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ABSTRACT 

Advancement of an Agarose Bead-Based Immunoassay 
Platform Towards Point-of-Care Applications 

 by 

Eliona Kulla 

Efficient and affordable technologies for early detection of disease are of high 

priority in modern practice of medicine in order to effectively manage diseases and 

improve outcomes. The programmable bio-nano-chip (p-BNC) platform is an in-

development miniaturized micro-device aimed for broad-scale clinical practice at 

the point-of-care which utilizes agarose beads as a solid-support surface for 

immunoassay testing in a lab-on-a-chip format. This dissertation work describes 

research directed towards advancing the p-BNC platform. It begins by introducing a 

new custom-designed flow-through biochip which holds the agarose beads in an 

increased pressure-driven flow environment, allowing for an enhancement in 

analyte capture inside the 3D fibrous network of agarose. This part of the thesis 

addresses a major concern of how to further lower limits of detection for 

quantitative measurements of samples composed of low concentrations of 

biomarkers while using inexpensive, disposable biochips. The thesis next presents 

novel experimental work exploring the use of agarose beads with an extended range 

of porosity to maximize binding capacity for three biomarkers of varying molecular 

weights and sizes. This work demonstrates the importance of pores in the agarose 



 
 

solid support structure for increasing analyte binding capacity and sensitivity, as 

well as showed that agarose beads with one pore size are unsuitable for all 

biomarker sizes. Next, a novel extension of the p-BNC system for measuring the 

binding kinetics of antibodies is demonstrated which reveals the importance of 

binding strength for optimizing immunoassay sensitivity and dynamic range. Lastly, 

long-term stability of antibody-functionalized agarose beads stored in the p-BNC 

system is examined. Here, it is demonstrated for the first time that, by stabilizing 

with polyhydoxyl compounds, agarose beads can be stored in wet form in the p-BNC 

device at room temperature for up to 2 months while maintaining their structural 

morphology and biological function. 
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Chapter 1 

Introduction 

1.1. The Need for Routine Biomarker Diagnostic Tests 

The ability to diagnose chronic diseases before the evolution of overt clinical 

symptoms is of high priority in modern practice of medicine. Early disease detection 

is one of the most effective means to manage adverse health conditions in a timely 

manner with appropriate treatments. According to the 2012 data reports from the 

World Health Organization (WHO), cardiovascular diseases remain the number one 

cause of death globally, totaling 17.5 million reported deaths, followed by cancer, 

accounting for 8.2 million deaths.1 Alarming statistical data from the Surveillance, 

Epidemiology, and End Results (SEER) Program and the National Cancer Institute 

(NCI) project that approximately 39.6% of people, in the United States, will be 

diagnosed with at least one form of cancer (from more than 200 different types of 

cancers known) at some point in their lifetime.2 Similarly, according to a recent 
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article published in the British Journal of Cancer, in the United Kingdom, 

approximately one in two people born after 1960 will be diagnosed with some form 

of cancer during their lifetime.3 

 It is believed that routine diagnostic screenings through blood work would 

improve early-disease detection, thereby improving prognosis and decreasing 

mortality rates. Unfortunately, routine screening of large populations would be 

unmanageable by current testing laboratories that employ outdated, expensive, and 

time-inefficient approaches along with the absence of proven biomarker panels with 

high sensitivity and high specificity. As such, to alleviate this emerging healthcare 

burden it is important to develop new, inexpensive diagnostic tests capable of rapid 

and accurate measurements.  

1.2. Diagnostic Tests: Fundamentals and Components 

1.2.1. Terms and Definitions 

In the past two decades, a tremendous amount of research has focused on 

developing diagnostic tools targeting protein measurements. A breadth of scientific 

evidence accumulated over many years from proteomics and other scientific fields 

suggests that the concentrations and post translational structure of proteins are 

altered in many human diseases.4 As such, to diagnose early, doctors often rely on 

tests (i.e. assays) termed in vitro protein assays; these tests can measure and 

quantify the presence and amount of important markers associated with disease. 

