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Part 1 

Chapter 1 

Introduction 

1.1 Elastomer-Based Microfluidic Devices  

Elastomers, particularly polydimethylsiloxane (PDMS), are used as the base 

material of many microfluidic devices for both economic and functional reasons 

(McDonald, 2002).  Although the field of microfluidics originated in hard materials such 

as glass and silicon, these materials are expensive, laborious to fabricate, and have many 

drawbacks, especially when working with biological materials such as cells (i.e. gas 

permeability and optical visualization) (Whitesides, 2006).  Therefore, elastomers have 

been used as a means for rapid prototyping of microfluidic devices for their cheap cost, 

ease of manipulation (both the bulk materials properties and surface chemistry), and 

biocompatibility.  Specifically, PDMS has the advantages of being optically transparent, 

highly permeable to gases, biocompatible, provides high resolution for replica molding, 

and ability to bond with other layers to form microfluidic structures (Whitesides, 2006).   

The basic protocol in the development of microfluidic devices is first to make a 

permanent mold(Whitesides, 2001). Typically, these molds are made by 

photolithography, a process which exposes UV light to a spin-coated layer of photoresist 

on a silicon wafer.  Once developed, patterned extruded features are left on the smooth 

silicon wafer which a mixture of PDMS oligomers and curing agent are pored and then 

heated in an oven.  The PDMS cross-links into a 3D elastomer slab with negative features 

of the mold embedded into the bottom surface of the slab.  That slab is then bonded either 
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permanently or reversibly to a flat substrate (i.e. glass slide, PDMS slab) to form closed 

microchannels.  Inlet and outlet holes are punched into the ends of the microchannels in 

order to introduce and allow fluid flow through the microchannels.  Routine material 

modifications performed on PDMS include varying the ratio of oligomer and curing 

agent (which regulates stiffness of the cured material), exposing PDMS to plasma 

treatment (renders the surface hydrophilic and able to bond to various materials), and 

coating with proteins to make the surface more cell friendly.              

 

1.2 Inducing Flow in Microfluidic Devices 

An important aspect of microfluidics is how fluid is moved through microchannel 

networks (Pennathur, 2008).  There have been many different methods developed to 

control fluid flow in microfluidic channels.  One method is to induce a differential 

pressure between the inlet and outlet of the channel network by creating a hydrostatic 

pressures difference.  This can be achieved by either pumping with a syringe pump or by 

a regulated pressure source.  Other methods include, electroosmotic flow (Seiler, 1994) 

and passive surface tension pumping (Berthier, 2007).  Electroosmotic flow is induced 

when an electric field made across a channel causes a double layer of electric charges to 

form at the walls of the channel that move toward the opposite charge.  The moving 

charges at the walls cause a bulk movement of fluid in the channel due to viscous forces.  

Although this method has the benefit of providing a uniform velocity profile across the 

channel and is easily integrated with microelectrodes for integrated electronic 

capabilities, its lack of reproducibility due to local electrochemical reactions with 
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proteins in solutions makes it difficult to work with (Pennathur, 2008).  Surface tension 

pumping uses the inherent disparity in surface tension of two droplets of different radius 

to induce a bulk flow from the smaller droplet to the larger one.  The advantage of such a 

method is that it is completely passive and therefore requires no external equipment to 

maintain flow, however, only limited amounts of liquid can be deposited and therefore 

the induced flow profile is finite and transient (Pennathur, 2008).              

 

1.3 Active Microfluidic Control Systems 

In addition to inducing a constant flow in microchannels, more complex applications 

require systematic control of both spatial and temporal parameters of flow within a 

device.  Typically this kind of active control is conducted off-chip either manually or by 

electronics (Whitesides, 2006).  Examples of simple control systems include the 

systematic turning on and off of syringe pumps or pressure regulated manifolds.  

Although these systems are straightforward to use, they often are cumbersome and 

expensive and do not allow for scaled parallel processes to be conducted. Also, these 

approaches have limited capabilities since users can only control when and how fast 

individual fluid streams flow; there is no ability to dynamically reroute fluids.  

 

Therefore alternative approaches were developed to overcome this problem.  The 

fundamental mechanism to reroute a fluid on-chip is to physically alter the channel 

networks.  This was accomplished by incorporating a thin PDMS membrane that could be 

deformed to seal the channel closed at particular locations of a microfluidic device 
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(Unger, 2000).  Each location of actuation functions as a valve and three valves actuated 

in a systematic sequence are able to pump fluid in a peristaltic fashion.  Each valve is 

made by standard lithographic techniques and therefore any arbitrary design can be made, 

making this a very versatile system.  This type of control system has been shown to be 

scalable to tens of thousands of valves on a single chip (Thorsen, 2002) and can perform 

complex biochemical reactions that are useful for many applications (Melin, 2007).  

However, this system requires complex and expensive off-chip devices, such as solenoid 

valves, pneumatic actuators, and computers. These requirements have limited the use of 

these systems to specialized labs.   

 

An alternative approach aimed to provide functionality similar to the descibed system but 

in a more portable platform, uses a computer-controlled Braille display (Gu, 2004).  The 

pins of the Braille display physically actuate the membrane by a piezoelectric force.  The 

advantages of this system are that both valving and pumping can be conducted in real-

time, all on a small and portable platform.  However the limitations of this system are that 

the chip design must accommodate the fixed locations of the Braille pins and the device 

must be aligned to the platform accurately in order to function properly.  In addition, the 

piezoelectric actuation system is prone to malfunctioning parts and provides a significant 

fixed financial cost to the user.         

 

 

 



5 
 

1.4 Passive Microfluidic Control Systems 

In pursuit of developing a control system with minimal external equipment required, 

devices that use a passive means of control have been developed.  One of the first 

methods use a pH-sensitive hydrogel as a valve so that when fluids of different pH 

flowed through the device, the valves would reconfigure, thereby changing the flow 

direction in the device (Beebe, 2000).  The major drawbacks of this method were that 

solutions of particular pH had to be used, which limited its applicability and there was no 

scheme to allow the fluids to flow specific times to automate the system.  Another 

approach exploited the viscoelasticity of non-newtonian fluids to maintain flow in a 

particular direction(Groisman, 2003). Upon perturbation of the system, the flows would 

redirect and maintain an alternate flow path functioning as a flip-flop device.  This 

method suffers from the same limitations as above that described particular solutions are 

required along with manual regulation.  A more sophisticated approach that still 

ultimately suffers from the same drawbacks of the above approaches is the use of two-

phase flows to generate bubbles that flow through networks of microchannels designed to 

act as logic-gates (Prakash, 2007).  The device operates on the principle that a bubble 

represents and bit of information and its presence increases the resistance of the channel 

causing the proceeding bubble to take an alternate path.  Since bubbles can be passed 

through the system predictably, plugs of fluids will also be able to be manipulated in a 

predictable fashion to conduct biochemical reactions.  This method is able to operate as 

very high frequency and response times, however in order to perform time-varying 

operations, bubbles must be created in irregular patterns requiring external control.   

Another approach that functions completely automatically performs logical operations 
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using passive surface tension pumping (Toepke, 2007). Channels are designed in such a 

way that droplets of fluids are pumped based on surface tension from an inlet to an outlet 

so that the outlet will overflow to another inlet causing another cascading sequence to 

occur.  These channel designs are setup as logic-gates so that predictable operations can 

be performed such as counters and timers. Although this method is passive, the user is 

still required to deposit precise amounts of fluid on each inlet and outlet which can be 

laborious and unreliable. In addition, this method is vulnerable to many environmental 

factors such as humidity and temperature which can cause quick evaporation of the 

small-volume droplets.   

 

     

1.5 Elastomer-Membrane Based Microfluidic Control Systems       

In order to minimize the amount of external equipment needed to control fluids in 

a microfluidic device, embedded components have been fabricated that will provide 

automatic responses on-chip (Adams, 2005,Yang, 2007). These components are typically 

made in a three-layer microfluidic device where two thick molded layers sandwich a thin 

flexible membrane (Grover, 2006).  For the most part, these components have been in the 

form of valves, in which the flexible membrane is deflected by a pressure difference 

across the valve in order to change its state from open to closed (Jeon, 2002).  Although 

several papers have described methods of fabricating these valves, only a few actually 

were implemented in a manner that can systematically control fluid within a microfluidic 

device (Grover, 2006).   
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Another described method used a flexible membrane, not as a valve, but as a 

means to dynamically change the microchannel geometries in response to pressure 

changes in the device (Kartalov, 2006).  The importance of this method is that it showed 

that fluids in a microfluidic device can be used to self-regulate by distributing pressure 

fields to act on membranes in different locations of the device.  However, like the valves 

described above, this method has no systematic switching mechanisms that can serve as a 

fully functioning control system.  

 A recent report described the use of valves as a means to filter flow when 

actuated with a periodic signal that compressed and then relaxed the fluid (Leslie, 2009).  

The valves serve as a diode so that fluid can pass through upon compression of the fluid 

upstream but negates backflow when the fluid is relaxed.  By combining different 

combinations of valve geometries and capacitor components (a membrane with an open 

cavity to absorb fluid flow), they were able to show that different flow patterns could be 

achieved with different actuation frequencies.  However, inherently there is a large 

bandwidth for each combination of valve and capacitor component and therefore clean 

switching is not achieved and therefore this system is limited in its applicability.     

 

1.6 Dissertation Overview 

This work will survey two areas: Part 1 will describe the development of a 

microfluidic integrated circuit that enables dynamic control of fluids without external 

signals, and Part 2 describes the development of patterning techniques for cells and 

biomolecules.  More specifically, Chapter 2 provides details on the methods and 
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implementation of embedding normally-closed valves to automatically regulate fluid.  

Chapter 3 and 4 demonstrate methods to fabricate normally-closed valves and through-

holes simultaneously in large-scale in order to design more complex devices.  These are 

the primary chapters of this dissertation.  The subsequent chapters are appendices, in 

which chapter 6 and 7 describe a hydrodynamic cellular patterning technique used to 

form cellular co-cultures.  Chapter 8 and 9 describe a technology that uses aqueous two 

phase systems (ATPS) to selectively partition cell and biomolecules.  Chapter 10 

describes a microfluidic static gradient device that simultaneously generates overlapping 

gradients of multiple solutions into discrete flow-free chambers.  This device was used to 

investigate the culture of embryonic stem cells in a continuous gradient of soluble factors. 
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Chapter 2 

 

Integrated Elastomeric Components for Autonomous 
Regulation of Sequential and Oscillatory Flow 

Switching in Microfluidic Devices 
 

This chapter describes substrate architectures to construct an integrated circuit of semi-

fluid-conducting components to automatically regulate flow within microfluidic devices.  

Physical gaps and cavities interconnected by holes are fabricated into a three-layer 

elastomer structure to form interactive networks of check-valves and switch-valves that 

perform temporally dynamic fluidic operations.  Appropriately configured networks 

perform self-regulating operations, such as oscillatory and sequential flow switching, 

using only a constant flow of Newtonian fluids as the device input.  The standardized 

architecture, scalable fabrication procedures, flexibility of fluidic circuit design, and use 

of simple single phase Newtonian fluids open new possibilities for sophisticated self-

controlled microfluidic systems. 
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2.1 Introduction  

A critical need for enhancing usability and capabilities of microfluidic technologies is the 

development of standardized, scalable, and versatile control systems (Pennathur, 

2008,Whitesides, 2006).  Electronically controlled valves and pumps typically used for 

dynamic flow regulation, although useful, can limit convenience, scalability, and 

robustness (Gu, 2004,Unger, 2000,Xie, 2004).  This shortcoming has motivated 

development of device-embedded non-electrical flow-control systems.  Existing 

approaches to regulate operation timing on-chip, however, still require external signals 

such as timed generation of fluid flow, bubbles, liquid plugs or droplets, or an alteration 

of chemical compositions or temperature(Beebe, 2000,Chen, 2008,Cheow, 

2007,Fuerstman, 2007,Groisman, 2003,Kartalov, 2006,Langelier, 2009,Leslie, 

2009,Madou, 2001,Prakash, 2007,Toepke, 2007).  Here, we describe a strategy to provide 

device-embedded flow switching and clocking functions.  Physical gaps and cavities 

interconnected by holes are fabricated into a three-layer elastomer structure to form 

networks of fluidic gates that can spontaneously generate cascading and oscillatory flow 

output using only a constant flow of Newtonian fluids as the device input.  The resulting 

microfluidic substrate architecture is simple, scalable, and should be applicable to various 

materials.  This flow-powered fluidic gating scheme brings the autonomous signal 

processing ability of microelectronic circuits to microfluidics where there is the added 

diversity in current information of having distinct chemical or particulate species and 

richness in current operation of having chemical reactions and physical interactions.         
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2.2 Materials and Methods 

Fabrication of Device 

The device consists of three layers made from PDMS prepolymer and curing agent 

(Sylgard 184, Dow Corning Co., Midland, MI) at a 10:1 ratio.  The top and bottom layers 

are molded against a master mold made by standard photolithography using the negative-

photoresist SU-8 (SU-8, MicroChem Co., Newton, MA). The master molds were 

silanized in a desiccator for 2 hours (United Chemical Tech., Bristol, PA).  The height of 

all top layer and bottom layer features is 100µm except for those in the top layer of 

Figure 3 which is 30µm.  The PDMS molds of the top and bottom layers were cured in a 

120°C oven for over 2 hours. The middle-layer membrane was made by spin-coating a 

30µm PDMS layer on a silanized silicon-wafer at 1500rpm for 90 seconds and then 

curing in a 120°C oven for 30min.  All layers were bonded together using oxygen plasma 

treatment (SPI Plasma-Prep II, Structure Probe, Inc., West Chester, PA) for 30 seconds.   

 

The three layers of the device are bonded together using oxygen plasma for 30 

seconds.  In the first step, the thin PDMS membrane, while still on the silicon wafer (or 

any flat substrate), is bonded to either the top or bottom layer and then the two bonded 

layers are detached from the wafer.  Access holes are made in the top layer with a biopsy 

punch.  Holes are punched into the bonded middle layer, using a 350µm biopsy punch 

(Ted Pella Inc., Redding, CA), for the check-valve and switch-valve components for all 

figures.  For check-valve components, a hole is punched in the downstream region of the 

cavity directly after the gap.  Switch-valves have holes punched to interface access 
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channels of the top and bottom layers.  To ensure efficacy of the components, the circular 

shape of the biopsy punch can be molded into either or both the bottom layer and top 

layer so the hole is accurately punched every time (as shown in figure 4A).  For the 

second step, the top layer and the bonded middle and bottom layers are bonded.  The gap 

regions of the components are rendered unable to permanently bond to the middle 

membrane by placing a PDMS stamp which has extruding features that correspond to the 

gap regions negating exposure to oxygen plasma.  Finally in step three, all layers are 

aligned and bonded together; the device is incubated at 60°C for 1 minute to enhance the 

bond strength.  Solutions are then inserted in the access holes to fill the device.  The 

device should not be used directly after being placed in a vacuum since it can cause some 

components to open; in which case waiting about 30 minutes allows air to penetrate back 

in.  Tubing or other interfaces can be connected to access holes in the top layer. 

 

Component Pressure Characterization 

The dependence of threshold pressure on the geometry of a component was characterized 

for three lengths of both L1 and W (as shown in Fig. 2.4B). The threshold pressure was 

determined by continuously measuring the differential pressure across the component 

with a differential pressure transducer (Model PX139-005D4V, Omega Eng. Inc., 

Stamford, CT) as a syringe pump continuously pressurized the microchannel with a flow-

rate of 6ml/hr.  The pressure transducers were connected to access microchannels that 

were located directly before and after the component for quicker response timing and 

more accurate readings.  The threshold pressure for a given trial was determined by the 
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peak pressure in the pressure histogram as measured by the transducer as the component 

pressurized to a critical limit and opened.  The average of three trials was plotted to give 

the relationship between the threshold pressure and the component dimension.  Threshold 

pressures for components with a constant W of 1mm with L1 values of 800µm, 400µm, 

and 200µm as well as for a constant L1 of 800µm with W values of 1000µm, 500µm, and 

250µm are provided in Figure 2.4B. For all components, L2 was maintained constant at 

300µm.  The oscillator pressure measurements were performed by measuring the gauge 

pressure of both inlets simultaneously using two pressure transducers (Model PX26-

015DV, Omega Eng. Inc., Stamford, CT).  Measurements were taken every 100ms and 

the graphs are the moving time-average of 50 minus the measured zero value for each 

sensor.    

 

Oscillator simulation model 

The simulation is a numerical model built and solved in National Instruments Labview 

8.5 (National Instruments, Austin, TX).  For the switch valve, we modeled it as a 

capacitor between the inlet and the cavity channel, and a switch between the inlet and the 

outlet (Fig. 2.8).  While the inlet pressure (Pin) is lower than the summation of cavity 

pressure (PC) and a pressure due to the adhesion between the PDMS surfaces (PA), the 

valve (switch) is closed.  Therefore, the inlet pressure will be built up like a capacitor due 

to the compliance of the membrane.  Once the inlet pressure reaches the threshold, the 

membrane is deformed down allowing the liquid to flow from the inlet to the outlet.  As a 

result, the valve (switch) is turned on to discharge the flow from the inlet, which can be 

analogous to discharging a capacitor.  Using the aforementioned equivalent circuit 
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components, we exploited the equivalent fluidic circuit as shown in Fig. 2.9 with the 

values listed in Table 2.1 (calculated using equations in main text) to model the behavior 

of the oscillator fluidic network. 

 

For the fluidic simulation, the switch valves are set off as an initial condition.  The 

pressure will be built up in the flow inlets due to the flow accumulation in the membrane 

chamber.  Take flow 1 for example, when the switch valve is off (i.e. AC PPP +< 1,1  as 

shown in Fig. 2S), the inlet pressure 1P can be calculated as: 

∫ +=+
∆

= 1,01
1

1,0
1

1 )(1)( PdQ
C

P
C

tVP ττ
  

where P1 and P0 are inlet and initial pressure, respectively, V is flow volume, C is fluidic 

capacitance and Q is the input flow rate.  Once the built-up pressure is larger than the 

threshold pressure (i.e. AC PPP +≥ 1,1  as shown in Fig. 2.8), the switch valve will be 

turned on.  The flow will be generated to discharge the fluidic capacitor, and the output 

flow rate outQ  is estimated by numerically solving the differential equation: 

 

dt
dQ

HHQRRP out
out

1,
311,311 )()( ⋅++⋅+=

 

where R is fluidic resistance, and H is fluidic inductance.  Due to the flow discharge,  the 

inlet pressure will be decreased, and can be recalculated by: 
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dt
dQ
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The flow will also create a cavity pressure for flow 2, 2,CP , which is given by: 

dt
dQ

HQRP out
outC

1,
31,32, ⋅+⋅=  

                            

2.3 Results and Discussion  

A limitation of microfluidic control is that unlike modern electronic systems where the 

controller and actuator circuits are all electrically driven, microfluidics typically requires 

peripheral electromechanical components for control and actuation of fluid flow (Gu, 

2004,Pennathur, 2008,Unger, 2000).  This more closely resembles the very early days of 

electrical circuitry where electromechanical relays performed electrical switching.  Two-

phase flow interactions can regulate the movement of bubbles/droplets and perform logic 

operations that direct the flow of trailing fluid on-chip (Cheow, 2007,Prakash, 2007).  

This approach enables high-speed digital flow control, where the bubble/droplet 

represents a bit of information passing through logic gates.  Although this approach may 

become useful for some high-throughput droplet assays, it is not suitable for applications 

that require filtration of physical objects or other two-phase flow disrupting operations.  

In addition, the bubble/droplet approach requires dynamic input (dictating when 

bubbles/droplets should be created) in order to perform time-varying operations; that is, 

they still require external controllers.  Another approach, which aims to minimize the 

need for external control, is the use of elastomeric valves with tuned resonant frequencies 
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that respond passively according to the frequency of external inputs (Leslie, 2009).  Due 

to the large bandwidth of each component’s resonant response, however, clean switching 

between different gates has not been achieved (Stone, 2009).  Thus, there is a lack of 

schemes for different fluids to regulate each other in either a cascading or feedback 

mechanism.   

 

Control in a cascading electrical or fluidic circuit is dictated by two parameters, a 

switching mechanism and a time delay (Hayes, 1993).  In our microfluidic circuitry, the 

switching action is enabled by check-valves and switch-valves that have geometrically 

regulated threshold pressures.  These components translate a constant infusion of fluid 

into a transient outflow.  The time-delay effect is realized by compliant components that 

gradually pressurize in response to steady infusion of fluid in a process that mimics the 

charging of a capacitor.  All components in the fluidic circuits are made in a three layer 

polydimethylsiloxane (PDMS) substrate (Fig. 2.1A).  Both the check-valve and switch-

valve consist of an interrupted microchannel in one layer, a cavity in the other layer, and 

a deformable membrane in between that can deflect into the cavity to allow the 

interrupted channel to become connected (Fig. 2.1B).  The check-valve also has a 

through-hole in the membrane layer to connect one of the ends of the interrupted 

microchannel with the cavity on the opposing layer.  The position of this through-hole 

dictates the direction of flow allowed and effectively creates a diode-like function which 

negates any back-flow and diffusion in its closed state (Fig. 2.1C, see also Fig. S1).  A 

switch-valve is flow-permissive in both directions but can have access channels to its 

cavity so that an alternative pressure can force the switch-valve into a closed “off” state 
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(Fig. 2.1B).  A switch-valve with two access channels is shown (Fig. 2.1A); alternatively 

it can have either zero or one access channel.  The function of the switch-valve can be 

thought of as a gated transistor that functions as an electronically controlled switch (Fig. 

