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Abstract 

This thesis presents a novel, multi-purpose microfluidic platform for single-cell 

and pairwise cell interaction assay. In particular, this thesis demonstrates an efficient 

scheme for (1) controllable cell loading at single-cell resolution in each microchamber, (2) 

a microchamber isolation scheme for creation of highly parallel isolated 

microenvironments around small groups of cells in close proximity and (3) biological 

assays to examine not only single-cell culture assays, but also the effect of cell-cell 

interactions, with secreted soluble factors between isolated pairs of cells, which is very 

difficult to measure in other platforms due to fast dilution into a large volume of media.  

This goal was accomplished by fabricating an array of microchambers for cell 

loading at single-cell resolution by using standard photolithography and PDMS (Poly-

dimethylsiloxane) soft lithography techniques. Each microchamber is basically composed 

of a capture site for single-cell trapping, a cell culture (reaction) chamber, an actuation 

membrane and control valves, located above the microchamber, for single cell loading 

and microchamber isolation by applying pneumatic pressure.   

To examine the capability of the developed microchamber array as a multi-

purpose cell-assay platform, this thesis presents two different single-cell assays. First, 

single cell culture analysis was demonstrated using muscle stem cells and prostate cancer 

cells. In this experiment, proliferation, differentiation and apoptosis of muscle stem cells 

as well as three different sub-clones of prostate cancer cell line (PC3) by clonal culture 
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are observed. Second, pairwise cell interaction analysis was demonstrated with co-culture 

between C2C12 (myoblast)-PC3 and C2C12-HUVEC (endothelial cells). The results 

demonstrated that soluble factors, including growth factors secreted from both PC3 and 

HUVEC, enhanced the proliferation of C2C12 under controlled microchamber isolation.  
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Chapter 1  

Introduction 

 

 

1.1. Motivation of research 

This thesis is motivated by the fundamental questions of cell biology: how cell 

behavior arises from the dynamic collection of environmental stimuli to which the cell is 

exposed and how cell behaves differently when it interacts with neighboring cells. To 

answer all these important questions in cell biology, it is crucial to understand each signal 

transduction, the entire set of cell changes occurred in cell signaling including receptor 

activation at the surface [1-3], interaction chain among intra-cellular proteins [4] and cell 

responses [5,6]. Disruptions or overuse of these biological mechanisms significantly 

affect above phenomena [7]. To further investigate the early cell signaling events, it is 

essential to understand how cell signals are triggered, processed and functionalized [1]. 

On the other hand, cell–cell interactions are central in tissue engineering and 

developmental biology [8-12], especially in the controlled differentiation of embryonic 

stem (ES) cells, which is one of the most interesting research topics in cell biology, 
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because of the importance in their therapeutic and basic scientific use [13-15]. Many 

investigators have evaluated the role of specific cell signaling and the effect of 

microenvironments in guiding ES cell fate, yet the interaction between neighboring cells 

in these heterogeneous cultures has been poorly understood due to the limitation of 

conventional techniques to specifically uncouple these variables [16]. Further 

understanding of how cell–cell interactions modulate tissue function will allow us to gain 

fundamental biological insights and suggest the approaches of therapeutic manipulation 

over tissue functions in vitro.  

 

 

Figure 1.1: The conceptual drawing of cell signaling pathway and possible examples 
of cellular responses related in cell signaling pathway [7] 
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Modeling of these complex processes will integrate experimental data on the 

distinct spatial-temporal dynamics of signaling from different cellular compartments and 

provides a new insight into the connection between external stimuli and the signaling 

outcome in terms of gene expression responses, phenotype response, etc. However, large 

sets of experimental data with the self-consistent and dynamic measures of protein 

activities are rare in utilizing conventional methods due to the cumbersome and complex 

nature of the experiments that are required.  

More importantly, one of the possible reasons for these predicaments is related to 

cellular heterogeneity [17-21]. In recent studies on the cellular analyses, it has been 

observed that cells even in genetically identical cell populations under the same 

environmental conditions exhibit some degrees of variation. Therefore, the information 

obtained on the cell population level, which is based on the basis of averaged 

measurements of large group of cells can overlook very important observations or even 

lead to incorrect results [22-24]. For this reason, there have been growing interests in 

single-cell assays to understand single-cell behavior more accurately. Also, cell-cell 

interactions leading to tissue development involve a small number of cells. Therefore, 

more pertinent information could be obtained from single-cell level analyses [25]. 

However, it is very difficult to perform single-cell level analyses using traditional tools 

because of its labor intensive and low throughput nature, while microfluidic approaches 

allow more precise control of cell positioning and reagent introduction in analyzing 

single-cells.  
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In this thesis, a novel microfluidic device for analyzing cell signaling and cell-cell 

interactions in single-cell resolution is presented and discussed to overcome the described 

barriers. In the following sections in chapter 1, more biological backgrounds on cell 

signaling and cell-cell interactions and previous microfluidic approaches to investigate 

fundamental biology will be discussed, followed by the objective of the thesis and its 

organization.  

 

 

1.2. Background – cell signaling  

Cell signaling is a part of a complex system of communication that governs basic 

cellular activities and coordinates cell action. The ability of cells to perceive and correctly 

respond to their microenvironment is the basis of development, tissue repair and 

immunity as well as normal tissue homeostasis [26-27]. Errors in these crucial functions 

are responsible for diseases such as cancer, autoimmunity and diabetes. Due to the 

immense role that cell signaling plays, the understanding of this will provide the 

cornerstone in understanding diseases and their treatments.  

Moreover, a cell is capable of sending and receiving chemical signals from other 

cells, and usually interacts with other cells to achieve coordinated functions rather than 

exist as a single-cell in its own microenvironment. Therefore, the ability to qualify the 

cell signaling events is very important for understanding cellular responses [28]. 
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1.2.1. Types of cell signals [7, 28, 31] 

A cell can communicate signals to other cells in various ways. Autocrine signaling 

is a way for a cell to alter its own extracellular environment by its secreted chemicals to 

outside of its membrane, which in turn affects the way the cell functions and modifies its 

own behavior.  

 

Figure 1.2: Classification of cell signals; Autocrine, Juxtacrine, Paracrine and 
Endocrine signal [7] 

 

Cells can also communicate with each other via direct contact (juxtacrine 

signaling), over short distances (paracrine signaling) or over large distances and/or scales 

(endocrine signaling). In the case of direct cell-cell contacts, cells form gap junctions 
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connect their cytoplasm to that of adjacent cells. This is the fastest mode of cell-cell 

communication and is found in places where extremely fast and well-coordinated activity 

of cells is in need. Paracrine signal is the way for a cell to affect the behavior of 

neighboring cells by secreting chemicals into the common intercellular space, and 

endocrine signal, simply called hormone, travels through the blood that reaches all parts 

of the body.  

 

1.2.2. Signal transduction  

Signal transduction is defined as any process in cell signaling pathway by which a 

cell converts one kind of signals or stimuli into another [7]. Many cellular responses 

require signal transduction such as activation of genes, alterations in metabolism, the 

continued proliferation and death of the cell and the stimulation or suppression of 

locomotion [5, 6, 29, 30].  

Most signal transduction involves the binding of extracellular signaling molecules 

to cell surface receptors that face outward from the plasma membrane and trigger events 

inside the cell. Also, intracellular signaling cascades can be triggered through cell-

substratum interactions. In the multicellular organisms, there are a diverse number of 

small molecules and polypeptides that serve to coordinate a cell’s individual biological 

activity within the context of the organism as a whole. These molecules have been 

functionally classified as [7]:  

 



7 
 

• Hormones (e.g., melatonin)  

• Growth factors (e.g., epidermal growth factors) 

• Extra-cellular matrix components (e.g., fibronectin, collagen) 

• Cytokines (e.g., interferon-gamma) 

• Chemokines (e.g., RANTES) 

• Neurotransmitters 

• Neurotrophins 

 

 

 
 

Figure 1.3: Overview of signal transduction pathway [31] 
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1.3. Rationale of single-cell level assay 

Cellular heterogeneity has been observed in a wide variety of cell types ranging 

from simple bacterial cells [32, 33] to more complex mammalian cells [34]. Any 

population of cells will exhibit some degree of variability, and genetic differences are one 

of the main factors of it. However, variation is also present in genetically identical cell 

populations, even when the cells have been exposed to the same environment and have 

the same history [35-37]. This variation is closely associated with culture 

microenvironments such as biological signals induced by various cellular conditions, 

including cell-cell communications [38-40], cell-extracellular matrix (ECM) [41, 42], 

chemical signals [43] and physical signals including mechanical [44-47] and electrical 

[48] and thermal factors [49]. In addition, non-uniform distribution of cell population 

using conventional culture methods gives rise to distinct microenvironments for cells, 

which eventually results in disparate cellular behaviors. Thus, single-cell-based analysis 

has attracted researchers to overcome non-uniformity over cell population for the analysis 

of individual cell behavior. Due to the heterogeneity, traditional biochemical assays that 

provide only collective average data from a large number of cells often pass over the rich 

information available when single-cells are studied individually. Also, traditional 

techniques for single-cell analysis using a serial dilution method (diluting and depositing 

cells) in conventional multi-well plates (e.g., 96 well plate) are very labor-intensive with 

low-throughput, low single-cell loading efficiency, and poor reproducibility and thus is 

rarely performed. For this reason, much emphasis has been placed in technical advances 
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for over the past few decades to enable biologists to look into the molecular machinery of 

individual cells.  

So far, flow cytometry is the most widely used system for single-cell assay and a 

very useful measurement tool for obtaining snapshots of gene expression patterns in 

individual cells. However, this technique cannot be used to observe dynamic responses of 

cells, because it can only measure down to protein levels in each cell at a single moment.  

With the recent development of techniques in microfabrication and soft 

lithography, microfluidic approaches have been developed to allow more precise control 

over cell positioning and reagent introduction for enabling the analysis of single-cells. 

The following sub-chapter describes the recent achievements of microfluidic cell assay.  

 

1.3.1. Previous works on single-cell level assay 

There have been growing interests for single-cell assays to understand single-cell 

behavior more accurately. This is because conventional assays provide only collective 

average data from a large number of cells, while the cells with identical appearance under 

seemingly identical conditions even show different characteristics [22-24]. These diverse 

cellular responses are closely associated with the culture microenvironments such as 

biological and chemical signals. Also, non-uniform distribution of cell population using 

conventional culture methods results in distinct microenvironments for each cell, which 

eventually results in different cellular behaviors. So, many microfluidic researches have 

endeavored to overcome non-uniformity in microenvironments of single-cells and 

provide identical microenvironment conditions for each cell.  
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Two different methods for single-cell positioning and analysis have been reported 

[50-61]. Microwell array uses a microfabricated grid structure made of polymers such as 

PDMS and SU-8 on the substrate [50-53]. This is widely used method for providing 

identical culture environment and uniform cell seeding because of its compatibility with 

conventional bio-experiment techniques. Also, it is very easy to expand the array size for 

high-throughput assays to trap more cells to be analyzed.  However, difficulty has been 

found to control the exact number of cells in each microwell and it cannot ensure high 

probability of single-cell filling rate, typically less than 30% in single-cell occupancy.  

