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ABSTRACT 

Optimization of Microfluidic, Point of Care, Flow-Through, Bead-Based 

Microarrays: Towards Affordable Healthcare  

by 

Jie Chou 

Recently, there has been much interest on the development of affordable, 

portable diagnostic devices for the detection of a wide range of analytes. 

Advancements in microfluidics and miniaturization bring promise for their use at 

the point of care over traditional, and for the most part laboratory-confined 

approaches. The integration of porous beads with microfluidics has demonstrated 

potential as highly sensitive sensing elements with the capability to detect multiple 

biological and chemical agents simultaneously. When used in a flow through 

microarray platform known as the Programmable Bio-Nano-Chip (p-BNC), these 

beads have demonstrated opportunities for detection of low volumes of sample 

under short analysis times. However, limitations in traditional microfluidic 

materials such as silicon and inefficient fractional capture of analytes by porous 

beads hinder the translation of the p-BNC into broad global and clinical adoption 

where tests are single use with short analysis times to detect low concentrations of 

sample. This dissertation aims to optimize the p-BNC through engineering design 

choices to enhance the performance and reduce the costs associated with the p-BNC. 

The development of a computational tool to model the porous bead-based system is 

described herein and used to lead in the design optimization of the system. This tool 



 
 

provides insights into the transport and capture of analytes within the bead array 

with capture performance as a function of flow rate, porosity, capture distances, 

molecular affinities, and binding densities. To transition away from a single use and 

expensive silicon-based microarray, a thermoplastics-based microarray, fabricated 

through the hot embossing of polyethylene from replicated molds from silicon, is 

developed and described. Further, to transition towards point of care conditions 

where sample volume is low and analysis times are short, the geometry of the bead 

microwell design is optimized to improve the fractional capture efficiency of 

analytes by the beads in flow through microcontainers. Finally, to improve the bead-

to-bead signal variation within the microarray, exploration of a split flow design 

instead of a unidirectional flow design and use of smaller beads result in better 

precision. 

 



 

 

Acknowledgments 

There are many people that I would like to thank for their help and support 

throughout this incredible journey. First and foremost, I would like to extend my 

deepest gratitude to Dr. John T. McDevitt. John has been a supportive mentor from 

the first day I joined. John has been very supportive and has allowed me to become a 

better scientist. He is a champion for collaborative teamwork and has opened up 

many opportunities for me to contribute to different projects. This challenging 

journey would not be possible, nor as fulfilling, without his mentorship and vision of 

a better tomorrow. I hope to emulate these leadership and visionary qualities in my 

future pursuits. 

I would like to also thank Dr. Pierre Floriano for his guidance and sense of 

humor and Dr. Nicolaos Christodoulides for his wisdom and support. To my 

colleagues Aaron Patton, Luanyi Li, and Winnie Shia, I enjoyed our close work and 

fun together. To Regina Smith, Brian Menegaz, Humberto Tavalera, Surabhi Gaur, 

Kailash Karthikeyan, Cathy Lê, and Ximena Sanchez, this journey would not have 

been as gratifying without your friendships and fun times. To Rachna Muldoon for 

her support and letting me do what I do best, and Dan Sloan and Diana Ayala for 

support and intriguing conversations. To Sobeyda Gomez, who many times 

accompanied me at the BRC late at night, and pushed me both personally and 

professionally, I am deeply grateful for your support and care. To my fellow grad 

students Eliona Kulla, Nan Du, Tim Abram, Ben Grant, and Basil Shafdan, I enjoyed 

our long discussions to unravel new ideas and to make this challenging journey 



v 
 

easier. To Alexis Lennart, you were always very sweet and I am honored to 

collaborate with you. I would also like to thank my undergrads, Aaron Hu, Sha Li, 

Tina Ou, and Michael Zhou for their hard work. Finally, I would like to thank my 

parents and brother for encouraging words and support throughout this challenging 

journey. 

 



 

 

Table of Contents 

Acknowledgments ............................................................................................................ iv 

Table of Contents ............................................................................................................. vi 

List of Figures ................................................................................................................... xi 

List of Tables .................................................................................................................. xvi 

List of Equations ........................................................................................................... xvii 

Nomenclature ............................................................................................................... xviii 

Chapter 1: Bead-based diagnostic platforms ..................................................................... 1 

1.1. Overview................................................................................................................... 1 

1.2. Solid support bead sensors ...................................................................................... 4 

1.2.1. High surface to volume ratios ............................................................................ 4 

1.2.2. Plug and play ...................................................................................................... 5 

1.2.3. High throughput ................................................................................................ 6 

1.2.4. Encoding ............................................................................................................ 8 

1.3. Towards point of care ............................................................................................ 11 

1.4. Porous bead sensors .............................................................................................. 14 

1.4.1. Fibrous network ............................................................................................... 15 

1.4.2. Tunable porosity .............................................................................................. 17 

1.4.3. High capacity for binding ................................................................................. 17 

1.5. Programmable Bio-Nano-Chip ............................................................................... 18 

1.6. Summary and Dissertation Overview ..................................................................... 20 

Chapter 2: Modeling analyte transport and capture in porous bead sensors ................. 23 

2.1. Scope ...................................................................................................................... 23 

2.2. Background ............................................................................................................. 23 

2.3. Methods ................................................................................................................. 26 

2.3.1. Computational modeling ................................................................................. 26 

2.3.2. Preparation of silicon microchip ...................................................................... 27 

2.3.3. Device Fabrication ........................................................................................... 28 

2.3.4. Reagents and sensors ...................................................................................... 28 

2.3.5. Assay Procedure .............................................................................................. 29 



vii 
 

2.3.6. Data collection and image analysis.................................................................. 29 

2.4. RESULTS AND DISCUSSION ..................................................................................... 30 

2.4.1. Flow Studies Within the Microbead Array ...................................................... 30 

2.4.2. Molecular Level Insights to Analyte Capture ................................................... 33 

2.4.3. The Model ........................................................................................................ 33 

2.4.4. Coupling of Processes ...................................................................................... 36 

2.4.5. Ellipsoidal Distribution ..................................................................................... 40 

2.4.6. Pressure Driven Flow ....................................................................................... 41 

2.4.7. Internal Flow Rate ............................................................................................ 44 

2.4.8. Binding Kinetics on Distribution ...................................................................... 45 

2.5. Summary ................................................................................................................ 46 

Chapter 3: Effects of sample delivery on analyte capture in porous sensors .................. 48 

3.1. Scope ...................................................................................................................... 48 

3.2. Background ............................................................................................................. 48 

3.3. Experimental .......................................................................................................... 51 

3.3.1. Reagents and bead sensors ............................................................................. 51 

3.3.2. Preparation of silicon microchip ...................................................................... 51 

3.3.3. Device construction ......................................................................................... 52 

3.3.4. Assay Procedure .............................................................................................. 53 

3.3.5. Data acquisition ............................................................................................... 53 

3.3.6. Computational Modeling ................................................................................. 54 

3.4. Results and Discussion ........................................................................................... 55 

3.4.1. Theory .............................................................................................................. 55 

3.4.2. Rate of sample delivery ................................................................................... 56 

3.4.3. Influence of porous bead interior on capture ................................................. 59 

3.4.4. Maintaining high flow rates under point of care constraints .......................... 62 

3.4.5. Unilateral vs. recirculation ............................................................................... 67 

3.5. Summary ................................................................................................................ 69 

Chapter 4: Hot embossed polyethylene through hole chips for bead-based microarrays

 ....................................................................................................................................... 70 

4.1. Scope ...................................................................................................................... 71 



viii 
 

4.2. Background ............................................................................................................. 71 

4.3. Materials and methods .......................................................................................... 76 

4.3.1. Preparation of silicon mold ............................................................................. 76 

4.3.2. Casting for Aluminum Epoxy Stamp ................................................................ 77 

4.3.3. Embossing ........................................................................................................ 78 

4.3.4. Reagents and sensors ...................................................................................... 78 

4.3.5. Device fabrication ............................................................................................ 79 

4.3.6. Assay delivery .................................................................................................. 79 

4.3.7. Data collection and image analysis.................................................................. 80 

4.4. Results and Discussion ........................................................................................... 80 

4.4.1. Device .............................................................................................................. 80 

4.4.2. Epoxy mold ...................................................................................................... 82 

4.4.3. Thermoset polymer ......................................................................................... 84 

4.4.4. Through hole embossing ................................................................................. 86 

4.4.5. Performance .................................................................................................... 87 

4.4.6. Cost Considerations ......................................................................................... 90 

4.5. Summary ................................................................................................................ 92 

Chapter 5: Enhancement of performance in bead-based microarrays: effects of 

geometry on bioagent capture ..................................................................................... 93 

5.1. Scope ...................................................................................................................... 94 

5.2. Background ............................................................................................................. 94 

5.3. Materials and methods .......................................................................................... 97 

5.3.1. Reagents and sensors ...................................................................................... 97 

5.3.2. Device fabrication ............................................................................................ 98 

5.3.3. Preparation of microcontainers ...................................................................... 98 

5.3.4. Casting of Epoxy Stamp ................................................................................... 99 

5.3.5. Embossing ...................................................................................................... 100 

5.3.6. Assay delivery ................................................................................................ 101 

5.3.7. Data collection and image analysis................................................................ 101 

5.3.8. Computational modeling ............................................................................... 102 

5.4. Results and Discussion ......................................................................................... 103 



ix 
 

5.4.1. Transport phenomenon of porous beads...................................................... 103 

5.4.2. Bead size dependence ................................................................................... 104 

5.4.2.1. Pressure dependence on bead size ......................................................... 104 

5.4.2.2. Analyte capture under varying bead sizes .............................................. 106 

5.4.2.3. Economics ............................................................................................... 108 

5.4.3. Clipped geometry .......................................................................................... 109 

5.4.3.1. Pressure gain from custom microcontainers .......................................... 111 

5.4.3.2. Comparison of analyte capture ............................................................... 114 

5.5. Summary .............................................................................................................. 115 

Chapter 6: Reduction of imprecision in bead-based, flow-through microarrays ........... 116 

6.1. Scope .................................................................................................................... 117 

6.2. Background ........................................................................................................... 118 

6.3. Materials and methods ........................................................................................ 119 

6.3.1. Reagents and sensors .................................................................................... 119 

6.3.2. Device fabrication .......................................................................................... 120 

6.3.3. Preparation of microcontainers .................................................................... 121 

6.3.4. Casting of Epoxy Stamp ................................................................................. 122 

6.3.5. Embossing ...................................................................................................... 122 

6.3.6. Assay delivery ................................................................................................ 123 

6.3.7. Data collection and image analysis................................................................ 124 

6.3.8. Computational modeling ............................................................................... 124 

6.4. Results and Discussion ......................................................................................... 125 

6.4.1. Head-on flow ................................................................................................. 125 

6.4.2. Downstream depletion .................................................................................. 126 

6.4.3. Split flow design ............................................................................................. 127 

6.4.3.1. Shadow effect.......................................................................................... 127 

6.4.3.2. Equilibration of imprecision .................................................................... 129 

6.4.4. Reduction of flow through regions ................................................................ 129 

6.4.4.1. Pressure gradient .................................................................................... 129 

6.4.4.2. Spread of intensity .................................................................................. 130 

6.5. Summary .............................................................................................................. 133 

Dissertation summary ................................................................................................... 134 

References ...................................................................................................................... 135 



x 
 

 



xi 
 

List of Figures 

Figure 1.1: Current rise in healthcare costs account for 17% of the US GDP. In 

contrast, the reduction of microelectronic features have reduced the cost per 

processing cycle for electronics. ....................................................................................................... 2 

Figure 1.2: Current solid-state bead-based clinical laboratory analyzers include the 

A) Luminex 100/200, B) BD FACSArray, C) Diasorin Liaison, and D) Illumina 

BeadXpress. ............................................................................................................................................ 10 

Figure 1.3 – Control of weight fraction of agarose content during production serves 

to tune the average pore size of the beads. The SEM images, showing a) 0.5%, b) 2%, 

c) 4%, and d) 8% agarose by weight, reveal the decrease in pore size as the density 

of agarose fibers increases. Scale bars labeled (i) and (ii) in (a) demonstrate 

measurements used to determine average pore size of bead concentrations from 

0.5-8%. This exponentially decreasing relationship of pore size as a function of 

agarose percentage, calculated from different microscopy techniques, is shown in 

e).[79] Reprinted with permissions from ref [79]. Copyright 2011 by Wiley, all rights 

reserved. ................................................................................................................................................... 16 

Figure 1.4 – A sandwich immunoassay is performed within each agarose bead. Each 

bead contains immobilized capture probes (purple) on agarose fibers to capture 

analytes (red). A sequential solution containing labeled reporter probes 

(blue+green) allow for quantification. ........................................................................................ 20 

Figure 2.1 – Schematic showing the flow of fluid from an inlet channel to a 3x4 

microarray containing 290µm porous beads, each resting in individual 

anisotropically etched silicon wells. Red arrows depict the flow trajectories of the 

fluid in the flow chamber. B) Isometric view showing the flow of fluid down a single 

bead in pyramidal pit well. C) The bead-well interface exhibits a pressure drop of 

197.6 Pa that is proportional to the rate of fluid flow. .......................................................... 31 

Figure 2.2 – Computational simulations of a 280µm bead with a pore size of 243nm, 

showing the xy-cross section at times 0.43min, 2.5min, and 43.4min, shows the need 

for diffusion, convection, and binding. A) Under a diffusion only case, unbound CRP 

antigen (cAg) completely saturates the core of the bead. B) When binding reactions 

is "turned on," analytes are held further back at bead periphery as they bind to the 

capture probes at the rim of the bead. The short amount of time an analyte spends in 

the bead before binding before binding  (cAbAg) prevents its mass transport into 

the interior of the bead matrix. C) When internal convection is "turned out," the 



xii 
 

medial slice distribution agrees well with experimental observations of spatial 

distributions from (D) confocal images of bound CRP. ......................................................... 37 

Figure 2.3 – Cross sectional xy-slices of a 280µm bead with captured CRP analytes taken 

at different descending z planes with 54µm separation. These images, after 30 minutes 

analyte delivery, shows agreement between confocal (A) and CFD (B). The internal 

matrix  of bead is subutilized as signal initially develops at the periphery of the bead 

before penetrating radially towards the center of the bead matrix. ......................................... 40 

Figure 2.4 – A) XZ-cross sectional slice of CRP bead modeled under no internal 

convective mass transport. B) An ellipsoid distribution of bound analytes develops 

due to internal convection and geometric positioning of bead in pyramidal well. C) 

Confocal slice acquired from the XZ-plane exhibits a similar asymmetrical 

distribution as modeling of binding distribution with internal convection driven 

transport. D) As revealed by the model, internal convection is linearly proportional 

to the delivered fluid. For 640nm, 243nm, and 140nm pore sizes, the internal to 

external ratio is 1:170, 1:1087, and 1:3100, respectively. .................................................. 42 

Figure 2.5 – Bound analyte distribution is affected by binding kinetic rates. At high 

association constants, kon, of 106 L/(mol·s), a steep moving boundary forms. Under a 

lower kon (104 L/(mol·s), bound analytes exhibit a gradual descent towards to bead 

center due to longer unbound transport duration into the bead before binding. 

Confocal examples showing high kon for DNA hybridization using molecular beacons 

(inset, left) and low kon for BSA (inset, right) exhibit steep and shallow moving 

boundary distributions. ..................................................................................................................... 45 

Figure 3.1 – A) Isometric, cross-section views of the bead array showing flow profile 

in red arrows, with maximum flow rate of 3.26 µL/min. Under recirculation, 

unspent reagents from tubing connected to outlet are continuously recycled back 

into the inlet. B) Cross-sectional view showing delivered sample containing CRP to a 

single bead with diameter of 290µm. .......................................................................................... 56 

Figure 3.2 – Comparison of spatial and temporal distribution of captured analytes 

under low (A) and high (B) flow rate. To the right, region of bound analyte and 

distribution of unbound analytes. Cross sectional plots above figures show 

distribution of free antigen at the exterior of the bead. ....................................................... 58 

Figure 3.3 – A) Profile of captured analytes cross medial slice of bead derived from 

computational simulations for different flow rates. B) Progression of penetration 

depth of bound analytes under different flow rates based on models. C) Calculated 

depletion width outside the bead at different simulated times for various flow rates. 



xiii 
 

Negative values signify the interior of the bead. D) Experimental data showing 

different signals at a low, medium, and high flow rate after 10 minute delivery. E) 

Experimental data showing signal development over time. F) Comparison of cell 

Péclet number for various flow rates. G) Cross sectional xz-view of bead showing 

distribution of Péclet number on the bead. ............................................................................... 60 

Figure 3.4 – CFD trials and experimental results exploring the total capture of CRP 

under conditions of limited sample volume and/or incubation time. A) Comparison 

of simulation derived capture changes under various flow rates for different 

volumes of sample with no time constraint. B) Comparison of simulated capture 

under various flow rates for different assay times under no volume constraint. C) 

Comparison of capture under both time and volume constraints. D) Comparison of 

experimental data showing effects of a time constraint on sensor response. E) From 

simulations, comparison of normalized analyte concentration at bead surface as a 

function of flow rate. F) Cut-off flow rates between reaction limited and transport 

limited regimes over duration of the assay. .............................................................................. 65 

Figure 3.5 – A) Comparison of signal development on bead under recirculation and 

unilateral conditions with no constraints on volume show higher signals for 

unilateral delivery. B) Comparison of final signal observed after 10 minutes for 

various flow rates show similar trends in signal increase. C) Comparison of signal 

drop with the use of recirculation and reduced volume needs for various flow rates.

 ..................................................................................................................................................................... 68 

Figure 4.1 – A) The microfluidic card device consists of layers of laminate and 

plastics. A bubble trap at the inlet removes bubbles from delivered fluids. B) Flow 

trajectory showing fluid delivery to an array of bead sensors. ......................................... 81 

Figure 4.2 – A) A master containing multiple arrays of etched wells is produced 

using standard lithography and anisotropic etching of KOH to produce wells to hold 

agarose beads. B) An aluminum-based epoxy, poured over the silicon wafer, is 

cured, released, and hard baked. C) The epoxy stamp and thermoplastic is 

sandwiched between pairs of elastomer rubber, stainless steel sheets, and kapton 

film during the embossing process. .............................................................................................. 82 

Figure 4.3 – A) SEM image of etched silicon microcontainer shows pyramidal square 

through-hole structure with a top opening of 500µmx500µm and bottom opening of 

100µmx100µm used to hold a 290µm bead. B) SEM image of casted PDMS shows 

very consistent replication of features. C) SEM image of embossed polyethylene 

shows good replication of pyramidal pit. D) SEM image of a 3x4 array of 

microcontainers embossed onto polyethylene, separated by 150µm. ........................... 87 



xiv 
 

Figure 4.4–A) Epifluorescent images showing results from 50ng/mL CRP delivery 

with 2 calibrator beads (top left), 2 negative control beads (top right), and 8x 

redundancy CRP specific bead sensors. B)  A 7 point dose curve with a limit of 

detection of 0.3 ng/mL. ..................................................................................................................... 90 

Figure 4.5 – The economics of scaling up for silicon and plastics. The cost of a silicon 

chip levels off at ~$10 while the cost of a plastics chip can go down to pennies, a 3 

orders of magnitude reduction. ..................................................................................................... 92 

Figure 5.1 – Comparison of different size beads showing pressure decrease across 

well, flow rate around the bead at the medial slice, and fluorescent capture on the 

beads. Bead sizes correspond to the area of the medial slice of the bead normalized 

to the area of the bottom opening. Smaller beads reside lower in the microcontainer 

where flow rates are much higher and have higher capture rates. ............................... 105 

Figure 5.2 – A) Pressure decreases as bead size increases. B) Similar trend exists for 

the flow rate around the medial slice of the bead as flow through regions become 

pinched. C) Normalized experimental signal on the beads show agreement with 

simulations. .......................................................................................................................................... 107 

Figure 5. 3 – (A, D) Simulations of 3D velocity and (B, E) pressure profiles for 

pyramidal designs are derived from anisotropic etching and clipped designs 

obtained from CNC micromilling. (C, F) SEM images comparing the two different 

designs are provided. ....................................................................................................................... 111 

Figure 5.4 – A) Comparison of signal measured through confocal microscopy of the 

medial slice as well as through epifluorescent microscopy. As shown in the isometric 

view, the increased signal and penetration is revealed in all axial planes. B) Profile of 

the medial slice shows an increase in signal strength and penetration. ...................... 113 

Figure 5.5 – Comparison of signal capture at 10, 25, 100, 200, and 300µL/mL flow 

rates for pyramidal and clipped bead microcontainer designs. Capture increases as 

flow rate increases. ........................................................................................................................... 115 

Figure 6.1 – A) Concentration of antigen decreases downstream as the sample is 

delivered to the bead. B) A CFD cross section of the xz plane that shows a decrease 

in analyte concentration from column to column of the bead array. ............................ 125 

Figure 6.2 – A) Unilateral flow design with 280µm diameter beads show a decrease 

in analyte concentration downstream. B) The use of 180µm diameter beads 

increases concentration uniformity. C) Alternative split flow design shows a 

decrease in column to column imprecision. ............................................................................ 127 



xv 
 

Figure 6.3 – A) Decrease in imprecision based on simulations is shown for the direct 

and split designs. B) Row to row and column to column imprecision between the 

direct and split flow chamber designs. ...................................................................................... 128 

Figure 6.4 – Pressure gradient for a 280µm (A) and 180µm (B) bead. Smaller beads 

are trapped near the bottom of the microcontainers and reduce flow through 

regions. .................................................................................................................................................. 130 

Figure 6.5 – A) Time course progression of captured antigen concentration under 

direct flow using 280µm sized beads. B) Plot depicting column to column signal 

uniformity with the use of smaller beads. C, D) ..................................................................... 132 



xvi 
 

List of Tables 

Table 1.1 – List of bead-based approaches with corresponding number of 

multiplexed tests, amount of time to complete an assay, and environments for 

intended use. Most solid support bead-based analyzers are laboratory confined and 

require timeframes for analysis that are not suitable for the point of care. 

Integration of porous beads, such as the p-BNC may bring bead-based approaches 

close to the patient. ............................................................................................................................. 13 

Table 4.1 -  Listing of common thermoplastics as well as values for their 

autofluorescence under excitation wavelength 495nm. ...................................................... 85 

 

 

 

 

 



xvii 
 

List of Equations 

Equation 2.1 – Navier-Stokes equation for incompressible flow ...................................... 34 

Equation 2.2 – Incompressibility constraint for Navier-Stokes equation. .................... 34 

Equation 2.3 – Fundamental theorem of superiority. ........................................................... 34 

Equation 2.4 – Brinkman's equation for flow through porous medium. ....................... 34 

Equation 2.5 – Time-dependent convection-diffusion equation ....................................... 34 

Equation 2.6 – Reaction rate law equation ................................................................................ 35 

Equation 5.1 – The Damköhler number for the ratio of the reaction rate to convective 

mass transport rate. .......................................................................................................................... 108 

 



 

 

Nomenclature 

Ab Antibody 

Ag Antigen 

AbAg Antibody - antigen complex 

CAOI Circular Area of Interest  

CCD Charge Coupled Device 

CFD Computational Fluid Dynamics 

COC Cyclic olefin copolymer  

CVD Chemical Vapor Deposition 

ELISA Enzyme-Linked Immunosorbent Assay 

FEM Finite Element Methods 

LOC Lab on a Chip 

LP Line Profile  

p-BNC Programmable Bio-Nano-Chip 

PDMS Polydimethylsiloxane 

PC Polycarbonate 

PE Polyetyhylene 

PEEK Polyetheretherketone 

PET Polyethylene terephthalate 

PMMA Poly(methyl methacrylate) 

POC Point of Care 

POM Polyoxymethylene 



xix 
 

RIE Reactive Ion Etching 

SEM Scanning Electron Microscopy 

SPR Surface plasmon resonance 

TEM Transmission Electron Microscopy 

µTAS Micro total analysis systems



 

1 
 

Chapter 1: Bead-based diagnostic platforms  

1.1. Overview 

Healthcare costs in the United States now accounts for a staggering 17% of the 

U.S. gross domestic product, amounting to annual healthcare costs of $7,668 per person 

and rising 7 to 8 percent per year.[1] While the cost of diagnostics accounts for only a 

meager 5% of hospital costs and 1.6% of Medicare costs, diagnostic findings result in 60-

70% of all health care decisions.[2] With the ability to quickly provide robust, affordable, 

and accurate results, diagnostics can detect diseases at early stages, monitor health risks, 

manage illness and provide appropriate treatment options.[3] The ability to detect disease 

early on can improve the quality of the patient life, influence life style changes, and 

reduce overall treatment costs. As such, affordable test devices to quickly detect diseases 

and monitor their progressions are more important than ever. Yet, current diagnostic 

technologies are expensive and inefficient.[4] The ability to quickly and efficiently 

measure multiple biomarkers at the point-of-care (POC) has the potential to revolutionize 

clinical laboratory science.[5, 6] 

The microelectronics industry is a good model for the diagnostics industry to 

follow. While initial discoveries, such as the vacuum tube offered basic logical 

operations, large mainframes and electrical component failures limited its widespread 

adoption. With the advent of the transistor and photolithographic technologies, the 

microelectronics industry pushed the limits of its capabilities as components became 

smaller and smaller. Now with a processor that costs many folds less than the original 

mainframes at a size and computing power many folds higher, advancements in 
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miniaturization of electrical components has led to a boom of affordable electronics to 

consumers worldwide. Figure 1.1 juxtaposes the rise in healthcare costs and the reduction 

in cost per processing cycle for electronics. 

