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ABSTRACT 

Cell based High Throughput Screening (HTS) has become a very important 

method in pharmaceutical drug discovery and presently carried out using robots and well 

plates. A microfluidics based device for cell based HTS using traditional cell culture 

protocol would be a significant addition to the field. In this thesis novel microfluidic HTS 

devices targeted for cell based assays having traditional non-compartmentalized agar gel 

as cell culture medium and electric control over drug dose is being reported. 

The basic design of device consists of a gel layer supported by a nanoporous 

membrane that is bonded to microchannels underneath it. The pores of membrane are 

blocked everywhere except in selected regions that serve as fluidic interfaces between the 

microchannel below and the gel above. Upon application of electric field nanopores start 

to act as electrokinetic pumps. By selectively switching an array of such micropumps, a 

number of spots - containing drug molecules - are created simultaneously in the gel layer. 

By diffusion drugs reach to the top surface of gel where cells are to be grown. Based on 

this principle, a number of different devices are fabricated using microfabrication 

technology. The fabricated devices include, single drug spot forming device, multiple 

drug spot forming device and microarray of drug spots forming device. 

By controlling pumping potential and duration spots sizes ranging from 200J..tm to 

6mm diameter and having inter-spot distances of 0.4mm-1 Omm have been created. 

Absence of diffusional transport through the nanoporous interfaces without electric field 
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1s demonstrated. A number of representative molecules, including surrogate drug 

molecules (trypan blue, and methylene blue) and biomolecules (DNA and protein) were 

selected for demonstration purpose. Dosing range of 50-3000 1-Lg and spot density of 156 

spots/cm2 were achieved. 

The drug spot density was found to be limited by molecular diffusion in gel and 

hence numerical study was carried to find out ways for density increase. Based on this 

simulation, a method for diffusion reduction called diffusion barrier was proposed. 

Diffusion barrier used specially dimensioned (having shallow grooves) gel sheet to 

reduce the diffusion. 
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CHAPTER! 

MOTIVATIONS AND ORGANIZATION 


1.1 MOTIVATIONS 

In recent years, cell based high throughput screening (HTS) has become a very 

important method in pharmaceutical drug discovery [Sundberg 2000, Khandurina 2002]. 

In HTS a large number (100,000-1,000,000) of chemical compounds are tested against 

some selection criteria (e.g. tendency to bind to a protein) to select starting compounds 

for drug development. These compounds are further screened, modified and optimized to 

make a drug. Presently, in order to test such large number of compounds, HTS is 

performed using well plates and robotic arms. Well plates (typically a plastic plate having 

large number of wells in it) enables performing a number of experiments per plate and 

robotic arms are used for automated chemical and well plate handling [Drews 2000]. 

However, the main drawbacks of this approach are the high associated costs due to high 

volumetric throughputs [Dickson 2004]. Microfluidics, which encompasses fluid 

handling at smaller lengths and volumes, offers a number of advantages for HTS 

applications including higher number of assays per plate and lower reagent consumptions 

[Whitesides 2004]. As compared to other types of HTS (e.g. enzyme based), cell based 

HTS (a type of HTS which uses biological cells for testing) has got a number of unique 

advantages. Cell based HTS generate data which is better representation of human body 
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and have greater physiological significance. The leads obtained have better probability to 

become a drug [Khandurina 2002]. A microfluidics based device for cell based HTS 

using traditional cell culture protocols and precise control of drug supplies would be a 

significant addition to the field. These developments are expected to significantly reduce 

costs in the current 11.3 billion USD HTS market [Gardner 2004]. 

1.2 OBJECTIVES 

The objective of this thesis is to develop a microfluidics based method for cell 

based HTS. The objective is sub-divided into the following subobjectives: 

1. 	 Identification of a suitable method to supply drugs in a microarray format for cell 

culture in a gel medium. 

2. 	 Design, fabrication and test of device/devices; demonstration and characterization 

of device suitability for its intended application. 

3. 	 Execution of performance maximization studies including numerical simulations 

of the physical phenomena. 

1.3 THESIS ORGANIZATION 

The chapters in this thesis are organized as following: 

Chapter 2 outlines an introduction to microfluidics followed by a discussion of 

contemporary drug discovery process and HTS followed by an introduction to cell culture 

based HTS. The relevance and application of microfluidics for HTS is also covered. 
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In chapter 3, the current state of the art in cell based HTS is covered. 

In chapter 4 the working principle of the device will be analyzed and discussed. 

Salient topics include nanoporous membranes and electrokinetic pumping behavior, drug 

spot formation, microarray formation and drug diffusion in gels. Also, the basic design 

of various devices is discussed. The details of individual device design are covered in 

their respective chapters. 

Chapter 5 deals with device fabrication. The fabrication materials and process 

flows for fabrication of devices are discussed. The specific details regarding fabrication 

of individual devices are discussed in their respective chapters. Experimental setup, 

model drugs and measurement instrumentation are also discussed in this chapter. 

Chapter 6 describes the first device, a single drug spot forming device. The 

design, fabrication process and testing results are covered. Device characterization, many 

of which are also applicable for other devices, is included in this chapter. 

Chapter 7 also deals with an individual device but this time, a multi drug spot 

forming device. It covers design, fabrication, test results and the ability to work with 

biomolecules. This chapter also covers the number of spots that can be created per unit 

area (spot density), the desire to maximize this density and the limiting effects of 

extraneous diffusive processes. 

Chapter 8 starts with the objective to analyze in detail the problem of drug 

diffusion which includes a numerical model to study drug diffusion behavior. Based on 
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this numerical study, a method for the mitigation of diffusion (called diffusion barrier) is 

proposed. 

Chapter 9 covers the main contributions of this thesis which includes an idea to 

accomplish cell culture based HTS in a traditional culture media without 

compartmentalization. This chapter ends with proposed future works. 
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CHAPTER2 

INTRODUCTION 


2.1 INTRODUCTION TO MICROFLUIDICS 

Microfluidics describes the field of fluid handling at small length scales and 

volumes. Generally microfluidic devices are made by microfabrication technology with 

sub-millimeter size features with total device dimensions on the order of several 

millimeters. These devices work with volumes ranging from picoliters to milliliters. 

Although the popularity of the field has increased in last two decades [Whitesides 2006], 

the field itself is relatively older. For example, during the late 1970s, a microfluidic based 

chromatograph was developed at Stanford University [Terry 1979] while IBM developed 

ink jet micronozzles [Bassous 1977] for printing applications. The field remained mostly 

stagnant for a decade, but had transformed into a rapidly developing research area by the 

1990s [Gravensen 1993]. Most of the early device incarnations, such as capillary 

electrophoresis devices, micropumps [Smits 1990, Laser 2004], microvalves 

[Yanagisawa 1993, Oh 2006] and micromixers [Miyake 1993, Nguyen 2005], were not 

application driven but were developed to demonstrate feasibilities [Whitesides 2006]. 

However, recently this trend has shifted to applications-based design of devices with an 

associated larger number of complete or near complete microfluidic devices being 

reported [Whitesides 2006]. For example, a complete microfluidic device for finding out 
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the optimum conditions for protein crystallization by optimizing a number of variables 

(such as pH, ionic strength and composition, co-solvents, and concentration) has been 

developed by Zheng et al. [Zheng 2004]. Lee et. al. [Lee 2005b] made a micro fluidic 

device capable of synthesizing radioactive compound (18F) for positron emission 

tomography. A number of microfluidic devices useful in biological studies like high 

throughput screening [Pihl 2005, Dittrich 2006] and bioanalysis [Whitesides 2006] have 

also been developed. 

2.2 MICROFLUIDICS IN BIOLOGICAL STUDIES 

Microfluidics in biological cell based studies such as cell cytometry [Li 1997, 

Fielder 1998], cellular biosensors [Bousse 1996, Vo-Dinh 2001] and cell culture [Inoue 

2001], has become one of the driving forces for the proliferation of the microfluidics field 

[Whitesides 2006]. The main advantages of microfluidics for cell based applications can 

be summarized as follows: 

• 	 Typical dimension of biological cells, which ranges from few microns to 

1OOJ.tm, are in excellent dimensional agreement with typical microchannel 

dimensions used in microfluidics (few J..Lm to few hundred J..Lm) making 

microfluidic devices ideally suitable for cell based studies [Andersson 2003]. 

• 	 Interest in viable biological cell based studies has rapidly increased 

[Andersson 2003]. 
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• 	 The potential to integrate a number of analysis steps on a single chip 

[Andersson 2003]. 

• 	 The relative magnitudes of various forces change as dimensional order of the 

device shifts from the macroscale to the microscale [Trimmer 1996, Wautelet 

2001]. For example, according to the scaling laws [Trimmer 1996, Wautelet 

2001], surface tension and Van der Waals forces scale linearly with length, 

gravitational and magnetic forces scale to the cube of the length dimension. 

Therefore, gravity and magnetic forces dominate in the macro level world but 

are not so significant in the micro world. Another example of scaling is the 

high electric fields that can be generated by using lower voltages. 

One good use of such scaling is the lower thermal time constants that can 

be achieved for Polymerase Chain Reaction (PCR) chambers by using smaller 

heat capacity (i.e. smaller mass) and faster heat transfer rates (larger surface 

area). Smaller thermal time constant allows faster PCR thermal cycle, thereby 

reducing the overall time required for the PCR [Giordano 2001]. Using 

microfluidics Taylor et. al. reported a 5 fold reduction in time requirement as 

compared to convention PCR [Taylor 1997]. Another example is the high 

electric fields that can be generated at microscale without requiring 

dangerously high voltages for electrophoretic systems, which leads to 

decreased separation times [Koutny 1996]. 
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• 	 By virtue of its ability of manipulating microparticles and forces, 

microfluidics also offers the ability to simulate cell-substrate interactions vital 

for cell functioning [Folch 2000, Takayama 2001]. 

• 	 Fabrication technology of microfluidics is very closely related with 

microelectronic fabrication methods. This enables high volume parallel 

fabrication of large number of devices leading to lower costs associated with 

batch manufacturing. 

The above discussion illustrates how microfluidics offer performance advantages 

in the context of cell based biological studies. Due to these reasons, microfluidics has 

been used in a number of techniques dealing with biological cells, for example cell 

cytometry, i.e. to count cells [Fu 1999, Beebe 2000], cellular biosensors i.e. using cells 

as sensors [Bousse 1996 Pancrazio 1999], cell chemotaxis i.e. migration of cells in 

response to presence, absence or gradient of chemicals [Sinclair 2002], and cell culture 

[Inoue 2001, Park 2003]. The drug discovery process (which extensively uses biological 

cells) used by pharmaceutical companies is one of the fields where microfluidics is 

expected to have enormous potential [Dittrich 2005]. 

2.3 DRUG DISCOVERY PROCESS 

Drug discovery processes can be defined as a collection of methods and 

approaches used to identify new compounds that are useful in the treatment of diseases. 

In the last few decades, the drug discovery process has gone through an evolutionary 

process [Drews 2000]. One of the major issues with the present drug discovery process is 
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that it has become extremely time consuming and cost intensive [Dickson 2004]. The 

typical lead time to fully develop a drug can be as high as a decade with development 

costs easily reaching the several hundred million dollars mark [Dickson 2004]. Presently, 

a typical drug discovery process can be shown by Figure 2.1. The process is fairly 

lengthy and is divided into sub-stages, each represented by an arrow in the figure 

[Dickson 2004]. 

,....,..---..........,. 

II 1000,000 

\. 
I 

w 
U'J 
<( 
w 
U'J 
c 

\ Compounds 1 

' ...... 

2-8 years 

Figure 2.1 Schematic representation of drug discovery. Each stage may take several 

years to complete. The latter stages, i.e. clinical trials, generally are the costliest. Every 

effort is made to have good results in earlier stages in order to avoid failures in latter stages. 

HTS is used for lead identification !Dickson 20047. 
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The discovery process starts with target identification, i.e. to find out suitable 

biomolecules having critical role in disease progress and which is drugable (i.e. can be 

interfered with, without adverse effects). After target identification the second stage is 

target validation. Target validation is the process in which it is demonstrated that the 

interfering of target molecule functioning can lead to desirable changes in disease 

behavior. The target validation involves studies in living animals as well as in cell-based 

models. Market and business potential of the targets are also critically evaluated at this 

stage. 

Lead identification stage (the third stage, i.e. after target validation) is defined as 

the first step of finding chemical compounds that can be further modified and optimized 

to become a drug. High Throughput Screening (HTS) is a vital technology used in lead 

identification. In HTS, a large number of chemical compounds (also popularly known as 

chemical library) are tested against an established testing method to short list compounds. 

Details about HTS are given in next section. A typical compound library has some ~ 1 

million compounds and at the end of lead identification phase typically few tens of them 

are selected. Lead optimization phase, which comes after lead identification, deals with 

further optimizing the chemical structures of the leads for enhancing the desirable 

properties of the leads. During lead optimization phase molecular modeling, knowledge 

of synthetic chemistry, and empirical knowledge of structure-function relationships of 

known compounds are used to discover and design new drugs. During this phase 

absorption, distribution, metabolism, and excretion (ADME) of drugs is also assessed. 

During all these phases, collectively called as pre-clinical trials, complete study of drugs 
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on two sample animals are also done [Drews 2000]. At the end of this process typically a 

single molecule is chosen as candidate drug and applications are made to governmental 

authorities to get approval for clinical trials. A drug may not be allowed for clinical trials 

due to a number of reasons including safety of human patients during clinical trials. As 

per a study average total costs per drug before clinical trials in 2001 was 305 million US$ 

[DiMasi 2003]. This value is significantly larger than that of year 1991, when per drug 

average preclinical cost was 214 million US$ [DiMasi 1991]. 
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Figure 2.2 Drug discovery costs. The bars represent the average amount that was spent 

to 	develop a single drug. There has been a strong growth in costs which is expected to 

continue in the future [Dickson 2004]. 

Clinical trials are the most expensive and time consummg process of drug 

discovery, typical times range from 2-8 years with average being 5 years. The rejection of 
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compound at this stage is disastrous, as money spend at earlier stages are also wasted. 

Unfortunately, as per a study, 90% of the compounds that go through clinical trials are 

rejected [Dickson 2004]. Figure 2.2 shows the increasing trend in costs for developing a 

single drug [Dickson 2004]. There are several drivers for this increasing cost trend. For 

example: high-risk, poorly validated targets, huge compound libraries with low quality 

molecules, tougher governmental regulations and poor risk management by 

pharmaceutical companies [Booth 2004]. The high (and increasing) costs put pressure on 

preclinical trials to economically generate better quality candidate drugs that do not fail 

during clinical trials. This pressure percolates down to HTS stage to generate better leads 

in an economical and timely manner. 

