMECs under differential culture conditions. Blue: nuclear stain 

(DAPI). Red: vascular endothelial cadherin (VECad); dotted box indicates a region without cells. 

Green: plasmalemma vesicle associated protein (PV1); arrows indicate example regions with clear 

PV1 structures (punctate staining). Scale bars: 50 μm. Images shown are from donor C and are 

representative of experiments with cells from 3 different human donors each with 5 device 

replicates per experiment. (C) Quantitative comparison of HKMEC cell count between 

“Monoculture, VEGF-” and “Monoculture VEGF+” conditions; and “Coculture, VEGF-” and 

“Coculture, VEGF+” conditions. (D) Quantitative comparison of HKMEC cell size between 

“Coculture, VEGF-” and “Monoculture, VEGF-” conditions; and “Coculture, VEGF-” and 

“Coculture, VEGF+” conditions. Error bars represent the SEM of 5 device replicates for a single 

human donor (donor C) in a single experiment. Data sets were analyzed using a one-way ANOVA 

test; p-values are indicated for Tukey’s multiple comparisons tests. (***p<0.001, ****p ≤ 0.0001) 
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Figure 4.3. Transcriptional changes of HKMECs by coculturing with HPTECs. 

RT-qPCR of selected HKMEC-specific genes (top) and activation genes (bottom) show 

upregulation in “Coculture, VEGF-” condition (green) compared to “Monoculture, VEGF-” 

condition (red). Each plotted point represents data from an independent human donor (pooled from 

5 replicate microculture devices per donor, average of 3 RT-qPCR technical replicates), with each 

normalized to the “Monoculture, VEGF-” condition (which is set to 1). Each colored bar represents 

the average ratio of the three donors. Statistical comparisons (as described in the methods section) 

are shown for genes showing significant differences between “Coculture, VEGF-” and 

“Monoculture, VEGF-” as described in the methods section (*p ≤ 0.05, **p ≤ 0.01). 
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Figure 4.4. HPTECs activate other types of endothelial cells in coculture. 

 

(A) Immunofluorescence images of HUVECs in monoculture and coculture condition with 

HPTECs. Scale bars: 50 μm. (B) Selected kidney-specific markers and endothelial activation 

markers in HUVECs cocultured with HPTECs from three different donors. (C) Selected kidney-

specific markers and endothelial activation markers in hPSC-ECs cocultured with HPTECs. The 

RT-qPCR samples were pooled from 5 replicate microculture devices per donor, average of 3 RT-
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qPCR technical replicates. Gene expression in both (B) and (C) is normalized to monoculture, 

which is set to 1. Statistical comparisons (as described in the methods section) are shown for genes 

showing significant differences between coculture and monoculture (*p ≤ 0.05, **p ≤ 0.01).  

 

 
Figure 4.5. Selected gene expression profiles for HKMECs in coculture and conditioned media 

culture. 

 

HKMECs showed higher upregulation of kidney-specific (left) and endothelial activation (right) 

genes in coculture with HPTECs (green) compared to in HPTEC conditioned media (red). Each 

plotted point represents data from an independent human donor (pooled from 5 replicate 

microculture devices per donor, average of 3 RT-qPCR technical replicates). Each colored bar 

represents the average of three human donors. Gene expression is normalized to monoculture, 

which is set to 1. 
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4.7 SUPPLEMENTARY INFORMATION 

Spontaneous capillary flow (SCF) in the device side culture chamber 

In an open system fluid flow can occur without the need for external pressure sources, which is 

described as spontaneous capillary flow (SCF) [22, 24, 33]. SCF occurs when the following 

inequality is fulfilled:  

𝑃𝑓

𝑃𝑤
< cos(𝜃) 

where the wetted perimeter (Pw) comprises all the solid wetted surfaces in the channel cross-

section, the free perimeter (Pf) comprises all the open air-liquid interfaces in the cross-section, and 

𝜃 represents the contact angle of the liquid on the channel material. In the microfluidic coculture 

device described in this manuscript, the side chamber cross sectional geometry (Figure 4.6C) 

fulfills the conditions for spontaneous capillary flow as shown below. The contact angle of cell 

culture media on device surface (plasma treated polystyrene) is 17.9°±3.0°. (24)  

𝑐𝑜𝑠(17.9°) ≈ 0.95, 

𝑃𝑓

𝑃𝑤
=

1.6 𝑚𝑚

(2.0 + 1.5 + 1.4) 𝑚𝑚
≈ 0.33 
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Figure 4.6. Device dimensions and spontaneous capillary flow (SCF) during the microscale 

device loading. 