 

 

Figure 1.4: Microfabricated microwell array for single-cell assay [53]; (a) schematic 
diagram of method for single-cell positioning and secretion products engraving from 
a mixture of cells, (b) Micrograph of a microarray prepared using microwells for 
detecting secreted antibodies  

 

 

(a) (b)
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Figure 1.5: Previous works on single-cell assay using microfluidic approaches [54-
56]; (a) single-cell analysis chip (Stanford University) for single cell antibody 
screening [54], (b) commercial single-cell analysis device from Evotec, (c) Highly 
efficient single-microbead trapping device (University of Tokyo) [56], (d) highly 
parallel single-cell trap and culture array (U. C. Berkeley) [55] 
 

 

The other method is exploiting microfluidics to control and capture single-cells 

[54-61]. To date, many applications have incorporated with hydrodynamic [54-56], 

optical [57], magnetic [58] or electrical forces [59, 60] or some appropriate combinations 

[61]. These approaches allow more precise control over cell positioning than previous 

methods. In addition, microfluidics has a high potential to incorporate the injection of 

(a) (b)

(c) (d)
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various drugs or reagents to detect the cell response simultaneously in a large array for 

high-throughput assay by using an integrated fluidic logic system in a single platform. 

However, the most of previous researches using microfluidics has common problems 

such as very low capturing efficiency and low number of controllable single-cells. 

Recently there are a few publications with highly efficient single-cell capturing schemes 

with the improvement on fluidic control using microfluidics as shown Figure 1.5 [54-56], 

but as they focused only on the single-cell capturing method, it is still very difficult to 

culture the cells and monitor cellular responses for long period of time. Characteristics of 

previous works for single-cell assays are discussed in this chapter are summarized Table 

1.1.  

 

 

 

Table 1.1: Summary of previous works for single-cell analysis using microwell and 
microfluidic methods 
 

  

Microwell Microfluidics

Institution/
Company

Harvard 
University [52] MIT [53] Stanford

University [54] Evotec U.C. 
Berkeley [55]

University of 
Tokyo [56]

Number of 
wells ~ 11,000 25,000 1 1 ~ 100 10,000

Single-cell 
occupancy ~ 25% ~ 30% 100% 100% 70%

99% (bead 
capturing 

data)

Applications Stem cell 
culture analysis

Single-cell 
secretion 
analysis

viability test, 
antibody

screening

Antibody
screening

Single cell 
culture Bead Assay

Assay period Over 4 days 2-4h a few minutes ~ 1 day ~ 1 day N/A
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1.3.2. Previous works on cell-cell interaction 

Besides the importance of signaling pathway of a cell involving signals from other 

cells and its own microenvironment, many kinds of cellular processes like cancer 

metastasis, stem cell proliferation and differentiation are highly susceptible to cell-cell 

interaction [62]. Therefore, the ability to qualify the effect of cell-cell interaction is 

necessary in understanding these processes. Cell-cell interaction analysis has been used to 

elucidate many cellular processes, but conventional methods are limited to the averaged 

measurement of hundreds or even millions of cells, which is not always desirable and 

makes high-throughput testing problematic.  

Current microfabrication technologies offer a convenient method to precisely 

control selective cell localization and cell-cell interactions using surface patterning of 

chemical signals [63], selective deposition of multi layer synthetic polymers [64] shown 

in Figure 1.6 and assembly of micromechanical structures using MEMS technology [65] 

(Figure 1.7). These techniques enable to test the effect of geometrical differences 

between two cell types and allow observing the tremendous phenomena in direct contact 

signaling, not allowed in conventional way. However, most of researches reported up to 

date are based on the interactions in the average of large cell population level and are 

difficult to avoid the same issues in conventional culture methods.    
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Figure 1.6: Previous works on cell-cell interaction study by selective deposition of 
multi-layer synthetic polymer [64]: Using the preferential attachments of primary 
hepatocytes on SPS (sulfonated polystyrene) layer  

 

Figure 1.7: Previous works on cell-cell interaction study using micromechanical 
structure by assembling two microfabricated silicon insets enable micrometer-
resolution cell positioning [65]: (A) Microfabricated silicon parts can be fully 
separated (Left), locked together with comb fingers in contact (Center), or slightly 
separated (Right), (B-C) Two operation mode: separation (B) and direct contact (C), 
(D)Devices in a standard 12-well plate.  
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Although more information could be potentially obtained from single-cell level 

analyses, the corresponding experiments under the usual cell culture conditions are often 

hard to interpret due to variable initial population states and difficulties in dealing with 

poorly controlled cell distributions. Therefore, the development of tools allowing an 

increased degree of control over cell localization and the microenvironment holds great 

promise for extending our knowledge of fundamental cell biology. 

 

Figure 1.8: Previous works on microfluidic cell pairing using (a) dielectrophoresis 
(DEP) for positioning single-cells at the edges of electrodes and analyzing the effect 
of cell-cell interactioin by tracking their trajectories [25], (b) cell trapping structure 
for easy cell pairing by sequential loading of two different cell types and study of cell 
fusion [66] and (c) microwell array for cell pairing (very low efficiency) and study of 
effect of cell-cell interaction on neuroectodermal specification of embryonic stem 
cells [16] 

 

(a) (b)

(c)
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 To overcome this hurdle of development, a few researches are presented related to 

recent improvements in positioning of cell pairing for cell-cell interaction study at single-

cell resolution using microfluidics with various cell handling techniques such as 

dielectrophoresis (DEP) for controlling the initial cell positions and their 

microenvironments and analyzing the effect of cell-cell interaction by real-time tracking 

the trajectories of individual cells [25], hydrodynamic sequential cell pairing method for 

effective cell pairing with direct contact and analyizing cell fusion [66], and microwells 

for studying the effect of cell-cell interaction on neuroectodermal specification of 

embryonic stem cells [16] as shown in Figure 1.8. However, most researches for studying 

cell-cell interaction at single-cell resolution are mainly focused on the cell pairing method 

and do not offer the long term assay. More important characteristics of previous works on 

cell-cell interaction study are discussed in this chapter are summarized Table 1.2 

 

 

Table 1.2: Summary of previous works for cell-cell interaction study using 
microfabrication  

 

Cell-population level Single-cell level
Institution/
Company

Michigan state 
Univ. [64] Harvard [65] Johns Hopkins

Univ. [25] MIT [66] Harvard [16]

Operation
principle

Preferential
attachments of 

cells on synthetic 
polymer

Physical 
movements of  

micromechanical
structure

Dielectrophoresis Hydrodynamic 
patterning Microwell

Unique
features

Selective 
patterning of cell 

layers

Control the 
physical gap 
between cells

Accurate cell 
positioning

Cell pairing with 
direct contact

(80% of pairing 
rate)

N/A

Applications
Hepatocytes and 

fibroblasts
interaction

Hepatocytes and 
fibroblasts
interaction

Study on cancer-
EC and EC-EC 

interaction
Cell fusion Embryonic stem 

cell differentiation

Assay period ~7 days ~15 days Less than 1 day 30min 2 day
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1.4. Thesis objective 

As explained in the summary of backgrounds, there is a need for developing new 

platforms for multi-purpose single-cell level assay using microfluidics in order to allow 

more precise control of positioning single-cells and their microenvironments for better 

understanding of cellular response in cell signaling. Moreover, high-throughput analysis 

should be included for effective and quantitative studies. The objective of this work 

includes the following specific aims:  

 

• Design a new single-cell capturing scheme incorporated with 

microchambers in which cells are positioned, cultured and stimulated from 

external stimuli as well as the signals from neighboring cells for 

controllable single-cell assay and cell-cell interaction study;  

 

• Design a chamber isolation scheme for conserving and accumulating cell 

signals inside the microchambers to prevent any crosstalk or contamination 

from outer environments; and 

 

• Test the function of the developed microfluidic system with target cells to 

demonstrate and investigate: (1) single-cell isolation and cellular response 

and (2) pairwise cell interaction between heterotypic mixed cell pairs. 
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1.5. Organization  

The thesis will describe in detail the development of microfluidic devices for the 

analysis of single-cell and pairwise cell interaction including their design, fabrication and 

methods for assay.  

Chapter 2 will focus on the single-cell isolation chip using pneumatic actuation. A 

new scheme for single-cell loading inside each microchambers and the isolation of 

microchambers in an array from the ambient media will be proposed and demonstrated.  

Chapter 3 will describe the microfluidic platform for pairwise cell interaction. This 

platform is designed with small modification of the microchamber design for single-cell 

isolation (explained in Chapter 2) and can offer reliable positioning of cell-pairs in a 

microchamber. Also, the applications of the proposed platform for high-throughput cell 

interaction analysis will be investigated.  

Chapter 4 summarizes the thesis and lists future directions and opportunities for 

utilizing the developed microfluidic platform.  
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Chapter 2  

Microfluidic Single-Cell Isolation Chip 

 

 

2.1. Introduction 

There have been growing interests for single-cell assays to understand single-cell 

behavior more accurately. This is due to the fact that cellular response from conventional 

assays provides only collective average data from a large number of cells, while it is well 

known that the cells with identical appearance under seemingly identical conditions even 

show different characteristics [22-24]. It is known that the different cellular response is 

closely associated with culture microenvironments such as biological signals and non-

uniform distribution of cell population using conventional culture methods. Thus, single-

cell-based analysis has attracted a considerable attention to overcome non-uniformity in 

cell populations for the analysis of single-cell assay 

However, there has been no report on a microfluidic array platform which 

incorporates all the functions to capture and isolate single-cells, and to monitor each 

single-cell behavior for a long period time. In our previous papers, the microfluidic 
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device for trapping and isolation of single-cells was introduced and its functional 

operation was demonstrated using microbeads [67]. The isolation of captured single-cells 

from the neighboring cells and ambient media makes it possible to collect precise 

quantitative data from individual cell behavior. The developed platform can also allow 

culturing cells inside the microchamber, monitoring and tracking every single-cell 

behaviors without any expensive external systems. In this chapter, the concept of single-

cell trapping and culture will be presented in the proposed microfluidic platform and its 

expandability will be discussed.   

 

2.2. Designs and working principle 

Figure 2.1 shows the schematic and the principle of operation of the proposed 

single-cell isolation microchamber unit with two-way pneumatic actuation. The overall 

structure consists of two PDMS layers: a microfluidic channel layer for cells and reagents 

to be loaded and an air channel layer for pneumatic actuation. The height of the 

microfluidic channel is 40 µm, while that of the air channel is 70 µm. Each 

microchamber unit consists of a capture site at the front, micro single-cell culture 

chamber and the air channel located above (Figure 2.1(a), (b)). Size of each cell culture 

chamber is designed as 80 µm in diameter in order to provide enough room for the cells 

to grow for long term study. There is an initial gap (5 µm) formed between the 

microchamber and the bottom of the microfluidic channel. This allows the flow stream 

can freely pass through the capture sites and microchamber structure, so that the cells can 

be easily trapped.  
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Figure 2.1: Conceptual diagram of microchamber unit for single-cell capture and 
isolation and its operation principle: (a) schematic of the proposed device, (b) 
trapping of a cell at the capture site, (c) loading a cell into the microchamber by 
applying negative pressure in the air channel and (d) isolating a cell by applying 
positive pressure 
 

The complete cell isolation procedure has three steps: capturing, loading, and 

isolating cells. First, cells are injected from the inlet and are hydrodynamically collected 

at the capture sites as shown in Figure 2.1(b). The microchamber has a small dimple as a 

capture site, so that only single-cell can be trapped in each site. Once the cell is trapped, 

this trapped cell blocks the flow stream through the capture site and prevents other cells 

from being trapped again. Therefore, the rest of cells are passing around the chamber 

sidewall and collected in the next capture sites in the downstream. Once the cells are 

(b)

(c) (d)

Flow directionA

A’
(a) Air channel for chamber actuation

Microfluidic channel

Capture site

Captured cell

Actuation membrane

A A’ A A’
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captured at all the capture sites, the microchamber is lifted up by applying negative 

pressure in the air channel. The captured cells will be loaded into the microchamber as 

shown in Figure 2.1(c). After the cell is loaded, the microchamber is completely closed to 

isolate the cell by applying positive pressure to the air channel as shown in Figure 2.1(d). 

