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Recent developments in DNA sequencing technologies have resulted in 

substantial reductions in time and cost for large scale sequencing efforts. However, the 

routine sequencing of individual human genomes for personalized medicine and point-

of-care clinical applications will require future-generation DNA sequencing 
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technologies to achieve unprecedented multiplexing, sample throughput and cost 

reductions. There is also a need for tools and techniques for interrogating proteins in a 

sensitive, quantitative, multiplexed and high-throughput manner. To enable further 

miniaturization and parallelization for such analyses, I have developed new methods 

and technologies for fabricating and assembling high-density DNA and protein arrays. 

Microfabrication techniques were utilized to construct various platforms upon which 

DNA and protein conjugated microbeads can be assembled. Electric and magnetic fields 

are employed to accelerate the assembly process and achieve unprecedented filling 

efficiencies. I have also demonstrated the utility of such arrays as a platform for 

multiplexed protein detection. In addition, I have developed a method for fabricating 

DNA polymer brush arrays in microfluidic devices. These arrays may be useful for 

enhancing the sensitivity of microarrays and the yield, efficiency and order of solid-

phase DNA amplification.  
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1 Introduction 

 

1.1 High-throughput technologies 

 The advent of high-throughput technologies in biomedical research has enabled 

varying degrees of multiplexed sample or biomolecular analyses via a wide range of 

platforms and methodologies1-6. For instance, enzyme-linked immunosorbent assays7 

(ELISA) performed on multi-well plates have provided a means for the parallel 

screening of tens to a few hundred samples in a relatively efficient and economical 

manner. In addition, protein arrays fabricated via robotic spotting have provided a 

means for the simultaneous analysis of as many as several thousand proteins on a single 

microscope slide8-15. Even more impressive are DNA microarrays, which have enabled 

the parallel detection of hundreds of thousands of single nucleotide polymorphisms 

(SNPs) on relatively small solid supports such as glass slides and wells etched into the 

faces of fiber optic bundles16-20. Second-generation genome sequencing technologies 
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have also achieved massive parallelization with unprecedented multiplexing and 

throughput21-23. While these technologies have lead to some of the greatest 

breakthroughs in biomedical research, there is still plenty of room for improvements in 

terms of size, throughput and cost24. Further improvements in these areas should enable 

more complex proteomics studies and the routine sequencing of individual human 

genomes for personalized medicine, point-of-care clinical applications and advanced 

cancer research.  

1.2 DNA arrays 

DNA arrays fabricated by robotic printing and photolithographic methods have 

enabled numerous large-scale assays such as gene expression studies and genotyping16-

18. Other platforms have utilized DNA-conjugated microbeads, which offer several 

advantages over the aforementioned methods19, 20. For instance, the microbeads provide 

more surface area than a planar surface within a given footprint, thereby enabling higher 

loading capacities for more sensitive assays. The microbeads also serve as carrier 

particles, which allow the DNA oligos to be synthesized directly on the microbeads in a 

more traditional and efficient, column-based approach. The different microbead 

populations can then be combined and deposited at once onto a solid substrate for later 

use. Another powerful advantage is the ability to clonally amplify genomic DNA 

templates on microbeads using microemulsions25. Once deposited onto an appropriate 

surface, these clones can be sequenced in a massively parallel manner using a variety of 

approaches. 
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Despite these advantages, there are several limitations involved with using 

microbeads to fabricate DNA arrays. For instance, assembling the microbeads in an 

efficient and timely manner can be very challenging. In fact, gravity and Brownian 

motion alone are not sufficient for microbead deposition or assembly, especially for the 

popular polystyrene microbeads that have a density near that of water. The 

sedimentation time can be approximated by assuming terminal velocities and summing 

the relevant forces: 

0gravity buoyancy drag

du
F F F F m

dt
       

and thus  

0p p s p TV g V g fu   
, 

where p  and pV  are the density and volume of the particle, respectively, g is the 

gravitational acceleration, s  is density of the solution and Tu is the terminal velocity of 

the particle f  is the frictional factor of a sphere and is given by 6f r , where   is 

the viscosity of the medium and r is the radius of the particle. Solving for Tu  and 

simplifying, we get: 

 
22

9T p s

r g
u

n
  

 

For 1 μm beads with a density of about 1.5 times that of water, the terminal 

velocity is less than 0.3 μm/second. Microbeads of this density, which include the 

popular superparamagnetic beads from Dynal Corp., would have an average settling 
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time of approximately 7.5 minutes for a 250 μm chamber thickness. This may be an 

acceptable amount of time for some applications but these microbeads are much more 

dense than plain polystyrene microbeads. With a specific gravity of approximately 1.05, 

their settling time would be approximately ten times longer. This problem has made 

passive assembly methods undesirable if not impractical. Solvent evaporation and 

controlled dewetting methods have been used to overcome this issue but these 

approaches are often very slow, not easily scaled and not compatible with certain 

biomolecules and attachment chemistries26,27. Other groups have employed electric28-30 

and magnetic31-33 assembly methods to overcome these issues, but these active 

approaches require multistep fabrication processes and complex field generation 

schemes. In addition, large, high-density arrays with high filling efficiencies and low 

defects rates have yet to be demonstrated using many of these approaches.  

Another disadvantage associated with current microbead-based DNA arrays is 

related to the random, non-structured arrangements of the microbeads, which can result 

in reduced throughput and imaging efficiency, complicated image processing and high 

reagent costs22. To create structured microbead arrays, other groups have employed the 

use of microwell arrays, which guide the assembly of the microbeads into defined 

locations on the substrate26, 34-36. The wells are typically fabricated using 

photolithographic methods or by etching wells into fiber optic bundles. The microbeads 

are usually about the same size as the microwells such that each microwell can only 

accommodate one microbead. The major disadvantage with this basic strategy comes 

back to the speed and efficiency of the assembly process. Since the microbeads will not 
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passively assemble and remain fixed within these microwells, evaporation, dewetting or 

centrifugation-based methods21 must be employed.  

1.3 Protein arrays 

Protein and antibody arrays fabricated via robotic spotting8,9,11-13,37-40 enable 

greater multiplexing and significantly reduced sample volumes compared to analyses 

performed with western blots41 or ELISA7. However, assays that employ protein- and 

antibody-conjugated microbeads allow for even greater multiplexing and scalability 

than those performed on spotted arrays42-49. Unfortunately, many microbead-based 

protein array platforms suffer from the same difficulties with assembly as their nucleic 

acid counterparts. Several methods for assembling or capturing antibody-conjugated 

microbeads on chip-based platforms have been demonstrated. These include 

micromanipulation44, microfluidic trapping45,46, evaporation of microbead suspensions 

on etched silicon47 or fiber-optic bundles48 and electrostatic self-assembly on 

chemically-modified substrates49. These approaches are limited in that they are either 

very slow, very complex or cannot be easily scaled. Other limitations may include 

flexibility, sensitivity and difficulty in automating the processes. 

1.4 DNA amplification 

The state of the art in genome-scale DNA amplification includes the emulsion 

polymerase chain reaction (emPCR) process25 and bridge PCR23,50,51. The emPCR 

method uses water-in-oil micro-emulsions to isolate microbeads and fragmented 

genomic DNA templates so that monoclonal products can be produced on the beads. 

Micro-emulsions that contain both a bead and a single DNA template must occur at 
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very low frequencies to ensure clonal amplification, a requirement that leads to wasted 

reagents and added costs. In addition, the size of the micro-emulsions is difficult to 

control, resulting in large variations in the amount of amplified product as well as 

inefficient use of expensive reagents. Prior to depositing these microbeads on a surface 

for DNA sequencing, the population must be enriched to remove the large portion of 

microbeads that do not contain any PCR products.  

In contrast, the bridge PCR method involves the amplification of genomic DNA 

templates directly on the surface of a glass substrate that contains both forward and 

reverse PCR primers23 . The genomic DNA templates are first allowed to hybridize to 

the covalently bound primers. After synthesizing their compliments, the original 

templates are removed to prevent cross talk between the clonal clusters of DNA that 

will then be synthesized via ~40 cycles of PCR. Although this method may be better 

suited for automation, it suffers from low yields and very poor reaction kinetics. This 

poor yield limits the signal that can be obtained from each cluster during sequencing, 

which makes imaging very difficult and limits the read length. These platforms use 

confluent lawns of DNA primers, which result in random arrangements of the DNA 

clusters. If the original template density is too low, the cluster density will be also be 

very low and sequencing throughput will suffer. On the other hand, if the original 

template density is too high, the clusters will be too dense, rendering many of them 

indistinguishable from one another52.  
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1.5 Scope of the dissertation 

 The objective of this dissertation work was to develop new technologies for 

fabricating and assembling high-density DNA and protein arrays for genomic and 

proteomic analyses. New methods and devices were developed to overcome the 

limitations of current microbead-based DNA and protein fabrication and assembly 

methods. New methods and devices were also developed to generate polymer brush 

arrays that may overcome the limitations currently associated with solid-phase DNA 

amplification. 

In part of this work, we utilized microfabrication techniques to create various 

microwell arrays upon which DNA and protein conjugated microbeads could be 

assembled. Electric and magnetic fields were employed to accelerate the assembly 

process and achieve unprecedented filling efficiencies on these arrays. We have 

demonstrated the utility of such arrays as platforms for multiplexed protein detection. 

The electrophoretic microdevices may also be useful for actively accelerating diffusion-

limited biomolecular interactions and reactions. 

 In another part of this work, we utilize microfabrication techniques to generate 

arrays of DNA polymer brushes for genome-scale single molecule amplification. 

Oligonucleotide arrays are first fabricated using photolithography and plasma etching. 

The linear DNA polymers are then synthesized via rolling circle amplification (RCA). 

These polymer brush arrays may be useful for enhancing the sensitivity of microarrays 

and the efficiency and yield of bridge PCR.  
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2 Rapid magnetic assembly of high-density DNA 

arrays for genomic analyses 

 

2.1 Abstract 

 A method for rapidly assembling high-density DNA arrays with near perfect 

order is described. Photolithography is used to generate a wafer-scale array of 

microwells in a layer of photoresist on a chemically functionalized glass cover slip. The 

array is enclosed within a microfluidic device and a suspension of superparamagnetic 

microbeads conjugated to DNA molecules is introduced into the chamber. A permanent 

magnet is used to direct the rapid assembly of the beads into the wells, with each well 

containing a single bead. These beads are immobilized on the glass surface via affinity 

binding and excess beads can be recycled or washed away. Non-specifically bound 

beads are removed by dissolving the photoresist. The result is a high-density array of 
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beads with virtually no background. This method can be used to produce protein arrays 

for chip-based assays and DNA arrays for genotyping or genome sequencing. 

2.2 Introduction 

 Some of the greatest breakthroughs in biomedical research can be attributed to 

the development of the numerous high throughput technologies for quantitative 

measurements of biomolecules.  Many of these technologies are made possible by 

microfabrication techniques commonly used in the semiconductor industry.  For 

example, DNA and protein arrays fabricated by robotic printing and photolithographic 

methods have enabled extremely large-scale surveys of biomolecules1-4. The emerging 

“next generation” genome sequencing technologies, many of which utilize massive 

parallelization and miniaturization to achieve unprecedented multiplexing, throughput 

and cost reductions5-10, promise to revolutionize biomedical research and enable 

personalized healthcare. However, some of these technology platforms utilize randomly 

distributed DNA-conjugated microbeads or clones on a glass slide within a reaction 

chamber. The random arrangements of the beads or clones result in low throughput and 

imaging efficiency, complicated image processing and high reagent costs6-10. One 

approach to improving these devices involves the use of microfabricated arrays to 

eliminate overlap and to minimize the area between the beads or clones.  

 Such arrays can be generated by depositing samples onto glass slides using 

robotic contact printing2, microcontact printing11-13 or dip pen lithography.14  These 

arrays can also be generated by assembling beads onto microfabricated arrays of wells 

on glass or silicon substrates15-18, or in etched wells on the face of a fiber-optic bundle18-
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20. Since bead assembly will not occur in an efficient and reliable manner if the process 

depends solely upon gravitational forces and Brownian motion, this process is typically 

achieved via solvent evaporation or dewetting17-21. However, these approaches are not 

suitable when rapid assembly is required or sample drying is undesirable. Other groups 

have employed electric22 and magnetic23-25 assembly methods to overcome these issues, 

but these active approaches require multistep fabrication processes and complex field 

generation schemes. For many genomic and proteomic applications, the array 

fabrication and assembly processes need to be scalable and inexpensive. The format of 

the arrays must also be compatible with high-throughput imaging and microfluidic 

devices. Our approach satisfies these criteria by combining a single photolithographic 

step with the facilitated self-assembly of magnetic microbeads to create large, high-

density DNA arrays on cover glass. 

Our method for fabricating high-density biomolecular arrays is illustrated in 

Figure 2.1. The process begins with the silanization and biotinylation of the surface of a 

glass cover slip. Photolithography is then used to generate high-density arrays of 

micrometer to sub-micrometer-scale wells in a thin layer of photoresist that has been 

spin coated on the glass surface. The patterned glass cover slip is enclosed within a flow 

cell and a suspension of streptavidin-coated superparamagnetic microbeads conjugated 

to DNA molecules is introduced into the device. A permanent magnet is briefly dragged 

along the backside of the cover glass to direct the rapid assembly of the microbeads into 

the wells. The beads are immobilized in the wells via biotin-streptavidin affinity 

binding with only one bead fixed within each well due to physical constraints. Excess 



35 

 

beads are washed away and non-specifically bound beads are removed by dissolving the 

photoresist with ethanol. The result is a high-density array of single beads with virtually 

no background.  
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Figure 2.1: Rapid magnetic assembly of high-density DNA arrays. 
The schematic illustrates the steps involved in the fabrication and assembly process. 
The left panel shows the basic procedure whereas the right panel illustrates the surface 
chemistry used to attach the beads to the array and the DNA to the beads. See text for a 
detailed description. The final microbead array is shown without the flow cell for 
illustrative purposes only. The drawing is not to scale. 
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2.3 Materials and methods 

2.3.1 Chemical derivatization of glass surfaces 

 50 x 75 x 0.170 mm3 borosilicate glass cover slips (Erie Scientific) were washed 

with a detergent solution and rinsed with 18 MΩ-cm de-ionized water. They were 

further cleaned by soaking in methanol and then acetone for 5 minutes each in an 

ultrasonic bath and dried in a convection oven at 110 ºC for 10 minutes. The cover slips 

were then soaked in a 2 M nitric acid solution for 30 minutes at room temperature and 

rinsed with de-ionized water. Silanization was performed using a 2% solution of 3-

aminopropyltriethoxysilane (Gelest) in 95:5 acetone: water for 15 minutes at room 

temperature. The cover slips were then rinsed 3 times with acetone and cured at 110 ºC 

for 15 minutes in a convection oven. A 1 mM solution of N-hydroxylsuccinimidyl-

PEG-biotin, MW 5000 (Nektar Therapeutics) in dry N, N-dimethylformamide with 1 

mM triethylamine was prepared and 300 uL was spotted onto each cover slip and then 

covered with another cover slip using a #1 cover slip as a spacer. After one hour of 

incubation at room temperature, the cover slips were rinsed with acetone and treated 

with a 1% ammonium hydroxide + 0.1 % sodium dodecyl sulfate solution for 15 

minutes. The cover slips were rinsed with de-ionized water followed by acetone and 

dried at 65 ºC for 10 minutes. The derivatized cover slips were stored in a vacuum 

desiccator. 

2.3.2 Microfabrication 

 A layer of Microposit S1805 photoresist (Rohm & Haas) about 500 nm thick 

was applied to the surface of the glass by spinning at 3500 rpm for 30 seconds with a 
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spin coater. The glass was then heated on a hotplate at 110 ºC for 60 seconds. The array 

of wells were patterned by a 0.2 second exposure to 365 nm light (~475 mW/cm2) 

through a chrome-on-quartz photomask using a wafer stepper system (GCA Autostep 

200) equipped with an Olympus 2145 lens (5x reduction/0.45 NA). The resist was 

developed in MIF 701 (Rohm & Haas) for 60 seconds at room temperature then rinsed 

with water and dried with nitrogen gas. 

2.3.3 Conjugation of DNA to microbeads 

 Three oligonucleotides with both biotin and fluorescence dye labels are: 5’-

Fluorescein-TCC AGT TGA CCT GAG AGT C-TEG-biotin-3’, 5’-Cy3-TCC TGA 

CTG AGT AGC ATC G-TEG-biotin-3’ and 5’-Cy5-TCA CGT ACT GAG GTC GTC 

A-TEG-biotin-3’. The microbeads were prepared by adding drop wise a 10 M solution 

of a labeled oligonucleotide to 0.1% (w/v) suspension of 1-µm streptavidin-coated 

superparamagnetic beads (Dynal MyOne, Invitrogen) in a DNA binding buffer (10 mM 

Tris-HCl, pH 7.5, 2.0 M NaCl, 1 mM EDTA). The amount of the biotinylated 

oligonucleotides is sufficient to bind approximately one third of the biotin binding sites 

on the beads (~150,000 oligonucleotides per bead). The mixture was shaken for 2 hours 

at room temperature and washed 3 times with a wash buffer (WB: 50 mM sodium 

phosphate, pH 7.05, 150 mM NaCl, 1 mM EDTA, 0.02% Tween-20). The beads were 

re-suspended in the wash buffer to give a final concentration of 0.25% (w/v). For the 

color image shown in Figure 2.3, the mixture contained the 3 bead populations in 

roughly equal molar ratio. For the gray-scale image shown in Figure 2.4, the beads 

contained only the Cy5-labeled oligonucleotides. 
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2.3.4 Rapid magnetic assembly of microbead arrays 

 The microbead assembly was performed within a flow cell, which consists of a 1 

mm thick glass slide, a 250 m-thick silicone rubber gasket and the cover glass with the 

array (Figure 2.1). Prior to the assembly of the flow cell, small holes were drilled 

through the slide and tubing connectors were fixed to the slide with epoxy. The gasket 

was laid onto the slide and the middle portion was cut out to form the flow chamber. 