These protein markers are more specifically described as biomarkers, defined by the 
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National Institutes of Health (NIH) as “a characteristic that is objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic processes, 

or pharmacologic responses to a therapeutic intervention.” 5,6 Over time, 

researchers have discovered numerous biomarkers linked to various diseases at 

different stages of pathology which can be measured accurately and reproducibly. 

To date, there are at least 289 protein that have been successfully detected and 

measured in plasma or serum, 100 of which are biomarkers measured in an 

approved clinical setting.4,7  

The most common methods for assaying biomarkers are antibody-based. 

Antibodies are unique Y-shaped immunoglobulins produced by the immune system 

in the body to identify and clear out foreign substances called antigens. Although all 

antibodies are generally very similar in structure, they have unique variable regions 

that determine their specific properties. The interaction between the antigen and 

antibody is called binding and is highly specific, yet reversible, as it is based on non-

covalent interactions of varying strength. The antibody-antigen strength is 

represented by the affinity constant or equilibrium dissociation constant (KD) and is 

discussed in more detail in context with work presented in Chapter 4.  Briefly, the 

affinity of antibodies can vary in strength from micromolar (10-6) to picomolar (10-

12), where micromolar range is considered a weak affinity and picomolar range a 

very high affinity for binding antigens. In addition, this binding utilizes a unique 

lock-key interaction between a specific antibody and antigen pair which leads to 

high antibody-antigen binding strength with very little non-specific binding 

between non-matched antibody-antigen pairs. This process has been recognized 
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and applied toward the development of immunoassays which are tests that take 

advantage of the simplicity, sensitivity, and specificity of the antibody-antigen 

interaction to allow for quantification and monitoring of a variety of molecules 

including drugs, metabolites, allergens, peptides, nucleic acids, proteins and even 

pathogens such as viruses, bacteria, and fungi. Immunoassays are widely used today 

for the detection of environmental, biological, and chemical agents in clinical 

settings, research settings, environmental monitoring and food safely. 

1.2.2. Immunoassay Formats 

An immunoassay is a test that uses the unique properties of antigens and 

antibodies to measure specific proteins or other substances in a given sample. 

Immunoassays can be divided into two formats: homogeneous and heterogeneous 

immunoassay formats.  In a homogeneous immunoassay format, both the antigen 

and the antibody interact and form an immune-complex in solution, whereas in a 

heterogeneous immunoassay format, one of the binding partners, the antibody or 

antigen is immobilized onto a solid support surface, while the other partner is 

introduced in solution and diffuses to the immobilized antibody on the solid 

substrate to form the immune-complex. For studies presented in this dissertation, 

the heterogeneous immunoassay format was used.  

One of the most widely used heterogeneous immunoassay platforms known 

since its inception in 1971 is the enzyme linked immunosorbent assay (ELISA). The 

method of ELISA typically uses polystyrene (PS) solid support microtiter plates (96-

well or 384-well) to pre-coat the antigen or capture antibody onto the plate. In the 
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presence of the targeted analyte in the sample, the immune-complex forms. The 

detection involves the use of an enzyme and substrate incorporated into the assay 

to provide a colorimetric change when the immune-complex is formed. This change 

can be quantitatively measured using absorbance and is directly proportional to the 

concentration of the analyte or antibody present in the sample.8,9 Figure 1.1 shows 

the various ELISA formats that can be employed. The simplest format is a direct 

ELISA strategy which is used to quantify the antibody that is bound to the analyte. 

Here, analyte is first bound to the microplate, either passively or covalently. 

Washing steps and blocking steps are then generally introduced. Then, an enzyme-

antibody complex conjugated in a separate step is introduced to bind to the analyte. 

After applying several more washing steps, a substrate is added that interacts with 

the enzyme and produces a color change in the presence of the immune-complex. 

The optical absorbance of the sample is measured and is proportional to the 

concentration of the antibody in the sample. This method is quick and simple, but 

involves pre-labeling the antibody which may be a disadvantage as it may alter the 

affinity of the binding.  