2.1D).  Specifically we show a p-Channel junction gate field-effect transistor (JFET) 

transistor since it functions similarly in that a positive gate voltage turns off the switch.  It 

should be noted that the switch-valve is not capable of providing any non-linear gain, 

however, the required “gate” pressure (pressure in the cavity region) is lower than that of 

the source pressure (pressure in top channel) due to the contribution of the membrane 

elasticity in keeping the valve closed.  This means that the opening differential pressure is 

higher than that of the closing differential pressure.   

 

In order to estimate the performance of the developed microfluidic system, a theoretical 

model based on equivalent fluidic circuit concept was constructed and solved numerically 

in Labview 8.5 (National Instruments, Austin, TX) (see section 2 in SI).  The underlying 

fluid model is based on the Navier-Stokes equation and mechanics.  Three basic 

components are used to derive the model: fluid resistance, capacitance and inductance.  

Analogous to electrical resistance, fluid resistance is defined as the ratio of pressure drop 

over flow rate, 

Q
PR ∆

=  in 5m
sN ⋅

 

where ∆P is the pressure difference, in N/m2, and Q is the volume flow rate, in m3/s. 
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For a microfluidic channel with a rectangular cross-section with width w, length l, depth 

h, channel aspect ratio ε, viscosity µ, and assuming both- laminar flow and Newtonian 

fluid, the resistance (Bahrami, 2006) is 

( ) ( ) 
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Compliant elements of a fluidic system exhibit the fluidic equivalent of capacitance as a 

pressure-dependent volume change 

dP
dVC =  in 

N
m5

 

The fluidic capacitance for a square membrane can be derived by plate theory as  

34

26 )1(6
Et

wC
π

ν−
=  

where w is membrane width (m), E is Young’s modulus of the membrane (N/m2), t is 

membrane thickness (m), and ν is Poisson’s ratio of the membrane (dimensionless) 

(Bourouina, 1996,Zengerle, 1994). 

In a manner analogous to electrical inductance, the change in fluidic kinetic energy can 

directly affect the system pressure change, termed as fluidic inductance, H (in kg/m4) 

(Bourouina, 1996,Gerlach, 1998) 

dt
dQHP =∆  
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For incompressible and inert fluids in tubes of constant cross section A, fluid density ρ, 

and length L, the fluidic inductance is given by 

A
LH ρ

=  

It should be mentioned that fluidic inductance in microfluidics, despite having much 

smaller cross-sectional areas, is typically not a dominant factor since 
dt
dQ

  and L are 

significantly smaller.  However, for devices where valves are rapidly opening and closing 

pressurized flow, fluidic inductance could become more influential on the fluid dynamics 

of the system. 

 

Components integrated in specific configurations enable dynamic auto-regulation of fluid 

flow.  The microfluidic oscillator, comprised of two switch-valves each connected to a 

check-valve, autonomously regulates two flows that are infused at a constant rate to have 

a distinctive alternating output that indefinitely oscillates between two states so that only 

one fluid is flowing at a given time (Fig. 2.2A).  There is only one steady oscillation 

frequency when a particular set of conditions is applied (i.e. infusion rates of the two 

fluids and the channel and the component geometries in the circuit).  Changing any one 

of these parameters will change the oscillation frequency, and therefore the fluidic circuit 

must be designed as a whole to achieve a desired autonomously regulating function.  This 

switching scheme may be understood by an analogous electronic circuit shown in Figure 

2.2A where the transistor provides similar switching functions as the switch-valve.  

Although the diodes are not necessary for the electronic oscillator, the check-valves serve 
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to negate backflow and mixing between the solutions in the microfluidic oscillator.  For 

the microfluidic oscillator in Figure 2.2A, when the red fluid reaches a threshold 

pressure, it breaks through and opens the right switch-valve. The red fluid then flows to 

the cavity chamber of the left switch-valve to close it and stop flow of the green fluid.  

The red fluid then flows out through a check-valve to the outlet where the pressure is 

released.  Now the green fluid builds up pressure while the pressure of the red fluid 

decreases to repeat the process on the other side of the circuit.  For a range of flow rates 

(Fig. 2.2B) determined by the response time of membrane deflection and geometry of the 

components and channels, the frequency increases with flow rate (that is, time for 

parameters C1/Q1, C2/Q2 to surpass a threshold pressure decreases with increasing flow 

rates, see SI for description of a theoretical model).  At flow rates beyond this operating 

range, the switching frequencies approach the response time of the valve opening and 

closings resulting in partially switching oscillations (see section 2 of SI) and eventually 

no switching.  Figure 2.2C shows the autonomous on-chip oscillation in pressure within 

the device, which has implications to signal processing and clock-signal generation (for 

example, see Fig. 2.3).  Oscillations are also biologically relevant as flow of bodily fluids 

and release of biochemicals is often cyclic or pulsatile (Gundelfinger, 2003,Robertso, 

1972,Weigle, 1984).  We note that continuous switching of low Reynolds number, single-

phase, Newtonian fluid flows has previously only been possible by external control.   

 

Figure 3 demonstrates how the microfluidic oscillator (Fig. 2.2A) can serve as a 

controller to regulate flow of different solutions in a subordinate fluidic circuit.  The 

pressure changes shown in Figure 2.2C are used as a clocking signal for the subordinate 
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circuit.  The subordinate circuit is comprised of eight switch-valves and eight check-

valves that distribute flow of two solutions (yellow and blue) to four outlets (Fig. 2.3A).  

The green and red controller solutions each activate four of the eight switch-valves of the 

subordinate circuit in an alternating serial arrangement.  All solutions are infused 

simultaneously by a multi-syringe pump at a flow rate of 100µl/min.  It can be seen that 

the distribution of flow to the four outlets alternate based on the state of the oscillator 

circuit at a frequency of 1Hz (Fig. 2.3B).  It is noted that the output flow of the oscillator 

circuit drops along its serial path.  In order to compensate for this pressure loss, the two 

switch-valves in the oscillator circuit were designed with smaller widths in order for the 

output flow to be of sufficient pressure to properly regulate each valve of the subordinate 

circuit.  Alternatively, the blue and yellow sample solutions could have been infused at a 

relatively lower flow rate than that of the green and red controller solutions. 

 

 In addition to oscillations, another important class of fluidic control functions is 

automated sequential operations, as done in electronic finite state machines.  Figure 4 

shows such an automatically reconfiguring channel network that enables a time-regulated 

discretization of flow conduction into on and off states.  This network is comprised of 

three switch-valves and four check-valves arranged both in parallel and in series. Each 

component has a different threshold pressure dictated by its physical geometry so that 

each is activated at different times when being infused simultaneously (see section 3 in SI 

for details of the cascading switching mechanism).  Infusion can be performed by a 

multi-syringe pump or alternatively by the squeezing force of a clamp.  Actual images of 

four of the seven states are shown in Figure 3D, an “O” or “X” represents the component 
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in an on or off state, respectively.  A red “X” designates a check-valve with a 

downstream channel linked to the cavity of a switch-valve.  This combination of 

components locks in pressure, which subsequently maintains both components in an off 

state despite any subsequent release of pressure behind the check-valve.  The sequential 

switching mechanism enables assays where multiple solutions are introduced into a 

channel sequentially, such as in an immunoassay (see Fig. S5).  Although the fluidic 

control shown here is relatively simple, consisting of only a few steps, electronic circuit 

analysis describes that every circuit or logic operation is possible using only a transistor 

component(Hayes, 1993).  Since a transistor’s directionally distinct switching properties 

are mimicked by having a switch-valve and check-valve in series, this suggests broad 

applicability of the developed elastomeric components for device embedded flow control. 

                          

2.4 Conclusions 

We describe a substrate-architecture and circuit-design principles to construct interactive 

microfluidic flow-controlling component networks.  Simple variation of component 

geometry directly controls its opening threshold pressure enabling control of flow valving 

and switching.  Although the fluidic control demonstrations shown here are simple, 

electronic circuit analysis describes that every circuit or logic operation is possible using 

only a transistor component25. Since a transistor’s directionally distinct switching 

properties are mimicked by having a switch-valve and check-valve in series, this suggests 

broad applicability of the developed elastomeric components for device embedded flow 

control.  Similar to how finding efficient ways for integrating multiple electrical 

transistors onto a single substrate efficiently was vital to the development of sophisticated 
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and portable electronics, development of standardized substrate architectures and 

processing methods to efficiently integrate multiple interactive fluidic components are 

envisioned to provide new opportunities for fluidic circuitry control and its use in point-

of-need applications. 
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Fig. 2.1. Elastomeric components for autonomously controlled microfluidic devices. (A)  
A three-layer composite of the check-valve and switch-valve.  (B)  Cross-section 
schematic of check-valve and switch-valve in both open and closed state based on 
differential pressure.  (C)  Corresponding component state symbol of the check-valve and 
switch-valve. Conducting current/flow is shown as solid lines and non-conducting 
current/flow is shown as dotted lines.  (D) The diode and p-channel JFET transistor are 
shown as analogous electronic components to the check-valve and switch-valve, 
respectively.  
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Fig. 2.2. Interactive elastomeric components for oscillatory switching. (A)  Comparison 
between microfluidic oscillator and electronic oscillator.  The two states of a microfluidic 
oscillator automatically produce an alternating output flow between two distinct solutions 
being simultaneously infused at a constant rate. (B) Graph of both the simulated and 
experimental data for the oscillators switching frequency for various flow rates within its 
operating range.  Error bars represent the standard deviations from three measurements 
taken at each flow rate.  (C)  Graph of pressure oscillations at solution inlets for an 
infusion rate of 10µl/min.  
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Fig. 2.3. Fluidic oscillator controls flow in subordinate fluid-circuit. (A)  Fluid-circuit 
diagram for state 1 of a microfluidic oscillator providing input signals (red and green 
solutions) to a subordinate fluid-circuit which distributes flow of two solutions (yellow 
and blue) to 4 outlets.  (B) Actual images of both states for the fluid-circuit with an 
infusion rate of 100µl/min which oscillates at 1 Hz. 
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Fig. 2.4. Automated Fluid Circuits for Cascading Operations. (A)  Geometric parameters 
that dictate component opening threshold pressure for check-valve and diode.  (B)  Graph 
showing linear and non-linear dependence of check-valve’s geometries for varying L1 and 
W dimensions (while other dimension is held constant), respectively. Error bars represent 
the standard deviations from measurements taken from three separate devices.  (C) Fluid-
circuit diagram of a device that sequentially switches between three solutions being 
infused simultaneously at a constant flow rate.  This circuit is a simple finite state 
machine that performs a predefined sequence of operations.  Numbers in components 
show order of opening.  (D) Actual images of four of the seven states with “X” and “O” 
representing closed and opened valves, respectively.  Red “X”s connected by a line 
designate check-valve and switch-valve modules that lock in pressure to maintain the two 
linked valves closed once a threshold is surpassed. 
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Fig. 2.5 Check-valve negates back-flow and diffusion.  The first image shows the check-
valve in an unpressurized closed-state as it segregates the yellow dye (inlet solution) from 
the blue dye (outlet solution).  Yellow dye is then pressurized through the check-valve 
completely displacing the blue dye.  The next image demonstrates that the check-valve 
blocks any back-flow when the blue dye is pressurized into the outlet (dye appears green 
due to mixing of blue and yellow dye).  The check-valve can withstand back-pressures 
(with zero back-flow) up to 45psi (data not shown), which is the bonding strength of 
PDMS. 
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Fig. 2.6 Scheme for Cascading Switching Circuit in Figure 2.4.  The above precise 
activation sequence was facilitated by varying threshold pressures through changing W 
for components of the three different fluids and both L1 and L2 for components of the 
same fluid.  In this scheme, after the first switch-valve containing the yellow solution is 
opened, the pressure from the adjacent green fluid opens a check-valve that is connected 
to the cavity of the open yellow switch-valve, causing the switch-valve to turn off.  The 
check-valve ensures that the pressure in the cavity of the check-valve keeps the switch-
valve in its off state demonstrating ability for on-chip memory.  As the yellow fluid 
pressure continues to build due to the now closed switch-valve, a subsequent venting 
check-valve opens to release the pressure of the yellow fluid.  The process repeats itself 
when the switch-valve opens and releases the green fluid.  These functions are 
microfluidic analogues to the IF-ELSE functions of transistors in electrical circuits. 
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Fig. 2.7 Switching Scheme for Immuno-detection. The sequential switching device 
shown in Figure 4 can be applied to immunodetection schemes.  Fluorescent micrographs 
taken after step 3 for 100 ng/ml and 0ng/ml of antigen goat IgG with 1µg/ml fluorescein 
conjugated antibody donkey anti-goat IgG (R&D systems, Minneapolis, MN).  
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Fig. 2.8 The equivalent fluidic circuit of the switch valve developed in this research. 
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Fig. 2.9 Equivalent fluidic circuit model exploited to simulate the fluidic oscillator. 
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Component Value 

C1 , C2 2.31×10-12 (m5/N) 

R1 1.06×1012 (N·s/m5) 

H1 4.41×108 (kg/m4) 

R2 7.20×1011 (N·s/m5) 

H2 3.00×108 (kg/m4) 

R3, R4 2.05×1013 (N·s/m5) 

H3, H4 8.54×109 (kg/m4) 

PA 550 (N/m2) 

 

Table. 2.1 The values used in the equivalent circuit model 
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Chapter 3 

 

Patterned Deactivation of Oxidized 
Polydimethylsiloxane Surface for High-Density 

Fabrication of Normally-Closed Microfluidic Valves 
 

This chapter describes how changes in surface chemistry induced by plasma oxidation 

can be spatially counteracted on the micro-scale by subsequent microcontact printing of 

residual oligomers in a PDMS stamp.  The use of polydimethylsiloxane (PDMS) in 

microfluidic devices is extensive in academic research.  One of the most fundamental 

treatments is to expose PDMS to plasma oxidation in order to activate its surface to 

temporarily become hydrophilic or capable of permanent bonding.  We characterize the 

surface modifications through contact angle, atomic force microscopy, x-ray 

photoelectron spectroscopy, and bond-strength measurements.  We demonstrate that 

surface energy patterning can be used for “open microfluidic” applications that utilize 

spatial control of surface wetting.  In addition, we utilize this approach for negating the 

bonding of a flexible membrane layer within an elastomeric valve and demonstrate its 

effectiveness by the integration of over one thousand valves within a single substrate. 

 

 

  



40 
 

3.1 Introduction  

Microfluidic devices are utilized for a myriad of applications including chemical assays, 

cell culture platforms, and diagnostic devices (deMello, 2006,Janasek, 2006,West, 2008). 

Polydimethylsiloxane (PDMS) has become one of most widely used materials for 

microfluidic devices due to its biocompatibility, transparent optical properties, molding 

capabilities, and amenability to surface modifications (Duffy, 1998).  Plasma oxidation of 

PDMS is a standard method to render surfaces hydrophilic for easy wetting of solutions 

and to modify the surface chemistry allowing it to bond to other substrates made of 

PDMS or other various materials (Jo, 2000).  Typically oxidation is done using vacuum 

plasma or atmospheric corona which either uniformly exposes the substrate or locally on 

the centimeter scale (Haubert, 2006,Jo, 2000).  Therefore patterning surface 

modifications of plasma oxidation on PDMS surfaces is only attainable at the microscale 

when exposed though a stencil which are typically difficult to fabricate and handle 

(Lhoest, 1998,Ostuni, 2000,Rhee, 2008,Tourovskaia, 2003).  In addition, stencils can 

only be used to generate islands of exposed areas, not the inverse pattern. Therefore as an 

alternative, we explored the use of PDMS oligomers to counteract the effects of plasma 

oxidation.  It is known that transfer of residual PDMS oligomers during microcontact 

printing of PDMS stamps occurs and can be used to modify surface energy (Hui, 

2002,Kim, 2007,Sharpe, 2006,Thibault, 2007,Wigenius, 2008,Yang, 2009).  However the 

effects of these oligomers on oxidized PDMS surface energies and binding capability has 

not been investigated.  We demonstrate that these oligomers can inhibit bonding between 

two oxidized PDMS surfaces at the microscale in a scalable fashion.  Utility of this 

surface modification method is demonstrated through high density fabrication of 

normally-closed elastomeric valves and through surface wettability patterning.                       
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3.2 Experimental  

All PDMS materials were made from PDMS prepolymer and curing agent (Sylgard 184, 

Dow Corning Co., Midland, MI) at a 10:1 ratio.  PDMS stamps were molded against 

master molds made by standard photolithography using the negative-photoresist SU-8 

(MicroChem Co., Newton, MA). The master molds were silanized in a desiccator for two 

hours (United Chemical Tech., Bristol, PA).  The height of all stamp features were 100 

µm.  The PDMS molds were cured in a 120°C oven for at least 30 min. PDMS substrates 

for contact angle, AFM, and bond strength experiments were cured in 60°C for at least 4 

h. For XPS experiments, a 30 µm PDMS membrane was spun onto glass slides.  

Similarly, the middle-layer membrane was made by spin-coating a 30 µm PDMS layer on 

a silanized silicon wafer at 1500 rpm for 90 sec. and then curing in a 120°C oven for at 

least 30 min. For contact angle and AFM measurements, PDMS surfaces were oxidized 

by corona treatment (BD-20AC, Electro-Technic Products Inc., Chicago, IL). For all 

other experiments, PDMS layers were oxidized/bonded together using a plasma etcher in 

air (SPI Plasma-Prep II, Structure Probe, Inc., West Chester, PA) for 30 sec.  The 

threshold pressure for bond strength experiments was determined by the average readings 

of a 15 psi pressure sensor (Model PX139-005D4V, Omega Eng. Inc., Stamford, CT) and 

controlled by a 5 psi pressure regulator (Model PRD2-2N1-0, Beswick Eng., Greenland, 

NH). 

Contact angles were measured using an axisymmetric drop shape analysis-profile 

(ADSA-P) methodology. An initial drop of water was deposited on the solid surface from 

above. Then, a motorized syringe was operated to pump the liquid steadily into the drop 

so that advancing contact angles were obtained. The images of the drop were recorded 
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during the experiment and analyzed by ADSA-P afterwards. Assuming the drop to be 

axisymmetric and Laplacian, ADSA-P finds the theoretical drop profile that best matches 

the drop profile extracted from the image of a real drop. From the best match, contact 

angles are calculated as the slope of the drop profile at the point of contact with the 

surface. 

                         

3.3 Results and Discussion  

We describe, for the first time, the utilization of transfer of residual PDMS oligomers 

onto an oxidized PDMS solid surface for the purpose of patterning wettability and 

bonding regions.  Wettability patterns are demonstrated in figure 3.1A where a PDMS 

slab is initially rendered hydrophilic everywhere by plasma oxidation, then patterned with 

a hydrophobic (native) PDMS stamp consisting of three embedded channel features. 

During the stamping process, only the regions of the PDMS slab that do not contact the 

stamp remain hydrophilic (in this case, underneath the channel features).  Other areas on 

the surface that come in contact with the stamp receive a thin layer of unoxidized 

oligomer and become more hydrophobic. This generates a pattern of surface energy on 

the PDMS slab as shown in figure 3.1B by three distinct colored solutions coating only 

the hydrophilic regions.  Difference between the surface energy of linear patterns and the 

neighboring regions provides a pinning force that prevents the contact line of the liquid 

from spreading beyond these hydrophilic features (Tavana, 2006).  From a surface 

thermodynamic viewpoint, the hydrophilic features have a smaller solid-liquid interfacial 

tension than their neighboring deactivated areas when exposed to a liquid and are 

energetically more favorable for the liquid.  Surface energy patterning in and of itself is 
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useful for “open microfluidic” applications which utilize different spatial-wettability of a 

substrate to form fluid microstructures (Ohzono, 2009,Pfohl, 2003,Xia, 2001).  