The cover glass was aligned and pressed to the gasket to form a liquid-tight seal 

between the slide and the cover glass. 

 The chamber was first rinsed with a wash buffer (WB) and then the suspension 

containing the DNA-conjugated microbeads was introduced into the chamber via a 

syringe pump. A small neodymium iron boron magnet (Cat. # 5848K21, McMaster-

Carr Co.) was quickly dragged along the backside of the array to pull the beads into the 

wells. The suspension was slightly agitated using the syringe pump and then the beads 

were drawn back towards the surface of the array using the magnet. This process was 

repeated 3-5 times. The suspension containing any excess beads was then reclaimed and 

the chamber was washed extensively with the wash buffer. The resist was dissolved by 

briefly exposing it to a 95% ethanol solution. The ethanol was then removed by rinsing 

with the wash buffer. For more sensitive biomolecules, the resist can also be removed 

under milder conditions using a flood exposure followed by a brief wash with a basic 

buffer solution.  
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2.3.5 Bright field and fluorescence microscopy 

 Bright field images were acquired with a 63x/0.7 NA objective on a DM LFSA 

microscope (Leica Microsystems) equipped with an ORCA-ER CCD camera 

(Hamamatsu Photonics). Fluorescent images were acquired with an Axiovert 200M 

epifluorescence microscope (Carl Zeiss). The chamber containing the bead array was 

placed on a BioPrecision XY microscope stage (Ludl Electronic Products) and 

illuminated with a Lambda DG-5 light source (Sutter Instrument Co.) using FITC, Cy3, 

and Cy5 excitation filters and a Pinkel set filter cube (Semrock). The images were 

acquired with either a 10x/0.45 NA or a 20x/0.80 NA objective (Carl Zeiss) and an 

iXon Plus 1-megapixel EMCCD camera with 8 x 8 µm2 pixels (Andor Technology). 

Background subtraction and image processing was performed with ImageJ.26 

2.3.6 AFM imaging 

 The atomic force micrograph was acquired with a Multimode Scanning Probe 

Microscope and NanoScope IV controller (Digital Instruments, Veeco Metrology 

Group). The instrument was operated in tapping mode using an AS-12NM scanner and 

a RTESP probe (Veeco Probes). Height and phase information was recorded using the 

NanoScope software and image processing and rendering was performed using 

WSxM.27 

2.3.7 SEM imaging 

 Scanning electron micrographs were acquired with a Phillips XL30 

Environmental SEM in high vacuum mode at 10 kV. All samples were washed with 

deionized water, air dried, and then sputter coated with a thin layer of gold or chromium 
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using a Denton Discovery 18 sputter system or EMITECH K575X sputter tool prior to 

SEM imaging. 

2.4 Results and discussion 

 Using this procedure, we are able to fabricate wafer-scale high-density arrays of 

microbeads on glass cover slips. Specifically, we have demonstrated that large arrays of 

wells with micrometer to sub-micrometer dimensions can be fabricated on derivatized 

cover glass and that millions of DNA-conjugated superparamagnetic beads can be 

assembled within these wells in seconds by active manipulation with a magnetic field 

gradient. Example light micrographs, AFM and SEM images of these arrays are shown 

in Figure 2.2. A false-colored fluorescence micrograph of a DNA-conjugated microbead 

array is shown in Figure 2.3.  
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Figure 2.2: High-density array of wells and microbeads. 
(A) AFM image of a small section of an array of wells in photoresist on a glass cover 
slip. (B) Light micrograph and (C) SEM image of a small section of an array of wells 
partially filled with streptavidin-conjugated superparamagnetic microbeads. We left 
about half of the wells unfilled for illustrative purposes. (D) Light micrograph and (E) 
SEM image of a highly ordered array of microbeads in wells in the photoresist. (F) 
SEM image of an array of microbeads after removal of the photoresist. This array was 
fabricated on a 50 x 75 x 0.170 mm3 glass cover slip and contained over 300 million 
wells. The wells are approximately 500 nm deep, 1.2 µm in diameter and have a center-
to-center spacing of 2.4 µm. The beads have an average diameter of 1.05 µm with a 
maximum coefficient of variation of 3% according to the manufacturer’s specifications. 
The scale bar in the xy-plane in (A) is 2 µm. The vertical dimension in this AFM image 
is not to scale. The scale bars in (B) and (D) are 24 µm.  
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Figure 2.3: Assembly of a highly ordered DNA array. 
A false-color composite fluorescence image of a small portion of a microbead array 
acquired with a 1-megapixel EMCCD camera with 8 x 8 m2 pixels through a 20x 
objective. A magnetic field gradient is applied to facilitate the rapid assembly of a 
mixture of three populations of 1 m- superparamagnetic beads conjugated to 
fluorescent dye-labeled (Fluorescein-Cyan, Cy3-Yellow, and Cy5-Red) DNA 
molecules. The full image from the camera is shown. The inset is an enlarged image of 
a region of the array. It is pixelated because only 6 x 6 pixels are used for each feature. 
The assembly process is conducted within a fluidic chamber and results in greater than 
99.9% filling, with only one bead in each well, in seconds. The rare occurrence of 
misplaced beads (< 0.5%) is very likely due to the presence of aggregates in the stock 
bead suspension. The center-to-center spacing of these beads is 2.4 µm. The scale bar in 
the main image is 48 μm. The scale bar in the inset is 12 μm. 
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 Without the use of a magnetic field gradient, we found that the wells were filled 

very slowly and many of them remain empty despite prolonged incubation periods. This 

process is even more problematic when using beads with densities near that of water. 

Dewetting could be used to ensure a higher filling efficiency but it could take hours to 

days to fill the wells on a large array using this approach because of the slow rate at 

which the liquid front must move (~1 mm/h to ~1 μm/s)17, 23. The application of a 

magnetic field gradient overcomes this limitation by rapidly concentrating the 

superparamagnetic beads near the surface of the array and pulling them into the wells. 

Since the exposure to the magnetic field gradient is very brief and does not require 

micromagnets or solenoids, the formation of bead aggregates is transient and does not 

lead to any defects on the array25. Real time monitoring of the filling process can be 

used to determine when the assembly process is complete. Unbound beads can be drawn 

away from the surface using the magnet, which allows us to observe the surface of the 

array without having to remove the excess beads from the chamber.  

 The majority of the wells on a large array can be filled within seconds by 

quickly dragging an edge of a strong permanent magnet across the bottom of the glass 

substrate. By repeatedly agitating the suspension and concentrating the beads at the 

surface using the magnet, greater than 99.9% of the wells can be filled in less than one 

minute. Achieving this level of filling in such a short period of time requires a 

suspension containing at least 1.5 x 106 beads/µL for an array of wells with a pitch of 

2.4 µm in a chamber with a height of 250 µm. This concentration corresponds to 

approximately twice as many beads as there are wells on this array. The use of lower 
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concentrations will generally result in an increase in the number of empty wells and the 

amount of time required to fill the wells. However, even if the bead to well ratio is 

reduced to one, we have shown that over 95% of the wells can be filled in less than 5 

minutes. 

 Our method also provides an easy way to recycle excess beads and the process 

can be fully automated. These features may be much more difficult to implement when 

employing a dewetting28 or solvent evaporation20 approach. In addition, the 

immobilization of the beads onto the surface via biotin-streptavidin binding allows us to 

conduct various reactions and assays within the flow cell and perform rigorous washing 

steps without worrying about beads falling out of their wells29. Another advantage of 

using a capture mechanism rather than relying only on van der Waals interactions18-21 to 

hold the beads in place is that it permits the removal of the resist after the assembly 

process is complete. This helps to remove any remaining unbound beads from the 

surface, reduces background fluorescent generated by the resist and prevents the non-

specific binding of other molecules that will eventually be introduced into the flow cell 

as part of an assay or reaction. These important benefits can still be realized even if 

biotin-streptavidin chemistry is not suitable for a particular application. In such cases 

our process could be modified to incorporate other affinity binding modalities or 

covalent bonds if the surfaces of the beads and the glass substrate are appropriately 

functionalized, e.g. with alkyne groups on the beads and azide groups on the glass 

surface using the “click chemistry” strategy30, 31. 
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 Compared to fiber-optic bead arrays19, 20, our approach offers more flexibility in 

terms of the substrates that can be used and the format and size of the arrays that can be 

produced. For instance, silicon wafers or various plastics could be used instead of glass. 

In addition, the photolithographic process allows us to modify the geometric parameters 

relevant to our arrays and gives us the ability to align the beads to virtually any CCD 

sensor using a standard microscope rather than a fiber optic couple. Many of the beads 

in our figures are not perfectly aligned with one another because the wells are slightly 

larger than the beads. The use of oversized wells results in shorter bead assembly times 

and ensures that beads with larger than average diameters can still be captured. 

However, the well size can be reduced to match the bead size if an array with more 

precise alignment is required. We have demonstrated that well diameters can be 

adjusted to some degree by varying the exposure time, which gives this process greater 

flexibility in terms of the size of beads than can be used with a given photomask. This 

benefit is illustrated in Figure 2.4. 
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Figure 2.4: Fine dimensional control of the microwell diameter.  
AFM images of arrays of wells produced using different exposure dosages but with the 
same photomask. The center-to-center spacing of the wells remains the same but the 
dimensions of the wells can be controlled by varying the exposure dosages during 
photolithographic processing. Shown here are isometric and top views of two arrays of 
wells generated with two different exposure times. The array on the top was produced 
using a shorter exposure time. 
 

 Not only does our fabrication process result in enhanced packing efficiency, but 

the usage of these ordered arrays can also improve imaging efficiency and dramatically 

simplify image processing. The imaging efficiency, in terms of the number of pixels 

needed to image each feature, is given by (M*d/p)2, where M is the magnification, d is 

the periodic distance between two adjacent features and p is the pixel size. A feature 
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refers to a bead and its surrounding space and the equation assumes that the array is 

properly aligned to the CCD sensor. To achieve optimal alignment, precise adjustments 

to both the array and CCD are usually required. Translational positioning of the array 

can be performed using a motorized stage while angle adjustments can be made by 

rotating the camera. As shown in Figure 2.5, we have demonstrated that it is feasible to 

use only 3 x 3 pixels on the CCD sensor to image each feature with our current bead 

arrays and microscope configuration. In this image, the fluorescence from each bead is 

projected onto a maximum of 2 x 2 pixels and each signal cluster is separated from one 

another by a single row and column of pixels. At this level of efficiency, more than 105 

beads can be imaged in a single field of view with our 1-megapixel camera. Profile 

plots across any 3 rows or columns in this figure reveal a clear distinction between the 

beads despite single pixel separation between adjacent beads. 
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Figure 2.5: Improvement of imaging efficiency and processing. 
The upper panel shows a small region of a fluorescent image of an array of 1-μm 
superparamagnetic beads conjugated to Cy5-labeled DNA probes. A 10x objective was 
used and an EMCCD with 8 x 8 μm2 pixels was properly aligned to the array so that 
each feature can be imaged with 3 x 3 pixels. The lower panel shows the intensity 
profile of the pixels in the region highlighted by the rectangle. The periodicity of the 
signal clearly illustrates the separation between neighboring features. The different 
pixel intensities reflect the slight variation in the projection of the beads relative to the 
pixels on the CCD sensor. The scale bar is 4.8 μm. 
 
 Further improvements to both the imaging and packing efficiencies can be 

achieved by using smaller beads on an array with a reduced pitch as long as the format 

of the array matches that of the CCD sensor. For example, 4 pixels per feature could be 



50 

 

achieved if a 10x objective and a CCD camera with 8 x 8 µm2 pixels are used to image 

0.8 μm or smaller beads assembled into 0.8 μm wells that have a center-to-center 

spacing of 1.6 μm. In this case each bead would fill only one pixel and be separated 

from each neighboring bead by a single pixel. If we use a CCD camera with a larger 

pixel size, e.g. 16 x 16 μm2, the maximum imaging efficiency of 1 pixel per feature 

could be feasible. However, special features may need to be built into the array to serve 

as markers for precise alignment of the array to the pixels of the CCD sensor. The 

maximum packing efficiency that can be achieved depends upon the optics and the 

wavelength of light being used for imaging. For instance, when using a diffraction-

limited objective with a high numerical aperture, e.g. a 40x oil lens with 1.3 NA, and 

visible light with a wavelength of 500 nm, the theoretical minimum spacing of the 

features is approximately 230 nm. The efficient production of wafer-scale arrays with 

features on this scale will require deep UV photolithography or nanoimprint 

lithography. Our method can be modified slightly to accommodate these fabrication 

methods by derivatizing the glass surface after the fabrication of the wells to prevent the 

destruction of the biotin moieties during the imprinting or etching steps32-34. 

 With the densities we have shown here, more than 20 million beads can be 

arrayed in 1 cm2. We have also demonstrated the ability to fabricate arrays of wells with 

dimensions as small as 0.8 µm and densities approaching 40 million wells per cm2 over 

a large area on a cover glass with the stepper system we used. With the appropriate 

beads and arrays of wells, many copies of a human genome can be fragmented (e.g. 

100-1000 bp), cloned and assembled onto a single glass cover slip. The genomic DNA 
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clones can be generated by amplification of single DNA molecule on beads by PCR in 

microemulsions35. The usage of these high-density arrays of DNA-conjugated 

microbeads can significantly increase the throughput and capacity of the emerging 

genome sequencing technologies7-9 and other array-based genomic and proteomic 

assays. In our arrays, there is a minimal amount of space between each bead and 

overlap is virtually eliminated. These characteristics will also help reduce reagent waste 

and the need for expensive computer clusters to perform the image analysis and base 

calling algorithms. 

2.5 Conclusions 

 We have developed a scalable method for fabricating large-scale, high-density 

arrays of DNA-conjugated superparamagnetic microbeads on glass cover slips. The 

single-step photolithographic process along with the speed and simplicity of the bead 

assembly step gives our approach many advantages over existing bead array 

technologies15-25. We have shown that arrays with densities approaching 20 million 

beads per cm2 can be produced over an area as large as 12 cm2 using well established, 

production-scale manufacturing processes. Our low-defect arrays are free of 

background caused by non-specifically bound beads and are compatible with automated 

processes, microfluidics devices and conventional microscopy. The highly ordered 

arrays, when properly sized and aligned to a given CCD sensor, can also greatly 

improve imaging efficiency and reduce the complexities of image processing. We have 

shown that as few as 3 x 3 pixels are required to image each feature. By combining 

these arrays with the emerging sequencing technologies, the time and cost required to 
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sequence a human genome could be reduced by at least one order of magnitude. The 

described method can also be used for fabricating and assembling arrays of other 

molecules such as antigens, lipids and proteins. 
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3 Electric field directed assembly of high-density 

microbead arrays 

 

3.1 Abstract 

 We report a method for rapid, electric field directed assembly of high-density 

protein-conjugated microbead arrays. Photolithography is used to fabricate an array of 

micron to sub-micron-scale wells in an epoxy-based photoresist on a silicon wafer 

coated with a thin gold film, which serves as the primary electrode. A thin gasket is 

used to form a microfluidic chamber between the wafer and a glass coverslip coated 

with indium-tin oxide, which serves as the counter electrode. Streptavidin-conjugated 

microbeads suspended in a low conductance buffer are introduced into the chamber and 

directed into the wells via electrophoresis by applying a series of low voltage electrical 

pulses across the electrodes. Hundreds of millions of microbeads can be permanently 
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assembled on these arrays in as little as 30 seconds and the process can be monitored in 

real time using epifluorescence microscopy. The binding of the microbeads to the gold 

film is robust and occurs through electrochemically induced gold-protein interactions, 

which allows excess beads to be washed away or recycled. The well and bead sizes are 

chosen such that only one bead can be captured in each well. Filling efficiencies greater 

than 99.9% have been demonstrated across wafer-scale arrays with densities as high as 

69 million beads per cm2. Potential applications for this technology include the 

assembly of DNA arrays for high-throughput genome sequencing and antibody arrays 

for proteomic studies. Following array assembly, this device may also be used to 

enhance the concentration-dependent processes of various assays through the 

accelerated transport of molecules using electric fields. 

3.2 Introduction 

 Microbead-based platforms have become a popular technology for many high-

throughput biological assays such as genotyping1, DNA sequencing2, and protein 

detection3 due to the ease in which they enable multiplexing and miniaturization. 

Microbeads have been captured or assembled onto various surfaces via evaporation4-6, 

gravity7, centrifugation8, and magnetic9, 10 and electric fields11-18. While all these 

methods have been successfully utilized, each has some limitations. For instance, 

controlled evaporation, or dewetting, can take hours to assemble large arrays on 

microfabricated templates5. In addition, achieving sufficient filling efficiencies with 

sub-micron particles may require multiple aliquots and highly concentrated microbead 

suspensions19. Gravity-dependent assembly methods can also be relatively slow and 



58 

 

often result in lower packing efficiencies7. Centrifugation-based approaches face similar 

issues and cannot be easily automated8. We recently reported a method for the rapid 

assembly of superparamagnetic microbeads into arrays with near perfect order using a 

magnetic field10. However, it may be difficult to scale due to the limited availability of 

uniform and monodisperse sub-micron magnetic beads as shown in Figure 3.1. 

 

Figure 3.1: Uniformity and monodispersity of  sub-micron beads. 
Many commercially available magnetic microbeads suffer from a high degree of 
polydispersity (A), nanoparticle contamination (B) or irregular and non-uniform shapes 
(C). The magnetic microbeads in (D) are of much higher quality in terms of uniformity 
and monodispersity but they are not available with sub-micron diameters. Polystyrene 
(E) and silica (F) microbeads have excellent uniformity and monodispersity. They are 
also commercially available in many sizes well below 1 µm. 
 