The higher costs ultimately result in a lesser number of drugs being 

developed as well as a higher cost of drugs for patients. High throughput screening 

(HTS), a technology used for lead identification in drug discovery, also especially 

relevant to the present work, is described herein. 

2.4 HIGH THROUGHPUT SCREENING (HTS) 

Out of several stages of drug discovery, as shown m Figure 2.1, HTS is a 

technology useful in lead identification [Huser 2007, Hertzberg 2000]. Lead 

identification can be defined as the first step of finding chemical compounds that can be 

further modified and optimized to become a drug. In HTS, a large number of chemical 

coumpounds (also popularly known as chemical libraries) are tested against an 

established testing method. A typical compound library can have ~1 04 to 106 compounds 
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Hertzberg 2000]. Based on a certain selection criteria (e.g. binding to certain protein), a 

6very small minority of compounds ( ~101 out of~105
- ) are selected that will pass on to 

the next stage of development. HTS technology has following characteristics: 

• 	 Extremely large numbers of compounds (few thousand to several hundred 

thousand) are tested [Hertzberg 2000]. 

• 	 To process such a high volume of compounds, specially designed rapid testing 

methods are used. Presently, automated robots, high density well plates 

(normally a plastic plate with a number of small wells, typically 96, 384 and up 

to 1536 wells per plate) and sophisticated software are being used to achieve 

this goal [Huser 2007]. HTS throughput rates have steadily increased from 

10,000 compounds per week rate in late 1980s to 10,000-100,000 compounds 

per day during late 1990s Major 1998 Sundberg 2000]. 

• 	 The process is cost and capital intensive (large consumption of compounds, 

sophisticated instrumentation and software). 

• 	 The method is "brute force" in nature because it is largely indiscriminate with 

respect to selecting the compounds to be tested. 

There has been a shift towards the use of larger and larger compound libraries 

(10000 to 1000,000 [Major 1998 Sundberg 2000]. More sophisticated systems to screen 

larger libraries are being developed and used [Hughes 2001]. Using higher density well 

plates is one approach to the screening of larger libraries [Hertzberg 2000]. Higher 
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density wellplates gives the advantages of higher throughput rates and smaller reagent 

consumption per compound. 

These reasons have pushed the HTS industry to undergo an evolutionary process, 

starting with 96 wells/plate and going towards 1536 wells per plate [Sundberg 2000]. 

Several researchers have demonstrated higher well plate densities as well. For example, 

Mere et. al. [Mere 1999] has used a 3456 well format. However, with higher density 

plates, due to technology limitations, a number of problems can occur [Sundberg 2000]. 

The major problems are: fast evaporation of liquids due to larger surface to volume ratios 

at smaller dimensions, problems in liquid handling, and higher costs due to high end 

precision instrumentation requirements. Hence, practically the well densities are limited 

to 3456 well/per plate. These problems have motivated researchers to look for alternative 

technologies. 

2.5 CELL BASED HTS 

This is a type of HTS in which the testing method is based on viable biological 

cells. It has the following characteristics 

• 	 When compared with other assays, e.g. enzyme assay, the data generated 

are a better representation of an actual human body response. The leads 

generated are of better quality and have a lower chance of failure in 

subsequent stages [Khandurina 2002]. 
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• 	 Sometimes additional factors (e.g. molecules that can alter the behavior of 

target protein) are present in cells that significantly alter the 

pharmacology. Such factors might be absent in other types of assays. 

[Christopoulos 1999, Croston 2002]. 

• 	 Biological cells are very complicated in their structure and function, and 

different parts of the cell can elicit different responses to a drug. 

• 	 Multi-parameter measurements, called High Content Screening (HCS), 

can be done [Liptrot 2002]. HCS yields data with emiched hie

information content and can be done only with cell based HTS [Giuliano 

1997]. 

• 	 It is generally costlier when compared with other assays [Khandurina 

2002]. 

In spite of higher costs, due to its unique advantages, this method is becoming 

increasingly popular [Khandurina 2002]. 

2.6 MICROFLUIDICS FOR CELL BASED HTS 

Microfluidics has the unique capability to work with biological cells at higher 

throughput levels. For example: 

• 	 Very small wells, hence large number of wells on single plate can be 

made. This would result in ultra-high throughputs currently not possible 

with well plate technology. 
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• 	 Ultra small volume liquids (pico to nano liter) can be easily handled. 

Typically microfluidic devices are closed in nature hence evaporation of 

liquids is not a problem. 

• 	 Cell-cell and cell-extra-cellular matrix interaction are very important 

parameters in cell behavior [Huang 1999, Wang 1993]. With the help of 

microfluidics these interactions can be simulated and controlled. For 

example some molecules can be supplied only to part of a cell [Takayama 

2001], mechanical forces can be exerted [Leclerc 2006] and effects can be 

studied [Chen 1997]. 

Due to these reasons, the field of microfluidics cell based HTS has significant 

potential and a device based on this technology would be an excellent addition to current 

HTS technology [Pihl 2000]. A number of research efforts aimed towards this goal have 

been published. Detailed discussions about them would be done in next chapter. 
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CHAPTER3 

MICROFLUIDIC DEVICES FOR CELL BASED 


HTS 


Over the last several years, development of cell-based HTS technology capable of 

providing valuable information on potential drug targets has been a major research area 

in microfluidics [Khandurina 2002]. Biological cells have been used in a number of ways 

on microfluidic platforms. Microfluidics has ability to work at small volumes and 

lengths; hence as compared to their conventional counterparts these devices have been 

able to achieve higher throughput. For example, Sinclair et. al. developed an HTS ion

channel reader by combining traditional pipette based ion-channel studies with 

microfluidics [Sinclair 2002, Sinclair 2003]. In this device a single cell attached to a 

probe is used to scan compounds in a very short time (~9 seconds) at the exit of 32 

parallel microchannels. As compared to conventional methods this approach increased 

the throughput by 2 orders of magnitude. By using microfluidic gradient generator, a 

device capable of performing cell chemotaxis (migration of cells in response to presence, 

absence or gradient of chemicals) with precise spatial and temporal controls, has been 

developed [Jeon 2002]. Detailed accounts of use of microfluidics in cell based HTS have 

been well compiled by other researchers [Sundburg 2000, Pihl 2005, Pihl2005b]. A few 

of the more prominent devices are discussed in following sections. 
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3.1 PREVIOUS WORKS FOR CELL CULTURE BASED HTS 

Hung et. al. [Hung 2004] fabricated a device capable of culturing cells m a 

microarray (array of micro size features) format for long durations. Microfabrication 

technology was used in fabricating a number of tiny wells (I nun diameter) in an array 

format and connecting microchannels. The schematic of their device is shown in Figure 

3.1. 

Inlet with concentration gradient ... ... ... ... .. . Cell 
hambers 

Q.) -
.. 

......c: Q.) 
::;::::;c: :::::10·v; 0 
c::::::1 0't: 

Q.) ·v; 
:::::1a. ... . 't: 

.. 

Q.) 

a. 

Waste 
Figure 3.1 Schematic of continuous perfusion device for cell culture: Using 

microchannels, the device could generate a gradient ofconcentrations. Cells were cultured in 

individual wells and microchannels were used for nutrient supply, cell loading and waste 

collection [Hung 2004}. 

The device is made of Polydimethylsiloxane (PDMS) and have 1 Ox 10 array of 

chambers each connected to a network of microchannels. Cells ·were cultured in 
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individual wells and microchannels were used for nutrient supply, cell loading and waste 

collection. The device was run for 16 days culturing HeLa cells. Typically 20-40 cells 

could be grown in each chamber. The device also has the capability of gradient 

generation; hence it can easily test effects of a single compound at various 

concentrations. This device can be useful in HTS, quantitative cell biology, and 

bioinformatics. 

Sippers 

Cell wells 

Microchannels 

Figure 3.2 Schematic of Caliper Life Sciences microjluidic HTS device: Fabricated 

on a glass plate, the device can work with various types ofHTS including cell based HTS. A 

number ofsuch platforms could be integrated on a single chip to get higher throughputs [Pihl 

2005, Tran 2005}. 
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Caliper Life Sciences USA has developed a microfluidic cell based HTS device 

[Pihl 2005, Tran 2005]. The device, as shown in Figure 3.2, has a number of chambers 

(e.g. 8, 12) on a chip. The contents of these chambers (e.g. cells) are sucked (sipped) by 

microchannels. After being sipped the samples are mixed with other compounds (sipped 

from well plates) necessary for analysis. The mixing happens in microchannels which also 

serve as incubation chambers. After this the analysis mixtures are taken to a detection 

zone and analysis is carried out serially. Using this device compound, enzyme and 

substrate consumptions are reported to be 1/500, 1/100 and 1/40,000 times lower than 

those of well plates [Pihl 2005]. Presently, this system is used by pharmaceutical 

companies for cell based HTS and commercially available from Caliper Life Sciences 

USA. 

Sabatini et.al. [Ziauddin 2000] have reported creation of array of micro-spots of 

eDNA (complementary DNA) mixed gelatin on a glass slide. They were able to make 

140 to 192 such spots on a 40x20mm glass slide. Cells were subsequently cultured on the 

gelatin. cDNAs in individual spots were different hence the cells growing on top of each 

spot would express different proteins. As compared to 1536 wellplate wells (~2mm 

diameter), the achieved spot sizes were much smaller (120-140 11m). The technology has 

the capability to create 6,000-10,000 spots on a single glass slide. Device schematic is 

shown in Figure 3.3. This format maintains uniform physiologic environment and does 

not restrict cell growth by compartmentalization of culture area. However, dosage of the 

cDNAs is passive and dependent on slow release from the gelatin spot. Morover to create 

the eDNA spots, robotic arms were used which would limit the potential advantages 
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microfluidics technology can provide. Robotic arms also limit the throughput as its 

functioning is serial in nature. 

eDNA mixed 

Figure 3.3 Schematic of eDNA array device: Robotic arm was used to create eDNA 

mixed gelatin spots on a glass slide. Top glass surface was flat without compartments and 

cells were grown on it [Ziauddin 2000}. 

3.2 LIMITATIONS 

The major limitations found in present devices can be grouped as following. 

3.2.1 Downsizing of Macro World Approaches 

Most researchers [Hung 2004, Walker 2002, Powers 2002] have tried to 

miniaturize existing well plate architecture with the help of microfabrication technology 

(i.e. miniaturization of wells). But as dimensions decreases the phenomena, that are not 

very important at macro scale, start to become dominating [Wautelet 2001]. The 

uniqueness of microfluidics cannot be fully exploited by following the traditional 

macroworld approaches. 
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For example, Ziauddin et al. [Ziauddin 2000] used state of art robotic arms to 

create 120-140 11m spots, which is an attempt to make smaller spots using macroscale 

approach. Similarly, the key difference between the device developed by Hung et. al. 

[Hung 2004] and well plates are that the size of wells is smaller ( ~1 mm, as compared to 

~2mm for 1536 well plate) which results in higher well density. Layout of wells in their 

device and well plates are identical with the difference of having microchannels for 

nutrient supplies. 

3.2.2 Use of Non-Traditional Cell Culture Materials 

The fabrication technologies used in microfluidics have been developed in 

association with microelectronics industry. As a result, materials (e.g. silicon, SUS) used 

in microfluidics are not always biocompatible. In previously reported devices [Hung 

2004, Walker 2002, Powers 2002], non-traditional materials like Si and PDMS were used 

as cell culture substrates. The cell culture and behavior have been shown to be dependent 

on culture substrate [Helgason 2005]. For example, as per substrate toxicity studies 

[Ertel 1994, Kaul 1985, Tampion 1987] there is a significant difference between cell 

mortality and growth rates when cultured on traditional materials (tissue culture 

polystyrene -TCPS, glass) as compared to that of non-traditional materials (PDMS, 

Polyetherurethane). When cells were cultured (2 hours duration, bovine aortic endothelial 

cells-BAEC in protein less media) on PDMS the cell death rates (93%±5%) are 10 times 

and 21 times larger than that of glass (9%±3.5%) and TCPS (4.5%±6%) respectively. 

When cells were cultured in presence of protein media the cell death ratios for PDMS to 

glass and PDMS to TCPS were 35 and 48 respectively [Ertel 1994]. Moreover in contrast 
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to glass and TCPS, cell viability on PDMS has strong dependence with cell density. For 

BAEC cells grown for two hours in PDMS, cell mortality changed from 93% at 103 

cells/cm2 to 20% at 106 cells/cm2[Ertel 1994]. Similarly cell growth rate on 

polyetherurethane was 5 times slower than that of glass [Ertel 1994]. 

The physiological response of cells, the most important parameter in cell based 

HTS, might change due to use of new substances. Culturing on new substrates would 

make historical characterization of cell culture non-applicable. 

3.2.3 Compartmentalization of Cell Culture Area 

The researchers have tried to divide the chip into a number of chambers either in 

form of wells or in form of microchannels [Hung 2004, Walker 2002]. The typical 

microfluidic dimensions are in the same of order of magnitude as that of typical cells. 

With decreasing chamber sizes the growth of cells would get hampered. More ever, due 

to larger surface to volume ratio cells would experience more of cell-to-wall interaction 

as compared to cell-to-cell interaction. This may lead to changes in the cell behavior as 

cell functioning is highly dependent on cell-to-cell interactions and confinements 

[Helgason 2005]. For example, insect cells cultured in microchannels grew significantly 

slower than those grown in flasks [Walker 2001]. Cells population of cells grown in 

microchannels made of glass and PDMS grew only by 51% and 37% while in same time 

cell population in flask doubled [Walker 2001]. Similarly, the growth dynamics of 

embryos in microchannels is much different than what is observed at macroscale cultures 

[Raty 200 1]. 
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From above discussion it can be concluded that a number of microfluidic cell 

HTS devices have been developed. But there are a number of limitations in them 

including compartmentalization and use of non-traditional cell culture materials. To 

overcome these limitations a new approach is discussed in next chapter. 
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CHAPTER4 

NANOPOROUS MEMBRANE BASED 

MICROFLUIDIC DEVICE FOR CELL BASED 

HTS 

4.1 THE IDEA 

In contrast to existing devices, a multi-layered non-compartmentalized, cell 

culture approach has been developed. Figure 4.1 shows the schematic of the approach. 

The idea is to use agar gel as cell culture substrate, similar to agar plates, and to use 

nanoporous membrane in conjunction with microfluidic channel to supply drugs in agar 

gel. From the gel the drugs would reach to cells by diffusion. As shown in Figure 4.1, the 

drugs are supplied into the gel in a microarray (an array of micro size features) format. 

This microarray is analogous to wells of a well plate. 