 

Figure 1.1. Heterogeneous ELISA immunoassay types.  
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Next in sequence, in an indirect ELISA format, the antibody in solution can be 

measured by sandwiching it between the analyte and a secondary antibody against 

the primary antibody. The secondary antibody contains the enzyme conjugate. Most 

of the assay steps are similar to the direct ELISA, however, as the name suggests, the 

analyte is measured indirectly with use of the primary antibody. This format is often 

more sensitive than the direct ELISA format because the secondary antibody 

enzyme conjugate can bind to multiple binding sites of the primary antibody, 

enhancing the signal. It is suitable for determining the total amount of primary 

antibody bound to the analyte. 

In a sandwich ELISA format, the analyte is sandwiched between a capture 

antibody and a primary antibody. This method is ideal and sensitive for determining 

an unknown concentration of analyte in a given complex fluid sample (i.e., blood, 

saliva, etc.) Similarly, after washing steps, the secondary antibody-enzyme conjugate 

is introduced which binds to all primary antibodies. The absorbance measured from 

the enzymatic reaction is directly proportional to the analyte concentration present 

in the sample. The assay format adopted in the studies presented in this thesis is 

based on this sandwich ELISA format, however, it contains a small modification in 

the detection unit, whereby the primary antibody (i.e., detection antibody) is pre-

labeled with a fluorophore and the secondary antibody is not used. This will be 

discussed more in Section 1.5.1.3. 

Finally, a competitive ELISA format is usually used when the analyte to be 

bound is small in size such as a drug compound or other small molecule. In this 
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assay type, a predetermined concentration of the analyte is first immobilized on the 

solid support. Then, a sample containing the analyte is pre-incubated with the 

antibody enzyme conjugate (i.e. tracer) and is quickly introduced to the capture 

surface such that the tracer competes for the binding sites in solution and those 

captured on the surface. If the concentration of analyte in the sample is high, then 

the tracer will bind to the analyte in solution and less immunocomplex will be 

formed on the substrate. But, when the concentration of analyte in the sample is 

low, the tracer will bind to captured analyte on the surface of the substrate. As such, 

the absorbance measured from the enzymatic reaction in a competitive assay is 

inversely proportional to the analyte concentration present in the sample.  

Generally, assays are performed in manual sequential steps and they utilize 

two washing steps, one after the antigen is bound, and another after the detection 

antibody is bound. These assays involving two steps yield more accurate results 

than one step assays because they eliminate non-specific binding or interferences. 

1.2.3. Immobilization Surfaces 

Several substrate surfaces have been employed for the immobilization of 

antibodies involving heterogeneous immunoassays. These surfaces can be separated 

into planar two-dimensional (2D) and three-dimensional (3D) substrates. A few 

examples of 2D planar materials used as solid supports include: PS, the most 

common substrate for manufacturing ELISA plates; polycarbonate (PC); 

polypropylene (PP); cyclic olefin copolymer (COC), inexpensive polymer-based 

substrates that are disposable; glass, a traditional inorganic surface that is relatively 
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inexpensive and optically transparent in the visible spectrum; and silicon, an 

inorganic material with unique properties for advanced detection methods 

involving surface plasmon resonance (SPR), Raman spectroscopy, and 

electrochemical analysis.10-15 The 2D surfaces suffer from the following major 

disadvantages. First, they have been shown to denature the antibody structure, 

causing them to lose their capacity to bind antigens effectively. Such effects have a 

negative impact on the sensitivity and reproducibility of the assay. Moreover, 2D 

surfaces lack some sensitivity due to the lower surface area available for 

immobilization of high antibody densities.  

On the other hand, 3D immobilization surfaces are more popular because of 

their high surface area-to-volume ratios which have been shown to allow for 

immobilization of higher antibody densities, leading to improved immunoassay 

sensitivity.16  Some examples of 3D solid support surfaces include hydrogels, porous 

membranes, porous microbeads, polymer brushes, porous silicon, paper and 

cotton.16-34 There are several advantages to using 3D hydrogel networks such as 

agarose. For instance, they contain copious amounts of water that can preserve the 

protein structure and provide a solution-phase environment while also permitting 

antigens multidirectional access for ligand binding. However, with these advantages 

also come some challenges. For instance, hydrogels must stay hydrated in order to 

maintain their physical and chemical properties. The immunoassay system that is 

discussed in more detail in Section 1.5 includes the use of agarose beads that take 

advantage of the 3D structure to achieve high sensitivity. The challenge to store the 
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hydrogel beads in devices which are exposed to some air will be discussed in 

Chapter 5. 