 Methods employing electric field directed assembly on microfabricated 

templates offer certain advantages in that they can be fast, automatable, scalable, and 

used to assemble non-magnetic particles. These types of platforms also have the 

potential to accelerate via an electric field various diffusion-limited processes such as 

DNA hybridization20 and antibody-antigen binding21. Many of the reported electric-
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field-based methods are often used to direct the assembly of microbeads or 

nanoparticles into colloidal crystals or clusters with little control over their number, 

order or position. A few others have demonstrated more control over microbead 

position and order14-16. However, their methods might be difficult to scale or they may 

not be compatible with microfluidics, biological assays and real-time bright-field and 

epifluorescence microscopy.  

We have developed a device and process that utilizes an electric field to direct 

the assembly of high-density arrays of protein-conjugated microbeads in a rapid, 

automatable and scalable fashion. Our method, unlike those previously reported, can be 

used to assemble wafer-scale arrays of individual microbeads with near perfect order. 

The microfabrication process and the fluidic device are illustrated in Figure 3.2. A high-

density array of wells in an epoxy-based photoresist is fabricated on a silicon wafer 

coated with a gold film that serves as the primary electrode (Figure 3.2A). The counter 

electrode consists of a glass coverslip coated with indium-tin oxide (ITO), which serves 

as the counter electrode. A flow cell is formed by sandwiching a thin adhesive silicone 

gasket that contains a cut-out of a flow channel between the wafer and the coverslip 

(Figure 3.2B). 
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Figure 3.2: Device fabrication and assembly. 
(A) Fabrication of an array of microwells on a silicon wafer. (B) Exploded view of the 
device. a: ITO-coated glass coverslip; b: silicone gaskets with flow channels; c: silicon 
wafer with a high-density array of wells in photoresist on a thin layer of gold; d: double-
coated adhesive gasket to couple the wafer to the stage insert; and e: microscope stage 
insert with fluidic ports.  

 

As illustrated in Figure 3.3, a series of low voltage electrical pulses is applied to 

the electrodes. The negatively charged, streptavidin-coated microbeads are directed into 

the wells by electrophoresis. The microbeads are permanently captured within the wells 

through electrochemically-induced binding between the gold and streptavidin. Using 

this approach, we have demonstrated that hundreds of millions of 0.5 µm and 1 µm 

microbeads can be captured in a rapid, efficient and ordered manner. The diameter of 

the wells in the photolithographically-defined templates can be easily adjusted to the 

desired bead size, ensuring that each well can accommodate only one microbead. This 

spatial control supports higher imaging efficiencies for demanding applications such as 
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genome sequencing by reducing the total number of pixels required to image each 

microbead10, 22. Our assembly method is also simple and practical in that it utilizes low 

frequency, direct current (DC) pulses applied across a flow cell that is suitable for 

biological assays using epifluorescence microscopy. 
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Figure 3.3: Electric field directed assembly of microbead arrays. 
A cross-sectional view of a small portion of the flow cell is illustrated. By applying a 
series of low-voltage electrical pulses, the protein-conjugated microbeads are directed 
into the wells via electrophoresis and captured onto the gold surface through 
electrochemically-induced interactions between the gold and proteins. The counter 
electrode consists of an ITO-coated glass coverslip. The flow cell is formed between the 
glass coverslip and the patterned wafer using a thin, double-coated silicone tape. 
Drawings are not to scale. 
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3.3 Materials and methods 

3.3.1 Device fabrication 

 The general procedure for fabricating an array of wells on a silicon wafer 

coated with a thin oxide layer and metal films is illustrated in Figure 3.2A. The 

silicon wafers (100 mm) were cleaned in a 3:1 mixture of 98% H2SO4: 30% H2O2 at 

85 C for 15 min and then rinsed extensively with deionized water (dH2O). 

(CAUTION: H2SO4-H2O2 mixtures are extremely dangerous and should be handled 

with care.) The wafers were then dipped in a buffered oxide etch (6:1 of 40% NH4F: 

49% HF) for 30 s and rinsed with dH2O. (CAUTION: HF is extremely dangerous 

and should be handled with care). The wafers were blown dry with nitrogen and 

coated with a 200-300 nm layer of silicon dioxide using a plasma-enhanced 

chemical vapor deposition (PECVD) system (Plasmalab, Oxford Instruments). 

Oxide deposition was conducted at 350 C and 20 W RF using 710 sccm N2O and 

170 sccm SiH4 at 1 Torr. 

 Titanium and gold films were deposited on the oxide-coated wafers using a 

Discovery 18 sputter system (Denton Vacuum) or VES2550 electron-beam 

evaporation system (Temescal). The deposition chambers were typically evacuated 

to a base pressure of 9 × 10-7 Torr or less. Sputtered-coated titanium and gold films 

were deposited at 200 W DC in Ar at 3.0 × 10-3 Torr and 36 sccm. Evaporated Ti 

and Au films were deposited at 0.1-0.2 nm s-1.  The titanium layer, which serves as 

an adhesion layer between the oxide and the gold films, was approximately 30 nm 

thick. Gold film thicknesses ranged from 300-400 nm. 
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 Following metallization, SU-8 2000.5, an epoxy-based, negative-tone 

photoresist (Microchem), was applied directly to the gold film by spin-coating at 

2000 rpm for 30 s. After baking on a hotplate at 95 °C for 1 min, the wafer was 

patterned via i-line photolithography using a chrome on quartz photomask on a GCA 

Autostep 200 stepper system equipped with an Olympus 2145/0.45 NA reduction 

lens. With an intensity of ~475 mW cm-2, typical exposure times ranged from 0.29 s 

for ~0.6 µm features up to 0.415 s for ~1.2 µm features. The exposed wafers were 

baked at 95 °C for 1 min, developed for 2 min in SU-8 developer (Microchem 

Corp.), then rinsed with isopropyl alcohol and dried with nitrogen. The thickness of 

the SU-8 layer is estimated to be about 200 nm. 

3.3.2 ITO deposition on glass coverslips 

 Using a custom-built PTFE rack, 50 × 75 × 0.170 mm3 glass coverslips (Erie 

Scientific) were washed in batch mode in a 2% solution of Micro-90 detergent 

(Cole-Parmer) and rinsed extensively with dH2O. The coverslips were soaked in 

acetone and then methanol with sonication for at least 30 min each. The coverslips 

were further cleaned in a 1:1:5 mixture of 30% H2O2:30% NH4OH:H2O at 85 °C for 

1 hour and then in a 3:1 mixture of 98% H2SO4: 30% H2O2 at 85 °C for 1 hour. The 

coverslips were rinsed extensively in dH2O and dried in an oven at 110 °C for 30 

min. 

 The ITO films were deposited on the coverslips using an ATC Orion 8 

Sputter System (AJA International). The deposition chamber was evacuated to a 

base pressure of  5 × 10-7 Torr or less and the substrates were heated to 325 °C. 
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Sputtering was performed at 325 W RF and 2 × 10-3 Torr for 10 min with argon and 

oxygen flow rates of 20 and 0.1 sccm, respectively. The ITO films were 

characterized using a FPP-100 four-point probe system (Veeco) and a Lambda 20 

UV-Vis spectrometer (Perkin Elmer). Typical values for the sheet resistance were 

12-15 . Typical values for the optical transmittance were 90-95% over a range of 

450-800 nm as shown in Figure 3.4. Prior to device assembly, the coverslips were 

diced into 8-10 mm x 50 mm strips using a diamond scribing tool. 

 

Figure 3.4: ITO transmission curve. 
Light transmission through an ITO-coated glass coverslip as measured by a UV-Vis 
spectrometer. 
 

3.3.3 Device assembly 

 After completion of the fabrication process, the wafers were covered with a 

protective layer of Shipley Megaposit SPR220-7.0 photoresist (Rohm and Haas) by 

spin-coating at 2000 rpm for 30 s and then baked on a hotplate at 115 °C for 5 min. 
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Holes were drilled through the wafer in an automated fashion using a 1.0 mm 

diamond-coated drill bit (C. R. Laurence Co.) and a high-speed rotary tool mounted 

to a computer numerical control milling machine (PCNC 1100, Tormach). The 

wafers were then diced by hand into 12 mm-wide pieces using a scribing tool and 

the resist was stripped by soaking in acetone for 2 min. Each die was then rinsed 

with isopropyl alcohol and dried with nitrogen. Prior to use, the dice were further 

cleaned in a Technics PEII-B plasma system at 100W and 3.00 × 10-1 Torr O2 for 3 

min and then rinsed with dH2O. After drying with nitrogen, the dice were fixed via 

double-coated acrylic tape (DC-UHB10FA-C, J. V. Converting Co.) to a custom-

built aluminum plate, which contains ports for fluidic connections and fits securely 

within the aperture of our microscope stage (Figure 3.2B). 

 The channels that form the flow cells within the device were designed in a 

computer-aided design program and cut out of a ~110 µm-thick, double-coated 

silicone tape (No. 702, Scapa Group) using a cutting plotter (CC200-20, Graphtec 

Corp.). Typical channel dimensions ranged from 2-6 mm in width by 26-32 mm in 

length. The tape containing the channel cut-out was then aligned and fixed to the 

wafer. Narrow strips of copper tape ~30 µm thick (Cat. No. 77802, Electron 

Microscopy Sciences) were attached to both ends of the counter electrode and then 

wrapped around the ends and onto the backside of the coverslip. The coverslip was 

then attached to the wafer with the silicone tape to create the fluidic chamber. 

Electrical connections to both the gold film and the copper tape on the coverslip 

were made by additional pieces of copper tape, each soldered to an insulated copper 
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wire. An exploded view of the complete device is shown in Figure 3.2B.  

3.3.4 Electric field directed assembly of microbead arrays 

 Streptavidin-coated, fluorescent polystyrene microbeads with diameters of 

0.5 µm and 1 µm (CPO1F/7066 and CP01F/7677, Bangs Laboratories) were diluted 

to 0.1%-0.2% solids in a low conductance buffer (4.5 mM tris(hydroxymethyl) 

aminomethane, 4.5 mM boric acid, and 0.02% Triton X-100, pH 8.6, with a 

conductance of 61 µS cm-1) (LCB). The microbead suspensions were washed 3 

times with LCB. Prior to each buffer exchange, the suspensions were centrifuged for 

6 min at 3000 g and then resuspended by vortexing for ~30 sec. Suspensions were 

sonicated by placing them in an ultrasonic water bath for 5-10 min immediately 

prior to use. 

 The chambers were connected to a syringe pump (Cavro XR Rocket, Tecan 

Group) using 1/16″ OD × 0.03″ ID Teflon tubing, ¼-28 Upchurch (Idex Corp.) and 

062 MINSTAC fittings (The Lee Co.) and washed with LCB. The microbead 

suspensions were introduced and the total circuit resistance was measured with a 

digital multimeter (2010, Keithley Instruments). Typical values ranged from ~100-

200 k. A function generator (33220A, Agilent Technologies) was used to apply a 

series of 1 Hz, 3.0 V DC pulses with a 10% duty cycle for 30-60 s either 

continuously or in 10-15 s intervals with 2 min periods between each interval. The 

electrical waveforms were monitored using an oscilloscope (TDS 224B, Tektronix). 

Following the assembly process, excess microbeads were washed away with LCB at 

a flow rate of 16-40 µL s-1 . An illustration of the assembly process is shown in 
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Figure 3.3. 

3.3.5 Fluorescence imaging 

 Real-time imaging of the assembly process was performed on an 

epifluorescence microscope (DM LFSA, Leica Microsystems) with a  40x/0.55 NA 

objective, and a CCD camera (ORCA-ER, 1024 × 1344, 6.45 x 6.45 µm2 pixels, 

Hamamatsu Photonics). Excitation light was from an Osram 100W HBO mercury 

arc lamp. The images and movies were recorded with SimplePCI software 

(Hamamatsu Photonics). Image analysis and background subtraction was performed 

with Image J23. 

3.3.6 SEM imaging 

 To disassemble the chamber and release the substrate for SEM imaging, the 

entire device was submersed in liquid nitrogen. The low temperature simplified the 

release of the wafer from the aluminum plate and the coverslip from the wafer. The 

diced samples were then coated for 30 s with chromium or iridium at 130 mA in Ar 

using a K575X sputter tool (Emitech). The images were obtained with a Phillips 

XL30  environmental SEM operating at 10 kV in high-vacuum mode. The aluminum 

plate is prepared for further use by soaking it in acetone, which aids in the removal 

of the acrylic tape. 

3.4 Results and discussion 

3.4.1 Rapid assembly of microbead arrays  

 We have demonstrated the ability to rapidly assemble high-density arrays of 

protein-conjugated microbeads on photolithographically-defined templates using an 
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electric field. Standard thin film deposition and photolithography techniques are 

used in the fabrication process. The microbead assembly process utilizes a function 

generator to deliver 3.0 V DC pulses at a frequency of 1 Hz and a duty cycle of 

10%. Figures 3.5A and 3.5B shows the fluorescence and SEM images of a typical 

array of 1 µm beads assembled into ~1 µm wells at a pitch of 2.4 µm. As can be 

seen, arrays with near perfect order can be assembled with filling efficiencies as 

high as 99.9%. Using this approach, we have also demonstrated the ability to 

assemble 1 µm (Figure 3.5C) and 0.5 µm beads (Figure 3.5D) on arrays with 

densities approaching 69 million microbeads per cm2.  
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Figure 3.5: High-density microbead arrays assembled using an electric field. 
(A) Fluorescence micrograph and (B) SEM image of small portions from the same 
assembled array of 1 µm streptavidin-conjugated polystyrene microbeads at a 2.4 µm 
pitch. This full-frame fluorescence micrograph was acquired with a 40x/0.55 NA 
objective and a Hamamatsu ORCA-ER CCD camera. (C). SEM image of a small 
portion of an array of 1 µm beads assembled into ~0.8 µm wells at a pitch of 1.2 µm. 
(D). SEM image of a small portion of an array of ~0.5 µm beads assembled into ~0.6 
µm wells at a pitch of 1.2 µm. 
 

 Defect rates in the assembled arrays are typically less than a few percent. 

Common defects include unfilled wells and microbead doublets (Figure 3.5A). For 

example, in Figure 3.5A only 5 wells remain unfilled, which corresponds to a filling 

efficiency of 99.9%. The variation in fluorescence intensity observed in Figure 3.5A 

is due to the presence of doublets as well as considerable differences in microbead 
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size as seen in Figure 3.6B. There are approximately 0.2% wells containing smaller, 

less visible microbeads and 1.5% wells containing brighter doublets or abnormally 

large microbeads. We found that some doublets and larger aggregates were often  

present in the stock and LCB microbead suspensions. Therefore, the doublets 

observed in the arrays may not be caused by the assembly process. 

 

Figure 3.6: Microbead doublets, size variation and alignment.  
(A) An SEM image with a microbead doublet in one well. (B) An SEM image 
showing the size variation among the 1 µm beads. (C) An SEM image of 0.5 µm 
beads assembled into over-sized wells. The microbead positioning and well 
occupancy rates may be compromised if the wells are significantly larger than the 
microbeads. 
 

3.4.2 Materials considerations 

 Gold was chosen for the electrode upon which the microbeads were assembled 

primarily due to its affinity towards proteins. As described elsewhere, proteins can be 

adsorbed directly onto gold surfaces, with24 or without25 the use of an electric field. By 

exploiting this phenomenon, we are able to capture permanently streptavidin-coated 

microbeads onto the gold electrodes without any surface modifications. The binding of 

the microbeads is sufficient to withstand both stringent washes and the application of a 

reverse bias of 1.5 V DC. It is even more astounding that the assembled arrays are able 

to survive the liquid nitrogen treatment and the SEM imaging process. The use of 
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platinum and ITO for the primary electrode was also investigated. However, we found 

that the microbeads were less likely to bind to these materials under our assembly 

conditions. 

 The choice of materials used for the counter electrodes is subject to other 

design constraints, with an emphasis on imaging. ITO-coated coverslips were used 

as counter electrodes to provide a suitable window through which optical imaging of 

the arrays can be performed. However, ITO films are not very robust and can be 

damaged easily. Therefore, it is imperative that the assembly conditions are 

compatible with this material. By using a low conductance buffer and minimizing 

the strength and duration of the electrical pulses, no obvious damage was found to 

occur to the ITO films. 

 The material used to fabricate the arrays of wells needs to meet several 

criteria. It must be a robust dielectric with good adhesion to gold, compatible with 

sub-micron photolithography and able to withstand the potentially damaging by-

products of electrolysis. Positive resists such as Shipley S1805 were initially used to 

simplify the fabrication process. Although suitable as dielectrics, these materials 

were prone to delamination after prolonged exposure to the assembly conditions. In 

contrast, the epoxy-based negative photoresist, SU-8 2000.5, was able to withstand 

electrophoretic conditions well beyond those required for assembly. SU-8 2000.5 is 

also suitable for sub-micron photolithography, albeit with some minor defects that 

can be attributed to the resolution limit of the stepper system. Despite the apparent 

advantages of SU-8, compatibility issues may arise if this device is to be used as a 



73 

 

platform for biological assays. In such cases, silicon dioxide or silicon nitride films 

may be employed. However, the use of such materials will require a more involved 

fabrication process. 

 Flow cells were created using a thin, double-coated silicone tape. Using a 

cutting plotter, this material can be quickly cut into various shapes and sizes. This 

allows channels to be created much more easily than through conventional 

microfabrication processes. The tape backing is made of polyester and the adhesive 

is silicone-based. This makes it suitable as an electrical insulator and stable in 

aqueous environments. Since the tape is only 110 µm thick, high field strengths can 

be achieved within the device at relatively low voltages. The shallow chamber 

height also enables the use of microscope objectives with high numerical apertures, 

which tend to have relatively short working distances. 