4.2 ADVANTAGES OVER PREVIOUS WORK 

In previously reported works, [Hung 2004, Walker 2002, Powers 2002] both 

silicon and PDMS were used as cell culture substrates. In this present approach, the cell 

culture is carried out on an agar gel surface. This offers a number of advantages, for 
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example, agar is a traditionally used cell culture material [Freshney 1994] and due to 

historic use its wide characterization as a cell growth medium is available. As there are 

similarities between the mode of cell culture in this device and that of traditional cell 

culture, it would also lead to easy integration with existing cell culture protocols. 

Drug spots created by 
electrokinetic pumping 
by nanoporous membrane 

Figure 4.1 Schematic diagram ofthe approach for cell based HTS: Cultured cells are 

not compartmentalized while the gel acts as the culture substrate. It is a three layered 

architecture. The bottom layer consists of microjluidic channels that are filled with drugs 

solution. Middle layer works as selective pump. Top layer is the gel layer meant for cell 

culture. 

In contrast to previously reported devices [Hung 2004, Powers 2002], there is no 

compartmentalization for the cell culture area as cells are cultured on a flat gel surface. 

This offers many advantages. For example, the culture surface area is analogous to cell 

culture agar plates, i.e. a flat agar gel sheet and cells cultured on top surface. Unlike 
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previously reported cell culturing in microchannels and microwells [Walker 2001, Raty 

2001] in this case cell behavior changes due to small well sizes are not expected. As there 

is no compartmentalization on cell culture area, unlike other microfluidic devices, cell-to

cell interactions are not expected to get hampered. Cell-cell interactions are very 

important in cell behavior, for example: cell proliferation, cell differentiation [Greenwald 

1992] programmed cell deaths [Ellis 1991] and change in gene expressions [Streuli 

1991]. 

The drug pumping, which is done by nanometer size pores, can be controlled very 

precisely by controlling the applied electric potentials. Theoretically, by having a single 

nanopore to do the pumping, the dosing can be controlled down 107 molecules/second 

limits [Reber 2001, Macpherson 2002]. 

4.3 WORKING PRINCIPLE 

The complete functioning of the device is dependent on a number of factors, 

namely: pumping of drug molecules through a nanoporous membrane, drug spot 

formation, diffusion of drugs in gel and cell culture. Each of these factors has to be 

carefully evaluated and the device designed appropriately. The design of these sub-units 

is discussed in more detail in the subsequent sections. 

4.3.1 Nanoporous Membranes and Pumping 

Nanoporous membranes, in the current context, are thin (~1OJ..Lm) flexible 

membranes having narrow (10-IOOnm) through holes. A variety of membranes is 
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commercially available and differs in the size of the pores (the holes) and the densities 

(number of pores per unit area). The membrane can be hydrophilic or hydrophobic 

depending upon its material (membrane details in section 5.1.3). When a hydrophilic 

membrane is immersed in aqueous solutions the pores will be filled due to capillary 

forces. 

Upon application of an electric field through the membrane, the solution-filled 

nanopores start to act like a micropump [Kuo 2003]. The actual pumping mechanism is 

complex and employs principles of electroosmosis, electrophoresis and diffusion 

[Kemery 1998]. The pumping magnitude and direction depends upon a number of 

parameters (e.g. electric field, solute ions, concentrations, solution pH, pore size, pore 

density, molecular size and molecular charge). 

4.3 .1.1 Electroosmotic pumping 

Figure 4.2 shows the nanoporous membrane electroosmotic pumping mechanism. 

Electroosmotic [Rice 1965, Chen 2002] pumping occurs when an electrical field is 

applied through a channel having electrically charged walls. Electrically charges walls 

occur due to ionic exchange between wall and solution molecules. For example, when 

water comes in contact with PDMS, PDMS surface acquires a negative charge due to loss 

of protons and formation of Sio- groups at the surface. The charged wall surface repels 

similarly charged ions from the solution near the walls and attracts oppositely charged 

ions from the bulk solution. The net excess of ions near the walls form an electrical 
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charged layer called the double layer. The double layer is made up of two distinct layers: 

the Stem layer and the diffuse layer. The Stem layer consists of a single ionic layer. It is 

7 8 
firmly attached to the walls due to very strong electrical fields (E- 1 0 to 10 V /m) present 

between the Stem layer and the wall. The diffuse layer is loosely attached to the walls. 
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Figure 4.2 Electroosmotic pumping: -Due to interactions between the molecules on the 

membrane wall and solution, a charge develops at the membrane surface. This charge 

causes an electrical double layer to develop in the solution. Upon application ofan electric 

field, the solution moves with the motion ofdouble layer. 

Upon application of an electric field, the diffused layer moves in the direction of 

electrostatic force i.e. towards positive electrode if zeta potential is negative or vice versa. 
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Due to viscosity, the motion of diffused layer exerts a force on solution present in 

channel resulting into motion of the solution. This motion generates a shear plane 

between the Stem layer and the double layer. The electrical potential at this shear plane is 

called the zeta potential. The zeta potential (typically 1-200 mV) is used as a measure of 

electroosmotic pumping tendency at any surface-solution interface [Kirby 2004]. The 

pumping magnitude and direction both depend on the zeta potential and the applied 

electric field. Volume flow rate due to electroosmotic (in absence of pressure gradient) in 

a capillary can be given by following equation [Rice 1965]: 

V =-QE A -------------------------4 1z c 	 • 

Where Ez is applied electric field, Ac is cross sectional area of the capillary, and 

n is given by 

n = 	elf/o ----------------------------4.2 
47r1J 

In equation 4.2, E is dielectric constant of fluid, 11 is coefficient of viscosity, and 

\j/0 is zeta potential. 

Hence electroosmotic flow can be controlled by a number of parameters, like E, 11, 

'l'o. Ez, Ac, these parameters in tum can controlled by membrane pore size, pore material, 

solution ionic concentration and electric field. 
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When an electric field is applied across the membrane, the electric field lines pass 

through the nanopores because the membrane is made of an insulating material. The 

pores, upon immersion in solution, develop a zeta potential and start to pump 

electroosmotically. 

+ 

Figure 4.3 Electrophoretic pumping: -When a charged particle or a molecule is present 

in an electric field, the particle starts to move. If this potential is present across a membrane, 

the particles would cross the membrane from one side to other. 

4.3.1.2 Electrophoretic pumping 

Schematically, the electrophoretic pumping mechanism is shown in Figure 4.3. 

Electrophoretic pumping occurs when an electrical field is applied in a channel filled 

with a solution containing charged particles or molecules [Manz 1994]. 
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When a charged species is present in an electric field the developed electric force 

can be described by equation 4.3. [Manz 1994]. 

Fe = zPeE----------------------- (4.3) 

Where: Fe is the electric force, zixe is the net charge on the particle and E is the 

electric field. 

Due to this electrostatic force, the particle starts to move. This motion generates a 

drag force given by equation 4.4. 

F1 =- fPV p ----------------------(4.4) 

Where Fr is frictional force, fp is the friction coefficient of the particle and Vp is 

velocity of the particle. In equation 4.4, in contrast to macroscopic flows where drag 

force is proportional to square of velocity, the drag force is linearly proportional to 

velocity. This is due to the fact that in electrophoretic flows the velocities are very small, 

hence Reynolds number is very small too. This means the viscous drag force (varies 

linearly with velocity) dominates over inertial drag force [OBrien 1978]. 

At equilibrium, the electrical and frictional forces are balanced. From equation 

4.3, and 4.4, the following equation gives the relationship between the velocity of a 

particle and the applied electric field. 
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- = (zJPeJ-V P E ----------------------(4.5) 

The summation of motions of a large number of particles (molecules) yields 

electrophoretic pumping. An electric field across the nanoporous membrane causes the 

solute particles to move through the nanopores from one side of the membrane to other 

side. The magnitude of electrophoresis can be controlled by controlling the charge on the 

particle, the applied electric field, the frictional properties of solution, the pore size and 

density. For example increasing the pore density will proportionally increase the pumping 

magnitude (assuming pumping of one pore does not affect other pores). Higher molecular 

charges would increase the pumping and a charge reversal will change the pumping 

direction. This charge reversal can be important in case of proteins since their molecular 

charges can switch from positive to negative or vice versa depending upon solution pH 

[Xia 2007]. This in turn will change the protein pumping direction depending upon pH. 

4.3.1.3 Diffusional mass transport 

By assuming pores to be perfect cylinders of length equal to the thickness of 

membrane, the diffusional flux of uncharged molecule occurring through a single pore 

can be given by following equation [Bean, 1972, Rostovtseva 1996]: 

¢ = D[{t::iz)J----------------------(4.6) 
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Where D is diffusion coefficient, r is radius of the pore, ~c is concentration 

difference across the membrane, and t membrane thickness. In above equation hindrance 

provided to diffusion due to very small pore sizes are neglected. This hindrance can be 

accounted for by correcting diffusion constant as given by following equation [Bohrer 

1984]: 

D, =D(P~ )------------------------(4.7) 

Where De is effective diffusion coefficient. foo and f,, are molecular friction 

coefficients in free solution and pore respectively. ~and 'A are calculated from pore radius 

r and molecular radius rm by following equation: 

A= rm and f3 =(1--1)2 
-------------------(4.9) 

r 

4.3.1.4 Relative magnitude ofvarious pumping modes 

Out of three modes of mass transfer (diffusion, electroosmotic and 

electrophoretic), for typical operating conditions used in this study ( 10-1 OOnm pores, 

open pore patch area of 0.04 to 0.25 mm2
, 8J.tm membrane thickness) the relative 

magnitude of diffusional transport is much smaller as compared to electroosmotic or 

electrophoretic [Kuo 2003]. The microchannel layout of the device is made so as to 

avoid any pumping pressure development due to electroosmotic or electrophoretic flows 

occurring in microchannels. This is achieved by opening the one end of microchannels to 
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atmosphere, hence any pressure development in microchannels will lead to flow towards 

atmospheric outlet (because flow through microchannels has less resistance as compared 

to flow through nanoporous membrane which has high flow resistance due to nanometric 

pore sizes). In the absence of pressure buildup from microchannels, for charged 

molecules the pumping is expected to be dominated by electrophoretic flow [Kuo 2003]. 

For neutral molecules electroosmosis will dominate. 

4.3.2 Drug Spot Formation 

As discussed, when an electric field is applied through a nanoporous membrane, 

the pores start to behave as tiny pumps. All the pores, except those in selected regions, 

are blocked by filling the pores with liquid Polydimethylsiloxane (PDMS) and solidifying 

the PDMS inside the pores by application of heat (details in section 5.2.4). Blocking is 

done as to leave an array of small patches having a number of open pores. Each such 

patch on a membrane, consisting of 1000-3000 pores, is used as a single micropump. 

These micropumps act as the interface between the gel and the microchannel. As shown 

in Figure 4.4, in the presence of an electric field, the drug flows from the microchannel 

into the gel layer (or vice versa depending on the charge on the molecule and electric 

field direction). Use of vertical through hole is essential for creation of well defined drug 

spots. In such membrane drug can travel only in thickness direction without moving in 

latter direction as pores does touch each other. Interconnected pores would lead to lateral 

motion of molecules in the membrane itself and would lead to mixing of drugs from 
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adjacent spots. Hence polycarbonate membrane having vertical non-connecting through 

nanopores (section 5.1.3) will be used for drug spot formation. 

Initially the drug is pumped into the bottom most region of the gel into an area 

precisely matching the open pore patch. After pumping, due to electrophoretic mobility 

of drug molecules in the gel slab, the drug starts migrating in the gel [Wieme 1965]. This 

migration, depending upon the electric field distribution, allows the drug to be distributed 

in a 3D region in the gel. This 3D region is referred to as a drug spot. 

Microchannels Nanoporous 
filled with drug interface 

Figure 4.4 Schematic of device working: A nanoporous membrane is sandwiched 

between the bottom layer containing microchannels and the top layer of gel. Upon 

application ofan electric field, the drug molecules move into precisely defined micros pots in 

the gel. 

There are a number of open pore patches arranged in an array format ~n the 

membrane. The microchannel is aligned with these patches. Each patch behaves as a 

single micropump and forms a single drug spot in the gel layer. By having a number of 

such patches a microarray of drug spots is formed in the gel. The individual spots in an 
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array can have the same drug or different drugs depending upon the contents in the 

microchannels below them. 

4.3.3 Molecular Diffusion in Gel 

Initially, the drug spots are created in the bottom region of the gel (i.e. the gel 

region near the membrane). The agar gel contains a large percentage (~99%) of water and 

is very porous in nature (details about agar in section 5 .1.4 ). This allows the diffusion of 

molecules within the agar gel. A drug concentration gradient is established between the 

drug spot and the bulk gel. Hence, diffusion of drug molecules occurs causing the initial 

size of the drug spot to grow. This diffusion can be divided into horizontal and vertical 

components. As shown in Figure 4.5, the vertical diffusion causes the drug to diffuse 

towards the top surface of the gel increasing the thickness of the spot. Vertical diffusion 

ultimately leads the drug to reach the top surface of the gel where cells will be cultured. 

The horizontal diffusion causes the spot size to grow laterally increasing the drug spot 

diameter. With the drug spot diameter increase, the gaps between adjacent spots decrease. 

A large horizontal diffusion can potentially lead to undesirable mixing/interaction of 

adjacent spots. 

According to the preceding analysis, it can be concluded that horizontal diffusion 

is undesirable, while vertical diffusion is essential for device functioning. The gel has 

isotropic properties, hence both horizontal and vertical diffusion constants have identical 

values (e.g. 3xl0-11 m2/s for 2% agar gel at room temperature [Ackers 1962]). However, 
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by optimizing the geometry of the gel (e.g. a thinner gel with more precisely positioned 

spots) the net effect of diffusion can be optimized. 

TOP VIEW drug spot 

-----1-'1 mped drug spot 

gel---i-

• • 
X 

horizontal diffusion 

B fvertical diffsuion 

avoid interspot interaction 
CROSS -SECTION X-X 

Figure 4.5 Schematic of drug diffusion in agar gels: Darker regions represent drug 

actively pumped by electrophoresis. Lighter blue regions define regions of drug migration 

due to molecular diffusion. 0) Horizontal diffusion ~auses the spot diameter to grow. (B) 

Vertical diffusion causes spot thickness go grow. It is essential for device to function 

properly. 