 

Figure 1.1: Current rise in healthcare costs account for 17% of the US GDP. In 

contrast, the reduction of microelectronic features have reduced the cost per 

processing cycle for electronics. 

Over the past few decades, efforts in microfluidics have shown the potential for 

highly parallelized detection of a multiclass analytes.[7-9] The miniaturization of macro-

environments into microchannels has led to the development of micro total analysis 

systems (µTAS) and lab-on-a-chip (LOC) devices.[10-12] These small features result in 

short diffusion distances for analytes and allows for rapid analysis times with only a 
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small volume of sample and reagents.[13] These new devices offer a new generation of 

high throughput testing that brings promise for rapid clinical results. 

The advent of large planar microarrays has brought promise for the high 

throughput testing for both clinical testing and validation. With the requirement of only 

small sample and reagent volumes, these planar microarrays, in an area the size of a 

thumbprint, have the ability to perform the parallelized testing of hundreds of thousands 

of analytes simultaneously for both proteomic and genomic applications.[14-18] The 

highly parallelized process for testing has allowed for the lower costs and reduced 

analysis times for each analyte tested. While these microarrays have ushered a new 

generation for testing that have allowed for the completion of the human genome, 

limitations with low surface area have resulted in analysis times that are in the order of 

hours per microarray. Because of the long analysis times, these microarray-based 

technologies are generally suitable for testing in the clinical laboratory. 

In the past two decades, efforts in the integration of solid bead sensors into 

microfluidic devices have revealed short analysis times that bring testing closer to the 

patient at the point of care.[19, 20] The enhanced sensitivities of these beads have 

allowed for the rapid detection of both biological and chemical agents for applications 

that include cardiac and cancer health, environment and drug screening, and 

bioterrorism.[21-24] Additionally, these bead sensors offer performances that compare or 

rival those of enzyme linked immunosorbent assays (ELISA). With improved convective 

transport through microfluidics, however, analyses are performed in timeframes typically 

less than one hour.[25, 26] Further, the multifunctionality of bead sensors have allowed 

for the detection of a wide range of analytes. With the high surface to area ratios, highly 
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parallelized process for production and functionalization, and capabilities for 

simultaneous tests, these bead sensors offer analysis times that are appropriate for 

diagnostic testing at the point of care. 

1.2. Solid support bead sensors 

1.2.1. High surface to volume ratios 

In contrast to flat surfaces such as those of planar microarrays, spherical solid 

support beads offer high surface areas for the immobilization of capture probes. 

Calculations by Kawaguchi show that 1 g of 0.1µm beads contains a total surface area of 

60 m2.[27] With a surface to volume ratio inversely proportional to bead diameter, 

smaller bead sizes allow for significantly higher surface areas. The surface area of planar 

microarrays are, however, limited only to the surface afforded by the microchannels. 

Bead sensors have much higher analytical surface areas to allow for higher sensitivities 

and lower limits of detection.[28] 

Further, convective transport of delivered analytes allows for improved mass 

transport to replenish free analytes that bind to capture probes. ELISA, on the other hand, 

is diffusion limited. Transport in assays performed through ELISA are diffusion limited 

due to static fluids. Because the time for an analyte to diffusion a distance from point A 

to point B is proportional to the square of the distance between the two points, and 

diffusion distances of several millimeters, assays performed in ELISA require several 

hours to 2 days to complete.[10]  
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The high surface to volume ratios of beads and enhanced transport through 

convective flow allow for the completion of assays in less than an hour. For example, 

Zammatteo et al. analyzed the capture of DNA to the surface of both microwells and 

beads. The saturation intensities, when the total surface area on both beads and microwell 

were equivalent to 1.4cm2, were found to be comparable. However, because an increase 

in the amount of beads increases the total surface area afforded by beads, the capture of 

analytes is enhanced. For example, an increase in beads by a factor of 4 led to an increase 

in total bead signal by a factor of 2. Furthermore, the hybridization of nucleic acids 

occurred at a much high kinetic rate on beads than on microwells. Likewise, Sato et al. 

showed with a surface to volume ratio of 45µm polystyrene beads that is 37 times higher 

than that of flat surfaces in a microtiter ELISA plate and short diffusion distances through 

the trapping of beads at the end of a dam, the equilibrium time for the capture of human 

secretory immunoglobulin A on beads was completed in 1/90th the time required for the 

similar assay on a flat surface. Thus, the total time to complete the analysis was reduced 

from 24 hours to under 1 hour. 

1.2.2. Plug and play 

Bead sensors serve as individual entities with chemistry that support the reactions 

of different analytes through the functionalization of capture probes. Because of the 

ability to mass produce and functionalize beads, beads exhibit high practicality with 

respect to their incorporation into microfluidic devices. For example, the batch 

production process can result in millions of beads per batch. Each batch can be divided 

into sub-batches in which each sub-batch is functionalized with specific capture probes 

that allow for both genomic and proteomic applications. Each beads produces and 
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functionalized in these batches have high reproducibility and uniformity in both size and 

chemistry. The production of beads in large batches benefit from the economics of scale 

with low production costs for each sensor. Furthermore, these beads allow for long term 

storage until they are ready for incorporation into microfluidic devices. When ready, 

these beads can be quickly inserted into these devices as "plug and play" elements. 

 On the other hand, the functionalization of capture probes onto the surfaces of 

planar microarrays is completed through a very serial and time intensive process.[29] For 

instance, the functionalization of antibodies through passive immobilization can require 

several hours due to the long diffusion lengths that the free probes must overcome. 

Furthermore, the need to ensure the same functionalization conditions and chemistries is 

a burden especially when multiple devices are prepared simultaneously. Since beads are 

functionalized at once in a batch, high uniformity ensures low variations from bead-to-

bead. Further, with a planar microarray, a modification of a probe panel requires a 

completely new device and array configuration. With beads, however, such a 

modification is as simple as the addition, subtraction, or replacement of a bead with a 

different set of capture probes.[30, 31]  

1.2.3. High throughput 

In many cases when clinical tests are performed, the available sample volume is 

limited, such as the case with neonatal samples. The simultaneous testing for multiple 

analytes using a single sample would resolve these cases and enable faster results with 

less expensive reagents. The advent of planar microarrays has made high throughput 

testing possible. With the spotting of different capture probes onto a planar surface, the 
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detection of multiple analytes is possible. For example, a DNA microarray may be able to 

test over 10,000 different nucleotide targets simultaneously. The identity of each spot is 

based on its location on the array. Spatial recognition software can determine each 

location and quantify the signal at that spot. For example, Delehanty et al. spotted 

antibodies on to discrete locations inside 6 different microchannels on a glass slide. The 

multiple spotted locations and individual microchannels allowed for the detection of both 

protein and bacterial analytes to occur simultaneously.[32] 

In the same manner, use of multiple beads in microfluidic devices provides means 

for parallelized detection of analytes. This parallel process enables rapid detection with a 

much smaller sample and reagent volume. Additionally, sets of multiples beads 

functionalized with similar capture probes allow for redundancy to provide statically 

accuracy. The implementation of multiplexing of beads is possible with minimal 

efforts.[33, 34] For example, Zhao et al. used encoded silica colloidal crystal beads to 

allow for the quantification of four different bead types that include capture probes that 

target CA125, CA19-9, AFP, and CEA, which are associated with colorectal, gastric, and 

lung cancer.[35] Likewise, the Walt group used spectrally encoded 3µm polymer beads 

for the detection ~50,000 DNA targets. [36-38] With a set of ~100 different encoded 

beads, this system can detect 100 different targets with up to 500 replicates of each bead 

type. Ng et al. created a microarray of polymer beads. An array of gel micropillars held 

beads between the gaps from pillar to pillar.[39] Similar to planar microarrays, this design 

allowed for the spatial positional recognition of different bead types. With this high 

throughput approach, Ng demonstrated the detection of targets associated with 10 

different bacterial species and 2 single nucleotide polymorphism in less than 10 min. 



 8 

High throughput testing is also possible through the integration of beads and 

suspension array technology (SAT). This flow cytometry-based approach allows for 

measurements in the thousands of beads per second.[40] Using a two-laser system, one 

laser decodes the identity of an encoded bead and the other laser measures the intensity 

on that bead. As an example, SATs can perform the analysis of a 100-plex assay in half a 

minute.[41] In an entire day, SATs can perform almost 300,000 assays. Kuckuck et al. 

have shown that the rate can be pushed higher with the analysis of 96 well plates per 

minute.[42] Kuckuck notes that the limiting factor, here, was the rate of the autosampler. 

The evolution of SATs can now analyze beads tailored for both proteomic and genomic 

applications.[43] For instance, SATs have been demonstrated with the high throughput 

testing of cytokines,[44] nucleic acids,[45] and pathogenic diseases.[46] 

1.2.4. Encoding 

In order to perform multiplexing, each bead needs to be identified for their 

capture probe type. For planar microarrays, the location of the spotted capture probes in 

the array provides the identity of the capture probe type. This type of identification, based 

on the positional code of the spot, allows for thousands of different tests to occur 

simultaneously. Likewise, the ability to encode each bead type allows for the decoding 

and differentiation from other bead types, and therefore allow for parallel screening of 

multiple analyte targets within a single sample. 

Several methods exist to attach a code to beads. The most common method is to 

encode the bead with a dye. Here, the use of dyes with differences in spectral wavelength 

and concentration provides a panel of unique codes. These spectrally encoded beads are 
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typically used in conjunction with SATs. One of the well-known bead-based analyzers, 

Luminex’s xMap, utilizes a 2-laser set up and accepts 5.5µm beads with two different 

dyes that provide a panel of 100 unique codes. As beads flow down the flow cytometer, 

one laser detects and identifies the attached code on the beads, while the second laser 

measures the fluorescent intensity of the reporter probe.[47] Because of the SAT, the 

high throughput allows for thousands of measurements per minute. Another flow 

cytometry platform is the BD FACSArray from BD Bioscience. This system employs 

7.5µm beads that are encoded with a fluorescent dye.[14, 23, 48, 49] With a similar two-

laser set-up, beads encoded with up to four different spectral wavelengths are decoded 

and measured. Samples, here, are analyzed at a rate of 15,000 events per second. The use 

of SATs and spectrally encoded beads allow for the rapid detection of infectious 

diseases,[50] single nucleotide polymorphisms,[51] bacterial pathogens,[52, 53] and 

cytokines. [54-56] Several studies show that the utilization of ELISA-like immunoassays 

on beads have demonstrated faster analysis times and higher limits of detection than 

ELISA.[41, 57, 58] 

Using a similar encoding scheme, Illumina’s BeadArray platform implements an 

optical fiber array imaging system.[36, 59-61] Here, the ends of each optical fiber is 

etched with a hydrofluoric acid buffer to form a 5µm microwell. When the array, which 

contains 50,000 fibers with a total diameter of 1-2mm, is immersed into a solution of 

spectrally encoded 3µm beads, the beads randomly assemble onto the microwells.[59] 

After excess microspheres are removed, an imaging system identifies and measures the 

reporter probes on the beads attached to the tips of the optical fibers. Because of the close 

distances between hexagonally arranged fibers, the optic fiber array has a much higher 
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test density than spotted planar microarrays and, thus, allows for tens of thousands of test 

using only a small volume of sample.  

While spectrally encoded beads offer multiplexing capabilities, complications 

with spectral overlap between these encoders as well as reporter probes hinder the total 

amount of possible unique codes. As such, the total amount of unique beads is limited to 

about 100 different groups. However, efforts in spatial encoding based on the location of 

beads with respect to an array may extend the total amount of different analytes that are 

processed in a single assay. Figure 1.2 showcases some of the current nonporous 

bead-based clinical analyzers that are used for remote laboratory measurements. 

 

Figure 1.2: Current solid-state bead-based clinical laboratory analyzers 

include the A) Luminex 100/200, B) BD FACSArray, C) Diasorin Liaison, and D) 

Illumina BeadXpress. 
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For example, Ikami utilizes hydrogel pillars to immobliize microbeads for 

position, addressable identification and quantification.[62] Here, fluid containing one 

bead set is photo-polymerized through a mask to form a hydrogel pillar. The uncured 

solution is washed. The process is repeated for additional bead types. This approach was 

demonstrated for the simultaneous detection of three different proteins using only 0.5µL 

of sample and reagents with an analysis time of only 4 min. Efforts by Ng et al. use an 

array of polyacrylamide gel pillars to form the underlying array support.[39, 63] Beads 

are naturally anchored and trapped between the gaps of the polymeric micropillar matrix. 

A set of beads containing similar capture probes is first spotted onto the micropillar array. 

A second set, containing beads with different capture probes, is spotted and anchored to 

different locations on the array to allow for positionally addressable decoding of the bead 

type. Other less common approaches to encode beads include chemical, graphical, 

electronic, and physical encoding.[29] 

1.3. Towards point of care 

Previously a set of guidelines for point of care tests has been developed and 

designated with the acronym COMMAND QUALS.[64] Likewise, for point of care 

testing clinical analyzers need to be Cheap, Obvious, Miniaturized, Multiplexed, 

Automated, Nonperishable, Dependable, Quick, Unobtrusive, Adaptable, Limited 

(volume), and Self-contained. Similarly, the World Health Organization's Sexually 

Transmitted Diseases Diagnostics Initiative developed a set of guidelines for the 

development of diagnostic tests for resource poor settings termed ASSURED.[65] These 
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devices should be Affordable, Sensitive, Specific, User-friendly, Rapid, Equipment-Fee, 

and Delivered to those who need it. 

While several point of care devices are available for broad use, these are limited 

to only a few tests. These are best described as "individually simple, but collectively 

complex." An example of a successful analyzer commercially available is the glucometer. 

With a simple prick of blood from the finger, this device can monitor glucose levels for 

diabetics.[3, 66] This widely accepted and highly distributed test can be performed 

several times a day by the user at home to monitor their glucose levels. Often, the 

glucometer heavily discounted with profit margins predominantly coming from single use 

test strips. The glucose test strip utilizes capillary action to withdraw a certain volume of 

blood. The oxidation of glucose is converted into an electrical reading. Another very 

successful point of care analyzers is Abbott Labs' i-STAT system. This blood analyzer 

can provide results for the physician at the point of need in a matter of minutes. The 

analyzer employs an electrochemical reaction with blood to perform comprehensive tests 

to measure electrolytes and chemistries, hematology (HcT, Hgb), blood gases (pH, pCO2, 

pO2, etc), coagulation (ACT Kaolin, etc), and basic cardiac markers (cTnI, CK-MB, 

BNP). [68] While these point of care analyzers are widely distributed, they are limited to 

only a few tests. As such, they are limited to high throughput testing and low sensitivities. 

Beads, as discussed above, may provide results for many tests simultaneously. 

Benefits of high surface to volume ratios solid support beads have demonstrated 

enhanced sensitivities over those of planar microarrays. Despite the shorter timeframes to 

perform an analysis and low reagent requirements, the timeframes achieved with solid 

support beads are often not appropriate for point of care testing.[69, 70] For instance, a 
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typical visit to the doctor lasts approximately 15 minutes, while many bead-based 

approaches require much long analysis times to complete due to inefficient mass 

transport and capture. Table 1.1 shows a list of commercial bead-based approaches. Note 

first that most solid support bead analyzers are suitable for testing in the clinical 

laboratory. For instance, the Luminex xMap platform, which uses an SAT approach, still 

requires two hours up to overnight to complete an ELISA-like immunoassay. As such, it's 

quite apparent that the time frames offered by solid bead approaches are not suitable for 

point of care. An extension of the sensitivity of the system would bring promises for 

point of care testing. 

 Table 1.1 – List of bead-based approaches with corresponding number of 

multiplexed tests, amount of time to complete an assay, and environments for 

intended use. Most solid support bead-based analyzers are laboratory 

confined and require timeframes for analysis that are not suitable for the 

point of care. Integration of porous beads, such as the p-BNC may bring bead-

based approaches close to the patient. 

Improvements in mass transport and high efficiency signaling are crucial here to 

achieve the ideal timeframes and high fidelity analyte detection using simple 
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instrumentation as necessary for the point of care usage. Advantages of enhanced mass 

transport in porous mediums, such as gel pads and hydrogels, have demonstrated faster 

timeframes over planar microarrays. With the ability to functionalize a range of different 

capture probes, these porous networks have the ability to capture a wide range of 

analytes. The development of new microstructure concepts with engineered active 

transport through and within porous reactive particles serves as a promising new method 

for rapid yet high efficiency capture within minisensor ensembles.[71-74] The ability for 

analytes to transport into the interior matrix and high capacities for capture probes have 

allowed for shorter analysis times and higher sensitivities than those of planar 

microarrays. [75, 76]  

As such, while many efforts have demonstrated the advantages of solid support 

beads and porous medium over planar microarrays, very few have examined the benefits 

derived through the integration of porous beads in microfluidics. The next few sections 

describes the benefits offered by porous beads as well as current efforts to incorporate 

porous beads with microfluidics. The benefits of enhanced mass transport, high capacities 

for binding, and tunable porosities, offered by the encapsulation of porous medium and 

solid support beads as porous bead sensing elements, may offer timeframes that are 

suitable for the point of care. 

1.4. Porous bead sensors 

High surface to volume ratios of porous medium allow for higher sensitivities and 

lower limits of detection over those offered by flat planar surfaces.[77, 78] Because of the 

surface area for immobilization on flat surfaces is limited to the open microchannel 
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surface, the capacity for binding on planar microarrays is constant. Bead-bead sensors on 

the other hand, have higher capacities of binding due to the internal fibrous network.[79] 

Furthermore, the binding kinetics on beads is often described as "near-solution" 

kinetics.[49] The rate of binding between a molecular analyte and immobilized probe 

molecule occurs at a rate approximately equal to those of two free molecules in solution. 

Additionally, the internal mass transport and high binding densities offered by porous 

bead sensors may be a potential solution to achieving low timeframes for analysis that are 

suitable for point of care diagnostics. 

1.4.1. Fibrous network 

Because of the hydrophilic surface on the fibrous network of hydrogels and 

agarose medium, the functionalization of a range of capture probes is possible. Further, of 

the hydrophilic surface, these fibers retain better protein activity than those offered by 

planar surfaces.[80] Accordingly, several efforts have demonstrated the immobilization 

of probes to target analytes such as nucleotides, proteins, and cells.[81-83] Scanning 

electron microscopy (SEM) images reveal a smooth surface morphology of a porous, 

homogenous agarose beads. These beads, created through an emulsion method, have 

smooth surfaces in appearance.[71] Closer imaging at a higher magnification (Figure 1.3) 

reveals the fibrous network. As revealed by the SEM, the nanofibers here have pore sizes 

that are approximately 100-200nm in diameter. These approximate pore size values agree 

well with microscopy measurements of porous gel pads. [84, 85] Moreover, due to the 

spherical geometry of the bead, acquired signals are typically the aggregation of signals 

from thousands of layers. For instance, signal on a bead is derived from a thickness that is 

1000-20,000 times larger than that from a flat monolayer on a ELISA plate.[79] 
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Figure 1.3 – Control of weight fraction of agarose content during production 

serves to tune the average pore size of the beads. The SEM images, showing a) 

0.5%, b) 2%, c) 4%, and d) 8% agarose by weight, reveal the decrease in pore 

size as the density of agarose fibers increases. Scale bars labeled (i) and (ii) in 

(a) demonstrate measurements used to determine average pore size of bead 

concentrations from 0.5-8%. This exponentially decreasing relationship of 

pore size as a function of agarose percentage, calculated from different 

microscopy techniques, is shown in e).[79] Reprinted with permissions from 

ref [79]. Copyright 2011 by Wiley, all rights reserved. 
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1.4.2. Tunable porosity 

The pore size of the nanonets can be easily tailored through the regulation of the 

amount of agarose used to make the beads. Through microscropy measurements, Jokerst 

et al. revealed the exponentially decaying relationship between pore sizes in homogenous 

beads and the corresponding to the amount of agarose used to prepare the beads.[79] 

Superporous beads have shown promise to enhance the mass transport of analytes that 

include proteins and cells into the internal bead matrix.[86-89] In addition to the fibrous 

network with pore sizes between 100-800nm as in the case of homogenous beads, 

superporous beads also contain large flow cavities with diameters 10-30um.[79] These 

macropore cavities allow for quicker access of fluids into the bead core and reduce 

equilibrium times than those exhibited by homogenous beads with similar micropore 

sizes. For example, Larsson et al. observed intraparticle fluid velocities in superporous 

beads to be as high as 17% of the interstitial velocity in a chromatography column.[90] 

Moreover, the use of superporous beads have been shown to reduce back pressure build 

up in microfluidic devices.[91] Large cavities with diameters of 30um result in craters on 

the surface. Internally, these craters lead to interconnecting cavities that form long 

tunnels for easy access of fluids into the interior matrix. 

1.4.3. High capacity for binding 

The capacity of binding of capture probes on porous medium are two to three 

orders higher than that of planar surfaces.[76] For example, the use of porous hydrogels, 

as substrates to immobilize antibodies, show increased capture of analytes as a result of 

the higher capacity for antibody immobilization.[92]  As such, higher capture probe 
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densities immobilized on beads allow for decreased limit of detections. Zubstov et al. 

revealed that while the mean binding distances between antibodies in porous hydrogels is 

an order of magnitude higher than that of flat surfaces, fibrous 3D surfaces offer 

capacities that are two to three orders of magnitude higher than those available on 

surfaces.[76] Further, due to internal diffusion and faster binding rates, porous gel-based 

sensing elements exhibited higher fluorescent signals than those of their surface 

counterparts. 

While porous medium offers high capacities for binding, no further benefits in 

signal occurs as higher concentrations of probes are used for immobilization due to 

saturation of available sites for antibody immobilization. For superporous beads, which 

are homogenous beads that contain cavities of macropores that are in the tens of microns 

in diameter, Yang et al. witnessed limited signal increases for capturing antibody 

concentrations higher than 0.5mg/mL.[91] While there exists a critical antibody density 

that does not allow for further binding, the capability for binding resulting from the high 

surface to volume ratio in the bead matrix exceeds that of planar surfaces and allows for 

higher sensitivities. Zammatteo observed a similar trend in reduced gains in saturation 

signals as capture probe concentrations increased during functionalization of DNA probes 

on solid beads.[93] 

1.5. Programmable Bio-Nano-Chip 

Over the past decade, the McDevitt lab has developed a bead-based approach for 

multiplex testing. Originally developed as the "Electronic Taste Chip," the bead-based 

approach mimicked the function of the human taste buds with beads as sensing elements 
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for multiple targets. This platform eventually evolved into what is known the 

Programmable Bio-Nano-Chip (p-BNC), a clinical platform to detect nucleotides, 

proteins, and cells.[72, 74, 94, 95] One iteration of this platform that is in development 

employs an array of flow through microcontainers, each trapping a single 280µm porous 

agarose bead. A single use, disposable card, containing the bead array, microfluidic 

channels, modular packs that store buffers, and pads to store reagents in dry format, is 

inserted into an analyzer that performs the assay and reads out results. The sandwich 

immunoassay that is performed during the test is shown in Figure 1.4. Capture probes, 

shown in purple, immobilized on the surface of the agarose fibers, capture delivered 

analytes (red). A reporter probe, typically conjugated with a fluorescent label 

(blue+green), allows for the quantification of analytes in the solution. A camera with 

fluorescent module would read out the signal on the beads. The internal convection 

driven mass transport of analytes and probes in this pressure driven, flow through design, 

allows for increased sensitivities from the pressure driven design. Further, this design 

offers internal convection driven transport with short diffusion distances and short 

depletion layers.[96]  
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Figure 1.4 – A sandwich immunoassay is performed within each agarose bead. 