 

 

2.3. Fabrication and Sample Preparation 

2.3.1. Microfluidic chip fabrication 

The fabrication process of the proposed single-cell isolation chip is illustrated in 

Figure 2.2. The fabrication of the chip is similar to our previous microfluidic devices [67]. 

Fabrication processes are as follows.  First, two PDMS (Sylgard 184, Dow Corning Co.) 

channels are formed by using replica molds of SU-8. The air channel is connected to 

pneumatic source and used for chamber actuation and the microfluidic channel for 

flowing media and cell suspension. For the air channel layer, a 70-µm thick SU-8 pattern 

is formed on silicon wafer. For the microfluidic channel layer, aluminum is deposited and 

patterned by lift-off process to form an alignment key.  After that, a 5-µm thick SU-8 

pattern is formed for the initial gap between the substrate and the PDMS microchamber. 

Another 40-µm thick SU-8 pattern is subsequently formed for microfluidic channel to 

allow the unrestricted flow of typical rounded cells in suspension (~20 µm in diameter). 

After forming the SU-8 molds for both channels, these master molds are modified by 

self-assembled-monolayer, tridecafluoro-(1, 1, 2, 2-tetrahydrooctyl)-1-trichlorosilane 
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(United Chemical Technologies), to prevent the bonding between PDMS and the 

substrate. For the air channel layer, PDMS is poured by 3 mm in thickness. For the 

microfluidic channel layer, PDMS is spin-coated at 2000 rpm for 30 seconds to form a 50 

µm thick PDMS film. The excess PDMS covered over the SU-8 mold forms on actuation 

membrane between the air and main flow channels. The PDMS layers are cured at the 

room temperature on a precisely leveled planarization stage to get uniform thickness 

within 20 µm variation in a 4-inch wafer in order to minimize the PDMS shrinkage and 

increase the alignment tolerance.  

 

Figure 2.2: Fabrication process: (a) top PDMS layer with air channel, (b) bottom 
PDMS layer with microfluidic channel, (c) substrate with Pt pattern, and (d) 
completed device assembled by bonding PDMS layers and the substrate. 
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For the substrate, platinum is evaporated on the glass substrate and patterned by 

lift-off in order to prevent the bonding of PDMS layers to the glass during the bonding 

process. After vulcanizing the PDMS, the air channel layer, the microfluidic channel 

layer and the glass substrate with platinum patterns are successively aligned and bonded 

by using a commercial contact aligner (MJB3, Karl Suss).  

 

Figure 2.3: Photograph of the fabricated single-cell isolation microarray fabricated 
on the silicon substrate and magnified view of the core array including 27 micro-cell 
culture chambers 
 

Figure 2.3 shows the fabricated microchamber array. The dimension of the active 

area in the fabricated array is 800 μm x 1mm and total 27 cell culture chambers are 

placed in an array for the fast evaluation of device operation. The inner diameter of each 

chamber is 80μm. The pitch of each microchamber is designed to 160 µm and the 

distance between the adjacent chambers and height of microfluidic channel are also 

designed to be 40 µm allowing the unrestricted flow of cells (~20 µm in diameter) in 

suspension. 
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2.3.2. Preparation of polystyrene beads 

In order to verify the proposed single-cell capture and isolation scheme, we used 

polymer microsphere (2015A, Duke Scientific, 14.6 ± 0.4 µm diameter) to test the 

fabricated microchamber array. The microbead suspension was prepared by mixing the 

polystyrene beads solution with DI water containing 0.1% triton X-100 to prevent the 

sticking of beads on the channel surface and among themselves. The final microbeads 

concentration was prepared around 106cells/ml in suspension. The microfluidic chamber 

was initially filled with DI water and the prepared bead solution was injected smoothly 

from a syringe pump (KDS 200, KD scientific) at the flow rate of 3µl/min. 

 

2.3.3. Isolation of primary myoblasts and cell culture 

Balb/c mice were purchased from Harlan. All protocols were prepared in Prof. 

Asakura’s Lab and approved by the Animal Care and Use Committee of the Ottawa 

Health Research Institute and the University of Minnesota. Satellite cell-derived primary 

myoblasts were isolated from adult lower hind limb muscle from 1-2 month-old mice as 

described in the references [68, 69]. Cells were maintained on collagen coated dishes in 

myoblast growth medium, consisting of HAM’s F-10 medium supplemented with 20% 

FBS and 4 ng/ml basic FGF (R&D systems). The medium was changed daily and 

cultures were routinely passaged as they reached 60-70% confluence. To maintain the 

primary characteristics of the cells, all experiments were performed using cultures that 

had undergone between 5 and 10 passages.  
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2.3.4. On-chip cell loading 

Devices were autoclaved, coated with Collagen type I solution diluted in 100 

µg/ml (354236, BD Sciences) and incubated at 37°C for 2 hours to coat the channel 

surface. After 2 hours collagen incubation, PBS was loaded into reservoir using syringe 

pump followed by myoblast growth medium for 5 minute successively. After the medium 

exchange, devices were incubated for 24 hours for conditioning with medium to make it 

more viable environment for cells. Then, cell suspension in myoblast growth medium 

was injected along the channel with a flow rate of 3 µl/min using a syringe pump. Cells 

were maintained in a conventional CO2 incubator and discrete medium changes are 

performed by connecting a medium-filled syringe to seeding inlet, opening the chamber 

structure and advancing the syringe to deliver the medium for 5 minutes once a day. 
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2.4. Results and discussions 

The operation of the fabricated device for single-cell isolation was demonstrated 

using microbeads (15 µm in diameter). Overall bead trapping efficiency at capture sites 

can be reached up to 80%. Using the same operation, we successfully demonstrated the 

single-cell trapping of muscle stem cells and their culture in a continuous flow condition. 

Moreover, the expansion of the array size and deployment was explored and tested with 

additional pneumatic actuations.     

 

 

2.4.1. Polystyrene bead loading and isolation 

The fabricated microchamber requires three pressure operation steps: zero, 

negative and positive pressure. Since the actuation membrane has the physical limitation 

of movement in both positive and negative directions, the pressure level does not need to 

be precisely controlled as long as it exceeds the threshold level for opening and closing 

the microchamber. Therefore, we just used a 30 ml-sized syringe to apply bi-directional 

pressures for the evaluation of feasibility in our proposed scheme. The bead solution was 

introduced to the channel at a flow rate of 3 μl/min for 3 minutes and beads were trapped 

at each capture sites. Figure 2.4 (a) shows the photograph of the trapped beads at the 

capture sites. About 80% of the capture sites were filled with single or multiple beads. To 

find the optimal condition for bead and cell trapping, we quantified bead trapping 

efficiency according to difference of cell density and flow rate. Trapping efficiency of 
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our device is depending on the number of events that cells encounter the capture sites. To 

increase the capturing efficiency and events, the number of cell density or flow rate 

should be optimized. The results are shown in the Figure 2.4 (b-c). Figure 2.4 (b) shows 

the capturing efficiency as a function of cell density. It is observed that the single-cell 

trapping efficiency is best at a density of 5x105 beads/ml. Above this range, single-cell 

trapping efficiency maintained same, but 2-cell trapping rate increased. When the bead 

density increases, there is the increased number of beads that attach one another and 

aggregate. In the experiments for optimizing the flow rate, we observed that a flow rate 

of 3µl/min was best which 5 µl/min shows the increased 2-cell trapping results (Figure 

2.4 (c)). After capture, we loaded the captured beads into the microchamber by lifting up 

the microchamber applying negative pressure. Figure 2.5 (a) shows the loaded single-

beads in each microchamber. Next, we tested the isolation of microchambers by injecting 

blue ink with a flow rate of 20 μl/min for 1 hour, while maintaining the positive pressure 

to seal the microchambers. As shown in Figure 2.5 (b), the blue ink did not diffuse into 

the sealed microchambers. We measured the pressure required for complete isolation by 

connecting the air channel to a high pressure N2 gas regulator. The required pressure for 

isolation was measured is less than 5 psi. This pressure requirement for isolation is quite 

low and the reliable operation of the chip for several days will be possible without any 

damage on the membrane. The isolation can be maintained over a flow rate of 100 μl/min 

under the pressure of 5 psi.  
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Figure 2.4: Experimental results and trapping rate analysis of single-cell trapping at 
each capture sites using polystyrene beads: (a) Photograph of the captured beads at 
each capture site (with a pit of 20μm) in the array. (b) Effect of cell density for bead 
capturing eficiency. (c) Effect of cell flow rate for bead capturing efficiency 
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Figure 2.5: Demonstration for proposed single-cell loading and isolation scheme 
using polystyrene bead: (a) Photograph of the polystyrene beads loaded into the 
microchamber array by applying negative pressure to the air channel (b) 
Photograph after the isolation test with blue ink. All microchambers were closed by 
applying positive pressure to the air channel.  

 

 

2.4.2. Primary myoblast culture in microchamber 

Next, to examine whether the fabricated micro-chambers can be utilized for 

single-cell culture, we isolated primary myoblasts from mouse skeletal muscle. Primary 

myoblasts are satellite cell origins, which are skeletal muscle stem cells and are important 

for muscle regeneration. The use of primary myoblasts has a huge potential for clinical 

implications for future work. Suspension with isolated primary myoblasts was injected 

into a collagen-coated micro-chamber using a syringe pump for single-cell loading. 

Figure 2.6 (a) shows loaded cells in each chamber right after injection. More than 80% of 

chambers contained single primary myoblast. Rest of chambers contained more than 2 

Isolated bead

(a) (b)
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cells or no cell. The loaded cells were cultured in an incubator at 37°C in 5% CO2 for 

three days. Primary myoblasts became attached on the surface and initiated cell 

proliferation in the chambers shown in figure 2.6 (b). Most of single primary cells 

underwent cell proliferation and divided at least twice in 3 days, suggesting that the 

fabricated chambers can successfully accommodate cell growth.  

 

 

Figure 2.6: Primary myoblast culture in microchamber: (a) Photograph of primary 
myoblast loaded into microchamber right after cell injection. (b) Photograph of 
primary myoblast after 3 day culture.  