4.3.4 Cell Culture 

The cells will be cultured on the top surface of the gel layer analogous to 

conventional cell culture on agar plates, hence no specialized procedure is required for 

culturing of the cells. The agar gel cell culture has been well characterized [Madigan 

2005]. Analogous to agar plates, cells in the device will remain in a continuous lawn 

configuration. As compared to other microfluidic device cell culture [Hung 2004, 
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Walker 2002, Powers 2002], there are a number of advantages of this non

compartmentalized agar cell culture and are given in sections 3.2.2 and 3.2.3. The drug 

microarray, as explained above, lies just below the culture lawn. Cells present directly 

over a particular spot experience the concentration of drug present in that spot. Because 

the spots do not touch one another, a large number of parallel experiments can be 

performed on a single, continuous cell culture lawn. 

4.4 DEVICE DESIGN 

4.4.1 Design Criteria and Parameter Selection 

The following design parameters were developed for the thesis work: 

4.4.1.1 Device structural material: Polydimethylsiloxane PDMS based soft-lithography 

[Xia 1998] has recently been well characterized, and widely used. [Whitesides 2002]. 

PDMS is transparent and rubbery. These properties will be useful for easy visualization 

and leak proof assembly. This method does not require a clean room environment and the 

time to prototype is quick. 

Base on above reasons PDMS is used as structural material ofthe devices. 

4.4.1.2 Pore size: The device is designed for a number of different molecules having 

varied electrical charges and molecular weights. At smaller pore sizes (<10nm), the 

pumping action of the pores becomes molecule dependent, i.e. depending upon molecule 

charge and size it may or may not get pumped [Kemery 1998]. At a larger pore sizes 
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(> 1OOOllm), diffusion of drug molecules from the microchannel to the gel can happen 

without application of any potential. This would result in loss of control of drug dosing 

preCISIOn.. 

Based on the above discussion, a starting pore size of 1OOnm diameter was 

selected for use. 

4.4.1.3 Pore density: The pore density has little effect (other than the magnitude of 

pumping). A larger number of pores per unit area (higher density) give higher drug 

2pumping rates. Commercially available pore density (for 100nm pores, 4x108 per cm ) 

was used. 

4.4.1.4 Membrane material: The membrane should be transparent for easy visualization. 

Membrane material should be insulating in nature so that electric field lines pass only 

through pores. It should be economical and easily available. Based on these criteria, 

polycarbonate was selected as the membrane material. 

4.4.1.5 Array dimensions: Array dimensions (array size, interspot distance, individual 

spot sizes) are important parameters for the proper working and performance of the 

device. As no previous data is available, a number of devices with different array 

dimensions were used. 

4.4.1.6 Gel material and dimensions: The first requirement is that the gel material should 

be one that is traditionally used for cell culture. The second requirement is that the gel 
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should be permeable for the drugs. Based on these criteria, agar was selected as the gel 

material. Other gel materials with very similar properties (diffusivity, water content, etc.) 

like agarose are also expected to work similarly. 

RectangularTop PDMS 
cavitylayer 

Bottom 
PDMS layer Nanoporous 

membrane 

Figure 4.6 3D-schematic of device design. PDMS serves as the supporting structural 

material for the gel, membrane and channels. Different variations ofdevices have different 

patterning ofmembrane and microjluidic channel. 

The dimension of the gel layer affects the diffusion of drugs, so a number .of gel 

dimensions (thickness 0.5mm to 3mm, size 5mmx5mm to 25mmx25mm) were selected 

for investigation. 
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4.4.2. Design Variations 

Based on the above working principle and the basic design (Figure 4.6), a number 

of devices were designed. These devices are used for different objectives and testing 

requirements. 

The first type of devices is single spot forming devices. These devices form a 

single spot of drug molecule in the agar gel. These devices are used for the device 

working demonstration and characterization. 

The second type of devices is multiple spot and microarray forming devices. 

These devices form multiple spots (3 spots to 144 spots) of drug in the agar gel and are 

used to demonstrate the ability of independent control over individual drug spots as well 

as the ability to form microarrays. 

The third type of devices is diffusion barrier device. These devices have a 

specially designed agar gel layer for optimizing drug diffusion (lower horizontal 

diffusional effects, higher vertical diffusional effects) in order to maximize drug spot 

density. 

The idea of using nanoporous membrane based electrokinetic pumping to create 

micro array of drug spots in agar gel for cell based HTS is used to create a number of 

microfluidic devices. Individual devices are discussed in detail in their respective 

chapters. 
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CHAPTERS 


FABRICATION AND EXPERIMENTAL 

SETUP 

5.1 FABRICATION MATERIALS 

Fabrication of devices is a multiple-step sequence of photolithographic and 

chemical processing involving a number of materials. The following section describes the 

materials and the common fabrication methods that were used during the preparation of 

the devices discussed in the latter chapters. 

5.1.1 SU8 Photoresist: 

SUS is an epoxy based UV light (365nm) negative photoresist. Its primary 

advantage, unlike other low viscosity photoresists, is its ability to make very high aspect 

ratio microstructures [Shaw 1997]. Using SUS, up to 1200J..Lm thick structures having an 

aspect ratio of 1S have been fabricated. Before exposure to UV light, the SUS photoresist 

is in a viscous liquid (~ 2500 est. centi Stokes) form having 72-S5% solid content 

dissolved in an organic solvent [Lee 1995]. The SUS viscosity (hence the film thickness 

that can be produced) varies depending upon percentage of solid content present in it 

[Feng 2003]. SUS polymerization is done in two steps. First, during the UV exposure a 

strong acid group is generated. In the second step, the photoresist is heated at a 
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predetermined temperature ( ~ 90 °C). During this acid-initiated process, thermally driven 

epoxy cross-linking takes place [Shaw 1997]. After this polymerization reaction, the 

typical Young's modulus of SU8 is 4.02 GP (Giga Pascal). [Lorenz 1997]. SU8 having 

different viscosities are available from MicroChem Corp USA. SU8-1 00 capable of 

forming structures varying from 1 00 to 250 J.tm was used [MicroChem Corp. SU8-1 00 

technical data sheet, Appendix 6]. 

5.1.2 Polydimethylsiloxane 

Polydimethylsiloxane, popularly known as PDMS has become widely popular 

now by the classical work of Whitesides [Xia 1998, Whitesides 2002] at Harvard. PDMS 

has excellent optical properties for current application (transparent) and it is 

biocompatible [Whitesides 2001]. PDMS has been extensively used in microfluidics, 

some of the well known applications include microcontact printing [Kumar 1994], 

microfluidic network [Delamarche 1997], capillary electrophoresis [Effenhauser 1997], 

multilayered structures [Unger 2000] and biomedical devices [Fujji 2002]. 

PDMS was purchased from Dow Coming Incorporation, USA, sold by the brand 

name of Silgard 84 in uncured form i.e. before polymerization. It was supplied as two 

separate components (base and curing agent). Polymerization happens on application of 

heat (60 °C) when a base (short chains containing venyl groups) is cross linked with a 

curing agent containing hydroxiloxane group [Fu 2003]. After curing it forms a rubbery 

transparent solid having a molecular structure as shown in Figure 5 .1. 

44 




Master's Thesis-Sarvesh Upadhyaya-McMaster University-Mechanical Engineering 

The base to curing agent ratio used for making the devices was maintained as 

10:1, as recommended by the supplier. For microcontact printing purposes, a thinner 

mixture is obtained by adding higher percentage (1 :3 base to curing agent) of curing 

agent. 

Figure 5.1 PDMS molecular structure. 

5.1.3 Polycarbonate membrane 

It's a thin (8)-tm) transparent film having through straight nanoporous holes in it. 

Membranes having different pore sizes (1 Onm, 1OOnm, 1).!m) are purchased from GE 

Osmonics. The membrane supplied with polyvinylpyrrolidone coating is wetable. When 

dipped in water, the water molecules fill the nanopores due to the large capillary action 

forces that are experienced at smaller scales. As provided by the manufacturer, the pore 

size distribution falls between +0% to -20% of the nominal size [GE Osmonics Product 

Catalog, Appendix 7]. The pore sizes and densities are given in table 4.1. 

Electron microscopic picture of the membrane is shown in Figure 5.2 
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TABLE 4.1 Membrane pore size and density (From manufacture datasheet, Appendix 7) 

Pore Size Pore Density 

(Tolerance +0%, -20%) (Tolerance ±15%) 

lOnm 6xl011 

lOOnm 4xl011 

lJ..Lm 2x107 

Figure 5.2. SEM image of nanoporous membrane: The pores are roughly round 

with an effective diameter of1 Jim. The pore density is 2 x 107
. 
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5.1.4 Agar Gel 

Agar is extensively used to provide a solid surface for the growth of bacteria and 

fungi [Madigan 2005]. The basic agar after some modifications can be used to grow most 

of the microbes. For example, blood agar is obtained by adding sheep blood to agar gel to 

get desired environment for growing of the specific organism [Madigan 2005]. Agar is an 

unbranched polysaccharide obtained from the cell membranes of some species of red 

algae or seaweed. Agar consists of at least two separate polymers, agarose and 

agaropectin, however its actual structure is very complex [Lahaye 1991]. It has been 

shown that at least eleven different constituent structures could be identified in different 

agar bearing weeds depending on gender/species, environmental conditions and time of 

the year [Lahaye 1991]. 

Figure 5.3 shows the general molecular structure of the agar backbone. By 

varying R1, R2 (as shown in Figure 5.3, e.g. CH3, C2H5) and sulphur molecules, different 

types of agars are achieved [Lahaye 1991]. Variations in composition (e.g. gel 

concentration, gel type) lead to variations in physical properties (solidifying temperature, 

chemical composition, density, and color) of agar gel. But the working principle of the 

device is largely insensitive to these variations. Agarose, the gelling component of agar, 

has very similar properties as agar. In present devices it can be a substituted for agar. 

Agar polymer, depending upon solution temperature, can have different 

structures. At higher temperatures, the polymer is dissolved in water as individual fibers, 
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and as temperature decrease these fibers assemble to form large three dimensional 

network with wide pores (~10-100nm) between them (Figure 5.4) [Lahaye 1991]. 

Figure 5.3. General molecular structure of agar backbone: By changing Rl and R2, 

different type ofagar backbone can be obtained. Actual agar is a mixture ofa number ofsuch 

molecules. 

:f~i 
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8 Three dimensional network 

Figure 5.4 Gelling ofagar: (A) At higher temperatures agar fibers are dissolved. (B) At 

lower temperatures, these fibers aggregate together to form a three dimensional network of 

pores. 
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The pore size depends upon the gel type and the concentration and it ranges from 

10nm to lOOnm [Ackers 1962]. These pores are filled with a large amount of water, and 

this phenomenon is responsible for the ability of agar to hold large amounts of water. 

The size of the pores limits the size of molecule which can diffuse through it [ Ackers 

1962]. 

5.2 FABRICATION PROCESS 

5.2.1 Wafer Preparation 

A 3 inch silicon wafer (crystal orientation 100) supplied by University Wafers 

Corporation USA, is cleaned using acetone and distilled water. Then the wafer is plasma 

oxidized at SOW rating for 30 seconds. 

5.2.2 SUS Mold Fabrication 

All the parameters used are taken from the data supplied by manufacturer 

[Appendix 6]. SUS-100 is dispensed on the wafer and spun at 2750 RPM for 45 seconds 

producing a 1 OOJ.tm thick layer. Pre-exposure baking is done at 95°C for 1 hour to remove 

the excess solvent. The photo-mask is prepared using high quality printers on a 

transparency sheet. The drawings are prepared using AutoCAD software. The photo

exposure (UV light, 600mJ/cm2
) was done through a photo-mask for 60 seconds. Post 

exposure baking is done at 95°C for 10 minute by ramping the temperature slowly. Wafer 

is immersed in SUS developer (mixture of ethyl lactate and diacetone alcohol) for 30 

minutes. This process dissolves always the undeveloped SUS leaving a negative replica 

of photomask made of SUS on the silicon wafer. Isopropyl alcohol, which turns cloudy in 
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presence of SU8, is used as a testing agent to verify its complete removal. After the 

development process, the mold is ready to be used. Process flow of SU8 mold fabrication 

process is given in appendix 1. 

5.2.3 PDMS Casting 

For fabricating the device, required amount of PDMS liquid is prepared by 

mixing 10:1 ratio of base and the curing agent. This liquid is casted on SU8 mold and 

heated at 65°C for 2 hours to cure it. After the curing process, the PDMS elastomer is 

peeled of the SU8 molds to obtain an inverse replica of the mold imprinted on the 

elastomer and is used to form the microfluidic network. 

5.2.4 Membrane Microcontact Printing 

Figure 5.5 An example of PDMS sheet used for microcontact printing: Those areas 

ofmembrane touching raised regions in this sheet would get blocked. (A) 3D schematic. '(B). 

PDMS sheet. Different sheets are used for different membrane patterning. 

Microcontact printing [Kumar 1994, Xia 1997] can also be called as a precise 

stamping method that can give submicron printing accuracies. This method is used to 

block pores in selected regions of nanoporous membrane. A PDMS microcontact stamp 
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having features corresponding to desired pattern on membrane is fabricated using 

processes described in section 5.2.2 and 5.2.3. Figure 5.5 shows 3D schematic and 

picture of one such stamp used. 

3:1 base to curing agent uncured PDMS. High 
curing agent gives thiner mixture. 

Cleaned 3 inch Si wafer 

PDMS pored on wafer and spun at 10000 rpm 
for 4 minutes to get thin PDMS layer 

on wafer. 

A part of uncured PDMS present on wafer is 
transfered to elevated features of PDMS sheet. 

PDMS is stamped on nanoporous membrane 
transfering a part to uncured PDMS to membrane 

............................................................··---···................. .. 
....... ... . . . . .... . . .... ............ . . . . . . . . ............... . . . ... ... .·-- ........................_............... .. 

Membrane is peeled of from PDMS sheet, and 
heated at 65 C for 2 hours . The pores in selected 
regions are filled and blocked. Last three steps 
can be repeated mulitple times to get desired 
pattern . 

Figure 5.6 Microcontact printing process flow: A thin layer of blocking agent (liquid 

PDMS) is spin coated on Si wafer. A stamp (PDMS sheet) is wetted on this wafer and then 

stamped on the nanopores membrane to block the pores in selected regions. 
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3:1 base to curing agent PDMS liquid mixture is prepared and spin coated on a 

cleaned silicon wafer at 10000 rpm for 4 minutes to get a thin layer of PDMS on top of 

the wafer. PDMS stamp (as shown in Figure 5.5) is then put on top of the wafer. This 

causes the sheet's elevated features to get wet with liquid PDMS present on wafer. The 

sheet was peeled off and stamped on the nanoporous membrane. The above process is 

repeated on the same membrane to get the desired pattern. Second time stamp 

microchannel direction is perpendicular that of first stamping. After two stamping steps 

only those pores, which are not blocked during both stamping steps, are left unblocked. 