We performed contact angle measurements to study surface modifications induced by 

deposited PDMS oligomers.  Contact angles of deionized water were measured on the 

surfaces of native PDMS, oxidized PDMS, and deactivated (oxidized then stamped) 

PDMS.  Corona treatment for 20 sec decreases the contact angle from 109° on a native 

PDMS surface (Fig. 3.1C) to ~0° on the oxidized surface (Fig. 3.1D). Upon stamping 

treatment of the oxidized PDMS layer, the surface becomes slightly hydrophobic and the 

contact angle increases to 28°. Our calculations show that this corresponds to ∼14% 

recovery of surface hydrophobicity (Tavana, 2004,Tavana, 2007). We calculated the 

surface tension of PDMS surfaces using experimental liquid surface tension and contact 

angle data using the procedure below. Young’s equation relates the three interfacial 

tensions (γlv: liquid surface tension, γsv: solid surface tension, and γsl: solid-liquid 

interfacial tension) to the contact angle In this equation, only γlv and 

θ can be measured. To determine solid surface tension γsv, we invoke an equation of state 

for interfacial tension 

Combining these two equations and eliminating 

the γsl term results in where β=0.000125 (mJ/m2)-2 is 

an experimental constant.  

� 

γ lv cosθ = γ sv − γ sl

� 

γ sl = γ lv + γ sv − 2 γ lvγ sv e−β (γ lv −γ sv )2

� 

cosθ = −1+ 2 γ sv

γ lv

e−β (γ lv −γ sv )2
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We used this equation along with liquid surface tension (γlv=72.2 mJ/m2) and contact 

angle data to estimate the surface tension of native, oxidized, and deactivated PDMS 

surfaces. This resulted in the following values: 

Native PDMS (θ=108°): γsv,1 =19.7 mJ/m2 

Oxidized PDMS (θ=0°): γsv,2 =72.2 mJ/m2 

Deactivated PDMS (θ=28°): γsv,3 =64.9 mJ/m2 

We used these values and calculated the percentage of recovery of surface 

hydrophobicity due to the deactivation process as: 

. 

Therefore deactivation of the PDMS surface oxidized for 20 sec. results in 14% recovery 

of surface hydrophobicity. 

We also found that with a shorter treatment of the PDMS surface for 7 sec, the contact 

angle decreases only to 67° and upon stamping, the surface converts to a hydrophobic 

state that exhibits a contact angle of 115° (Fig. 3.1E).  

To understand mechanisms responsible for the change in the surface energy due to the 

stamping process, we characterized the surface properties of native, oxidized, and 

deactivated PDMS substrates using atomic force microscopy (AFM) and x-ray 

photoelectron spectroscopy (XPS) measurements.  The oxidized and deactivated surfaces 

were treated with either a plasma etcher for 30sec or a handheld ambient corona treating 

device for either 20sec or 7sec.  For native, oxidized and deactivated surfaces (for all 

� 

1−
γ sv,3 − γ sv,1

γ sv,3 − γ sv,2

= 1−
72.2 −19.7
72.2 − 64.9

= 0.14
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three treatment conditions), the root-mean-square (rms) roughness values from AFM 

measurements were all less than 1nm (see Figure 3.4 and Table 3.1).  This indicates that 

the short duration of oxidation does not induce significant changes in surface topology 

(Hong, 2006) and that the difference in the measured contact angles is not due to surface 

roughness (Grundke, 2005).  Our XPS results (Fig. 3.5) show that, regardless of treatment 

type or exposure duration, deactivated surfaces are altered to a more hydrophobic 

composition (which yields a higher contact angle as shown in Fig. 1) through decrease in 

the percentage of oxygen and increase in the percentage of silicon as compared to its 

oxidized state before oligomer transfer (Fig. 3.2A).  It can also be seen that the proportion 

of active groups, C-O and C=O that were generated by plasma oxidation were reduced by 

over 4% after deactivation (Fig. 3.2B).  This can be contributed to the deposition of 

PDMS oligomers, which are plentiful in hydrocarbon groups, onto the top surface of the 

PDMS slab.  By covering the top surface with these passivating groups, the surface 

becomes less hydrophilic and active groups for bonding become hidden. 

To test the effects deposited oligomers have on bonding between oxidized PDMS 

surfaces, the bond strength between an oxidized PDMS bottom layer and a deactivated, 

native, or oxidized PDMS top layer was determined by the threshold pressure needed to 

separate the two layers as visualized under a stereoscope (Eddings, 2008).  The pressure 

was gradually increased by a regulator and pressure readings were taken using an 

electronic pressure transducer.  The deactivated PDMS layer has a significantly lower 

bonding strength (2.34 PSIG, p< 0.001) than the oxidized layer (63.0 PSIG) since the 

deposited oligomers inhibit contact of active surface groups on the two PDMS surfaces.  

Interestingly, the bond strength of the deactivated layer is lower than that of a native layer 
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(3.63 PSIG, p < 0.05), suggesting that the PDMS oligomers are uniformly deposited over 

the entire stamped surface and cover active areas of bonding which would have increased 

the average bond strength between the two layers. 

Efficient blocking of PDMS binding is particularly suited for the fabrication of 

elastomeric valves which is an important component to regulate fluids within 

microfluidic devices (Pennathur, 2008,Whitesides, 2006).  Normally-closed elastomeric 

valves (valves that are in a closed state when no pressure is applied) are of particular 

interest because they provide embedded functionality with minimal external equipment 

(Baek, 2005,Grover, 2006,Irimia, 2006,Jeon, 2002,Leslie, 2009,Seker, 2009).  Although 

these valves can be integrated into glass-based substrates that sandwich an elastomeric 

membrane and are held together by force, working with etched glass is expensive 

(Grover, 2006,Irimia, 2006,Leslie, 2009,Seker, 2009).  It would be useful to efficiently 

integrate normally-closed valves into microfluidic devices that are comprised solely of 

polydimethylsiloxane (PDMS) since this material is inexpensive and widely used in the 

field of microfluidics.  Currently, normally-closed elastomeric valves are incorporated in 

PDMS devices using multi-layer soft-lithographic methods that involve sandwiching a 

flexible PDMS membrane between two PDMS layers and keeping it from permanently 

bonding by use of a passivation layer (i.e. salt/photoresist) (Baek, 2005,Jeon, 2002).  

These methods are often limited to fabrication of a single valve or a small number of 

valves because controlled deposition and washing out of the passivation material 

becomes exceedingly difficult for more complex devices containing large numbers of 

integrated valves.  Figure 3.3A shows the fabrication steps for an elastomeric valve 

consisting of two PDMS feature layers that sandwich a flexible PDMS membrane layer.  
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The top layer contains a disconnected channel, the bottom layer contains a cavity that is 

located directly under the disconnected region of the top layer, and the middle layer 

serves as a flexible barrier between the top and bottom layers.  After oxidation of the top 

layer, the disconnect region is deactivated using a PDMS stamp with an extruding feature 

that matches the disconnect region. The middle membrane layer and bottom layer are 

oxidized using either a plasma etcher or a corona treater and all layers are bound together.  

The valve functions by pressurized fluid at one end of the channel, deforming the 

membrane layer into the cavity region and allowing the fluid to bypass the disconnect 

region between the channels; the valve closes upon release of the pressure.  Figure 3.3B 

and 3.3C shows the valve in closed and open positions, respectively.  This normally-

closed valving mechanism is a promising component for the development of devices with 

on-chip fluid regulation (Irimia, 2006,Jeon, 2002,Leslie, 2009). We used the above 

principle in conjunction with the scalability of microcontact printing to enable the large-

scale fabrication of normally-closed valves (Fig. 3.3D).  The device contains 1010 valves 

within the equivalent area of a dime, demonstrating the potential for the development of 

complex devices that utilize numerous embedded valves for on-chip fluidic control.  The 

infusion of four distinct dye solutions demonstrates that all valves were successfully 

fabricated without any leakage problems.  Figure 3.3E shows an enlarged region of four 

integrated valves. Each valve successfully segregates the fluid when in a closed position.  

The valves are all passive in that they respond automatically to differential pressures, so 

they all close when the pressure of the infused solutions is released.     
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3.5 Conclusions 

 

We have established that residual oligomers from a PDMS stamp can deactivate select 

regions of an oxidized PDMS surface in order to induce surface property changes. These 

changes facilitate confining solutions to a pre-defined geometry and negate bonding of 

two oxidized PDMS substrates.  We demonstrated that the scalability of microcontact 

printing enables large-scale integration of normally-closed elastomeric valves.  Although 

integration of normally-open elastomeric valves has already proved to be a powerful 

system for performing complex microfluidic manipulations, the use of such devices 

require specialized external equipment to actuate and control them.  Microfluidic devices 

designed with the embedded functionality of normally-closed valves would expand the 

range of circumstances for reliable device operation.  Currently, however, complexity of 

such device-embedded controls using normally-closed valves is limited due to the 

difficulty of fabrication. The efficient, simple, and scalable fabrication of normally-

closed valves described here removes such fabrication limitations and greatly expands 

microfluidic device design possibilities. 
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Figure 3.1: PDMS Deactivation. (A) Scheme for patterning surface energy of an 
oxidized PDMS layer by a PDMS stamp. (B) Image of the resulting surface energy 
patterning where three distinct solutions are confined to the hydrophilic areas of the 
patterned surface. Scale Bar: 1.5mm in (B). (C-E) Contact angle images and 
measurements for native PDMS (C), and oxidized and deactivated PDMS for 20sec (D) 
and 7sec (E) time exposure to corona treatment. 
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Figure 3.2: Surface Characterization. (A)  Difference in atomic % between oxidized 
and deactivated surfaces for three treatment methods as determined by XPS.  (B)  High-
resolution scans of carbon 1s for native, oxidized and deactivated PDMS treated with an 
etcher for 30s.  Percentages correspond to different states of C within a single sample.   
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Figure 3.3: Integrated Elastomeric Valves.  (A) Scheme for selective bonding of 
PDMS membrane in an elastomeric valve. (B) Elastomeric valve in a closed position with 
the membrane flat. Scale Bar: 0.25mm in (B). (C) Elastomeric valve in an open position 
with the membrane deflected.  (D) Picture of large-scale integration of 1010 elastomeric 
valves on a single substrate.  Scale Bar: 3mm in (D).  (E) Image of four integrated 
elastomeric valves in closed position isolating fluids.  Scale Bar: 125µm in (E). 
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Figure 3.4. AFM Graphs: Graphs for 1 trial of measurements acquired in tapping mode 
and processed using 1st order flattening and a spike removal of 0.5.  Oxidized and 
Deactivated conditions were treated by plasma etcher for 30s.  
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Figure 3.5. PDMS Treated Surface Composition: Atomic percentage of four elements for 
seven different conditions of PDMS surfaces. 
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Native Etcher30
s 

Oxidized 

Etcher30s 
Deactivate

d 

Corona20
s Oxidized 

Corona20s 
Deactivate

d 

Corona7
s 

Oxidized 

Corona7s 
Deactivate

d 

0.38n
m 

0.23nm 0.28nm 0.50nm 0.56nm 0.70nm 0.76nm 

 

Table 3.1 Average RMS Roughness Data: Data was acquired in tapping mode and 
processed using 1st order flattening and a spike removal of either 0.5 or 0.15. 
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Chapter 4 

 

Simultaneous Fabrication of PDMS Through-Holes for 
Three-Dimensional Microfluidic Applications 

 

This chapter describes a simple yet efficient approach to making through-holes in a 

bound polydimethylsiloxane membrane for use in 3D microfluidic applications.  

Localized tearing of an elastomeric membrane is achieved by ripping an elastomeric 

stamp that is bound to the membrane by posts at desired regions.  The tears in the 

membrane are confined by the underlying channel architecture of the substrate to which 

the membrane is bound.  By varying the membrane thickness and channel dimensions, 

holes of different sizes can be obtained.  This high-throughput method of generating 

through-holes will enable the design of complex microfluidic devices that require 

crossing of channel networks. 
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4.1 Introduction 

Development of efficient fabrication techniques is an important area of research since it 

enables widespread use of microfluidic devices for many different applications (deMello, 

2006,Janasek, 2006,West, 2008).  The added versatility of three-dimensional 

microfluidics has been hindered by the inability to efficiently integrate through-holes into 

polydimethylsiloxane (PDMS) membranes used in multi-layer soft lithography.  

Through-holes provide passages between layers of a device enabling complex paths to 

bypass each other, which allows for the design of intricate devices.  This type of 3D 

plumbing has shown to be useful for a myriad of applications including combinatorial 

mixing of fluids,(Neils, 2004) integrated pneumatic valve devices,(Luo, 2008) and 

passive auto-regulating components (Kartalov, 2006,Mosadegh, 2010,Weaver, 2010). 

There are currently several low-cost methods to generate through-holes in thin PDMS 

membranes.  One of the simplest is to manually punch out each hole using a small gauge 

needle or biopsy punch as done for access holes for most microfluidic devices.(Heo, 

2007)  Although simple and effective, this method is tedious and time-consuming, 

particularly for devices requiring many holes and is limited to through-hole sizes on the 

order of hundreds of microns.  As an alternative, perforated membranes can be fabricated 

using an SU-8 mold pressed against a hard-surface during curing of the membranes or 

spinning PDMS lower than the tallest feature height.(Beebe, 2000,Kartalov, 2006)  

However, often thin films of PDMS are cured over the SU-8 feature requiring manual 

removal, making this approach inefficient for high-throughput fabrication, particularly 

for thick membranes (>30µm).(Luo, 2008)  Recently there have been simple methods to 

eliminate the presence of the thin film by blowing with an air gun, but this requires 
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manual aiming on each hole and provides additional design restrictions on the spacing 

between holes, which limits the density able to be integrated into a single device.(Kang, 

2009) Selective ripping of PDMS substrates has been previously shown as a simple way 

to fabricate features on a flat substrate at both the microscale and nanoscale.(Childs, 

2002,Thangawng, 2007) Use of decal transfer microlithography also provides a means to 

form through-holes by selective release of a micropatterned membrane, however the 

membrane is more effectively used for stencils than for 3D microfluidic applications sine, 

the top surface of the membrane is coated with non-stick material that inhibits proper 

bonding to another PDMS layer and there is formation of a meniscus around each feature 

that will result in bonding gaps between layers.(Childs, 2002)  Using this concept of 

selective ripping of PDMS, we have developed an efficient single-step method to 

simultaneously fabricate a large number of through-holes in a bound PDMS membrane 

using conventional microfluidic tools.                                 

4.2 Experimental 

All PDMS materials were made from PDMS prepolymer and curing agent (Sylgard 184, 

Dow Corning Co., Midland, MI) at a 10:1 ratio.  PDMS stamps were molded against 

master molds made by standard photolithography using the negative-photoresist SU-8 

(MicroChem Co., Newton, MA). The master molds were silanized in a desiccator for two 

hours (United Chemical Tech., Bristol, PA).  The heights of all features are 80 µm.  The 

PDMS molds were cured in a 120°C oven for at least 30 min. PDMS membranes were 

made by spin-coating a PDMS layer on a silanized glass slide and then curing in a 120°C 

oven for at least 30 min. For the characterization experiments, PDMS layers were 

oxidized/bonded together using a plasma etcher in air (SPI Plasma-Prep II, Structure 



61 
 

Probe, Inc., West Chester, PA) for 30 sec. An unnecessary but useful step prior to 

bonding of the post stamp is microcontact printing of uncured PDMS oligomers on areas 

between post regions to render the surface hydrophobic.(Yang, 2009)  This step has been 

seen to minimize non-specific binding of the post stamp to undesired regions of the 

membrane.  For the 3D microfluidic device demo, the stamp was bonded to the 

membrane using PDMS glue (mixture of 1 part toluene to 2 parts PDMS) spin coated on 

a glass slide at 1500rpm for 30 seconds.  The glue was cured in a 120°C oven for 20 min.  

Shrinkage of PDMS was noticed but did not cause any alignment issues since the stamp 

for tearing and the device structures were all prepared simultaneously with the same 

batch of PDMS under the same curing conditions.                         

   

4.3 Results and Discussion  

Three-dimensional microfluidic devices typically consist of two thick PDMS layers that 

sandwich a thin PDMS membrane.  To generate through-holes in the thin PDMS 

membrane at particular locations of the channel network, a stamp is fabricated that has 

posts that spatially correspond to those locations.   The channel network is first bound to 

a thin PDMS membrane (Fig. 4.1A, B) and subsequently the stamp is aligned and bonded 

to the membrane (Fig. 4.1C).  Alignment of the stamp was performed manually under a 

stereoscope, although jigs can be constructed to provide additional accuracy, if necessary.  

There are several methods that can be used to bond the stamp to the membrane, 

depending on the accessibility of equipment.(Eddings, 2008)  Typical methods are 

oxygen plasma, corona discharge, and PDMS glue.  Oxygen plasma allows for quick 

bonding but requires a low-vacuum machine which is bulky and expensive.  A portable 
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hand-held corona discharge (which is relatively inexpensive) can be used but typically 

gives less consistent results due to the uneven exposure to the device.  PDMS glue is also 

an inexpensive alternative and provides some degree of error with alignment since 

bonding occurs only after baking, however the glue itself can spread limiting the 

resolution to which holes can be made.   After the stamp has bonded, the stamp is simply 

torn from the membrane by hand and the membrane tears at the locations of the posts and 

the tear is localized by the channel’s underlying features.  It is best to tear the stamp 

orthogonal to the membrane surface in order to minimize tearing along channel features.  

Shown in figures 1, 2, and 3 are through-holes made at the intersection of two channels in 

order to demonstrate that this method is effective at creating localized through-holes in 

arbitrary channel configurations, however, through-holes can also be made at channel 

dead-ends as demonstrated in Figure 4.4.     

In order to keep tears confined in a desired location, the membrane must tear across the 

channel feature.  Normally this occurs due to equal strain being imposed on the 

membrane from all directions (as the post is being pulled orthogonally from the substrate) 

and the anchoring of the bonded regions of the membrane, however in some cases the 

membrane can tear along the channel features before tearing across the channel 

producing a larger than intended hole (Fig. 4.2A).  To circumvent this, “narrowed” 

channel geometries can be used in order to ensure that the membrane will tear inside a 

desired location (noted as the square location) (Fig. 4.2B).   

To characterize this method, we constructed a channel geometry that corresponded to a 

stamp that would make an array of holes with varying dimensions of the underlying 

“square” (intersection of two channels features), narrowed features, and post (Fig. 4.3A).  
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Two “square” sizes, 480µm and 240µm, with narrowing and post sizes that were either 

equal, half, or a fourth in size were tested.  For each of these conditions, there were three 

replica holes on a single substrate. It can be seen in Figure 3B that when a post of a 

smaller geometry was used on a larger square size, an overhanging membrane was left 

behind.  This type of hole fabrication can be advantageous for three-dimensional 

components such as check-valves.(Jeon, 2002)  Typical images for both a 30µm and 

100µm membrane are shown (Fig. 4.3C, D) with detailed results given in Table 4.1.  

Overall, it can be seen that smaller holes are more easily generated in thinner membranes; 

however, holes can be made in thick membranes (≥100µm) with larger square sizes.  For 

failed geometries, gashes were left in the membrane instead of through-holes which can 

also be advantageous for fabricating features of varying heights, which typically requires 

many steps when done using conventional photolithography.  The “narrowed” geometries 

seem to only be necessary for large feature sizes (≥480µm) to confine holes.  It can also 

be seen that the narrowed geometries affect hole sizes for thicker membranes, decreasing 

the hole size with decreasing narrowed size.  Although the smallest holes presented here 

were ~40µm diameter, we believe smaller holes can be achieved with thinner membranes 

and/or smaller posts.  Another factor that will influence the efficacy of this method is the 

alignment of the stamp to the bound membrane.  This step becomes more difficult as 

feature sizes become smaller and over a larger total area that can’t be viewed at once 

under a stereoscope.  In cases where manual alignment is difficult, a jig that holds the 

stamp and can be precisely maneuvered will be useful.(Mata, 2009)     

As a demonstration of the effectiveness of this method, we fabricated a microfluidic 

device with three sets of meandering channels that overlap each other in three-dimensions 
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(Fig. 4.4A).  This device consists of 152 holes that were all fabricated simultaneously in a 

30µm thick membrane using the described method.  For this particular device, the stamp 

was bonded using the PDMS glue method which successfully generated localized holes 

with no special bonding equipment (Fig. 4.4B).  This was done by spin coating a 

PDMS/toluene mixture on a glass slide and then microcontact printing the stamp.(Chueh, 

2007,Wu, 2005)  The stamp was then aligned to the membrane-channel composite and 

bonded by thermal baking.  Previous methods have typically only demonstrated devices 

with an order of magnitude less the number of through-holes(Kang, 2009,Luo, 2008) 

presented here.                          