 

By day 4, some primary myoblasts (in the microchambers A and A’ in Figure 2.7) 

became confluent in the chamber. Occasionally, we observed dead cells (in the 

microchamber B in Figure 2.7) indicating that cells underwent apoptosis. However, the 

incident of cell death was less than 5%, which normally occurs during primary myoblast 

proliferation [69]. In addition, some cells underwent spontaneous differentiation which 

(a) (b)



32 
 

shows elongated structures as multinucleated myotubes (in the microchambers C and C’ 

in Figure 2.7). This suggests that 4 days culture facilitates muscle differentiation in the 

current microchamber environments. It is well known that cell density affects muscle 

differentiation [70]. Since the space of microchambers is limited, it is likely that primary 

myoblasts readily underwent muscle differentiation in the microchambers. Therefore, 

these data suggest that the fabricated microchambers provide favorable culture 

environments for primary myoblasts, in which cells are able to attach on the surface, to 

proliferate for a few days, and to undergo muscle differentiation. 

 

 

Figure 2.7: Cultured primary myoblast on day 4: Primary myoblasts underwent to 
proliferation and become confluent condition in microchamber (A and A’), 
apoptosis (B) and spontaneous differentiation which shows elongated structures as 
multinucleated myotubes (C and C’). 

 

A B

C C’ A’
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It is essential to establish single-cell culture assay in order to understand and 

identify the optimal conditions of muscle stem cell self-renewal, proliferation, 

transformation, apoptosis and differentiation. For these purposes, an optimized 

microfluidic chip can be designed to multiple functions: parallel, automated, long-term 

monitoring of single-cells in culture media; tracking of individual cell fates over time; 

and correlation of differentiated progeny with founder clones. Therefore, future studies 

using the fabricated microchambers will bring substantial values for possible clinical 

applications in therapeutic stem cell transplantation. 

 

2.4.3. Two-dimensional (2D) array expansion 

One of the key features of the proposed single-cell microarray is in its 

expandability in array size. Using the implemented single-cell isolation scheme, we 

expanded an array size up to 3x3 to incorporate more than 240 microwells in a single 

platform and demonstrated its functionality [35]. Fig. 8 shows the basic operation 

principle for injecting different reagents in each section of the array. Initially, all the 

channels and microwells are filled with the buffer media and all the chambers are closed 

for isolation by applying positive pressure. Then, the first set of reagents (three different 

reagents) are injected into the first row in the microwell array through the drug injection 

logic by opening the microwells in the first row by selectively applying negative pressure 

as shown in Figure 2.8 (a). Then, the microwells in the first row are closed again by 

applying positive pressure to the control channel. After that, the microwells in the second 

and third rows are sequentially filled with the predetermined sets of reagents in the same 
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way as shown in Figure 2.8 (b-c). After loading reagents into the entire array, all the 

microwells are closed for a parallel assay of different reagents as shown in Figure 2.8 (d). 

In order to verify the chip operation, we injected nine different food dyes of different 

colors to the fabricated 3x3 microwell array and Figure 2.9 shows its successful operation. 

 

Figure 2.8: Conceptual diagram of sequential loading of multiple reagents into each 
section of microwell array: (a) 3 different reagents are injected through drug 
injection logic to the first row which is open; (b) and (c) show the sequential reagent 
injection to microwell arrays in the second and third rows, respectively; and (d) all 
chambers are closed for cell assay 

(a) (b)

(c) (d)
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Figure 2.9: Photograph of the prototype device for sequentially addressable 2-D 
microwell arrays filled with 9 different colors of food dye 

 

 

2.5. Summary 

In this chapter, a new microfluidic chip which can capture and isolate single-cells 

in a microchamber array for various single-cell assays has been presented. The proposed 

microfluidic chip consists of two PDMS (Polydimethylsiloxane) layers: a microfluidic 

channel layer for injecting cells and reagents and an air channel for pneumatic actuation. 

Each microfluidic chip has 27 microchambers for parallel single-cell culture and analysis. 

In order to verify our single-cell capturing scheme, we tested the fabricated chip with 15 

µm-diameter polystyrene microbeads. We successfully trapped the microbeads in each 

the capture site with a capture rate higher than 80% and loaded them into the 

corresponding chambers. After loading, the chambers were isolated from one another by 

Cell Inlet/Drug outlet

Cell outlet/Drug inlet

Air channel Air channel
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pneumatic actuation. The isolation was confirmed by flowing blue ink into the main flow 

channel.  

Moreover, we successfully demonstrate the use of the method to trap primary 

myoblasts isolated from mouse skeletal muscle into each microchamber and to culture 

them in fabricated microarray chip for more than 3 days. It is observed that primary 

myoblast are attached on the substrate, proliferated and undergone muscle differentiation.   

Also, with a very addition of external controls, the microfluidic array chip could 

be expanded to a 3x3 array incorporating over 240 microwells, and successfully 

demonstrating its expandability into a large array.  
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Chapter 3  

Microfluidic Control of Cell Pairing and Pairwise 

Cell Analysis 

 

 

3.1. Introduction 

Many cellular processes such as cancer metastasis, stem cell proliferation and 

differentiation are highly susceptible to cell-cell interaction [62]. Therefore, the ability to 

qualify its effect is indispensable in understanding biological processes. Especially, the 

enormous interests in the controlled differentiation of stem cells by interacting with its 

microenvironment have driven many investigators exploiting different combinations of 

soluble factors and extracellular matrix (ECM). These approaches helped them to 

manipulate the fate of stem cells in vitro, but its development is still poorly understood 

due to the limitation of traditional methods in controlling microenvironment. Therefore, 

the advancement of tools allowing the increased degree of control in cell localization and 

microenvironments holds a great promise for extending our knowledge and investigation 

to the unknown phenomena in cell engineering.  
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To address this issue, we propose a new microfluidic device that can analyze 

pairwise cell interactions in an isolated microchamber array, enabling the hundreds of 

simultaneous tests and potential high-throughput screening of useful cell pairings with 

accurate single-cell positioning. Small chambers assembled in this device provide more 

significant effects on cell interactions by accumulating soluble factors such as growth 

factors as their physiological concentration reaches high when trapped in a small chamber, 

while they are susceptible to dilution in conventional methods using large amounts of 

media. Moreover, the device can easily achieve media exchange for better cell viability 

by quick washes using a gravity-driven perfusion flow of media and it also conveniently 

coordinate desirable microenvironments with any arbitrary combinations of the 

concentration of soluble factors, selective patterning of ECM and displacement between 

cells.  

 

3.2. Microfluidic chip design and experimental methods 

The developed chip consists of 64 microchambers in an array. The microchamber 

dimension is 280 µm by 320 µm with a height of 35 µm. This height allows the 

unrestricted flow of rounded cells in suspension (~20 µm in diameter). A small gap (~5 

µm) placed at the entrance and exit of the microchambers creates sieves that can prevent 

the captured cells from migrating out of the microchamber while allowing medium to 

flow through. Parallel sets of valves can isolate the microchambers even while the fluid 

flows continuously. Additionally, we incorporated 256 microchambers in single chip 



39 
 

which consists of 4 identical 64 microchamber arrays. Easy expansion of array size not 

only, provides high-throughput pairwise cell assays with various combinations of cell 

pairs, but also reduces the required pneumatic controls and connections for parallel 

analysis. In Chapter 3.2, the detail of each block of the developed microfluidic chip and 

its operations will be described.  

 

3.2.1. Unit chamber design 

Figure 3.1 (A) shows a schematic diagram of the proposed array chip. This is the 

modified version of the single-cell isolation chip reported by our group [67] in order to 

exactly control the number of cells captured in each microchamber. In this new design, 

we implemented the two parallel control valves (front and rear valves) as shown in Figure 

3.1 (A). The unit operation procedure consists of two steps as illustrated in Figure 3.1 (B). 

First step is to trap the injected cells into each capturing sites. In this step, both valves are 

maintained in a neutral position (partially open with 5µm gap), allowing only the fluid to 

pass through but cells are trapped. The second step is to load the trapped cells into each 

microwell by applying a negative pressure to the front valve to lift it up higher than the 

cell height. The final step is to release the pressure to enclose the captured cells inside the 

microchamber. By repeating this unit operation, we can capture multiple cells in any 

arbitrary numbers since one sequential operation captures single-cell at a time. In 

addition, we can load the different types of cells in a microchamber for co-culture 

experiments as illustrated in Figure 3.1 (C). After loading cells, we can isolate the 

captured cells from the rest of cells in other neighboring microchambers by applying a 
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positive pressure to both front and rear valves to completely seal the microchamber from 

the ambient.  

 

          

 

 

Figure 3.1: Schematic diagram of cell capturing and isolation operation in the 
proposed array chip: (A) 3-Dimensional view of the proposed unit, (B) Sequential 
operation procedure to capture single-cell in a microchamber, and (C) the 
sequential operation of capturing two different cells illustrating the cell number 
control scheme. 
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3.2.2. Particle self aligning 

To increase the capturing efficiency, the bypass channel is designed with a very 

shallow channel structure along the chamber wall. However, once capture sites in the first 

row of array are filled with particles (beads or cells), there is no more trapping happened 

from the second row. That is because the particles are coming only from the side wall of 

the channel after they passed the first row as shown in Figure 3.2. So, there is no chance 

for the particles to be trapped at the capture site in the next successive chambers.  

To solve this problem, we formed narrow channel structures (in the collection 

region) in order to redirect the flow of particles to the center by changing their flow 

stream. Figure 3.3 shows the particle trajectory in the collection region. When the particle 

is getting close to the narrow region, the center of mass of the particle follows the 

original streamline. However, if the radius of particle is bigger than the gap between the 

streamline and channel wall, the particle is shifted away from the channel wall and 

redirects their original streamline. As a result, particles are focused into the center region. 

The maximum limit of particle shifting is determined by the following simple equation 

(1). This equation states that shifting rate only relates on the ratio of particle size and gap.  

 

Gap
SizeParticleGapWidthChannelShiftParticleMaximum −

×=
2

      (1) 
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Figure 3.2: Streamlines of 
beads and cells along bypass 
channel 

 

 

 

Figure 3.3: Particle trajectory by passing the narrow 
channel (collection region) 

 

 

However, it is difficult to guide particles to center of channel with single cell 

collecting structure. The condition is only satisfied that particle size and collection gap is 

same and moreover, the critical conditions can involve other serious problems including 

channel clogging. To resolve this issue, we formed additional collection structure (second 

collection structure) which has gaps in both sides. The thin gap at the right side of 

structure allows that the fluid between the first collecting structure and the center of cells 

could partially flow inside the gap between the first and second collection structures by 

the nature of laminar flow. This partial flow will form sheath flow in the later part of the 

channel just by passing through the channel and, it will force cells to be moved to the 

center as shown in Figure 3.4 (a). Also, we confirmed the effect of the second collection 

structure by simulating the particle trajectories as shown in Figure 3.4 (b) and (c). Based 

on the simulation results, particles coming from the right half of the channel are focused 
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3.2.3. Fabrication process 

The fabrication process of the proposed chip is similar to our previous work [67] 

except for the additional formation of front and rear valves and the use of a different 

photoresist for thin gap generation. For the complete sealing of the microchamber, thin 

gap underneath the chamber wall of the front and rear valve areas is patterned using 

standard positive photoresist (S1827, 5um) instead of 5um thin SU-8 layer and cured at 

200°C for 2 hours. By curing at 200°C, the rectangular shapes of the photoresist patterns 

are deformed into rounded shapes. It is already proven that rounded shaped microfluidic 

channel can be easily sealed completely, while rectangular channel cannot close [88]. We 

also compared the isolation properties using both round and rectangular shape and we 

observed that only rounded shape structure helps complete sealing. Figure 3.6 described 

the differences in closing microchamber when microchambers are incorporated with 

round and rectangular gap structures. After reflowing of positive photoresist, thick 

negative photoresist, SU-8, is patterned for forming microfluidic channel (40 um) and air 

channel (60 um). 