Each bead contains immobilized capture probes (purple) on agarose fibers to 

capture analytes (red). A sequential solution containing labeled reporter 

probes (blue+green) allow for quantification. 

1.6. Summary and Dissertation Overview 

This dissertation’s main goal is to explore and optimize bioanalyte transport, 

capture and signaling within flow through porous microbead arrays structures. The 

dissertation document is organized in the following fashion. This first chapter provides 

general background related to the subject matter of porous beads and the development of 

the bead-based, flow through microarray. The remaining chapters cover the theme of 

optimization of the bead-based p-BNC with a strong emphasis on computational fluid 
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dynamics as a guide for improved engineering design. These chapters serve to enhance 

the performance of the p-BNC from both a sensitivity and imprecision standpoint as well 

as to reduce the costs associated with a silicon-based microchip with the development of 

affordable thermoplastic-based microchips that is amendable for the commercialization 

of single use tests. 

Chapter 2 discusses the development of the computational models to serve as a 

tool to understand the dynamics of mass transport both within porous beads as well as in 

the bulk surrounding solution. Molecular insights on analyte capture from both a 

temporal and spatial development, pressure driven convective transport within the bead, 

and binding kinetics on distribution are revealed. Results obtained from simulations are 

compared with experimental confocal microscopy images. This chapter sets the 

foundation for computational modeling to aid in discoveries in later chapters. 

Chapter 3 reveals the transport and capture of immunoassays under point of care 

conditions where the sample volume is limited and analysis time must be short. The 

effects of flow rate on the depletion region surrounding the bead and penetration into the 

bead is revealed under conditions of limited sample volume, limited analysis time, and 

both. An interplay between flow rate, incubation time, and transport and reagent limited 

regimes allows for maximum intensity on beads. An understanding of transport is crucial 

to improve the capture within porous bead microarrays. 

Chapter 4 details the development of a thermoset polymer-based through hole 

microarray device to trap porous bead sensors. This polymer-based microchip, fabricated 

through hot embossing from an epoxy replicate mold of an array of pyramidal pits, 
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allows for the development of disposable microchips with fabrication times that are much 

shorter than that of silicon-based microchips. Furthermore, the development of a plastics-

based microchip, which is only pennies per chip compared to that of silicon, allows for 

single use test cards. 

Chapter 5 discusses the effects of bead and microcontainer geometry on analyte 

capture in porous bead sensors. Shortened diffusion distances in laminar flow 

microfluidic channels allow for improved capture through improved replenishment of 

free analytes near binding surfaces. This chapter adopts the understanding of transport in 

Chapter 3 and fabrication methods in Chapter 4 and presents a custom microcontainer 

approach to increase capture efficiency. With higher sensitivities, analyses can be 

completed with smaller sample volumes and shorter completion times. 

Chapter 6 reports methods to reduce the statistical imprecision or bead-to-bead 

variability through clever manipulation of flow trajectories and use of smaller beads to 

reduce flow through regions. The information revealed here sheds light on methods to 

improve variability in large microarrays. 
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Chapter 2: Modeling analyte transport and capture in porous bead sensors 

2.1. Scope 

In this chapter, a microfluidic 3D model for analyte transport and capture within porous 

beads resting and surrounding fluids in flow-through pyramidal pit wells is developed 

and evaluated for the first time. Molecular insights on analyte capture from both a 

temporal and spatial development to pressure driven convective transport within the bead 

and binding kinetics on distribution are revealed. Results obtained from simulations of 

the spatial and temporal analyte distribution is compared using confocal image slices 

acquired for porous agarose beads functionalized for the capture of CRP, bovine serum 

albumin (BSA), and DNA molecular beacons. This chapter sets the foundation for a 

computational modeling tool to guide in discoveries in later chapters. 

2.2. Background 

With the ability to provide reliable results over a short time frame for low analyte 

concentrations, miniaturized detection systems promise to serve clinical, humanitarian, 

drug testing, homeland defense, military and environmental applications especially when 

they have multianalyte and multiclass capabilities.[97-99] The development of new 

medical micro-devices that exhibit strong analytical performance characteristics, are 

broadly responsive to a wide range of analyte classes, and are cost-effective has been 

difficult due mainly to complications in the integration of the various components and 

lack of functional concepts for selective and efficient bio-agent capture. The 

programmable bio-nano-chip (p-BNC) developed recently serves as a flexible detection 
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ensemble that exhibits analytical performance characteristics rivaling established, 

macroscopic approaches. Employing three-dimensional “nano-nets” composed of agarose 

strands supported within 290 µm “micro-sponges” and fluorescent signal output from 

nanoparticles (nano), the p-BNC immobilizes and quantifies medically relevant species 

(bio) from complex samples within an enclosed mini flow chamber (chip). The p-BNC 

system with integrated microfluidic elements serves as an efficient and selective protein 

capture medium that is suitable for use in the analysis of complex fluid samples.  

High performance porous bead-based arrays have been receiving a significant amount of 

attention for their potential use in point of care (i.e. near patient) applications.[49] Such 

porous bead-based systems have been used for the recognition and quantification of 

analytes ranging from ordinary ions such as calcium, to pH measurements, to complex 

immunological assays for the detection and quantitation of proteins, to oligonucleotide 

detection.[39, 71, 73, 74, 94] These studies have shown that porous bead sensors are 

associated with high performance characteristics, including the capacity to deliver high 

selectivity and detection of ultra-low bioanalyte concentrations using fully automated 

microassay platforms. Versus gold standard systems, such as enzyme-linked 

immunosorbent assay (ELISA), the p-BNC exhibits assay times measured in minutes 

rather than hours, limits of detection (LOD) two or more orders lower, and a multiplexed 

capacity of 10 or more concurrent analytes with appropriate internal controls. The strong 

analytical performance yielded by these medical micro-devices is attributed to the 

construction of the p-BNC in a way that harmonizes the attributes of elements on the 

nanometer, micrometer, and millimeter size regimes. Like ELISA, the bead-based p-BNC 

utilizes an immunoassay format; however, this feature presents as a matrix throughout the 
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3D bead, rather than as a 2D flat surface as in standard ELISA. The difference in 

orientation of the experimental building blocks within the BNC versus ELISA (capture 

antibody, detecting antibody, and antigen) likely contributes to the optimized assay 

performance.  

Other studies have revealed enhanced performance from porous sensor ensembles as 

opposed to flat sensing surfaces.[79] For example, in studies by Zubtsov,[76] diffusion 

fluxes in hemispherical gel pads were found to be more efficient than in flat counterparts, 

and higher fluorescence signals were obtained from the gel pads versus microchips 

consisting of surfaces coated with antibodies, leading to higher sensitivity. The 

fluorescence signals for the hydrogel-based protein microchips demonstrated higher 

immobilization capacity than for the microchips with surface-immobilized probes at the 

comparable kinetics of fluorescence saturation. Yang, et al. have studied porous agarose 

bead systems and shown that high uptake of analytes occurs as pore size increases.[91] 

Recent work using antibody-functionalized beads immobilized in porous hydrogels have 

exploited the internal mass transport properties of porous medium. Here, high antibody 

capacity and surface to volume ratios of porous support substrates were shown to achieve 

rapid assay times using small sample and reagent volumes.[62] Further, microfluidic 

systems utilizing porous gel pads as sensing elements have taken advantage of high 

loading densities and diffusive transport within porous media.[100, 101] Due to the high 

binding densities, such systems have the ability to detect low concentrations of antigen. 

However, in these systems, fluid is delivered via lateral flow. This flow over delivery, 

with poor efficiency of capture between antigen and immobilized antibodies, leads to 

long saturation times of several hours.[76, 101] To overcome inefficiencies in diffusion 
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due to laminar flow in many microfluidic systems, the p-BNC system utilizes a flow-

around and flow-through design. This unique design increases convective transport and 

capture efficiency between analytes and immobilized antibodies in sensing microbeads. 

While several prior studies have examined immunoassays from a modeling perspective, 

most of these efforts have been limited to analyte capture localized on the 2D surfaces in 

a microfluidic channel. These prior efforts have investigated analyte binding and 

diffusion for both 2-site immunometric and competitive immunoassays, paying particular 

attention to effects of analyte concentrations and flow rates, sample and reagent volume 

as well as time constraints.[102-106] Important recent work by Bau and coworkers 

provided computational models to study transport and binding in agarose beads trapped 

in hot embossed wells in a lateral, flow over microfluidic channel,[107] yet these 

interesting prior studies focus exclusively on binding on the 2D external surface of a non 

porous bead. Further, Chapter 2 describes a bead model to predict internal antibody 

binding densities and analyte porosities.[79] This 2D model agreed well with 

experimental results, however, internal transport and binding within a 3-dimensional 

porous bead resting in a flow-through well remains uncharacterized at this juncture. 

2.3. Methods 

2.3.1. Computational modeling 

Computational simulations were conducted within COMSOL 3.5a (Burlington, MA) 

using the Chemical Engineering module's Convection and Diffusion, and Navier-Stokes 

application modes. A 3-dimensional drawing of a 280µm bead that is trapped in an 
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inverted, flow through, pyramidal microcontainer with a top opening of 500x500µm, a 

bottom opening of 100x100µm, and a taper angle of 54.7° was constructed and import 

from AutoCAD 2011 into COMSOL 3.5a. Based on values obtained previously, the 

physics within the porous bead was modeled using Brinkman's equation, a modified 

version of the Navier-Stokes to take into account of porous flow, with a pore size of 

400nm and a porosity of 0.96.[79] Fluid external to the bead was defined as water. The 

flow rate at the inlet was set to 1600µL/min with an outlet flow over rate of 1200µL/min. 

The boundary condition at the drain was set to a pressure of 1atm. From literature values, 

the association rate was set between the range of 104 to 105 L/(mol·s) and the dissociation 

rate was set to 10-5 1/s.[108, 109] The capturing antibody density was defined as 9mg/mL 

and the delivered analyte concentration was set to 3000 ng/mL. These values correspond 

to an analyte concentration in the bulk solution of 5.9x10-11 mol/cm3 a binding density of 

3.0x10-7 mol/cm3. To shorten the solution time, the stationary Navier-Stokes was first 

solved. The transient convection-diffusion and reaction rate equations were then solved 

using the flow profile defined by the Navier-Stokes equation. 

2.3.2. Preparation of silicon microchip 

A P-type <100> silicon wafer with a diameter of 4'', a thickness of 400µm, and 

pre-coated with a protective nitride layer, was prepared using standard photolithography 

and microfabrication techniques. S1813 was spun over the wafer for 3s at 1000rpm with 

a ramp up speed of 500rpm/s, followed by a 60s spin at 3000rpm with a ramp up speed of 

500rpm/s, and soft baked on a hot plate at 115°C for 60s. A monochrome photomask 

film, designed with 12 arrays of 3x4 squares with dimensions 600µmx600µm, was 

purchased from Fineline (Colorado Springs, Co). The photoresist-coated wafer was 
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exposed under a MJB4 mask aligner (SUSS MicroTec; Garching, Germany) for 17s, and 

developed using MF-319 for approximately 10s. The exposed, protective nitride layer 

was removed using reactive ion etching (Oxford Plasma Lab 80 Plus; Concord, MA) 

using a gas mix of 45sccm CF4 and 5sccm O2, RIE forward power of 100W, and a ICP 

power of 60W at a pressure of 50mT for 80s. The wafer was then anisotropically etched 

in a double bath setup of KOH overnight until all wells have been etched through the 

wafer. The wafer was diced into microchips with dimensions 13.5mm by 11.98mm and 

centered on the microarray. 

2.3.3. Device Fabrication 

Porous beads containing 4% agarose were manually loaded using forceps onto a silicon 

containing a 4x5 array of anisotropically etched inverted flow-through pyramidal wells. 

Each well measured 500x500µm and separated by 650x650µm from center to center. 

This chip was sandwiched between two acrylic inserts that contained micro-milled and 

vinyl fluidic channels for inlet and outlet fluids. The triplet was then sealed within a 

stainless steel housing and connected to a 4 pump peristaltic system from FIALab 

(Bellevue, WA). 

2.3.4. Reagents and sensors 

Porous beads, prepared using 4% agarose, using previously developed emulsion methods, 

were crosslinked and glyoxylated.[71] Beads of approximately 280µm were selectively 

filtered using selective sieves with filter sizes between 280µm and 300µm. Agarose 

beads were conjugated overnight with either 4mg/mL anti-CRP and anti-BSA capturing 

antibodies (Fitzgerald; Concord, MA) per 500µL of beads using previously developed 
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methods.[72] Detecting anti-CRP and anti-BSA antibodies (Fitzgerald; Concord, MA), 

were diluted 1:250 in phosphate buffered saline (PBS) and conjugated to Alexa-Fluor 488 

(Invitrogen; Carlsbad, CA). Stock purified, native human CRP antigen and BSA antigen 

were diluted to 50ng/mL in PBS. Calibration and negative control beads were conjugated 

to agarose beads overnight with 0.02mg/mL Alexa-Fluor 488 bound donkey anti-sheep 

IgG (Invitrogen, Carlsband; CA) and 4mg/mL anti-TNF-α antibody (Cell Sciences; 

Canton, MA), respectively. 

2.3.5. Assay Procedure 

A solution of bovine serum albumin (BSA)-containing phosphate buffered saline (PBSA) 

was initially delivered to the bead array at 2000µL/min for 2 minutes to block non-

specific binding sites and to remove bubbles. A solution containing the fluorescently-

tagged target analyte, such as CRP, oligonucleotides, or BSA was then delivered to the 

array in recirculation. After 30 minutes delivery, the beads were washed with PBS for 2 

minutes. Images were captured using an Olympus BX2 microscope (Center Valley, PA) 

and Leica TCS SP2 AOBS confocal system (Leica Integrated Systems Division, Malvern, 

PA) and analyzed using custom written ImageJ (NIH; Bethesda, MD) macros. 

2.3.6. Data collection and image analysis 

A DVC 1312 LVTE cooled camera (DVC; Austin, TX) connected to an Olympus 

BX-2 microscope (Center Valley, PA) with 4x objectives captured 8-bit TIFF images at 

2s exposure and +15 gain. Beads in the images were analyzed using a custom written 

ImageJ (NIH; Bethesda, MD) macro. Each manually selected bead was radially scanned. 
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The bead signal, taken as the average of a collection of maximums derived from line 

profile scans. 

2.4. RESULTS AND DISCUSSION 

2.4.1. Flow Studies Within the Microbead Array 

A 3D model of a 3x4 array was modeled based on the geometry of an anisotropically 

etched <100> silicon with a 3x4 array of microcontainers.[71, 73, 74, 79, 94]Each 

pyramidal pit well, with dimensions of 500x500µm and 100x100µm at the top and 

bottom openings, contained individual beads with a diameter of 290µm. The particular 

size of the bead was found to be ideal for the dimensions of this particular bead 

microcontainer geometry. Furthermore, the size of the bead was easy to manually handle 

with forceps. In this flow geometry system, as shown in Figure 2.1, fluid flows in from an 

inlet in the inserts, to a flow chamber containing the bead array, through the beads, and 

then to an underlying drain. 
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Figure 2.1 – Schematic showing the flow of fluid from an inlet channel to a 3x4 

microarray containing 290µm porous beads, each resting in individual 

anisotropically etched silicon wells. Red arrows depict the flow trajectories of 

the fluid in the flow chamber. B) Isometric view showing the flow of fluid 

down a single bead in pyramidal pit well. C) The bead-well interface exhibits a 

pressure drop of 197.6 Pa that is proportional to the rate of fluid flow. 

In this model, the solution of the incompressible Navier-Stokes equation established the 

profile of the fluid flow. For directional clarity used in descriptions in later sections, the 

xy-plane is the horizontal plane with the x-direction representative of the direction of 
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delivered flow to the array. The z-direction represents the vertical axis, or general 

direction that fluid flows down the array.  

Figure 2.1A shows the flow profile of delivered fluid exhibits the classical parametric 

profile as a result of the no-slip conditions are the vertical walls. Fluid near the 

microarray, flows down the wells to drain layer that flows out to waste. As seen in the 

figure, because of the pressure gradient across the top and bottom of the bead array, the 

fluid flow at the rear column of the array, wraps back around towards the wells. In this 

particular geometry, the relative standard deviation (RSD) of the flow rate from well to 

well is 14.8%. The maximum flow is localized at the front column while the minimum 

flow rate is localized at the rear center side of the array. 

To obtain the solution to the computational model in a time efficient manner and to 

eliminate the non-constant fluid flow at different microcontainer locations, simulations 

were solved for a model of a single bead that is situated at the bottom of a pyramidal pit 

well. Figure 2.1B shows the flow trajectories of delivered fluid as it flows in and around 

the beads and exit to the drain. The flow rate increases as the cross sectional area for flow 

is constricted due to the geometry of the spherical bead in pyramidal well. As shown in 

Figure 2.1C, this flow-through design, in which fluid from the chamber above the 

microarray is directed through the microarray and down to drain, has a pressure decrease 

of 197.6 Pa at the bead well interface. This pressure gradient serves as a key design 

element that may allow for the control and optimization of the analyte transport and 

capture issues as described below. 
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2.4.2. Molecular Level Insights to Analyte Capture 

External of the bead, analyte transport is dominated by convection as fluid is delivered to 

the bead array. However, multiple factors simultaneously govern the transport processes 

within the bead. As such, it is crucial to elucidate and understand collectively both the 

physical and chemical processes occurring within the bead matrix. First, because of the 

agarose network within the bead with pore sizes around 100 to 500nm, transport is 

dominated by diffusion. Second, the pressure driven flow, external to the bead, influences 

the amount of total internal convection. This convective transport has the ability to allow 

for mass transport further into the bead matrix. Finally, the reaction kinetics between the 

analyte and capture probes limit analyte penetration into the bead. Because of the 

binding, free analytes are held back from the center of the bead as they bind to the probes 

at the bead exterior and create an initial ring of signal that widens in width as internal 

probes become fully bound. The aggregation of signal formed by this moving boundary 

of bound analytes ultimately influences the final signal on the bead. As such, all three 

processes within the bead must be understood to develop an accurate model that serves as 

a tool to better understand the transport and binding within porous beads. 

2.4.3. The Model 

The computational fluid dynamics (CFD) within the bead-well system requires several 

physical and chemical processes to occur simultaneously: The time-independent Navier-

Stokes equation (Eqn. 2.1) and incompressibility constraint (Eqn. 2.2) governs the fluid 

flow in the system. The Brinkman's equation (3), a modified version of the Navier-

Stokes, governs the flow through the porous bead.[110] 
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Equation 2.1 – Navier-Stokes equation for incompressible flow 

 

      
Equation 2.2 – Incompressibility constraint for Navier-Stokes equation. 

 

           
Equation 2.3 – Fundamental theorem of superiority. 

 

  
Equation 2.4 – Brinkman's equation for flow through porous medium. 

 In the equations above, ρ is the fluid density (kg/m3); µ is the fluid velocity 

(L/min); f is the external force (kg·m/t); P is the pressure (Pa); �	 is the dynamic viscosity 

(kg/(m·s); k is the permeability (m2); and εp is the porosity (dimensionless). For a 3-

dimensional system, the Navier-Stokes equation consists of 3 momentum terms for the 

flow vector, µ (Eqn. 2.1), and one incompressibility constraint (Eqn. 2.2). The stress 

term, σ, consists of both pressure and viscosity components. This equality can be inserted 

into Eqn 2.1 to result in Eqn2.3. A detailed derivation is available in Appendix 1. 

 The concentration of species in this system is governed by the time-dependent 

convection-diffusion equation (Eqn. 2.5): 

       
Equation 2.5 – Time-dependent convection-diffusion equation 
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In the equation above, C (mol/L) is the concentration of species, such as the 

concentration of analytes in the bulk solution or immobilized capture probes, and D is the 

diffusion coefficient of the particular species (m2·s). 

The rate of analyte binding to immobilized capturing sites is governed by the reaction 

rate law: 

     
Equation 2.6 – Reaction rate law equation 

In this equation, cAb (mol/L) is concentration of the unbound immobilized probe; cAg 

(mol/L) is the free analyte concentration; cAbAg (mol/L) is the bound coupled pair; kon 

(L/(mol·s)) is the association rate of binding between the analyte and immobilized 

capture probe; and koff (1/s) is the dissociation rate for the release of from the bound pair. 

To solve these equations over a mesh of a simplified one-well subsystem, the flow, u, is 

calculated from time independent versions of equations (2.1-2.4). Boundary conditions 

for the inlet is specified as an initial velocity, outlet to drain is specified as atmospheric 

pressure, outlet to the 3 subsequent wells of the 3x4 array is specified as 75% of the inlet 

velocity, and side walls are specified as no-slip where u=0. Next, the concentration terms 

for cAb, cAg, and cAbAg are solved for from the solved values of u and the equations 

(2.5-2.6). The inlet is specified as the initial analyte concentration in bulk solution and 

outlets are specified as convective flux. For initial conditions on the bead, cAb is set to 

the initial concentration of antibodies loaded on the bead, and cAg and cAbAg are set to 

zero. Concentrations of all three species are initially zero in the bulk solution. Only the 

diffusion coefficient of the species cAg is set to a non-zero value. 
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2.4.4. Coupling of Processes 

In order to obtaining a comprehensive understanding of the mass transport associated 

with bead-based immunoassays supported in the flow through microarray ensembles, the 

relative importance of convection, diffusion, and binding in their capacity was explored 

and compared to experimental observations. 
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Figure 2.2 – Computational simulations of a 280µm bead with a pore size of 

243nm, showing the xy-cross section at times 0.43min, 2.5min, and 43.4min, 

shows the need for diffusion, convection, and binding. A) Under a diffusion 

only case, unbound CRP antigen (cAg) completely saturates the core of the 

bead. B) When binding reactions is "turned on," analytes are held further back 
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at bead periphery as they bind to the capture probes at the rim of the bead. 

The short amount of time an analyte spends in the bead before binding before 

binding  (cAbAg) prevents its mass transport into the interior of the bead 

matrix. C) When internal convection is "turned out," the medial slice 

distribution agrees well with experimental observations of spatial 

distributions from (D) confocal images of bound CRP. 

Figure 2.2A shows the diffusion only case. Here, free analytes rapidly transports to the 

bead, as observed with saturation of analytes into the bead matrix at 2.5min (Figure 

2.2A). Deviations in solution at a few nodes extended the lower bound of the color bar to 

-1600. In this trivial case in which no binding occurs and representative of negative 

controls beads, analytes transported into the bead matrix do not bind to any probes. Thus, 

the bead develops no signal after the delivery of reporter probes. In the binding only case 

(not shown) with no diffusion or convection-based transport, no binding occurs in the 

bead matrix because of the lack of internal mass transport to deliver free analytes to 

immobilized, unbound capture probes. On the other hand, in the binding and diffusion 

case, free analytes first bind to unbound capture probes at the periphery of the bead. As 

shown in Figure 2.2B of the xy-cross section of the bead at times 0.43min, 2.5min, and 

43.4min, a ring of bound analytes initially develops at time 0.43min at the surface of the 

bead. As soon as these periphery capture probes are bound, diffusive transport drives the 

analytes and reagents further into the bead matrix. Soon after the next layer of unbound 

probes is filled widens the ring around the bead as observed at time 43.4min. This effect 

forms a moving boundary of bound analytes as the mass transport of analytes occur 

further inside the bead. 