4.5 Summary and Outlook 

We have described a low-cost method to efficiently fabricate through-holes 

simultaneously in large-scale. By altering channel and membrane dimensions, holes of 

varying sizes on a single substrate can be generated.  While other methods are efficient at 

generating holes of very small dimensions (both in cross-section and height), the 

described method is uniquely suited for generating holes in thick membranes with 

relatively large cross-sectional areas.  We believe that by overcoming the practical 

limitation of producing relatively large though-holes efficiently, this method will enable 

the development of intricate 3D devices that can facilitate objects such as cells and 

microbeads.  In addition, embedded components that regulate fluid flow on-chip have 

been developed and these devices require through-holes to navigate fluids to both layers 

of the device to actuate the sandwiched membrane.(Kartalov, 2006, Mosadegh, 2010, 

Weaver, 2010)  Therefore high-thoughput fabrication methods like the one described in 

this paper will be essential for the development of more intricate designs.  
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Figure 4.1: Scheme for fabricating holes. (A) Representative channel network (B) A 
PDMS membrane is bonded to the channel network (C) A stamp with posts is bonded at 
desired locations. (D) Pull of stamp to tear holes at bonded locations. (E) Image of 
channel network shown in A. Scale Bar: 480µm 

 

 

 



66 
 

 

Figure 4.2: Narrowed Geometry Confines Tear. Straight Channel (A) and narrowed 
channel (B) geometries can yield disparate hole sizes. (C)  Respective image of channel 
networks shown in A. Scale Bar: 480µm. 
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Figure 4.3: Geometry Characterization.  (A) Diagram channel networks to characterize 
efficiency of different geometries.  (B) Image if two different post sizes on the same 
square size demonstrating different hole sizes can be obtained. Scale Bar: 480µm   (C-D) 
Images of characterization array for 30µm (C) and 100µm (D) membrane thickness. 
Scale Bar: 2mm. 
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Figure 4.4: Large-scale Hole Fabrication for 3D network.  (A) Network of 
meandering microfluidic channels that cross in three-dimensions containing three 
separate solutions. Scale Bar: 3mm. (B) Close-up image of holes and under-passing blue 
and red channels. Scale Bar: 480µm. 
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Table 4.1: Geometry Characterization Data.  Percentages are averages of ten or more 
holes that were successfully made (complete through-hole and confined to desired 
location) for each condition.  Hole sizes (diameter in microns of opening at the bottom 
surface of the membrane) are only for successfully made holes except for those 
conditions which yielded no successful holes in which case the diameter of the gash (at 
the top surface of the membrane) is provided.   
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Chapter 5 

 

Conclusion and Future Directions 

 
The development of control systems with autonomous on-chip regulation is 

essential for the adoption of microfluidic technologies into mainstream use.  Currently 

most microfluidic devices still require complex and cumbersome external controlling 

mechanisms.  Although there have been advances in achieving passive regulation of flow 

within a device, the dynamic behavior is still dependent on an externally controlled 

transient input signal which has to be generated either by the user or an electronic device.   

This work has demonstrated the fundamental processes of flow regulation; of particular 

interest is our use of these components to automatically oscillate between two fluids 

being simultaneously infused, a phenomenon currently unprecedented in microfluidics.  

In addition, we have developed an efficient fabrication procedure which enables these 

components to be fabricated in large-scale, a key factor for its adoption into mainstream 

use. Similar to how finding efficient ways for integrating multiple electrical transistors 

onto a single substrate efficiently was vital to the development of sophisticated 

electronics, development of standardized substrate architectures and processing methods 

to efficiently integrate multiple interactive fluidic components will open many new 

opportunities for fluidic circuitry control.  Currently microfluidics lacks any sense of 

standardized practices since there is no common control system to both perform dynamic 

operations (i.e. fluid switching) and static operations (i.e. mixing, filtering).  Since the 

described control system is made with standard multi-layer soft lithography, all 
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previously developed microfluidic components can be integrated together.  This provides 

a platform which researchers and industrial developers can begin designing devices based 

on preset principles so that other researchers can use previous designs to build on.  This 

type of collaboration is an essential feature missing from the field of microfluidics and 

hinders it growth into other broader areas.    

Future directions would encompass combining the dynamic ability of the 

embedded control systems described to design devices that perform spatial and temporal 

operations to study cells.  Many in vivo processes have transient signals that can be 

facilitated using the embedded valve technology.  By designing more complex devices 

that are still simple to use, biologists and other investors will be much more prone to 

utilize microfluidic technologies.  The next step to develop such systems is the full 

characterization of the components such that devices can be designed to function in a 

precise manner.  This will entail a deep understanding of how the fluidic components 

respond to complex feedback loops and the margin of error able to be tolerated for the 

device to operate as intended.  Therefore more sophisticated fabrication techniques will 

need to be developed that ensures proper alignment of the individual layers, uniform 

thickness of the thin elastic membranes, and consistent feature dimensions of the 

channels and valve components.  In addition, exploration into the effects of different 

material properties will be needed in order to accommodate other applications.  Material 

properties such as stiffness have a direct effect on how the fluid media pressurize and 

depressurize in the channel features and valve components.  PDMS is an ideal material to 

test these conditions since stiffness can be regulated by varying the mixing ratio of its 

two components (oligomer base and curing agent).  However, PDMS absorbs water 
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which can be problematic for devices that need long incubation times. In addition, the 

relatively high permeability of PDMS to gasses can be a disadvantage for applications 

requiring controlled microenvironments.  These facts motivate the need to investigate 

other materials as either substitutes or hybrids for the three-layer PDMS device structure.  

Lastly, development of computer-aided programs that take into account all the 

characterization data discussed above will be essential to model and troubleshoot circuits 

with complex behavior.   

The major advantage of this control system is that all functionality can be 

embedded into the device so that a user only needs to connect a flow source.  However, 

designing devices to perform a desired task is not trivial.  The complex non-linear 

interactions occurring between the infused fluids and the mechanical properties of the 

device components are difficult to predict for devices having several actions occurring at 

different time periods and that are dependent on feed-forward and feed-back mechanisms.  

Therefore to aide in the design of more complex circuits, predictive computer models 

need to be built.  An initial model of the microfluidic oscillator has been developed based 

on fluidic equations of resistance, flow, capacitance, and inductance.  Although this 

model is able to match the oscillatory patterns of the microfluidic circuit over a specific 

range of tested frequencies, it is still not able to predict the unstable oscillatory patterns 

that occur outside the frequency range since equations addressing the valves in statesthat 

are between a fully-closed and fully-open position.  Therefore more sophisticated models 

need to be developed in order to design more complex microfluidic circuits that address 

all possible geometries that the valves can be and how that affects both the fluid flow and 
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pressure within the device.  It is these types of improvements that will expand this control 

system to be widely used.             
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Part 2 

Chapter 6 

Microfluidic Hydrodynamic Cellular Patterning 
for Systematic Formation of Co-culture Spheroids 

 
This chapter describes a microfluidic method to form co-culture spheroids of various 

geometries and compositions in order to manipulate cell-cell interaction dynamics.  The 

cellular patterning is performed in a two-layered microfluidic device that sandwiches a 

semi-porous membrane so that flow occurs from the top channel through the membrane 

to the bottom channel.  Arbitrary cellular arrangements are enabled by regulating the 

geometric features of the bottom channel so that as culture media drains, the flow 

hydrodynamically focuses (aggregates) cells onto the membrane only over the regions of 

the bottom channel.  Furthermore, when the top channel has multiple inlets, cells can be 

seeded in adjacent laminar streams, allowing different cell types to be patterned 

simultaneously in well defined spatial arrangements.  Interestingly, the initial cell 

positioning of certain cell types can result in two juxtaposed non-concentric “Janus” 

spheroids, rather than homogeneous mixtures or layered shell structures.  Therefore, the 

initial position of cells prior to aggregation can influence the final configuration within a 

co-culture spheroid.  When Janus spheroids were constructed from mouse embryonic 

stem (mES) cells and hepatocytes, the mES cells differentiated in a spatially distinct 

pattern dictated by the position of the hepatocytes.  This contrasts with uniform mES 

differentiation observed when co-culture spheroids are formed by the conventional 

method of randomly mixing the two cell types.    
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6.1 Introduction  

Over the past ten years, it has become evident that three-dimensional (3D) cell 

culture is more physiological and significantly different from that of classical two-

dimensional (2D) cell cultures (Abbott, 2003,Bissell, 2005,Griffith, 2006,Yamada, 2007).  

Engineering of purely cell-based 3D constructs is desired for tissue engineering because 

scaffolds, such as extracellular matrices or biodegradable polymers, often limit cell-to-

cell contact, cause cell-sparse tissues, and can induce an inflammatory response 

(Matsuda, 2007).  One of the few methods to create purely cell-based 3D cell constructs 

that allows study of direct cell interactions with minimal exogenous materials is the 

formation of multicellular aggregates, called spheroids (Friedrich, 2007,Lin, 

2008,MuellerKlieser, 1997).  Thus, much in vitro research aimed at understanding factors 

that direct cell adhesion, migration, and differentiation during tissue organization has 

been performed using these constructs.  Some of the most informative experiments 

involve classic (Armstrong, 1989,Steinberg, 1963,Sutherland, 1988,Townes, 1955) and 

recent experiments (Foty, 2005,Kelm, 2005,Krieg, 2008,Steinberg, 1994,Wartenberg, 

2001) of mixing different type cells together to form spheroids then analyzing cellular 

self-sorting and organization.  The picture that emerges from these studies is that cell-cell 

interactions and mechanics solely dictate the final organization of cells within the 

spheroids resulting in layered shell structures.  A limitation of conventional spheroid 

formation technology, however, is that the cells are mixed together randomly, not 

allowing for patterned constructs to form.  Therefore, more complex dynamics of cell 

organization cannot be viewed, which would be useful in understanding formation of 

tissue interfaces of different cell types (Albrecht, 2006,Du, 2008,Gartner, 2009).   
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Current cell patterning techniques rely on cell-surface adhesion in order to 

maintain the desired spatial configuration  (Douglas, 2007,Lee, 2009,Liu, 2007).  

However, since spheroid formation requires non-adherent surfaces, currently these 

methods cannot be utilized.  Recently, a method in which spheroids are loaded into a 

micropipette and placed one by one into a biocompatible substrate by the use of a 

delivery device, such as 3D printers was developed (Mironov, 2009).  Although this is an 

efficient method for manipulating pre-formed spheroids to make larger constructs, this 

method does not permit the dynamics of spheroid formation to be studied.  Microfluidic 

spheroid culture systems have recently been developed to make high throughput systems.  

These systems, however, cannot be utilized to pattern multiple cell types (Toh, 

2009,Torisawa, 2007,Wu, 2008).  In this paper, we describe a microfluidic cell patterning 

method that allows cellular prepositioning of multiple cell types adjacent to each other 

before and during the process of spheroid formation.   

Cellular distribution and heterogeneous cellular contact are crucial for in vivo 

development (Heisenberg, 2008,Slack, 2002).  The effect of cell shape on gene regulation 

during embryogenesis and organogenesis has been studied and well appreciated (Keller, 

2008,Nelson, 2006,Ninomiya, 2008), however additional parameters such as cellular 

positioning influences cell fate specification (Ruiz, 2008).  We show that for some cell 

combinations, initial cell positioning affects subsequent spheroid formation resulting in 

two juxtaposed non-concentric “Janus” spheroids of different cell types.  Therefore, the 

final organization of co-culture spheroids is determined not only by the cell types mixed 

together but also their initial positions relative to each other.  Janus spheroids of mouse 

embryonic stem (mES) cells and hepatocarcinoma HepG2 cells resulted in spatially 
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patterned differentiation of mES cells, suggesting that cellular differentiation can be 

controlled by intercellular positioning.  This research demonstrates a versatile technology 

for creating arbitrary user-defined patterns of spheroids.             

 

6.2 Materials and Methods  

Cell culture  

Monkey kidney fibroblast cells (COS7 cell line; ATCC), human hepatocarcinoma 

cells (HepG2 cell line; ATCC), and breast cancer cells (MDA-MB-231 cell line; ATCC) 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 11965; Invitrogen) 

containing 10% v/v fetal bovine serum (FBS; 10082; Gibco), 100 U/mL penicillin, and 

100 U/mL streptomycin.  Human umbilical vein endothelial cells (HUVECs, Lonza) 

passage number 2-6 were cultured in endothelial growth medium-2 (EGM-2, Lonza).  

When HUVECs were co-cultured with other type of cells, the cells were cultured in 50% 

DMEM containing 10% FBS and 50% EGM-2.  Mouse ES cells (D3 cell line; ATCC) 

were cultured in complete medium containing DMEM containing 15% v/v FBS, 0.1 mM 

2-mercaptoethanol, 0.02% v/v sodium pyruvate, 1% v/v non-essential amino acids, 100 

U/mL penicillin, 100 U/mL streptomycin, and 1000 U/ml ESGRO which contains 

leukemia inhibitory factor (LIF) in a humidified incubator.  When mES cells were 

introduced differentiation, mES cells were co-cultured with HepG2 cells in complete 

medium without LIF.  MDA-MB-231 cells were stably transfected with EGFP (Luker, 

2009).  D3 mESC were transfected with an OCT4-EGFP plasmid (generous gift of Dr. 

Gratsch) using lipofectamine plus reagent (Invitrogen).  Clones were selected in 

hygromycin, expanded and cell lines with high levels of EGFP expression tested for their 
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ability to down-regulate EGFP on LIF withdrawal.  Two lines that expressed high levels 

of EGFP which was strongly down-regulated with differentiation were expanded to 

obtain stable lines.   All other cells were stained with CellTracker red CMTPX (1.5 µM) 

for 1h before seeding the cells. 

Fabrication of microfluidic devices and cell seeding   

The devices consist of two layers of microchannels separated by a semi-porous 

membrane (Fig. 6.1a).  The basic fabrication method of these types of devices was 

reported previously (Torisawa, 2007).  The top channel is designed with a dead-end to 

facilitate cell capture, whereas the bottom channel is continuous to allow media 

perfusion.  The semi-porous membrane is made of polycarbonate (TMP04700; Fisher), 

with 5 µm diameter pores and 10 µm thick.  The microchannel was fabricated from 

poly(dimethylsiloxane) (PDMS) formed from prepolymer (Sylgard 184, Dow Corning) at 

a ratio of 1:10 base to curing agent using a soft lithographic method.  The top channels 

were straight having either three or five inlet channels with a height of 200 µm.  The 

bottom channels were different shapes, such as “Michigan” or “human” shape, with a 

height of 100 µm.  The membrane was bound to the PDMS channels using a thin layer of 

liquid PDMS prepolymer as mortar.  To allow introduction of solutions into the channels, 

the outlet of the bottom layer was connected with tubing (id 1/32 inch).  1% w/v solution 

of Pluronic F108 (an ethylene oxide/propylene oxide block copolymer) was introduced 

into the channels after plasma oxidization and incubated overnight to render them 

resistant to cell adhesion. 
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 Cells were introduced into the top channel using gravity-driven flow while 

closing an inlet of the bottom layer.  Different types of cell suspensions (typically, 105 

cells/mL) were poured into each inlet of the top channel simultaneously using a multi-

pipette while keeping the outlet at a lower height (ca. 10 cm).  Top channel defines the 

relative position of each cell type by laminar flow streams while the bottom channel 

dictates the final pattern cells will take.  After the bottom channel region was covered 

with cells, the flow was stopped and the cell suspension in the inlets was replaced with 

culture medium.  The cells were cultured under static conditions with daily medium 

exchange through the bottom channel layer.   

Evaluation of mES cell differentiation  

mES cell spheroids were imaged by fluorescence microscopy after 7 days in culture.  

Image analysis was carried out using MetaMorph software (Universal Imaging) to 

evaluate relative EGFP intensity of mES cell spheroids.  20 spheroids in 5 devices were 

used to analyze EGFP expression.  The data were analyzed by T-test at a 99.9 percent 

confidence level. 

                       

6.3 Results and Discussion  

Formation of Janus spheroids   

We previously reported a microfluidic system in which cells form spheroids of 

uniform size due to the physical confinement of microchannel walls (Torisawa, 2007).  

However, the confinement by the microchannels does not allow for cell growth or 

controlled patterning of multiple cell types.  Here we present an approach that patterns 
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spheroids of multiple cell types with defined shape and position while facilitating 

spheroid growth. 

Cells are patterned by flow that hydrodynamically focuses them on geometric 

features in the bottom layer.  The device consists of two PDMS layers of microchannels 

separated by a semi-porous membrane (Fig. 6.1a).  The top layer has a large straight 

channel that has a dead-end to facilitate capture of cells and formation/growth of 

spheroids.  The bottom layer has geometric features which dictate the pattern cells will 

take since flow only occurs through the membrane into those features.  By combining 

laminar flows (Takayama, 1999,Wong, 2008), different cell types can be seeded 

simultaneously in well defined spatial arrangements.  Two types of cells are introduced 

into the left and right inlet of the top channel.  Culture media is introduced into the 

middle inlet as a third stream to minimize mixing of cell types as they flow through the 

channel.  Figure 1b shows two kinds of cells, breast cancer cells (MDA-MB-231) 

transfected with EGFP and monkey kidney cells (COS7) labeled with CellTracker red, 

juxtaposed in the top channel as fluid focuses them together into one channel in the 

bottom layer.  Since the membrane is treated with Pluronic to block cell adhesion, cells 

self-aggregate and form patterned spheroids in defined positions. 

The formation of each spheroid can be spatially controlled by the geometry of the 

bottom channel.  When cells are pattered as a confluent layer over a continuous straight 

bottom channel, the cells self-aggregate and break up into several spheroids as shown in 

Fig 6.1b.  When two types of cells are patterned over a bottom channel with distinct 

geometric features, the cells form individual Janus spheroids (Fig. 6.1c).  Furthermore, 
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the cellular ratio of a Janus spheroid can be controlled by the respective area of the 

geometric feature under each laminar flow stream (Fig. 6.1d).   

Geometric control of multiple co-cultures  

The size and shape of the cellular patterning can be controlled by altering the 

geometry of the channels in the bottom layer (Fig. 6.2a).  Cells introduced into the top 

channel are guided into position and shape of the features in the bottom layer.  Figure 

6.2b shows cells forming individual spheroids on distinct side chambers of the bottom 

channel and continuously growing in their defined locations for fourteen days.  The long-

term culture is enabled by the semi-porous membrane which allows culture media to 

exchange from the bottom channel with minimal perturbation of the spheroids 

positioning.  The ability of co-culture spheroids to conform to more complex patterns 

both initially mixed and patterned is shown in Figure 6.2c and 6.2d, respectively.  In 

addition, co-culture spheroids of multiple cell types can be achieved by adding additional 

laminar streams.  Figure 3a demonstrates the simultaneous patterning of five distinct cell 

groups by using a five inlet main-channel.  The ability to control the positioning of 

different cell types can be seen in Figure 3b where only one of the red groups of cells was 

patterned over the “head” region of the “human-shaped” bottom channel. 

Formation dynamics of heterogeneous spheroids   

The effect that spatial patterning has on co-culture spheroid formation was 

determined by comparing cell arrangement dynamics with the conventional initially 

mixed co-cultures (Fig. 6.4).  Breast cancer cells (MDA-MB-231) were co-cultured with 

either human umbilical vein endothelial cells (HUVECs), monkey kidney cells (COS7), 
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or hepatocarcinoma cells (HepG2).  HUVECs uniformly dispersed inside the MDA-MB-

231 spheroids for both initially mixed and pattered co-culture conditions (Fig. 6.4b,f), 

similar to previous reports (Timmins, 2004).  COS7 cells and MDA-MB-231 cells were 

not miscible; both types of cells self-aggregated in two distinct groups of spheroids either 

in an alternating fashion for the mixed condition (Fig 6.4c) or side-by-side for the 

patterned condition (Fig. 6.4g).  Interestingly however, HepG2 cells tended to be located 

on the outer surface of the spheroids in mixed co-culture (Fig. 4d), whereas they formed 

separate spheroids when patterned side-by-side to MDA-MB-231 cells (Fig. 6.4h).  This 

result suggests that final organization of co-culture-spheroids can also depend on initial 

cellular positioning in addition to intrinsic cell characteristics such as cellular surface 

tension (Krieg, 2008) and adhesion proteins (Foty, 2005). 

Evaluation of mES cell differentiation in 3D co-culture   

We applied this patterning method to evaluate ES cell differentiation.  mES cells stably 

transfected with OCT4-EGFP and HepG2 cells labeled with cell tracker red were co-

cultured as above, either initially mixed or patterned.  As in the case of our results with 

breast cancer cells, HepG2 cells tended to be found on the outside of the spheroids when 

initially mixed, in both non-adherent dishes and microchannel (Fig. 6.5a,b).  For 

patterned co-culture, the HepG2 cells still tended to progressively surround the mES cells 

but Janus spheroids could still be maintained at about 10% yield (typically 5 spheroids in 

each device) after 7 days in culture.  It can be seen that HepG2 cells inhibited 

proliferation and induced a loss in EGFP expression (indicative of OCT4 expression) in 

neighboring mES cells.  An intensity line scan for EGFP expression is shown for both 

mixed (Fig. 6.5e) and patterned (Fig. 6.5f) co-cultures after 7 days in culture.  The graphs 
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show that mixed co-cultures resulted in a uniformly lower EGFP-expression as compared 

to the asymmetric expression levels in the patterned co-cultures (Fig. 6.5g,h).  