 

(A) Top view and cross section illustrating the dimensions of the coculture platform. Unit: mm. 

Computer aided design (CAD) file is included in the ESI. (B) Top view showing the advancement 

of fluid in the device side channel. (C) Channel cross section geometry showing the wetted 

perimeter (pw) and free perimeter (pf), which fulfills the condition for SCF.  

 

 

 

 
Figure 4.7. Incorporation of kidney pericytes increased HKMEC density in coculture. 

 

Blue: nuclear stain (DAPI). Red: Caveolin- 1 (Cav1); Green: plasmalemma vesicle associated 

protein (PV1). Scale bars: 50 μm. 

 

 



  

 

116 

 
 

Figure 4.8. Coculture with HPTECs preserves HKMECs morphology in coculture. 

 

(A) Immunofluorescence images of HKMECs under differential culture conditions. Blue: nuclear 

stain (DAPI). Red: vascular endothelial cadherin (VECad); dotted box indicates a region without 

cells. Green: plasmalemma vesicle associated protein (PV1); arrows indicate example regions with 

clear PV1 structures (punctate staining). Scale bars: 50 μm. Images shown are from donor A and 
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are representative of experiments with cells from 3 different human donors each with 5 device 

replicates per experiment. (B) Quantitative comparison of HKMEC cell count between 

“Monoculture, VEGF-” and “Monoculture VEGF+” conditions; and “Coculture, VEGF-” and 

“Coculture, VEGF+” conditions. (C) Quantitative comparison of HKMEC cell size between 

“Coculture, VEGF-” and “Monoculture, VEGF-” conditions; and “Coculture, VEGF-” and 

“Coculture, VEGF+” conditions. Error bars represent the SEM of 5 device replicates for a single 

human donor (donor A) in a single experiment. Data sets were analyzed using a one-way ANOVA 

test; p-values are indicated for Tukey’s multiple comparisons tests. (**p≤ 0.01, ****p ≤ 0.0001) 

 

 

 

 

 
Figure 4.9. RT-qPCR data showing downregulation of selected HKMEC genes in VEGF-free 

media (red and green bars), suggesting an important role of VEGF in endothelial cell growth and 

development. 

Each plotted point represents data from an independent human donor (pooled from 5 replicate 

microculture devices per donor, average of 3 RT-qPCR technical replicates), with each normalized 

to the “Monoculture, VEGF-” condition (which is set to 1). Each colored bar represents the average 

ratio of the 3 donors.  
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Chapter 5. DEVELOPING A MICROSCALE COCULTURE 

PLATFORM TO STUDY AIRWAY FIBROSIS IN 

ASTHMA 

This chapter is preliminary work and will be continued by another group member in Theberge 

Lab after Tianzi Zhang graduates. 

5.1 INTRODUCTION AND MOTIVATION  

Asthma is a common inflammatory pulmonary disease with manifestations including wheezing, 

coughing, and chest tightness, affecting more than 25 million of the US population according to 

the Centers for Disease Control and Prevention (CDC) in 2019. Although drugs such as 

corticosteroids can treat the symptoms of asthma effectively, they are unable to prevent or reverse 

airway remodeling (the structural and compositional changes of the airway wall) [1]. 

Subepithelial fibrosis is associated with airway wall thickening during the remodeling process. It 

has been observed that the thickened airway walls contain excessive extracellular matrix (ECM) 

proteins generated and deposited by myofibroblasts, which are a transdifferentiated form of 

fibroblasts with enhanced contractility [1-4]. As a tissue repair strategy, myodifferentiation (i.e., 

differentiation of fibroblasts into myofibroblasts) is regulated by signaling factors in the 

microenvironment during inflammation [1, 3, 6-9]. However, recent studies indicate that 

pulmonary macrophages from patients with asthma secrete imbalanced pro-fibrotic leukotriene B4 

(LTB4) and anti-fibrotic lipoxin A4 (LXA4) lipid molecules causing myodifferentiation of 

pulmonary fibroblasts, which triggers fibrosis and ultimately exacerbation of the disease [7, 9]. 

http://topics.sciencedirect.com/topics/page/Extracellular_matrix
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As an important part of the airway remodeling mechanism, macrophage-induced 

myodifferentiation should be further studied due to the urgent need to develop effective anti-

fibrosis treatments [10-12]. However, traditional pathogenic studies based on mouse models are 

insufficient to address the phenotypic heterogeneity in patients and complexity of cellular events 

during airway inflammation [13]. Although some invasive medical procedures including 

bronchoscopies could harvest small amounts of primary tissue from patients, very limited amount 

of the cell sample can be utilized for in vitro cell culture studies, making it difficult to conduct 

pathological studies with existing platforms, such as a Petri Dish or Transwell [2, 14]. 