In the final case, internal convection within the bead is "turned on." In this case, a trickle 

of internal convection transports analytes further into the bead matrix, as shown in Figure 
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2.2C. Although analytes are withheld from rapid transport into the bead matrix when they 

bind to available capture probes, such as with the case of only diffusion and binding, 

convective transport drives analytes further into the bead matrix before they bind. With 

internal convection, the penetration of bound analytes, calculated by the full width, half 

maximum (FWHM) at time 43.4min, is 23.4% higher than that in the diffusion and 

binding only case. Experimental images from confocal microscopy of a CRP immune-

capture (Figure 2.2D), acquired from the xy-medial plane under similar immunoassay 

parameters, verify the coupling of all three processes. Here, analytes are held back 

initially at the rim of the bead before completely saturating the bead. Furthermore, 

confocal microscopy images were acquired to better understand the spatial distribution of 

bound analytes. Here, images acquired at incremental z-slices of the bead (Figure 2.3A) 

after 30 minutes of antigen delivery and subsequent wash show agreement with 

computational models (Figure 2.3B). The root mean square error between the FWHM of 

the CFD and confocal slices, normalized to the average width of the two values, was 

0.264. It is suspected that because of the undulating motion of fluid delivery, the cross-

like distribution of bound analyte, at the base of the simulated bead, was not observed 

experimentally. Furthermore, the exact pore size inside the bead cannot be fully 

characterized. For a 4% agarose beads reported here, the pore size in the bead lies 

between 80nm and 243nm, as based on microscopy measurements.10 
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Figure 2.3 – Cross sectional xy-slices of a 280µm bead with captured CRP analytes 

taken at different descending z planes with 54µm separation. These images, after 30 

minutes analyte delivery, shows agreement between confocal (A) and CFD (B). The 

internal matrix  of bead is subutilized as signal initially develops at the periphery of 

the bead before penetrating radially towards the center of the bead matrix. 

2.4.5. Ellipsoidal Distribution 

Because the ratio of the size of the small internal pores and the large bypasses between 

the bead and well is on the order of several magnitudes, the bead acts as a constriction to 

flow in the macroscopic environment. Yet, the existence of internal convective transport 

on the spatial distribution on the bead remained elusive. To explore this question, analyte 

binding within the bead matrix was examined under conditions with and without internal, 

convective mass transport. Although the analyte penetration was higher under internal 

convection than without internal convection, as observed previously with simulated xy-

cross sections (Figure 2.2B and 2.2C), direct comparison from the xy-plane did not 

provide definitive answer. As such, xz-cross sections were acquired via confocal 

microscopy and also with this model. To understand the effects of internal convection, 
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immunocapture of fluorescent CRP was performed and simulated with CFD using 

identical flow parameters and assay timeframes. As shown in Figure 2.4A, simulations 

with no internal convection, reveal a uniform distribution of bound analytes in which 

internal mass transport of analytes is solely dependent on diffusive transport. Simulations 

with both internal diffusion and convection (Figure 2.4B), reveal the development of an 

asymmetrical ellipsoid. This ellipsoidal shape is a result of the contributions of the spatial 

flow through regions at different xy-planes on the capture efficiency of the analytes. This 

ellipsoidal geometry of bound analytes, resultant from both bead microcontainer structure 

and pressure driven convective flow inside the bead, agrees well with experimental 

confocal images (Figure 2.4C). The undulating nature of fluid delivery from the use of 

peristaltic pumps, which cases the bead to shift during delivery, may explain slight 

discrepancies between experimental and computational results. 

2.4.6. Pressure Driven Flow 

The porous bead in flow through microcontainer design employed here induces a 

microflow region around the bead that provides enhanced transport rates within the 

sensor ensemble. 
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Figure 2.4 – A) XZ-cross sectional slice of CRP bead modeled under no internal 

convective mass transport. B) An ellipsoid distribution of bound analytes 

develops due to internal convection and geometric positioning of bead in 

pyramidal well. C) Confocal slice acquired from the XZ-plane exhibits a similar 

asymmetrical distribution as modeling of binding distribution with internal 

convection driven transport. D) As revealed by the model, internal convection 

is linearly proportional to the delivered fluid. For 640nm, 243nm, and 140nm 

pore sizes, the internal to external ratio is 1:170, 1:1087, and 1:3100, 

respectively. 

The bead microcontainer exerts a localized pressure gradient across the bead, as observed 

in Figure 2.1C. Fluid containing analytes, delivered to the array of beads, is forced to 
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flow around and through each porous bead sensor. This localized flow of fluid induces a 

pressure gradient that is proportional to delivered flow rate. For delivery flow rates from 

6µL/min to 1600µL/min, the local pressure drop across the microcontainer increases 

proportionally from 4.04Pa to 1110Pa. These values of pressure drops correspond to local 

flow rates of 0.244 cm/s to 51.0 cm/s. The Reynolds number at the plane of contact 

between the bead and well was 4.66, which is 4.28 times larger than that between the 

bead and ceiling. 

The localized pressure gradient around the porous bead enhances capture of analytes 

within the porous sensor, as follows. First, increase in convective transport drives 

analytes further into the bead. Gustavsson et al. directly observed and measured this 

internal fluid velocity using dyed yeast cells for superporous beads in a packed 

column.[111] Here, the internal flow velocity in 300-500µm superporous beads with 

macropore diameters of 30µm, was discovered to be 3% of the external flow velocity. 

Second, rate of analyte capture shifts from transport-limited to reaction-limited. At high 

flow rates, signal generated on the bead is limited by reaction kinetics rather than the 

replenishment of free analytes. 

Although higher flow rates increase mass transport and capture of analytes inside the 

bead, sample volume is typically low in diagnostic settings. As such, the sample would 

run out before the sufficient timeframe to develop any signal. Despite the low volume, 

the use of recirculation, as used previously,10 can achieve higher capture in such low 

volume environments. 



 44 

2.4.7. Internal Flow Rate 

Because of difficulties to measure the internal flow rate experimentally for homogenous 

beads, the computational tool developed here allowed for the examination of the internal 

flow rate under various pore sizes as dictated by the agarose content used  during the 

synthesis of the bead. Agarose concentrations of 0.5%, 4%, and 8% by weight were 

prepared to synthesis beads with pore sizes of 640nm, 243nm, and 140nm, respectively. 

Porous beads with high agarose content or denser fibrous networks contain small pore 

sizes. The pore sizes that correspond to their respective agarose content by weight were 

determined from previous microscopy measurements using SEM, TEM, and AFM.10 

Because flow with porous substrates is often lateral or diffusion-based, an understanding 

of the amount of convection dominated internal mass transport is crucial. The internal 

flow rate was calculated as the mean of the magnitudes of flow velocities inside the bead. 

This mean internal flow rate, measured for externally delivered flow rates of 6.25, 25, 

100, 400, and 1600µL/min (Figure 2.4D), was found to be linearly proportional (R2 = 

1.00) to the volumetric flow rate of the delivered fluid. The internal flow rate increases 

with increases in pore with an internal to external ratio of 1:3100, 1:1087, and 1:170 for 

pore sizes of 140nm, 243nm, and 640nm, respectively. This trend of reduced internal 

convection as pore size decreases suggests that within the bead, as pore sizes decreases, 

diffusion dominates the mass transport, but as the pore size of the bead dramatically 

increases, convective transport will play a larger role.  
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2.4.8. Binding Kinetics on Distribution 

The studies above reveal that the rate of capture of free analytes within the beads is 

dependent on the binding kinetics. Because the affinities of different analytes to their 

conjugate pairs, the association rate, kon, varies between different analytes, as shown in 

Figure 2.5. As the analyte penetrates into the bead, the binding rate greatly affects the 

spatial analyte distribution. For high kon, free analytes have very little time to diffuse into 

the bead before they quickly bind to available capture probes. As such, because of the fast 

binding rates, unbound sites at the periphery of the bead are first filled, well before the 

interior sites become bound, as shown in the step-like cross sectional line profile for a 

high simulated kon of 106 L·mol/s. 

 

Figure 2.5 – Bound analyte distribution is affected by binding kinetic rates. At 

high association constants, kon, of 106 L/(mol·s), a steep moving boundary 
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forms. Under a lower kon (104 L/(mol·s), bound analytes exhibit a gradual 

descent towards to bead center due to longer unbound transport duration 

into the bead before binding. Confocal examples showing high kon for DNA 

hybridization using molecular beacons (inset, left) and low kon for BSA (inset, 

right) exhibit steep and shallow moving boundary distributions. 

Experimentally, this step-like distribution is observed for the hybridization with DNA 

probes immobilized within the bead matrix with tagged complementary sequences (left 

inset). At low kon, free analytes have a relatively longer residence time in an unbound 

state within the porous network, allowing for longer diffusion times before capture. This 

low binding rate results in a smooth, shallow sloped bound analyte distribution, as shown 

for a low kon case of 104 L/(mol·s). The BSA binding, which occurs at a much slower rate 

than DNA hybridization, is shown as an example in the right inset. Despite the higher 

penetration afforded by lower the kon, the maximum signal at the bead periphery 

decreases, as observed for a kon of 104 L·mol·s-1 and BSA binding. For BSA, the higher 

penetration experimentally is likely due to a higher diffusion coefficient.[79] However, in 

order to isolate parameters, this value remained constant for this set of simulations. 

Further, directly correlated with the binding kinetics is the ratio of antigen to capturing 

antibody. In these studies, the cAg/cAb was 1.97x10-4. Penetration will be higher for 

higher antigen concentrations as the capture of analytes would be limited by the rate of 

binding.  

2.5. Summary 

Porous agarose beads offer high surface to volume ratios and ability to be functionalized 

with high binding densities. When these beads are supported in flow through microsensor 
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ensembles with integrated flow elements, these hybrid sensor systems have the potential 

to provide both an index matched capture element as well as an efficient capture medium 

that supports rapid analyte binding. As such this study provides a foundation to better 

understand internal analyte transport and binding within porous beads as they are now 

moving into a variety of real-world clinical testing as diagnostic sensors. The ability to 

model, predict and optimize bioanalyte capture is a key step towards these novel medical 

microdevices moving into point of care settings where assay time and ability to 

sensitively measure biomarkers of interest are of critical importance[112]. 

The CFD model here presented, utilizes fundamental fluidic flow equations 

within porous and nonporous medium, convection and diffusion terms, and reaction 

rate equations between unbound analytes and capture sites, to accurately predict 

spatial and temporal distribution of analyte binding on beads sensors. Furthermore, 

the model developed herein was verified experimentally with analysis of confocal 

images of beads used for the capture of two proteomic analytes, CRP and BSA, as 

well as DNA probes and target hybridization. These studies reveal that the rate of 

binding kinetics affects the rate of signal development at the bead periphery and 

governs the depth of analyte penetration into the bead. Further, it is observed that 

the internal convection is linearly proportional to external delivered flow at a ratio 

range from 1:170 to 1:3100 for beads with pore sizes 640nm to 140nm. 
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Chapter 3: Effects of sample delivery on analyte capture in porous sensors 

3.1. Scope 

Sample delivery is a crucial aspect of point of care applications where sample 

volumes need to be low and assay times need to be short, while providing high analytical 

and clinical sensitivity. In this chapter, influence of the factors surrounding sample 

delivery on analyte capture in a sensor array manifold of immuno-metric porous beads 

resting in individual wells is explored. Specifically, effects of the sample volume, rate of 

sample delivery, and analyte incubation time, under either unilateral delivery or 

recirculation of the sample, on the capture of the C-reactive protein (CRP), an 

inflammation and cardiac risk biomarker, is examined. These factors are examined using 

a 2-site immunometric immunoassay with AlexaFluor®488 labeled antigen using porous, 

agarose beads sensors in a flow-through, pressure driven system. The experimental 

findings are validated with computational simulations to model the capture of analytes 

under such conditions. An interplay between flow rate, incubation time, and transport and 

reagent limited regimes allows for maximum intensity on beads. 

3.2. Background 

The fields of oligonucleotide profiling, sequencing and detection have grown 

tremendously with the creation of new tools including high sequencing instruments and 

DNA microarrays.[16, 113] These tools have led to explosive growth of the genomics 

disciplines.[114] The related field of high through-put protein detection has been pushed 

forward somewhat through the availability of mass spectrophotometers, but precious few 
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of these discovered protein fingerprints have moved into clinical practice.[115, 116] 

While protein arrays are available as a potential tool to move past the mass-spectrometry-

derived discovery phase, non-specific reactivity, high background responses and lack of 

quality standards and overall poor quality control plague their usefulness.[116-119] More 

typically, the highly manual and time consuming completion of an ELISA test has been 

used to secure the validation data.[120] The requirement of the adaptation to yet another 

instrumentation platform in the final clinical implementation has led to the crippling 

influence on proteomics translational efforts.[112] 

The development of microfluidic-based tools for the completion of clinical 

measurements on protein samples offers new hope for this area. Microfluidic lab-on-a-

chip (LOC) devices have emerged in the past two decades as detection systems for 

clinical, military, and environmental applications.[3, 8, 68, 121, 122] Some of these 

devices offer point of care (POC) capabilities and can provide rapid turnaround results 

while maintaining or even surpassing the advanced analytical performance of their 

laboratory confined counterparts.[11, 123, 124] Further, in addition to their cost 

effectiveness, they often feature multiplexing capabilities, which capitalize on the 

simultaneous detection of a variety of analytes using low sample volumes. In this space, 

however, there are significant challenges yet to be overcome related to device integration, 

scalability as well as defining optimal strategies for analyte capture on time frames 

consistent with point of care measurements. [66, 125] The preponderance of laminar flow 

in such systems creates a potential barrier for efficient capture of analytes within typical 

microfluidic structures.[9] The small dimensions here employed along with laminar flow 

make it challenging to capture sufficient quantities of analyte that can be measured with 
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the simple detection modality that is desired for cost effective point of care 

instrumentation.[12, 125] 

For these detection ensembles an understanding of the effects of sample delivery 

conditions is crucial for optimal capture and detection of analytes. Factors pertaining to 

such conditions include the rate of sample delivery to the bead sensing elements, size of 

the sample volume, total time for analyte incubation, and mode of delivery, specifically 

unilateral delivery or use of recirculation to recycle the sample. Consideration of these 

factors provides guidance during the developmental stage of the point of care device to 

deliver fluids quickly and inexpensively without exploiting excess amounts of reagents 

while developing strong detection signals. 

Some initial important studies have been completed in this area. Studies by Parsa 

et al. revealed, under volume- and time-based constraints, an additional reagent-limited 

regime in addition to the classical transport- and reaction-limited regimes.[105] This 

surface binding study revealed benefits of using short, concentrated delivery of fluids and 

critical flow rate for optimal assay performance. Hu and Vijayendran examined the 

capture of delivered analytes by antibodies immobilized on patches of binding surfaces in 

a microfluidic channel.[102, 104] These studies provided an understanding of reaction 

kinetics as well as guidance for development of microfluidic immunoassays. Similarly, 

Fu et al. developed a computational model for competitive, heterogeneous 

immunoassays.[106] This model provides guidance on assay performance for assay 

parameters including flow rate and binding density, and reveals details on operating 

range. We previously described the development of a computational tool to predict the 

spatial and temporal binding of analytes delivered to porous bead sensors.[96] Similarly, 
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Bau and co-workers modeled analyte capture on both porous and nonporous beads 

trapped in microfluidic wells.[107, 126]  

3.3. Experimental 

3.3.1. Reagents and bead sensors 

Cross-linked and glyoxylated 280µm diameter, 2% agarose beads were prepared 

from previously developed methods.[71] Briefly, heated agarose was stirred in a beaker 

of suspending solution consisting of Span-85 and heptane. Specific bead sizes were 

filtered using selective sieves. Detecting and capturing antibodies specific to CRP were 

purchased from Fitzgerald (Concord, MA). Agarose beads were conjugated overnight 

with 4mg/mL anti-CRP capturing antibodies per 500µL of beads using previously 

developed methods.[72] Detecting anti-CRP antibodies, diluted 1:250 in phosphate 

buffered saline (PBS), were conjugated to Alexa-Fluor®488 (Invitrogen, Carlsbad, CA). 

Stock purified, native human CRP antigen was diluted to 50ng/mL in PBS. The CRP 

antigen was co-incubated and labeled with detecting anti-CRP antibodies. Calibration and 

negative control beads were conjugated overnight with 0.02mg/mL Alexa-Fluor®488 

bound donkey anti-sheep IgG (Invitrogen, Carlsband, CA) and 4mg/mL anti-TNF-α 

antibody (Cell Sciences, Canton, MA), respectively. 

3.3.2. Preparation of silicon microchip 

A P-type <100> silicon wafer with a diameter of 4'', a thickness of 400µm, and 

pre-coated with a protective nitride layer, was prepared using standard photolithography 

and microfabrication techniques. S1813 was spun over the wafer for 3s at 1000rpm with 
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a ramp up speed of 500rpm/s, followed by a 60s spin at 3000rpm with a ramp up speed of 

500rpm/s, and soft baked on a hot plate at 115°C for 60s. A monochrome photomask 

film, designed with 12 arrays of 3x4 squares with dimensions 600µmx600µm, was 

purchased from Fineline (Colorado Springs, Co). The photoresist-coated wafer was 

exposed under a MJB4 mask aligner (SUSS MicroTec; Garching, Germany) for 17s, and 

developed using MF-319 for approximately 10s. The exposed, protective nitride layer 

was removed using reactive ion etching (Oxford Plasma Lab 80 Plus; Concord, MA) 

using a gas mix of 45sccm CF4 and 5sccm O2, RIE forward power of 100W, and a ICP 

power of 60W at a pressure of 50mT for 80s. The wafer was then anisotropically etched 

in a double bath setup of KOH overnight until all wells have been etched through the 

wafer. The wafer was diced into microchips with dimensions 13.5mm by 11.98mm and 

centered on the microarray. 

3.3.3. Device construction 

Agarose beads were manually loaded using precision forceps onto an 

anisotropically etched silicon chip containing an array of inverted, pyramidal-pit-shaped, 

through-hole micro-containers. Dimensions of each well were 500µm x500µm for the top 

opening and 100µmx100µm for the bottom of the well. Corner wells contained two 

diagonally positioned calibration beads and two negative control beads. These beads were 

strategically placed for automatic bead position detection for data analysis using custom-

built image analysis in ImageJ.[127] The chip was sandwiched between two acrylic 

inserts with micro-milled inlet and outlet channels of diameter 1mm. The top insert 

contains one inlet that overlays over a 60µm-thick vinyl flow chamber positioned over 

the bead array. A bubble trap, at the end of the chamber, served to flush out dead volume 
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air. The bottom insert contained a 60µm vinyl drain layer and channel connected to 

waste. The three-piece fluidic device was housed in a stainless steel chassis and tightened 

with a circular screw top. Tubing from a peristaltic pump (FiaLAB, Bellevue, WA) was 

connected to the device using PEEK connectors. For recirculation, the drain tubing was 

placed back into a 5mL tube containing 1mL of sample. 

3.3.4. Assay Procedure 

The effects of bypass on capture between bead holders were studied using 

50ng/mL fluorescently labeled CRP antigen in PBS pH 7.2 using manufacturer’s 

instructions. Briefly, CRP antigen was diluted to 2mg/mL and reacted with 1 vial of TFP 

ester, bis (triethylammonium salt) for one hour. A 30,000 MW size–exclusion resin was 

used to purify the labeled antigen from unreacted dye. The concentration of labeled 

antigen was determined from absorbance values at 280nm. A programmable NE-1000 

syringe pump from New Era Pump systems Inc. (Farmingdale, NY), at 50µL/min, for 

6min, was used to deliver the antigen. The study of effects of flow rate on capture 

between bead holder designs were studied at flow rates of 10, 25, 100, 200, and 

300µL/min for 30min respectively, using 50ng/mL fluorescently labeled CRP antigen 

respectively. To remove nonspecific binding, PBS was delivered at 400µL/min for 2min. 

3.3.5. Data acquisition 

Images with TIFF format and 8-bit depth were acquired using a DVC camera 

connected to an Olympus BX-2 microscope (Center Valley, PA) with 4x objectives. 

Images were saved with 500ms, 1000ms, 2000ms exposure times. The beads were 

located using a custom written ImageJ macro that automatically located the bead 
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positions based on pixel positions of corner calibration beads. The intensities of the beads 

were extracted from the image using the average of the maxima of a series of line profile 

scans down the bead. A dose response was plotted from the imported fluorescent 

averages using SigmaPlot 10 (Systat Software Inc., San Jose, CA). 

3.3.6. Computational Modeling 

Computational simulations were modeled with COMSOL 3.5a (Burlington, MA) 

using the Chemical Engineering module. Based on previous work, a 2D system, with the 

Incompressible Navier-Stokes and Convection-Diffusion add-on's, was sufficient to 

accurately predict the transport and binding of analytes on a bead substrate.[79] Briefly, a 

280 µm bead was positioned inside a 250µm thick inverted pyramidal shaped well with 

walls with 54.7° inclines. The pore size of the bead was set to 400nm, based on 

microscopy calculations for a 2% agarose bead.[79] The inlet was set to volumetric flow 

rates ranging from 6.25µL/min to 1600µL/min. Due to the 3 columns of bead holders 

further down, the exiting flow rate at the top was set to 75% of that at the entrance. The 

pressure at the drain below the bead was set to atmospheric pressure. Internal flow 

through the porous bead was modeled using Brinkman's Equation. Based on binding rates 

for CRP, published previously and described in Chapter 2, the binding association rate 

was 105 L/(mol·s) and dissociation rate was 10-5 1/s.[96, 128] To reduce the time to 

convergence, the time independent Navier-Stokes equation was solved prior to the 

transient convection-diffusion equation and reaction equations. 
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3.4. Results and Discussion 

3.4.1. Theory 

The unique bead-based microfluidic system involves multiple chemical and physical 

equations that govern fluidic flow, transport and capture of analytes that were calculated 

in Chapter 2.[96, 128] Navier-Stokes (equation 2.1), with stress expanded into pressure 

and viscous terms, governs fluidic flow through the microfluidic channels. Brinkman's 

equation (equation 2.3), an extension of Navier-Stokes, defines flow through the porous 

bead medium. [128, 129] Here, ρ is the fluid density (kg·m-3); u is the flow velocity 

(L/min); P is the pressure (Pa); �	 is the dynamic viscosity (kg/(m·s)); k is the 

permeability (m2); and ερ is the dimensionless porosity. 

The convection and diffusion (equation 2.4) equation models the time-dependent 

concentration of species in the bulk solution and porous bead. Here C (mol/L) is the 

concentration of the analyte and D is the diffusion coefficient of the species (m2/s). In the 

immunoformat system, C designates the concentrations cAb, cAg, and cAbAg. cAg 

(mol/L) is the concentration of antigen, cAb (mol/L) is the concentration of loaded 

antibodies immobilized on the beads, and cAbAg is the bound complex (mol/L). 

The binding kinetics equation (equation 2.5) is described with the reaction rate 

law. Kinetic rates for association and dissociation are given by the association and 

dissociation rates, kon (L/(mol·s)) and koff (1/s). The unknown flow rate, u, is calculated 

using finite elements and the defined pressure, density, and viscosity terms, and 

permeability terms. This calculated flow rate and pre-defined binding kinetics is then 

used to calculate the time-dependent concentrations of the analyte and antibody species. 
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Figure 3.1 – A) Isometric, cross-section views of the bead array showing flow 

profile in red arrows, with maximum flow rate of 3.26 µL/min. Under 

recirculation, unspent reagents from tubing connected to outlet are 

continuously recycled back into the inlet. B) Cross-sectional view showing 

delivered sample containing CRP to a single bead with diameter of 290µm. 

3.4.2. Rate of sample delivery 

As with nearly all microfluidic systems, flow rate is one of the major factors 

affecting analyte capture in this case the capture location involves the use of a porous 

bead. The rate of sample delivery directly affects the rate of replenishment of antigen to 

the bead sensor through modulation of the internal pressure inside the system. Figure 

3.1B shows a time-course delivery of analyte to a single bead. On the 100ms time frame, 
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the antigen completely surrounds the bead, as shown by the antigen concentration, [Ag], 

normalized to the antigen concentration in the bulk solution. 

While labeled antigen completely surrounds the bead in less than 100ms, the 

antigen concentration local to the bead surface is much lower than that of the bulk 

solution. This local region, described here as the depletion layer, is a result of the relative 

ratio of the low rate of replenishment to the rate of depletion as the antigen binds to the 

bead. When the flow rate increases, this depletion layer size is reduced as delivered 

sample replenishes the local region. For the purposes of this manuscript, we define the 

depletion layer is arbitrarily defined as the region around the bead such that the antigen 

concentration is 95% that of the bulk solution. As such, two regimes exist: a transport-

limited regime and a reaction-limited regime. In the former, the flow rate is not 

sufficiently high enough to replenish the antigen concentration that is depleting as the 

antigen reacts with unbound sites on the bead. Here, total analyte capture is limited by the 

flow, or transport, of analytes to the beads. In the latter reaction-limited regime, no 

depletion layer exists outside the bead. Here, total analyte capture is limited by the rate of 

capture or the inherent association constant, kon. Figure 3.2 compares this depletion layer 

under low and high flow rates. At the low end of 100µL/min (Figure 3.2A), soon after the 

sample reaches the bead (top, 2s), a depletion layer forms at the exterior of the bead. This 

asymmetric shape of the depletion layer is due to the direction of flow and geometry of 

the bead holder. On the side of the bead opposite to the direction of flow, the wrapped 

around fluid is already slightly depleted as it reacts with the top of the bead. At the base 

of the bead, due to the drain-bound trajectory of the fluid, not much antigen is being 

replenished.  
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As the unbound sites near the bead surface become saturated, as observed at 

7200s, the depletion layer and rate of depletion are reduced. While there are plenty of 

remaining unbound sites inside the bead, the rate of reaction is limited due to the need for 

the analyte to be transported to the internal binding sites via convection and diffusion. 