Downregulation of the OCT4 promoter and lower EGFP expression indicates a decrease 

in the pluripotency of cells.  The relative EGFP intensity of mES cells without any cell 

contact in the patterned spheroids is significantly higher than other regions, suggesting 

that cell-cell contact and cytokines produced by the mES cells themselves maintain 

pluripotency after 7 days in culture.  This regional down-regulation observed in Janus 

spheroids suggests the possibility that spatial differentiation of 3D constructs can be 

controlled by intercellular positioning. 

                       

6.4 Conclusion 

We present a microfluidic method to form 3D co-culture spheroids of various geometries 

and compositions.  This patterning method is one of few to spatially arrange multi-cell 

type 3D constructs; and it is the only method currently that also allows observation of 

spheroid formation in a single step.  By simply changing the geometric pattern of the 

channel features, spatially-arbitrary cellular constructs can be formed to investigate the 

effect shape has on tissues formation.  The compartmentalization of the spheroids from 

the media exchanging channel enables convenient and rapid exchange of nutrients and/or 

morphogens facilitating more complex dynamics to be observed both in real-time and 

long term experiments.  In addition the capability to form many spheroids in parallel 

allows studies to be performed in high-throughput.  We demonstrate that this patterning 

method can be used to maintain cells in pre-determined arrangements that otherwise 

would be impossible due to their intrinsic cellular interaction dynamics, such as the 
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formation of segregated “Janus” spheroids.  Janus spheroids of HepG2 cells and mES 

cells can be formed by this patterning method, resulting in the regional differentiation of 

the mES cells.  This demonstrates that cellular differentiation can be controlled by cell-

cell positioning.  This cellular patterning method opens new possibilities for 

understanding and manipulating interactions between different cell types in 3D.  
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Figure 6.1.  Compartmentalized microfluidic system for cellular patterning.  (a) 
Schematic illustration of the microfluidic device.  Two PDMS channel layers are 
separated by a semi-porous polycarbonate membrane which is rendered resistant to cell 
adhesion.  The top channel is a straight channel (2 mm in width) with a dead-end.  The 
bottom channel consists of a straight channel with or without chambers.  Cells are 
introduced into the top channel using multiple laminar flows.  (b-d) Micrographs of 
bottom layer geometry and actual cellular patterning. (b) Cellular patterning on a single 
straight bottom channel (200 µm in width).  Two kinds of cells, MDA-MB-231 cells 
(green) and COS7 cells (red), are juxtaposed in the top layer as fluid focuses them 
together into one channel in the bottom layer.  Each type of cell self-aggregates to form 
multiple spheroids.  (c, d) Cellular patterning on a bottom channel with distinct geometric 
features to control either the shape (c) or size (d) of individual spheroids.  MDA-MB-231 
cells were stably transfected with EGFP and COS7 cells were labeled with CellTracker 
red.  Scale bars: 200 µm. 
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Figure 6.2.  Arbitrary geometry control of cellular patterning.  (a) An optical image of 
the bottom channels and a fluorescent image of cells patterned on the bottom channels.  
(b) Time-lapse images of cells patterned in a device.  The bottom channel consists of 
side-chambers (200 × 200 µm) and a microchannel (50 µm in width) and the top channel 
is a straight channel (500 µm in width).  (c, d) Time-lapse images of patterned cells; 
mixed co-culture (c) or joint co-culture (d) of MDA-MB-231 cells (green) and COS7 
cells (red).  The bottom channel is “Michigan” shape (mainly 200 µm in width) (top 
image in (c)) and the top channel is a straight channel (2 mm in width).  Cells self-
aggregated and formed spheroids while maintaining the shape of the letters.  Scale bars: 
200 µm (b) and 500 µm (c, d). 
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Figure 6.3.  Patterning co-culture of multiple cell types.  (a) Fluorescent images of cells 
patterned on a straight bottom channel (1 mm in width).  The top channel consists of five 
inlet channels that converge into a main channel with a width of 1 mm.  Two kinds of 
cells were patterned as five equal lines alternately and formed spheroids that contacted 
each other after 3 days in culture.  (b) An optical image of the bottom channel and 
fluorescent images of patterned cells.  Two kinds of cells were patterned as “human” 
shapes while keeping alternate five equal lines.  Scale bars: 500 µm.  
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Figure 6.4.  Formation of heterogeneous co-culture spheroids.  Fluorescent images of 
mixed co-culture (a-d) and patterned co-culture (e-h) of two kinds of cells after 7 days in 
culture.  MDA-MB-231 cells were co-cultured with either HUVECs (b, f), COS7 cells (c, 
g), or HepG2 cells (d, h).  MDA-MB-231 cells were stably transfected with EGFP and all 
the other cells were labeled with CellTracker red.  The bottom channel is a straight 
channel with a width of 200 µm.  Scale bars: 200 µm.     
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Figure 6.5.  Evaluation of mES cell differentiation using Janus spheroids.  (a-d) 
Fluorescent images of mixed co-culture (a, b) and patterned co-culture (c, d) of mES cells 
and HepG2 cells.  mES cells were stably transfected with OCT4-EGFP and HepG2 cells 
were labeled with CellTracker red.  (a, b) mES cells and HepG2 cells were mixed and 
then cultured in a non-adherent dish for 3 days (a) or in a microfluidic device for 7 days 
(b).  HepG2 cells tended to be located on the outside of the spheroids.  (c, d) mES cells 
and HepG2 cells were patterned juxtaposed and cultured for 7 days.  The bottom channel 
is a straight channel with a width of 200 µm.  (e) and (f) are relative EGFP intensity 
profiles of the white dotted line shown in (b) and (d), respectively.  (g, h) Relative EGFP 
intensity of mES cells at points A and B shown in (e) and (f), respectively (average of 20 
spheroids).  Scale bars: 200 µm.  * p<0.001    
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Chapter 7 

 

Microfluidic Platform for Chemotaxis in Gradients 

Formed by Source-Sink Cells 

 

This chapter describes the spatial patterning of cells in defined configurations to 

investigate the migration response of cancer cells to cell-generated gradients.  Gradients 

of signaling molecules are critical to chemotaxis, but there is a lack of methods to analyze 

gradient formation in physiologic microenvironments.  We recapitulated cancer-stroma 

microenvironments by patterning migrating cancer cells in microchannels at spatially 

defined positions relative to source and sink cells for chemoattractants.  This technology 

established that migration of CXCR4-expressing cells towards CXCL12-producing cells 

(source) depended critically on the presence and location of CXCR7-expressing cells 

(sink).   
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7.1 Introduction  

Chemotaxis, which is the directional migration of cells guided by gradients of signaling 

molecules, is essential for processes including embryogenesis, immune cell trafficking, 

atherosclerosis, and cancer metastasis (Friedl, 2008,Gurdon, 2001,Muller, 2001).  While 

gradients of chemokines or other signaling molecules are required for chemotaxis, the 

physiological mechanisms for generating these gradients and the steepness of gradient 

required for chemotaxis remain poorly defined.  To effectively target chemotaxis to 

prevent cancer progression as well as treat other diseases, there is a need for new, 

experimentally tractable technologies to investigate cell migration under more 

physiological, multi-cellular, chemoattractant gradient microenvironments. 

Microfluidic systems have been used previously to stably define complex 

gradients of chemoattractants and clarify relationships between gradient shapes and 

chemotaxis (Jeon, 2002,Mosadegh, 2008,Toetsch, 2009).  However, these systems do not 

recapitulate critical physiologic interactions that surrounding stromal cells have on 

generating and reshaping the gradient profile to which migrating cells respond (Hanahan, 

2000,Liotta, 2001).  These systems require relatively steep gradients of chemoattract 

molecules for efficient migration, at least in part, because of a lack of autocrine/paracrine 

factors that play an important role in cell migration (Mosadegh, 2008,Wang, 2004).  

These autocrine/paracrine factors are washed out in systems that require flow to establish 

and maintain gradients.  Other systems have used source cells to generate gradients, but 

those devices do not facilitate precise arrangements of multiple cell types required for the 

systematic analysis of more complex cell-gradient interactions.  To overcome limitations 

of existing systems, we developed a new microchannel device to recapitulate cellular 



97 
 

interactions in multiple cell type microenvironments such as those present in primary 

breast cancer.  This microfluidic platform provides two key advantages: (i) hydrodynamic 

positioning of multiple cell types at precise positions with microchannels (Torisawa, 

2009); and (ii) establishing microenvironments with small effective culture volumes 

(ECV) (Walker, 2004) that enable source and sink cells to rapidly condition culture 

media to establish and maintain concentration gradients.  We hypothesized that recreation 

of a more physiologic in vitro microenvironment, where combinations of cellular 

products may be secreted along with the chemoattractant, would induce efficient 

chemotaxis with much shallower, yet more physiologic, chemoattractant gradients. 

To establish the capabilities of this microfluidic device for studies of chemotaxis, we 

focused on functions of chemokine CXCL12 (Muller, 2001), a molecule proposed to 

promote metastasis in breast cancer and more than 20 other human malignancies.  Studies 

show that fibroblasts in primary human breast tumor secrete CXCL12 (Orimo, 2005), 

which bind to receptor CXCR4 on breast cancer cells to promote chemotaxis.  CXCR7 

(Burns, 2006), a recently identified second receptor for CXCL12, also is expressed by 

stromal cells in the tumor microenvironment and subsets of breast cancer cells (Miao, 

2007), but functions of CXCR7 in CXCL12-dependent chemotaxis remain poorly defined 

(Naumann, 2010,Zabel, 2009).  A recent study in zebrafish suggests that gradients of 

CXCL12 form by a source-sink model with CXCR7 on somatic cells sequestering this 

chemokine, which was required for CXCR4-dependent migration of germ cells (Yu, 

2009).  However, the complex environment in vivo precludes facile, systematic 

evaluation of the importance of relative cell positions, combinations of receptors, or 

effects of potential inhibitors of chemotaxis.  Using our microfluidic system, we show 
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that chemotaxis of CXCR4-expressing cells toward CXCL12-producing cells (source) is 

critically-dependent on the presence and location of CXCR7-expressing cells (sink).  

Furthermore, we demonstrate that inhibition of CXCR7 reduces migration of CXCR4 

cells despite an overall increase in the concentration of the chemoattractant CXCL12.         

                       

7.2 Materials and Methods   

Cell culture.  Breast cancer cells (MDA-MB-231 cell line; ATCC) and human 

embryonic kidney cells (HEK293 cell line; ATCC) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM; 11965; Invitrogen) containing 10% v/v fetal bovine serum 

(FBS; 10082; Gibco), 100 U/mL penicillin, and 100 U/mL streptomycin.  MDA-MB-231 

cells were stably transduced either with EGFP (GFP), CXCR4 (X4), CXCR7 (X7), 

CXCR4 and CXCR7 (X4/X7) (Luker, 2009).  HEK293T cells were stably transduced 

with CXCL12-cherry (L12) (Luker et al, manuscript submitted).  L12 cells, X7 cells, and 

X4 cells were stained with CellTracker red CMTPX (1.5 µM), CellTracker green 

CMFDA (10 µM), and Hoechst 33342 (1.6 µM) for 1h before seeding the cells, 

respectively.  To establish that X7 cells accumulate CXCL12-cherry, we collected 

CXCL12-cherry from supernatants of L12 cells (Luker, 2009).  Supernatants were diluted 

in phenol red free DMEM (Invitrogen) at a 1:5 ratio and incubated with X7 cells for 30 

minutes.  Fluorescence images were obtained with a 40X objective (Olympus) (Fig.7.6).  

We also quantified CXCR7-dependent uptake of CXCL12 using a bioluminescent 

chemokine comprised of CXCR7-dependent uptake of CXCL12 using a bioluminescent 

chemokine comprised of CXCR7 fused to Gaussia luciferase as described 

previously(Luker, 2009)  (Fig.7.6). 
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Fabrication of microfluidic devices and cell seeding.  The devices consist of two layers 

of microchannels separated by a semi-permeable membrane (Fig. 5.1A).  The fabrication 

method of the devices was reported previously (Torisawa, 2007).  The upper layer 

comprised of a straight channel having three inlet channels with a height of 200 µm is 

designed with a dead-end to facilitate cell capture.  The lower layer consists of three 

channels with a width of 200 µm and a height of 100 µm.  The semi-porous membrane is 

made of polycarbonate (TMP04700; Fisher), with 5 µm diameter pores and 10 µm thick.  

The microchannels were fabricated from poly(dimethylsiloxane) (PDMS) formed from 

prepolymer (Sylgard 184, Dow Corning) at a ratio of 1:10 base to curing agent using a 

soft lithographic method.  The membrane was bound to the PDMS channels using a thin 

layer of liquid PDMS prepolymer as mortar.  To allow introduction of solutions into the 

channels, the outlets of the bottom layer were connected with tubing.  Prior to the 

experiment, 30 µg/mL of Collagen type IV (Sigma) was introduced into the channels 

after plasma oxidization and incubated for 2 h to promote cellular adhesion. 

Cells were introduced into the upper channel using gravity-driven flow.  As 

shown in Fig 1B, different types of cell suspensions (typically, 104 cells) were 

sequentially introduced into each inlet of the upper channel while keeping the outlet at a 

lower height.  After the membrane on the bottom channel was covered with cells, the 

outlet was closed and incubated for 2h to let the cells attach on the membrane. 

Quantification of cell migration.  Fluorescent images were processed using a semi-

automated program created in ImageJ (NIH).  The program was designed to process each 

grayscale image automatically by subtracting the background to obtain an image of only 
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X4 cells.  Cellular migration was quantified by evaluating the location of center of mass 

of X4 cells.   

Statictics. Mean values for cell migration were compared by Mann-Whitney test with 

Dunn’s post-test analysis for multiple comparisons (GraphPad Prism).  Significant 

differences were p < 0.05. 

Cell-Induced CXCL12 Gradient Model.  The gradient model was constructed in 

Comsol Multiphysics 3.4 using the 3D diffusion mode.  The physical geometry was 

designed to match the top channel of the cell patterning device which was simplified to a 

2mm W x 20mm L x 0.2mm H block.  Within this block are 7 subdomain sections each 

set to have a diffusion coefficient of 1.5e-10 m2/s for the diffusing species, which is 

similar to that of CXCL12.  The geometry of each subdomain matches the spacing of the 

cell patterning regions of each experimental condition.  For the boundary conditions, all 

surfaces were set to insulation except for the two regions which contain the CXCL12-

producing cells and the CXCR7 cells.  The CXCL12-producing surface was set to have a 

constant flux of 9.45e-14 mole/s/m2 which is an average value based upon experimentally 

obtained results in culture dish.  The CXCR7 surface was set to a flux that is dependent 

on the concentration within that region to follow Michaelis-Menten Kinetics: 

V=Vmax*C/(Km+C).  Parameters for the Michaelis-Menten equation were estimated by 

setting Km value equal to the dissociation constant (Kd= 0.32nM) of CXCL12 with 

CXCR7 and Vmax (6.49e-19 mole/s) was calculated  by solving the above Michaelis-

Menten equation using V (6.38e-20 mole/s) and C (2.18e-18 mole/m3) values obtained from 

uptake experiments done in culture dish.  
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The concentration gradient profiles were taken across the width of the block at a 

height of 0.01mm above the bottom surface with a line resolution of 200.  The simulated 

data was taken at the 20 hour time-step to approximate the gradient profile (Fig. 5.4A).  

The specific gradient ahead of the CXCR4 cells was determined by dividing the 

concentration difference across 0.05mm by the average concentration over that distance 

(Fig. 5.4B).     

Specific Gradient: 

𝑆𝑆(𝑥𝑥) =
C(x + 1) − C(x)

C(x + 1) + C(x)
2 ∙ d

 

where c(x) is the concentration at position x and d is the distance of a cell.                    

  

7.3 Results and Discussion   

The microfluidic device consists of two PDMS layers of microchannels separated by a 

semi-permeable membrane (Fig. 5.1A).  The top layer has a dead-end channel to facilitate 

capturing of cells.  The bottom layer has three channels whose locations dictate 

patterning of captured cells in the top layer.  To pattern multiple cell types as shown in 

Fig. 5.1B, each cell type is introduced sequentially into each inlet of the top channel, and 

culture media is introduced into the other two inlets to focus cells on each bottom channel 

using multiple laminar flows.  Cells are patterned over a specific bottom channel by 

keeping its outlet open and other outlets closed.  CXCR4-expressing cells (X4) labeled 

with Hoechst (blue) were patterned between CXCL12-producing cells (L12) labeled with 

CellTracker red and CXCR7-expressing cells (X7) labeled with CellTracker green with 
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200 µm gaps between cells.  Time lapse images show progressive migration of X4 cells 

toward L12 cells (Fig. 5.1C).   

 The source-sink model suggests that X7 cells are needed to form chemotactic 

gradients of CXCL12 and that relative positions and spacing of L12, X4, and X7 cells are 

key determinants for CXCL12-dependent migration of X4 cells.  Flexibility of cell 

seeding within the device allowed us to systematically test effects of X7 cells by 

patterning X4 cells: (i) with L12 cells but without X7 cells (Fig. 5.2A); (ii) with L12 cells 

and X7 cells but with the positions of X4 and X7 cells switched (Fig. 5.2B); (iii) between 

L12 cells and X7 cells but with wider gaps (400 µm) between cell types (Fig. 5.2C); or 

(iv) with L12 cells and GFP cells that lack CXCR7 (Fig. 5.2D).  Figure 5.2E shows 

quantified data for migration of X4 cells based on movement of the collective center of 

X4 cells from the center of the middle bottom channel.  The X4 cells did not show 

directional migration without X7 cells (i), with X7 cells positioned between L12 and X4 

cells (ii), or with GFP cells lacking CXCR7 (iv).  Chemotaxis of X4 cells was decreased 

by 70% with wider gaps between cell populations (iii).  As seen in Fig 5.2, X4 cellular 

migration depends critically on the presence and location of X7 cells.    

We further evaluated effects of cellular positioning on chemotaxis by either 

mixing X4 and X7 cells or patterning them juxtaposed (Fig. 5.3A,B).  X4 cells showed 

directional migration towards L12 cells only when they were patterned side-by-side with 

X7 cells.  We also evaluated migration of cells expressing both CXCR4 and CXCR7 

(X4/X7) (Fig. 5.3C).  X4/X7 cells did not show any directional migration, suggesting that 

each receptor has to be expressed on different cells for efficient chemotaxis at least in 

some types of cells.  Furthermore, X4 cells did not show any directional migration when 
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they were cultured without L12 cells or with GFP cells lacking CXCR7 (Fig. 5.3D,E).  

These results indicate that the location of the sink cells is crucial for chemotaxis.   

To understand positional effects of source and sink cells on gradients of CXCL12 

in the device, we developed a finite element model to simulate the produced gradient 

(Fig. 5.4A).  It has been shown that cells migrate based on the magnitude of the 

concentration gradient across the cell.  The specific gradient is the change in 

concentration over a cell distance divided by the average concentration over that distance.  

The specific gradient (Fig. 5.4B) show that a significant gradient is established only when 

X4 cells are patterned between the L12 and X7 cells.  In addition, the gradient is slightly 

changed (~1.21×) by changing spacing between source and sink cells from 200µm to 

400µm, which significantly altered chemotactic response.  This level of relatively small 

change in concentration gradient has been shown to induce significantly different 

chemotactic responses in the same cell type previously (Wang, 2004).  The model does 

suggests that X4 cells can migrate towards L12 cells at significantly smaller specific 

gradients (~18×) of L12 compared to previous reports (Wang, 2004).  This is likely due 

to presence of synergistic cell-produced factors preserved in the fluidically static 

microfabricated chemotaxis chamber that recreates a chemically complex but more 

physiological cancer microenvironment (Mosadegh, 2008,Wang, 2004).  Physiological 

steepness of chemotactic gradients is much shallower than that required for efficient 

migration in most in vitro systems (Chen, 2008,Mortimer, 2009,Rappel, 2008).  An 

additional interesting observation from our study is that co-expression of CXCR7 may 

interfere with CXCR4-dependent chemotaxis under some conditions since X4/X7 cells 
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did not show any directional migration even though the slope of the gradient is predicted 

to be the steepest.   

To determine to what extent CXCL12-dependent chemotaxis could be interrupted 

by targeting either migrating or sink cells, we tested specific inhibitors of CXCR4 or 

CXCR7.  As expected, X4 cell migration was reduced significantly by a CXCR4 

inhibitor (1 µM AMD3100) (Fig. 5.5A).  Importantly, directed cell migration of the X4 

cells was also inhibited by a CXCR7 inhibitor (100 nM CCX733), a receptor present only 

on the sink cells (Fig. 5.5B) (p < 0.001).  These results indicate that the CXCR4 mediated 

directed migration of X4 cells towards L12 cells requires CXCL12 scavenging by 

CXCR7-expressing cells under physiological ECVs.  The results also demonstrate that 

the microfluidic system can be used to test and identify compounds that block cell 

migration either through direct effects on migrating cells or indirectly by targeting sink 

cells.   