1.2.4. Immobilization Strategies  

The variety of immunoassay immobilization strategies utilized to capture 

antibody on solid support surfaces have been nicely discussed in a recent review 

article by Kim et al.12 In the section below, some information is provided on the 

immobilization of antibodies to solid substrates, including strategies involving 

physisorption, bioaffinity interaction, and covalent bonds.  

The simplest and most obvious approach involves physical adsorption of the 

antibody to the surface. This interaction involves non-covalent interactions such as 

electrostatic, hydrophobic, van der Waals, hydrogen bonding, or a combination of 

these. This strategy is widely applied for immunoassay tests on PS coated ELISA 

plates. However, this physical adsorption approach has some limitations. Foremost 

of the disadvantages is that the interaction is generally weaker than that of a 

covalent interaction and, as such, the intermolecular forces involved are sensitive to 

pH, ionic strength, and temperature, which can potentially affect the performance 

and reproducibility of the assay. Furthermore, the orientation and the type of 

surface itself can result in lowering the binding activity of the antibodies on the 

surface. When antibodies are adsorbed onto the surface, random orientation can 

lead to variable accessibility of the antibody sites, and, while surfaces such as PS are 

ideal for this physical adsorption technique, some research suggests that they can 

denature the antibodies when attached via this technique.35-37 
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Furthermore, there are strategies that simply involve only electrostatic or 

hydrophobic interactions for attracting antibodies to surfaces. In an electrostatic 

interaction, positively or negatively charged groups can be introduced to the surface 

first and then allowed to adsorb to the anionic carboxylate groups (—COO-) or 

cationic protonated amine groups (NH3+) of antibodies, respectively. For example, 

PS surfaces can be functionalized with (3-aminopropyl)triethoxylsilane which 

contains an amine group that will be protonated in the presence of water at 

physiological pH, leading to a positive charge.38 The positively charged amine 

groups can then electrostatically interact with the negatively charged carboxylate 

groups of antibodies. Electrostatic layering is also relatively popular to creating 

protein-friendly environments with hydrophilic properties on hydrophobic 

polymers such as PS and polymethyl methacrylate (PMMA).39 

 Immobilization techniques for adsorbing antibodies on hydrophobic 

materials (i.e., PS, PMMA, and COC) have become popular due to their low cost and 

disposability.12 They can also aid in improving assay performance, as demonstrated 

by Tsougeni et al.: the hydrophobic surface of PMMA was etched using O2 plasma 

treatment which roughened the surface of the polymer, resulting in a stronger 

adsorption of proteins to the surface when compared to the smooth PMMA surface, 

ultimately increasing the sensitivity of the assay 120-fold.40  

Alternatively, several bioaffinity interactions have been employed to adsorb 

antibodies onto surfaces. Bioaffinity interactions refer to highly specific bindings 

between biological species that allow for site-selective immobilization of antibodies 
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onto surfaces. For instance, protein A or G specifically binds to the constant Fc 

region of IgG antibodies. Tajima et al. have shown that antibodies can be orientated 

on phospholipid polymer brushes using staphylococcal protein A (SpA) by first 

binding it to the constant Fc region of IgG antibodies and then using a tyrosinase-

mediated immobilization method to immobilize the SpA-antibody conjugate in an 

upright orientation on the surface of the polymer brush such that the two antigen 

binding sites are pointed away from the surface.41 In a careful study, using this 

method and comparing it to the physical adsorption counterpart, bioaffinity showed 

a 100-fold stronger antibody-antigen binding. There are a variety of other 

bioaffinity interactions described in literature that result in relatively strong, highly 

specific, and well oriented protein immobilization of antibodies on surface 

substrates. Some of these include specific binding of biotin to avidin and 

streptavidin (the strongest noncovalent bond found in nature with Kd = 1.3 × 10-15 

M), DNA hybridization, aptamers, and genetically-engineered protein affinity 

ligands.12,42-44 

Covalent linkages of antibodies to surfaces are also very popular for solid 

support materials containing functional groups that can react irreversibly with 

amino acid residues from the antibodies to covalently bind them to the substrate. 