Because the bead internal is more transport-limited, most of the fluorescent signal 

quickly develops at the outer rim of the bead. The maximum attainable fluorescent signal 

depends on the concentration of capturing antibody, which can be up to several thousand 

times that of the concentration of delivered analyte. 

 

Figure 3.2 – Comparison of spatial and temporal distribution of captured 

analytes under low (A) and high (B) flow rate. To the right, region of bound 

analyte and distribution of unbound analytes. Cross sectional plots above 

figures show distribution of free antigen at the exterior of the bead. 
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For a higher flow rate, as shown for 1600µL/min in Figure 3.2B, no depletion 

layer forms. This lack of a depletion layer enables maximum capture where the capture 

rate is limited by binding kinetics. After 7200s, the depletion layer, consisting of unbound 

antigen, transitions into the bead interior. Unlike most lateral flow 2D systems, in which 

unbound antigen binds to antibodies immobilized on a solid surface, the unbound 

analytes in this bead-based format can bind to the binding sites inside the fibrous 

network. In other words, when the outer surface of the bead saturates with bound antigen, 

unbound antigen, which cannot bind to any unbound sites near the rim of the bead, can be 

transported further into the bead before capture. This porous medium enables an extended 

signal development, in which final signal is an aggregation of the total fluorescence on 

multiple focal planes across the semi-transparent, agarose bead. 

3.4.3. Influence of porous bead interior on capture 

Porous microbeads offer the advantage for delivery of analytes into the interior 

core, provided that the labeled analyte complex is much smaller than the pore size of the 

fibrous network. Under high rates of delivery, fluorescent signal develop further inside 

the bead, as shown with simulated data in Figure 3.3A-B after 2600s. As revealed in 

Chapter 2, this higher penetration, due to the minimal external depletion layer, as well as 

a higher convection driven internal flow, previously found to be proportional to the 

external delivery rate,[96] ultimately leads to a higher fluorescent signal. After initially 

binding to the outer surface of the bead, the amount of penetration from bound CRP 

increases over time. Typically, free analytes only penetrate 25% into the bead, with the 

core of the bead unused for binding. Figure 3.3D contrasts the fluorescent intensity on the 

bead under various delivery rates from 59µL/min to 700µL/min taken after 10 minutes. 
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The CFD modeling of antigen penetration reveals that the amount of penetration 

into the bead is non-linear with respect to the rate of sample delivery (Figure 3.3B). This 

nonlinearity, in part due to reaction kinetics, is also a result of the slower transport of 

antigen inside the bead. Thus, while the signal development is reaction-limited at the rim 

of the bead under high flow rates of delivery, the signal at the bead interior is transport-

limited. This trend is in agreement with previous studies that have revealed that the small 

pore sizes of the agarose fibrous network hinders the transport of analytes further into the 

bead.[79] The occurrence of two distinct transport regions involving both interior and 

exterior regions allows for some interesting options to expand the dynamic range of the 

bead sensor ensembles as will be described in more detail below. 

 

Figure 3.3 – A) Profile of captured CRP antigen cross medial slice of bead 

derived from computational simulations for different flow rates. B) 

Progression of penetration depth of bound analytes under different flow rates 

based on models. C) Calculated depletion width outside the bead at different 

simulated times for various flow rates. Negative values signify the interior of 

the bead. D) Experimental data showing different signals at a low, medium, 
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and high flow rate after 10 minute delivery. E) Experimental data showing 

signal development over time at 1300µL/min with 50ng/mL concentration. F) 

Comparison of cell Péclet number for various flow rates. G) Cross sectional xz-

view of bead showing distribution of Péclet number on the bead. 

While the total amount of fluorescent signal increases over time, as shown in 

Figure 3.3E for a flow rate of 1300µL/min, for a delivery flow rate of 700 µL/min, there 

is a decrease in the depletion width over time, as revealed in Figure 3.3C. At low flow 

rates, the system is transport-limited with a large depletion width. As the sites of the outer 

surface of the bead become saturated, the depletion width reduces due to the limited 

remaining amounts of unbound sites at the rim of the bead. After these sites become 

bound in less than 2 minutes, there is a quick drop in the rate of binding on the bead, as 

implied by the sudden drop in depletion width for flow rates of 25 and 100µL/min. The 

initial steep drop in the depletion rate is not shown for 6µL/min because the analyte 

concentration at 20 seconds never reached 95% of the bulk solution in the region near the 

well. A negative depletion width, represents the cutoff inside the bead where the analyte 

concentration is 95% that of the bulk solution. This internal unbound antigen 

concentration is also observed in Figure 3.2B at 7200s. The unbound, internal antigen 

concentration drops as the antigen reaches the open sites inside the bead. 

Further, as shown in Figure 3.3F, computational modeling shows a linear increase 

in average ratio of convection to diffusion, or cell Péclet number, as flow rate increases. 

This linear trend suggests a proportional increase in internal convection as external 

delivery rate increases. A Péclet number that is too high, signifying a high delivery rate, 

would result in a short assay that in which minimal analytes are captured. In Figure 3.3G, 
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the cell Péclet number at the outer rim of the bead is significantly higher than at the 

inside of the bead. This 55x increase in Péclet number at the outer rim of the bead is a 

result of steric hindrance of convective flow inside the bead due to both the small porous 

agarose nanonets and the high association of free analytes onto immobilized binding 

sites. 

The ability to control system parameters allows for the expansion of the dynamic 

range of the assay and high fidelity sensing. Higher flow rates allow for faster capture at 

the surface of the bead and penetration into its interior. Higher sample volumes allow 

longer durations for capture. Further, as previously reported in Chapter 2, the ratio of 

internal to external convection is 1:170 to 1:3100 for beads ranging from 0.5% to 8% 

agarose.[96] The ability to tailor porous beads as well as controlling delivery rates allow 

for the expansion of the assay dynamic range for the detection of larger ranges of analyte 

concentrations. These findings provide a better understanding of capture under a range of 

transport conditions as well as guidance in making better engineering and assay decisions 

for rapid time frames for detection. 

3.4.4. Maintaining high flow rates under point of care constraints 

Small sample volumes and short assay times are attributes that dominate the 

stringent requirements for operation of point of care devices and that often result in 

limitations in term of detection sensitivity. As such, evaluation of the total amount of 

analyte captured under various volumes of the sample and incubation times must be 

examined. 
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In the case where sample volume is not a concern, the time of incubation of the 

antigen, often specified to be short for point of care assays, can be extended to improve 

the sensitivities of the assay. As shown in Figure 3.4B from computational modeling of 

total antigen capture for various delivery flow rates over incubation time lengths from 

5min to 30min, an increase in the time of incubation provides diminishing returns in 

additional antigen capture. This lower incremental increase is due to the reduction in 

unbound capture sites at the rim of the bead over the time of incubation. 

While a large sample size is required in the case above, which results in a higher 

fluorescent signal as flow rate increases, the volume of acquired sample is typically 

limited in point of care settings. Under limited volume constraints where the time of 

incubation can be extended until the sample depletes, the total capture of antigen drops 

significantly at high flow rates. This inverse trend, as shown in Figure 3.4A, results from 

the significant increase in time of incubation at slower flow rates. While the lowest 

volume shown here is 0.5mL, similar trends are expected for smaller volumes. Similarly, 

Figure 3.4D (v - limited) reveals that experimental assay runs using CRP, with a volume 

constraint of 1mL, show agreement with computational modeling, with a drop in signal 

for higher flow rates. At the slower flow rates, the longer residency time of the analyte 

overcomes drawbacks of slower capture of antigen due to the smaller depletion layer. The 

incubation time scales with the sample volume, while the increase in sample volume 

provides diminishing returns in fluorescence signal, as shown for sample volumes of 0.5 

to 2.0mL. 

In the first case, which revealed a higher fluorescent signal as flow rate increases, 

a large sample size is required in order to achieve such high signals. However, under 
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point of care conditions, at high flow rates, the entire sample would be depleted before 

the duration of the incubation time under point of care conditions, curtailing further 

antigen incubation. In this situation, termed by Parsa as reagent-limited regime, the assay 

depletes the sample too quickly and, thus, reduces the final signal.[105] As such, under 

constraints on both incubation time and volume of sample, maximum capture at the end 

of the assay occurs at the flow rate that depletes the volume at the specified incubation 

time. Further, according to Parsa, dilution of sample results in sub-par analyte capture. It 

is better to deliver a highly concentrated plug of sample than to dilute it.[105] As shown 

in Figure 3.4C with CFD modeling of the flow-through bead system, for 1mL of sample 

volume and 10min of incubation time, the optimal flow rate occurs at 100µL/min. This 

maximum signal was also observed experimentally (Figure 3.4D - v, t limited), in which 

the time of incubation of CRP was restricted to 10min.  



 65 

 

Figure 3.4 – CFD trials and experimental results exploring the total capture of 

CRP under conditions of limited sample volume and/or incubation time. A) 

Comparison of simulation derived capture changes under various flow rates 

for different volumes of sample with no time constraint. B) Comparison of 

simulated capture under various flow rates for different assay times under no 

volume constraint. C) Comparison of capture under both time and volume 

constraints. D) Comparison of experimental data showing effects of a time 

constraint on sensor response. E) From simulations, comparison of 

normalized analyte concentration at bead surface as a function of flow rate. F) 

Cut-off flow rates between reaction limited and transport limited regimes 

over duration of the assay.  

With a constraint only on the time of incubation (Figure 3.4D), the signal is 

reduced 5-fold at the low flow rate of 6.25µL/min. However, with a sample volume size 
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of 1mL, this 5-fold reduction in signal is equivalent to ~94% reduction in the total time to 

complete the assay, from 160min to 10min. Similarly, with a constraint only on the 

volume of sample, extending the total sample volume 4-fold, from 0.5mL to 2.0mL leads 

to a 4x increase in completion time with diminishing gains in signal. Figure 3.4C reveals 

that the maximum increase of antigen capture occurs at 100µL/min. Lower flow rates 

provide limited return due to complete saturation of the binding sites at the rim of the 

bead where the bead signal is acquired. Alternatively, at higher flow rates, the rate of 

sample delivery is much greater than the rate of capture, leading to lower total capture 

than that achieved at 100µL/min. 

Because sample volume is often constrained, defined both by patient needs and 

metered devices, the total time of incubation is typically the only factor that can be 

extended. As revealed by Figure 3.4, signal increase is much higher for an incremental 

decrease in flow rate or lengthening the assay time (4A) than for the same incremental 

increase in sample volume (4B). In other words, a sacrifice achieving a short assay time, 

would allow for more analyte capture. This increase is more beneficial than the increase 

in sample volume with respect to the total capture of analytes. Additionally, while being 

in a reaction-limited regime does provide benefits of higher antigen concentration local to 

the bead, at the optimal flow rate for an assay constrained by both time of incubation and 

sample volume, the assay is actually transport-limited. Figure 3.4E shows the antigen 

concentration, normalized to that of the bulk solution, at the bead boundary approaches 

1.0 as the flow rate increases for an assay constrained by both time of incubation and 

sample volume. At a cAg = 0.95 cutoff, corresponding to 417uL/min, the assay 

transitions from transport-limited to reaction-limited regime. 
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Figure 3.4F, reveals the dynamic transport and kinetic regimes within the bead 

over the course of the assay. A decrease in the cutoff flow rate at which the assay 

transitions from a transport-limited regime to a reaction-limited regime occurs as the 

assay progresses. As the duration of the assay is extended, transport-limited capture at the 

bead surface eventually transitions into reaction-limited capture. The dynamic transport 

and binding duo within the bead gives rise to a moving boundary of captured analytes, 

directed radially towards the internal core of the bead. 

3.4.5. Unilateral vs. recirculation 

Due to unilateral sample delivery in many microfluidic systems, a high flow rate 

would lead to an inefficient capture delivery as most of the sample is sent to a waste 

reservoir. To alleviate such limitations, a sample can be delivered using recirculation 

where the drain-bound sample is recycled back into the inlet. Under recirculation 

conditions, the amount of unbound analytes depletes at a rate dependent on the capturing 

efficiency. Figure 3.5 shows a comparison between assays in which CRP sample is 

delivered either unilaterally or under recirculation conditions with a total sample volume 

of 1mL. Use of recirculation of a 1mL sample volume of CRP reduces labeled antigen 

capture over time because the CRP concentration in the recycled sample diminishes as 

unbound CRP is captured (Figure 3.5A). Computational modeling suggests that each 

subsequent cycle has an antigen concentration of 98.5% of that from the previous cycle. 

While unilateral signal development under on volume constraints is still higher than 

recirculated signal under lower volumes, limitations in sample volume at the point of care 

can be alleviated with use of recirculation. This trend of higher signal by recycling the 

antigen, as opposed to that of unilateral delivery under the same volume constraints 
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(Figure 3.4D), can be observed for flow rates 59, 150, 300, 500, and 700µL/min. The use 

of recirculation is particularly beneficial at higher flow rates, as the sample does not 

deplete before the end of a single incubation cycle (Figure 3.5C). As higher flow rates are 

used to deliver the sample, there is a larger reduction in sample volume. For example, for 

700µL/min, recirculation uses 85% less sample volume at a reduced signal cost of 26%. 

 

Figure 3.5 – A) Comparison of signal development on bead under recirculation 

and unilateral conditions with no constraints on volume show higher signals 

for unilateral delivery. B) Comparison of final signal observed after 10 

minutes for various flow rates show similar trends in signal increase. C) 

Comparison of signal drop with the use of recirculation and reduced volume 

needs for various flow rates.  

For 700µL/min, only 1mL of sample is needed for recirculation, while 7mL of 

sample is needed for unilateral delivery. Higher flow rates equate to more capture under 

both delivery modes. However, as flow rate increases, the differences in signal capture 

between these two modes increase. While higher flow rates equate to more cycles, under 

recirculation, the total CRP concentration in the sample decreases, leading to diminishing 

gains in antigen capture. 



 69 

3.5. Summary 

Whereas ELISA can take between 2 to 12 hours for incubation, microfluidics 

offers benefits of shorter assay times with smaller sample volumes that often result in 

assays completed in less than 30 min. With more efforts directed towards point of care 

diagnostics, an understanding of the response of sensing elements under low volume and 

time constraints is crucial to improve the development of assays. Yet, inefficiencies of 

capture and diffusive transport occur at the depletion zone in such laminar flow-

dominated microfluidic systems. The use of porous beads in the flow-through, bead-

based system reported here, can alleviate transport inefficiencies at the depletion zone to 

complete assays within minutes. Further, the positioning of porous beads in individual 

flow-through containers enables the use of image-based approach of regional pixel 

analysis of the interrogation zones to allow for multiple biomarker recognition.  

A thorough understanding of assay conditions for the optimization of porous 

bead-based point of care devices is needed in order to fully take advantage of these 

benefits. Here, experimental immunoassay findings using AlexaFluor®488 labeled CRP 

antigen, in conjunction with computational fluid dynamics, reveal both external and 

internal saturation regimes with variations in their apparent binding kinetics. Further, the 

resultant temporal and spatial distribution of capture of analytes is a function of delivery 

rates. Under unilateral flow with constrained sample volume and assay time, an optimal 

flow rate exists for optimal signal development, such that the entire sample is depleted in 

the allotted time. Since higher internal flow and capture exists for higher delivery rates, 

recirculation can be implemented in the system to increase analyte capture. Recirculation 
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offers benefits over unilateral delivery with slightly reduced total capture at significantly 

reduced sample volumes.
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Chapter 4: Hot embossed polyethylene through hole chips for bead-based 

microarrays 

4.1. Scope 

The bead-based p-BNC microchip was initially fabricated through anisotropic 

etching of silicon. The use of silicon has afforded highly reproducible arrays of 

microcontainers, which are then easily inserted into a flow cell for testing. However, long 

fabrication times and expensive production costs have hindered its translation into broad 

use as an affordable, single-use clinical device. This chapter details the development of a 

thermoset polymer-based through hole microarray device to trap porous bead sensors. 

This polymer-based microchip, fabricated through hot embossing from an epoxy replicate 

mold of an array of pyramidal pits, allows for the development of disposable microchips 

in fabrication times that are much shorter than that of silicon-based microchips. 

4.2. Background 

Most LOC devices, traditionally composed of glass or silicon, are microfabricated 

using MEMS technologies, such as photolithography and anisotropic etching to produce 

simple, highly reproducible, passive channels and features .[8, 121] However, long 

fabrication times for silicon and opaque optical properties of this semiconductor have 

limited its widespread use.[66] Moreover, while glass offers optical transparency 

possibilities for a wide spectral range, highly toxic chemicals limit their widespread use 

by the research and in vitro diagnostics communities.[19] However, with the advent of 

soft lithography methodologies to produce LOC devices composed of 
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polydimethylsiloxane (PDMS), active LOC components such as valves and pumps have 

been developed and enhance LOC devices' mechanical functionality as well as allow for 

complex logic and scaled operations under low sample volumes. [130, 131] While PDMS 

offers biocompatibility and the diffusion of gases, it is limited in its capacity to yield 

scalability. Furthermore, although there are many advantages of these materials in 

research settings, they are limited in most cases to laboratory and research settings due to 

long production times and high manufacturability costs. [3, 68]  

With these considerations in mind, a number of groups have started to develop 

biosensor devices that are amenable to distribution in point of care settings. [3, 132] 

These important advances rely on a combination of low-cost raw materials that are 

integrated with detection modalities to yield, disposable devices where each device 

ideally costs less than $1.[68] For example, instrument-free devices using paper-based 

microfluidics have recently exploited the low costs of paper as well as capillary action 

due to the material's inherent porous structure with the aim to develop disposable, easy to 

use devices. [133-136] With the ease of disposable through incineration, these 

colorimetric-based devices can be analyzed using mobile phones, which is increasingly 

beneficial in resource poor environments where distance and cost are barriers for 

diagnostic devices. [137] To date these paper-based devices have focused on semi-

quantitative results interpreted by human eyesight and in some cases evaluated by 

remote imaging systems. These devices have yet to be found suitable for the 

rigorous needs of traditional clinical diagnostics.[3, 137] 

With these considerations in mind there has recently been a strong focus of 

the medical microdevice research sectors to explore thermoset polymers as 
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potential materials for LOC devices for the use at the point of care. [138, 139] These 

polymer materials offer many appealing benefits including low cost, scalability, 

disposability, quick production times, and strong optical performances. [140, 141] In the 

fabrication of such devices, a mold containing desired features is either embossed into or 

injected with thermoset polymers at a temperature above the polymer's glass transition 

temperature. Following a demolding phase to cool the mold to a temperature below the 

glass transition temperature, the part is removed from the mold.[140] Thermoplastic parts 

can achieve resolutions down to the sub-microns. [142-144] While these techniques are 

initially extremely expensive due to the high start up costs and development times 

associated with the machine and mold, typically produced through micromilling, the low 

cost of thermoplastics and economics of scaling allow for a rapid decrease in cost per unit 

with increasing quantities produced. [138] To help with these barriers, several groups 

have developed low-cost alternatives for such fabrication tools. [145, 146] 

Thermoset polymer-based devices have successfully been developed for the use in 

several microfluidic-based devices. For example, hot embossed devices, based on the 

thermoplastic cyclic polyolefin, have been developed for the extraction of DNA and for 

the detection of cardiac biomarkers in human sera.[147, 148] Further, the adsorption 

properties of thermoplastics have been harnessed to immobilize antibodies onto 

polystyrene devices.[105] Similarly, surface treatment of thermoplastic can facilitate 

bonding and modify hydrophilic properties. Further, chemical treatment of non-adsorbing 

surfaces of thermoplastics allows for the functionalization of antibodies.[149] [150, 151] 

These chemical treatments show promise for a wide range of plastic-based devices. 

 Further, PMMA has also been harnessed for the surface immobilization of 
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antibodies in capillary flow-based devices. Application of a sol-gel technology allows for 

a surface coating that facilitates antibody bonding.[152] Additionally, thermoplastic-

based devices, used to culture cells, reveal both strong cell attachment and growth to 

PMMA surfaces.[153] Likewise, surface immobilization onto plastics show the potential 

of plastic-based biochips as replacements for large equipments such as liquid 

chromatography for the detection of anesthetics.[154] Work completed by Klapperich 

and colleagues has demonstrated the application of plastic microfabrication to create 

devices with potential global applications for polymerase chain reactions. These 

developments reveal the capability of these plastic devices to service point of care DNA 

testing.[155, 156] 

Recently, there has been much interest in the use of beads as highly sensitive 

sensing elements in microfluidics. For example, David Walt and coworkers utilized 

optical fibers with microarrays of polymer beads for the detection of vapors, 

representative of the olfactory glands. [36, 37] Ng and coworkers have demonstrated a 

chip containing micropillars that hold a microarray of polymer beads for the detection of 

DNA. This device demonstrates the rapid detection of multiple bacterial species and 

nucleotides in under 10 minutes.[39] Furthermore, these sensors can be multiplexed to 

detect multiple DNA probes and proteins simultaneously.[33] Thompson and coworkers 

have developed a model for the temporal and spatial distribution of captured analytes in 

porous beads. These models agree well with confocal imaging.[126] Similarly, results 

from Chapter 2 reveal, through simulations and experimental evidence, the 

preponderance of porous beads as highly sensitive sensing elements due to the existence 

of internal convection inside porous beads.[96] These bead-based devices have shown 
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potential as highly sensitive, robust sensing elements for rapid detection of biological 

agents.[49] 

Over the last decade, our laboratory has sustained efforts to design, fabricate 

and validate in clinical settings for various health conditions a platform technology 

described as a programmable bio-nano-chip (p-BNC) system.[72, 73, 157] This 

modular platform is programmable in the sense that it can move in an agile way 

from one biomarker to the next through the insertion of molecular level code. The 

bio element refers to the biological aspects of the various disease and health 

conditions that may be monitored with this system. The nano terminology refers to 

the miniaturization that is embodied with nanonets to capture with high efficiency 

the critical biomarkers as well as quantum particles that can be used to enhance 

signaling. Finally, the chip terminology refers to capacity to use microfabrication 

capabilities to produce the devices at scale. With this p-BNC  system we have 

developed a flow through, pressure driven ensemble consisting of an array of highly 

sensitive agarose beads resting in anisotropically etched silicon wells. This unique 

flow through design enables convection driven internal transport within the 

situated porous beads. Versus lateral flow over designs, this design allows for 

shorter diffusion distances which allow for higher fractional capture efficiencies. 

While silicon-based microcontainers offer high reproducibility, high 

fabrication costs and long fabrication time hinder their translation into real world 

clinical practice. As such, a new material with low costs and fabrication times is 

needed. While the use of thermoplastics has been well explored in monolithic LOC 
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test elements, no studies to our knowledge have examined the fabrication of hot 

embossed tapered, through-holes as microcontainers for flow-through channels that 

support agarose beads. This paper explores the hot embossing of the 

thermoplastics, polyethylene, as potential material for microfabrication of through 

hole microarrays. To retain the original flow through design, a mold is replicated 

from anisotropically etched silicon wafer prepared through standard 

photolithographic methods that include reactive ion etching and exposure of 

protective layers. These through-hole devices are of particular interest in pressure 

driven, flow through microfluidic systems. These new structures are also 

demonstrated in their capacity to support the measurement of the essential 

inflammatory biomarker, cardiac reactive protein (CRP). 