 Although a large number of chemotaxis devices have been reported (Keenan, 

2008,Toetsch, 2009), there are currently no methods to investigate interdependent effects 

of source and sink cells to establish effective chemotactic microenvironments.  Recently, 

in vivo studies have proposed the essential role of sink cells for cell migration 

(Boldajipour, 2008,Yu, 2009), yet there have been no appropriate in vitro models to 

rigorously test the source-sink model of chemotaxis.  Studies of the source-sink model 

and other proposed mechanisms for gradient formation require microchannel devices 

rather than standard cell culture because chemokines from source cells can diffuse 

quickly, whereas cellular uptake and removal of chemokines are only felt locally 

(Walker, 2004).  The role of sink cells to enhance chemotaxis is underappreciated and 



105 
 

previously undocumented for cancer cell migration.  Our microfluidic device shows that: 

(i) CXCR7 cells are necessary for migration of CXCR4-expressing cells toward CXCL12 

and (ii) spatial positions of cells are also critical factors.  Moreover, we determined that 

CXCL12-CXCR4 chemotaxis can be inhibited by targeting receptors not only on the 

migrating cells (CXCR4) but also on the sink cells (CXCR7), suggesting that receptors 

on sink cells may be novel therapeutic targets to prevent or treat cancer.  Reduction in 

directed migration through inhibition of sink cells is somewhat counter intuitive since the 

chemoattractant concentration increases, but this is consistent with previous publications 

showing that chemotaxis is directed by the fractional concentration difference across the 

cell (Keenan, 2008,Toetsch, 2009) and not simply towards a higher concentration of a 

chemoattractant.  Compared to other in vitro chemotaxis devices, cancer cells in our 

system exhibit efficient chemotaxis under much shallower yet more physiological 

chemoattractant gradients, most likely due to presence of cell secreted sensitization 

factors other than CXCL12 (Mosadegh, 2008,Wang, 2004) that are retained within the 

microdevice.  In addition to cancer biology, the effects of sink cells on cell migration 

may be essential for a wide range of normal processes in development and immune cell 

trafficking.  The methods and tools described should enable a broad range of biological 

studies.   

                         

7.5 Conclusions 

Gradients of signaling molecules are critical to chemotaxis, but there is a lack of 

methods to analyze gradient formation and cell migration in physiologic 

microenvironments.  Although existing in vitro chemotaxis studies are useful, 
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quantitative conclusions on steepness of chemotactic gradients required for migration 

often are physiologically unrealistic.  In standard cell culture models of chemotaxis, high 

concentrations of a signaling molecule are added to cells acutely without maintaining 

normal concentration of other products secreted by cells.  By creating a model to 

investigate chemotaxis under more physiologic conditions, we hypothesized that cell 

migration would occur in response to the shallow gradients of chemokines present in 

vivo.  We specifically recapitulated a cancer-stroma microenvironment by patterning 

migrating cancer cells in microchannels at spatially defined positions relative to source 

and sink cells for chemoattractants.  This technology established migration of CXCR4-

expressing cells towards CXCL12-producing cells (source) at significantly smaller 

estimated specific gradients of CXCL12 than necessary to observe chemotaxis in 

standard in vitro systems.  Furthermore, we show that chemotaxis depended critically on 

the presence and location of CXCR7-expressing cells (sink) relative to chemokine 

secreting (source) and migrating cells, respectively.  Inhibiting CXCR4 on migrating 

cells or CXCR7 on sink cells blocked CXCR4-dependent chemotaxis toward CXCL12, 

showing that the device can identify new therapeutic agents that block migration by 

targeting chemoattractant scavenging receptors.  The tools and methods described are 

simple and robust and should be broadly useful for engineering multiple 

microenvironments for studying intercellular regulation of chemotaxis. 
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Figure 7.1.  Compartmentalized microfluidic system for cellular patterning.  (A) 
Schematic illustration of the device.  Two PDMS channels are separated by a semi-
permeable membrane.  The top channel is a straight channel with a dead end to facilitate 
capturing of cells.  (B) Cellular seeding process; three types of cells are sequentially 
introduced into each inlet of the top channel.  Cells are patterned on the bottom channel 
while keeping the outlet for that respective position open and other bottom outlets closed.  
(C) Time lapse images of X4 cell migration.  X4 cells (blue) were patterned between L12 
cells (red) and X7 cells (green) with 200 µm gaps and co-cultured in a device.  
Fluorescent images were taken 1h, 10h, and 20h after seeding the cells. Scale bar: 200 
µm.  



108 
 

 

Figure 7.2.  Regulation of CXCR4-dependent chemotaxis by CXCR7.  X4 cells were co-
cultured with L12 cells without X7 cells (A), with L12 cells and X7 cells whose position 
was switched to X4 cells (B), between  L12 cells and X7 cells with wider gaps (400 µm) 
(C), or between L12 cells and GFP cells (D).  Fluorescent images were taken 20h after 
seeding cells.  (E) Quantification of X4 cell migration (n = 9-16 independent experiments 
for each condition).  (1C) shows the result of Fig. 1C at 20h.  X-axis shows distance from 
the center of the middle bottom channel.  Scale bars: 200 µm.  * p < 0.001, ** p < 
0.0001.   
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Figure 7.3.  Position dependence of cellular migration.  (A, B) L12 cells (red) were co-
cultured with X4 cells (blue) and X7 cells (green) by either mixing together (A) or 
patterning side-by-side (B).  (C) MDA-MB-231 cells stably expressing both CXCR4 and 
CXCR7 (green) were co-cultured with L12 cells (red).  (D, E) X4 cells (blue) were 
patterned side-by-side to X7 cells (green) without L12 cells (red) (D) or to GFP cells 
(green) (E).  Fluorescent images were taken 1h and 20h after seeding the cells.  Scale 
bars: 200 µm.  
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Figure 7.4.  Cell-induced CXCL12 gradient model.  (A) Simulated gradient profiles of 
CXCL12 in a channel after 20h in culture.  X axis shows distance from the center of the 
middle bottom channel.  (B) The specific gradient over X4 cells. 
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Figure 7.5.  Evaluation of inhibitors on CXCL-12-dependent chemotaxis.  CXCR4 
inhibitor (1 µM AMD3100) (A) or CXCR7 inhibitor (100 nM CCX733) (B) was added in 
the device right after seeding the cells.  Fluorescent images were taken 20h after seeding 
cells.  (C) Quantification of X4 cell migration (n = 9-16 independent experiments for 
each condition).  (1C) shows the result of Fig. 1C at 20h.  X-axis shows distance from the 
center of the middle bottom channel.  Scale bars: 200 µm.  * p < 0.001, ** p < 0.0001. 
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Figure 7.6.  X7 cells accumulate CXCL12-cherry.  (A) Uptake of CXCL12-cherry (red) 
in X7 cells (green) was observed by fluorescence microscopy (40X objective).  (B) 
CXCR7-dependent uptake rate of CXCL12 was quantified by a bioluminescent 
measurement. 
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Chapter 8 

 

Nanoliter Liquid Patterning in Aqueous 

Environments for Spatially-Defined Reagent Delivery to 

Mammalian Cells 

 
 
This chapter described the use of aqueous two phase systems (ATPS) as a means 

to localize biomolecules for selective delivery of mammalian cells.  Typical microarray 

techniques prepattern substrated with biomolecules which can subsequently be overlayed 

with cells.  Although these techniques are useful for multiplexed studies, one main 

limitation is that reagents cannot be delivered in a temporally dynamic manner.  In 

addition, printing of biomolecules on delicate substrates such as gels or cell monolayers 

is typically difficult to do.  The proposed method enables local delivery of biomolecules, 

such as transfection regents, in both a microarray format and in freestyle writing.  We 

believe this technique will allow for more dynamic microarray studies to be performed on 

substrates that better represent in vivo microenvironments.  
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8.1 Introduction  

Microscale biopatterning allows regulation of cell-material interactions (Chen, 1997, 

Khetani, 2008) and cell shape (Singhvi, 1994), and enables multiplexed high throughput 

studies(Anderson, 2004,Anderson, 2005,Bailey, 2004,Flaim, 2005,Ziauddin, 2001) in a 

cell and reagent efficient manner. The majority of available techniques rely on physical 

contact of a stamp (Singhvi, 1994), pin (Ziauddin, 2001), or mask (Delamarche, 

1997,Folch, 2000) with mainly a dry surface. Inkjet and piezoelectric printing(Roth, 

2004) is performed in a non-contact manner but still requires a substantially dry substrate 

to ensure fidelity of printed patterns. These existing methods, therefore, are limited for 

patterning onto delicate surfaces of living cells because physical contact or substantially 

dry conditions are damaging to them. Microfluidic patterning with laminar streams 

(Juncker, 2005,Takayama, 2001) does allow non-contact patterning in fully aqueous 

environments but with limited throughput and reagent diffusion across interfacial flows. 

Here, we describe a polymeric aqueous two-phase system (ATPS) that enables patterning 

nanoliters of a reagent-containing aqueous phase, in arbitrary shapes, within a second 

aqueous phase covering a cell monolayer. With the appropriate media formulation, 

reagents of interest remain confined to the patterned phase without significant diffusion.  

The fully aqueous environment ensures high reagent activity and cell viability.  Utility of 

this strategy is demonstrated with patterned delivery of genetic materials to mammalian 

cells for phenotypic screening of gene expression and gene silencing. 

 

 

               



117 
 

8.2 Materials and Methods 

Cell culture 

HEK293H cell line was obtained from Invitrogen (11913-019). Cells were maintained in 

DMEM (Gibco) supplemented with 10% FBS (Gibco) at 37°C in a humid incubator with 

5% CO2 and passaged every 3-4 days. For transfection experiments, we used cells with 

passage number between 5 and 30. MDA-MB-231 breast cancer cell line was obtained 

from ATCC (HTB-26) and maintained in DMEM supplemented with 10% heat-

inactivated FBS (Hyclone), 1% glutamax (Gibco), and 0.5% penicillin/streptomycin 

(Gibco). MDA-MB-231 cells stably expressing CXCR4-eGFP were previously 

described(Song, 2009). 

Plasmids and lentiviral vectors 

eGFP (PT3148-5) and dsRed (6924-1) plasmid DNAs were obtained from Clonetech. 

mPlum plasmid DNA was provided by R.Y. Tsien and described before (Wang, 2004). 

Full-length MT1-MMP cDNA was prepared as described before (Hotary, 2000). Full-

length MMP2 cDNA was obtained from Origene (SC117323). The lentiviral vector for 

eGFP (pSico) has been described before(Ventura, 2004). The eGFP shRNA Control 

Vector (SHC005) was obtained from Sigma. Lentiviruses were generated and titered 

according to the protocol described previously (Smith, 2004). 

Microarray formation 

Solutions of 4% (w/w) PEG (Mw:8000, Sigma) and 8% (w/w) DEX (Mw:500000, 

Pharmacosmos) were prepared in Optimem (Gibco) and mixed. After adding 5 mM 

KH2PO4 salt to adjust the media composition, the mixture was shaken thoroughly and 
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kept at 4°C overnight to equilibrate and form an ATPS. The two phases were carefully 

separated and centrifuged at 3500 rpm for 45 min to remove counter polymers 

excessively dissolved in each phase. The stock solutions of PEG and DEX phases were 

stored at 4°C. 

Dilutions of 2.5 µg plasmid DNA in 12.5 µl Optimem and 2.5 µl Lipofectamine 2000 

(Invitrogen) in 12.5 µl Optimem were prepared and incubated for 5 min at room 

temperature. The solutions were mixed and incubated for 5-20 min at room temperature. 

The resulting solution was mixed with 90 µl of the DEX phase stock solution, incubated 

for 5 min at room temperature, and transferred to a 1536-well plate (Corning). 

Prior to experiments, slot pins (V&P Scientific, FP3S500H) were mounted on a pin tool 

fixture (V&P Scientific, AFIX1536FP3), which itself was assembled with a 

micromanipulator. Pins were dipped into a cleaning solution (V&P Scientific, VP110), 

DI water, and isopropyl alcohol, as indicated by the manufacturer. Clean pins were 

dipped three times into the wells and filled with the solution containing transfection 

complexes. Final retraction of pins from the solution was done slowly to minimize 

residue on the outer surface of the pins. Next, pins were lowered into the close vicinity of 

the cell monolayer covered with the PEG-Optimem solution and were allowed to 

dispense the transfection complexes-containing DEX-Optimem solution. After formation 

of droplets on cells, pins were slowly retracted and moved out of the culture dish. 

For viral transduction experiments, solutions of 4% (w/w) PEG and 15% (w/w) DEX 

were prepared separately in MDA-MB-231 culture medium. 40 µl lentiviral solution 

was suspended in 20 µl of the DEX solution to a final titer of 1.3×107 (IFU)/ml. To 



119 
 

enhance viral infection of cells, a cationic agent, polybrene (Sigma), was added to the 

resulting solution at a final concentration of 10 µg/ml. Droplets of this solution were 

arrayed on cells as described above. 

Preparation and labeling of collagen substrates 

Type I collagen was prepared from rat tail tendons and dissolved in 0.2% acetic acid to a 

final concentration of 2.7 mg/ml. To induce gelling, collagen was mixed with 10x MEM 

(Gibco) and 0.34 N NaOH in an 8:1:1 ratio at 4°C and 2 ml of this mixture was added to 

each chamber of a 2-well chambered slide (VWR). To obtain a thin film, collagen was 

immediately removed and the slide was kept at 37°C for 45 min to allow gelling to 

complete. The collagen film was then labeled with Alexa fluor 594 carboxylic acid, 

succinimidyl ester (Molecular probes) for 1h at room temperature. After removing the 

dye, the film was incubated three times with PBS PH7.4 (Gibco) at room temperature for 

a total of 30 min. Then, 2 ml PBS was added to each chamber and the slide was wrapped 

in aluminum foil and stored at 4°C. 

Immunostaining 

Anti-HA.11 mAb was used to detect epitope-tagged MT1-MMP protein expression in 

transfected HEK293H cells. After fixing in -20°C methanol for 6 min, cells were washed 

three times with PBS and twice with PBS containing 5% BSA. The mouse anti-HA.11 

mAb (Covance, MMS-101P) in PBS/5% BSA at a concentration of 1 μg/ml was added to 

fixed cells for 1h. After washing, the primary antibody was visualized with fluorescently 

labeled goat anti-mouse IgG (Molecular Probes, A-11001) at a concentration of 1 μg/ml. 
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Imaging and fluorescence microscopy 

We imaged transfected microarrays section by section using an inverted fluorescence 

microscope (Nikon, TE300). After removing the background intensity of images and 

uniformly enhancing brightness and contrast in Matlab R2007a (MathWorks), images 

were pseudocolored, merged, and superimposed in Photoshop 10.0 CS3 (Adobe). We 

used SimplePCI (Compix) for fluorescence intensity measurements. 

 

                        

8.3 Results and Discussion  

We selected polyethylene glycol (PEG) and dextran (DEX) as the phase-forming 

polymers because, first, these polymers form stable ATPSs in a wide range of 

temperatures (Albertsson, 1986). This enhances convenience and stability of experiments 

because the phases maintain segregation under refrigeration at low temperatures as well 

as during incubation at higher temperatures. Second, high molecular weights of PEG and 

DEX form ATPSs at low polymer concentrations and ensure that the bulks of both phases 

remain highly aqueous and non-toxic to cells. Third, due to density differences, DEX 

always forms the bottom phase and PEG the top phase of the two-phase 

system(Albertsson, 1986). 

 

To generate user-defined shapes of the reagent phase, we load a pipette tip with the DEX 

phase and lower it into the PEG phase in close proximity (typically <500 µm) to the cell 

monolayer. Moving the pipette tip horizontally results in the formation of a continuous 
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pattern of the dispensing DEX phase on cells (Fig. 8.1a). This is demonstrated by 

patterning “UMICH” on a monolayer of HEK293H cells (Fig. 8.1b). The resolution of 

patterns can significantly be improved by using dispensing mechanisms with finer tips. 

Other shapes, such as triangles and squares, can also be created; the patterns are quite 

stable over long incubation time periods and are not disturbed by carefully moving the 

cell culture system. The key to the stability of patterns is an extremely low interfacial 

energy between the two immiscible phases (γ12~0.003 mJ/m2) (Albertsson, 1986) and 

roughness of the cell monolayer surface and associated cell surface-DEX phase 

interactions. Thermodynamically speaking, cell monolayer surface gives rise to free 

energy barriers that prevent the PEG-DEX interfacial tension, γ12, from retracting the 

three-phase contact line (PEG-DEX-cell surface) of the patterns to a lower energetic state 

(Eick, 1975), and thus, patterns retain their shapes. 

 

Following, we show utility of this patterning technology for microarray format 

multiplexed cell-based studies of gene expression and gene silencing. First, we studied 

partitioning of cell transfection materials in the PEG-DEX ATPS. Complexes of a lipid 

transfection reagent, Lipofectamine 2000, and 50 nM Alexa fluor-labeled RNA were 

prepared and suspended in the DEX phase. A droplet of this solution was dispensed into a 

bath of the PEG phase and imaged every 15 min. The results show that over a period of 

4hrs, the fluorescent signal from transfection materials remains quite confined to the 

DEX droplet (Fig. 8.1c). To form a microarray, an ATPS is prepared using cell culture 

media as the solvent. The DEX phase containing the reagent is transferred into the wells 

of a 1536-well plate. An array of slot pins resting on a commercially-available fixture is 
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dipped into the wells to load. The pins are then lowered close to the cell monolayer in 

culture in the PEG phase. The DEX phase dispenses and forms droplets over distinct 

populations of cells (Fig. 8.2a). This is demonstrated by a microarray of 96 droplets of 

FITC-labeled DEX solution formed within a lawn of PEG solution covering HEK293H 

cells (Fig. 8.2b). 

 

We examined the efficacy of this strategy for patterned transfection of mammalian cells. 

Liposomal complexes of an expression construct for eGFP were suspended in the DEX 

phase and arrayed on discrete groups of HEK293H cells. Imaging cells with a 

fluorescence microscope 48hrs post-transfection yielded an array of 24 spatially distinct 

cell clusters expressing eGFP in a lawn of non-transfected cells (Fig. 8.2c,d). We tested 

different ratios of the plasmid DNA to the transfection reagent and found that a 1/1 ratio 

yields optimum eGFP expression (Fig. 8.2e). The level of protein expression at various 

concentrations of plasmid DNA was also examined. Similar to conventional well-based 

transfections, fluorescent signal intensity proportionally increased with the concentration 

of the plasmid up to a certain point and saturated thereafter (Fig. 8.2f). The post-

transfection cellular viability was also similar to conventional methods (Supplementary 

Fig. 8.6). Next, we showed the possibility of patterning more than one reagent on a single 

monolayer of cells. Transfection of HEK293H cells with plasmid DNAs for eGFP and 

dsRed resulted in spatially-distinct groups of cells fluorescing green and red, respectively 

(Fig. 8.2g). Due to the fundamental importance of simultaneous expression of multiple 

genes in a cell to many biological events (Stuart, 2003), we induced cells in the same 

assay to coexpress eGFP and dsRed proteins as well (yellow spots in Fig. 8.2g). 
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Each cluster of transfected cells in the above microarrays was exposed to a 500 nl droplet 

containing only ~10 ng plasmid, which is significantly less than that typically used in 

microwell-based transfections and is similar to reverse transfection protocols (Ziauddin, 

2001). Choosing dispensing pins with smaller volumes will reduce the size of fluorescent 

spots and the amount of plasmid. For example, 20 nl pins give spots of ~340 µm. Since 

the diameter of the DEX droplet approximately varies linearly with the square root of the 

drop volume, the area of transfected cell clusters can be pre-determined from the pin 

volume for the range of volumes studied (Fig. 8.2h). In principle, the resolution of 

circular patterns can be enhanced by using smaller volumes of the DEX phase or an 

ATPS containing higher concentrations of phase-forming polymers. 

 

Lipid-mediated transfection is a straightforward method to induce transient effects of 

gene overexpression/knockdown in cells. However, many cell lines and primary cells do 

not transfect efficiently with lipofection and require infection with viral vectors 

containing cDNA- or short hairpin RNA (shRNA)-expressing cassettes. We showed that 

the two-phase patterning approach facilitates lentiviral-mediated transduction of MDA-

MB-231 human breast cancer cells. Virus particles encoding eGFP remained confined to 

patterned DEX droplets and resulted in the localized infection of subpopulations of cells 

(Fig. 8.3a,b). The titer of the lentiviral solution in the DEX phase was 1.3×107 infectious 

units (IFU)/ml that corresponded to 10 viral particles per cell. We prepared serial 

dilutions of the eGFP-encoding lentivirus and arrayed them on the MDA-MB-231 cells at 
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4, 2, and 1 viral particles per each cell. Subsequent analysis of fluorescent intensity of 

infected cells showed that similar to conventional well-based lentiviral infections, the 

level of eGFP expression increases proportionally with the amount of lentivirus in the 

patterned DEX phase (Fig. 8.3c). Importantly, the lentiviral solution titer for efficient 

two-phase patterned infection of cells is 2-3 orders of magnitude less than that required 

with the reverse transfection approach where the viruses are printed onto a solid substrate 

and subsequently overlaid with cells(Bailey, 2006). This is a major advantage that 

significantly reduces toxicity to cells and eliminates the need for hard-to-obtain highly 

concentrated viral solutions. 