 The buffer system, tris(hydroxymethyl) aminomethane and boric acid (Tris-

borate), was chosen for its low conductivity and its pH value. At a concentration of 

4.5 mM, this solution has a conductivity of only 61 µS cm-1 and a pH value of 8.6, 

yet still provides adequate buffering capacity under the electrophoretic assembly 

conditions. With an isoelectric point of ~5, streptavidin is negatively charged and 

thus the streptavidin-conjugated microbeads are also negatively charged in this 

buffer26. In contrast, phosphate and bicarbonate buffering systems with similar 

concentrations and pH values have much higher conductivity values. With the low 

conductivity of the Tris-borate buffer, the microbeads can be pulled rapidly toward 

the electrode while the current is kept at a minimum. However, we found that the 
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binding of the microbeads was less efficient after they were stored in such a buffer 

for more than one week. 

 The types of the microbeads that can be assembled and captured onto the 

gold surface depend on their surface properties, especially the charges and the nature 

of the chemical functionality. The streptavidin-coated microbeads were used for two 

reasons. First, the streptavidin molecules can serve as the functional groups for 

further attachment of biotinylated molecules or other moieties through the strong 

biotin-streptavidin affinity binding. Second, we found that under the conditions 

used, streptavidin-coated microbeads can be assembled and captured with ease. The 

electrochemically-induced binding of microbeads to the gold surface is probably due 

to the dative bonding between the chemical groups on the protein and gold, and 

other interactions such as electrostatic and van der Waals interactions24, 25, 27. The 

binding of the microbeads to the gold surface is robust in that the assembled arrays 

can withstand the prolonged application of a bias of -1.5 V DC and harsh conditions 

such as exposure to liquid nitrogen, sputter coating and SEM imaging. We have also 

experimented with 0.5 µm and 1 µm carboxylate-modified polystyrene microbeads. 

Even though these microbeads could be pulled into the wells using an electric field, 

permanent binding was rarely observed. This suggests that electrochemically 

induced binding of the carboxylate groups on the microbeads to the gold surface is 

less efficient under our conditions. 

3.4.3 Assembly conditions  

 Various electric field conditions were examined to optimize the microbead 
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transport and assembly process. With our electrode configuration, AC 

dielectrophoresis was found to be an inadequate means for assembly, even at 20 Vpp 

over a wide range of frequencies. However, a DC potential difference of only ~2.0 V 

was required to observe appreciable electrophoretic migration of the negatively 

charged, streptavidin-coated microbeads towards the positive electrode. Potentials 

up to ~2.9 V DC, even when applied for extended periods of time (>30 s), did not 

result in a significant degree of microbead binding. However, potentials at or above 

~3.0 V DC with durations as short as 50 ms enabled rapid and permanent microbead 

binding. In our device, a 3.0 V potential corresponds to an electric field strength of 

~270 V cm-1, although stronger fields are likely to exist around the edges of the 

wells28. Potential differences greater than ~3.5 V DC, when applied continuously for 

more than 30 seconds, resulted in damage to the ITO and substantial gas evolution 

due to the electrolysis of water. 

 To minimize the possibility of bubble formation and damage to the 

electrodes, photoresist or microbeads, we used low frequency (1 Hz), 3.0 V DC 

pulses with a short, 10% duty cycle. These conditions were sufficient for rapid, 

directed assembly with a minimal amount of time in which the substrate and 

microbeads were subjected to the field. The low-frequency pulsing of the field also 

helped reduce the lateral microbead aggregation seen at higher frequencies or with  

continuously applied potentials. Frequencies lower than 1 Hz resulted in less 

efficient assembly as the microbeads have more time to diffuse away from the 

surface between pulses.  Aggregation of the microbeads, which appeared to hinder 
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their ability to be captured efficiently, was further reduced by applying the electric 

field in two to three 15-second intervals with a two-minute recess in between each 

interval. Although the electric field is generally applied for a total of 30-45 pulses, 

the majority of the wells will have captured a microbead within the first 20-30 

pulses. The additional time is usually spent filling the remaining 10-15% of the 

wells. The drop in the assembly rate can be attributed to both the depletion of 

microbeads from the suspension and the formation of aggregates near the surface of 

the array12, 13, 29, 30. Some microbeads are dislodged during the washing step. This is 

likely due to irregularities in the microbead population or inadequate contact and 

binding with the gold surface. 

 The microbead concentration is chosen such that the suspension contains 

approximately 2-4 times as many microbeads as the number of wells in the chamber. 

Higher concentrations tend to lead to field-induced aggregation.  For the smaller 0.5 

m beads, we could not achieve 100% filling with a single batch of the microbead 

suspension. Even though there were plenty of microbeads left in the suspension, the 

assembly process did not proceed any further after about 15 pulses. This was 

probably due to buffer depletion because the assembly process could be resumed to 

complete the filling of the wells by using an additonal batch of microbeads.  

 Following the assembly process, the integrity of the streptavidin on the 

microbeads was verified by introducing into the chamber a solution containing 

biotinylated, fluorophore-labeled oligonucleotides. After a 60 min incubation, the 

chamber was washed and the microbeads were imaged. A comparison of the images 
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before and after the incubation period revealed a substantial gain in the fluorescence 

signal on the microbeads, indicating that an ample amount of streptavidin was still 

intact and functional. We also tested the ability to accelerate the capture of these 

biotinylated, fluorophore-labeled oligonucleotides.using an electric field. For this 

demonstration, an array of microbeads was assembled and then the oligos were 

introduced into the chamber at a concentration of 100 nM.  A series of electrical 

pulses (1.0 V DC pulse at 1 Hz and 10% duty cycle) was then applied to the chip for 

5 minutes. The resulting fluorescence signal, as shown in Figure 3.7, was 

significantly greater than the passive control. The signal is concentrated around the 

perimeter of the microbeads as a result of field concentrating effects brought about 

by the microbeads. 

 

Figure 3.7: Accelerated capture of DNA oligonucleotides using an electric field.  
(A) Fluorescence image of a partially assembled array of FITC labeled, streptavidin-
coated microbeads. (B) Fluorescence image of the microbead array shown in (A) 
after the electrophoretic capture of  biotinylated, Cy5-labeled oligonucleotides. 
 
 Assembly can still be performed using wells that are smaller than the 

microbeads as long as the wells are not too deep and the pitch is large enough to 
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prevent contact between the microbeads. As is observed in Figure 3.5C, the 

microbeads are better aligned under such a condition. If the wells are hexagonally 

packed and the microbeads are appropriately sized, it is very likely that the 

microbeads can be assembled into an array with the highest achievable packing 

density. However, if the microbeads are much smaller than the wells, the microbead 

alignment may be compromised to some degree  (Figure 3.6C). 

 As compared to magnetic assembly methods9, 10, the choices of the 

microbeads or particles available for electric field directed assembly are much 

greater since microbeads with magnetic properties are not required. In principle, any 

protein-conjugated microbeads can be used. The size of the wells that can be 

fabricated is only limited by the resolution of the photolithography system and 

perhaps by the types of photoresist used. Therefore, our method offers great 

flexibility and scalability for the rapid assembly of microbead arrays with various 

patterns, densities and pitches. 

3.5 Conclusions  

 In summary, we have demonstrated the ability to use electric fields to direct 

the rapid assembly of arrays of 0.5 and 1 µm protein-conjugated microbeads on 

photolithographically defined templates. Standard microfabrication procedures are 

used to generate wafer-scale arrays of wells on gold in a robust, epoxy-based 

photoresist. Hundreds of millions of microbeads can be assembled within these 

wells in 30-45 seconds by applying low-voltage, low-frequency DC electrical 

pulses. Each well contains only one microbead and filling rates as high as 99.9% are 
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easily achieved with minimal defects. Array assembly takes place within a 

microfluidic device that is compatible with real-time bright-field and 

epifluorescence imaging. The methods presented here may be applied to colloidal 

lithography31, 32, micro- and nano-fabrication, and the assembly of arrays of 

microbeads conjugated to biomolecules such as antibodies and DNA for use in high-

throughput assays. In addition, the use of such a platform may provide a means of 

accelerating diffusion-limited assays by actively concentrating molecules of interest 

via an electric field20, 21. 
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4 Multiplexed protein detection on antibody-

conjugated microbead arrays in a 

microfabricated electrophoretic device 

 

4.1 Abstract 

We report the development of a microfabricated electrophoretic device for 

assembling high-density arrays of antibody-conjugated microbeads for chip-based 

protein detection. The device consists of a flow cell formed between a gold-coated 

silicon chip with an array of microwells etched in a silicon dioxide film and a glass 

coverslip with a series of thin gold counter electrode lines. We have demonstrated that 

0.4 and 1 µm beads conjugated with antibodies can be rapidly assembled into the 

microwells by applying a pulsed electric field across the chamber. We have shown that 
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these antibody-conjugated microbead arrays can be used to perform on-chip sandwich 

immunoassays to detect test antigens at concentrations as low as 40 pM (6.4 ng/mL). 

We also demonstrate the ability to identify each microbead type on the array using a 

combination of fluorescence and spatial encoding strategies. A finite element model 

was also developed to examine the electric field distribution within the device for 

different counter electrode configurations over a range of line pitches and chamber 

heights. This device will be useful for assembling high-density, encoded antibody 

arrays for multiplexed detection of proteins and other types of protein-conjugated 

microbeads for applications such as the analysis of protein-protein interactions. 

4.2 Introduction 

 The ability to interrogate proteins in a sensitive, quantitative, multiplexed and 

high-throughput manner has many applications in proteomic analysis1-3, cancer 

research4, 5, diagnostics6 and drug discovery7. Although established methods such as 

western blots8 and enzyme-linked immunosorbent assays9 (ELISA) can be used for 

sensitive and reliable protein detection and quantification, they are labor-intensive and 

require large sample volumes. Furthermore, they allow for the analysis of only a small 

number of samples and proteins at a time. Alternatively, the use of spotted protein and 

antibody microarrays enable greater multiplexing and significantly reduced sample 

volumes10-18. Other groups have demonstrated the potential advantages of assays that 

employ protein- and antibody-conjugated microbeads, which allow for even greater 

multiplexing and scalability than those performed in microtiter plates or on spotted 

arrays19-26. The majority of these microbead-based immunoassays are typically 
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performed in solution19, 20 or on-chip21-26. The solution-based formats are fast and 

sensitive but they require specialized flow cytometry equipment for sample analysis. In 

contrast, chip-based formats are well suited for analysis via epifluorescence microscopy 

and allow for the integration of additional lab-on-a-chip processes such as nucleic acid 

extraction and genetic profiling from single cells or whole blood27, 28. 

Methods for assembling or capturing antibody-conjugated microbeads on chip-

based platforms include micromanipulation21, microfluidic trapping22, 23, evaporation of 

microbead suspensions on etched silicon24 or fiber-optic bundles25, and electrostatic 

self-assembly on chemically-modified substrates26. Many of these platforms enable 

multiplexed analysis by using a mixed population of encoded microbeads or by 

physically isolating each population in separate microfluidic channels. In this work, we 

report the development of a new approach for fabricating and assembling microbead 

arrays. We utilize an electric field to direct the assembly of antibody-conjugated 

microbeads onto a microfabricated array of wells. The process takes place within a 

microfluidic device and arrays of micron to sub-micron beads can be assembled in 15-

45 seconds. Moreover, we have demonstrated that these arrays of antibody-conjugated 

microbeads can be assembled and used for sensitive, multiplexed protein detection in 

many samples in parallel. In contrast to previously reported methods, our approach 

enables much faster and more scalable array assembly. The array format provides the 

order and spatial separation necessary for packing a large number of microbeads into an 

extremely small footprint. For instance, nearly 7000 sub-micron beads can be rapidly 

assembled on an array just 100 µm x 100 µm in size. This small footprint may enable 
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the analysis of entire proteomes at the single cell level29, 30. In addition, our device may 

provide a means for electrophoretically accelerating the transport of antigens to 

decrease assay times and to enhance sensitivity31-33.  

Another key advantage of our approach is the ability to assemble our arrays in a 

controlled, stepwise fashion, thus providing a means in which we can spatially encode 

and decode the identity of each microbead on the array34. By introducing and 

assembling a small number of microbeads from a single population at a time, we can 

record the location of these microbeads as they are assembled. This encoding method 

produces a spatial map of every microbead on the array, thus enabling a large range of 

multiplexing capabilities without the need for fluorescence encoding35, 36 or other more 

complex strategies37, 38. In this study, we demonstrate the feasibility of a combined 

encoding approach by assembling two different fluorescence microbead populations per 

round. This combination of both fluorescence and spatial encoding schemes gives us 

even greater multiplexing potential.  

 The method and device described here also encompass significant improvements 

over those previously reported for rapid electric-field directed assembly of streptavidin-

conjugated microbead arrays39. In our previous work, the high-density array of wells 

was patterned in an epoxy-based photoresist on a gold-coated silicon wafer. The gold 

served as the working electrode, whereas the counter electrode consisted of an indium-

tin oxide (ITO) film on a glass coverslip. In this study, the array of microwells is 

fabricated in a silicon dioxide film and the counter electrode consists of a series of thin 

gold lines on a glass coverslip. The silicon dioxide helps create a more robust platform 
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than those fabricated with an epoxy-based photoresist. For instance, the silicon dioxide 

film can withstand harsher cleaning processes and electrophoretic conditions. The use 

of an oxide layer also allows for more precise geometric control of the microwells by 

chemical vapor deposition, high-resolution photolithography and reactive ion etching. 

Furthermore, the oxide may be chemically modified prior to use to prevent non-specific 

adsorption of biomolecules. The use of a glass coverslip with a series of thin, 

microfabricated gold lines as counter electrodes offers certain advantages over an ITO-

coated glass coverslip. For instance, ITO films are not fully transparent in the visible 

spectrum, which can reduce the sensitivity of assays that require fluorescence imaging 

for detection. Furthermore, ITO films are easily degraded by high electrical currents, 

presumably due to the by-products of electrolysis40. As the ITO film is degraded, its 

transparency is reduced and its resistivity tends to increase. In contrast, our use of 

properly spaced counter electrode lines on the coverslip allows for completely 

unobstructed fields of view without the loss of transparency or electrical conductivity.  

4.3 Materials and methods 

4.3.1 Fabrication of arrays of microwells in an oxide on gold 

 Figure 4.1 illustrates the general procedure for the fabrication and assembly of 

the electrophoretic device. Silicon wafers (100-150 mm) were cleaned in a 3:1 mixture 

of 98% H2SO4: 30% H2O2 at 85 °C for 15 min and then rinsed extensively with 18 M-

cm deionized water (dH2O). (CAUTION: This mixture is extremely dangerous). The 

wafers were then dipped in a buffered oxide etch (6:1 of 40% NH4F: 49% HF) for 30 s 

and then rinsed with dH2O. (CAUTION: HF is extremely dangerous). The wafers were 
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blown dry with nitrogen and then baked at 200 °C on a hotplate for 5 min to remove any 

remaining water. A 200-500 nm layer of silicon dioxide was then deposited on each 

wafer using an Oxford Plasmalab plasma-enhanced chemical vapor deposition 

(PECVD) system. Oxide deposition was conducted at 350 °C and 20 W RF using 710 

sccm N2O and 170 sccm SiH4 at 1 Torr. 
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Figure 4.1: Fabrication and assembly of the electrophoretic device. 
(A) Fabrication of an array of microwells in silicon dioxide on a titanium-gold-titanium 
stack on a silicon wafer. (B) Fabrication of gold counter electrode lines on a glass 
coverslip via a lift-off process. The gold lines serve as counter electrodes in the assembled 
chamber and are only 25 µm wide with a pitch of 320 µm to allow for imaging of the 
microbead arrays. (C) Assembly of the device and mounting to a custom-built aluminum 
plate with tapped ports for fluidic connections. Drawings are not to scale. 
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Films of titanium, gold and titanium were sequentially deposited on the oxide-

coated wafer using a Denton Discovery 18 sputter system. The deposition chamber was 

typically evacuated to a base pressure of 9 ×10-7 Torr or less and the films were 

deposited at 150-200 W DC in 3.0 × 10-3 Torr Ar flowing at a rate of ~36 sccm. The 

two titanium layers, which serve as adhesion layers between the oxide and gold films, 

were approximately 10 nm thick. The thickness of the gold film was ~300 nm. 

Following metallization, another 100-300 nm of silicon dioxide was deposited via 

PECVD using the same tool and conditions described above. A Filmetrics F20 

measurement system was used to determine the oxide film thickness.  

 For arrays fabricated using an i-line stepper system, hexamethyl disilazane 

(HMDS) (Shin-Etsu MicroSi) was applied to the wafers and allowed to sit for 30 s 

before spin-drying at 4000 rpm for 30 s. Shipley Microposit S1805 photoresist (Rohm 

& Haas Electronic Materials) was then applied via spin-coating at 3500 rpm for 30 s. 

After baking on a hotplate at 110 °C for 60 s, the wafers were patterned via i-line 

photolithography on a GCA Autostep 200 stepper system using a quartz reticle 

containing an array of chrome contacts on a clear background. With an intensity of 

~475 mW/cm2, an exposure time of 0.15 s was used to generate posts with a diameter of 

~1 µm. The exposed wafers were developed for 60 s in MF-701 or MF-24A (Rohm & 

Haas Electronic Materials), then rinsed with dH2O and dried with nitrogen. Residual 

resist was removed by exposing the wafers for 30 s to an oxygen-based plasma at 100 

W RF and 3.0 × 10-1 Torr O2 in a Technics PEII-A plasma system 
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 For arrays fabricated using a deep UV (DUV) scanner system, the wafers were 

first coated with a bottom anti-reflective coating (BARC) (ARC 29A-8, Brewer 

Science) by spin-coating at 2250 rpm for 30 s. After baking the BARC at 220 °C for 60 

s, a 250 nm-thick film of DUV resist (ARF AR1682J-15, JSR Micro) was applied via 

spin-coating at 1000 rpm for 40 s. Edge bead was removed from the front and back 

sides of the wafers with propylene glycol monomethyl ether acetate (Baker BTS-220, J. 