Therefore, our overall research objective is to use the established microfluidic coculture device 

described in Chapter 4 to model human lung fibroblast differentiation in asthma. Specifically, 

human lung fibroblasts are cultured with primary alveolar macrophages from donors with or 

without asthma diseases to determine if asthmatic alveolar macrophages secrete soluble factors 

that induce myodifferentiation. Briefly, the first part of this project entails developing a 

quantitative florescence readout for myodifferentiation in the microscale device. Human lung 

fibroblasts are differentiated into a more contractile phenotype that can be identified through 

increased fibronectin uptake or smooth muscle actin expression. Next, human lung fibroblasts and 

alveolar macrophages are cultured separately in the microfluidic coculture device. The hypothesis 

for this study is that asthmatic alveolar macrophages will cause an imbalance of pro- and anti- 

inflammatory factors in the microenvironment which induces lung fibroblast myodifferentiation 

in airway tissue remodeling. 
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5.2 MATERIALS AND METHODS 

5.2.1 Device Fabrication 

Open microfluidic devices were designed with Solidworks 2016 ×64 (Solidworks, Waltham, MA) 

and converted to .TAP files with Sprutcam (Sprutcam, Naberezhnye Chelny, Russia). Devices 

were milled using a Series 3 PCNC Mill (Tormach, Waunakee, WI). The detailed device milling, 

solvent bonding and plasma treating procedures can be found in Section 4.3.1. The device 

employed in this chapter had the similar overall structure of the device described in Chapter 4 but 

with smaller dimensions (the seeding areas of the center and side chambers are 8 mm2 and 14 mm2, 

respectively). 

5.2.2 Biocompatibility Test 

Primary alveolar fibroblast cell line IMR-90 was purchased from ATCC. Alveolar macrophages 

from asthma patients were provided by Denlinger’s group in University of Wisconsin-Madison. 

IMR-90 cells were cultured in EMEM (Eagle's Minimum Essential Medium) with 10 % fetal 

bovine serum (FBS, Gibco), penicillin (100 unit/mL), and streptomycin (100 𝜇g/mL). Expanded 

populations of fibroblasts were maintained in a 37° C incubator with 5% carbon dioxide and used 

from passage 2-5. Primary macrophages were thawed and recovered immediately before seeding 

in RPMI with 10 % fetal bovine serum (FBS, Gibco), penicillin (100 unit/mL), and streptomycin 

(100 𝜇g/mL). Macrophages and fibroblasts were seeded into the center and the side chamber of 

the coculture device, respectively. The device was maintained in a 37° C incubator with 5% carbon 

dioxide for up to two days followed by live/dead labeling (0.01 mM Calcein AM and 2 nM 

Ethidium homodimer-1 (LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells, 

Invitrogen)). 
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5.2.3 Fibronectin Incorporation Assay 

A previously developed fibronectin incorporation assay was modified [2, 15]. IMR-90 cells were 

plated into the side chamber of the device at 625 cells/mm2 and allowed to recover overnight in 

the presence of 10 𝜇M cycloheximide (Sigma-Aldrich) to block endogenous fibronectin expression. 

On the next day, the media was changed and half of the microwells were treated with 10 ng/mL 

transforming growth factor-𝛽 (TGF-𝛽, Calbiochem) to induce myodifferentiation. Alexa488-

labeled Fibronectin (FN 488, Cytoskeleton) was mixed into each microwell at 4 𝜇g/mL. The cells 

were incubated for 24 h then washed twice with phosphate-buffered saline (PBS), and fixed with 

4% paraformaldehyde (PFA) for 20 min at room temperature. A 1:1000 dilution of DAPI 

(Invitrogen) was added and incubated for 5 min. The samples were washed twice, mounted with 

PBS, and covered with a glass slip to prevent sample dehydration during imaging. The protected 

device was fitted directly into the mounting frame for fluorescence microscopy. 