 

Next we demonstrated the utility of the two-phase patterning for lentiviral-mediated RNA 

interference (RNAi)(Hannon, 2002). MDA-MB-231 cells permanently expressing 

CXCR4-eGFP (target gene) and mPlum (red reporter gene) constructs were seeded at a 

density of 37500 cells/cm2. Lentiviruses encoding a shRNA that specifically targets eGFP 

mRNA were resuspended in the DEX phase and patterned on the cells. Analysis of cells 

72hrs post-infection showed a significant reduction in eGFP expression levels only 

within targeted cell clusters (Fig. 8.3d). The fact that cells within the spots actively 

express the reporter red protein ensures the specificity of the shRNA for the target gene 

(Fig. 8.3e). 

Cells inside the body reside in a tissue specific environment where cell-extracellular 

matrix (ECM) interactions are a major regulator of cellular behavior(Nelson, 2006). 

Therefore, screening functions of genes in cells cultured on ECM substrates such as soft 
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proteineous gels, rather than solid substrates, may elicit more physiological cellular 

responses(Chen, 2008,Streuli, 1993). Direct patterning of reagents on soft aqueous gels is 

another area where conventional contact-mediated patterning methods would face 

challenges but the non-contact, aqueous nature of the ATPS patterning technique should 

be ideal. To establish this point, we showed patterned degradation of collagen I fibrils by 

matrix metalloproteinase (MMP)-expressing cells. Degradation of collagen is implicated 

in the physiological remodeling of connective tissue during growth and development(Liu, 

1995) as well as in cancer invasion and metastasis(Chun, 2006,Sabeh, 2004) where 

malignant cells cleave their subjacent matrix proteins and initiate invasiveness. We 

cultured HEK293H cells on Alexa fluor-labeled collagen I substrates and patterned 

transfection complexes of full-length membrane-type1 matrix metalloproteinase (MT1-

MMP) and MMP2 cDNAs and eGFP plasmid DNA as a control. Imaging 72hrs post-

transfection showed degradation of type I collagen only by MT1-MMP-expressing cells 

(Fig. 8.4a,b). The loss of collagen appears as black pits under the fluorescent light (Fig. 

8.4b) and immunostaining of cells with anti-HA.11 antibody shows that degradation of 

the matrix correlates well with the expression of this epitope-tagged MT1-MMP protein 

(Fig. 8.4c). This observation is consistent with recent findings that show the pro-form of 

MT1-MMP undergoes intracellular processing to its active form prior to its display on the 

cell surface and highlight MT1-MMP as the major regulator of the collagenolytic activity 

of normal and neoplastic cells(Hotary, 2000,Li, 2008,Sabeh, 2004). On the other hand, 

the MMP-2 zymogen is unable to degrade type I collagen directly under these conditions. 

Two-phase reagent micropatterning on soft substrates enabled detection of the 

mechanistic role of MT1-MMP in ECM invasion.  This type of strategy may generally be 
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useful to study how expression or knockdown of different genes affects proteolytic 

activities of cells during events such as tissue remodeling and cancer metastasis.  

                       

8.4 Conclusion 

In summary, we described a new approach for spatially-defined delivery and retention of 

nanoliters of biological reagents over living cells. We demonstrated broad utility of this 

strategy with patterned gene expression/knockdown in mammalian cells cultured on soft 

and solid substrates using both lipid- and lentiviral-mediated gene delivery techniques. 

The method enables delivery of reagents to cells in arbitrary geometrical shapes as well 

as in standard high-throughput 1536 array formats using only nanoliters of reagents. 

Although reagents of interest are confined over cells within only nanoliter volumes of the 

reagent phase (a volume which would typically compromise cell viability over substantial 

period of culture) the reagent-excluding phase is also aqueous and abundant in nutrients 

supporting high cellular viability. With slight media adjustments, patterning other 

reagents including proteins, antibodies, and small molecule drugs on cells is also 

envisioned. This reagent patterning strategy is straightforward to implement, 

economically sound requiring only off-the-shelf equipment, and conveniently accessible 

to researchers without a need for fabrication expertise or complicated equipment. 
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Figure 8.1. Polymeric aqueous two-phase systems generate user-defined patterns of a 
reagent on a cell monolayer. (a) Schematic representation of patterning aqueous DEX 
phase (blue) on a cell monolayer covered with the PEG phase (pink). (b) Bright-field and 
fluorescent images of patterned DEX phase on HEK293H cells spelling “UMICH”. The 
shapes were generated by continuous horizontal movement of a pipette tip filled with 
FITC-labeled DEX solution over cells covered with the PEG phase. (c) Complexes of 
genetic materials and the transfection reagent, Lipofectamine 2000, partition well to the 
DEX phase and remain within the dispensed drop over a 4hrs imaging period. Scale bar, 
1 mm in a,b, 500 µm in c. 
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Figure 8.2. Addressable delivery of nucleic acids to cells using two-phase patterned 
microarrays. (a) Cells cultured to desired confluence are covered with the PEG phase 
(pink). Slot pins filled with transfection complexes suspended in the DEX phase (blue) 
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are slowly lowered into this solution using a micromanipulator that controls the vertical 
motion. Pins dispense their contents onto the cell monolayer and small droplets of 
transfection complexes form on discrete groups of cells. (b) Fluorescent micrograph of a 
12×8 microarray of FITC-DEX solution droplets patterned on a cell monolayer covered 
with PEG solution. All droplets were formed in one printing step using 500 nl dispensing 
slot pins that rest on a 1536-well plate format fixture.  (c)  Only cells confined to the 
DEX droplets become transfected and exhibit the corresponding phenotype.  (d) 
Fluorescent micrograph of a 6×4 microarray of HEK293H cell clusters expressing eGFP.  
(e)  The highest eGFP transfection efficiency as measured by fluorescence intensity in the 
cell clusters is obtained using a complex preparation with a 1/1 (µg/µl) ratio of plasmid 
DNA/transfection reagent. Each bar represents the mean value of five sets of data and the 
error bars represent ±SD.  (f) The level of protein expression in the microarray of 
transfected cells initially increases with the amount of plasmid DNA and then levels off. 
Each bar is the mean value of five different data sets and the error bars represent ±SD.  
(g)  Fluorescent micrograph of arrays of cells transfected with plasmid DNAs for eGFP, 
dsRed, or both. Green and red cell clusters correspond to the eGFP and dsRed transfected 
cells, respectively. Co-transfected cells are shown in yellow and are obtained by 
superimposition of green and red fluorescent signals.  (h)  Assuming that each droplet is a 
spherical cap, the drop volume follows a quadratic relation with the contact diameter of 
the drop ( 2DV ∝ ). Therefore, the contact diameter of DEX drops and hence the size of 
transfected cell clusters approximately change linearly with the square root of the drop 
volume according to the following relation that represents a trend line obtained from 
experimental diameter and volume data: 2.2112.43 5.0 += VD . The goodness of fit, R2, is 
0.992. This is useful to pre-determine the number of treated cells from the dispensing pin 
volume within the drop volume range 20-1000 nl. Scale bar, 700 µm in b,d,g,h. 
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Figure 8.3. Patterned microarrays of lentiviral-mediated gene expression and gene 
knockdown. (a) Fluorescent image of a 3×4 array of MDA-MB-231 human breast cancer 
cells transduced with a lentiviral vector containing eGFP gene. The infected cells are 
well-contained to patterns of DEX droplets during transduction process. (b) A magnified 
view of the boxed spot in (a). (c) Dose-dependent infection of cells with lentiviral 
vectors. Increasing the number of lentiviruses from 1 to 10 per each cell results in 
increase in the intensity of the eGFP signal. (d) A 3×4 microarray of localized eGFP gene 
knockdown obtained with patterned infection of cells with lentiviruses encoding eGFP 
shRNA. (e)  Cells in the spots express similar levels of the mPlum (red) gene compared 
to cells outside the spots. This confirms that silencing of the eGFP gene is due to the 
specificity of the eGFP shRNA and not due to interference of shRNA with gene 
expression. Scale bar, 500 µm in a,c,d,e. 
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Figure 8.4. Patterned microarrays facilitate phenotypic screening of function of different 
genes in cell cultures on soft substrates. (a) Schematic representation of localized 
degradation of collagen I only by MT1-MMP-expressing cells. Cells expressing MMP2 
or control eGFP are incapable of collagenolysis. (b) Fluorescent micrographs of 
HEK293H cells cultured on Alexa fluor 594-labeled collagen I and transfected with 
expression constructs for MT1-MMP (bottom row), MMP2 (middle row), and eGFP (top 
row). MT1-MMP expressing cells showed collagenolytic activity and degraded their 
subjacent ECM whereas cells expressing MMP2 pro-enzyme or eGFP lacked this 
invasive phenotype. (c) Fluorescent micrograph of cells stained with antibody for MT1-
MMP (green) grown on fluorescently labeled collagen (red). MT1-MMP protein 
expression correlates with the degradation of collagen. Scale bar, 700 µm in b,c. 
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Chapter 9 

 

Polymeric Aqueous Biphasic Systems for Non-
Contact Cell Printing on Cells: Engineering 
Heterocellular Embryonic Stem Cell Niches 

 
 

This chapter describes how aqueous two phase systems can be used to pattern nanoliters 

of cell suspensions directly onto living cells both in user-defined shapes, such as letters of 

an alphabet, and in a high-density microarray format. We further show the utility of this 

approach for engineering mouse embryonic stem cell (mESC) niches.  mESC renewal 

and differentiation were spatially regulated by patterning feeders cells of different 

biological effects. Furthermore, we demonstrate that printing mESC colonies of different 

size and spacing on one type of feeder cell layer drastically regulate the efficiency of 

neuronal differentiation.  This direct stem cell niche engineering approach is 

straightforward to implement, requiring only inexpensive off-the-shelf tools. Ready 

accessibility of this cell printing approach combined with the unprecedented ability to 

directly use “naked” living cells, that is cells not embedded in hydrogels or other cell 

protectants, as the ink and bio-paper makes the manuscript of interest to a broad range of 

audience in biology, materials science, and engineering. 
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9.1 Introduction                

The ability to generate heterocellular niches through direct spatial patterning of one type 

of cells onto a living layer of another cell type would benefit a wide range of cell 

biological studies including stem cell research. Most cell patterning approaches, however, 

rely on patterned material adhesiveness to indirectly guide cell patterning,(Chen, 

1997,Hirose, 2000,Khademhosseini, 2004,Tang, 2003,Yousaf, 2001) and cannot position 

cells on an already existing cell monolayer. Cells can be embedded directly into soft 

supported membranes and gels using solid pins, (Lee, 2008,Xu, 2002) but the physical 

contact involved may damage delicate substrates such as living cells. Individual cells or 

cell sheets have been gently placed onto a cell monolayer, but with limitations in control 

of positioning and resolution (Harimoto, 2002,Rosenthal, 2007,Yang, 2009). Thermal or 

piezoelectric inkjet printers utilize thermal energy or applied electric voltage to eject the 

cell suspension from a nozzle and direct it toward the substrate (Nakamura, 

2005,Saunders, 2008,Xu, 2005). Although this approach is non-contact and can 

potentially accommodate several cell types, concentrated buffer solutions (Xu, 2005) and 

special additives (Calvert, 2007) are required and still often induce chemical, mechanical, 

or thermal stresses during cell suspension preparation and printing stages. Furthermore, 

dedicated cartridges are needed for each cell type, and pattern fidelity is an issue because 

cells have to be printed on a gel immersed in aqueous media(Calvert, 2007). Pressure-

mediated extrusion of cell-seeded hydrogels through needles also creates continuous 

pattern of cells, (Fedorovich, 2008) though with impaired direct cell-cell contact due to 

gel encapsulation. Therefore, existing approaches face limitations in terms of contact-free 

printing with and onto live cells for engineering heterocellular stem cell niches. 
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9.2 Materials and Methods 

ATPS preparation and cell microarray printing procedure 

PEG (2.5% w/w) (Mw:35000, Fluka) and  DEX (6.4% w/w) (Mw:500000, 

Pharmacosmos) were selected as phase forming polymers of the ATPS based on the 

measurements of their interfacial properties. Both aqueous phases were prepared in 

culture media one day before use and kept at 4°C. Cells were grown to desired 

confluence, trypsinized, centrifuged down, and resuspended in appropriate volume of 

culture media. The cell suspension was thoroughly mixed with an equal volume of the 

DEX phase to give a 3.2% phase concentration and the resulting solution was transferred 

into a 1536-well plate. A final C2C12 cell density of 1.5-2.5×106 was used for microarray 

experiments. 

Prior to experiments, slot pins (V&P Scientific, FP3S500H) were mounted on a pin tool 

fixture (V&P Scientific, AFIX1536FP3), which itself was assembled with a 

micromanipulator. Pins were dipped into a cleaning solution (V&P Scientific), DI water, 

and isopropyl alcohol, as indicated by the manufacturer. Clean pins were dipped into the 

wells and filled with the cell suspension. Retraction of pins from the solution was done 

slowly to minimize residue on the outer surface of the pins. Next, pins were lowered into 

the close vicinity of the cell monolayer covered with the PEG phase solution and were 

allowed to dispense the cell suspension. After formation of DEX droplets containing 

cells, pins were slowly retracted and moved out of the culture dish. The culture system 

was incubated for 3 hrs to allow cells attach. Then, the two-phase media was washed out 

using PBS and replaced with regular culture media. 
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Preparation of PA6 feeder cell monolayer and mESC culture 

Stromal PA6 cells (Riken) derived from skull bone marrow were kindly provided by K. 

Hiroaki and grown in α-MEM (Invitrogen) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS, Invitrogen) and 1% antibiotic (Invitrogen). For the colony size-

dependent mESC differentiation experiment, a confluent monolayer of PA6 was formed 

and incubated in α-MEM, 10% FBS and 10 µg/ml mitomycin C (Sigma) for 2 hrs for 

feeder layer formation and then incubated overnight in the conditioning media at 37°C, 

5% CO2, and 95% humidity. The conditioning media consisted of G-MEM (Invitrogen), 

10% knockout serum replacement (KSR, Invitrogen), 0.1 mM non-essential amino acids 

(Invitrogen), 2 mM glutamax (Invitrogen), 1mM sodium pyruvate (Sigma), and 0.1 mM 

2-mercaptoethanol (Sigma). mESC were kindly provided by S. O’Shea. Cells were 

cultured in porcine gel-coated Petri dishes using G-MEM supplemented with 10% KSR, 

1% FBS, 0.1 mM non-essential amino acids, 1mM sodium pyruvate, 0.1 mM 2-

mercaptoethanol, and 2000 U/ml leukemia inhibitory factor (LIF, Millipore). mESC were 

printed on a PA6 monolayer at different densities using ATPS prepared with the 

conditioning media. After mESC attached to the underlying support cell layer, the ATPS 

media was washed out and replaced with the conditioning media. mESC were cultured 

for 8 days to form colonies from single cells. Culture media was changed on day 4 and 

then every other day. 

 

Immunofluorescence, imaging, and image analysis 

After 8 days in culture, mESC colonies were fixed in -20°C methanol for 6 min, washed 

three times with PBS and twice with PBS containing 5% BSA (blocking reagent). The 



139 
 

rabbit neuronal class III-β-tubulin (TuJ1) mAb (Covance) in PBS/5% BSA at a 

concentration of 1 μg/ml was added to fixed cells for 1hr at room temperature. After 

washing, the primary antibody was visualized with fluorescently labeled goat anti-rabbit 

IgG (Jackson ImmunoResearch) at a concentration of 3 μg/ml incubated for 1 hr. We 

imaged cell microarrays section by section using an inverted fluorescence microscope 

(Nikon, TE300). Images were pseudocolored, merged, and superimposed in Photoshop 

10.0 CS3 (Adobe). We used SimplePCI (Compix) for the measurements of fluorescence 

intensity and area of differentiated mESC colonies. 

 

                        

9.3 Results and Discussion  

We address this unmet need by using polymeric aqueous two-phase systems (ATPS) to 

enable non-contact printing of high-fidelity cellular patterns onto delicate surfaces of 

living cells in fully aqueous environments. Aqueous solutions of polyethylene glycol 

(PEG) and Dextran (DEX) above certain concentrations segregate and form an ATPS 

with DEX always forming the bottom phase. (Albertsson, 1986) We have previously 

described the utility of a PEG-DEX aqueous biphasic system to efficiently micropattern 

genetic materials on cells for gene overexpression and RNA interference gene silencing 

studies (Tavana, 2009). However due to physicochemical differences between cells and 

gene delivery constructs, that formulation could not be applied to cell printing. Here we 

define design principles to select optimized ATPS formulations for efficient cell printing. 

Using this approach, we engineer cellular niches to support neuronal differentiation of 

mESC and show that the density of printed mouse embryonic stem cells (mESC) is an 

important factor for guiding mESC differentiation to neurons. 
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To understand how cells can efficiently be printed using the ATPS approach, we invoke 

the theory of cell partition in ATPS. Thermodynamically speaking, spontaneous partition 

of a cell to either of the two aqueous phases or to their interface is determined by the 

interfacial tension between the cell and bottom phase, γ2c, compared to that between the 

cell and the top phase, γ1c (Fig. 9.1a). Three scenarios are possible: (i) ∆γ=γ1c-γ2c >0 will 

favor cell partition to the DEX phase, (ii) ∆γ=γ1c-γ2c=0 will cause cells to partition mainly 

to the interface, and (iii) ∆γ=γ1c-γ2c<0 will favor partition of cells to the PEG phase. The 

classical Young’s equation (Young, 1805) relates ∆γ to the contact angle, θ, of the bottom 

phase droplet formed on a cell layer immersed in the top phase and the interfacial tension 

between the two aqueous phases, γ12: 

((
� 

γ12 cosθ = ∆γ

))         (1) 

Thus, the interfacial tension γ12 and the contact angle can serve as a measure of cell 

partition in ATPS: (i) if 0<θ<90º, cells have more affinity to the DEX phase especially as 

contact angle becomes smaller and approaches zero, (ii) if θ=90º, cells have equal affinity 

to both phases and partition mainly to the interface, and (iii) if θ>90º, cells favor the PEG 

phase as contact angle becomes larger (Fig. 9.1b). 

Therefore efficient cell printing requires that the first condition (0<θ<90º) must be 

satisfied and that the contact angle attains values as small as possible. This in turn 

requires that the interfacial tension, γ12, should be very small so that its horizontal 

component that contributes to increase in the contact angle is minimized (Fig. 9.1b). The 

interfacial tension in ATPS is determined by the concentration of the phase forming 
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polymers. We selected two different ATPS pairs to test this principle. Pair 1 consists of 

2.5% PEG (Mw: 35,000) and 3.2% DEX (Mw: 500,000) and pair 2 comprises 4.0% PEG 

(Mw: 8,000) and 5.0% DEX (Mw: 500,000), which was used before to print genetic 

materials on cells (Tavana, 2009).  We performed interfacial tension and contact angle 

measurements with both pairs (Fig. 9.1c) and used them for printing mouse myoblast 

cells of similar densities (Fig. 9.1d). With both systems, cells remain confined to the 

DEX droplet; however, the pattern is more uniform with the ATPS 1 that has a lower 

interfacial tension and a smaller contact angle of 25º (Fig. 9.1d). The non-uniform 

printed cell spot from ATPS 2 is due to the tendency of the cells to partition to the 

interface as contact angle increases more towards 90º and poorer cell attachment at higher 

DEX concentrations. Independent cell partition experiments with both ATPS confirmed 

this point. Cells partitioned mainly to the DEX phase of the ATPS 1 and yielded a 

partition coefficient, K, of 78%, whereas with the ATPS 2, cells distributed between the 

DEX phase and the interface of the two phases and resulted in a partition coefficient of 

42%. Thus, ATPS 1, which has very low phase-forming polymer concentrations and 

hence an extremely small γ12, is the more effective formulation for high fidelity cell 

printing. This thermodynamic principle for selecting ATPS as a cell printing tool is 

general and applicable to other aqueous biphasic systems. As a rule of thumb, we suggest 

that the selected ATPS should have an interfacial tension of γ12≤0.01 mJ/m2 to result in 

uniform printed cellular patterns. 