T. Baker). All coating, baking and edge bead removal steps were performed on a SVG 

90-SE coat track. The resist was baked at 110 °C for 90 s and then exposed on a PAS 

5500/950B Step and Scan System (ASML) equipped with a 10 W, 193 nm ArF excimer 

laser (ELS-6610A, Cymer.). Arrays of posts were patterned on the substrates using a 

quartz reticle containing chrome contacts on a clear background. Typical doses ranged 

from 12-24 mJ/cm2. The exposed wafers were baked at 110 °C for 60 s, developed in 

MF-319 (Rohm & Haas Electronic Materials) for 60 s and rinsed with dH2O in a quick 

dump rinser. The wafers were then rinsed and dried in a spin-rinse-dry tool (PSC-101, 

Semitool). To remove the BARC, the wafers were exposed to an oxygen-based plasma 

for 75 s at 50 W RF at 8 sccm and 4.0 × 10-2 Torr in a RIE system (System VII, Plasma-

Therm). 

 Next, the patterned wafers were coated with 30-50 nm of nickel via a Temescal 

BJD 1800 or VES 2550 electron-beam evaporation system. The chambers were 

typically evacuated to base pressures of 7 × 10-7 Torr or less and nickel films were 

deposited at 1.0-2.0 Å/s. The resist and unwanted metal was removed using Shipley 

Microposit Remover 1165 (Rohm & Haas Electronic Materials) at 70 °C with ultrasonic 
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agitation for ~1 hr. After rinsing in dH2O and drying with nitrogen, the exposed oxide 

was etched in a Panasonic FP-EA01A ICP etcher using 40 sccm CHF3 at 0.5 Pa with 

900 W forward RF power and 200 W reverse RF power. The substrates were cooled via 

backside helium flow at 15 sccm and 700 mTorr. Under these conditions, the average 

etch rate for PECVD-grown silicon dioxide was ~0.20 µm/min. However, etch times 

were extended by as much as 50% to ensure that the upper layer of titanium was also 

completely removed to fully expose the underlying gold film. 

 Following the etching process, the wafers were coated with a thick layer of 

Shipley Megaposit SPR220-7.0 (Rohm & Haas Electronic Materials) photoresist by 

spin-coating at 2000 rpm for 30 s and then baking at ~100 °C for 5 min. Holes for 

fluidic connections were then drilled in the wafers using a 1.0 mm diamond-coated drill 

bit (Cat. # MD16, C. R. Laurence Co.) and a high speed rotary tool (38481 IB/E, 

Proxxon) mounted to a CNC milling machine (PCNC-1100, Tormach). The wafers 

were secured in a custom-built jig and submersed under dH2O or flooded with a dilute 

coolant solution (Formula #77, Kool Mist) while drilling. The wafers were then diced 

manually with a carbide scribing tool or automatically with a dicing saw (DAD3220, 

Disco). The resist was stripped by soaking in acetone for 3 min and then in isopropanol 

for 1 min. After drying with compressed air, the nickel layer was stripped for 10 min at 

room temperature in a nickel etchant (Type TFB, Transene Co.). The wafers were then 

rinsed with dH2O and dried with nitrogen. 
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4.3.2 Fabrication of counter electrode lines on glass coverslips  

 Using custom-built PTFE racks, 45 mm × 50 mm × 0.170 mm (Propper 

Manufacturing Co.) or 50 mm × 75 mm × 0.170 mm (Erie Scientific Co., Inc.) glass 

coverslips were washed with sonication in batch mode using a solution of 2% Micro-90 

detergent and rinsed extensively with dH2O. The coverslips were further cleaned in a 

1:1:5 mixture of 30% H2O2:30% NH4OH:H2O at 85 °C for 2 hr and then in a 3:1 

mixture of 98% H2SO4: 30% H2O2 at 85 °C for 2 hr. (CAUTION: These mixtures are 

extremely dangerous). The coverslips were rinsed extensively in dH2O and stored under 

dH2O until use.  

 Prior to fabrication, the coverslips were blown dry with nitrogen and then baked 

on a hotplate at ~200 °C for 5 min to remove any remaining moisture. After cooling, 

HMDS was applied and allowed to sit for 30 s before spin-drying at 4000 rpm for 30 s. 

A layer of Shipley Megaposit SPR220-3.0 or SPR518-A photoresist (Rohm & Haas 

Electronic Materials) was then applied by spin-coating at 3500 rpm for 30 s or at 2000 

rpm for 40 s, respectively. The resist was baked at 115 °C (SPR220-3.0) or 90 °C 

(SPR518-A) for 90 s and then exposed to 365-405 nm light on a Quintel contact aligner 

using a photomask printed on a transparency film. An exposure time of 16-21 s at ~10 

mW/cm2 was typically used to print 25 µm wide lines at a pitch of 320 µm. After 

baking the exposed coverslip at 115 °C for 90 s (SPR220-3.0) or 110 °C for 60 s 

(SPR518-A), the resist was developed for 90 s in MF-24A or MF-321 developer (Rohm 

& Haas Electronic Materials), rinsed with dH2O, and dried with nitrogen.  
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After a 3 min oxygen plasma treatment in a Technics PEII-B plasma system at 100 W 

RF and 3.0 × 10-1 Torr O2, a Denton Discovery 18 sputter system was used to deposit a 

10 nm-thick titanium film followed by a 300 nm-thick Au film. Sputtering was 

performed at 150 W with 3.0 × 10-3 Torr Ar at 36-38 sccm. The resist and unwanted 

metal was then removed by soaking the substrate in Shipley Microposit Remover 1165 

at 70 °C in an ultrasonic bath for up to 1 hr. The coverslip was then washed with 

acetone, rinsed with dH2O and dried with nitrogen. Line height measurements were 

obtained with a Dektak 150 surface profiler (Veeco Instruments). 

4.3.3 Device assembly 

  An exploded view of the fluidic device is shown in Figure 4.1C. The general 

method for assembly of this device has been described elsewhere32. Briefly, each chip 

was cleaned just prior to use by exposing it to oxygen-based plasma at 100 W RF and 3 

×10-1 Torr O2 for 3 min in a Technics PEII-B plasma system. After rinsing with dH2O 

and drying with compressed air, the chip was mounted to a custom-built aluminum plate 

(Figure 4.2) using a double-coated adhesive tape. The flow cell was then formed by 

attaching the coverslip with the counter electrodes to the chip via a second double-

coated adhesive tape containing a cutout of the fluidic channel. Channel dimensions 

were typically 2 mm wide by 10 mm long with a height of ~110 μm. Electrical 

connections were made to the gold film on the chip and the counter electrode lines 

using copper tape. Fluidic connections were made via ports in the aluminum plate. 



95 

 

 

Figure 4.2: Photographs of the aluminum plate and an assembled electrophoretic 
device.  
(A) Top view of the custom-built aluminum plate through which the fluidic connections 
are made to each channel in the device. (B) Bottom view of the plate and an assembled 
device containing 14 separate channels. The bottom side of the aluminum plate has 
been coated with titanium and silicon dioxide films to aid in the adhesion of the double-
coated tape. 
 

4.3.4 Antibody conjugation to microbeads 

Biotinylated antibodies (biotin-XX goat anti-mouse IgG (H+L), Cat. # B2763 

and biotin-XX F(ab’)2 fragment of goat anti-rabbit IgG (H+L), Cat. # B21078, 

Invitrogen) were conjugated to 0.4 or 1 μm streptavidin-coated green (ex. 480/em. 520) 

and red (ex. 660/em. 690) fluorescent polystyrene beads (Cat. # CP01F/8682, 

CP01F/7678 and CP01F/8963, Bangs Laboratories) by adding drop-wise a 0.2% 

microbead suspension to a solution containing one of the biotinylated antibody species. 

Each conjugation was performed in phosphate buffered saline (PBS, 137 mM sodium 

chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate dibasic and 2 mM 

potassium phosphate monobasic, pH 7.4) at an antibody concentration corresponding to 

five to ten times the amount required to cover the surface of all microbeads in the 

suspension. A 4 μL drop of the microbead suspension was delivered to the antibody 



96 

 

solution every 5 s using a syringe pump (Cavro XR Rocket Pump, Tecan Group) and 

the mixture was vortexed throughout the mixing process. After the addition of the entire 

microbead suspension, the mixture was shaken at room temperature for 1 hr. The 

microbeads were then washed four times with PBS and stored at 4 °C until use. 

4.3.5 Microbead array assembly 

 NeutrAvidin- (Cat. # F8776, Invitrogen), streptavidin-, and antibody-conjugated 

microbeads were assembled as described elsewhere32. Briefly, the microbeads were 

exchanged into a low conductance buffer (LCB, 4.5 mM tris(hydroxymethyl) 

aminomethane, 4.5 mM boric acid and 0.02% Triton X-100, pH 8.6) and introduced 

into the flow cell at a concentration of 0.02 or 0.2% solids. The microbeads were 

assembled by applying 3.0 V DC pulses at 1 Hz and a 10% duty cycle for 15-45 s in 15 

s intervals with a 1-2 min pause between each interval. The microbeads were pulled into 

the wells via electrophoresis where they bind permanently to the gold surface through 

electrochemically-induced interactions. Excess microbeads were then washed away 

using a syringe pump. 

4.3.6 Spatial and fluorescence encoding of microbeads  

A mixture of two populations of antibody-conjugated microbeads, one with 

green fluorescence and one with red fluorescence, were introduced into the flow cell 

and then subjected to exactly four electrical pulses. Microbeads that were not captured 

were washed away and then the array was imaged using a DM LFSA epifluorescence 

microscope (Leica Microsystems) equipped with a 40x/0.55 NA objective, a Cascade 

650 CCD camera (Photometrics) and a fast wavelength-switching light source with a 



97 

 

300 W xenon arc lamp (Lambda DG-5, Sutter Instrument Co.). Array scanning was 

achieved via a BioPrecision 2 XY microscope stage and a MAC 5000 controller system 

(Ludl Electronic Products). This process was repeated a total of ten times to 

demonstrate the principle of combining both fluorescence and spatial encoding schemes 

to record and map 20 different microbead populations. The images were aligned and 

combined using custom macros in ImageJ41. 

4.3.7 Sandwich immunoassays 

In the sandwich immunoassays, two antibody-conjugated microbead populations 

(goat anti-mouse IgG microbeads and goat anti-rabbit IgG microbeads) were combined 

at a 1:1 ratio and diluted to ~0.02% for each species. The microbeads were assembled 

into an array using 5-15 pulses then washed with PBS with 0.05% Tween-20 (PBS-5T). 

A blocking solution (SuperBlock blocking buffer in Tris-buffered saline, pH 7.4, Cat. # 

37545, Pierce Biotechnology) with 0.05% Tween-20 (SB-5T) was then introduced into 

the chamber. After a 30 min incubation, the chamber was washed with PBS-5T. A 

solution containing the antigens diluted to specified concentrations using PBS-5T with 

10% SB-5T was then loaded. After a 90 min incubation, the chamber was washed with 

PBS-5T and a solution containing both detection antibodies was introduced into the 

chamber. After a 30 min incubation, the chamber was washed with PBS-5T and the 

array was imaged on a fluorescence microscope. The test antigens were mouse and 

rabbit immunoglobulin proteins (Mouse IgG, Cat. # 2-6502; Rabbit IgG, Cat. # 2-6102, 

Invitrogen) and the detection antibodies were fluorescently labeled antibodies (Alexa 

Fluor 568 goat anti-rabbit IgG (H+L), Cat. # A11036; Alexa Fluor 568 goat anti-mouse 
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IgG (H+L), Cat. # A11031, Invitrogen). To generate standard curves, 10 μL of the 

antigen solutions were introduced at concentrations ranging from 40 pM (6.4 ng/mL) to 

625 pM (100 ng/mL). Experiments were repeated 3-4 times at each antigen 

concentration. Negative controls were also conducted using an identical procedure but 

without antigen in the solution. After a 90 min incubation, the chamber was washed 

with PBS-5T. A solution containing a mixture of the detection antibodies diluted with 

PBS-5T to a concentration of 2 μg/mL each was then introduced into the chamber. After 

a 30 min incubation, the chamber was washed with PBS-5T and then imaged with an 

automated epifluorescence microscopy system. The microbead assembly and sandwich 

immunoassay process is illustrated in Figure 4.3. 
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Figure 4.3: Sandwich immunoassay on antibody-conjugated microbeads assembled via 
electrophoretic deposition. 
Antibody-conjugated microbeads are assembled on the microfabricated arrays via the 
application of a pulsed electric field. Multiplexed protein detection is then performed 
within the same microfluidic channel using a sandwich immunoassay. Drawings are not 
to scale. 
 
4.3.8 Fluorescence imaging 

 Real-time fluorescence imaging was performed on a DM LFSA epifluorescence 

microscope (Leica Microsystems) equipped with a 40x/0.55 NA objective, a Cascade 
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650 CCD camera (Photometrics) and an X-Cite 120 illumination system (EXFO 

Photonics Solutions). Following the incubation with the detection antibodies, 

fluorescence imaging of the antibody arrays was performed on an Axio Observer.Z1 

epifluorescence microscope (Carl Zeiss) equipped with a 40x/1.3 NA oil objective, a 1-

megapixel EMCCD camera (iXon+ 885, Andor Technology) and a fast wavelength-

switching light source with a 300 W xenon arc lamp (Lambda DG-5, Sutter Instrument 

Co.). Imaging on the Axio Observer.Z1 was fully automated using custom software. 

Auto focusing was performed with a Definite Focus System (Carl Zeiss) and array 

scanning was controlled via a BioPrecision 2 XY microscope stage and a MAC 5000 

controller system (LUDL Electronic Products). For each antibody array, multiple fields 

of view were acquired along the length of the channel. For each field of view, images 

were taken in three fluorescence channels using the appropriate filter cubes (FITC-

3540B, TXRED-4040B, and Cy5.5-A, Semrock). To image the microbeads in the FITC 

channel, a neutral density filter (ND 2.0 A, Chroma Technology) was used to reduce the 

output from the light source. 

4.3.9 Image analysis 

The data from the sandwich immunoassays was analyzed in ImageJ41 using a 

custom macro. Briefly, the program generated a mask of the anti-rabbit and anti-mouse 

microbeads for each field of view using the images taken in the FITC and Cy5.5 

channels, respectively. After locating the center of each microbead, the program 

identified the pixels associated with the microbead and calculated the mean pixel 

intensities in the corresponding Alexa 568 detection channel. Mean background pixel 
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intensities for each microbead type were obtained from negative control experiments in 

which no antigen was added. A microbead was considered to have detected a given 

antigen if its mean fluorescence intensity in the corresponding channel was greater than 

three times the standard deviation of the mean background intensity of the microbeads 

in the same channel42. A standard curve was then generated for each microbead type by 

plotting their mean, background subtracted intensities as a function of antigen 

concentration. Results were gathered from the analysis of multiple images and each 

image contained ~150 microbeads.  

4.3.10   ITO transmission and resistivity measurements 

The effects of electrophoretic assembly conditions on the optical transparency 

and resistivity of ITO films were studied using a modified chamber design. To enable 

easy disassembly, each ITO-coated glass slide (Cat. # CG-511N-S115, Delta 

Technologies) was positioned over a gold-coated slide outfitted with a PEEK gasket 

(Cat. # 5804K42, McMaster-Carr Co.) and held in place with binder clips. The gap 

between the two substrates was filled with LCB and then subjected to a 3 V DC 

potential in 1 min intervals. The device was disassembled after each interval and the 

optical transmittance of the ITO film was recorded with a Lambda 20 UV-Vis 

spectrometer (Perkin Elmer). The resistance across the ITO film was also measured 

after each interval using a digital multimeter (Model # 2010, Keithley Instruments). 

4.3.11   SEM imaging 

 Scanning electron microscopy (SEM) was performed on a Phillips XL30 ESEM 

or FEI Sirion operating in high-vacuum mode. Prior to imaging with the XL30, the 
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samples were coated with either chromium or iridium using an Emitech K575X desktop 

sputtering system. 

4.3.12   Finite element analysis 

 The variation in the electric field strength within the device was modeled using 

COMSOL Multiphysics v3.4 (COMSOL AB) and MATLAB 7.7.0 (The Mathworks). A 

cross-section of the chamber, which included ~830 microwells across a span of 2 mm, 

was drawn to scale and the conductive media DC application was used to plot the 

electric field strength in the media using different counter electrode configurations. In 

the first study, the chamber height was fixed at 110 μm and the pitch between the 

counter electrode lines was varied from 160 μm to 640 μm. In the second study, the 

counter electrode line pitch was fixed at 320 μm and the chamber height was varied 

from 55 μm to 220 μm. In both studies, the height of the counter electrode lines was 0.3 

μm and the wells were 0.25 μm deep by 1.2 μm wide at a 2.4 μm pitch. The media was 

assigned a conductivity of 60 μS/cm and the bottom of each well was set to 3.0 V DC 

while the counter electrode lines were set to ground. All other entities were electrically 

insulating. Horizontal line plots were generated for each counter electrode line 

configuration at a height of 5 μm above the surface of the array and spanned between 

the centers of two adjacent counter electrode lines. 

4.4 Results and discussion 

We have developed a microfabricated electrophoretic device comprised of a 

high-density array of wells in silicon dioxide on a gold-coated silicon chip and a glass 

coverslip containing a series of thin gold lines. A typical SEM image of an array of 
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microwells fabricated in silicon dioxide on a gold film is shown in Figure 4.4A. By 

applying a pulsed electric field across the device, we have demonstrated that 0.4 and 1 

μm antibody-conjugated microbeads can be rapidly assembled into high-density arrays 

with excellent filling efficiencies and near perfect order. A sample SEM image of a 

small portion of an array of antibody-conjugated microbeads assembled within the 

oxide wells is shown in Figure 4.4B. Sample fluorescence images of the antibody-

conjugated microbead arrays are shown in Figure 4.5. 