Figure 5.6 shows the process flow for microcontact printing. Figure 5.7 shows one of 

patterned membranes. Process flow of polycarbonate membrane microcontact printing 

process is given in appendix 2. 

Figure 5. 7 A patterned nanoporous membrane. 
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5.2.5 Device Assembly: 

PDMS sheet having microchannels (the bottom layer), the patterned membrane 

(middle layer), and top layer PDMS sheet (having cavity for containing gel) are stacked 

on top of each other and glued together. Uncured PDMS is used as glue. Molten gel (gel 

power mixed with water and boiled) is filled in the top layer cavity and solidified. The 

overall process flow for device fabrication is shown in Figure 5.8. Process flow of the 

device assembly process is shown in appendix 3. 

SU-8 master mold fabricated using soft lithography 

PDMS micro channels cast from mold 

Bonding of nanoporous membrane and PDMS 
stamping for patterning of microinterface 

Bonding of top PDMS layer and fabrication of thin 
gel layer 

Figure 5.8 Device fabrication process flow: Three layers (bottom PDMS with 

microchannels, middle patterned membrane, top PDMS sheet with hole) were fabricated 

separately. These layers were stacked on top ofone another and glued together. Gel was filled 

in top cavity as the last step. 
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5.3 EXPERIMENTAL SETUP 

Schematic of general experimental setup arrangement can be shown by Figure 

5.9. There are some differences in experimental setups of individual devices and are 

described in respective chapters. The drugs are supplied into the microchannel using 

syringes. Electric voltage is supplied through two copper electrodes dipped into the drug 

in the reservoirs. Two separate sense lines are used to accurately measure voltage drop 

occurring in the membrane and gel. Both the electrodes being made of same material 

eliminates chances of development ofnet electrochemical potential. 

Supply line Sense line 

Syringe 

'/ 

Visu~zation and 
photography 

Drugs Syringe 

To waste 

Figure 5.9 Schematic ofgeneral experimental setup. 
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5.4 WORKING MATERIALS 

The device is intended to be used in drug discovery applications hence the tested 

drugs/biomolecules should represent drugs or biomolecules that are typically expected to 

be used in this device. To cover the whole spectrum of typical molecules used in such 

applications following three types of compound are tested. 

5.4.1. Surrogate Drug Molecules 

Following criteria are used for selection of surrogate drug molecules to be tested in 

devices. 

• 	 The Lipinski's Rule of Five [Lipinski 1997]: It is a very popular method used in 

pharmaceutical industry to assess drug likeliness of any compound. According to 

this, for a compound to become drug, it should have not more than: 5 hydrogen 

bond donors, 1 0 hydrogen bond acceptors, 500 molecular weight and a Log P (a 

partition coefficient of water to oil solubility) of 5. 

• 	 Colored: The drug should be bright in color so that it can be easily visualized and 

measured using photometric methods. 

• 	 Safe and Stable: It should be minimal toxic, stable, easy to handle and readily 

available. 

Based on above criteria methylene blue and trypan blue are chosen as surrogate 

drug molecules. These are complex organic compounds having M.W. of 284.41and 

872.9; logP: 1.16 and 4.05; H-bond donors: 0 and 8; H-bond accepters: 4 and 20 
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respectively. These are purchased from Sigma Aldrich and used as such. The molecular 

charges on trypan blue and methylene blue are opposite in nature, and this would be used 

to verify electrophoretic nature of pumping mechanism. 

5.4.2 Proteins 

Bovine Serum Albumin (BSA) was selected as model protein as it is one of the 

widely used proteins in biological experimentations. It is easily available in large 

quantities (few grams) from Sigma Aldrich and can be easily visualized using protein 

staining methods. It is stored in refrigerator as suggested by the supplier. 

5.4.3 DNAs 

DNAs have become a molecule of immense importance in biological studies. 

Suitability of the device for using DNAs is demonstrated using oligomers (short length 

DNA having few base pairs to few tens of base pairs). The base pair sequence is selected 

to be random and 20bp long. The DNA (oligomer) is ordered from Mobix facility at 

McMaster University (http:/ /www.science.mcmaster.ca/mobix/). 

5.5 Visualization 

Surrogate drugs (methylene blue and trypan blue) have strong colors and can be 

easily visualized. BSA is colorless (slightly grey) when dissolved in water, so it was 

visualized usmg SafeBlue™ Stain method of Invitrogen Inc. USA 

[http://www.invitrogen.com]. Details of this staining method are given in appendix 4. 

DNA visualization is done with the help of ethidium bromide (EtBr). EtBr when mixed 

with DNA bonds with the double helix backbone of DNA. After bonding it produces 
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fluoresce with red-orange color in presence of UV light [Lakowicz 2006]. Details of EtBr 

DNA visualization are given in appendix 5. 

5.6 Measuring Instruments 

1.4 
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Figure 5.10 Calibration curve for trypan blue for photometric measurements: A 

number of3mm thick gel sheets having different known concentrations of trypan blue dies in 

them were run on Wallac 1420 VICTOR 2™ plate reader. Recorded absorption 

measurements were also correctedfor background absorption by gel layer. 

For quantitative measurement purpose photometric absorption method is used. 

Once drug molecules are pumped into the gel, the gel layer is separated from the device 

and concentration measurements are carried by Wallac 1420 VICTOR 2™ plate reader 
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(PerkinElmer). A narrow beam of light (lmm diameter) passes through the gel layer, and 

a part of it gets absorbed by the drug present in gel. The device was calibrated for trypan 

blue absorption using 3mm thick gel sheets (2% gel content) having different known 

concentrations of trypan blue mixed in the gel. The Figure 5.10 shows the calibration 

curve. Recorded absorption measurements were also corrected for background absorption 

by gel layer. The minimum detection limit of the method was calculated based on 7 

measurements and was found to be 4.2 J.Lg/mm2
• 

Based on above fabrication method, a number of devices are fabricated. These 

devices are divided in three groups, single spot forming devices, multiple spot forming 

devices. Fabrication and testing of these devices are discussed in coming chapters. 
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CHAPTER6 

SINGLE DRUG SPOT DEVICES 

This chapter deals with the design, fabrication, and testing of single drug spot 

forming devices (the device able to make only one drug spot in an agar gel slab). These 

devices incorporate all the essential features of the cell based HTS system in a simple 

design layout and are most suitable for demonstrating and characterizing the working of 

the device. 

6.1 DEVICE DESIGN 

The 3D schematic and typical dimensions of single spot forming device are 

shown in Figure 6.1A and 6.1B respectively. A number of single spot devices were 

designed by varying the dimensions of the microchannel width and gap between 

microchannels. The bottom layer consists of two parallel microchannels, which have 

reservoirs at the ends. The width of the microchannel is varied between 200J.tm to 500J.lm, 

while the gap between microchannels is changed between 2mm to 5mm). The open pore 

patch dimension is either 500Jlmx 500Jlm or 200Jlmx 200Jlm. 
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--•BBottom layer 

Figure 6.1 Single spot forming device design: (A). 3D schematic. (B) Typical dimensions 
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6.2 FABRICATION PROCESS 

All the devices considered in this chapter are fabricated usmg the method 

described earlier, as in section 5.2. Fabrication is performed using an SU8 mold on which 

PDMS is casted to embed microchannels into a 3 mm thick PDMS sheet. Membrane 

microcontact printing is done using the method described in section 5.2.4. After 

microcontact printing, all the pores except those of the two square areas of 

500Jlmx500Jlm (or 20011mx 200Jlm) on membrane are blocked. Top layer of these 

devices is a PDMS layer with 10mmx15mm hole, which is used for filling the gel after 

assembly process. 

PDMS t p layer 

Microchannels 

Tsshoe 

1 em 

PDMS bottom ayer 
with microchannels 

Figure 6.2 One of the single spot devices: Three layered device (middle membrane 

layer is thin and transparent, hence not visible). Gel is casted in the device just before 

experimentation. 
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Assembly of the devices are done using the method described in section 5.2.5. 

During the assembly process, open pore patches on membrane are aligned with bottom 

PDMS layer microchannels. The top PDMS layer hole is filled with agar gel (1-3%). 

6.3 FABRICATED DEVICES AND EXPERIMENTAL SETUP 

A number of devices based on above designs and fabrication techniques are made. 

Figure 6.2 shows one such fabricated device. Out of the constructed three layers, top and 

bottom layers are visible, while the middle layer which is a very thin transparent 

membrane is not clearly visible. 

Microchannel 
with drug 

-•.. Supply Agar gel 

3mm 

Figure 6.3 Single spot forming device experimental setup: Syringes are used for drug 

supply in microchannels. Same material (copper) electrodes are used for potential supply. 

Separate sense lines are used for potential measurements. Quantitative measurements are 

done on a separate instrument by taking out gel from the device. 

The experimental setup for working demonstration and characterization is shown 

in Figure 6.3. Testing compound, trypan blue in this case, is pumped into microchannels 
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using syringes. Electric voltage is supplied through two copper electrodes dipped into the 

drug in the reservoirs. Two separate sense lines are used to compensate for voltage drop 

occurring in microchannels. Both the electrodes are made of the same material (copper) 

to eliminate any chances of net electrochemical potential development. 

6.4 PUMPING DEMONSTRATION 

ov 
start 

0.5 mm-

ov 
lhour 

Figure 6.4 Drug pumping demonstration: Two microchannels separated by 2 mm gap 

andfilled with trypan blue. The membrane being transparent is not visible in the figure. A : No 

voltage at time zero. B. No voltage till time 1 hour. No visible diffusion of drug form 

microchannel to agar layer. C. 30 V for 30 sec pumping ofdrug from microchannel to gels 

takes place. 

The first experiment demonstrated here is the device capability to pump drug in a 

controlled fashion. For this purpose, one of the above mentioned devices is run using 

trypan blue as surrogate drug. The microchannels are filled with trypan blue. Trypan blue 

is allowed to diffuse through the nanoporous membrane for 1 hour. The pore size is 
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100nm, microchannel width is O.Smm and the gap between microchannels is 2 mm. 

There is no diffusional transport (less than visual and detection limit i.e. 4.2 

micrograms/mm2
) through the nanoporous interface in the absence of electric field even 

after one hour of establishment of the concentration gradient (between gel and 

microchannel) as is seen in Figure 6.4B. But the application of electric potential for 30 

seconds creates electrokinetic transport of drug molecule into the gel as shown in Fig 

6.4C. 

Based on this experiment it can be concluded that the device can pump the drug 

from microchannel into the gel in a spot form and there is no drug diffusion (negligible) 

from microchannel to gel, when electric field is not applied. Hence the drugs can be 

pumped (or not pumped) in the agar gel from microchannel as required. 

6.5 PUMPING MECHANISM 

It has been shown by previous works that, actual pumping mechanism is complex 

in nature and consists of electrophoretic (see section 4.3.1.1) and electroosmotic (see 

section 4.3.1.2) and diffusional (section 4.3.1.3) flows and depends upon a number of 

parameters (e.g. electric field, solute ions, concentrations, solution pH, pore size, pore 

density, molecular size and molecular charge) [Kemery 1998]. As shown in Figure 6.4 

diffusional transport is negligible. This result is in agreement with results obtained by 

Kuo et. al. [Kuo 2003] when they did not observe any significant diffusion in 10 minute 

duration using 200nm and 15nm pore sizes. To find out the dominant mode of pumping 

between electrophoresis and electroosmosis, two oppositely charged molecules, trypan 
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blue (negatively charged) and methylene blue (positively charged) are pumped in 

identical conditions (2% agar gel, applied voltage 30V for 30 seconds). Upon application 

of electric potential both microchannels have opposite potentials. Trypan blue was 

pumped from negative microchannel while methylene blue was pumped from positive 

microchannel. Moreover, in the gel both dyes moved in opposite directions. In 

electrophoresis oppositely charged molecules are expected to move in opposite 

directions, hence opposite direction motion of trypan blue and methylene blue proves the 

dominant mechanism of pumping by the membrane to be electrophoresis. If 

electroosmosis was the dominant mode of pumping, both the dyes would have got 

pumped from same microchannel. This is so because in electroosmosis the pumping is 

dependent on zeta potential and applied electric field and pumping direction would not 

change due to any changes in solute molecular charges. 

6.6 POST PUMPING DRUG DIFFUSION 

For satisfactory functioning of these devices, the drugs infused into the gel from 

its bottom surface should reach the cells which will be grown on the top surface through 

diffusion (refer section 4.3.3 for details). To verify this, post pumping diffusional 

behavior of the device is studied. First, pumping was carried out for 3 min (at 30V) and 

then switched off. Gel was left undisturbed in the device and photographs were taken at 

various time intervals. As can be seen in Figure 6.5, the drug spot size grows with 

passage of time. More ever, it can also be observed in the pictures that, with time the 
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dye concentration at the spot boundaries become blurry (a characteristic of molecular 

diffusion). 

B cA 

start 

Figure 6.5 Post pumping drug diffusional behavior (qualitative): Drug molecules diffuse 

through the gel causing the spot size to grow. The diffusion rate (hence spot size growth rate) 

depends upon gel concentration and drug molecule size. 

To corroborate qualitative information of Figure 6.5, the above experiment is run 

again with quantitative measurements. The measurement method used is photometric (see 

section 5.6 for details). Results are shown in Figure 6.6. At the end of active pumping the 

concentration profile (concentration vs. distance from centre of the spot) is of bell curve 

shape. Concentration at centre is high and spot boundaries are sharper (high 

concentration gradients i.e. steeper graph). The spot size is 1.8 mm in radius. After one 

hour, the spot size increases (radius 3.8mm) and concentration gradient at the bo~daries 

decreases (i.e. flatter graph). 
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Based on above experiments it is concluded that the drug diffuses in gel slab and 

spot size increases with passes of time while concentration decreases. Hence the drug can 

reach up to the top gel surface. 

1.4 ~------------------~------~~---------------------------, 
microchannel width 

1.2 

after 5 minutes of 

fl 1 

c /pot"'"''~"I'CI .c... 
0 

after 1 hour of~0.8 

\ 
spot creation 

background 
< 

0.6 absorbance 

0.4 \ 
0.2 

0+---------.---------P-------~~------~~------~~------~ 
-6 -4 -2 0 2 4 6 

Distance from centre of spot (mm) 

Figure 6.6 Post pumping drug diffusional behavior (quantitative): Smaller spot 

(1 .8mm) with sharper boundaries (steeper line). With passes of time spot size grows (3. 8mm) 

and concentration profile becomes .flatter (a characteristic ofdiffusion) 

6.7 DEVICE CHARACTERIZATION 

6.7.1 Spot Radius Growth Rate 

Spot radius growth happening in the device (i.e. increasing radius of drug spot in 

gel vs. time) is of two types. The first type of growth is observed when electric field is 

67 




Master's Thesis- Sarvesh Upadhyaya- McMaster University- Mechanical Engineering 

present (i.e. during pumping), during which higher concentration gradients (C.G.) are 

observed, can be calculated from following equations 

C .G. = -ac - - - - - - - - - - - - - - - - - - - - - - ( 6 .1) 
ax 

Where C is drug concentration and x represents length. 