After the fabrication of SU-8 master molds for the microfluidic and air (control) 

channels, the surface of master molds are modified by self-assembled-monolayer of 

tridecafluoro-(1, 1, 2, 2-tetrahydrooctyl)-1-trichlorosilane (United Chemical 

Technologies) to prevent the bonding between PDMS and the substrate. Uncured PDMS 

(Sylgard 184, company; 10:1 elastomer:crosslinker ratio) is poured and baked at 80°C 

(microfluidic channel) and 105°C (air channel, higher temperature is for compensating 

PDMS shrinkage) for overnight. The thick air channel layer is peeled off and punched for 
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connection port. Then, it is aligned to the microfluidic channel layer and bonded 

irreversibly with oxygen plasma treatment. Then, all the layers are peeled off and bonded 

on the glass slide. Process flow is shown in the Figure 3.7. More detail steps of 

fabrication process is listed in Appendix A.1.     

 

 

 

Figure 3.6: Comparison in microchamber isolation. Only round shape gap structure 
can be sealed completely. In rectangular gaps, clear and visible edges are appeared.  
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Figure 3.7: Fabrication Process: (a) Microfluidic channel formation, (b) Air channel 
formation, (c) PDMS bonding between the microfluidic channel and air channel, 
and (d) Final bonding between the glass slide and the bonded PDMS in (c) 

 

 

Silicon

Silicon

S1827 Patterning (5µm)

Photoresist Reflow

Silicon
SU‐8 Patterning (35µm)

Silicon
PDMS coating and curing (50µm)

Silicon
SU‐8 Patterning (60µm)

Silicon
PDMS pouring (3mm)

PDMS cutting and release

(a)

(b)

Silicon
PDMS bonding

Bonded PDMS release

Glass Slide
PDMS bonding on Glass Slide

(c)

(d)



47 
 

The complete closing (isolation) of each microchamber allows the accumulation of 

secreted growth factors from cells cultured inside the isolated microchamber. For the 

demonstration of microchamber isolation, the fabricated microfluidic chip is placed on 

the microscope and the pneumatic ports are connected to a hand-made pneumatic 

actuation system controlled by miniature pneumatic solenoid valves (ten millimeter 

miniature valves, Numatech Inc., Highland, Michigan) using Lab-View Software [89]. 

The developed system can selectively switch one or more valves in the chip from 

atmospheric pressure (open state) to 20psi (closed state) as shown in Figure 3.8. 

Connection tubes are pre-filled with water to avoid possible generation of air trap inside 

the microfluidic channels. Figure 3.9 shows the fabricated device loaded with color dyes 

for visualization. Isolation of microchambers has been successfully demonstrated and we 

have not observed any diffusion through microchambers more than 4 hours.   

  
Figure 3.8: Image of a microchamber, showing the operation of chamber actuation: 
(a) Gap open, chamber is connected with main flow, (b) Gap closed, border line is 
disappeared and microchamber is completely isolated from the ambient 
environment   

(a) Gap open (b) Gap closed

Gap region Initially bonded
region

Gap regions are completely 
disappeared by applying 
positive pressure
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Figure 3.9: The fabricated device loaded with food dyes for visualization: (a) 1 inlet 
(64 microchamber array) device and 4 inlet (256 microchamber array) device. All 
chambers in the array contain red dyes inside the microchambers. (b) Food dye test 
for demonstration of chamber isolation. 

 

(a)

(b)



49 
 

3.2.4. Experimental procedure 

At the beginning of an experiment, Pluronic F-108 (BASF, 1% w/w in DI water) 

was coated for 5~30min inside the entire network of flow channels. This served to 

passivate the entire PDMS surfaces in order to prevent any trapping of cells inside the 

flow channels and unwanted protein absorption through PDMS. The coating time was 

varied with cell adhesion properties. Then, a sterile solution of 0.01% collagen in DI 

water was loaded and incubated in the culture chambers for at least 30min and then 

rinsed with culture medium. Then, the device was kept in incubator overnight to make the 

chip and its culture environments more compatible with cells.   

The cells are trypsinized from a Petri-dish and resuspended as a single-cell 

suspension with a population of 500,000~1,000,000 cells/ml. Cell suspensions were 

loaded to an inlet reservoir, and then seeded on the chip by a gravity-driven flow 

(Appendix B). The seeding sequence is as follows: (1) 50 µl of cell suspension of the first 

cell type is loaded into the inlet reservoir until over 50% of capture sites in the array are 

filled with cells or 3 minute is passed. (2) Remove the cell suspension from the inlet 

reservoir and fill it with culture medium. (3) After observing there are no more cells 

coming into the array, apply a negative pressure through the front air channel by 

actuating a 30-ml syringe. The pressure level does not need to be precise for this negative 

pressure as long as it exceeds the threshold level for loading the cells into the chamber. 

As our device has the physical limitation of membrane actuation (air channel height), we 

just used a 30ml-sized syringe to apply negative pneumatic actuation.  (4) As soon as the 

cells are loaded inside the microchambers, the processes (1-3) are repeated to load the 
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second cell type. Once all the cells are seeded, a continuous flow of fresh media over 24 

hour will supply nutrients to the cells except for the time during the chamber isolation by 

applying a positive pressure to the air channel. To avoid evaporation, which is especially 

detrimental to cell culture, the microfluidic chip is placed inside a Petri-dish with small 

water baths and sealed with Parafilm during the entire culture period. Positive pressure is 

controlled by a solenoid valve system with custom-programmed Lab-View software and 

nitrogen gas. In addition, we utilized a gravity-driven flow induced by the pressure 

difference between inlet and outlet reservoirs, which allows simple and easy operations 

without the necessity of external equipments or apparatus. Continuous flow of cell 

culture media or test-reagents into the inlet reservoir is all that is required. (Appendix 

B.1). 
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3.3. Preliminary study  

Prior to performing actual pairwise cell interaction assays, the operation of the 

proposed scheme of multiple cells capturing has been demonstrated using polystyrene 

microbeads (15 µm in diameter). The device used for polystyrene microbeads testing was 

the earlier version with a little different chamber designs. However, it is good enough to 

show its feasibility.  

 

3.3.1. Controllable deployment of microbeads 

 To demonstrate the feasibility of concept described in Chapter 3.2.1, we first used 

polystyrene microbeads (15μm in diameter) to test controllable cell deployment. Figure 

3.10 shows the unit operation procedure of single bead capture. The single microbead is 

trapped at the capture site and loaded into a microchamber by applying negative pressure 

through the front valve. This unit step is identical to the operation of single-cell isolation 

process (explained in Chap 2). The only difference is that the front valve is used for cell 

loading. By repeating the unit procedure twice (one for trapping and the other for 

loading), we could capture any arbitrary number of multiple cells in each microchamber. 

Figure 3.11 shows the captured cells in the same row of the fabricated microarray by the 

successive sequential operation. We could load the exact number of cells at single-cell 

resolution. Figure 3.12 shows the number of beads captured up to seven.  
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Figure 3.10: Photograph of experimental results for single bead loading in each 
microchamber. The operation consists of two steps: (a) bead trapping and (b, c) 
bead loading. 

 

 

Figure 3.11: Photograph of bead loading results in the same row of an array after 
multiple repetitions of unit operation: (a-1) single bead, (b-1) two beads, and (c-1) 
three beads. (a-2), (b-2), (c-2) are the enlarged pictures of the right chamber in the 
same row. 
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Figure 3.12: Result of the multiple microbeads loaded into microchamber by the 
repetition of unit operation up to 7 times 

 

 

3.3.2. C2C12 proliferation analysis by temporal stimulation of 

growth factors 
 

Since cell viability demands a balance between fresh media perfusion and isolation 

periods, we first needed to verify the shortest isolation time required to see a change in 

cell behavior (e.g., proliferation) by introducing growth factors during isolation. Also, 

washing steps for removing the accumulated signals during isolation may expose cells in 

(a) (b) (c)

(d) (e) (f)
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other microwells for a few seconds to the growth factors flowing from upstream 

microwells; therefore, we needed to verify that short (unintentional) exposure was not 

sufficient to induce a change in cell proliferation. For this experiment, we introduced 

high-concentration FBS to simulate the effect of accumulating growth factors to estimate 

how long the exposure of growth factors should be to induce the increase of cell 

proliferation. Figure 3.13 shows that the isolated exposure for 40 minutes a day was 

sufficient to induce a change in cell proliferation, while the 30sec washing/isolation did 

not affect any changes. Figure 3.14 shows those representative figures in both cases.  

 

 

 

Figure 3.13: Results of C2C12 Proliferation by temporal exposure of growth factors 
(Low FBS media: 2% FBS/DMEM, High FBS media: 10% FBS/DMEM) 
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Figure 3.14: Representative images of 40min exposure for day 1 (A) and day 3.5 (B) 
and 30sec exposure at day 1 (C) and day 3.5 (D).  
 

3.4. Experimental results on pairwise cell interaction analysis 

This section describes the experimental results that the proliferation of C2C12 

(Myoblast Cells) increases when C2C12 is co-cultured with PC3 (Prostate Cancer Cells) 

and HUVEC (Human Umbilical Vein Endothelial Cells).  

 

3.4.1. Cell capture and pairing 

We accomplished the pairing of two different cells by repeating the unit operation 

described in Chapter 3.2.1 twice. Figure 3.15 shows the results of cell pairing by loading 

PC3 cells fluorescently labeled with GFP (Green) and DsRed (Red) consecutively. Using 
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3.4.2. Cell interaction study between C2C12 and PC3 

 In order to demonstrate the cell interaction, we first used the two different cell 

types, C2C12 (Myoblast) and PC3 (Prostate Cancer). Prostate cancer cells are known to 

secrete various growth factors including VEGF (Vascular endothelial growth factor) and 

bFGF (Basic fibroblast growth factor) [85-87]. Using the published results in the 

references, the concentration of VEGF secreted from single PC3 cell is estimated around 

100pg/ml in an hour in our microchamber size. We already demonstrated that the 

exposure to the media supplemented with VEGF (the order of a few tens of ng/ml) can 

enhance the proliferation of Myoblast significantly (according to the culture data from 

Prof. Asakura; the data was not shown here).  

However, in a typical perfusion condition, the enhanced proliferation will not be 

observed because the secreted cell signals will be washed away as soon as they are 

secreted. Our device can provide a solution to this drawback. The microchamber isolation 

scheme used in the device allows the secreted cell signals to be contained in an isolated 

microenvironment loaded with cells; the cells in the same chamber can communicate and 

affect each other’s cellular response during the isolation period (Figure 3.16).    