A B

 

Figure 4.4: Microwell and antibody-conjugated microbead arrays.  
(A) SEM image of a small portion of an array of ~0.5 μm wells at a 1.2 μm pitch etched 
in a silicon dioxide film that was deposited on a gold-coated wafer. (B) SEM image of a 
small portion of an assembled array of 0.4 µm antibody-conjugated beads at a 1.2 µm 
pitch.  
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Figure 4.5: Fluorescence micrographs of high-density arrays of antibody-conjugated 
microbeads assembled via electrophoretic deposition.  
(A) Raw fluorescence image of a small portion of an assembled array of a mixture of 
streptavidin- and antibody-conjugated 1 µm beads. (B) Raw fluorescence image of a 
small portion of an assembled array of a mixture of two types of antibody-conjugated, 
0.4 µm beads at a 1.2 µm pitch. The scale bar in both images is 24 μm. 
 
4.4.1 Spatial and fluorescence microbead encoding 

To perform multiplexed immunoassays, we utilize both fluorescence and spatial 

encoding schemes to enable the identification of each microbead after it has been 

assembled on the array. An example of a combined encoding scheme is shown in Figure 

4.6. In this instance, a mixture of two populations of microbeads with either red or 

green fluorescence were introduced into the flow cell and then subjected to exactly four 

electrical pulses. Microbeads that were not captured were then washed away and the 

array was imaged via epifluorescence microscopy, thus recording the exact locations of 

each microbead. This process, which only takes seconds per round, was repeated 

multiple times to demonstrate the gradual filling of the array and our ability to map each 

microbead type following each assembly round. The number of microbeads assembled 

in each round can be controlled by varying the microbead concentrations as well as the 

number of pulses applied during each round. Additionally, if more fluorescent barcodes 
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are used, many more populations of antibody-conjugated microbeads can be assembled 

simultaneously during each round, resulting in a much higher cumulative multiplexing 

ability.  

 

Figure 4.6: Spatial and fluorescence encoding of antibody-conjugated microbead 
arrays.  
Fluorescent micrographs of a small portion of an antibody-conjugated microbead array 
assembled in a stepwise fashion. Two different fluorescent microbeads are assembled in 
each of ten rounds (R1-R10) to enable greater multiplexing capabilities. In each image, 
the newly assembled microbeads have been highlighted for emphasis. 

 

4.4.2 Immunoassays 

Sandwich immunoassays were conducted to demonstrate that our platform could 

support sensitive, quantitative and multiplexed protein detection. For each sandwich 

immunoassay, a mixture of two populations of antibody-conjugated microbeads were 

assembled onto an array via an electric field and then treated with a blocking solution 

prior to being exposed to a solution containing the antigens. The microbeads were then 

probed with fluorescently labeled detection antibodies and subsequently imaged via 

automated epifluorescence microscopy. With each type of detection antibody 

conjugated to a different fluorescently labeled microbead, we were able to detect 
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simultaneously two different antigens. The fluorescent signal from each microbead was 

measured in the detection channel (Alexa 568) and an antigen was considered present if 

the mean intensity in its corresponding channel was at least three times the standard 

deviation of the mean microbead background intensity in the same channel42. Standard 

curves were generated using antigen concentrations ranging from 0 to 625 pM and our 

detection limit was determined to be ~40 pM (6.4 ng/mL) (Figure 4.7), which is similar 

to the sensitivities of other microbead-based immunoassays25, 26. 

 

Figure 4.7: Standard curves for the sandwich immunoassays performed on antibody-
conjugated microbead arrays. 
Graph of the mean fluorescence intensity from 1 µm antibody-conjugated microbeads 
as a function of antigen concentration. Our detection limit was determined to be ~40 pM 
(6.4 ng/mL) for both antigens. 

 

Optimization of parameters such as incubation times and the number of a given 

type of antibody-conjugated microbead assembled on the array may help bring the 

sensitivity of this approach closer to that of ELISA but without enzymatic signal 
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amplification. Of these factors, the latter may be of paramount importance, especially at 

very low antigen concentrations due to the small number of antigens available per 

microbead. Therefore, it may be beneficial to limit the number of microbeads of a given 

type to the minimum necessary to give statistically significant data. Other potential 

improvements include fluid oscillation, optimization of the incubation temperature and 

the application of an electric-field31-33 to direct the antigens toward the electrode-bound 

microbeads. These approaches may enhance the diffusion-limited process of capturing 

antigens, thereby increasing the sensitivity of the assay and reducing the total assay 

time. Furthermore, the sensitivity of our immunoassays may also be improved through 

the use of an immunoRCA strategy43. 

4.4.3 Silicon dioxide wells 

The use of silicon dioxide as a dielectric for the electrophoretic assembly of 

colloidal crystals has been demonstrated elsewhere44. We have utilized this material in 

our device because it offers numerous advantages over the epoxy-based photoresist 

used in previous work39. Although the fabrication process is simpler when using epoxy-

based photoresist, the wells are partially destroyed during the plasma cleaning of the 

gold electrodes. In addition, the photoresist is more susceptible to chemical damage 

from the by-products of electrolysis during the microbead assembly process. On the 

other hand, silicon dioxide can withstand harsh environments and processes and may 

enable the use of various chip bonding techniques such as anodic and thermal bonding. 

It is also well-suited for direct bonding to PDMS. The use of silicon dioxide also 

enables more control over the geometric properties of the wells. For instance, oxide 
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films with precise thicknesses are easily produced. In addition, the use of a silicon 

dioxide layer facilitates the use of higher resolution microfabrication processes such as 

DUV lithography and RIE/ICP. Once the array of microwells have been fabricated, the 

surface properties of the oxide can be modified using silane-based chemistry, which 

would allow, for example, the passivation of the oxide with polyethylene glycol (PEG) 

to prevent non-specific binding of microbeads and biomolecules. 

4.4.4 Counter electrode lines 

The use of a counter electrode that consists of a series of gold lines fabricated on 

a glass coverslip offers several advantages over the use of an ITO-coated coverslip. One 

such advantage is that there is no loss of light when imaging between the gold lines. In 

contrast, ITO films are typically only 80-90% transparent to light in the visible 

spectrum, which could effectively reduce the sensitivity of epifluorescence-based 

assays. The use of gold lines is also favored because they can be fabricated using a 

relatively simple lift-off process whereas the deposition of high-quality ITO films 

typically requires the optimization of multiple parameters. Another key benefit of the 

gold lines is their durability. ITO films tend to degrade when subjected to high electrical 

currents or the by-products of electrolysis that are produced under electrophoretic 

conditions. While a small number of 3.0 V DC electrical pulses may not have a 

significant effect, continuous exposure to these electrophoretic conditions for just one 

minute can result in an major reduction in the transmission of visible light through the 

film. To demonstrate this phenomenon, we measured this transmittance of an ITO film 

after subjecting it to a continuous 3.0 V DC potential (Figure 4.8). The experimental 
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results indicate that the drop in transmittance is wavelength dependent, but is greater 

than 90% in the lower end of the visible spectrum after just three minutes. This decay 

would significantly affect the imaging sensitivity of a system using ITO as a counter 

electrode. The electrical properties of the ITO film were also affected to some degree as 

determined by a doubling of the sheet resistance after three minutes.  

 

Figure 4.8: Light transmission through ITO films exposed to electrophoretic conditions. 
The percent transmittance of light through an ITO-based electrophoretic device as a 
function of total exposure time to electrophoretic conditions. 

 

Although the use of gold lines as counter electrodes may produce non-uniform 

electric fields within the chamber, microbead assembly was still rapid and uniform 

across the entire array when 25 µm counter electrode lines at a pitch of 320 µm were 

used. However, our attempts to assemble similar arrays using lines at a 640 µm pitch 

were unsuccessful. We developed a 2-D finite element model of the device to examine 
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the electric field distribution within the chamber for varying counter electrode line 

pitches and chamber heights. A cross-sectional view of a section of the chamber is 

illustrated in Figure 4.9A. A screenshot of a portion of a solved model is shown in 

Figure 4.9B. For each device configuration studied, a horizontal line plot between 

adjacent counter electrode line centers was generated at a height of 5 µm above the 

surface of the array. In Figure 4.9C, the chamber height was held at 110 µm while the 

counter electrode line pitch was varied from 160 µm to 640 µm. At this chamber height, 

the drop in field strength from a position directly underneath the center of an electrode 

line to the midpoint between adjacent electrode lines varied from 9.5% at a pitch of 160 

µm to 95.7% at a pitch of 640 µm. At a pitch of 320 µm, this drop was 60.0%, and yet 

we were still able to achieve uniform assembly with this configuration. However, 

observations made using electrode lines at a 640 µm pitch confirmed that there is a 

threshold below which assembly cannot be performed. In Figure 4.9D, the pitch was 

held at 320 µm while the chamber height was varied from 55 µm to 220 µm. At this 

pitch, the drop in field strength from a position directly underneath the center of an 

electrode line to the midpoint between adjacent electrode lines varied from 9.9% at a 

height of 220 µm to 95.4% at a height of 55 µm. This indicates that a uniform electric 

field could be attained by simply changing the height of the chamber. However, a 

significant increase in height will prohibit the use of microscope objectives with short 

working distances and may require a higher voltage for assembly. In our particular 

model, we do not take into account electrohydrodynamic and convective flow45, 46, but 
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future models that include these factors may allow us to optimize further the electrode 

configurations, device geometry, and electrophoretic conditions. 

 

 

 

 

 

 



112 

 

 

Figure 4.9: Finite element analysis of the electric-field distribution within the 
microfabricated electrophoretic device. 
(A) Cross-sectional illustration of a portion of the device. (B) Surface and contour plot 
of the y-component of the electric-field strength, Ey, in a scaled COMSOL model of the 
device. In this particular model, the counter electrode lines are 25 μm wide at a pitch of 
320 μm. The chamber is 110 μm high. The inset shows the electric field distribution 
within a single well. The scale bar is 50 µm. (C) A plot of Ey as a function of the 
horizontal position between neighboring counter electrode line centers for varying 
counter electrode line pitches. The channel height was held at 110 µm. (D) A plot of Ey 
as a function of the horizontal position between neighboring counter electrode line 
centers for varying chamber heights. The counter electrode line pitch was held at 320 
µm. The line plots in (C) and (D) were generated at a fixed height of 5 µm above the 
surface of the array and the applied potential across the chamber was 3.0 V DC.  
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We found that 25 µm-wide lines at a pitch of 320 µm allow for excellent 

microbead assembly as well as unobstructed imaging between them when imaged with 

a 40x objective and an EMCCD camera with 1004 × 1002 pixels (8 μm × 8 μm pixels). 

Lines that were too close together lead to the presence of shadows in the images. As 

shown in Figure 4.10, these shadows diminish the signal from the microbeads up to a 

distance of ~50 µm from the line. The image was acquired in the FITC channel in a 

region of the chip where 1 µm antibody-conjugated beads were located directly 

underneath a 25 µm-wide counter electrode line. Even though the counter electrode 

lines need to be spaced such that imaging can be performed far enough from the lines to 

avoid their shadows, this approach offers greater durability and better light transmission 

than ITO while still providing the means for uniform, efficient assembly of the 

antibody-conjugated microbeads. 
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Figure 4.10: Fluorescence signal intensity of assembled antibody-conjugated 
microbeads under and near a gold counter electrode line. 
(A) Fluorescent micrograph of 1 µm antibody-conjugated, fluorescent polystyrene 
beads assembled near and under a 25 µm gold counter electrode line. The approximate 
location of the electrode line is given by the dashed lines and is 110 μm above the focal 
plane in this image. (B) A corresponding fluorescence intensity profile across the entire 
200 µm wide image. The scale bar in (A) is 24 μm. 
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4.5 Conclusions 

 We have demonstrated that high-density, protein- and antibody-conjugated 

microbead arrays can be assembled via electrophoretic deposition on microfabricated 

arrays of wells in silicon dioxide on gold-coated silicon chips. In addition, thin gold 

lines fabricated on glass coverslips were used as counter electrodes to provide a more 

robust platform for assembly and enable greater imaging sensitivity than possible with 

ITO-coated coverslips. Assembly of the microbeads was rapid and resulted in high-

density arrays with minimal defects. This platform also enables a simple and yet 

powerful spatial encoding strategy to replace or compliment fluorescence-based 

encoding schemes. We have also shown that the assembled antibody arrays could be 

used to detect test antigens at concentrations as low as 40 pM using sandwich 

immunoassays. Our microfabricated electrophoretic device and methods will be useful 

for rapid assembly of encoded antibody arrays for multiplexed detection of proteins. 

Furthermore, our ability to assemble streptavidin-, NeutrAvidin-, and antibody-

conjugated microbeads may be extended to a multitude of other types of protein-

conjugated microbeads for other applications such as the analysis of protein-protein 

interactions. 
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5 Fabrication of DNA polymer brush arrays via 

destructive micropatterning and rolling circle 

amplification 

 

5.1 Abstract 

We report a method for fabricating DNA polymer brush arrays using 

photolithography and plasma etching followed by solid-phase rolling circle amplification. 

Oligonucleotide primers were covalently attached to the surface of a glass coverslip. A 

thin layer of positive-tone photoresist was spin-coated on the coverslip and patterned via 

photolithography to generate an array of posts in the resist. Oxygen-based plasma was 

then used to destroy the exposed oligonucleotide primers. The posts were subsequently 

removed by solvents to reveal the primer array. The glass coverslip with the primer array 



122 

 

was assembled into a microfluidic chip and DNA polymer brushes were synthesized on 

the oligonucleotide array by rolling circle amplification (RCA). The linear polymers were 

characterized using fluorescence imaging, enzymatic digestion and gel electrophoresis. 

We have demonstrated the ability to fabricate high-density arrays of DNA polymer 

brushes in situ with a high degree of control over the density and the length of the 

polymers. These polymers may be further functionalized with oligonucleotide primers, 

antibodies or other biomolecules and may be useful for enhancing the sensitivity of 

biomolecular assays and the efficiency and yield of solid-phase biochemical reactions by 

providing a solution-like three-dimensional environment.  

5.2 Introduction 

High-density arrays of biomolecules can be fabricated by bottom-up approaches 

using cyclic synthesis and photolithography1 or robotic ink-jet printing2. They can also be 

fabricated by top-down approaches using robotic deposition with quill-pen3 and dip-pen 

lithography4, microcontact printing5 or by assembling biomolecule-conjugated 

microbeads into arrays of wells6-9. These technologies have enabled a myriad of high-

throughput biological and chemical analyses on an unprecedented scale for genomic10-12 

and proteomic applications13 despite the fact that the biomolecules on these substrates are 

presented either in a planar two-dimensional (2D) surface or on the curved surface of a 

microbead. This is a limitation in that a three-dimensional (3D) environment would likely 

afford greater biomolecule loading capacities for higher assay sensitivity and a solution-

like environment for more efficient biochemical reactions such as DNA amplification14-

18.  
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Approaches towards the creation of a more optimal, 3D environment for 

biomolecular assays and reactions include the use of porous polymer films and polymer 

brushes to contain or attach the biomolecules of interest14-18. Compared to the more 

traditional biomolecule attachment strategies1-4, 13, the use of these surface-bound 

polymers have been shown to enhance key parameters such as biomolecule loading 

capacities and assay sensitivity15, 18, 19. These polymer brushes, which serve as flexible 

linkers for biomolecule attachment and can also help reduce non-specific adsorption20, 

are fabricated using either “grafting to” or “grafting from” techniques. The “grafting to” 

process is a top-down approach in which polymers pre-synthesized in solution21, 22 are 

adsorbed or covalently attached to a suitable substrate. This approach is very challenging 

due to the difficulty in assembling these polymers onto a surface in an efficient manner23. 

Top-down approaches may also suffer from limited packing densities due to the relatively 

large size of polymers in random coil configurations24. In contrast, the “grafting from”  

method is a bottom-up approach in which polymers are synthesized in-situ using a 

controlled radical polymerization (CRP) technique21, 22. This approach is capable of 

producing thicker brushes with higher densities but the characterization of these films can 

be difficult and typically requires complex tools and techniques 23.  

As an alternative to the traditional CRP techniques, we have developed an 

enzymatic approach to the in-situ synthesis of thick, dense polymer brushes. Our process 

utilizes solid-phase rolling circle amplification (RCA) 25-29 to generate long linear DNA 

polymers from circularized DNA templates and surface-bound oligonucleotide primers. 

We have demonstrated that the density and length of these single-stranded DNA polymer 

brushes can be controlled by simply varying the number of circular template molecules 
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available for hybridization to the surface-bound primers and the duration of the 

amplification process, respectively. We have also shown that these DNA polymers can be 

easily characterized by fluorescence microscopy and basic molecular biology techniques. 

Various chemical moieties may be added to these polymers by the incorporation of 

modified nucleotides during synthesis 30 or the post-synthesis hybridization and cross 

linking of oligonucleotides with desired functional groups 31. These functionalized DNA 

polymer brushes may then serve as a means to overcome the limitations of 2D surface-

bound biomolecular assays and reactions. 

We also report a method for fabricating high-density arrays of these DNA 

polymer brushes to facilitate high-throughput, multiplexed assays and reactions via 

spatial separation and confinement. As shown in Figure 5.1, the DNA polymers are 

synthesized via rolling circle amplification (RCA) on DNA oligonucleotide arrays that 

have been fabricated via a destructive micropatterning technique. The microfabrication 

process utilizes photolithography to create a dense array of posts in photoresist on a glass 

substrate derivatized with DNA oligonucleotides and poly ethylene glycol (PEG) 

molecules. A subsequent exposure to oxygen plasma is then performed to destroy the 

biomolecules in the regions that are not protected by the photoresist32. The posts are then 

removed with organic solvents to expose the remaining DNA and PEG molecules. These 

oligonucleotides later serve as primers for the synthesis of long, single-stranded DNA 

polymers via RCA on circularized DNA molecules. This reaction is performed within a 

microfluidic chip that is placed in a device with precision heating and cooling capabilities 

(Figure 5.2). Upon completion of the reaction and subsequent hybridization of 

fluorescently labeled DNA probes, the polymers are observed by epifluorescence 
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microscopy. Enzymatic digestion of the RCA products can also be performed to estimate 

the length of the polymers, the total amount of DNA synthesized on the array and the 

polymer density. Our ability to control the length and density of these RCA products will 

enable us to optimize biomolecule loading and the efficiency of enzymatic reactions 

performed on these polymers by minimizing steric hindrance33, 34. 