5.2.4 Coculture of Alveolar Macrophages and Lung Fibroblasts 

The procedure was adapted from an established conditioned media experiment [16]. Alveolar 

macrophages were plated into the center compartment of the microwell at 1316 cells/mm2. IMR-

90 cells were plated as described before. After adherence and spreading overnight, the media in 

each microwell was withdrawn and replaced with 50 𝜇L of RPMI media containing FN 488 (4 

𝜇g/mL) and TCM™ (MP Biomedicals) replacement as serum supplements, in the presence (or 

absence) of 250 𝜇M Bz-ATP (Sigma-Aldrich). The cells were then incubated for 24 h followed by 

fixation and fluorescence microscopy. 
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5.2.5 Statistical Analysis 

The integrated intensity of both replicate images was averaged. The plotted points represent the 

average of three images (collected for each of the three replicate wells), and the plotted standard 

error of the mean (SEM) is the SEM of the three replicate wells. Fluorescence images were 

quantified with Fiji following the protocol: “Subtract Background > Adjust Brightness/Contrast > 

Analyze > Measure > IntDen”. Prism (GraphPad Software) was used to conduct a two-tailed 

unpaired Student's t-test. 

5.3 RESULTS AND DISCUSSION 

This chapter is preliminary work and will be continued by another group member in Theberge 

Lab after Tianzi Zhang graduates. 

5.3.1 Biocompatibility of Primary Alveolar Macrophages in the Microfluidic Device 

Figure 5.1 shows the viability result at 72 h for primary macrophages, which are the more sensitive 

and short-lived cell type in these experiments. With prolonged culture time, more than half of the 

primary macrophages stayed alive (green), which qualitatively suggested the device is a potential 

tool to investigate soluble factor signaling and biophysical activities between different cell types. 

5.3.2 Developing FN Incorporation Assay in the Microfluidic Coculture Device 

Fibronectin is secreted and assembled into ECM, which provides structural support for the 

microenvironment and facilitates biological activities including wound healing and tissue 

remodeling after injury [2, 15]. Previous studies indicated a correlation between elevated alveolar 

ECM deposition caused by fibroblast myodifferentiation and fibrosis in asthma [2, 3, 5, 15]. 
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Therefore, FN incorporation levels can be used as a parameter to investigate if asthmatic alveolar 

macrophages accelerate ECM incorporation by inducing myodifferention [2]. 

A modified FN incorporation assay was performed in the microscale device, which allowed for 

quantitative comparison of rates of FN incorporation between native IMR-90 cells and the TGF- 

𝛽-induced myodifferentiated IMR-90 cells [2, 15]. Briefly, IMR-90 cells were seeded into the side 

chamber of each microwell in the presence of cycloheximide, a known fibronectin inhibitor to 

block innate FN expression. After 6 h of incubation, half of the microwells were treated with FN-

488 as a control group, and the other half were treated with FN-488 in the presence of TGF-𝛽, an 

established inducer of myodifferentiation and a pro-fibrotic factor generated by inflammatory cells 

in vivo, as the treatment group. After 24 h of incubation, the FN incorporation of both groups was 

quantified with fluorescence microscopy. 

Figure 5.2 shows the preliminary result of the microscale FN incorporation assay, which suggests 

that TGF-𝛽 treated IMR-90 cells incorporated extracellular fibrillary matrix to a greater extent 

than the undifferentiated IMR-90 cells (control) after 24 h, independent of endogenous FN 

expression (p value < 0.05 using Student’s t-test). These results are consistent with similar 

experiments performed in traditional 8-well chamber slides [2]. The microscale FN incorporation 

assay validated the functionality of the microscale coculture device and could serve as a 

myodifferentiation readout for the subsequent coculture experiment. 

5.3.3 Developing Human Lung Fibroblasts and Alveolar Macrophages Coculture Assay 

Researchers have discovered that during airway inflammation, alveolar macrophages from patients 

with asthma release imbalanced lipid mediators in vivo which is attributed to attenuated P2X7 
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nucleotide receptor activities [16-22]. Primarily expressed by leukocytes, including macrophages 

and dendritic cells, P2X7 is a ligand-gated membrane receptor which has high affinity for extra-

cellular ATP (eATP) generated during epithelial injury or pulmonary inflammatory responses [18, 