The reactive groups on the antibody involve either amino groups (—NH2), primarily 

from lysine residues due to their abundance on the exterior surface of the 

antibodies, carboxylate groups, and thiol groups from cysteine residues. Different 

functional groups on the substrate surfaces can be reacted to bind to the functional 

groups on the antibody. For example, surfaces containing aldehyde groups can be 
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covalently linked to antibodies via reductive amination using NaCNBH3 or NaBH4 to 

form a secondary amine bond between the antibody and substrate, with NaCNBH3 

being more selective. In fact, this is the method used in this work and it is described 

in detail in Chapter 3. In this case, the aldehyde group is generated in situ from 

oxidation of a diol with NaIO4. Another typical method is the addition of 

glutaraldehyde to cross-link an amine on the surface and an amine on the antibody. 

The most commonly used chemistry for forming covalent linkages is amide 

formation between amine and carboxylic acid, both of which are found on 

antibodies with the complementary group needing to be present on the support 

surface. Most typically, 1-ethyl-3-(3-dimethylamonipropyl) carbodiimide (EDC) is 

used as a coupling agent along with N-hydroxysuccinimide (NHS) or N-

hydroxysulfosuccinimide, forming the activated NHS ester of the carboxylic acid 

which is then attacked by the amine group to form an amide linkage. P-nitrophenyl 

ester is often used as the activated ester instead of NHS.38,45  

Surfaces can be functionalized with several other groups that react with 

nucleophilic amine and thiol groups on the antibody. These include isocyanate, 

which reacts with amines to form a urethane linkage, epoxide, which reacts with 

both amine and thiol groups with ring opening, and maleimide, which reacts with 

thiol groups to form a thioester and can also react with amines under high pH 

conditions. This list is not meant to be comprehensive as many other chemistries 

have been used for covalent antibody conjugation.          
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1.2.5. Signal Detection Systems  

There are several detection systems and a short list including several types 

of optical and electrochemical systems are listed below. 

1.2.5.1. Optical 

Optical techniques include colorimetric, fluorescence, and luminescence 

detection methods.46 Other, more specialized optical methods include fluorescence 

lifetime-imaging (FLIM), high-throughput single-molecule imaging, multicolor 

analysis, surface-enhanced Raman spectroscopy and surface plasmon resonance 

(SPR) detection.47 

1.2.5.2. Electrochemical 

Electrochemical biosensors are very popular in the field of biosensors, 

however, these methods are focused primarily on metabolite monitoring, while 

bioaffinity monitoring is carried out principally using optical technologies such as 

those mentioned above.48-51 A good example of a POC device in the market that uses 

electrochemical detection is the glucose meter which is used to self-monitor levels 

of glucose by diabetic patients.52,53  
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1.3. Evolution from Conventional Laboratory Tests to Testing at 

the Point-of-Care 

Now that the basics have been introduced with respect to immunoassays, 

this section will primarily describe the evolution from conventional laboratory 

settings to testing at the point-of-care (POC). 

1.3.1. ELISA-Based  

The most common biomarker test is ELISA which employs a basic “enzyme-

linked immunoassay” platform (introduced in Section 1.2.2). This method has not 

changed much since its first application as a diagnostic tool in 1971.8 It is a test that 

is typically performed in a 96- or 384-well microplate and can be completed within 

2 to 24 h. Since ELISA was fully automated in the 1980s by manufacturers including 

Boehringer Mannheim and Abbott, among others, its impact as a diagnostic tool for 

patients, clinicians and the healthcare system overall has been tremendous and 

unsurpassed.54  

Briefly, a capture agent (i.e., antibody, aptamers, and protein) that specifically 

and exclusively interacts with the desired analyte to be quantified, is immobilized 

on the microtiter plates while the analyte sample is introduced to the microplate 

and binds specifically to another region (i.e., epitope) of the capture probe. The 

detection step of the bound complex can involve either enzyme labels, fluorescent 

labels, or nucleic acids.7 Furthermore, a blocking step as well as several washing 