 

Figure 5.1: Fabrication of linear DNA polymer arrays. 
Linear DNA polymer arrays are fabricated on glass coverslips using a destructive 
micropatterning technique and rolling circle amplification.  
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Figure 5.2: Microfluidic device with temperature control.  
(A) Exploded view of the device with temperature control and integrated fluidics for 
automated heating, cooling, reagent loading and washing; a) polycarbonate block with 
fluidic ports; b) glass slide with drilled holes, c) double-coated silicone adhesive tape; d) 
glass coverslip containing the DNA primer array; e) aluminum heating and cooling plate; f) 
thermoelectric modules; g) aluminum heat sink with channels for water cooling. Leak-free 
connections are made between the glass slide and the polycarbonate block using silicone o-
rings (not shown). (B) Photograph of the assembled device. 
 

5.3 Materials and methods 

5.3.1 Processing and activation of substrates 

 Custom glass coverslips with dimensions of 50 mm  75 mm  0.170 mm (Erie 

Scientific Co.) were used as the substrates and derivatized with carboxylate groups on the 

surface. The coverslips were cleaned by sonication for 1 hr in a 2% solution of Micro-90 

(Cole-Parmer Instrument Co.) in batch mode using a custom-built PTFE rack, rinsed five 

times with deionized water (dH2O, 18 MΩ-cm, Millipore Milli-Q) and then cleaned in a 

1:1:5 solution of NH4OH:H2O2:H2O at 85 ºC for 1 hr. (Caution: This mixture is 

extremely dangerous and should be handled with care.) The coverslips were further 
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cleaned in a 3:1 solution of H2SO4:H2O2 at 85 ºC for 1 hr and then rinsed extensively 

with dH2O. (Caution: This mixture is extremely dangerous and should be handled with 

care.) The substrates were dipped briefly in ethanol and then soaked in a 2% solution of 

3-aminopropyltriethoxysilane in 95:5 of ethanol:dH2O for 5 min to functionalize the 

surface with primary amine groups. After rinsing 3 times in acetone, the coverslips were 

baked at 110 ºC for 10 min. Terminal carboxylic acid groups were then generated by 

soaking the coverslips for 2 hr in a solution of 250 mM succinic anhydride and 250 mM 

dry triethylamine in dry dimethyl formamide (DMF). After rinsing three times with 

acetone, the coverslips were dried by blowing with filtered, compressed air and then 

stored under vacuum until further use.  

 On some substrates, a 100 nm layer of silicon dioxide was deposited using a 

plasma-enhanced chemical vapor deposition (PECVD) system (Plasmalab, Oxford 

Instruments PLC). Oxide deposition was conducted at 350 °C and 20 W RF using 710 

sccm N2O and 170 sccm SiH4 at 1 Torr. Upon deposition, the substrates were soaked in a 

50% HNO3 solution for 1 hr, rinsed extensively with dH2O then dried in a gravity 

convection at 110 ºC for 10 min. Once cooled, the substrates were derivatized with 

APTES and then succinic anhydride as described above. 

5.3.2 Conjugation of oligonucleotide primes to glass coverslips 

 The oligonucleotides used in this study were synthesized and purified by 

Integrated DNA Technologies The amine-labeled primers for covalent attachment to the 

surface for solid-phase RCA have one of the following two sequences: 5′-NH2-(CH2)6-

TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTA 

CGT CGT CCG TGC TAG AAG GAA ACA CGC AAT GAT CAC AGC TGA GGA 
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TAG GAC ATG CGA-3′ or 5′-NH2-(CH2)6-TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTA TGA TCA CAG CTG AGG ATA GGA 

CAT GCG AAC GTC GTC CGT GCT AGA AGG AAA CAC GCA ACG TCG TCC 

GTG CTA GAA GGA AAC ACG CA-3′. The first 50 thymidine residues serve as a 

spacer between the surface and the priming region. The next 29 bases are present to allow 

the RCA product to be cut from the surface of the chip using an endonuclease such as 

BanI or PvuII. The last 29 bases serve as the priming region for the circularized templates 

described below. The oligonucleotides were covalently attached to the glass or silicon 

dioxide surface via amide bonds by reacting the primary amine group on the 

oligonucleotide with the carboxylic acid groups on the substrate. A 1 μM solution of the 

5′-amine-labeled oligonucleotides with 180 mM 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) in MES-Borate buffer (50 mM MES, 25 mM Borate, pH 4.8) was 

spotted onto the carboxylated glass coverslip, covered with a second carboxylated 

coverslip and incubated in a humid chamber for 90 minutes at room temperature. A 22 

mm  22 mm  0.15 mm coverslip was placed in between the two larger coverslips to 

maintain adequate separation during the incubation and assist in their separation. 

Following the derivatization step, the coverslips were rinsed three times with dH2O and 

then blown dry with filtered, compressed air. 

5.3.3 Conjugation of PEG molecules to glass coverslips 

 Polyethylene glycol (PEG) molecules were conjugated to the residual carboxyl 

groups immediately following the DNA conjugation process. A solution containing 10 

mM of a methyl-(OCH2CH2)24-amine compound (Cat. # 26116, Thermo Fisher 

Scientific) and 100 mM EDC in MES-Borate buffer was spotted onto a DNA-conjugated 
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coverslip, covered with a second DNA-conjugated coverslip as described above. 

Following a 30-90 min incubation at room temperature, the coverslips were rinsed with 

dH2O then stored in a 5X-SSC-T solution (5X-SSC-T: 5X SSC solution with 0.1% Triton 

X-100, where a 1X SSC solution contains 15 mM sodium citrate and 150 mM NaCl, pH 

7.0) until further use. 

5.3.4 Fabrication of primer arrays by photolithography and destructive 

patterning 

 Immediately prior to patterning, the coverslips with covalently conjugated 

oligonucleotide primers were rinsed three times with dH2O and blown dry with dry 

nitrogen. The coverslips were then coated with a thin layer of positive photoresist 

(Shipley Microposit S1813, Rohm & Haas Electronic Materials) by spinning at 6000 rpm 

for 30 s. The coverslips were baked at 85 ºC on a hotplate for 2 min and then patterned 

via photolithography on a MA/BA6 contact aligner (SUSS MicroTec). A photomask 

containing chrome contacts on a clear background was used to create arrays of posts in 

the resist. The resist was developed for 60-90 s in MF-321 (Rohm & Haas Electronic 

Materials), rinsed with dH2O and then blown dry with dry nitrogen. DNA primers not 

protected by the photoresist were destroyed by exposing the patterned coverslips to 

oxygen-based plasma for 3 min at 100 W and 300 mTorr in a Technics PE-IIB plasma 

system. The remaining photoresist was removed by soaking the coverslips in Shipley 

Microposit Remover 1165 (Rohm & Haas Electronic Materials) at 70 ºC for 15 min. The 

coverslips were then rinsed 3 times in acetone, 3 times with dH2O and then stored in a 

5X-SSC-T solution until further use. This fabrication process is illustrated in Figure 5.1. 
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5.3.5 Chip assembly, device fabrication and operation 

 Holes were drilled in 50 mm  75 mm  1 mm glass slides (Product # 2947-

75X50, Corning) using a 1-mm diamond-coated drill bit (Cat. # MD16, C.R. Laurence 

Co) and a high-speed rotary tool (Mod. # 38481, Proxxon) mounted to a CNC milling 

machine (Mod. # PCNC 1100, Tormach). The drilling process was performed under 

water or a dilute coolant solution (Formula 77, Kool Mist) The slides were cleaned by the 

same process used to clean the coverslips and then attached to the patterned coverslips 

using a ~110 μm-thick, double-sided silicone adhesive tape (Scapa 702, Scapa Group). 

The coverslips were rinsed three times with dH2O and blown dry with dry, compressed 

air immediately prior to the chip assembly process. The cutouts that form the fluidic 

channels in the chip were designed using AutoCAD (AutoDesk) and Illustrator CS3 

(Adobe Systems) then cut out of the tape using a cutting plotter (Mod. # GX-24 CAMM-

1, Roland). Each chip contained six 30 mm long and 2 mm wide channels. 

5.3.6 Fabrication and operation of the microfluidic device 

 A device was designed and constructed to enable precise, automated heating and 

cooling of the chip, and automated delivery of reagents. An exploded view and 

photograph of this device is shown in Figure 5.2. The heat sink and cold plate were 

machined out of 6061 aluminum alloy. The coverslip of the assembled chip sits on top of 

the heating and cooling plate while the fluidic connections are made to the chip via holes 

in the slide through ports in a thick polycarbonate block. Silicone rubber o-rings (Cat. # 

006570, McMaster-Carr Co.) are used at the interface between the glass slide and top 

block to create leak-free seals. The polycarbonate block is compressed against the chip 
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with springs. Two pairs of thermoelectric modules (Cat. # VT-199-1.4-1.5, TE 

Technology) operated in a cascade configuration are used for heating and cooling. The 

power to the modules is provided by a power supply (Cat. # PS-24-20, TE Technology) 

via a controller board (Cat. # TC-24-25R, TE Technology). A thermistor (Cat. # MP-

2444, TE Technology) is embedded in a shallow groove in the aluminum plate to provide 

temperature sensing. The temperature of the device is controlled by the proportional-

integral-derivative method via a PC using LabVIEW v8.0 (National Instruments). The 

heat sink is kept at 20 ºC using a refrigerated circulator (RTE-111, Neslab Instruments). 

A multi-channel syringe pump (Cavro XL 3000, Tecan Group) connected to the device 

via flangeless fittings (Cat. # P-252/P-259, Upchurch Scientific) is used to deliver 

reagents and wash solutions. Check valves (Cat. # EW-01355-14, Cole Parmer 

Instrument Co.) are used to prevent back-flow when removing the polycarbonate block. 

The pump is controlled via Pump:Link software (Tecan Group).  

5.3.7 Preparation of circular DNA molecules 

 Two different circular DNA molecules, Circle1 and Circle2, were prepared from 

78-base long linear oligonucleotides with the following sequences: 5′-phosphate-CTC 

AGC TGT GAT CAT CAG AAC TCA CCT GTT AGA CGC CAC CAG CTC CAA 

CTG TGA AGA TCG CTT ATC GCA TGT CCT ATC-3′ (LC1) or 5′-phosphate-CAC 

GGA CGA CGT ATA TGA TGG TAC CGC AGC CAG CAT CAC CAG ACT GAG 

TAT CTC CTA TCA CTG CGT GTT TCC TTC TAG CAC GGA CGA CGT-3′ (LC2). 

A guide oligonucleotide (5′-ATG ATC ACA GCT GAG GAT AGG ACA TGC GA-3′ 

for Circle1 or 5′-ACG TCG TCC GTG CTA GAA GGA AAC ACG AC-3′ for Circle2), 

with sequence complementary to both ends of the 78-base linear oligonucleotide was 
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used to bring the 3′ end and 5′ phosphorylated end to a juxtaposed position for ligation. 

To purify the circularized DNA molecules, the guide oligos and un-ligated linear oligos 

were removed by exonuclease digestion. Specifically, the circular DNA molecules were 

created as follows: 1 µM of the linear oligo was hybridized to 1.1 µM of the guide 

sequence in a ligase buffer (20 mM of TrisCl, 25 mM KCl, 10 mM MgCl2, 1 mM ATP, 5 

mM DTT, 100 μg/mL BSA (Cat. # 10711454001, Roche), pH 7.5) by heating at 75 ºC for 

5 minutes and cooling slowly down to 22 ºC. BSA (Cat. # 10711454001, Roche) and T4 

DNA Ligase (Cat. # 799099, Roche) were added to the solution to a final concentration 

of 100 μg/mL and 0.25 U/µL, respectively. The ligation was carried out at 37 ºC for 2 

hours and then the ligase was inactivated by heating at 80 ºC for 10 minutes. The pH of 

the solution was then adjusted to 8.5 by adding an appropriate amount of a 1 M glycine 

solution (pH 9.5). Exonuclease I and T7 Gene 6 Exonuclease (Cat. #s E70073X and 

E70025Z, United States Biochemicals) were then added to give a concentration of 1 

U/µL each and the digestion was carried out at 37 ºC for 2 hours. The enzymes were 

deactivated by heating at 80 ºC for 10 min. The circularized DNA was extracted with 

phenol/chloroform and purified via ethanol precipitation. The DNA was dissolved in 10 

mM of TrisCl, pH 7.5, analyzed and quantified by polyacrylamide gel electrophoresis. 

5.3.8 Synthesis of linear DNA polymers by rolling circle amplification 

Primer-conjugated substrates were re-hydrated by washing the channels with a 2X 

SSC solution with 1% SDS and heating at 90 ºC for 15 min. The chip was then cooled to 

room temperature and the channels were washed for 2 min with a 2X-SSC-T solution 

(2X-SSC-T: 2X SSC solution with 0.1% Triton X-100). A solution containing 20 nM of 

Circle1 or Circle2 in a 2X SSC solution was then introduced and the chip was heated to 
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75 ºC for 2 min and cooled to 55 ºC at 2 ºC/min. The temperature was held at 55 ºC for 

15 min then cooled to 25 ºC at a rate of 2 ºC/min. The channels were washed for 2 min in 

a polymerase buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 

0.1 % Triton X-100, pH 8.8 at 25 ºC ). Bst DNA polymerase large fragment (Cat. # 

M0275L, New England Biolabs) was introduced at a concentration of 1 U/μL in the 

polymerase buffer. The chip was then heated to 50 ºC for 15 min to allow the 

polymerases to bind to the primed circular DNA molecules. The chip was cooled to 4 ºC 

and a reaction mix containing 1 U/μL Bst DNA polymerase, 100 µg/mL BSA (Cat. # 

B9001S, New England Biolabs), 1 mM each of dATP, dCTP, dGTP and dTTP (Cat. #s 

27-2050-02, 27-2060-02, 27-2070-02 and 27-2080-02, Amersham Biosciences), 4 μM E. 

coli. single stranded DNA binding protein (SSB) (Cat. # 70032Z, United States 

Biochemicals) in a Bst buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 4 mM 

MgSO4, 0.1 % Triton X-100, pH 8.8 at 25 ºC ) was loaded. The chip was heated to 50 ºC 

for the specified duration. The reactions were terminated by washing the channels with a 

wash buffer (2X SSC solution with 10 mM EDTA and 0.1% Triton X-100). This process 

is illustrated in the last two steps in Figure 5.1. 

5.3.9 Characterization by fluorescent imaging 

Fluorescently labeled oligonucleotides were used to detect the presence of the 

covalently-bound DNA primers and the RCA products. A Cy5-labeled oligonucleotide, 

5′-Cy5- TCG CAT GTC CTA TCC TCA GCT GTG ATC AT-3′, was used to detect the 

surface-bound primers and a Cy3-labeled oligonucleotide, 5′-Cy3-TCA GAA CTC ACC 

TGT TAG AC-3′, was used to detect the RCA product from Circle1. The probes were 

introduced into the channels at a concentration of 1 μM in a 2X SSC solution. The chip 
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was heated to 75 ºC for 2 min, and then cooled to 25 ºC at a rate of 5 ºC/min. The 

channels were washed with a 2X-SSC-T solution and imaged using an epifluorescence 

microscope (Axio Observer.Z1, Carl Zeiss) with a 40x/1.3 NA oil objective and a 

mercury arc lamp (X-Cite 120, EXFO Photonic Solutions) or a fast wavelength-switching 

light source with a 300 W xenon arc lamp (Lambda DG-5, Sutter Instrument Co.). 

Scanning was performed using a BioPrecision 2 XY microscope stage and a MAC 5000 

controller system (Ludl Electronics Products) and images were acquired with an EMCCD 

camera (iXon+885, Andor Technology). Auto-focusing was performed with a Definite 

Focus system (Carl Zeiss). Custom software was used for all hardware control and image 

acquisitions. Image analysis was performed with Image J (29). 

5.3.10   Characterization by gel electrophoresis 

 To quantify the amount of DNA polymer synthesized in a given channel, the RCA 

product generated from Circle2 on a non-patterned surface was digested in situ using a 

restriction enzyme which cuts only once in each repeat unit of the RCA product. First, a 

complimentary oligonucleotide, 5′-CGA CGT ATA TGA TGG TAC CGC AGC CAG 

CAT CAC CAG A-3′, was introduced at a concentration of 5.0 μM in a 2X SSC solution 

and hybridized to the RCA product using the protocol described above. The channels 

were washed briefly with a reaction buffer (50 mM potassium acetate, 20 mM Tris-

acetate, 10 mM magnesium acetate) and an enzyme solution containing 1 U/μL BanI 

(Cat. # R0118L, New England Biolabs) in 50 mM potassium acetate, 20 mM Tris-

acetate, 10 mM magnesium acetate, 100 µg/mL BSA and 1 mM dithiothreitol, pH 7.9 

was introduced into the chamber and the chip was incubated at 37 ºC for approximately 

12 hr. The digestion solution was collected from the chamber and analyzed using 
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polyacrylamide gel electrophoresis. Solutions containing known amounts of the LC1 or 

LC2 oligonucleotides were also loaded onto the same gel for quantification purposes. The 

gel was stained with SYBR Gold (Cat. # S11494, Invitrogen) and imaged on a Gel Doc 

imaging system and analyzed using Discovery One software (Bio-Rad Laboratories). An 

Ultra Low Range Gene Ruler (Cat. # SM1211, Fermentas Life Sciences) was used as a 

molecular weight marker. 