19, 22]. The prolonged exposure of P2X7 to the eATP ligand activates a nonspecific pore on cell 

membranes allowing small cationic molecules to pass through, inducing subsequent depolarization 

events including Ca2+ influx, which further triggers downstream soluble mediator signaling 

cascades across different cell types [18, 19]. The normal P2X7 activity in non-asthmatic 

macrophages upregulates cyclooxygenase-2 (COX2) expression, which is a rate-limiting enzyme 

required for anti-fibrotic eicosanoid synthesis including anti-inflammatory prostaglandin E2 

(PGE2) and anti-fibrotic lipoxin A4 (LXA4) [18-20]. Consequently, the defective pore function 

also causes dysregulation of dendritic cell-derived recruitment of leukocytes (including 

eosinophils, neutrophils and lymphocytes) and pro-inflammatory cytokines (including interleukin-

1b), all of which play important roles in immune response [17, 19, 20, 21]. 

Since the stimulation of eATP is required to trigger abnormal P2X7 activity during asthma attacks 

in vivo, we used Bz-ATP, a potent analog of eATP, to activate imbalanced eicosanoid secretion of 

P2X7 in primary alveolar macrophages from patients with asthma [18]. Because lung fibroblasts 

express much lower level P2X7 as compared to alveolar macrophages, the exposure to Bz-ATP in 

the microscale in vitro model should not have major impact on fibroblasts [17, 18]. Figure 5.3 

shows the preliminary results of the microscale coculture assay, which suggests that IMR-90 had 

higher rate of FN-488 uptake when cocultured with alveolar macrophages from asthma patients in 

the presence of Bz-ATP (p value < 0.05 using Student’s t-test). This result supports the idea that 

during inflammation, alveolar macrophages from asthma patients can trigger alveolar fibroblasts 

to undergo myodifferentiation, resulting in a higher rate of extracellular deposition.  
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5.4 CONCLUSION AND FUTURE DIRECTION 

Most cells in the human body are attached to ECM components, and intercellular communication 

is implemented by the diffusion of signaling molecules in the surrounding microenvironment. 

Traditional cell culture platforms allow people to study signaling effects of certain factors in vitro 

and propose specific mechanisms for certain cell activities. However, the relatively large 

consumption of tissue samples and expensive reagents associated with standard cell culture studies 

limits the use of primary patient cells in pathological research. Fortunately, the emergence of 

microscale lab-on-a-chip system has solved some of the problems, as the flexibilities embedded in 

the design and fabrication process of the device can improve the accuracy and efficiency of the in 

vitro model. The microscale coculture device presented here contributes to the field of microfluidic 

technology in several aspects. Specifically, (1) the incorporation of an open boundary in the 

microscale platform improves its accessibility and simplifies the operation requirement; (2) the 

integration of an optically transparent floor and high-resolution fluorescent microscopy yields 

measurable readout for quantitative analysis; (3) controllability of the device structure and array 

pattern accommodates the device to specific applications; and (4) the stability and portability of 

the fabrication material ensures safety of cell-based research. Our group is currently developing 

injection molding techniques specifically for open device fabrication, which would significantly 

increase the fabrication efficiency and reduce the cost of production. 

A previous study quantifying enzyme expression in stimulated primary alveolar macrophages and 

corresponding eicosanoid concentrations in the microenvironment reported that following Bz-ATP 

treatment, LTB4 and LXA4 were released within 10 min, and PGE2 was released at 12-24 h [16]. 

The reason for quantifying anti-inflammatory PGE2 was because the defective P2X7 pore function 
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in asthmatic macrophages would downregulate COX2 expression, which then leads to deficient 

PGE2 generation [18, 19, 21]. PGE2 has indirect control (through 15lipoxygenase (LO)) over 5LO, 

a mutual synthetase of pro-fibrotic LTB4 and anti-fibrotic LXA4 [23]. In future experiments, the 

conditioned media from the coculture experiment should be collected and the concentrations of 

LTB4, LXA4, and PGE2 could be detected using liquid chromatography–mass spectrometry (LC-

MS), which are expected to be on the order of pg/mL. Combined liquid chromatography–

electrospray ionization-tandem mass spectrometry (LC–ESI-MS/MS) method established in recent 

years have brought the detection limits of eicosanoid concentrations down to the order of fg/mL, 

which can be hard to measure using traditional analytical methods [24]. The quantitative analysis 

of dynamic small molecule profiles is crucial to pharmacokinetic research and future drug 

development. It is noteworthy that P2X7 is also expressed in epithelial cells during respiratory 

inflammation [17], and the generation of eATP would stimulate the endogenous P2X7 receptor to 

release more eATP in vivo.  