4.3. Materials and methods 

4.3.1. Preparation of silicon mold 

A P-type <100> silicon wafer with a diameter of 4'', a thickness of 400µm, and 

pre-coated with a protective nitride layer, was prepared using standard photolithography 

and microfabrication techniques as described previously.[71] S1813 was spun over the 

wafer for 3s at 1000rpm with a ramp up speed of 500rpm/s, followed by a 60s spin at 

3000rpm with a ramp up speed of 500rpm/s, and soft baked on a hot plate at 115°C for 

60s. A monochrome photomask film, designed with 12 arrays of 3x4 squares with 

dimensions 600µmx600µm, was purchased from Fineline (Colorado Springs, Co). The 

photoresist-coated wafer was exposed under a MJB4 mask aligner (SUSS MicroTec; 
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Garching, Germany) for 17s, and developed using MF-319 for approximately 10s. The 

exposed, protective nitride layer was removed using reactive ion etching (Oxford Plasma 

Lab 80 Plus; Concord, MA) using a gas mix of 45sccm CF4 and 5sccm O2, RIE forward 

power of 100W, and a ICP power of 60W at a pressure of 50mT for 80s. The wafer was 

then anisotropically etched in a double bath setup of KOH overnight (Figure 4.2A) until 

all wells were etched through the wafer.  

4.3.2. Casting for Aluminum Epoxy Stamp 

Prepared mold containing negative features was placed over a 150mmx150mm 

scotch tape and surrounded by a plastic Lego blocks that served to shape the aluminum 

epoxy mold. The aluminum epoxy, PT4925 (PTM&W Industries; Santa Fe Springs, CA) 

was chosen due to its resistance to high temperatures and pressures. A mixture weighing 

75g was prepared on a weigh boat at a 100 to 9.5 ratio of PT4925A to PT4925B. To 

remove bubbles, the mixture was centrifuged for 2.5min at 2500rpm. Prior to pouring the 

epoxy over the wafer, Ease Release 200 (Smooth-On; Easton, PA) was applied to the 

wafer to improve the release of the epoxy from the wafer. After the aluminum epoxy was 

poured into the rubber mold (Figure 4.2B), the epoxy was warmed up at 70°C for 30s to 

reduce its viscosity and then degassed in a vacuum for 2 min. A manual wooden stick 

was used to ensure wells were filled with the epoxy. The epoxy was allowed to cure for 3 

hours on a flat benchtop under continuous heating with a Stanley heating fan (#675945) 

set at 70°C. To increase the rigidity and mechanical strength of the epoxy mold, the mold 

was incrementally heated every hour at 66, 121, and 177°C. 
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4.3.3. Embossing 

A 75mmx75mm layer of polyethylene with thicknesses of 375µm (#86255K61), 

purchased from McMaster-Carr (Atlanta, GA), was cut and placed over the epoxy mold 

with positive features touching the thermoset plastic. A layer of elastomer rubber 

(#86075K22) with thickness 1.3mm, placed on top of the polymer allowed reduced 

damage to the mold. This triplet was sandwiched between pairs of aluminum plates with 

thickness 2.5mm (#86075K22), elastomer rubber (#5787T31), and kapton film 

(#2271K1), all purchased from McMaster-Carr (Figure 4.2C). These pairs served to 

provide mechanical support, equalized pressure over the arrays, and easy release from the 

machine.[147] This stack was placed inside an Autoseries AutoFour 15-NE Press 

(Carver; Wabash, IN). Two cycles, an embossing and demolding cycle, were used. The 

embossing cycle was set to 10min with applied pressure of the platens set to 680kg. The 

demolding step allowed the polymer to cool. This step was crucial to reduce warping and 

shrinkage, caused by a rapid descent in external temperature. Room temperature water 

was delivered to the hot press to cool it down. Upon achieving 100°C after approximately 

5min for cooling, the mold and part were removed from the hot press. 

4.3.4. Reagents and sensors 

Porous beads, prepared using 2% agarose, using previously developed emulsion 

methods, were crosslinked and glyoxylated.[71] Beads of approximately 280µm were 

selectively filtered using selective sieves with filter sizes between 280µm and 300µm. 

Agarose beads were conjugated overnight with 4mg/mL anti-CRP capturing antibodies 

(Fitzgerald; Concord, MA) per 500µL of beads using previously developed methods.[72] 
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Detecting anti-CRP antibodies (Fitzgerald; Concord, MA), were diluted 1:250 in 

phosphate buffered saline (PBS) and conjugated to Alexa-Fluor 488 (Invitrogen; 

Carlsbad, CA). Stock purified, native human CRP antigen was diluted to 50ng/mL in 

PBS. Calibration and negative control beads were conjugated to agarose beads overnight 

with 0.02mg/mL Alexa-Fluor 488 bound donkey anti-sheep IgG (Invitrogen, Carlsband; 

CA) and 4mg/mL anti-TNF-α antibody (Cell Sciences; Canton, MA), respectively. 

4.3.5. Device fabrication 

Alternating layers of double sized adhesive (DSA), vinyl, and thermoplastic were 

sandwiched together to form the laminate-based test structure, as shown in Figure 4.1. 

Designs of channels and flow holes were constructed in AutoCAD 2011 (Autodesk, San 

Rafael, CA) and cut into layers using a plotter cutter. These alternating DSA, vinyl, and 

thermoplastic layers, consisting of a flow chamber and drain layer were sandwiched onto 

a base glass slide. The flow channel leading to the bead array, consisting of DSA, 

measured 3mm wide and 23mm long. Under the array contains a drain reservoir of 

dimensions 4mm by 6.6mm that leads to a waste channel, measuring 12mm by 1.5mm. 

Modular, fluidic buses, used to connect channels to silicone tubing, were cut using a laser 

cutter (Universal Laser System; Scottsdale, AZ). 

4.3.6. Assay delivery 

Volumes of 100µL for sample and 10µL for detecting antibody were metered in a 

10 port low pressure injector valve from Vici Valco Instruments (Houston, TX). A 

programmable NE-1000 syringe pump from New Era Pump Systems Inc. (Farmingdale, 

NY) filled with PBS flushed the injection loop at predefined flow rates. The sample was 
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delivered at 25µL/min for 4 min and detecting antibody was delivered at 10µL/min for 3 

min, followed by a final PBS wash step at 500µL/min for 1 min. Samples with 

concentrations of 0.025, 0.25, 0.5, 1.0, 10, 25, and 50 ng/mL provided points to form a 

dose curve. 

4.3.7. Data collection and image analysis 

A DVC 1312 LVTE cooled camera (DVC; Austin, TX) connected to an Olympus 

BX-2 microscope (Center Valley, PA) with 4x objectives captured 8-bit TIFF images at 

2s exposure and +15 gain. Beads in the images were analyzed using a custom written 

ImageJ (NIH; Bethesda, MD) macro. Each manually selected bead was radially scanned. 

The bead signal, taken as the highest signal in the collection of average circumference 

intensities, corresponds to the average signal on the ring of the bead. Values for points on 

dose response corresponded to the difference in signal intensities between the CRP bead 

and negative bead. Scanning electron microscopy images were acquired using a Hitachi 

TM3000 (Pleasanton, CA). 

4.4. Results and Discussion 

4.4.1. Device 

To move past these barriers, our recent efforts here described have focused 

on the development of hot embossing techniques that are compatible with 

producing flow through bead holder elements that are critical to the MEMS-based 

bead sensor ensembles. In order to maintain the same structure as the original 

silicon mold, the etched wafers is used as negative replication molds to produce 
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polymer-based bead holders. An aluminum-based epoxy is used as an intermediate 

molding tool to replicate the features into a positive mold. After using the mold 

during hot embossing, the embossed thermoset polymer bead holder is then 

sequestered between layers of laminates and double sided adhesive. The top 

transparent cover, polycarbonate, is attached to the bead holder though a double 

sided adhesive (DSA) with a cutout flow chamber. Fluid is delivered to a bubble trap 

prior to entry into the flow chamber. The flow chamber is flushed of air with a 

bubble trap membrane at the opposite end of the bead array. A schematic of the flow 

in this chamber is shown in Figure 4.1A. The DSA drain channel underneath the bead 

holder is assembled on top of a plastic slide. Figure 4.1B shows the flow trajectory of 

delivered fluid as the fluid flows around the bead and down the drain. 

 

Figure 4.1 – A) The microfluidic card device consists of layers of laminate and 

plastics. A bubble trap at the inlet removes bubbles from delivered fluids. B) 

Flow trajectory showing fluid delivery to an array of bead sensors. 
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Figure 4.2 – A) A master containing multiple arrays of etched wells is 

produced using standard lithography and anisotropic etching of KOH to 

produce wells to hold agarose beads. B) An aluminum-based epoxy, poured 

over the silicon wafer, is cured, released, and hard baked. C) The epoxy stamp 

and thermoplastic is sandwiched between pairs of elastomer rubber, stainless 

steel sheets, and kapton film during the embossing process. 

4.4.2. Epoxy mold 

While brass molds cut using computer numerical controlled (CNC) micromilling 

are typically used directly for hot embossing, direct wear of the mold after a few 

iterations delays rapid fabrication of thermoplastic parts. Similarly, direct hot embossing 

using the silicon is not ideal as the brittle wafer is prone to breaking. Long micromilling 

times of up to two weeks for high resolution molds and cumbersome steps for anisotropic 

etching necessitate an alternative mold material for hot embossing. While a few groups 
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have used epoxies as molds for hot embossing, these molds were not able to withstand 

high temperatures and pressures needed for polyethylene.[147, 158] As such, the choice 

of this particular PT4925 aluminum epoxy allowed for resistances to temperatures up to 

185°C and compressive strengths up to 21,120 psi. While the wear has not been fully 

tested for this mold, 40 successive iterations have not damaged the mold. The ability to 

cast this mold in under six hours is much preferred to the longer fabrication times for 

micromilling brass or etching silicon after a few embossing iterations. Figure 4.3A and B 

show scanning electron microscopy of a single silicon well and epoxy replicate. 

While the casting of the epoxy over the silicon wafer allowed for quick 

replications of the mold, silicon is prone to cracking due to silicon's brittle material 

properties. Further, subsequent etching of silicon can lead to variations in dimensions 

from batch to batch. As such, methods to preserve the silicon mold for future casting 

ensured reproducibility. One method implemented here, uses surface treatment facilitate 

the removal of the mold from the wafer. To achieve this goal, application of Ease Release 

200  as a coating to the surface of the silicon, followed by 10 minutes to dry enabled low 

bonding between the epoxy and the wafer. Under no surface application, the wafer 

bonded permanently to the epoxy. With the application, the wafer was easily released 

from the epoxy. No re-etching of the wafer was required. 

Moreover, while the wafer is preserved, proper handling is required due to the 

brittleness of silicon. A secondary option to preserve the pyramidal structures is to cast 

the positive features of the epoxy into polydimethylsiloxane (PDMS). While PDMS does 

not bond well with the epoxy, application of hydrophobic treatment with silane on the 

surface of the epoxy under a vacuum ensured no bonding with the epoxy.[159]  As such, 
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casting of the epoxy can be performed onto the more versatile PDMS mold instead of the 

silicon mold. 

4.4.3. Thermoset polymer 

Efforts by Becker have examined a collection of potential polymers for 

applications in microfluidics.[140] Examination of a collection of common 

thermoplastics and their initial feasibility for use in the p-BNC bead microcontainer led 

to the choice of polyethylene. Several factors were taken into account to eliminate 

thermoplastics that are not suitable. These included optical reflectivity, hot embossing 

temperature, and performance indicators, including signal to noise, signal to background, 

and mean fluorescent intensity (MFI). 

While many thermoplastics exist, those with high autofluorescence properties are 

not amendable to fluorescence-based sensors where signal to noise and signal to 

background would be low. A table containing the autofluorescence values at an excitation 

wavelength of 495nm is provided in Table 4.1.  
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Table 4.1 -  Listing of common thermoplastics as well as values for their 

autofluorescence under excitation wavelength 495nm. 

 

Moreover, while several thermoplastics do meet the low background noise 

requirements, such as cyclic olefin copolymer (COC), polycarbonate (PC), 

polyoxymethylene (POM), and polymethylmethacrylate (PMMA), factors such as cost 

and machinability create challenges for low cost fabrication. For example, while COC is 

often used in microfluidics due to its optical transparency, its cost is a barrier to low cost, 

single use devices. Further, while PC has low autofluorescence, assays ran under PC 

exhibited high background noise. Further, difficulties in hot embossing through holes in 

PMMA within the temperature and pressure limitations of the epoxy limited its use. 

Moreover, embossing of through holes parts in POM met challenges. The opaque 

material became semi-transparent after embossing and the resulting embossed part was 

too thin. As such, polyethylene was chosen for its low cost, friendliness to embossing, 

and low optical noise. 
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4.4.4. Through hole embossing 

Because of the need to emboss through-hole parts, complications arose to protect 

the tips of the mold. Several methods have been explored previously using either 

aluminum or acetate buffer layers, and alignment of complementary top and bottom 

molds.[160-162] Yet, challenges exist in alignment and choice of complimentary 

thermoplastics as a buffer layer for polyethylene. Without any appropriate steps taken, 

the mold and the underlying stainless steel plate would have dented and prevented 

subsequent use in cycles. As such, the choice of elastomer rubber, with a durometer of 

75A, served as a buffer layer to reduce complications in damaging the mold. 

Hot embossing requires a processing temperature that is above the glass transition 

temperature of the thermoplastic. Polyethylene has a glass transition temperature of -

10°C. However, embossing results vary depending on the embossing time, pressure, and 

temperature. In order to keep embossing process consistent and quick, 10 minutes and 

680kg/platen was chosen. Thicknesses of the part obtained under embossing temperatures 

ranging from 140°C to 180°C are shown in Figure 4.3D. At the low temperature of 

140°C, through holes were not visible on the parts. However, arrays with complete 

through holes were observed at 160°C. Comparisons of the mold and embossed polymer 

at 160°C are shown in Figures 4.3B and C. Reductions in the thickness of the part will 

decrease as the temperature increases. This plateau effect is due to the limitation of the 

mold in completely penetrating the buffer layer. 

 



 87 

 

Figure 4.3 – A) SEM image of etched silicon microcontainer shows pyramidal 

square through-hole structure with a top opening of 500µmx500µm and 

bottom opening of 100µmx100µm used to hold a 290µm bead. B) SEM image 

of casted PDMS shows very consistent replication of features. C) SEM image of 

embossed at 160°C polyethylene shows good replication of pyramidal pit. D) 

SEM image of a 3x4 array of microcontainers embossed onto polyethylene, 

separated by 150µm. 

4.4.5. Performance 

A dose curve was obtained to characterize the range as well as to determine the 

detection limit of the assay. Points were chosen based on previously reported ranges for 

the protein CRP.[72] Images were taken with a 12-bit, indexed color DVC camera which 

supports 4096 different color levels. Images were saved using the vendor provided image 
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capturing software and automatically upscaled into a 24-bit, true color RGB Tiff format 

to support the preservation of all 4096 different color levels, which supports 16,777,216 

color variations. Because nearly all fluorescent signal is in the green channel, signal on 

the beads were extracted from the 8-bit green channel, consisting of 256 different levels. 

 Assuming no outliers, each bead is slightly over 50 px in diameter so there are 

~2000 px over each bead. The circumference would contain ~160 px. Because of signal 

averaging, the bit depth would increase based on the number of pixels used in the 

averaging. For example, for line profile, there are ~50 px / bead, which equates to 256*50 

= 12800 levels. For CAOI, there are ~2000 px / bead or 256*2000 = 512000 levels. 

Finally for radial profile, there are ~150 px / bead for a total of 256*150 = 38400 levels. 

In comparison, 12-bit cameras have a total of 4096 levels (256*8). Thus, pixel averaging 

can extend the bit depth level and improve LOD calculations. Further, using n beads 

would increase the overall bit depth by n times. 

Subtraction of the signal on negative controls beads removed the offset from 

nonspecific binding and background noise. The limit of detection (LOD) for the 

competitive assays were established by plugging in the signal intensity from the zero-

antigen run plus or minus 3 standard deviations , respectively, into a 4- or 5-parameter 

logistic curve. Signal for each point is calculated from the mean intensity over an area of 

interest consisting of a circular region with a diameter of 50 pixels. Figure 4.4A shows 

result of a representative assay run with x ng/mL of CRP. Here, in addition to the CRP 

bead sensors, loaded on the chip with 8x-redundancy, are two calibrator beads coupled to 

a fixed amount of fluor, as well as two negative control beads coupled to an antibody 

irrelevant to the CRP target. This array was exposed to increasing concentrations of CRP, 
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including no antigen condition, to derive the dose response shown in Figure 4.4B. This 

12 minute assay, demonstrated a limit of detection at 0.3 ng/mL, as the 3 standard 

deviations above the 0 antigen run (CI: 99.9%). The dynamic range of the assay, 

spanning 3 orders of magnitude, is suitable for the concentration of CRP in saliva for the 

detection of acute myocardial infarction where the cutoff for positive cases is 

4.13ng/mL.[163] For the detection of CRP in serum, the sample would need to be diluted 

prior to introduction into the device. 
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Figure 4.4–A) Epifluorescent images showing results from 50ng/mL CRP 

delivery with 2 calibrator beads (top left), 2 negative control beads (top right), 

and 8x redundancy CRP specific bead sensors. B)  The 7 point dose curve with 

a limit of detection of 0.3 ng/mL. 

4.4.6. Cost Considerations 

In the macroscopic world, polymers have found widespread success as a 

result of low costs and fast fabrication times.[138] Microfluidics technology can 

benefit from the use of polymers, which offer benefits over traditional 

microfabrication materials such as silicon and glass.[138] High reproducibility, low 

per unit costs, and the ability to quickly produce high quantities in short times allow 

for commercialization of microfluidic devices.[141, 147] While initial infrastructure 

costs are high, the ability to quickly produce polymer parts, as well as the low cost of 

raw materials, makes polymers very attractive for both laboratory scale production. 

Figure 4.5A shows the costs associated per part for silicon etching and polymer hot 

embossing. Costs include both equipment and labor. While mass production can 

certainly reduce costs, the cost of a silicon chip plateaus at $10. In contrast, hot 

embossed polymer chips cost 1000X less. Furthermore, etching of a silicon wafer 

spans the duration of a day and overnight. In contrast, simultaneous application of 

four molds, each containing 12 arrays, can produce 96 parts in half an hour. While 

not industrial scale, the ability to produce such quantities is appealing for research 

grade testing and serves as an attractive pre-commercial step prior to moving to 

scalable injection molded plastic approaches. 
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Figure 4.5B provides a representative breakdown of the manufacturing and 

supply costs of individual components for fabrication of a pre-commercial bead-

based approach. It is worth noting that the costs of the sensor substrate, agarose, is 

negligible. For example, 1 g of agarose can result in 265,000 beads with 2% agarose 

content, has a cost of only $13.70 (#A9045; Sigma-Aldrich). Polyethylene with a 

thickness of 250µm costs ~$0.80 per m2 (#86255K61; McMaster-Carr). With a 

footprint less than 2 cm2, each polyethylene microchip costs less than a $0.01. As 

such, the cost structure of bead-based approaches are similar to those of paper-

based diagnostics where costs are in the few cents.[132, 133, 164] However, 

independent of the materials base (paper or plastic), the costs of reagents are an 

expensive component in immunoassays. For example, the research cost of 12 

agarose beads with 280µm diameters with a capturing antibody load for CRP of 

6mg/mL costs ~$0.50 and the cost of detection antibody is ~$0.32. When scalable 

plastics are brought into the equation, the costs of reagents, often overshadowed in 

the cost of raw materials, significantly contribute to final costs of a diagnostic 

device. It should be noted that as these devices scale, reagent costs are expected to 

be reduced 10x or more relative to these initial conservative projections. 

Furthermore, while often neglected in the overall cost considerations, packaging 

constituents a major portion of overall device costs. Packaging costs here consist of 

bonding, surface modification, reagent loading, printing, and final card 

assembly.[165, 166] We provide an estimate of the final cost for packaging to be 

~$1. This cost correlates with previous estimates whereby packaging constitutes for 
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50-90% of the final device fabrication cost, with 80% being the accepted norm.[167-

169] 

 

Figure 4.5 – A) The economics of scaling up for silicon and plastics. The cost of 

a silicon chip levels off at ~$10 while the cost of a plastics chip can go down to 

pennies, a 3 orders of magnitude reduction. B) Breakdown of costs for 

individual components of agarose bead-based approach for the detection of 

CRP. 

4.5. Summary 

The ability to quickly replicate designs from silicon to the much more 

affordable polyethylene thermoplastic has the potential to move LOC devices 

forward towards applications that are amendable at the point of care. Furthermore, 

in cases where optical transparency is not required, often for the non-imaging 

regions of a test device, the use of polyethylene is a much affordable alternative to 

other relatively expensive thermoplastics such as cyclic olefin copolymer. The 

transition from silicon to polyethylene offers a ~3 log reduction in material costs. In 
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the development of microfluidic immunoassays, the reductions in costs of materials 

can offset the costs of reagents. 

Further, the methodology described here to fabricate tapered, through hole 

polymer devices is important for developing more advanced, multilayer microfluidic 

devices in polymers. As demonstrated here, when coupled to agarose beads in this 

unique flow through system, diagnostic tests can be rapidly performed to detect low 

concentrations of analytes. Moreover, the unique array structure described here can 

be expanded to support large multiplexed panels of biomarkers simultaneously. 
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Chapter 5: Enhancement of performance in bead-based microarrays: effects 

of geometry on bioagent capture 

5.1. Scope 

Long diffusion distances of ELISA and planar microarrays have led to inefficient 

analyte capture. The p-BNC flow through design allows for shorter diffusion distances 

and pressure driven flow for higher capture efficiency of analytes. However, efficient 

capture resultant of flow through microregions lead to a lower capture efficiencies as 

fluid flows down to waste. 

In this chapter, the effects of channel geometry and bead size in a pressure-driven, 

flow-through microfluidic system are examined. Fluidic bypass and bead-fluid contact 

are analyzed for a range of bead sizes.  Localized flow rates at the medial plane of the 

beads were determined computationally for corresponding bead diameters. Variations in 

bead sensitivities for the capture of fluorescently-labeled C-reactive protein are compared 

to computational models solved in COMSOL. It is anticipated that these types of studies 

will lend in the future an understanding of channel geometry and bead size on capture 

sensitivity will provide guidance for improved detection limits as well as reduced costs 

associated with point of care immunoassays. 

5.2. Background 

Microfluidic lab on a chip (LOC) devices have received a significant amount of 

attention in the past two decades with a range of potential applications for detection of 

environmental, biological, and chemical agents.[9, 170, 171] Through the miniaturization 
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of existing components, LOC devices offer detection of agents in fluids at low cost with 

low sample and reagent volumes.[8, 11] With potential for rapid turnaround of results, 

these sensitive devices with multiplexing capability offer opportunities to simultaneously 

detect a panel of biomarkers for early stage disease detection and monitoring. [68, 172] 

These advancements in microfluidics offer significant opportunities in point of care 

(POC) applications.[173] 

Yet with more efforts directed towards point of care diagnostics, challenges arise 

in the ability to detect low concentrations of biomarkers in human bodily fluid 

specimens.[12] As such, the ability to provide highly sensitive results under low sample, 

small reagent amounts, and short time constraints necessitates the development of novel 

integrated fluid processing concepts, efficient bioagent capture strategies and 

development of modular detection methodologies that are suitable for high fidelity 

quantitation of complex fluid samples. 