 To approximate the average polymer length and rate of DNA synthesis, the 

individual RCA products were cut and released from the surface of a non-patterned 

substrate using a restriction enzyme that cuts only at the base of each polymer. Following 

polymer synthesis, the channels were first washed with the reaction buffer. A mixture 

consisting of 0.2 U/µL terminal transferase (TdT) (Cat. # M0315L, New England 

Biolabs), 500 µM dATP, 5 µM ddATP (Cat. # 1008382, Roche) and 0.25 mM CoCl2 in 

the reaction buffer was then loaded and allowed to incubate at 37 ºC for 30 min to add a 

poly-A tail onto the 3′ end of each DNA molecule. The enzyme was inactivated by 

heating the chip at 70 ºC for 10 min. A poly-T oligonucleotide primer, 5′-TTT TTT TTT 

TTT TTT TTT TTT TTT T-3′ (PT25), at a concentration of 1 µM in a 2X SSC solution 

was then hybridized to the polyA tails using the procedure described above. A reaction 

mix containing 0.1 U/uL Phusion High-Fidelity DNA polymerase (Cat. # F530L, New 

England Biolabs), 1 mM each of dATP, dCTP, dGTP and dTTP, 0.4 µM PT25 and 1X 

HF buffer (Cat. #F-518L, New England Biolabs) was loaded into the channels and the 

chip was heated at 67 ºC for 15 min to convert all single-stranded DNA to a double-

stranded form. The synthesis reaction was terminated by washing with the wash buffer 

and then the reaction buffer. A solution containing 2 U/µL of PvuII (Cat. # R0151M, 
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New England Biolabs) in a digestion buffer (50 mM potassium acetate, 20 mM Tris-

acetate, 10 mM magnesium acetate and 1 mM dithiothreitol, pH 7.9) was then loaded into 

the channels and the chip was incubated at 37 ºC for approximately 12 hr. The solution 

was then collected from each channel and analyzed using agarose gel electrophoresis. 

The gel was stained, imaged and analyzed as described above. The length of the RCA 

products was estimated from the gel using a 1 kb DNA Ladder (Cat. # N0468S, New 

England Biolabs) and a 1 kb Plus Ladder (Cat. # 10787-026, Invitrogen) 

5.4 Results and discussion 

5.4.1 Methods and device 

We have developed a method for fabricating high-density arrays of oligonucleotides and 

linear DNA polymers using a destructive micropatterning technique and solid-phase 

RCA. The micropatterning technique utilizes photolithography to generate an array of 

posts in photoresist on a DNA-conjugated substrate. Oxygen-based plasma is then used to 

destroy the oligonucleotides not protected by the photoresist. Once the resist is removed, 

the remaining oligonucleotides are used to synthesize linear DNA polymers using RCA 

on circular DNA templates (Figure 5.1). Polymer synthesis is performed within 

microfluidic channels to minimize reagent use. A device with integrated temperature 

control and fluidics is employed to enable automated heating, cooling and liquid handling 

(Figure 5.2). Fluorescently labeled complimentary oligonucleotides can be hybridized to 

the linear polymers to facilitate qualitative (Figure 5.3) and quantitative (Figure 5.4) 

analyses by epifluorescence imaging. We also demonstrate the ability to control the 

polymer density and length by varying the circular template concentrations and RCA 
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reaction times. Standard molecular biology techniques, which include enzymatic 

digestion and gel electrophoresis, were utilized for further characterization and 

quantification of these polymers. 
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Figure 5.3: High-density arrays of DNA polymer brushes. 
(A) Fluorescence image of a portion of an array of linear DNA polymers synthesized 
using rolling-circle amplification on an array of DNA primers; (B) Close-up view of a 
portion of the polymer array containing a missing polymer cluster. These dropouts occur 
when the posts in the photoresist are lost during development. The subsequent plasma 
treatment results in primer destruction in these unprotected regions; (C) Surface plot of 
the polymer clusters shown in (C); (D) Close-up view of a portion of the polymer array 
after a 30 minute RCA reaction. With extended synthesis times, the linear polymers can 
become long enough to bridge adjacent clusters.; (E) Surface plot of the polymer clusters 
shown in (D). The scale bar is 40 µm in (A) and 3 µm in (B) and (C). 
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Figure 5.4: Analysis of the linear DNA polymer growth via fluorescence imaging.  
The polymer growth profile is approximately logarithmic (R2 = 0.94) as determined by 
hybridization of a fluorescent probe and subsequent imaging on an automated 
epifluorescence microscope. 
 

Using the oligonucleotide conjugation strategy described here, we found that it 

was necessary to cap any free carboxylic acid groups with aminated PEG molecules to 

enhance photoresist adhesion during the micropatterning process. Without this 

PEGylation step, a majority of the resist posts would detach from the substrate during 

development. Because the subsequent plasma etching step was employed to destroy 

oligonucleotides not protected by photoresist, the lost posts would result in polymer 

cluster drop-outs. Even with the inclusion of a PEGylation process, this type of defect 

was still occasionally observed (Figure 5.3). However, this defect rate was typically less 

than 0.1% and was likely caused by particle contamination on or within the substrate. The 

only other type of defect we observed was caused by limitations in the resolution and 

reproducibility of contact lithography. Consistent fabrication of high-density arrays is 

difficult because slight separation between the photomask and substrate will lead to 
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significant interference defects. Poor contact can be caused by particle contamination or 

non-uniform substrate thickness. For a demonstration of principle, we used larger feature 

sizes in this study to minimize these defects due to the limitations of contact 

photolithography. However, much smaller feature sizes and higher densities can be 

achieved by using projection lithography9.  

 
5.4.2 Control and characterization of the polymer length and density 

The polymer density can be controlled by simply adjusting the number of circular 

templates that are available for hybridization to the surface-bound primers prior to the 

initiation of the RCA reaction. As shown in Figure 5.5, template concentrations below 2 

nM result in a polymer density at which some of the individual polymers can be resolved 

and counted in a fluorescent micrograph. At 0.2 nM, the polymer density is low enough 

that nearly every polymer can be resolved and counted. To estimate the polymer density 

for the higher template concentrations, we have employed a strategy that involves the 

enzymatic digestion of the polymers on the chip and subsequent analysis by gel 

electrophoresis. The DNA polymers were either digested into 78-base fragments or cut 

just once near their base. Oligonucleotides complementary to a specific sequence in each 

repeat of the RCA products was hybridized to the single-stranded DNA polymers. The 

sequence contains a recognition site for a restriction enzyme, BanI, which is known to 

retain its activity even after long incubations. After digesting the polymers with BanI, the 

solution was reclaimed from the chip and analyzed on a 20% polyacrylamide gel. The 

result was a major band corresponding to the 78-base repeating unit. Using known 

amounts of LC1 or LC2 as standards, we were able to quantify the total number of copies 
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of the 78-base circle that were synthesized on the chip during the RCA reaction (Figure 

5.6). 

 

Figure 5.5: Control of the density of the DNA polymer brushes. 
Fluorescence images showing the effect of circular DNA template concentration on the 
density of the linear DNA polymers. The circle concentrations were varied from 200 nM 
to 0.2 nM: (A) 200 nM, (B) 20 nM, (C) 2 nM, and (D) 0.2 nM. The individual polymers 
can be resolved at the lower concentrations (C and D). These fluorescent micrographs 
were acquired with a 40x/1.3 NA oil objective and an EMCCD camera with 8 μm x 8 μm 
pixels. The scale bar is 15 µm 
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Figure 5.6: Analysis of DNA polymer synthesis by enzymatic digestion and gel 
electrophoresis.  
(A) An image of a 20% polyacrylamide gel showing the result of an enzymatic digestion 
of the linear DNA polymers synthesized via solid-phase RCA. The primary bands in the 
right three lanes are 78-base fragments corresponding to the length of the circle used to 
synthesize the polymers. The higher bands correspond to fragments that are multiples of 
the 78-base fragment and are a result of incomplete digestion. The lower bands, which 
are 14 and 23 bases in length, are the digested products of the 37-base oligonucleotides 
that were hybridized to the polymers to introduce the restriction enzyme cutting sites. (B) 
A plot of the total amount of DNA synthesized per flow cell as a function of RCA 
reaction time. The growth rate is approximately linear in this range (Y = 7.6X + 19.2, R2 
= 0.99) 
 

Enzymatically cutting the polymers near their base allowed for the removal and 

analysis of full-length polymer strands. First, a poly-A tail with an average length of 100 

bases was added by a terminal transferase enzyme to the 3′ end of each strand using 

100:1 molar ratio of dATP and ddATP. A short poly-T oligonucleotide was then 

hybridized to the poly-A tail and a DNA polymerase was used to convert the polymers 

into a double-stranded form. In addition to the RCA priming sequence, the 

oligonucleotide covalently attached to the surface of the glass chip contained a sequence 

with a recognition site for another restriction endonuclease, PvuII.  After digestion with 



143 

 

PvuII, the solution was reclaimed from the chip and analyzed on a 0.5% agarose gel with 

known DNA standards to determine the average length of the polymers (Figure 5.7).  

 

 
Figure 5.7: Analysis of the linear DNA polymer length by enzymatic digestion and gel 
electrophoresis.  
(A) An image of a 0.5% agarose gel showing the average linear DNA polymer lengths for 
three different time points. The polymers were synthesized via solid-phase RCA, 
converted into a double-stranded form and then released from the substrate by cutting the 
molecules near the base with a restriction enzyme. (B) A plot of the average polymer 
length in kilobase pairs as a function of RCA reaction time. The polymer growth rate is 
approximately linear in this range (Y = 2.1X + 2.9, R2 = 0.98) 
 

The surface density of the DNA polymer brushes was estimated using the 

enzymatic digestion and gel electrophoresis data. First, the total number of 78-base 

tandem repeats synthesized within a given channel was obtained from the BanI digest 

data shown in Figure 5.6. Next, the average polymer length was estimated from the PvuII 

digestion data shown in Figure 5.7. Then the number of polymers synthesized within a 

given channel was obtained by dividing the total number of the tandem repeats by the 

average polymer length for a given reaction time. Finally, the average polymer density 

was calculated by dividing the total number of polymers synthesized within a given 
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channel by the channel surface area. For an RCA reaction that began with the 

hybridization of a circular template at a concentration of 20 nM, the average polymer 

density on a non-patterned surface was 153 molecules/μm2. As shown in Figure 5.5, this 

density can be modified by adjusting the concentration of the circular template that is 

hybridized onto the surface-bound oligonucleotide primers. However, an extremely high 

polymer density may inhibit analysis by enzymatic digestion due to steric constraints33, 34. 

Fortunately, this problem may be overcome through the use of various chemical cleavage 

methodologies36. 

The limitations of these characterization methods include errors introduced by 

large polymer length distributions and the detection and sizing limits of gel 

electrophoresis. The polymer length distribution is minimized by pre-loading the primer-

circle constructs with the DNA polymerase to synchronize the individual RCA reactions. 

Gel sizing limitations were dealt with by using relatively short RCA reaction times to 

keep the polymer lengths within reason. These short reaction times also helped to prevent 

the RCA molecules from growing long enough to bridge the gap between adjacent pads 

on the array (Figure 5.3D). The lower detection limit of gel electrophoresis was avoided 

by using non-patterned surfaces and circular template concentrations of at least 20 nM. 

These steps helped ensure an adequate amount of DNA was synthesized within a given 

channel. However, a more sensitive gel electrophoresis system may enable the 

characterization of polymer brushes with even lower densities 

5.4.3 Applications 

In one potential application, these DNA polymer brushes may serve as long, 

flexible supports for the attachment of various biomolecules. For instance, attaching 
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multiple PCR primers along the length of these polymers may enable greater primer 

accessibility for more efficient DNA amplification than what can be achieved using 

traditional solid-phase PCR (SP-PCR). The inefficiencies of SP-PCR16, which requires a 

large number of reaction cycles to achieve a relatively small number of template copies36, 

37, is attributed to poor hybridization efficiencies and steric constraints. However, the use 

of polymer-bound oligonucleotide primers may provide a more favorable environment 

for PCR, which is likely to result in the synthesis of more template copies in fewer 

cycles. In essence, the DNA polymers create a 3D, solution-like environment that may 

enable more efficient reactions than possible on 2D substrates16. In addition, the greater 

loading capacities afforded by the third dimension of the polymers may allow for the 

synthesis of many more template copies on a spot on an array14 or on the surface of a 

microbead38, which may be advantageous to both microbead- and surface-based DNA 

sequencing platforms39-41. This third dimension may also enable further reductions in the 

spot size on DNA microarrays without compromising the dynamic range needed for gene 

expression analysis42. 

 Another potential advantage of the technology presented here is the isolation of 

the polymer clusters afforded by the array format. With each cluster of DNA polymers 

spatially separated from one another, the products of individual clonal DNA 

amplification reactions, or amplicons, would also remain separated from each other14, 36. 

The ability to confine these reactions may prove beneficial to current DNA sequencing 

platforms by eliminating amplicon overlap and controlling amplicon size. These issues 

represent significant challenges in that DNA template concentrations must be carefully 

controlled to ensure an optimal amplicon density is obtained36, 41. High amplicon 
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densities typically result in excessive overlap whereas low densities result in poor 

throughput. Restricting the outward growth of the amplicon may even result in higher 

template densities if the amplification process continues to generate additional template 

copies that would effectively fill in the gaps within a given amplicon14, 37. Furthermore, 

the use of an array format allows for higher imaging efficiencies to be obtained by 

reducing the number of unused pixels in each image and allowing each amplicon to be 

imaged with a minimal number of pixels7.  

5.5 Conclusions 

In summary, we have developed a method for fabricating high-density arrays of 

oligonucleotide primers using a destructive micropatterning technique. We have 

demonstrated that circular DNA molecules can be hybridized to these primers and 

amplified by RCA to generate an array of DNA polymer brushes. We have also shown 

that these DNA polymers brushes can be well characterized by fluorescence imaging, 

enzymatic digestion and gel electrophoresis. These long, linear polymers may be useful 

for enhancing the sensitivity and dynamic range of biomolecular assays by enabling 

higher loading capacities and more efficient biomolecular binding. The 3D, solution-like 

environment created by these DNA polymer brushes may also enable more efficient 

enzymatic reactions such as solid-phase DNA amplification.  
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6 Conclusions 

 

6.1 Summary of work  

6.1.1 Magnetic assembly of high-density microbead arrays 

In this work, we have developed a scalable method for fabricating large-scale, 

high-density arrays of DNA-conjugated superparamagnetic microbeads on glass 

substrates. The fabrication process is simple and the assembly process is extremely fast 

and efficient. Our low-defect arrays are free of background caused by non-specifically 

bound beads and are compatible with automated processes, microfluidics devices and 

conventional microscopy. The highly ordered arrays, when properly sized and aligned to 

a given CCD sensor, can also greatly improve imaging efficiency and reduce the 

complexities of image processing. These properties give our approach significant 

advantages over existing bead array technologies. By combining these arrays with the 

emerging sequencing technologies, the time and cost required to sequence a human 
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genome could be reduced by at least one order of magnitude. The described method can 

also be used for fabricating and assembling arrays of other molecules such as antigens, 

lipids and proteins. 

6.1.2 Electric field directed assembly of high-density microbead arrays 

In this work, we have demonstrated the ability to use electric fields to rapidly 

assemble high-density arrays of protein-conjugated microbeads. Wafer-scale arrays of 

wells are fabricated in an epoxy-based photoresist on gold electrodes and hundreds of 

millions of microbeads can be assembled within these wells in seconds by applying a 

series of DC electrical pulses. Defect rates are extremely low and the assembly 

process is very efficient as demonstrated by filling rates as high as 99.9%. This 

method may be applied to the assembly of arrays of microbeads conjugated to various 

biomolecules for use in high-throughput assays. In addition, the use of such a 

platform may provide a means of accelerating diffusion-limited assays by actively 

concentrating molecules of interest via an electric field. 

6.1.3 Multiplexed protein detection on antibody-conjugated microbead 

arrays 

In this work, we have demonstrated that high-density, antibody-conjugated 

microbead arrays can be assembled via electrophoretic deposition on microfabricated 

arrays and that these arrays could be used to detect multiple test antigens at 

concentrations as low as 40 pM using a sandwich immunoassay. For greater reliability 

and flexibility, this device uses an array of wells fabricated in silicon dioxide on gold-

coated silicon chips. In addition, thin gold lines fabricated on glass coverslips were used 
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as counter electrodes to provide a more robust platform for assembly and enable greater 

imaging sensitivity than possible with ITO-coated coverslips. We demonstrated the 

ability to perform a simple and yet powerful spatial encoding strategy to replace or 

compliment fluorescence-based encoding schemes. Our ability to assemble streptavidin-, 

NeutrAvidin-, and antibody-conjugated microbeads may be extended to a multitude of 

other types of protein-conjugated microbeads for other applications such as the analysis 

of protein-protein interactions. 

6.1.4 Fabrication of DNA polymer brush arrays  

In this work, we have demonstrated a method for fabricating high-density arrays 

of oligonucleotide primers using photolithography and plasma etching. Furthermore, we 

have demonstrated that linear DNA polymers can be generated on these primer arrays 

using rolling circle amplification. These long, single-stranded DNA molecules could 

potentially be further functionalized, for example, by hybridization and cross-linking of 

oligonucleotides at each repeating unit of the polymer. The 3D nature of the polymer 

brush arrays will provide a solution-like environment for efficient enzymatic reactions 

with higher yields, which may be useful for applications such as solid-phase DNA 

amplification.   

6.2 Future directions 

We plan to scale the features on our platforms down to the nanoscale to determine 

the lower limits of our assembly techniques and to enable the fabrication and assembly of 

single molecules. This may involve alternative lithographic techniques such as 

nanoimprint and deep-UV lithography. We also plan to demonstrate that a multitude of 
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assays can be enhanced via the use of electric fields on our electrophoretic microchips. 

These improvements may include enhanced DNA hybridization kinetics and accelerated 

antigen capture for fast and sensitive genotyping and protein detection, respectively. 

Furthermore, we plan to demonstrate that our polymer arrays can be used to enhance 

solid-phase DNA amplification and can serve as a suitable platform for high-throughput 

DNA sequencing. 

 