In summary, the preliminary data of the microscale coculture experiment suggests the capacity of 

the open microfluidic coculture device to study pulmonary fibrosis and the crosstalk between 

inflammatory mediators in asthma. The complexities associated with P2X7 and its downstream 

signaling events are worth studying further, and the proposed open microfluidic coculture system 

serves as a convenient tool for future investigations. 
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5.5 FIGURES 

 
 

Figure 5.1. Viability test of the primary alveolar macrophages in the central compartment of the 

microscale device after 72 h. 

The cells were treated with 0.01 mM Calcein AM and 2 nM Ethidium homodimer-1 for 20 min 

immediately before imaging. Live cells were stained green (left) and dead cells were stained red 

(middle). The two images are merged for qualitative comparison (right). (Scale bar = 100 𝜇M) 
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A                                                                                            B 

 
 

Figure 5.2. FN-488 incorporation by fibroblasts with and without TGF-𝛽 treatment in the open 

microfluidic device at 24 h. 

A) Merged images of FN-488 signals (green) and nuclear staining with DAPI (blue). TGF-𝛽 

treated IMR-90 (treatment) showed higher FN-488 signal than the control (scale bar =100 𝜇m). 

(B) Quantification of integrated 488 intensity using ImageJ and Student’s t-test. Error bars 

represent the SEM of three replicates from one independent experiment. (* p < 0.05). 

 

 
 

Figure 5.3. Fibroblasts cocultured with alveolar macrophages and treated with Bz-ATP showed 

increased FN-488 incorporation. 

(A) Merged images of FN-488 signals (green) and nuclear staining with DAPI (blue) show IMR-

90 had a higher rate of FN-488 uptake in cocuture with alveolar macrophages in the presence of 

Bz-ATP (left). (Scale bar = 100 𝜇m) (B) Quantification of integrated 488 intensity using ImageJ 

and Student’s t-test. Error bars represent the SEM of three replicates from one independent 

experiment. (* p < 0.05). 
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Chapter 6. SUMMARY AND FUTURE WORK 

In conclusion, this dissertation gives an overview of the fundamental development of open 

microfluidics and our approaches to investigate intercellular signaling interactions underlying 

human diseases by developing open microfluidic cell culture tools. Our overarching research goal 

is to use simple engineering design principles to fabricate affordable microscale tools that can be 

easily adopted by general biological users to address their own research questions. 

In Chapter 2, we presented a microfluidic rail-based patterning device, the Monorail Device, which 

can pattern hydrogel walls inside a conventional well plate to create spatial segregation. 

Importantly, the Monorail insert allows the use of the native cell culture substrate while creating 

permeable dividers to support small molecule signaling between the different cell types. In Chapter 

3, we developed a microscale collagen gel contraction (CGC) device, which can measure cell-

induced hydrogel contractility in a coculture environment. Both the Monorail Device and 

microscale CGC device function as 3D printed well plate inserts, reflecting that certain aspects of 

open microfluidic technology could be simply integrated into established cell culture platforms to 

achieve biological models with greater structural complexity. 

In Chapter 4, we developed a microfluidic coculture device to study the paracrine signaling effect 

of human kidney proximal tubule epithelial cells with human endothelial cells from different 

sources. The polystyrene-based microfluidic coculture platform allows for culturing precious and 

sensitive primary human patient cells in vitro and conducting standard immunocytochemistry and 

qPCR studies in situ. In Chapter 5, we discussed the possibility of using the same microfluidic 

coculture device to study the paracrine signaling effect between human lung fibroblasts and 

primary alveolar macrophages. Based on these preliminary data for the cell coculture experiments 
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(Chapter 5), it is possible that the present coculture device has the potential to be modified and 

utilized to investigate macrophage-induced lung fibroblast differentiation; this is an area of 

ongoing future work. 

Moving forward, a future direction for the current research efforts includes understanding the 

specific soluble factors (proteins, metabolites, and secondary metabolites) in the dynamic 

microenvironment. With the existing open microfluidic platforms, we provide opportunities for 

researchers to easily sample conditioned media during the course of the experiment, and also 

collect cells or extract soluble factors or other cell secretions from hydrogels at the endpoint. The 

analytes of interest could be captured and assessed with quantification methods such as ELISA or 

mass spectrometry. A more detailed and dynamic profile for the signaling molecules involved in 

the biological process could reveal profound disease mechanisms and point to a new direction for 

translational research. 
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