 

Using this formulation, we demonstrate the utility of the ATPS strategy for utilizing cells 

both as “bioink” and “biopaper” and print cells on an existing cell layer in user-defined 
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shapes. Cell suspension is mixed with the DEX phase and loaded into an extruded pipette 

tip of 300 µm tip diameter. The pipette tip is mounted on a micromanipulator and moved 

close to, typically <500 µm, a monolayer of cells immersed in the PEG phase. Horizontal 

movement of the pipette tip results in the formation of a continuous pattern of the 

dispensing DEX phase on the monolayer (Fig. 9.1e). Figure 1f illustrates an example of 

spelling “cell” using green fluorescing cells on a monolayer of red fluorescing cells. 

Technically, inkjet printers could position cells onto a moist but substantially dry cell 

monolayer but subsequent media overlay necessary for cell attachment during incubation 

would wash away printed cell patterns. 

Next we show formation of heterocellular microarrays (Fig. 9.2a). To generate a 

microarray, a cell suspension is mixed with the DEX phase and transferred into a 

microwell plate. Nanoliter volume dispensing pins mounted on a 1536-array fixture are 

dipped into the plate to load with the DEX phase. Pins are slowly withdrawn from the 

source plate and dipped into a culture plate containing a support cell monolayer covered 

with a PEG phase. The DEX phase dispenses and form distinct droplets on the support 

cell layer. The culture plate is incubated for 3 hrs to allow cell attachment. We note that 

the fully aqueous two-phase media environment enables long incubation (3hrs or more) 

without the need for further media addition and disturbance of the printed patterns. After 

cells attach, the two-phase media is washed out and replaced with the regular culture 

media. An array of green C2C12 cells printed onto a confluent monolayer of red 

fluorescent C2C12 cells using this strategy is shown in Figure 2b-d. The non-contact and 

gentle mechanism of dispensing the cell suspension and the extremely low interfacial 

tension of the ATPS supports full cellular viability of ~100%. This is another advantage 
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over existing techniques that compromise cellular integrity due to mechanical forces (Xu, 

2009). 

We utilized this capability to print mouse embryonic stem cells (mESC) onto a 

monolayer of support PA6 stroma cells to evaluate the effect of stem cell colony size on 

their neuronal differentiation. mESC were arrayed at four different densities of 20, 50, 

150, and 500 cells per spot and with a center-to-center spacing of 4.5 mm on a confluent 

monolayer of PA6 cells (Fig. 9.3a). The culture system was maintained for 8 days, 

resulting in the formation of single mESC colonies of ~0.6-2.8 mm in diameter. mESC 

were examined immunohistochemically for the neuron-specific class III ß tubulin TuJ1 

differentiation marker (Fig. 9.3b). We quantified the results by calculating the fluorescent 

intensity of TuJ1 expression for each colony (Fig. 9.3c). Differentiation was minimal for 

the smallest colony but enhanced with increase in the mESC colony size. The finding is 

consistent with a recent work that suggests niche size as an important parameter in 

determining the fate of stem cells maintained on micropatterned extracellular matrices 

(Peerani, 2009). Normalizing the data by the area of each colony still resulted in 

disproportionately higher TuJ1 expression intensity for larger colonies (Fig. 9.3d), 

indicating that the efficiency of mESC neuronal differentiation enhances non-linearly 

with increase in the colony size. The neurogenesis in mESC colonies, which was induced 

in serum-free conditions and without using differentiation-inducing chemicals such as 

retinoic acid, was mediated by direct contact with the support PA6 cell layer (Yamazoe, 

2005). However, direct heterocellular contact alone cannot explain the non-linear effect 

we observed. The exact mechanisms remain undefined. Cell surface-bound factors on 

PA6 cells, secreted factors secondarily tethered to PA6 cell surface, (Kawasaki, 2000) 
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soluble factor signaling, (Roth, 2007,Shen, 2004) and presence of other cells such as glia 

(Touzet, 1978) and astrocytes (Song, 2002) may all, at least in part, support mESC 

differentiation toward a neuronal phenotype.   

                     

9.4 Conclusion 

We presented an optimized polymeric aqueous biphasic system for direct non-contact 

printing of cells on living cell layers in a single step while supporting full cell viability 

and functionality. The technology is simple to implement, requires only inexpensive 

materials and off-the-shelf equipment, and is easily accessible to a wide range of 

researchers without microfabrication expertise. The utility of this approach was 

demonstrated by creating physiologic heterocellular microenvironments to support mESC 

differentiation to neurons. We identified niche size as an important regulator of the 

differentiation efficiency. This strategy will be useful to study inductive or inhibitory 

mechanisms responsible for the differentiation of mouse and human stem cells in 

heterocellular environments. The capability of printing cells in multi-layers and in user-

defined shapes also makes the technology potentially useful for a broad range of tissue 

engineering applications. 
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Figure 9.1. Design principles to select ATPS for cell printing. (a) Partition of cells in an 
ATPS is directly determined by difference in interfacial energies of cells with the two 
aqueous phases (∆γ=γ1c-γ2c). (b) Contact angle of a DEX phase droplet on cell monolayer 
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covered with the PEG phase is a measure of the partition of cells in ATPS and efficiency 
of the ATPS for cell printing. (c) Interfacial tension, contact angle, and partition 
coefficient results with two different ATPS formulations. (d) Printed spots of C2C12 
cells, the left spot was printed using the ATPS comprising 2.5%PEG35K and 
3.2%DEX500K and the right spot was printed using the ATPS consisting of 4.0%PEG8K 
and 5.0%DEX500K. (e) Schematics of cell printing on a cell monolayer in user-defined 
shapes. Cell suspension in the DEX phase is printed onto an existing cell layer by 
continuous dispensing from the pipette tip. (f) C2C12 cells were stained using a green 
fluorescent cell tracker and printed onto a monolayer of C2C12 cells stained with a red 
fluorescent cell tracker spelling “cell”. Scale bar 200 µm in (d), 1 mm in (f). 
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Figure 9.2. ATPS-mediated cell microarrays on living cell layers. (a) Schematics of cell 
microarray printing using ATPS approach. (b) An 8×4 microarray of C2C12 cells stained 
with green cell tracker printed on a monolayer of red fluorescent C2C12 cells. (c,d) 
Magnified fluorescent and brightfield images of the boxed spot in (b). Scale bar 800 µm 
in(b). 
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Figure 9.3. Colony size-dependent neuronal differentiation of mESC on PA6 support 
cells. Schematic and day 1 brightfield images of mESC printed on a PA6 monolayer at 
four different densities. (b) Day 8 fluorescent images of mESC colonies stained with anti-
TuJ1 antibody. (c) TuJ1 expression increases with the colony size. (d) TuJ1 expression 
normalized by the colony area suggests neuronal differentiation is enhanced non-linearly 
with increase in the colony size. Scale bar 250 µm in (a), 500 µm in (b). 
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Chapter 10 

 

Generation of Overlapping Gradient Profiles in 
Flow-Free Microchambers 

 

 

Microfluidic devices have been shown to be well-suited to study cellular processes 

particularly under stable concentration gradients. However, many gradient devices 

expose cells to constant flow that can induce undesired responses from cells.  Although 

there have been devices with flow-free gradients, these devices typically only generate a 

single condition and/or have a decaying gradient profile that is not well-suited for long-

term experiments.  Here we describe a device that can generate several conditions on a 

single platform in flow-free microchambers that can facilitate steady-state gradients 

profiles.  Embedded porous filters enable diffusion of biomolecules, without any bulk 

flow into the microchambers, from a network of microchannels that distribute desired 

solutions located in easy-access open reservoirs.  In addition, the device has embedded 

normally-closed valves that enable fast and uniform seeding of cells to all 

microchambers.  We demonstrate with mouse embryonic stem cells, that the device is 

cell compatible. 
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10.1 Introduction             

Over the past 10 years, microfluidic devices have been utilized as a means to facilitate 

controlled microenvironments for cell studies (Velve-Casquillas, 2010).  In particular, 

generation of stable concentration gradients has been shown to be one of the unique 

advantages microfluidic devices have over macro-scale systems (Keenan, 2008).  Due to 

the biological relevance of soluble factor gradients, many gradient generating devices 

have been used to study a variety of cell processes such as chemotaxis (Jeon, 

2002,Mosadegh, 2008,Wang, 2004). and differentiation(Chung, 2005,Fung, 2009,Park, 

2009).  The first microfluidic gradient devices generated spatially controlled 

concentration profiles by diffusion between laminar flows of varying concentration 

(Dertinger, 2001,Jeon, 2002,Kamholz, 1999). Although these devices have provided 

valuable insights, the direct flow on cells imposes shear-stress effects and washes out 

autocrine factors that can influence cellular behavior and therefore confound results of 

many studies (Mosadegh, 2008,Walker, 2005).  To overcome these limitations, static 

gradient devices have been developed, where cells do not experience continuous fluid 

shear stress and gradients are developed primarily through diffusion (Abhyankar, 

2006,Du, 2009,Frevert, 2006,Mosadegh, 2007).  Since there is no convection over the 

cells, autocrine factors have ample opportunity to diffuse freely back to the original 

secreting cell or to neighboring cells enabling vital physiological processes to occur 

necessary for a more accurate recapitulation of in vivo microenvironments (Keenan, 

2008).  Static gradients typically are generated in a chamber or channel that is connected 

on opposite sides to a source solution (containing a desired concentration of the 

biomolecule of interest) and a sink solution (having a lower concentration of the desired 

biomolecule) (Abhyankar, 2006,Frevert, 2006,Mosadegh, 2007,Saadi, 2007).  Bulk flow 
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in the chamber or channel is negated by high resistance created by small channel features 

(Keenan, 2006,Mosadegh, 2007,Paliwal, 2007,Saadi, 2007), small-pore membranes 

(Abhyankar, 2006,Kim, 2009,Kim, 2009), or dense hydrogels (Cheng, 2007,Mosadegh, 

2007,Saadi, 2007,Wu, 2006).  Of these approaches, gradients can be made to be either 

stable or transient in respect to time by either having a continuously replenishing (Cheng, 

2007,Keenan, 2006,Kim, 2009,Kim, 2009,Mosadegh, 2007,Paliwal, 2007,Saadi, 2007) or 

a finite volume (Abhyankar, 2006,Wu, 2006) of the source and sink solutions, 

respectively.  Although the finite volume approach is typically more practical since it 

does not require continuous flow, the time-decay of the gradient is not ideal for long term 

studies (more than a few hours).  However, most current designs for stable static gradient 

devices only test one condition and require continuous infusion of solutions by a multi-

syringe pump that is both cumbersome to users and requires significant dead volume of 

solutions that can be expensive.     

To address the above issues, we have developed a microfluidic gradient device with 

integrated valves and membranes to simultaneously generate multiple static 

microenviroments with steady-state gradient profiles.  The chambers are separated by 

integrated normally-closed valves that allow for easy and uniform seeding of all 

chambers and the embedded membranes allow for diffusion of soluble factors while 

negating bulk flow through the cell chambers (Mosadegh, 2010).  The device only 

requires users to pipette their desired solutions into three reservoirs and induce flow 

through an outlet tube.  We demonstrate with this device that a population of mouse 

embryonic stem cells will respond according to its relative position in a gradient of three 

different types of media.  
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We believe that this device can serve as a valuable platform to test cell behavior in 

controlled static microenvironments by providing parallel testing and user-friendly 

capabilities. 

10.2 Materials and Methods                      

Device Fabrication 
 
The device consists of four layers made from PDMS prepolymer and curing agent 

(Sylgard 184, Dow Corning Co., Midland, MI) at a 10:1 ratio.  The top and bottom thick 

layers are molded against a master mold made by standard photolithography using the 

negative-photoresist SU-8 2025 (SU-8, MicroChem Co., Newton, MA).  The height of 

the top layer and bottom layer features are 80µm.  The master molds were silanized in a 

desiccator for 2 hours (United Chemical Tech., Bristol, PA).  The PDMS molds of the top 

and bottom layers were typically cured in a 120°C oven for 2 hours. The two middle-

layer membrane layers were made by spin-coating a 20µm PDMS layer on a silanized 

silicon-wafer at 3000rpm for 90 seconds and then curing in a 120°C oven for 30min.  All 

layers were bonded together using oxygen plasma treatment (SPI Plasma-Prep II, 

Structure Probe, Inc., West Chester, PA) for 30 seconds.  The filter membranes used were 

punched out with a 2mm diameter biopsy punch from a 200nm pore-size polycarbonate 

membrane (Whatman, Piscataway, NJ).   

The two thin PDMS membranes (20 µm thickness) are made by spincoating on silanized 

glass slides at 3000rpm for 60s.  The top and bottom thick layers are then bonded to each 

membrane while still on their glass slides. For the bottom layer, a PDMS stamp is used to 

negate bonding of the membrane to the valve regions.  After bonding, two composite 

layers can be removed easily by simply peeling back the device off the glass slide.  Holes 
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are then punch into the thin membrane at specified locations using a dermal biopsy punch 

or scalpel.  The filter membranes are then place on the bottom layer at the designated 

locations and the two composite layers are treated with plasma for 30sec.  The two 

composite layers are then aligned and bound.    

 

Cell Culture 

Mouse ES cells (D3 cell line; ATCC) were cultured in medium containing DMEM 

supplemented with 15% v/v KSR, 0.1 mM 2-mercaptoethanol, 0.02% v/v sodium 

pyruvate, 1% v/v non-essential amino acids, 100 U mL-1 penicillin, 100 U mL-1 

streptomycin, and 2000 U mL-1 ESGRO which contains leukemia inhibitory factor (LIF) 

in a humidified incubator maintained at 37 degrees Celsius and 5% CO2.  D3 mESC were 

transfected with an OCT4-EGFP plasmid using lipofectamine plus reagent (Invitrogen), a 

gift of Dr. Gratsch used previously.(Torisawa, 2009)  

 

Cell Experiments 
 

For the cell seeding experiments, cells were seeded in the device at 107 cell/ml.  The three 

solutions used, was full growth media.  A 100µl of media were simultaneously added 

daily to their respective reservoirs using a multi-pipette.  The media was pumped through 

the device using a syringe pump that withdrew at a rate of 0.1µl/min.  The syringe was 

filled with dPBS and connected to a tube that was inserted into the outlet hole of the 

device. The tube was split by a three-way valve that could be manually turned on and off 

to ensure that no flow was induced when placing the syringe on the syringe pump. 
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10.3 Results and Discussion                        

We present an integrated microfluidic device that generates all combinations of 

overlapping gradient profiles by multiplexing solutions from open reservoirs to discrete 

cell chambers.  The presented device contains three open reservoirs and six discrete cell 

chambers (Fig. 10.1A, B).  Each cell chamber is flanked by two normally-closed valves 

and two embedded semi-porous filter membranes.  The semi-porous membranes allow 

diffusion of molecules but blocks flow of solutions across the cell chamber, enabling 

concentration profiles that are either uniform or in a gradient depending if one or both 

sides of the cell chamber contain equal concentrations of any particular species (Fig. 

10.1C).   Figure 10.1D shows a close-up image of an overlapping gradient of red and 

green food color.  The normally-closed valves enable easy fluid exchange and cell 

seeding of the cell chambers by having then connected as a single channel when the 

valves are open but enabling the cell chambers to be isolated when the valves are closed 

(Fig. 10.1E).   

The device consists of four PDMS layers, two thick molded layers and two thin 

membranes (Fig. 10.2).  The top and bottom layers contain 3D fluidic channel networks 

that distribute desired solutions to the cell chambers that are in the bottom layer.  The thin 

PDMS membrane layers have through-holes punched into them to connect the top and 

bottom channel networks and at locations where embedded filter membranes are placed 

to allow for diffusion of molecules between the static cell chamber and flowing channel 

networks.  Normally-closed valves are made by having a gap region and cavity feature in 

the bottom and top layer, respectively, so when a negative pressure is applied, the thin 
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PDMS membrane deflects into the cavity feature allowing fluid to bypass the gap 

region.(Frevert, 2006)   

Figure 3 provides both simulated and experimental data on gradient profiles in the 

microchambers.  The concentration profile depends on whether the solution in the fluidic 

channels have the same concentration of any particular molecule (Fig. 10.3A).  If the 

concentration is equal, a uniform steady-state profile will develop, otherwise the steady-

state profile will be linear. This is shown by fluorescent intensity measurements of a 

fluorescein dye (Fig. 10.3B).  These profiles only occur in the microchambers when there 

is no flow through the filter membranes so that the only form of transportation is 

diffusion as simulated in the finite element model (Fig. 10.3C, D).  

For cell culture studies, valves can be opened and solutions containing extracellular 

matrix proteins can be introduced (Fig. 10.4A, B). Subsequently, cells can be flowed 

through and then valves can be closed allowing cells to attach (Fig. 10.4C, D).  Typically 

uniform cell seeding in a microfluidic device is not trivial due to residual flow that causes 

upstream locations to be denser with cells (Lovchik, 2009).  However, with the use of 

valves, a cell suspension can be simply pipetted into the inlet and the device tilted to 

allow gravity to flow the cell to the outlet and when the valves are closed, the flow is 

instantly stopped and cells attach based on their location in the cell suspension.  There 

have been several reports showing the advantaged that valves provide for uniform 

seeding of devices, however these valves are typically normally-open valves that require 

a permanent external pneumatic actuator (Wang, 2007), this requirement significantly 

complicates the device limiting its use by researchers.   Another advantage of this setup is 

that since each cell chamber is isolated, cells seeded at the inlet (typically cells must be 
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seeded at very high concentrations (>106 cells/ml) in order to achieve an adequate density 

in the microchannel) do not hinder the viability of the rest of the cells by consuming 

much of the nutrients and generating a significant amount of waste products.  

To demonstrate the devices compatibility to mammalian cell culture, we used mouse 

embryonic stem cells (mESCs), a cell type known to be sensitive their microenvironment 

(Kamei, 2009).  Figure 5A is a phase image of cells three hours after seeding.  The 

attached cells are uniformly distributed within the microchamber and well spread.  Figure 

5B is a plot of the average cell density for each of the 6 microchambers.  It can be seen 

that despite the cell suspension flowing from a single inlet to the 6 chambers that are 

arranged both in parallel and in series, all chambers have similar cell densities.  In 

addition, the relatively small error bars demonstrate that variation between devices in 

minimal.   Figure 5C shows an image of the mESCS after 5 days being cultured in the 

device with full growth media.  The fluorescent image shows the high level of GFP 

expression which is driven by the OCT4 promoter (a gene shown to be a marker for 

pluripotency).      

 

10.4 Conclusion                         

Here we presented a microfluidic device that can generate six distinct conditions in six 

discrete cell chambers from only three solution in open reservoirs.  The device 

incorporates normally-closed valves to allow for easy seeding of cells uniformly into 

each chamber by simply pippetting a single cell suspension that flows by gravity. By 

designing the device to enable withdrawal of solutions, only a single flow source is 

needed and there is no dead-volume of test solutions.  The multiplexed chamber format 
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enables control and test conditions to be conducted simultaneously, minimizing variance 

between experiments.  We show that a population of mouse embryonic stem cells will 

react to its spatial position in a gradient by proliferating at different rates.  These 

microchambers can be designed in alternate configurations to test for conditions, and 

since there in no flow, this platform can be applied to non-adherent or sensitive cells. 
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Figure 10.1. Overlapping Static Gradient Device. (A) Schematic design of device. White 
channels are in the top layer, green feautures are in the bottom layer. Each red number is 
a location of an individual microchamber. Scale bar: 5mm. (B) Actual image of device 
with three different color food dye to visualize channels and microchambers. (C) Close-
up image of microchambers, top row has a uniform concentration profile in each 
microchamber and bottom row has an overlapping gradient of two dyes. Black circles are 
porous filter membranes that are 2mm in width.  (D) Close-up image of a microchamber 
having an overlapping gradient. Scale Bar: 250µm. (E) Close-up image of an embedded 
valve that isolates each microchamber when in its closed position. Scale Bar: 250µm.     
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Figure 10.2. Composite layers of a microchamber.  Each layer is made of PDMS except 
filters are made of polyester. All layers are bonded together by plasma oxidation.  
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Figure 10.3. Concentration profile in microchamber. (A) Schematic of diffusing 
molecules when in only one fluid channel or both fluid channels, respectively.  (B)  
Fluorescent intensity profile for both scenerios, which yield a uniform concentration 
profile or linear gradient profile. (C-D)  Simulated concentration values for both cases as 
in parts A and B.   
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Figure 10.4. Cell Seeding Schematic. (A) Each chamber is isolated by two valves and 
has to fluidic channels separated by a filter membrane. (B) Valves can be opened to flow 
ECM protein containing solutions to render PDMS surface more biocompatible. (C) Cell 
subsequently is flowed through to provide a uniform distribution of cell across the 
channel. (D)  Valves are closed to isolate the cell chamber and stop convective flow 
which allows cells to settle and attach to the bottom surface of the cell chamber.   
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Figure 10.5. Microchamber Cell Culture. (A) Phase image of mESCs three hours after 
being seeded into the device. (B) Graph of cell density in each microchamber averaged 
over three separate devices. (C) Phase image of mESCs 5 days after being seeded. (D)  
Corresponding fluorescent image showing Oct4-GFP expression in mESCS.   
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