Based on this assumption, we explored the capability of our device for analyzing 

pairwise cell interaction. The experiment is performed under a low FBS (5%) condition 

to monitor the effect of cell interaction rather than with other media supplements. Both 

C2C12 and PC3 cells are loaded in each microchamber and cultured together within 

specified isolation times. However, since the medium perfusion is also needed for cell 
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viability in microfluidic environments, we tried to balance the time between isolation and 

perfusion to find the optimal cell interaction time.  

 

 

Figure 3.16: Two different mode for cell interaction study in fabricated device: (a) 
Perfusion mode for high cell viability, (b) Isolation mode for interactions among 
cells by soluble factor signaling. 
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Cell proliferation was monitored for pairwise cell culture between C2C12 and PC3 

with different isolation periods from 0h to 3h, as shown in Figure 3.17 and 3.18. The 

result indicates that our hypothesis is valid: the isolation of cells allows interaction with 

each other. Proliferation of C2C12 under the chamber isolation for 3 hours (Figure 3.17) 

is significantly enhanced while there is no significant change in 0 and 1 hour isolation as 

shown in Figure 3.18.   

It is very interesting to observe that there is no noticeable difference in 1 hour 

chamber isolation for a cell pair (PC3-C2C12) and control experiment (only two C2C12 

cells cultured inside with 0h isolation). This result can be explained either that the 

secreted signals for 1 hour did not exceed a certain threshold level to affect C2C12 

response or that the signals did not diffuse enough to stimulate C2C12. Another 

important observation is that the proliferation of C2C12 without PC3 even in 3 hour 

isolation remains in the same range with C2C12 culture in a fully perfused condition. 

Therefore, when the secreted signals from PC3 are washed away, there is no effect on the 

proliferation of C2C12.  

In order to collect all the data presented in this chapter, the information of cell 

proliferation is gathered from at least 10 microchambers (typically, 15 microchambers) 

that contain a pair of PC3 and C2C12 in each experiments. The data is discarded if the 

microchamber contains more than 3 cells in any type, either PC3 or C2C12. Then, the 

cell proliferation is normalized and averaged for obtaining the statistically meaningful 

data. The error bars indicate the standard deviation of the collected data.  
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Figure 3.17: Results in C2C12-PC3 culture with 3hour isolation. The accumulated 
soluble factors for 3 hour in an isolated microchamber enhanced the C2C12 
Proliferation 

 

 

 

Figure 3.18: Results in C2C12-PC3 co-culture with no and 1 hr isolations, 
respectively. Without enough isolation, soluble factors cannot be accumulated 
enough inside microchamber and do not enhance C2C12 proliferation. 
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Next, we examined the extended range of isolation time up to 9 hours because the 

proliferation of C2C12 may increase beyond 3 hour isolation and Figure 3.19 shows the 

results of this experiment. From these experiments, it has been verified that 3 hour is the 

optimal condition for chamber isolation to enhance cell-cell interaction in our 

microfluidic device. The results implied that when the isolation time exceeds 3 hours, 

C2C12 cells proliferated less than those for 3 hour isolation. This indicates that the 

change of environmental conditions in a small volume of microchambers as byproducts 

of the metabolic cell activities, such as change of pH, ion concentration and dissolved 

oxygen level [72-74], negatively affected cell growth.  

 

 

 

Figure 3.19: Results of C2C12-PC3 co-culture with the extended isolation time. 
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In order to minimize the negative effect (e.g. media deficiency) coming from 

longer isolation time, we included the media perfusion (3 hour) between the isolation 

periods. Figure 3.20 shows the results of C2C12 responses with multiple isolations. From 

this experiment, it was observed that increased isolation time will induce the increased 

proliferation as we expected.  

 

 

Figure 3.20: Results of C2C12-PC3 co-culture with the extended isolation time 
interrupted by a perfusion between the isolation periods. Multiple isolations 
enhance C2C12 proliferation.  
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3.4.3. Cell interaction study between C2C12 and HUVEC 

Muscle tissue repair is a complex biological process that involves activation of 

stem cells. Understanding how stem cell niches are organized in vivo and what 

interactions their progeny develop with neighboring cell types is a critical issue in stem 

cell biology [75]. Also, muscle satellite (stem) cells located in capillaries can be detected 

in many mammal species including rats, dogs and humans and separated from endothelial 

cells by the respective basal laminae in close proximity [76]. There are numerous 

publications regarding close association between capillary and muscle satellite cells [76-

78]. It is well known that muscle capillary loss is associated with decrease in 

proportionate satellite cells and its increase is associated with the increase in both satellite 

cells and perivascular accumulation in trained muscles. To further investigate this 

relationship between two types near capillaries, interaction of endothelial cells with 

myogenic cells using coculture is necessary. It is really a fascinating research in process 

and it is partially proven that endothelial cells triggers myogenic cell growth through 

soluble factors (paracrine signals) and various growth factors derived from endothelial 

cells such as IGF-1, HGF, bFGF, PDGF-BB and VEGF [76, 79]. With this background, 

we decided to demonstrate the interactions between myogenic cells and endothelial cells 

in our microfluidic platform.  

The experimental step is identical to previous C2C12-PC3 interaction experiments 

except for using HUVEC (Human Umbilical Vein Endothelial Cells) instead of PC3. For 

the optimal isolation conditions, we started working with various microchamber isolation 
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periods (0h~4h). Figure 3.21 shows the results of C2C12-HUVEC interaction assay with 

different isolation periods. 

As was in the C2C12-PC3 experiment, the optimal isolation period was 3 hours. 

From this result, we concluded that the optimal isolation time, 3 hours, is more related to 

the features of our device than to the cell’s intrinsic properties and its microenvironment. 

Moreover, if there are significant differences in cellular metabolic processes, the optimal 

isolation time could be changed, but differences will not be different. Another interesting 

observation was that the characteristics related to the interaction between C2C12 and 

HUVEC was very similar to those of C2C12-PC3. Both experiments exhibited similar 

growth enhancement for various chamber isolation periods (Figure 3.21). Figure 3.22 

shows the representative images of experimental results in pairwise cell interaction of 

C2C12-C2C12 and C2C12-HUVEC.  
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Figure 3.21: Results of C2C12-HUVEC co-culture with various isolation periods. 
Accumulated soluble factors from HUVEC enhance the C2C12 proliferation. 

 

 

Figure 3.22: Representative images of C2C12-HUVEC co-culture under 3 hour 
isolation for 3 days. 
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We also observed that the increase in chamber isolation time enhanced the C2C12 

growth by stimulating C2C12 with soluble factors from HUVEC. For this experiment, we 

compared three different cases for three different chamber isolation periods (3h, 6h and 

3hX2).  As we expected, the increase in chamber isolation time increased the duration for 

cell interaction; accordingly, the longer isolation time led to more cell growth (Figure 

3.23). In this experiment, we also observed that refreshing the chamber with media 

perfusion between the isolation periods (3hX2) affected the proliferation of C2C12.  

 

 

Figure 3. 23: Results of C2C12-HUVEC co-culture with extended isolation periods 
including perfusion between the isolation periods.  
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3.5. Conclusions 

In this chapter, new microfluidic device for pairwise cell interaction study by 

utilizing microchamber isolation have been presented. The structure of the proposed 

device is identical to the single-cell isolation chip presented in Chapter 2 except for two 

valves implemented for microchamber operation. Isolation of microchamber without any 

leak is confirmed for the rounded termination of gap formation with various colors of 

food dyes. The initial testing of multiple deployments is completed with polystyrene 

microbeads by repeating the unit single-cell loading process (trapping and loading). Also, 

pairing of cells in two different types is demonstrated with an efficiency over 60% using 

the same operation procedure.    

In the pairwise cell assay, isolation of microchambers can allow to accumulate 

secreted soluble factors including growth factors inside a microchamber and affect 

cellular behaviors. It is verified that the proliferation of C2C12 cells is enhanced with the 

accumulated signals from PC3 (Prostate Cancer cells) and HUVEC (Human Umbilical 

Vein Endothelial Cells) when they are cultured together with C2C12 cells inside an 

isolated microchamber.  
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3.6. Additional feature of the proposed device 

Our microfluidic platform is initially designed for cell-cell interaction study and 

this thesis mainly focuses the soluble factors (paracrine) signaling between different cell 

types among various cell-cell interaction pathways. However, our device can be also 

operated for many other biological experiments which can benefit from any single-cell 

level assays. This chapter will describe additional features of the developed microfluidic 

platform including single-cell culture and available cell interaction study for future works. 

 

3.6.1. Single-cell culture 

It is well-known that cancer cells and stem cells are heterogeneous and this 

heterogeneity often causes mutation or differentiation into multiple different cell types 

among genetically identical cell population [80-83]. Recently, even PC3 human prostate 

carcinoma cells, a cell line, give rise to a mixture of three different clonal phenotypes: 

Holoclone, Meroclone, and Paraclone [82]. The clonal culture of PC3 to identify three 

subclones and analyze different drug responsiveness of each subclone under microfluidic 

environment has been investigated by our group [84]. In this section, the clonal culture of 

PC3 has been investigated by using the developed microfluidic device in order to 

demonstrate the potential use of single-cell assay. As shown in Figure 3.24, we 

successfully cultured and observed pure colonies of the three known clonal phenotypes of 

PC3 in our device.   
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Figure 3.24: PC3 culture in the fabricated microfluidic device. Three different 
clonal phenotypes of PC3 cells have been successfully cultured.  
 

As well as adherent cells which we discussed in this thesis, non-adherent cells 

such as Glioblastoma (brain tumor stem cells) and neural stem cells which form 

neurosphere (non-adherent spherical structure of cells) during culture stage can be 

cultured. Because of the nature of nonadherent cells, neurospheres have not been fully 
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characterized yet. Moreover, its analyses require very expensive equipments such as 

electron microscopy (EM), confocal microscope and flow cytometry and this can be the 

limitation of high-throughput analysis. On the other hand, our microfluidic device can be 

utilized even for analyses of nonadherent cells because cells can be easily confined inside 

the microchamber. We already demonstrated the culture of Glioblastoma in our 

microfluidic chip and neurosphere formation has been verified (data not shown). Our 

device also can support new experiments in dynamic response of nonadherent cells. 

 

3.6.2. Controllable alteration of microenvironment  

Our microfluidic platform can overcome the limitation of the conventional assay 

methods for cell-cell interaction study including controlled differentiation of stem cells. 

The platform can manipulate their own microenvironment by the combinations of 

controlled soluble factor signaling, the controlled deposition of ECM (extracellular 

matrix) only inside the chamber region and the controlled spatial distribution among cells. 

Isolation of microchambers can allow the control of soluble factor accumulation. ECM 

deposition inside the microchamber enables the selective loading of different cell types. 

Additionally, in our device, small differences in initial positioning of cells at the capture 

sites or size differences between cells may induce differences in cell behavior and 

response to stimulating growth factor. Sometimes, this is not always suitable for 

screening the cell behaviors which require the identical initial conditions for all the 

subjects. However, this property can have a unique feature in our purpose for controlling 

the microenvironment. In single experiments, we can possibly test various conditions of 
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different spatial distributions between a pair of different cell types. An example is shown 

in Figure 3.25.  