Several prior efforts have focused to the chemistries of nanoparticles to amplify 

sensitivities.[174-178] For example, the seminal work by the Mirkin group revealed 

spectral shifts in the detection of nucleotides through DNA hybridization and gold 

nanoparticles.[179, 180] The aggregation of gold nanoparticles allowed for the quick 

colorimetric detection of nucleotides. More recently, Sia and coworkers utilize a silver 

reduction technique to catalyze gold colloids coupled to captured secondary-

antibodies.[181] This amplification method results in a semi-opaque film that can be 

quantified using low cost detectors. Similarly, Fu, et. al. improve sensitivities on lateral 

flow tests through the gold enhancement of gold nanoparticles. This chemical 

amplification allows for colorimetric detection on paper-based microfluidic devices.[182]  
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While there are many studies that use amplification methods to detect lower 

signals, only a few studies have examined amplification of signal by geometric 

modification in an effort to enhance the transport of delivered analytes to sensing 

elements. For example, Green and coworkers recently examined channel geometry to 

improve cell adhesion to winding channels. This study revealed uniform adhesion in 

curved turns where flow near the walls is uniform.[183] Similarly, Kobel, et. al, 

improved single cell trapping efficiency up to 97%.[184] Here, geometric optimization 

improved cell trapping 5-7 fold from 10-20%.[185, 186] Furthermore, Hu examined 

binding kinetics in a planar flow channel with varying channel heights.[104] Likewise, 

Yan, et. al, revealed geometric optimization of T-mixers can improve optimization 

through increased diffusivity.[187] This optimization of mixer design improved mixing 

performance to aid in protein folding experiments.[188] These studies allow for quicker 

reactions, especially pertinent for time critical applications. Further, optimization studies 

completed by Nagrath, et. al, revealed improvements in the capture of circulating tumor 

cells of up to ~50%, a 2-fold improvement over existing approaches.[189] 

Moreover, the transport and capture of analytes in porous beads have been studied 

in detail. Bau and co-workers have investigated the kinetics of biotinylated quantum dot 

binding to the surface of streptavidin-coated beads.[107] The combination of confocal 

imaging to computational modeling reveal details on the spatial and temporal mass 

transfer within agarose beads.[126] Further, work by Yang revealed that exploitation of 

increased internal transport to capture sites functionalized in superporous agarose beads 

exhibited enhanced sensitivity.[91] Our prior studies revealed that the distribution of 

binding and internal transport in the interior of porous beads is dependent on molecular 
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size of analytes and hindrance due to the size of the internal fibrous network.[79] A 

computational model developed by Chapter 2 revealed enhanced sensitivities as a result 

of convection driven internal flow in pressure-driven microfluidic systems.[96] 

5.3. Materials and methods 

5.3.1. Reagents and sensors 

Homogeneous, porous, 2 wt % agarose beads were synthesized in-house, as 

follows. A 2% agarose solution was prepared by dissolving 1.002 g of agarose (Sigma-

Aldrich, Inc.; St. Louis, MO) in 50 mL of nanopure water and heated to 85 °C. 

Simultaneously, a suspending solution, consisting of 9% Span-85 (Sigma-Aldrich, Inc.; 

St. Louis, MO) in heptane (Sigma-Aldrich, Inc.; St. Louis, MO) was heated to 58 °C. 

Once dissolved, the agarose solution was allowed to cool to 62 °C and poured into the 

suspending solution while stirring at 550 rpm with an overhead stirrer. The solution was 

allowed to cool down to room temperature while continuously stirring. Beads were 

washed with a 50% ethanol-water solution, diluted down from 190 proof ethanol reagent 

(DLI; King of Prussia, PA). Beads with diameters of 180, 212, 250 and 280µm were 

collected using size selective sieves (Cole-Parmer; Vernon Hills, IL). These agarose 

microspheres were cross-linked with divinyl sulfone (Sigma-Aldrich, Inc.; St. Louis, 

MO) and glyoxal-activated using glycidol (Acros Organics; Fair Lawn, NJ) as described 

previously.[190] Glyoxalated beads of 280µm were conjugated overnight with 2.0mg/mL 

anti-CRP polyclonal antibodies (Fitzgerald; Concord, MA) per 500 µL of beads using 

previous methods.[72] Glyoxalated beads of 180, 212, 250 and 280µm were conjugated 

overnight with 6.0mg/mL anti-CRP monoclonal antibodies (Fitzgerald; Concord, MA) 
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per 200µL of beads. Native human CRP antigen was conjugated with Alexa-Flour 488 

(Invitrogen; Carlsbad, CA) according to the manufacturer’s directions. A concentration of 

50 ng/mL of conjugated CRP with Alexa-Flour 488 with a 4.51 moles of protein : moles 

of dye ratio in PBS solution of pH 7.2 (Thermo Scientific Life Science Research 

Products; Rockford, IL) was aliquoted and stored at -20°C.  Antigen was centrifuged 

prior to use at 1.5RPM x 1000 for 5 min.  

5.3.2. Device fabrication 

Layers of double sized adhesive (DSA), containing fluidic channels, and 

polyethylene terephthalate were sandwiched together to form the drain section of the test 

structure. The flow channel, bonded on top of the polyethylene microchip, measured of 

3mm by 23mm. The drain reservoir under the array measured 4mm by 6.6mm and led to 

a waste channel with dimensions 12mm by 1.5mm. The flow chamber was sealed with 

polycarbonate. Modular, fluidic buses, used to connect the device to external fluid 

delivery systems, were cut using a laser cutter (Universal Laser System; Scottsdale, AZ).  

5.3.3. Preparation of microcontainers 

Positive featured clipped bead arrays containing 3x4 inverted pyramids frusta on a 

base plate with dimensions 101.6mm x 101.6mm x 12.7mm were designed in Solidworks 

2010 (Waltham, MA). Each container structure measured 570µm x 570µm at the base 

and 100µm x 100µm at the top frustum with a height of 280µm. The separation of the 

structures measured 650µm. Clipping radius, centered about the axis of each structure, 

measured 608µm at the base and 53µm at the top plateau of the structure. The part was 

CNC micromilled onto a brass slab by Jauvtis Microprecision (Brighton, MA). 
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Unclipped, inverted pyramids were anisotropically etched onto a silicon wafer 

with 100mm diameter and 400µm thickness using standard anisotropic etching 

procedures. Briefly, a P-type <100> silicon wafer with a protective nitride coating, 

purchased from Nova Wafers (Flower Mound, TX), was cleaned using acetone and 

isopropyl alcohol. S1813 was spun onto the wafer for 3s at a rate of 1000rpm with an 

acceleration of 500rpm/s followed by a secondary spin at 3000rpm for 60s with an 

acceleration of 500rpm/s. The wafer was soft baked on a hot plate at 115°C for 60s. The 

process was repeated for the reverse side.  A 100mm mylar photomask film, designed in 

AutoCAD (San Rafael, CA) with arrays containing 3x4 squares with dimensions 550µm 

x 550µm was purchased from Fineline (Colorado Springs, Co). The wafer was exposed 

through the mask with a MJB4 mask aligner (SUSS MicroTec; Garching, Germany) for 

17s followed by development using MF-319 (Rohm and Haas Electronic Materials; 

Marlborough, MA) for approximately 10s. The patterned wafer was etched by reactive 

ion etching (Oxford Plasma Lab 80 Plus; Concord, MA) with a mixture of 45sccm CF4 

and 5sccm O2, at an ICP power of 60W and RIE forward power of 100W for 80s at a 

pressure of 50mT. The wafer was cleaned with acetone and then anisotropically etched in 

a double bath setup containing KOH overnight until inverted wells completely etched 

through the wafer.  

5.3.4. Casting of Epoxy Stamp 

A mixture of 100g of PDMS was prepared on a weigh boat at a ratio of 

prepolymer to casting agent ratio of 100:20. The mixture was centrifuged for 2.5min at a 

rate of 2500rpm. The mixture was poured over the brass mold with micromilled positive 

features and heated to 70°C in front of a heating fan (Stanley; #675945) for 1 hour. The 
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cured PDMS, containing negative features of the brass mold, was peeled off from the 

mold. 

Negative PDMS mold containing clipped structures and silicon mold with 

negative features of unclipped structures were placed on top of a 150mm x 150mm scotch 

tape surrounded by plastic slabs to shape the aluminum-based epoxy mold. Ease Release 

200 (Smooth-On; Easton, PA) was sprayed on the silicon surface to facilitate removal 

from the mold. A mixture containing 75g of the epoxy, PT4925 (PTM&W Industries; 

Santa Fe Springs, CA), was prepared on a weigh boat at a 100 to 9.5 ratio of PT4925A to 

PT4925B. The mixture was centrifuged at 2500rpm for 2.5min. The mixture was then 

heated in front of a heating fan at 70°C for 30s to improve its viscosity. After epoxy was 

poured over the wafer, manual confirmation using a wooden stick ensured the epoxy 

filled all the negative features. The epoxy was then degassed under vacuum for 2min. The 

epoxy was the cured under continuous heating at 70°C for 3 hours. The epoxy mold was 

released and then hard baked at incrementally increasing temperatures each hour at 66, 

121, and 177°C. 

5.3.5. Embossing 

A layer of polyethylene thermoplastic measuring 75mmx75mmx375µm, 

purchased from McMaster-Carr (#86255K61; Santa Fe Springs, CA) was cut and placed 

over the epoxy. A layer of elastomer rubber (#86075K22) was placed on top of the 

polymer to serve as a buffer layer. These three layers were then sandwiched between 

pairs of aluminum plate (#86075K22), elastomer rubber (#5787T31), and kapton 

film(#2271K1), all purchased from McMaster-Carr (Santa Fe Springs, CA). The stack 
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was then hot embossed inside an Autoseries AutoFour 15-NE Press (Carver; Wabash, IN) 

for 10min under a pressure of 680kg and temperature of 160°C. Water was delivered to 

the platens to cool the part for 5min. After the part cooled to 100°C, the mold and part 

were removed from the press. 

5.3.6. Assay delivery 

The effects of bypass on capture between bead holders were studied using 

50ng/mL fluorescently labeled CRP antigen in PBS pH 7.2 using manufacturer’s 

instructions. Briefly, CRP antigen was diluted to 2mg/mL and reacted with 1 vial of TFP 

ester, bis (triethylammonium salt) for one hour. A 30,000 MW size–exclusion resin was 

used to purify the labeled antigen from unreacted dye. The concentration of labeled 

antigen was determined from absorbance values at 280nm. A programmable NE-1000 

syringe pump from New Era Pump systems Inc. (Farmingdale, NY), at 50µL/min, for 

6min, was used to deliver the antigen. The study of effects of flow rate on capture 

between bead holder designs were studied at flow rates of 10, 25, 100, 200, and 

300µL/min for 30min respectively, using 50ng/mL fluorescently labeled CRP antigen 

respectively. To remove nonspecific binding, PBS was delivered at 400µL/min for 2min.  

5.3.7. Data collection and image analysis 

A DVC 1312 camera (DVC; Austin, TX) mounted to an Olympus BX-2 

microscope (Center Valley, PA) with 4x objectives, saved 8-bit TIFF at 3sec exposures. 

Images were split into respective RGB components with the green channel used for 

analysis. Beads were manually located and analyzed using a custom Java-based macro in 

ImageJ (NIH; Bethesda, MD). A collection of values consisting of the maximum of 
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horizontal line profiles, scanned from the bead, provided the resultant signal intensity 

value on the bead. Scanning electron microscopy images were acquired using a Hitachi 

TM3000 (Pleasanton, CA). Confocal images were acquired using a LSM 510 META 

laser scanning microscope system equipped with 10x/0.45 Plen-APOCHROMAT 

objective lens from Carl Zeiss MicroImaging (Gena, Germany) equipped with an argon 

laser of 50% output. Configuration controls to accommodate excitation and emission 

maxima of AlexaFlour 488 were applied at 495nm and 519nm, respectively. Laser 

powers of 60 % were used for fluorescence excitation at 488nm. 

5.3.8. Computational modeling 

Computational simulations were performed with COMSOL 3.5a (Burlington, 

MA) with the Chemical Engineering add-on, using methods previously described.[79] 

Briefly, a 3D model, consisting of Incompressible Navier-Stokes and Convection-

Diffusion equations, allowed for the simulation of analyte transport and modeling in a 

single well. The well, modeled and imported from AutoCAD, consisted of either a 

clipped or unclipped pyramid with a diameter of 550µm at the top and 150µm at the 

bottom opening. The pore size of the bead was 400nm with a porosity value of 0.98, 

based on imaging measurements for a 2% agarose bead.[79] The flow rate at the outlet 

boundary at the top of the well was set to 75% of the entrance with a set pressure at the 

drain at 1 atm. The binding association rate was 105 L/(mol·s) and dissociation rate was 

10-5 1/s, as specified from Chapter 2.[96, 128] The solution to the time-independent 

Navier-Stokes equation was obtained prior to the time-dependent convection-diffusion 

and reaction equations. 
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5.4. Results and Discussion 

5.4.1. Transport phenomenon of porous beads 

Porous bead sensors offer benefits of high sensitivities that are particularly 

important for point of care applications.[49] The internal porous mesh available with 

these bead ensembles allows for the capability for transport of free flowing analytes into 

the interior porous core. The highly dense concentration of immobilized capturing 

antibodies as well as the high surface to volume ratios allow for efficient capture of 

unbound analytes.[19] Further, as described in Chapter 2, the classical no-slip condition 

at interface walls, resultant from laminar flow, is not exhibited with porous beads. 

Instead, free flowing analytes are transported by diffusion and convection driven flow to 

and around an array of porous medium.[96] 

When used in conjunction with flow-through microwells, as is in the case of p-

BNC, directed flow through individual wells induces high-pressure flow through the 

microcontainer channel. This pressure driven flow system directs fluids in close 

proximity to the bead sensors and allows for more capture agents in the fluid to react with 

immobilized antibodies. This design offers improved sensitivities to that of planar 

systems in which most of the fluid flows over the sensing sites. Chapter 2 reported higher 

penetration as well as signal development under higher pressures, dictated by the rate of 

fluid delivery. While the design of the flow-through bead-microcontainer pair allows for 

enhanced capture, regions of low pressure isolated at the four corners of the container, 

resultant from a spherical bead situated in an inverted pyramid, leads to inefficient 

capture into the bead. 
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5.4.2. Bead size dependence 

5.4.2.1. Pressure dependence on bead size 

In the flow though design, typically porous beads with a diameter of 280µm rest 

in microcontainers designed with taped walls with angles of 54.7°, dictated by 

anisotropic etching of silicon. While the size of the beads was originally dictated by the 

size of the microcontainer, the effect of bead size has not been well studied. Due to the 

geometry of the spherical bead in the pyramidal microcontainer, the amount of bypass 

relative to the bead area at the medial slice of the bead remains constant at 45%, 

regardless of the size of the bead. However, the total area decreases with decreasing bead 

size. Figure 5.1 (top panel) shows that a decrease in bead size from 280µm to 180µm 

corresponds to a 55% decrease in bypass area at the medial slice and a pressure increase 

by 160% (Figure 5.2A). While the flow rate prior to the bead array remains constant, the 

nonlinear pressure drop across the well, accentuated by the pinched pyramidal design, 

increases the linear flow rate, or volumetric flow rate per cross sectional area, around the 

bead-well interface and drain exit. Because the beads are situated at the bottom of the 

well, smaller beads exhibit higher pressure driven internal flow due to the reduced bypass 

and higher flow rates at the base of the container. While further gains are obtainable with 

much smaller beads through selective sieving, the high pressures resultant from the 

reduced flow through regions as well as the diameter of the well opening of 150µm, will 

flush beads into the drain instead of the desired trapping of the bead at the pinched 

interface. Further, because of the hydrophobic surface of polyethylene, top openings with 

diameters larger than 550µm, resulted in bead adhesion to the top and middle corners of 

the well. Instead of trapping at the base of the well, larger opening sizes create distortions 
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in the flow of analytes in the bead array. Further, the versatile control of internal transport 

allows for further optimization. Chapter 2 previously showed that porous beads with 

lower agarose concentrations exhibit higher penetration and internal convection. As 

detailed in Chapter 2, a decrease in agarose used to prepare the beads from 8% to 0.5% 

agarose exhibits an 18x increase in the ratio of internal to external convection.[96] 

 

Figure 5.1 – Comparison of different size beads showing pressure decrease 

across well, flow rate around the bead at the medial slice, and fluorescent 

capture on the beads. Bead sizes correspond to the area of the medial slice of 

the bead normalized to the area of the bottom opening. Smaller beads reside 

lower in the microcontainer where flow rates are much higher and have 

higher capture rates. 
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5.4.2.2. Analyte capture under varying bead sizes 

The pressure increase, corresponding to a maximum flow rate increase of 114% 

(Figure 5.2B) and resultant from the reduced bypass, drives more analytes into the porous 

bead. This convection driven flow, described by the Péclet number, defines the ratio of 

the convection to diffusion. Based on simulation data, the Péclet number increased 3.5 

fold with the reduction in bead size. Increased convective flow, as bead sizes decrease, 

drives delivered analytes further into the bead. Chapter 3 reported the evidence of higher 

signals with higher flow rates.[191] While the total flow rate delivered to the beads 

remains constant, due to pinched geometry of the tapered microwell, higher flow rates 

exist at the bottom of the wells. This increased signal as a result of increased pressure is 

shown in the bottom panel of Figure 5.1. Figure 5.2C shows that the mean fluorescent 

intensity increased 150% nonlinearly with a 114% increase in local flow rate as the bead 

size decreased 53%. Additionally, simulations conducted under similar parameters show 

agreement with experimental data. 

Further, the depletion region, defined as the region where the free analyte 

concentration is less than that of the bulk solution is much wider for larger beads. The 

cutoff for the depletion width is arbitrarily defined as 95% that of the bulk solution.[105] 

With increasing smaller bypasses, equivalent to higher flow rates, more analytes are 

delivered to the bead. For example, at 10min, the depletion width, derived from 

simulations, for a 6.0x bead size exhibits a depletion width of 30µm while a smaller bead 

2.8x exhibits a depletion width of 20µm. As such, the rate of analyte replenishment is 

much higher than the rate of depletion. 
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Figure 5.2 – A) Pressure decreases as bead size increases. B) Similar trend 

exists for the flow rate around the medial slice of the bead as flow through 

regions become pinched. C) Normalized experimental signal on the beads 

show agreement with simulations. 

The Damköhler number, Da, defined as the ratio of the reaction rate to the 

convective mass transport rate, provides details on the increased fractional capture of 

analytes.[192] For the capture of analytes in a simple 2D surface, such as with surface 

plasmon resonance, the Damköhler number is defined as the product of the binding 

kinetic constant, initial binding capacity (Cs0), height of the channel (h), and the inverse 

of the diffusivity of the species (Eqn 5.1). Typically, a Da > 1 signifies that the transport 

to the binding sites is diffusion-limited, while a Da < 1 signifies that the transport is 

reaction limited.[192] As such, when the height of a microfluidic channel approaches 

0µm, the transport of analytes transitions from diffusion limited to reaction limited. With 

the use of smaller beads, the distance of the analyte to the binding sites is reduced. This 

leads to a smaller Da, which corresponds to a reaction limited regime. 
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Equation 5.1 – The Damköhler number for the ratio of the reaction rate to 

convective mass transport rate. 

5.4.2.3. Economics 

In addition to increased sensitivity, another advantage offered by the smaller 

beads is the reduced cost associated with the reduction of capture agents, coupled to the 

bead. From part efforts we have shown that high concentrations of immobilized 

antibodies exhibit higher sensitivities, with diminishing benefits to signal intensities as 

higher amounts of antibody are loaded onto the beads. However, high costs of 

reagents and sub-utilized core interiors by capture agents leads to inefficiently untapped 

antibodies in the core of the sensors. As such, the percent of sub-utilized core decreases 

with decreasing bead size. For example, a shell containing a penetration depth of 30µm 

equates to a bigger proportion of the sensor volume for smaller beads than available with 

larger beads. From computational modeling, it is observed that a reduction in bead size 

from 280µm to 180µm leads to an increase in bead utilization from 12.3% to 28.4%. At 

the same time, with a cubic relationship between volume and bead diameter, a 36% 

reduction in bead diameter leads to a 73% decrease in costs of reagents for conjugation of 

capture probes. Further, while the cost of agarose is $13.70 per g (#A9045; Sigma-

Aldrich), because of the ability to mass produce small beads in batches, the cost of the 

agarose material per bead is negligible. For example, a batch obtained from 1.002g of 

agarose contains 4mL of beads. Using Kepler's conjecture with a random packing 
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efficiency, a total of 265,000 beads.[79] Further, the ability to reduce costs through less 

reagent consumption per bead allows for the capability to functionalize higher densities 

of antibodies to increase capture effectiveness. 

5.4.3. Clipped geometry 

While the positional, addressable bead array system allows for multiplexing and 

high pressure driven flow, limitations in manual loading of smaller beads into bead 

microcontainers necessitates further methods for induce high pressures through the 

reduction of flow through regions. Moreover, higher pressures and large bottom opening 

sizes may flush beads through the tapered walls designed to hold them. While the design 

of the silicon bead holder was resultant of anisotropic etching of the crystalline lattice of 

silicon, limitations in flexibility of microcontainer design led to inefficient capture and 

transport, specifically in the large flow regions at the corners of the microcontainer. 

However, with advancements in CNC micromilling technologies, custom form-factor 

microcontainers, tailored to the geometry of sensors, allow for improved sensitivities. 

In the initial conception of an optimized geometry, with inspiration from the 

inverted pyramidal pit geometry of anisotropically etched silicon, several designs 

were considered. Design considerations included uniform signal, maximum analyte 

capture, and the physical fit of the bead inside the microcontainer. Initial designs 

included monolithic straight through, clipped triangular prism-based bead holders 

with rounded corners, fabricated through SU-8 photolithographic methods. This 

clipped design feature allows for shorter diffusion distances, signifying a shift from 

mass transport limited to reaction limited (smaller Da), and provides enhanced 
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analyte capture. Further, higher linear flow rates provide pressure driven analyte 

transport within the bead to allow for more penetration to capture probes. 

However, due to the affinity of the bead to side walls, as well as variability in the fit 

between the bead and well, bead signals in the array exhibited both high inter-bead 

and intra-bead variation. As such, it was necessary to resort to the tapered wall 

feature similar to that of inverted pyramidal pits in anisotropically etched silicon. 

This tapered design resulted in a more uniform flow around the medial slice of the 

beads where the highest signal occurs. 

Initial computational modeling, performed under several clipping radii, 

provided guidance and revealed increased analyte capture as the clipping radius 

decreased with a maximum capture for a conical geometry microcontainer. 

However, practically, a conical design leads to high pressure buildups, which create 

high potentials for leaks. As such, several clipping radius were tested experimentally 

to determine the optimal geometry that does not result in leaks at typical flow rates 

used in the p-BNC. These clipping radius included 160, 170, and 180µm. For the 

160µm clipping radius, flow rates of 400µL/min resulted in leaks in half of the runs, 

but no leaks were observed for 300µL/min, which is typically used during wash 

steps in this iteration of the p-BNC. As such, subsequent results were performed 

using the microcontainers with a 160µm clipping radius. 
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Figure 5. 3 – (A, D) Simulations of 3D velocity and (B, E) pressure profiles for 

pyramidal designs are derived from anisotropic etching and clipped designs 

obtained from CNC micromilling. (C, F) SEM images comparing the two 

different designs are provided. 

5.4.3.1. Pressure gain from custom microcontainers 

The ability to design tailored microstructures to hold beads allows for design 

options to extend the reduction in inefficient analyte capture as a result of inefficient 

flow through regions. As shown above with the Damköhler number, a reduction in 

diffusion distances allows for lower Da values which shift the operating regime from 

mass transport limited to reaction limited.[192] However, similar to the use of 

varying bead sizes, while the total delivered flow rate remains constant, the local 

flow rate, resultant from the reduction in flow through regions, increases. This 



 112 

increase in flow rate as cross sectional area decreases is observed by Nischang and 

coworkers for geometry and size studies using monolithic columns.[193] These 

measurements show an a 4x increase in pressure build up as the cross sectional 

inner diameter is reduced by a factor of 4. For the p-BNC bead-microcontainer 

design, compared to a constant bypass to bead area ratio of 83% at the medial slice 

in the pyramidal design, the clipped design exhibits a ratio of 60%. This 28% 

decrease in bypass, corresponding to a 23x higher pressure, leads to an increased 

exiting flow rate from 5.7cm/s to 8.5cm/s. This pressure gain facilitates enhanced 

internal convective flow, as reported previously by our group.[96, 191] While 

pressure gains do provide internal convection, complications with leaks are possible 

with much smaller bypasses. For example, we noticed that the risk for leaks 

increased with flow rates higher than 400µL/min. 



 113 

 

Figure 5.4 – A) Comparison of signal measured through confocal microscopy of 

the medial slice as well as through epifluorescent microscopy. As shown in the 
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isometric view, the increased signal and penetration is revealed in all axial 

planes. B) Profile of the medial slice shows an increase in signal strength and 

penetration. 

5.4.3.2. Comparison of analyte capture 

The increased gain in pressure, resultant from the clipping of the flow through 

region of the pyramidal design, provides higher internal convection within the bead. The 

average Péclet number within the bead increases from 26-fold from 36 to 921. This 

increase in internal convection leads to increased capture within the bead, as shown 

through images obtained through confocal and epifluorescent microscopy (Figure 5.4A). 