steps are required to block non-specific binding and remove unbound materials. 
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The sample volumes required per well for 96- and 384-well microplates are 75-200 

and 20-80 µL, respectively. While these microtiter plate formats have revolutionized 

high throughput screenings, the ELISA platform as performed in remote 

laboratories has not been able to keep up with the current high demands in 

diagnostic healthcare, especially for biomarker testing. One of these demands 

requires assay platforms to be more sensitivity to be able to measure low protein 

biomarker concentrations prior to progression of diseases. For instance, ELISAs are 

limited to measuring protein concentrations above single digit picomolar (pM) 

while some cancer biomarkers require accurate measurements in the sub pM 

concentration range.7 

In order to address the underlying issue with sensitivity, microarrays were 

next introduced.  

1.3.2. Microarrays 

Microarrays were first introduced in the 1990s to address the important 

underlying issue with sensitivity when measuring low abundance analytes which 

are often associated with early stages of diseases. A protein microarray contains an 

array of immobilized protein spots on solid support surfaces such as aldehyde and 

epoxy-derivatized glass surfaces for random attachment through amines, 

nitrocellulose, or gel-coated slides.55 Similarly to an ELISA, these spots can be 

antibodies, proteins, peptides, nucleic acids, and even cells or phages. In contrast to 

ELISA, the immobilized spots that serve as capture probes are concentrated in a 

smaller area to more efficiently capture the analyte in solution. Detection of the 
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captured analyte occurs in a sandwich immunoassay format and utilizes a labeled 

detection probe, rather than an enzyme as typically used in ELISA. Detection probes 

can be fluorescent dyes, radioisotopes, chemiluminescent, colorimetric, quantum 

dots, and nanoparticles.56-58 Label-free methods are also available.59  The novel idea 

of this platform is in its ability for high-throughput measurements as well as more 

rapid analyte capture due to the high-density of immobilized spots with capture 

probes. More specifically, the confinement of capture probes in small volumes 

creates a local high concentration resulting in high-affinity binding reactions as a 

results of the chemistry and physics associated with femtoliter volumes in cm3 array 

dimentions.7 Additionally, microarrays often pre-concentrate low concentration 

samples to increase assay sensitivity. 

1.3.3. Bead-Based 

ELISAs and microarray technologies discussed above utilize planar surfaces 

for biomarker capture. To further improve sensitivity, bead-based techniques can be 

employed which provide 3D environment to increase available binding surface area 

and allow for a wider variety of assay formats.  For instance, interesting ideas 

emerged with the use of microbeads, or even nanoparticles, such that the beads with 

immobilized capture probes are brought to the analyte during binding, rather than 

the reverse.  In this case, microbeads can be transported in microfluidic channels 

through reagent- and analyte-containing areas. Non-mobile bead-based systems 

employ microwells or weir structures to confine microbeads for delivery of fluidic 

reagents to beads held in microarrays, wells, and biochips.60 For example, Iqbal and 
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co-workers localized glass beads, 50 µm in diameter, in arrayed pits of 25 µm depth 

for the early detection and isolation of circulating tumor cells.61 Similarly, Rissin et 

al. loaded beads of 2.7 µm diameter into an array of wells with diameters of 4.5 µm 

and depths of 3.25 µm. The beads were loaded with a high concentration of 

antibodies to measure prostate specific antigen with high sensitivity.62 Similarly, 

over the past years our group has developed a modular microbead array platform 

known as the programmable bio-nano-chip (p-BNC) suitable for the capture and 

quantitation of soluble biomarkers.63-67 

In general, there are two types of microbead surfaces that can be employed: 

non-porous and porous. The most popular material of non-porous microbeads is PS. 