Average concentration gradient across a drug spot can be given by following 

equation, 

C .G . = ( C 2 - C 1 ) I r - - - - - - - - - - - - - - - ( 6 . 2) 

Where C2 and C1 are the drug concentration just outside the drug spot and at the 

centre of drug spot respectively and 'r' is drug spot radius. 

Figure 6. 7 Drug spot radius growth during pumping (qualitative): Spot size growth with 

duration ofapplied electric potential (30V) application. A. no potential. B. 10 sec C. 30 sec D. 

3 min. 

At the beginning of pumping, r is small hence higher gradients are present. More 

ever, during the pumping period electrophoretic migration of drug molecules also 

happens causing higher radius growth rate. To measure the radius growth rate during 
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pumping, parameters other than time (such as voltage-30V, pore size 100 nm, trypan blue 

as model dye, gel concentration- 2%) are kept constant. As qualitatively shown in Figure 

6.7, the size of the spot increased with time during pumping. The spot grew from 0.5mm 

(the unblocked pore patch size) to 2.5 mm in 3min. 
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Figure 6.8 Drug spot radius growth during pumping (quantitative): Spot size growth 

with for constant operating conditions (voltage-30, pore size 100 nm, model dye, gel 

concentration- 2%) 

Quantitative growth rate measurements are done using photometric method. In 

this measurement there was a delay of one minute between spot formation and spot 

radium measurements (due to time required to chance the gel form the device to 
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measuring instrument). Figure 6.8 shows the spot radius growth with respect to time. 

Spots grow faster initially then slow down. 

Quantitative post pumping radius growth rate measurements are done using 

photometric method. Figure 6.9 shows the radius growth with time. As expected, the 

growth rate is much slower as compared to that of during pumping. 
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Figure 6.9 Drug spot radius growth after pumping (quantitative): Spot size growth due 

to diffusional effects. Initially growth is faster then it slows down with increasing spot size (a 

characteristic ofdiffusional migration). 

6.7.2 Drug Dose Control 

The amount of drug that gets pumped depends upon a number of operating 

parameters like time of pumping, voltage applied, pore size etc. Out of these, the simplest 
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parameter to control is time, as other parameters (pore stze, density etc) cannot be 

changed once device has been fabricated. 

For a fixed operating condition (i.e. voltage-30, pore size 100 nm, trypan blue as 

model dye, gel concentration- 2%) the amount of drug pumped was measured for various 

time instances using photometric measurements. Figure 6.10 shows the results obtained. 

As expected, a linear relationship between time duration and dosage is observed. 
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Figure 6.10 Drug dose vs. time: The amount of drug pumped during different times at 

constant operating conditions (voltage-30, pore size 100 nm, trypan blue as model dye, gel 

concentration- 2%). 

71 




Master's Thesis- Sarvesh Upadhyaya- McMaster University- Mechanical Engineering 

6.7.3 Current and Heat Generation 

Energy consumed by the device is too small (<1 Watts) to be considered for 

calculating the economic value of electric power consumption. But the heat generated 

due to the current flow is calculated (based on voltage drop and current flow) to evaluate 

any chances of gel melting due to elevated temperatures. Actual magnitude of current 

depends upon a number of parameters like voltage, ion concentration, pore size and 

density etc. Current for some representative cases (0.5M KCl, single spot, open pore 

patch size 0.5mmx0.5mm) are measured and the values are shown in Table 6.1. 

Table 6.1: Current and heat generation in a typical operating condition 

Voltage 

(V) 

Current 

(A) 

Heat Generation 

rate 

(W) 

Gel slab (3mmx10mmx15mm) 

temperature rise in one minute 

(without considering heat losses) 

(oC) 

5 0.00021 0.00105 0.033 

15 0.00059 0.00885 0.28 

30 0.0011 0.033 1.04 

60 0.00228 0.1368 4.36 
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The calculated value of heat generated is also given in table 6.1. Expected 

temperature rise of gel slab (3mmxlOmmxl5mm) due to this heat addition is also 

calculated by assuming that there is insignificant heat loss from gel slab to surrounding. 

In reality due to the small size of the device ( <3cm) this heat loss would be significant 

(higher conductive heat losses at smaller length scales). But this assumption is made in 

order to simplify the analysis and to make sure that in no circumstance the actual 

temperature rise is more than the calculated one. It is also assumed that all the electrical 

heat generated is uniformly retained by agar gel. Specific heat of gel is taken to be equal 

to that of water ( 4.186 joule/gram °C). The maximum temperature rise is calculated to be 

4.36°C. This value is an order of magnitude lesser than the temperature rise of 65 °C 

required to melt the gel (assuming room temperature to be 25 °C and gel melting 

temperature to be 90 °C). From photographs of the gel taken after pumping no sign of gel 

melting is observed. 

In the device discussed in this chapter, it has been demonstrated that drugs can be 

pumped locally forming a drug spot in agar gel. Device characterization like drug spot 

radius growth rates and doze control has been performed. Next chapter deals with multi

spot forming device and would involve biomolecule pumping and microarray formation. 
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CHAPTER 7 

MULTIPLE DRUG SPOT DEVICES 

These devices are more complex as compared to single spot forming devices and 

can produce more than one drug spot in a single run. These are used to demonstrate the 

array forming capabilities. Design, fabrication and testing of two such devices are 

described in this chapter. 

7.1 Device Designs 

Design of two multi spot forming devices (three spot and microarray) is described 

below. 

7.1.1 Three Spot Device 

This design is used to test the ability of electrically controlled independent spot 

creation. The 3D schematic and typical dimensions of the device are shown in Figure 

7.1A and 7.1B respectively. It has three microchannels surrounding a fourth 

microchannel. This arrangement, as shown in Figure 7.1, forms three microchannel pairs. 

Using these three pairs, three drugs spots (containing single drug or different drugs) can 

be created in a single gel layer. The membrane patterning consists of three pairs of open 

pore patches. These patches are arranged such as to align properly with the 

microchannels. 
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Figure 7.1 Three spot forming device design: (A): 3D schematic. (B). Typical dimensions. 
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7.1.2 Microarray Device 

The 3D schematic and typical dimensions of the device are shown in Figure 7.2A 

and 7.2B respectively. The bottom PDMS layer has open reservoir (in contrast to other 

devices having microchannels). Use of this reservoir is analogous to the use of 

microchannels in previous devices and it is filled with the drug to be pumped. The 

membrane is patterned is such a way to leave a microarray of open pore patches. Each 

such patch would produce a single spot. Two designs for microarray device having 44.4 

spots/cm2 (the density of patches on the membrane) and 156.25 spots/cm2 are made 

subsequently. In comparison with conventional well plate dimensions (12cmx8cm) these 

densities will lead to ~4,000 and 15,000 wells/plate which is an order of magnitude 

mcrease. 

7.2 DEVICE FABRICATION 

The fabrication process of three spot forming device is same as that of single spot 

forming device, described earlier (section 6.2). In this case a different photomask design 

is used to get a different microchannel network. To fabricate a microarray device, a 

different approach (as compared to previous devices) is used. Three thin sheets ofPDMS 

(3cmx3cmx4mm, 3cmx3cmx3mm, 3cmx3cmx1mm) are cut from large PDMS sheets. 

The large PDMS sheets in turn is produced by casting liquid PDMS in a petridish. Holes 

of 20mmx20mm are cut in two PDMS respectively. The third sheet is left without any 

hole in it. Membrane patterning method is same as described earlier (section 5.2.4). The 

stamp used is suitable to create microarray of open pore patches on the membrane. The 

fabrication process flow for microarray device is shown in Figure 7.3. 
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A 

---+---t-•Bottom layer 
chamber 

Figure 7.2 Microarray forming device design: (A): 3D schematic. (B) Typical Dimensions. 
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1 2 3 

Three PDMS sheets were cut from PDMS sheets casted in petridish 

1 I I 3 

Through holes were cut in sheets 1 and 2 respectevily. 
3rd sheet was left without any holes. 

---············-----
Membrane was patterned using the same method as described previously 
(heading 5.24 of this thesis). 

All three PDMS sheets and the membrane were stacked above each 
other as shown. 

Figure 7.3 Fabrication process flow for microarray forming device design. The 

process flow for this device is different as there are no microchannels in the bottom PDMS 

layer. A reservoir serves in place ofmicrochannels. 

For electric field application, one electrode is inserted in to bottom PDMS 

reservoir. The second electrode is placed in a water layer filled on the top of agar gel. 

This avoids any damage to agar gel due to electrode insertion. 

7.3 Creation of independent drug spots 

2% agar gel is used as the gel medium and trypan blue as testing compound. As 

shown in Figure 7 .4, three pairs of microchannels are filled with trypan blue. When an 

electric potential is applied between two of the three pairs, the pumping of drug in two 
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pairs start (only those experiencing electric potential). No drug is visually observed in the 

third spot. This demonstrates that the device has the capability of selectively switching on 

or off an individual spot out of a number of spots. 

ov 

ov 
B3mmA 

ov 

Figure 7.4 Independent spot creation. A: Top view of a device with three microspots 

and with no electromigration. B: Two out of three channels switched on to create two 

separate spots while there is no drug pumped at the third spot. 

7.5 Microarray Formation 

Microarray forming device is used in this experiment. A potential of 15V was 

applied for 5 seconds. Figure 7.5 shows the microarray of trypan blue in agar gel. The 

created spot density is 44.4 spots/cm2
. Presence of regions with pumped trypan blue and 

regions with diffused trypan blue, as explained in section, can be observed. 

7.6 Microarray of Biomolecules 

Bovine Albumin Serum (BSA) and short length DNA are selected as model 

biomolecules in the protein and nucleic acid class. 
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Diffused 
-----:,.......-,drug regions 

Pumped 
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Figure 7.5 Microarray of drug spots: Trypan blue spots in agar gel. Each spot has two 

distinct regions, the pumped drug region (formed due to pumping through nanopores) and 

diffused drug region (formed due to diffusion in geV. 

7.6.1 Protein Microarrays 

A 1 Omg/ml solution of BSA in phosphate buffer having pH of 7 was prepared to 

carry out the test. A potential of 1OV is applied for 20 seconds. After protein pumping, 

the gel (1%) is separated from the device and stained using Safe Blue stain (details in 

appendix 4). This experiment is done with devices having different spot densities (44.4 

spots/cm2 and 156.25 spots/cm2
). The created microarrays are shown in Figure 7.6. Blue 

regions are the areas with BSA bound with staining molecules. It can be observed that for 

higher spot densities (Figure 7.6B) the spots are rounder. This happens due to two 

reasons. First, the reflow of PDMS that happens during patterning process of membrane 

is more dominant for small size features. Secondly, some diffusion of protein takes place 

which is again more pronounced for smaller spot densities. 
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Figure 7.6 Microarray ofprotein spots. Microarray ofprotein (BSA stained blue). (A) 

44.4 spots/ cm2 (B) 156.25 spots/ cm2
. 

7.6.2 DNA Microarray 

In this experiment 401lg/ml DNA (20bp long) solution in Tris, Acetate, and 

EDT A (T AE) buffer is used for this experiment. · The solution concentration is tris-

0.04M, acetate-0.04M, EDTA-0.001M and solution pH of 8.3-8.5. DNA is pumped 

through microarray forming device by applying 30V for different duration of time (5 sec, 

10 sec and 30 sec). Agar gel (3%) used in this experiment is mixed with 0.51lg/ml of 

ethidium bromide (EtBr). After the pumping the gel slab is washed using T AE buffer and 

distilled water. Then the gel slab is photographed by illuminating with UV light. The 

results are shown in Figure 7.7. For smaller time during pumping a microarray of DNA 

molecules (brighter regions, due to florescence of EtBr) can be seen. For longer pumping 

time duration, mixing between adjacent spots happens (Figure 7.7C). 
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A 8 c 
Figure 7. 7 Microarray ofDNA spots. Microarray ofDNA (fluorescent with EtBr). Spot 

2density 44.4 spots/ cm • (A) Pumping duration 5sec, (B) pumping duration 10 sec, (C) 

Pumping duration 30 sec. A constant white background is seen due to saturated .fluorescence 

ofEtBr and mixing between spots. 

7.6 SPOT-SPOT INTERACTION DUE TO DIFFUSION 

The drug spot size grows as time increases. In case of a single spot device, it is 

not a problem because after some time, this diffusion is stopped by device walls. But in 

case ofmultiple spot devices, neighboring spots can touch each other . 
• 

Pumped~ 
Mixed spotsdrug 

Diffussed -......-
drug 

1mm 

Figure 7.8 Mixing of drug spots. Microarray of trypan blue (<4) one minutes after 

pumping, separate spots are visible (B) 15 minutes after pumping. Spots got mixed. 
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This would lead to unsatisfactory performance of the device as it can cause 

mixing of adjacent spots. Figure 7.8 shows a microarray of trypan blue created by 

microarray device. Part A is 1 minute after the pumping with separate spots, while part B 

is after 15 minutes of pumping. In Figure 7.8B, due to diffusion of drugs, spots are not 

clearly separated (boundaries not clear) from one another. This mixing limits the higher 

spot densities (hence the number of experiments per device) that can be achieved. 

With the help of three spot forming device and microarray forming device, 

creation of independent drug spot, microarray formation and pumping of biomolecules 

have been demonstrated. It was observed that diffusion is a limitation on spot densities 

that can be achieved. The next chapter deals with numerical analysis drug diffusion in gel 

to find out methods for diffusion reduction (optimization). 
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CHAPTERS 

MOLECULAR DIFFUSSION BARRIER 

FOR GEL SLAB 

As described in previous chapter, for lower molecular weight molecules (having 

large diffusional constants) the diffusion in gel slab caused inters pot mixing for too 

closely spaced spots. In order to find a method to decrease the distance between adjacent 

spots (i.e. to increase the spot density) a numerical study of diffusion in different agar gel 

geometries is done. The numerical simulation is done using COMSOL Multiphysics. 

Based on this study a diffusion barrier (thinner regions in gel slab having higher 

resistance to diffusion) is proposed that would help in reducing the spreading of drugs in 

drug spots. 