 

  

Figure 3.25: Examples of cell pairing with different distances. HUVEC and 
Glioblastoma (Brain Tumor Stem Cell) are used in this experiment. 
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Chapter 4  

Conclusions and Future Work 

 

 

4.1. Conclusions 

In this thesis, a novel microfluidic platform for multi-purpose single-cell assay is 

proposed and discussed which can allow the study of cell signaling events and cell-cell 

interaction beyond the current limitations of conventional methods as well as previous 

microfluidic devices. The proposed microfluidic platform has following features: 

controllable cell loading at single-cell resolution in each microchamber; microchamber 

isolation for preventing cross-contamination among micro-chambers and biological 

assays; single-cell culture assay and pairwise cell interaction assay between two different 

cell types by exchanging signals of the accumulated soluble factors in isolated 

microchambers. All the features described here are successfully demonstrated in this 

thesis.  

First, the capability of controllable multiple cell loading at single-cell resolution 

has been successfully demonstrated using polymer microbeads as well as real cells (e.g., 

primary myoblasts and PC3 cells) by applying negative pressure through the air channels. 
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This feature allows controlling the number of cells and the combinations among different 

cell types for enabling various single-cell assays and cell-cell interaction study.  

Second, microchamber isolation has been successfully confirmed by using 

different colors of food dyes while positive pressures are applied to the air channels for 

more than 4 hours without any leak or diffusion. The microchamber isolation allows cell-

cell interaction between two different types of cells by accumulating secreted factors 

inside microchambers. 

Finally, for examining the multi-purpose capability of developed platform in 

single-cell level assay, two different single-cell level assays has been performed. (1) 

Single-cell culture analysis: Primary myoblasts (muscle stem cells) and prostate cancer 

cells (PC3) are successfully cultured in fabricated device. We can observe the 

proliferation and undergone muscle differentiation and three different sub-clones of 

prostate cancer; (2) Pairwise cell interaction analysis: It is demonstrated with co-culture 

between C2C12 (myoblast)-PC3 and C2C12-HUVEC (endothelial cells). As a result, it is 

obtained that soluble factors including growth factors secreted from both PC3 and 

HUVEC enhanced the proliferation of C2C12 inside the isolated microchambers.  
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4.2. Future works 

4.2.1. Automation in device operation 

With the many benefits such as small sample and reagent volumes, portability and 

low production cost, microfluidic cell assay is one of the rapid growing fields and has 

applied to many biological and therapeutic applications. However, it is still facing many 

challenges to be used in general biology. One of the limitations among many is the need 

of complicated controls of external connections for operation and tedious cell loading.  

To resolve the issues, computer-controlled system supervising for all pneumatic 

controls and cell loading procedures for full automation of experiments should be 

developed. Required tasks for examiners need to be minimized such as simple media 

introduction and cell suspension in the predetermined reservoirs. 

Another current limitation of our work is image processing and data collection. 

Currently, we manually take the cell images of each chamber. This is really a time-

consuming task. The average time of taking pictures for each device is typically around 

30 minutes. Also, experimental data is interpreted manually based on the pictures taken 

in everyday. It may result in relatively large errors and is also a time-consuming process. 

To address these issues, motorized stage and special image processing software are 

required. 

  



75 
 

4.2.2. Future biological assays on developed platform 

In this thesis, differences in cellular responses according to the various 

environmental conditions are mainly discussed. Other possible candidate of important 

assays utilizing the developed platform is cell secretion analysis in certain conditions. 

This research can provide the quantitative data of a secretion rate from cells, such as 

antigen-specific antibodies of interest. Because our microfluidic device can provide an 

isolated microchamber environment and the secreted signals can be accumulated inside. 

Therefore, the secretion analysis can be easily performed, if a sensor is implemented 

inside the microchamber to detect secreted signals. This work will provide complete 

analysis of cell signaling pathways.  

Additionally, many researches in cell-cell interactions can be explored. The most 

interesting research may be to realize the controlled differentiation of embryonic stem 

(ES) cells, adult stem cell plasticity and cancer metastasis. The unique feature of our 

microfluidic platform could be utilized for all those applications in single experiment to 

identify specific conditions by changing the microenvironments including soluble factor 

signaling in collaboration with many different cell types and by controlling the distance 

between cells and composition of numbers of cell types. In the described applications, 

our microfluidic platform may bring substantial discoveries into the society.  
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Appendix A: Protocols  

 
A.1. Fabrication process 

A.1.1. Mask Set 

 

Figure A.1: Image of Mask #1: Mask of 1827 for gap for fluid flow inside microchamber 

 

Figure A.2: Image of Mask #2: Mask of SU-8 pattern to form flow channel  

 

Figure A. 3: Image of Mask #3: Mask of SU-8 for Air channel fabrication 
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A.1.2.  S1827 5µm/SU-8 10 35µm: Microfluidic channel 

 
1. Pre Bake wafer @ 150°C for 5min~10min 
2. SPINNER CEE: Set program (follow the procedure at the bottom) 

a. PROG => 0 => ENTER => RAMP: 4000 RPM/S (HMDS spreading) => 
ENTER => SPIN SPEED: 4000 RPM => ENTER => 10 SEC (duration) 
=> Enter => 0 (stop) => ENTER => 4000 => ENTER => 20 SEC (pouring 
PR 2 times) => ENTER => 500 => 500 => 4 SEC (initial spreading) => 
1000 => 1000 => 30 SEC (Spreading) => ENTER => RUN => 0 => 
ENTER=> START 

3. Spin HMDS @ 4000 RPM for 10 sec  
4. Spin PR 1827 @ 1000 RPM for 30 sec. 
5. Bake PR @ 115°C for 1min 
6. Align mask #1 to Front side wafer flat using MA-BA6 

a. Adjust the lever for X-Y stage with 10-0 
b. Adjust the lever for Rotational Axis to center 
c. OFF => ON => LOAD => waiting.. => ENTER => CHANGE MASK => 

(Place the mask on it) => ENTER => (Scroll it in) => CHANGE MASK 
(Holding) => EDIT PARAMETER (Expose type=Hard Contact, 
time=20sec (400mJ), initial gap for aligning = 10) (Place the wafer on it) 
=> LOAD => ENTER => ENTER => EXPOSE 

7. Develop in MIF 319 developer for 2min 
8. Rinse in DI water bath 
9. Blow Dry 
10.  Visual Inspection using Microscope 
11.  Check the thickness using Dektak (Target = 5µm) 
12.  Remove discum for 5min 

a. Operating Pressure: 250mTorr, Plasma condition : O2 17sccm, 150W 
13.  Preset hotplate @ 60°C -> Put wafers on hotplate and set to 200°C (S1827 

Reflow: make pattern to round shape) 
14.  Wait for 2 hour 
15. Check the PR profile (round shape) using Dektak (Target = 5µm) 

 
16.  SU-8 10 Process 

a. SPINNER #2 : (in front of hotplates in Si Bay)  
17.  Preset hotplates to 65°C and 95°C 
18.  Spin SU-8 10 @ 1000 RPM for 30 sec. 
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19.  Bake SU-8 for 3min (65°C) and 7min (95°C) 
20.  Align mask #2 to Front side wafer flat using MA-BA6 

a. Using same protocol 
b. Exposure time: 8.5sec (170mJ) 

21.  Develop with SU-8 Developer and rinse the wafer with Isopropanol and water 
22.  Visual Inspection using Microscope 
23.  Check the thickness using Dektak (Target = 30~35µm) 
24.  Bake wafers @ 200°C for 30~60min (to increase adhesion of SU-8 on Si wafer) 

Notes: Capture site pattern (SU-8 10 patterning) is very sensitive to exposure time. If the 
pattern is overexposed, chamber wall become thinner. If the pattern is underexposed, 
some uncured SU-8 debris can be remained at capture site. This problem can cause the 
problem in chamber isolation later. 

 

A.1.3. SU-8 50 60µm: Air Channel 

1.  Use SPINNER #2 (in front of hotplates in Si Bay) 
2.  Pre Bake wafer @ 150°C for 5min~10min 
3.  Preset hotplates to 65°C and 95°C 
4. Spin SU-8 10 @ 2500 RPM for 30 sec. 
5.  Bake SU-8 for 7min (65°C) and 25min (95°C) 
6.  Align mask #3 to Front side wafer flat using MA-BA6 

a. Using same protocol 
b. Exposure time: 12.5 sec (250mJ) 

7.  Develop with SU-8 Developer and rinse the wafer with Isopropanol and water  
8. Visual Inspection using Microscope 
9.  Check the thickness using Dektak (Target = 60µm) 
10.  Bake wafers @ 200°C for 30~60min (to increase adhesion of SU-8 on Si wafer) 

 

 

A.1.4. PDMS Preparation (Wet Chemistry room) 

1. SAM coating: To fill off the PDMS from master mold 
a. Move hotplate to Solvent bench 
b. Cover the hotplate once with Aluminum foil 
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c. Spot 4 drops of trichlorosilane (1H-1H-2H-2H) around each wafer (Do not 
use Desiccator with vacuum for SAM coating. This way is much more 
effective. If not, detachment problem can be generated, because my 
PDMS has so many deep post inside microchambers) 

d. Cover wafers with glass plates 
e. Set the plate to 140°C 
f. Wait for an 1hour 

 
2. PDMS preparation 

a. Prepare Sylgard 184 A & B 
b. Mix them with 10:1 (A:B) ratio by disposable pipette on weighing boat   
c. Remove bubbles in desiccators by vacuum  
d. Make wafer holder using aluminum foil and waste wafer for air channel 
e. Microfluidic channel wafer : Spin coat PDMS @ 2000 RPM for 30 sec 
f. Air channel wafer : pour PDMS 25g on wafer (If you pour too much, it 

can be a problem when you align in MJB3) 
g. Microfluidic Channel : Cure PDMS @ 80°C for overnight 
h. Air Channel : Cure PDMS @ 105~110°C for overnight 

Notes: Curing of PDMS for Air channel (thick PDMS) should be performed on the 
stabilized hotplate surface. If not, PDMS Align tolerance will be increased a lot. 