The increased capture can be noticed in all axial planes of the bead, as shown in the 

isometric view. Based on the full width half maximum, the higher convection from 

clipped flow through regions drives more analytes into the bead with a penetration depth 

of 40µm (Figure 5.4B). In contrast, the original pyramidal design exhibits a penetration 

depth of only 30µm. This constitutes to an increased maximum intensity of more than 2-

fold. Similarly, with a reduced bypass, the rate of replenishment in the region, local to the 

bead surface, will be much faster than the rate of depletion. Compared to the pyramidal 

pit design with a depletion width of 30µm, the depletion rate of the clipped structure 

exhibits a depletion width of 19µm. 

The increase in signal capture varies depending on the rate of analytes delivered 

to the bead. As shown in Figure 5.5, an increase in delivery rate yields larger the signal 

differences exhibited by the two designs. The increased signals here observed are 

expected to be derived from the greater pressure gains between the two designs as flow 

rates increase. 
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Figure 5.5 – Comparison of signal capture at 10, 25, 100, 200, and 300µL/mL 

flow rates for pyramidal and clipped bead microcontainer designs. Capture 

increases as flow rate increases. 

5.5. Summary 

While, advancements in the field of point of care diagnostics have been made, 

very few devices have found broad use in laboratories, clinics, and ambulances. Bead-

based point of care devices have the potential to serve as platform technologies with 

"plug and play" sensing elements that can be quickly reprogrammed to detect multiple 

biomarkers simultaneously for a wide panel of diseases. When these sensors are 

combined in a high pressure driven array of flow through microcontainers, high analyte 
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capture and high internal convection allow for the sensitive detection of low 

concentrations of analytes in fluidic samples. 

As demonstrated here, with the optimization of the p-BNC sensor and 

microcontainer structure through the reduction of inefficient flow through regions, further 

sensitivities are possible using only direct immunochemistry without other chemical 

amplification methods. Further, use of smaller sensor sizes significantly reduces the costs 

of both immobilized antibodies and detecting reagents and opens up opportunities for low 

cost, single use, disposable lab cards, consistent with point of care applications. 

Moreover, the enhanced sensitivities afforded by these geometry-based 

optimizations allow for shorter analysis times to complete a test with similar 

detection limits. For example, the higher fractional capture may potentially reduce 

the incubation time by a factor of 2. Likewise, a similar reduction may be expected 

in the required sample or reagent volume which translates into a reduction of raw 

costs for the device. With the aim to develop lower cost and rapid devices, these 

initial geometric optimization findings through the reduction in volume and analysis 

time in the clinical assay serve as a key step to facilitate practical measurements at 

the point of care on time frames consistent with a typical doctor's visit that lasts 15-

30 minutes. 
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Chapter 6: Reduction of imprecision in bead-based, flow-through 

microarrays  

6.1. Scope 

While the bead-based platform described in the previous chapters allows for the 

highly sensitive detection of analytes in small samples under rapid completion times, 

similar to most microarray technologies, variance in measured signals between bead-to-

bead reduces the performance and precision of the platform. Although the transport and 

capture of analytes in this bead-based system is covered in the previous chapters, no 

studies have examined the effects of channel geometry as methods to reduce the 

imprecision in this pressure driven microarray platform. 

In this chapter, the effects of microfluidic geometry on imprecision are examined. 

With the aid of computational simulations as a guide, different design approaches are 

taken to reduce bead-to-bead imprecision. The first approach consists of a split flow 

design, instead of the classic unidirectional flow, to redistribute flow trajectories. The 

second approach exploits the effects of reduced flow through regions around each bead in 

the microwells on the bead-to-bead variance. Imprecision between bead-to-bead is 

measured under these design considerations for the capture of fluorescently labeled C-

reactive protein (CRP). Experimental assays under similar parameters confirm the 

improvements in the precision of the system. An understanding of variations in flow and 

analyte capture will allow for better microarray designs to accommodate much larger 

array sizes for a potentially larger multiplexed panel of analytes. 
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6.2. Background 

Recently bead-based sensors, incorporated into microfluidic devices, have shown 

potential for their use as sensitive sensors for the detection of a wide range of 

analytes.[19, 20] The high surface to volume ratios of these sensors offer orders of 

magnitude higher sensitivities than the established rival ELISA gold standard.[41] With 

"near-solution" kinetics, in which the rate of interaction between a free molecule and an 

immobilized probe molecule are nearly equal to that between the two molecules in free 

solution, these bead sensors are not limited by diffusion on a flat 2D surface.[194] With 

convective transport, the integration of bead sensors in microfluidic devices allow high 

improved reaction efficiency at reduced costs. Further, these sensors can be produced in 

batch quantities, which reduce variations from bead-to-bead. In contrast to devices 

designed with immobilized antibodies on walls, which take long incubation periods, the 

ability to quickly "plug and play" bead sensors into devices allow for the production of 

batch sensors and devices rather than customized device design for each specific target. 

[29, 41, 49] Integration of multiple beads, functionalized for  the capture of a panel of 

analytes, can offer high through-put detection and quantification of analytes without the 

need of long completion times, large sample volumes, and large bulky equipments.[65, 

68, 173] However, similar to microarrays, concentrations of capture analytes in delivered 

fluids decrease downstream as analytes are captured. As such, the amount of imprecision 

increases as the array of bead sensors expands to accommodate larger quantities of 

unique capture agents. 
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With the aid of computational models, several studies have examined the 

optimization of geometric channels to improve performance of microfluidic systems. For 

example, Green et al. improved the adhesion of cells on to walls in under a steady stream 

of fluid. In contrast to sharp corners, in which cells tended to aggregate, the use of 

circular channels revealed uniform adhesion of cells onto side walls.[183] A similar 

design optimization allowed for ~100% recovery of cells tagged with magnetic 

microparticles.[195] Hu et al. revealed that a zig zag formation of antibody patches 

reduced interference of depletion effects between the capture of analytes on each surface. 

Without this positional optimization, the last downstream patch required a 30% longer 

incubation time to reach equilibrium.[104] Similarly, several groups demonstrated 

improved mixing though geometric optimization of mixers. [187, 188] These design 

changes increased diffusivity and have the potential to reduce reaction times for time-

critical applications. In addition, geometric modifications were shown to improve cell 

trapping. For example, Lawrenz et al. optimized geometric cell trap designs to increase 

rate of cell trapping to 90%.[196] Nagrath et al. demonstrated that optimization of posts 

functionalized to capture circulating tumor cells increased capture efficiency by 

~50%.[189] 

6.3. Materials and methods 

6.3.1. Reagents and sensors 

Porous, homogeneous, 2wt % agarose beads were synthesized using 1.002g of 

agarose (Sigma-Aldrich, Inc.; St. Louis, MO) in 50mL of nanopure water. The resulting 

solution was first heated to 85°C, while stirring, followed by cooling to 62°C where the 
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temperature was maintained using a water bath. Simultaneously, a 100mL suspending 

solution containing 9% Span-85 (Sigma-Aldrich, Inc.; St. Louis, MO) in heptane (Sigma-

Aldrich, Inc.; St. Louis, MO) was heated to 58°C while stirring at 550rpm using an 

overhead stirrer. Finally, the agarose solution was removed from the water bath and 

poured into the stirring suspending solution. The resulting emulsion was allowed to cool 

to room temperature, while continually stirred. Synthesized beads were washed with a 

50% ethanol-water solution, diluted from 190-proof ethanol (DLI; King of Prussia, PA). 

Microbeads with diameters of 180, 212, 250 and 280µm were collected using size 

selective sieves (Cole-Parmer; Vernon Hills, IL), cross-linked with divinyl sulfone 

(Sigma-Aldrich, Inc.; St. Louis, MO) and glyoxal-activated using glycidol (Acros 

Organics; Fair Lawn, NJ) as described previously.[190] Glyoxalated beads of 180, 212, 

250 and 280µm were conjugated overnight with 6.0mg/mL anti-CRP monoclonal 

antibodies (Fitzgerald; Concord, MA) per 200µL of beads.  

6.3.2. Device fabrication 

Layers of double sized adhesive (DSA), containing fluidic channels, and 

polyethylene terephthalate were sandwiched together to form the drain section of the test 

structure. The flow channel, bonded on top of the polyethylene microchip, measured of 

3mm by 23mm. The drain reservoir under the array measured 4mm by 6.6mm and led to 

a waste channel with dimensions 12mm by 1.5mm. The flow chamber was sealed with 

polycarbonate. Modular, fluidic buses, used to connect the device to external fluid 

delivery systems, were cut using a laser cutter (Universal Laser System; Scottsdale, AZ).  
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6.3.3. Preparation of microcontainers 

Arrays of inverted pyramids on a silicon wafer were prepared using standard 

anisotropic etching methods. Briefly, a P-type <100>, 100mm diameter silicon wafer 

with a thickness of 400µm and a protective nitride coating (Nova Wafers; Flower Mound, 

TX) was cleaned with both acetone and isopropyl alcohol. A layer of S1813 was spun on 

the surface of the wafer for 3s at 1000rpm with an acceleration 500rpm/s, followed by a 

60s spin at 3000rpm with an acceleration of 500rpm/s. The wafer was then soft baked for 

60s on a hot plate at 115°C. The process was repeated for a S1813 coating on the reverse 

side of the wafer.  

A 100mm photomask on mylar film, designed in AutoCAD (San Rafael, CA) 

with arrays containing 4x5 550µm x 550µm squares, separated by 150µm, was purchased 

from Fineline (Colorado Springs, Co). The photoresist was exposed through the 

photomask using a MJB4 mask aligner (SUSS MicroTec; Garching, Germany) for 17s. 

Exposed regions were developed using MF-319 (Rohm and Haas Electronic Materials; 

Marlborough, MA) for ~10s. The patterned regions of the wafer were etched by reactive 

ion etching (Oxford Plasma Lab 80 Plus; Concord, MA) with a gas mixture of 45sccm 

CF4 and 5sccm O2, at an ICP power of 60W, RIE forward power of 100W, and a 

pressure of 50mT for 80s. The wafer was cleaned with acetone and then anisotropically 

etched in a double bath setup containing PSE300 KOH etchant (Danvers, MA) until 

inverted wells completely etched through the wafer. 
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6.3.4. Casting of Epoxy Stamp 

An etched silicon mold with negative array features was placed on a 150mm x 

150mm scotch tape and surrounded by plastic slabs to shape the epoxy mold. A coating 

of Ease Release 200 (Smooth-On; Easton, PA) was sprayed on the silicon surface to 

facilitate removal from the mold and allowed to dry. A mixture 75g mixture of the epoxy, 

PT4925 (PTM&W Industries; Santa Fe Springs, CA), was prepared on a weigh boat at a 

100 to 9.5 ratio of PT4925A to PT4925B. The mixture was manually mixed and then 

centrifuged at 2500rpm for 2.5min. Upon removal, the mixture was heated with a heating 

fan set to 70°C for 30s to improve its viscosity. The mixture was poured over the wafer 

and manually verification confirmed that the epoxy filled all the wells of the a wafer. 

After the wafer was degassed under a vacuum for 2min, the epoxy was allowed to cure 

under continuous heating at 70°C for 3 hours. The mold was released and then hard 

baked at 66, 121, and 177°C, each for an hour. 

6.3.5. Embossing 

A sheet of polyethylene with dimensions 75mmx75mmx375µm, purchased from 

McMaster-Carr (#86255K61; Santa Fe Springs, CA), was placed over the epoxy. A 

buffer layer consisting of elastomer rubber (#86075K22) was placed on top of the 

polymer. This triplet was then sandwiched between pairs of aluminum plate 

(#86075K22), elastomer rubber (#5787T31), and kapton film (#2271K1), all purchased 

from McMaster-Carr (Santa Fe Springs, CA). The stack was hot embossed inside an 

Autoseries AutoFour 15-NE Press (Carver; Wabash, IN) at a pressure of 680kg and 

temperature of 160°C for 10min. Room temperature water was delivered to the platens to 
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cool the part for 5min. After the temperature of the platens reached 100°C, the stack was 

removed from the press. 

6.3.6. Assay delivery 

Native human C-reactive protein (CRP) antigen was conjugated with Alexa-Flour 

488 (Invitrogen; Carlsbad, CA) according to manufacturer’s directions. Briefly, the 

antigen was diluted to 2mg/mL and reacted with 1 vial of bis (triethylammonium salt) 

(TFP ester) for one hour. A 30,000 MW size–exclusion resin was used to purify the 

labeled antigen from unreacted dye. The concentration and moles of labeled antigen were 

determined from absorbance values at 280nm and 494nm, respectively. The degree of 

labeling for native human CRP antigen was 4.51 moles of protein: moles of dye in PBS 

solution of pH 7.2 (Thermo Scientific Life Science Research Products; Rockford, IL). 

Concentrations of 100ng/mL of fluorescently labeled CRP were aliquoted and stored at -

20°C.  Antigen was centrifuged prior to use at 1.5RPM x 1000 for 5 min.  

Capture of antigen under direct head-on flow and split flow were performed using 

100ng/mL of fluorescently labeled CRP. For delivery of reagents a programmable NE-

1000 syringe pump from New Era Pump systems Inc. (Farmingdale, NY) at 50µL/min 

for 10min was used. PBS buffer at pH 7.2 was flown at 400uL/min for 2min to remove 

nonspecific binding. Using a square pyramidal chip, columns were arranged with 180, 

212, 250 and 280µm bead sizes. 
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6.3.7. Data collection and image analysis 

Images were taken using a DVC 1312 camera (DVC; Austin, TX) mounted to an 

Olympus BX-2 microscope (Center Valley, PA) with a 4x objective, saved as 8-bit TIFF 

at 3s exposures. Images were split into respective RGB components with the green 

channel used for analysis. Microbeads were manually located and analyzed using a 

custom Java-based macro in ImageJ (NIH; Bethesda, MD). Beads were scanned to collect 

values consisting of the maximum fluorescent signal of horizontal line profiles, resulting 

in an average signal intensity value for each bead. 

6.3.8. Computational modeling 

Computational models were simulated in COMSOL 3.5a (Burlington, MA) using 

previously described methods.[79] Briefly, a 3D model consisting of a flow chamber 

leading to a 4x5 bead array and underlying drain was constructed and imported from 

AutoCAD. The wells measured 550µm x 550µm at the top and 150µm x 150µm at the 

bottom opening. Subdomains and boundary conditions were defined by the 

Incompressible Navier-Stokes and Convection-Diffusion equations. Based on microscopy 

measurements for a 2% agarose bead, the pore size of the bead and porosity were set to 

400nm and 0.98, respectively.[79] The inlet flow rate was set to 400µL/min and outlet 

drain pressure was set to 1atm. Binding kinetics in the beads were defined with binding 

association rates of 105 L/(mol·s) and dissociation rates of 10-5 1/s, as derived in Chapter 

2.[96, 128] The time-independent Navier-Stokes equation was solved first, followed by 

the time-dependent convection-diffusion and reaction equations. 
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6.4. Results and Discussion 

6.4.1. Head-on flow 

The design employed by the PBNC (Figure 6.1A) consists of a microfluidic 

channel that leads to a flow-through array of microcontainers, resembling inverted 

pyramids, that each contain individual porous beads with a diameter of 280µm. Fluid 

delivered to the array flows around and through the bead. Immobilized antibodies on the 

bead capture target analytes. A secondary fluorescently labeled antibody allows for the 

quantitation of analyte concentration on the beads. 

 

Figure 6.1 – A) Concentration of antigen decreases downstream as the sample 

is delivered to the bead. B) A CFD cross section of the xz plane that shows a 

decrease in analyte concentration from column to column of the bead array.  
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6.4.2. Downstream depletion 

The unilateral design, which is herein described as the “direct” design, exhibits a 

pressure drop from column to column as fluid flows down the front columns before the 

back columns. At a flow rate of 100µL/min, the velocity at the rear column is 9% less 

than the front column. This reduction in flow rate reduces the rate of diffusion and 

replenishment, and results in a downstream decrease in analyte concentration of 25%, as 

shown in Figure 6.1A and 6.2A. Despite the negative effects of the analyte gradient on 

the non-uniformity in analyte capture and intra-assay imprecision of singleplex assays, 

strategic placement of encoded bead sensors that harness the reproducibility of capture 

from column to column or on the same downstream wave front allows for improved 

intra-group imprecision between similarly functionalized beads used in multiplex testing. 

For example, the average column to column imprecision is typically less than 5%. 

However, the luxury of strategic bead placement is not always an option, such as with 

singleplex assays. As such, high imprecision necessitates alternative designs to improve 

performance. In the following two sections, two design approaches, led by computational 

modeling and verified experimentally, are considered as potential solutions to improve 

uniformity in signal capture. 
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Figure 6.2 – A) Unilateral flow design with 280µm diameter beads show a 

decrease in analyte concentration downstream. B) The use of 180µm diameter 

beads increases concentration uniformity. C) Alternative split flow design 

shows a decrease in column to column imprecision. 

6.4.3. Split flow design 

6.4.3.1. Shadow effect 

The direction of fluid flow in the direct design leads to a downstream gradient 

effect. In order to supplement the low analyte concentration at the opposite side of the 

fluid front, a split design is considered. Figure 6.2C shows the split flow design, in which 

fluid is split and then converged upon the array from the sides of the array. Whereas the 

"shadow" effect of the "direct" design spans 5 columns, the "shadow" effect in the split 

design consists of a symmetry pair that spans only 2 rows, at both sides of the array. 

Figure 6.3A shows a 50% improvement in imprecision with the use of the split design 

over the direct design. Experimental data showed a similar trend in experimental assays 

for the two different flow chambers. 

Because of the wave front effect of fluid delivery, the imprecision in the "direct" 

design is isolated between column to column. As shown in Figure 6.3B, the average 
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intra-column variance of the "direct" design is one order of magnitude lower than the 

average intra-row variance. Conversely, in the split design, the intra-row variance is 4x 

less than the intra-column variance. In the "direct" design, beads that target similar 

analytes can be strategically placed on the wavefronts to reduce bead-to-bead variation. 

While the benefits of the split design reduce imprecision by 50%, a similar bead 

arrangement for multiplex testing would lead to increased imprecision amongst similar 

bead types. Thus, when multiplexing under a split design, the transposition of the "direct" 

flow bead arrangement, in which similar beads are positioned at the wavefront, will 

reduce imprecision. 

 

Figure 6.3 – A) Decrease in imprecision based on simulations is shown for the 

direct and split designs. B) Row to row and column to column imprecision 

between the direct and split flow chamber designs. 
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6.4.3.2. Equilibration of imprecision 

Figure 6.3A suggests, through simulations, that there is a decrease in signal 

imprecision that also plateaus over time. Because point of care conditions often 

necessitate tests to be completed in under twenty minutes, it is beneficial to examine 

imprecision under such short time frames. These short time frames best represent the 

worst possible conditions. Two reasons cause the decrease in imprecision. First, analyte 

delivery to the bead is not instantaneous. As such, beads in the front row are allowed a 

longer time for binding. While not shown in Figure 6.3A, the imprecision between 0 and 

5s is ~200%. Despite the high imprecision, because of the short time frame, signal is not 

detectable. After the fluid reached the rear beads, variation in bead-to-bead signal 

decreases. Secondly, binding on the surface of the beads is much faster than inside the 

bead. The reduced binding kinetics within the bead is resultant of steric hindrance and a 

diffusion dominated volume with reduced convective transport. When the rate of binding 

in the front beads is reduced as the beads become saturated, binding in the rear beads 

continues at a higher rate and allows for reduced signal variation.  

6.4.4. Reduction of flow through regions 

6.4.4.1. Pressure gradient 

The large flow through regions around the beads, resultant of the geometric 

trapping of a spherical bead in inverted square pyramidal pit, create pressure differentials 

from column to column in the bead array. Because fluid is much more likely to flow 

down to drain with large flow through regions, the fluid flow, or pressure gradient, at the 

rear column is 1.5Pa less than the front column. 
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As such, methods to reduce the flow through regions around the beads will allow 

for a decrease in pressure differential across the bead array. One approach, described in 

Chapter 5, is the use of smaller beads to decrease the flow through regions around the 

beads.[197] Here, smaller beads are trapped at the bottom of the microcontainers. Figure 

6.4 shows the pressure gradient and positional trapping of a 280µm and 180µm bead. 

This 36% decrease in bead size corresponds to a 55% decrease in the amount of flow 

region at the medial slice of the bead. Further, the reduction of bead size increases the 

pressure gradient across the microcontainers 14-fold.  

 

Figure 6.4 – Pressure gradient for a 280µm (A) and 180µm (B) bead. Smaller 

beads are trapped near the bottom of the microcontainers and reduce flow 

through regions. 

6.4.4.2. Spread of intensity 

The pressure differential results in a decrease in a downstream decrease in analyte 

concentration. This signal difference is exacerbated over time (Figure 6.5A). Although 
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the signal on the beads do not reach equilibrium by 6 min, beads in the rear of the array 

will need an additional 83 s to reach the same intensity as that of the front beads.  

As shown in Figure 6.5B, with the use of smaller beads, the spread in signal from 

column to column is much less. Here, the ratio of the mean signal of the beads in the first 

column to that in the last column is 1.03. In contrast, this ratio is 1.21 for a 280µm bead. 

The choice of smaller beads resulted in a decrease in intra-assay imprecision from 6.6% 

for 280µm beads to 1.2% for 180µm beads. Figure 6.5C shows the average column signal 

for different bead sizes. The decrease in bead signals in subsequent columns increases as 

bead sizes increase. Experimental data show a similar minimization of downstream signal 

effects as bead sizes decrease. Further, as previously shown in Chapter 5, the reduction in 

flow through regions through the use of smaller beads increases analyte capture.[197] For 

example, reduction in bead size by 36%, leads to both a signal increase of 150%. As 

such, use of smaller beads affords both benefits of decreased imprecision as well as 

increased sensitivities. 
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Figure 6.5 – A) Time course progression of captured antigen concentration 

under direct flow using 280µm sized beads. B) Plot depicting column to 

column signal uniformity with the use of smaller beads. C, D)  

The two approaches described above are not exhaustive. Clever design choices 

can afford reduced imprecision. For example, while not reported here, reduced intra-

assay imprecision have been observed under two alternative approaches that reduce flow 

regions. One approach is to micromill custom bead microcontainers with reduced flow 

regions at the corners. Less flow regions around the bead would influence a similar 
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increase in pressure. Further, the area of the bottom opening of the microcontainer can be 

reduced to influence fluid to flow through subsequent microcontainers. 

6.5. Summary 

With the emergence of planar microarrays over two decades ago, the ability to 

simultaneously perform multiple tasks has allowed for high throughput testing. With the 

high costs of diagnostic tests in the clinic where sample volumes are often small, 

screening with multiplexing capabilities offers opportunities for quick turnarounds at 

lower costs. While planar microarrays has led the way into multiplexed testing, low 

sensitivities limited the detection of samples with low target analyte concentrations. 

The unique pressure driven, porous bead array platform of the p-BNC offers 

opportunities for high throughput testing of large quantities of analytes simultaneously. 

These beads offer enhanced capture by exploiting the pressure driven transport of 

analytes into the high surface to volume ratios in the densely immobilized sensing 

elements. This chapter demonstrated two methods to reduce bead-to-bead variance within 

the entire array in order to improve the analytical precision of the system. Results 

revealed herein allow for the expansion of the 4x5 bead array to support larger numbers 

of analyte specific bead sensors.[64] The increased testing capacity allows for the 

potential to test multiple panels of diseases simultaneously.
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Dissertation summary 

In closing, this dissertation has attempted to describe the optimization of the 

p-BNC for its translation from bench-side to point of care through design choices led 

by computational simulations. In order for major new technologies to move into 

healthcare practice, there are a number of major steps in terms of the science, 

engineering, manufacturing and regulatory that must be taken into consideration. 

Perhaps most relevant to the body of work here described is the definition of 

computational models alongside new flow through device design considerations 

that are shown to influence the time frame, reproducibility and efficiency of 

bioagent capture. Key here are the development of integrated test structures that 

can capture protein biomarkers from complex fluid samples on the time frame of a 

doctor’s visit using needle stick quantities of whole blood. The development of a 

modeling tool provided insights into mass transport within porous medium and 

guidance in enhancing analyte capture through optimization of geometric features 

to induce shorter diffusion distances. Furthermore, the replacement of silicon-based 

microchips with thermoplastic-based microchips allows for single use, disposable 

tests that are amendable to point of care applications. Results obtained from these 

initial studies provide potential for the wide-spread distribution of affordable point 

of care diagnostic tools that have opportunities to bridge the gaps in healthcare 

through early stage detection and monitoring that may lead to more effective 

treatment options and better lifestyle choices. 
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