7.1 The physics of the problem 

Agar gel is made of 3D network of fibers that consists of large size ( ~10-100 nm) 

pores [Lahaye 1991]. Due to presence of fibrous network there is no convective flow 

present in agar gel slab [Gutenwik 2004]. But molecules having radius smaller than the 

gel pores can diffuse through these pores. The pore sizes of agar gel for different agar 

concentrations are shown in Figure 8.1 [Lebrun 1993, Ackers 1962]. The pore sizes 

decrease with increasing gel concentrations, but for typical gel concentrations (1-3%) 
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used in present study the pores sizes (35-90 run) are much larger than the molecules used. 

For example the molecular size of BSA is 14 run (taken from supplier data sheet, details 

in appendix 5). BSA is a large protein molecule (M.W.~ 66,430) used in present study. 

Hence it can be assumed that for most of the molecules, molecular diffusion would take 

place. 
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Figure 8.1 Average pore size vs. gel concentration for Agar gel. [Lebrun 1993, 

Ackers 1962}. 

The diffusion behavior in gel can be taken to be molecular diffusion in single 

phase governed by Fick's law of molecular diffusion [Gutenwik 2004]. Fick's second 

law, for constant diffusivity and no generation term, is given by following equation 

[Welty 2000]. 
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ac 2 
- = D (V c)------------------------(8.1)at e 

Where De is the effective diffusion constant and c is concentration. Diffusion of 

drugs in gel will be modeled based on above equation. 

7.2. Diffusional Mass Transport in Gel Slabs having Different 

Thicknesses 

3mm 

,1 
. 

bc===========~~==========Bm 

"2 

,3 A 
0 2 3 4 5 6 7 8 9 10 

Figure 8.2 Gel slabs for modeling. Two gel slabs having 0.2 mm and lmm thickness are 

modeled. Other dimensions like width ofgel and drug spot size are identical. 

The effective mass transport occuring due to molecular diffusion is the parameter 

responsible for inter-spot mixing. It is modeled in gel slabs having different thickness to 

find of the effect of thickness. All parameters except gel slab thickness (gel 

concentration, width, and diffusion constants) are kept identical. 
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7.2.1 The Problem Definition 

In present case the drug diffusion in vertical direction (i.e. gel thickness, y 

direction) and horizontal direction (x) are studied. For computational economy the gel 

slabs are modeled in 2D, by considering x andy direction, z direction is assumed unity in 

length. Different gel slab dimensions (10mmx0.2mm and lOxlmm) are used to study the 

effect of slab dimension on the diffusion. Although the actual shape of drug spot is 

complex, for simplicity, an lmmxO.lmm size region is assumed to be the initial drug spot 

(i.e. spot just after pumping). It is assumed that initially such an amount of BSA is 

present in the drug spot that after complete ideal diffusion (same concentration 

everywhere) the BSA concentration in gel will be 1 o-4 M. This assumption is made in 

order to be able to compare diffusion behavior in gel slabs having different volumes. 

More ever, as compared to initial drug spot concentration, concentrations after diffusion 

are more important for the intended applications of the device. All the boundaries of the 

gel slab are treated to have Neumann boundary condition (i.e. no diffusion can take place 

through them). 

7.2.1 Numerical Simulation in COMSOL Multiphysics 

Chemical engineering 2D transient analysis module of Comsol Multi physics 3.3 

is used for this simulation. Two slabs as shown in Figure 8.2 are modeled. SI units are 

used for calculations. The gel dimension in x, y and z are lOmm, 0.2mm (or lmm) and 

unity (lm) respectively. Each slab has smaller lmmxO.lmm subdomains in their bottom 

middle part (as shown in Figure 8.2). These subdomains are assumed to be the initial 

drug spots Gust after pumping is over). 

87 




Master's Thesis- Sarvesh Upadhyaya- McMaster University- Mechanical Engineering 

The diffusion constant ofBSA is taken to be 3x10"11m2/s for 2% agar gel at room 

temperature [Ackers 1962]. Every boundary is assumed to have Neumann boundary 

condition. 22030 and 40784 elements were generated after meshing of thinner and thicker 

gels respectively. A finer mesh is used in drug spot regions to capture diffusion 

accurately. Further refining of the mess did not result in significant changes. Transient 

analysis is used for 0-20000 seconds. 

7.2.3 Comparison of Concentration Distribution 

Figure 8.3a and Figure 8.3b show the concentration distributions at timet= 20000 

sec for thinner and thicker gels respectively. As expected (due to identical the diffusion 

properties and the lateral dimensions) a very similar concentration distribution is 

observed. Figure 8.4 shows the plot of concentration vs. x axis position at t = 20000 for 

thinner and thicker slabs respectively. Again, it can be observed that concentration 

profiles are almost identical in both cases. 

7.2.4 Comparison of Mass Transport 

To compare the mass transport effects, the diffusional flux (mass transport per 

unit time per unit cross sectional area) crossing a line x=x1=0.008, between time t=t1=0 to 

t=t2 =20000 can be computed by two methods. Either by integrating mass flux that cross 

this line between t1 =0 to 12 =20000, or by integration concentration over the region 

beyond this line (ie. rectangle diametrically bound by points x1=0.008, y1= 0 and 

x2=0.0 1 ,y2=0.00 1 ). Mathematically: 
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Max=3.6e-4 
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-1 
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Figure 8.3 Comparison of concentration distribution in two gel slabs having 

identical drug spot: The distribution is almost identical, ](f
6M concentration (shown by 

white line in colored images) occur at - 4.2mmjrom the center ofdrug spots. 
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MassTrasport= 
(

1J
2 

Y,J<Dflux)dydtJ =( X2JY2J(c)dydx J -------------(8.2) 
tJ YJ x=xi xl Y! lz 

3.5 

3 . 

I .. 

0.5 .. .. 

0.()01 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 
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Figure 8.4 Concentration profile comparison of thin and thick gel: Concentrations at 

bottom of gel (i.e. y=O) at timet =20000sec. Both the gels have almost identical profiles. 

Where 'Dflux' is diffusion flux at any time and point on the line x=x1 and 'c' is 

concentration. The total amount of drug that has crossed the line x=0.8 is calculated for 

both the gels. For thinner gel it is 9.3 xl0-13 moles, and for thicker gel, it is 5.19xl0-12 

moles. The ratio of these amounts is roughly ~5 (i.e. the ratio between gel slab thickness). 
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This approximate relation between mass transport and gel thickness 1s expected as 

concentration profiles are very similar. 

Max=6.2e-4 

1 

0 

c t. 
-6 

-1 

-2 

-3 
0 1 2 3 4 5 6 7 8 9 10m 

in=5.8e-8 

3mm 

Figure 8.5 Concentration in lmm thick gel slab with diffusion barrier. On comparing 

with lmm thick gel without barrier (figure 8.3b) the drug is concentrated between the barriers 

(the thinner regions), and 10-6M concentration line (shown by white line is) is at -3. 7mm 

from the center ofdrug spot. 

Based on this numerical analysis it is concluded that for current setup, the mass 

transport due to diffusion is approximately proportional to the thickness of the gel. This is 

used for designing of diffusion barriers in gel slab as described in next section. 
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7.3 Diffusion Barrier in Gel Slab 

The net mass transport is dependent upon gel thickness, hence in order to reduce 

the mass transport between adjacent spots, thinner gel regions are introduced alternatively 

between spots. By this arrangement each spot would be surrounded by four such barriers 

from all four sides. To estimate the effects of such barrier on diffusional mass transport a 

typical example case is numerically studied. 2D numerical transient analysis is done for 

time 0-20000 seconds. The number of elements used is 50782. Figure 8.5 shows the 

concentration distribution of the gel slab with diffusion barrier. This concentration 

distribution is compared with a simple lmm thick gel having same dimensions (described 

in previous section). 

7.3.1 Comparison with simple gel Slab 

On comparing the concentration distribution of gel slabs with and without 

diffusion barrier (Figure 8.5 and 8.3b) it can be noticed that for former case most of the 

high concentration area is between the diffusion barriers, while in second case it is 

smoothly spread. It should be noted that initial concentrations in drug spots for both the 

gels are such that, if the drug is uniformly spread in the gels, it will result in identical 

concentrations. 

Figure 8.6 shows comparison of concentration distribution for line y=O, for 

O<x<O.Ol at time t =2000 for both the cases (i.e. gel slab with barrier, and without 

barrier). 
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0.01 
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Figure 8.6 Concentration profile comparison ofgel with and without diffusion barrier: 

Concentrations at bottom of gel (i.e. y=O) at time t =20000sec. Gel with barrier have high 

concentration ofdrug in the spot while most ofconcentration falls in barriers. 

It can be noticed that for gel slab with barrier the concentration distribution 

between regions .045<x<.055 is flatter as compared to that of without barrier. 

Concentration gradients are high in between .055<x<.065 (the diffusion barrier) and 

concentrations in this zone falls rapidly. Similarly Figure 8. 7 shows the concentration 

distribution for line x=0.005 and O<y<O.OOl for both the cases. Here too it can be seen 
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that, concentrations are higher and flatter in case of diffusion barrier (i.e. drug is retained 

in the spot and more uniformly distributed). 
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Figure 8. 7 Concentration profile comparison of gel with and without diffusion 

barrier: Concentrations at middle ofdrug spot (i.e. x=0. 005m) and (O<y<.OOlm) at timet 

=20000sec. Gel with barrier retains the drug in the spot and have more uniform drug 

distribution (i.e. blue curve is flatter). 

By above analysis it is concluded that, diffusion barrier limits the spread of drug 

in agar gel slab. It also leads towards more uniformly distribution of drug in a single spot. 
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This can be used for development of a microarray device with higher spot density with 

lesser chance of interspot mixing. 
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CHAPTER9 

CONTRIBUTIONS AND FUTURE WORK 


9.1 CONTRIBUTIONS 

The objective of the current work was to identify a suitable method to supply 

drugs in a microarray format for cell culture in a gel medium. Cell based HTS devices 

based on this method were to be designed, fabricated and tested. 

During the course of this work following contributions to the field of 

microfluidics based HTS have been made. 

9.1.1 A Novel Idea for Cell Based HTS 

In contrast to existing microfluidic HTS devices, a multi-layered non

compartmentalized, cell culture approach has been developed. The bottom layer acted as 

support structure consisting of a network of microfluidic channels. The middle layer, 

which is a very thin porous membrane, acted as a group of pumps. The top layer is made 

from agar gel (a traditional culture material). The main advantages from this approach are 

that the culture surface area is analogous to cell culture agar plates. This approach is 

without confinement on cell growth and proliferation that may occur due to 

compartmentalization of culture area. As drug dosing is done with the help of nanopores, 
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theoretically, by using a single nanopore this approach also have the ultra precise dosing 

potential. 

9.1.2 Design Fabrication and Testing of Microfluidic HTS Devices 

A number of devices (single drug spot forming devices, 3 spot forming devices, 

microarray forming devices) based on above idea, were designed and fabricated. The 

fabrication process also involved PDMS microcontact printing of nanoporous 

membranes. The devices were tested on a number of compounds representing typical 

intended molecules that will be used in the devices (model drug molecules, protein, and 

DNA). 

Drug spot sizes ranging from 20011m to 6mm diameter have been created. Drug 

dose variation with time was studied and doses between 50-3000 11g of model drug 

(trypan blue) have been successfully pumped into the gel. Drug spot growth rate, both 

during pumping and post pumping was studied. Model drugs as well as biomolecules 

(protein &DNA) were successfully pumped in microarray format and visualized. 

Microarray density of 156.25 spots/cm2 has been achieved. At well plate dimensions this 

density would give 15,000 spots/ plate. 

9.1.3 Diffusion Barrier 

Diffusion of molecules in agar gel was found to be a limiting factor on drug spot 

density. Numerical study of molecular diffusion in different gel slabs was done. Based 

on this study a method (i.e. diffusion barrier) for spot density maximization was 

proposed. The method was based on horizontal diffusion control (without altering 
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diffusional constants) of drugs so that the spots can be placed closer to one another. The 

horizontal diffusion was controlled by putting diffusion barriers (thinner gel regions) in 

the gel slab separating spots. These thin regions provide high resistance to molecule 

diffusion hence reducing effective mass migration of molecules due to diffusion. 

9.2 FUTURE WORK 

Further investigation is needed in order to fully demonstrate and characterize the 

device capabilities. The following are recommended for future research: 

• 	 To show the device capability of supplying drugs to a lawn of cells grown in 

the device. Also to show the device capability of HTS format cell 

experimentation. 

• 	 Device characterization, which should include voltage vs. dose, and time vs. 

dose for varying molecular charges and molecular sizes. This work would 

help to predict the pumping characteristics of those compounds which have 

not been previously characterize for nanoporous membrane pumping. 

• 	 Fabrication and testing of a device based on diffusion barrier proposed. This 

work would help in achieving higher drug spot densities (i.e. higher 

throughput rates). 
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APPENDIXES 


APPENDIX 1: SU8 MOLD FRABRICATAION 

1. Clean silicon with wafer water and acetone for two minutes. 

2. Clean the wafer with HF for one minute. 

3. Clean wafer again to remove any HF. 

4. Put wafer in plasma oxidation machine. Power rating ~SOW for 30 seconds. 

5. Mount the wafer on spinner. 

6. Pour little (1-2ml) amount of SUS on wafer. 

7. Spin the wafer at 500 rpm for 5 seconds then continuous ramping to 2750 rpm in 

another 5 seconds and then spin at constant speed for 30 seconds. 

8. Pre-bake the SU coated at 65°C for 15 minutes. 

10. Increase the pre-baking temperature to 95°C in 5 minutes and bake at constant 

temperature for 1 hr. 

11. Mount the wafer on mask aligner. 

12. Expose to Hg-365nm wavelength UV light for 60 seconds with 600 mJ/cm2 energy 

density. 
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12. Start post exposure bake at 65°C for 5 minutes. 

13. Increase post exposure bake temperature to 95°C in 5 minutes and maintain constant 

temperature for 1 0 minutes. 

14. Develop the SU-8 by submersing the wafer in SU-8 developer. Stir the solution every 

5 minutes. 

15. To check completion of development process, apply isopropyl alcohol on the wafer, a 

cloudy solution means incomplete development. Let the development continue till 

completion. 

17. Dry the wafer the nitrogen gas. 
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APPENDIX 2: PDMS MICROCONTACT PRINTING 

1. 	 Mix 1:10 base to curing agent of PDMS. 

2. 	 Pour enough of above liquid PDMS on a SU8 master to make 1mm thick sheet. 

3. 	 Heat the SU8 at 60°C for 2 hours. 

4. 	 Carefully peel off the PDMS from SU8 masters using tweezers. This PDMS sheet 

will be used as stamp. 