 

A.1.5. Preparation for PDMS bonding 

1. Cut PDMS (Air channel) using razor blade  
2. Remove Silicon debris from the pieces with tape 
3. Make holes for pneumatic connection using 20 gauge round hole cutter 

(Technical Innovations Inc., Brazoria, Texas) 
4. Place Air channel PDMS on a transparent sheet 
5. Put them in the plastic box and move it to clean room 
6. Cut Microfluidic channel wafer using diamond pencil and cut PDMS using razor 

blade 

Notes: Step 3 (Making holes) is very critical. The needle for punching make very small 
hole, it is important to remove the punched PDMS after punching. Otherwise, PDMS is 
easily torn during the next punching. 
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A.1.6. PDMS-PDMS bonding 

1. Treat Oxygen Plasma on both patterns 
a. Condition: 250mTorr, 80W, 60sec 

2. Bring them to MJB3Aligner 
a. Drop a water drop on to Glass Plate 
b. Put the Air channel PDMS on the glass plate (pattern on top, PDMS 

always placed on transparent sheet) 
c. Fit the mask holder into machine 
d. Place microfluidic channel wafer on the chuck 
e. Align PDMS (Align tolerance is 20µm) 
f. Bake Bonded PDMS at 80°C for 30min or more 

 

A.1.7. PDMS-Glass bonding 

1. Cut the bottom thin PDMS along the thick PDMS using razor blade 
2. Detach PDMS very slowly using small tweezer 
3. Make holes using 5mm-diameter punch for inlet and outlet 
4. Remove debris around inlet and outlet using tapes 
5. Put PDMS and glass slide (Gold-Seal) inside Asher  
6. Treat Oxygen Plasma 

a. Condition: 250mTorr, 80W, 60sec 
7. Detach PDMS from transparent sheet and slightly place on the glass slide 
8. Apply pressure on PDMS for bonding using small tweezer 
9. Bake Bonded PDMS at 80°C for 5min 

Notes: For final bonding, always push in vertical direction. Do not push PDMS in 
horizontal way (It cause distorted bonding) 

 

A.2.  Experimental protocol 

A.2.1. Device Preparation  

1. Fill the DI water inside air channel by connecting pneumatic connection into 
each air channel connection (inspection by microscope or eyes). Use Lab 
View software (24BitWrite_idx.vi) 

2. Pull out the tubing  
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3. Put small drop of DI water at port for pneumatic connection (To avoid water 
bubbles in the air channel after vacuum) 

4. Put device in desiccators and turn on the vacuum pump and wait 10min. 
5. Drop 50ul of DI water at both reservoirs (inlet and outlet) 
6. Wait until all microfluidic channel is filled with water and remove all the 

bubbles (Use pipette bulb if needed) 
7. Connect pneumatic connection at control ports 
8. Suck out the water both inlet and outlet  
9. Drop 50ul of 1% F-108 solution at the inlet reservoir (Use pipette bulb if 

needed) 
10. Wait 30min~60min 
11. Remove F-108 solution in inlet reservoir 
12. Wash by DI water for 10min (X2) 
13. Drop 50ul of collagen solution at the inlet reservoir  

a. Protocols for collagen solution: A.2. 3 
14. After 5min, positive pressure is applied for chamber closing and Wash by DI 

water (PBS) to coat collagen only inside chamber area. Put them in incubator. 
Wait 30min~1 hour.  

15. Release pressure  
16. Wash by DI water (Use pipette bulb if needed) 
17. Fill the culture media inside channel. 
18. Incubate overnight to make chip more compatible with cells 

Notes: The control ports is connected 1/16” Tygon tubing to the chip using 23-gauge 
stainless steel tubes (New England Small Tube Corp., Litchfield, New Hampshire), 
which fit tightly into both the ports on the chip and the inside of the Tygon tubing, for 
pneumatic connection. 

Alternative method: collagen coating in isolated condition is not good as coating by 
continuous flowing of collagen solution. If cell adhesion will be a problem, simply flow 
collagen solution without isolation for 30min in incubator. But this way cause a problem 
of adhesion in all around of flow channel. In this case, use pipette bulb to make cells can 
reach active area.  

A.2.2. Cell preparation (next day from device preparation) 

1. Change the half of media for PC3 and C2C12 in order to make them more 
energetic by supplying fresh medium at 1 hour before trypsinization. 

2. Cell Subculture (Trypsinization) 
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a. Remove culture media in petri-dish 
b. Add 3ml of PBS and aspirate 
c. Add 1ml of Trypsin and incubate at 37°C for 3min 
d. Add 1ml of suspending media (2%FBS/DMEM) and agitate dish 
e. Take cell suspension out and put them in 15ml tube 
f. Run centrifuge at 1000rpm for 2min 
g. Remove excess liquid 
h. Add culture media to adjust both cell population to 106cells/ml  

3.  Cell loading 
a. Connect 50ml syringe to front valve connection 
b. In inlet reservoir, Drop 50ul of PC3 cell suspension Manual 

observation under microscope. When over 30 PC3 cells are trapped or 
cell suspension was flowed for 3min, remove half of the cell 
suspension in the inlet reservoir and drop 30ul of culture media. (If 
you remove all the suspension, cells will flow in reverse way by back 
pressure) Repeat 2 times.  

c. Apply negative pressure to be loaded   
d. Remove all the suspension in inlet 
e. Drop 50ul of C2C12 cell suspension at the inlet reservoir 
f. Repeat b – d 
g. Drop 50ul of low FBS media (5%FBS/DMEM) in inlet  
h. Incubate 1hour in incubator 
i. Keep the remaining cells in petri-dish for control and future 

experiment  
j. Take pictures for recording initial conditions 
k. Put the additional reservoir to be ensure over 24hour perfusion 

(Appendix B) 
l. Aspirate media in inlet and outlet 
m. Add 150ul of low FBS media (5%FBS/DMEM) in inlet reservoir 
n. Put incubator and wait 5min 
o. Cover petri-dish using Parafilm to minimize the evaporation problem  

Notes: In each step, Seeding rate is around over 50%. finally the pair which you can get 
is around 25% of chambers. It's around 16chambers (10~20 chambers which have both 
cells usually used for data collection).  
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Tips: When you sucking out cell suspension, place pipette tip near inlet channel area and 
then suck out suspension. without full sucking, the many cells positioned close the 
channel could be removed and this can help to load cells without additional cell trapping. 

4. Additional Experimental 
a. Apply pressure at the pre-set time after 12hour from cell culture start 

using Lab View software (Dual valve chamber YJ.vi) 
b. Take pictures  
c. Remove all media in inlet and outlet 
d. Refill fresh media at the cell loading time in everyday 
e. Put incubator and wait 5min 
f. Cover petri-dish using Parafilm to minimize the evaporation problem  
g. Count cell numbers using pictures taken  

Notes: I counted all the cell number inside microchambers which have both cells in 
different conditions, such as 1-1, 1-2, 2-1 (C2C12-PC3). I don't care and discarded some 
data points in case thare are more than 4 cells of same type in single microchamber in 
initial state. If C2C12 starts with 2cells in 1 microchamber, I normalized it as 1 and get 
statistical data. 

 

A.2.3. Protocols for required media 

1. Collagen solution (Referred from Prof. Asakura’s Protocol)  
a. Details: 0.01% Collagen (Collagen, Type I, Rat Tail : BD Sciences, 

#354236: 100mg: 3.45mg/ml) in 0.2% acetic acid in ddH2O 
b. Make 50ml ddH2O + 0.1ml Acetic Acid 
c. Add 1.45ml Collagen solution (stock: 3.45mg/ml) in culture hood 
d. Mix and store at 4 degree 

2. Culture media for C2C12 (DMEM + 10%FBS) 
a. Make 45ml of DMEM + 5ml of FBS (Fetal Bovine Serum) 
b. Add 0.5ml of antibiotics (penicillin/streptmysin) to prevent 

contamination 
c. Store at 4 degree 

3. Culture media for PC3 (RPMI + 10%FBS) 
a. Make 45ml of DMEM + 5ml of FBS (Fetal Bovine Serum) 
b. Store at 4 degree 
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A.2.4. Fixation: Conserve all the cell shape cross-linked for further assay 

1. Remove all the media from inlet and outlet 
2. Wash the inlet with PBS by pipette 
3. Drop 50~70uL into the inlet 
4. Wait 3min at RT 
5. Remove all the PBS from the inlet 
6. Drop ICC Fixation Buffer (50~70uL) into the inlet 
7. Wait 5min at RT to flow all the buffer solution through the core part 
8. Drop ICC Fixation Buffer (same amount) into the outlet to block the flow 
9. Wait 10min at RT 
10. Remove all the buffer solution from the inlet and outlet 
11. Wash the inlet and outlet part with PBS 
12. Drop PBS (w/ 1% BSA; 50~70uL) into the inlet 
13. Wait 3min at RT (let the solution go through the core part) 
14. Drop PBS (w/ 1% BSA; same amount) into the outlet to block the flow 
15. Put the chip into the incubator and wait 10min 
16. Store it in a refrigerator (4C) 
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Appendix B: Additional information on cell 
culture on microfluidics  

B.1. Gravity-driven flow 

The use of microfluidic systems often requires additional equipments and training 

in addition to microfluidic chip fabrication that is not part of general biological training. 

Consistently, most biological studies utilizing microfluidics have had microfluidics 

engineers directly involved. One of essential skills to use microfluidics is related to fluid 

flow control. Conventional syringe pumps are relatively easy to set up, but require 

sensitive handling of tubing to avoid disturbing flow. On-chip peristaltic pumps driven by 

off-chip pneumatics depend on complicated pneumatic hardware and control software. 

Electro-kinetic flow involves the problems of bubble formation, heating and buffer 

conditions. Furthermore, all of these methods require physical connections (tubing) to the 

chip during the pumping which makes it cumbersome to use the systems with traditional 

cell culture equipments, such as incubators and microscopes. Also, tubing involves many 

significant problems such as introduction of polymer debris and bubble formation which 

can block or interrupt the fluid flow during the connection of microfluidic interface 

(Figure B.1). Also, by using a syringe, the required volume for each experiment needs to 

be increased up to several hundred milliliters due to the dead volume to be pushed 

through inside the cylinder of syringe as well as tubing. There is an unmet need for easy-

to-use microfluidic systems. For these reasons, here we demonstrated a gravity driven 

flow for microfluidic platforms which does not require cumbersome external connections.  
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Figure B.1: Problems using syringe pump and external connection. (a) Bubble 
injection and (b) Polymer debris inside microfluidic channel. 

 

For the cell assay test, a continuous media flow is desirable to supply fresh 

nutrients to the cells and wash away the cell byproducts.  Using conventional syringe 

pumps, supplying a continuous media flow in microfluidic chip is difficult due to the 

physical connections and tubes. Using a gravity-driven flow, we can drop a small amount 

of liquid (chemical) drop at the inlet reservoir and then the flow can be automatically 

generated. Our target is to make this flow continue over 24 hours. To increase the media 

flowing time, cell interaction analysis chip (Chap 3) is designed with an additional 

serpentine channel near the outlet and it increases the channel resistance by more than 

two times. Also, we adopt an additional reservoir to be loaded with more liquid and 

continue a consistent flow over 1 day (Figure B.2). The procedure to generate a flow is 

very simple. All that is required is simple. dropping the media to the inlet reservoir and it 

naturally generates a gravity flow as shown in Figure B.2 (a-b). Also the media flow can 

(a) (b)
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be last over 24hours shown in Figure B.2 (c-e). We change the media everyday to supply 

fresh nutrients.  

 

Figure B.2: Gravity-driven flow: (a-b) Procedure to generate gravity-driven flow, 
(c-e) Images of test  at (c) 0h, (d) 24h and (e) 48h, respectively. The gravity flow can 
generate a perfusion flow for cell culture over 1day.  
 
  

(a)

(b)

(c)

(d) (e)
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B.2.  Cell fixation 

Fixation is to preserve cells and tissue constituents as close to a life-like state as 

possible and to allow them to undergo further analyses in the future. For various 

immunoassays or post processes, sample preparation essentially requires the fixation of 

target cells on the slide. Perfect fixation would immobilize the antigens, while retaining 

authentic cellular and subcellular architecture and permitting unhindered access of 

antibodies to all cells and subcellular compartments. In this section, the result of fixing 

cells in the microfluidic environment is shown in Fig. B.3. More detailed step is listed in 

subchapter A.2.4. 

 

Figure B.3: Fixation test: Image of PC3 cells cultured in the developed microfluidic 
device (left). After fixation, all the cell shapes are crosslinked and conserved over 1 
day.   

Before fixation After 1day
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