5. 	 Mix 1 ml ofPDMS base with 3 ml of curing agent using syringes. 

6. 	 Clean a silicon wafer with distilled water and acetone. 

7. 	 Mount the wafer on spinner. Pour little (1-2 ml) liquid PDMS on the wafer. 

8. 	 Start spinning by ramping from 0 rpm to 10000 rpm in 1 minute ( ~1OOOrpm/6 

seconds). 

9. 	 Continue spinning at 10,000 rpm for 4 minutes. 

10. Carefully place the PDMS sheet stamp on the liquid PDMS coated silicon wafer. 

The face which contains the features would face down. 

11. Use tweezers to carefully place PDMS sheet so that wafer touches all over the 

PDMS sheet. Care should be taken to avoid gap formation between PDMS stamp 

and silicon wafer. 

12. Remove PDMS sheet from the wafer. 
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13. Put the PDMS sheet on a clean surface and place nanoporous membrane on top of 

it. 

14. Step 7-13 can be repeated for the same membrane to get desired patterning. 

15. Cure PDMS sheet along with nanoporous membrane by heating at 60°C for 2 

hours. 

16. Peel off membrane from PDMS to get the membrane with patterning. 
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APPENDIX 3: DEVICE ASSMEBLY PROCESS 

1. 	 Take all three individual layers (top PDMS layer, middle membrane, bottom 

PDMS layer) and clean them using Acetone if needed. 

2. 	 Mix 5 ml ofPDMS base with 0.5 ml of curing agent using syringes. 

3. 	 Clean a silicon wafer with distilled water and acetone. 

4. 	 Mount the wafer on spinner. Pour little (1-2 ml) liquid PDMS on the wafer. 

5. 	 Start spinning by ramping from 0 rpm to 10000 rpm in 1 minute (~1000rpm/6 

seconds). 

6. 	 Continue spinning at 10,000 rpm for 4 minutes. 

7. 	 Put bottom PDMS layer on liquid PDMS coated silicon wafer. Use tweezers to 

carefully place PDMS sheet so that wafer touches all over the PDMS sheet. Care 

should be taken to avoid gap formation between PDMS stamp and silicon wafer. 

8. 	 Remove bottom PDMS layer from wafer. 

9. 	 Repeat steps 4-9 for top PDMS layer. 

10. Place all three layers on top of each other, liquid PDMS sticking to top and 

bottom PDMS sheets act as glue. 

11. Heat the assembly at 60°C for 2 h. 
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12. Heat 50 ml of water (or other desired electrolyte e.g. phosphate buffer) up to 100 

oc. 

13. Mix required amount of agar powder in boiling water. Boil for 2 minutes for agar 

to melt. 

14. Take required amount of liquid gel using syringe. 

15. Fill the liquid gel in the device and let it cool down. 
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APPENDIX 4: VISUALIZATION OF PROTEIN 

The visualization was done using Simply Blue™ stain method of Nitrogen Inc. It 

involved following steps: 

1. 	 Wash the gel twice after protein pumping is done by distilled water. The washing 

is to be done by submerging the gel in distilled water for 1 minute. 

2. 	 Keep gel submerged in SafeBlue stain for 1 hour. The volume of stain should be 5 

times the volume of gel. 

3. 	 Remove the gel and wash it again using distilled water as described in point 1. 

4. 	 Keep the gel submerged in lot of distilled water for 2 hours. 

5. 	 Repeat steps 3-4 if contrast between stained regions and background is not very 

clear. 

The SimplyBlue™ stain dye, a proprietary solution of Invitrogen, bonds with protein 

molecules. A large amount of this dye on boding would give blue color to the area where 

protein is present. As this dye also bonds with gel (much lesser extent) de-staining steps 

(step 3 and 4 above) are needed to remove dye bonded with gel. 
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APPENDIX 5: VISUALIZATION OF DNA 

Ethidium Bromide (EtBr) is an intercalating agent commonly used to stain DNAs 

in molecular biology. After bonding to DNA, when exposed to ultraviolet light, EtBr will 

fluoresce with a red-orange color. Ethidium bromide is feared to be very strong mutagen, 

and may possibly be a carcinogen so special care should be taken in handling it. The 

protocol for DNA visualization using EtBr is given below. 

1. 	 Make 1 Omg/ml stock solution of EtBr from form EtBr powder. This solution can 

directly be ordered from supplier (Sigma Aldrich). Directly ordering stock 

solution eliminates the need to work with power EtBr (this would reduce chances 

ofEtBr exposure as stock solution is much diluter as compared to powder EtBr). 

2. 	 Mix required amount of agar power in water (or TAE buffer) and boil it so that 

gel melts and dissolves. 

3. 	 Pour liquid gel in a smaller flask using syringe. Using syringe would eliminate 

small bubble formation. 

4. 	 Mix required amount of EtBr from stock solution to get 0.5~g of EtBr for per ml 

of agar gel. 

5. 	 Take EtBr mixed liquid form gel and fill into the device. Stay for some time so 

that gel solidifies. 

6. 	 Run the device and pump DNA. 
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7. 	 After pumping of DNA, remove the gel from the device and wash it using 

distilled water. 

8. 	 Put the gel sheet containing DNA in a dark chamber having provision for UV 

light (UV light is hazardous) illumination. Take picture using normal camera. 
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APPENDIX 6: MICROCHEM CORP. SUS-100 DATA SHEET 

Taken from manufacturer (MicroChem Corporation USA) data sheet. 

6.1 SU-8 Spinning Speed vs. Film Thickness 

SlJ-8 Spin Speed Curve 


250~------------------------------------------~ 

0+----r--~--~----r---,----r--~----r---~--~ 

750 1000 1250 1500 1750 2000 2250 2500 2750 3000 325[1 

Spin Speed (rpm) 
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6.2 SU-8 Film Thickness vs. Exposure Energy 

SU~8 2000 Exposure vs Fihn Thickness 

0 25 50 75 100 ~i 25 150 175 200 225 250 


Film '"rbickness (urn) 
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APPENDIX 7: POLYCARBONATE MEMBRANE DATA SHEET 

(Source manufacturer data sheet provided by GE Osmonics). 

7.1 Product Characteristics 

Sterilization Gamma Irradiation or Ethylene Oxide (EtO) 

USP Class VI Testing Passed 

Maximum Operating 

Temperature 
140°C (284 °F) 

Sealing Compatibility Ultrasonic, Heat, Radio Frequency and Insert Molding 

Pore Size Range 0.01 to 20 f.lm 

Autoclavable Yes 

Hydrophilic Yes (Hydrophobic PVP-Free is also available) 

pH 4-8 

Supported No 
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7.2 Performance Characteristics 

Pore 

Size 

(p.tm) 

Pore 

Density 

(pores/cm2
) 

Nominal 

Weight 

(mg/cm2
) 

Nominal 

Thickness 

(~-tm) 

Min. Bubble 

Point 

(psi) 

20 4 X 104 1.1 10 0.1 

14 5 X 104 0.6 6 0.2 

12 1 X 105 0.9 8 0.4 

10 1 X 105 1.1 10 0.5 

8 1 X 105 0.8 7 0.7 

5 4 X 105 1.1 10 1.2 

3 2 X 106 0.9 9 2 

2 2 X 106 1.1 10 3 

1 2 X 107 1.1 11 6 

0.8 3 X 107 0.9 9 7 
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0.6 3 X 107 1.0 9 9 

0.4 1 X 108 1.0 10 12 

0.2 3 X 108 1.1 10 20 

0.1 4 X 108 0.7 6 30 

0.08 4 X 108 0.7 6 38 

0.05 6 X 108 0.7 6 50 

0.03 6 X 108 0.7 6 NA 

0.01 6 X 108 0.7 6 NA 
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APPENDIX 8: BOVINE SERUM ALBUMIN PROPERTIES 

SUPPLIER DATA SHEET 

(Sigma Aldrich) 

*SIGMA 
ALBUMIN, BOVINE Productlnformation 
CAS NUMBER: 9048-46-8 

SYNONYMS: Bovine Serum Albumin: Bovine Plasma Albumin; BSA 

STRUCTURE: 

The molecular weight of BSA has frequently been cited as 66.120' or 66,2672
, but it was revised in 1990 to 

66,430'. All three values are based on amino acid sequence information available at the time of 
publication. 

BSA is a single polypeptide chain consisting of about 583 amino acid residues and no carbohydrates. At pH 
5-7 it contains 17 intrachain disulfide bridges and 1 sulfhydryl group. 13 

PHYSICAL PROPERTIES: 

Appearance: Powder- White to light tan'; 
Solutions -Clear to slightiy hazy and amber' 

pi in Water at 25EC: Endogenous Material"·'- 4.7; 4.9: 

Fatty Acid Depleted'- 5.3 

pH of 1% Solution:'' 52-7; 

Optical Rotation:1·•,Ja)250: -61H: [aj,6,: -63E 
Stokes Radius (r,): ' 3.48 nm 
Sedimentation constant,' Szo.w X 10" 4.5 (monomer), 6.7 (dimer) 
Diffusion constant, 

1 D20.w X 1 0
7 5.9 

Partial specific volume,' V20 0.733 
Intrinsic viscosity, 1 fl 0.0413 
Frictional ratio, 1 fifo 130 
Overall dimensions, 1 A 40 X 140 
Refractive index incrrm\'~,;;,(578 nm) X 10'" 1.90 
Optical absorbance, A""""' 0.667 
Mean residue rotation,' [m)n3 8443 
Mean residue ellipticity' 21.1 (OJm "'"' 20.1 (H)m "'" 
Est1mated u.·hehx. 1 % 54 
Estimated ll-form.'% 18 

STABILITY I STORAGE AS SUPPLIED: 

If stored at 2-8EC, BSA poWders and BSA sclutions offered by Sigma are stable for a minimum of 2.5 
4 years. 
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ALBUMIN, BOVINE 

SOLUBILITY I SOLUTION STABILITY: 

Albumins are readily soluble in water and can only be precipitated by high concentrations of neutral salts 
such as ammonium sulfate. Sigma tests the solubility of powdered BSA in deionized water at 
40 mglmL and obtains clear to very slightly hazy, faint yellow solutions. The solution stability of BSA is very 
good (especially if the solutions are stored as frozen aliquots). In fact, albumins are frequently used as 
stabilizers for other solubilized proteins (e.g., labile enzymes). However. albumin is readily coagulated by 
heat.' 1 When heated to 50EC or above, albumin quite rapidly forms hydrophobic aggregates which do not 
revert to monomers upon cooling.

4 
At somewhat lower temperatures aggregation is also expected to 

occur, but at relatively slower rates. 

METHOD OF PREPARATION: 

A. 	 HISTORY:1 
·• Albumin is relatively simple to isolate and purify. One of the first methods of isolation 

involved extensive dialysis of serum against water; this process removed most globulins. A second 
procedure took advantage of !he good solubility of albumin at low to moderate ammonium sulfate 
concentrations, and effected precipitation by lowering the pH. Electrophoretic isolation was also 
employed, as was affinity chromatography. None of these methods were applicable to large scale 
production. 

B. 	 INITIAL ISOLATION: Initial isolation is by Heat Treatment or by Alcohol precipitation. Most 

commercial preparations are now prepared by Alcohol Precipitation a method developed by E. J. 

Cohn and his associates in the 1940's ("Fraction V" yields albumin with a purity of about96%) or by


12
Heat Treatment. 

C. 	 FURTHER PURIFICATIONJA Additional removal of impurities can be accomplished by crystallization 
(a procedure which yields 399% pure albumin), preparative electrophoresis. ion exchange 
chromatography, affinity chromatography (e.g .. ConA-agarose removes glycoproteins). heat 
treatment (removes globulins). low pH treatment. charcoal treatment, organic solvent precipitation 
(i.e.. isooctane ), and low temperature treatment 13 Charcoal treatment and organic solvent 
precipitation remove fatty acids." 

PRODUCT DESCRIPTION I USAGE:14 

Albumins are a group of acidic proteins which occur plentifully in the body fluids and tissues of mammals 
and in some plant seeds. Unlike globulins, albumins have comparatively low molecular weights. are 
soluble in water, are easily crystallized, and contain an excess of acidic amino acids. Serum and plasma 
albumin is carbohydrate-free and comprises 55-62% of the protein present. 

A1933 Page 2 of 5 
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ALBUMIN, BOVINE 

PRODUCT DESCRIPTION I USAGE: (continued) 

Albumin binds water, Ca2
', Na•, and K'. Due to a hydrophobic cleft, albumin binds fatty acids, bilirubin. 

hormones and drugs. The main biological function of albumin is to regulate the colloidal osmotic pressure 
of blood. Human and bovine albumins contain 16% nitrogen and are often used as standards in protein 
calibration studies. Albumin is used to solubilize lipids, and is also used as a blocking agent in Western 
blots or ELISA applications. Globulin free albumins are suitable for use in applications where no other 
proteins should be present (e.g., electrophoresis). 

CHOOSING A PRODUCT: 

Please refer to the table below for a complete description of each product. Based on customer input, 
literature reports and Sigma's own use, the following table lists product numbers which have successfully 
been used for specific applications. The list is not comprehensive. and product numbers not listed may 
often be substituted. 
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ALBUMIN, BOVINE 

APPLICATION PRODUCT NUMBER(S) 

Antibody purification A2058 

Binding and transport studies A4378, A7030, A0281, A3675, 
A3902,A6003 

Blood banking reagents A2153,A4503,A7888,A3294, 
A3912,A7906,A7030 

Culture media (microbial) A2153,A4503,A3294.A3912. 
A7906,A9430,A7638,A6003 

Cell culture (general) A8806,A9418 

Electrophoresis (M.W. standard) A7517 

ELISA (blocking reagent) A2153,A4503.A4378.A7030. 
A9430,A3902 

ELISA (non-specific bind1ng) A3294 

Enzyme systems A2153.A4503,A7888,A3294. 
A3912,A4378.A7906,A7030, 
A9430,A7638,A3675 

Hapten carrier A7030,A6003 

Immunocytochemistry A9647.A7906,A6793 

Immunohematology A2153,A4503,A7888,A3294, 
A3912,A4378,A7906,A7030. 
A0281, A6003 

Mitogenic assavs A205S 

Molecular biology 8251815 
, B889415 

, 86917, 
88667.84287 

Protein base or filler A2153.A4503,A3912,A4378, 
A7906,A7030 

Protein supplement (controls) A2153,A4503,A4378,A7906, 
A7030.A3675 

Protein standard (M.W., amino acids, nitrogen) A2153.A4503,A4378.A7030 

RIA systems A7888.A4378,A7030.A3675, 
A3902 

Serology A4503,A3912,A4378,A7906, 
A7030,A9430,A3675 
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