When compared to the flat surface of an ELISA microtiter plate, the surface-to-

volume ratio of a 45 µm diameter PS bead is about 37 times higher. This higher 

surface-to-volume ratio resulted in a faster equilibrium of the human secretory 

immunoglobulin A binding to the capture probes on the PS bead due to the short 

diffusion distances when trapping the beads at the end of a barrier, reducing the 

capture time from 24 h to less than 1 h.68 In a separate study, Zammatteo et al. 

compared the capture of DNA probes on the surface of PS microwells and beads 

comprised of the same total surface area (1.4 cm2).69 Results showed that the 

performances of the two different solid support surfaces were very similar, 

demonstrating the importance of surface area available for binding. To test this 

theory one step further, the researches then increased the number of PS microbeads 

four-fold to increase the total surface area while maintaining the same bead size. 
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This change resulted in a two-fold increase in capture of DNA with respect to the PS 

microwells.70 

Porous microbeads, on the other hand, have even higher surface-to-volume 

ratios when compared to the non-porous microbeads. Porous solid support 

microbeads include hydrogels (e.g., agarose, dextran), porous silica and PS, surfaces 

grafted with polymer brushes, paper, and cotton, among others.17-32  The 3D solid 

support substrates offer high surface-to-volume ratios that allow for enhanced 

sensitivities and lower limits of detection when samples are transported using 

microfluidics.68,71 In one study, the concentration of capture probes which can be 

immobilized on 3D supports per cross-sectional area was found to be 3000-fold 

higher than can be immobilized on 2D planner ELISA surfaces.72 High 

concentrations of antibody probes are highly desired as they have been shown to 

lower limits of detection by 100-fold or more when compared to the tradition 2D 

planar ELISA platform.16   

1.3.4. Lab-on-a-Chip, Microfluidics, and Point-of-Care 

Sensitivity and other factors such as low sample volume, reduced healthcare 

costs, rapid results, device integration and therefore the option for routine testing 

remain concerns that have not been fully met by the conventional ELISA method 

that has been the golden diagnostic standard for almost three decades. As such, with 

the introduction of the “micro-total-analysis-system” in the 1990s came the idea of 

creating miniaturized “lab-on-a-chip” (LOC) platforms with capabilities of 

miniaturizing most conventional laboratory benchtop sciences onto a single “chip.” 
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This chip or “biochip” is equipped with microfluidics required in order to create the 

integrated systems that can deliver small volumes of sample and reagents to 

reaction chambers. Moreover, microfluidics provide the capability to perform 

integrated functions such as sample pretreatment, sample and reagent transport, 

mixing, reaction, washing steps, separation, detection, and waste collection all in the 

same fluidic system, afforded by the integration of fabricated microfilters, 

microreactors, micropumps, microvalves, mixers, and microseparators directly in 

the system.73,74  

Integration of micro-components into a complete system functionality 

provides simple, quick and accurate results  comparable to those achieved by the 

conventional ELISA platform where immunoassay processes involve several 

washing, mixing, and incubation steps that are normally performed on the bench-

top labor intensively and with time consuming steps involving multiple laboratory-

confined equipment.10  

The significant reduction in assay time in the micro-environment may be 

attributed to smaller surfaces with higher surface-to-volume ratios coupled with the 

benefits of microfluidics that allow immunoreagents to be transported more quickly 

to the surface of the immobilized capture antibodies where binding will occur 

rapidly. Improving mass transfer in microfluidics for immunoassay applications is a 

large field and many paper and review articles are available.28,75,76 Moreover, the 

sample and reagents required to perform immunoassay tests are relatively 
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expensive and reducing the volume necessary per test would lower the 

consumption and cost of these reagents, greatly increasing test affordability.  

Thus, it is not surprising that, since the introduction of total micro-analysis in 

the early 1990s and microfluidics a few years later, the number of publications 

related to LOC systems has increased exponentially. Microfluidic LOC devices have 

received significant attention in the past two decades with a wide range of 

applications including detection of environmental, biological, and chemical 

agents.77-80 As mentioned above, through the miniaturization of existing 

components (microspheres, mixers, micropumps, etc.), LOC devices have 

demonstrated a variety of benefits including high surface-to-volume ratios, rapid 

diffusion times, low sample and reagent volumes, low cost, reduced analysis times, 

portability, and on-site analysis of patient samples collected with minimal 

discomfort from body fluids such as finger-stick blood or saliva.24,29,73,81-86 In 

addition to rapid turnaround of results, some devices have multiplex capability, 

simultaneously measuring a panel of biomarkers from a single sample for disease 

diagnosis, prognosis, and monitoring.87-89  

An important goal for LOC devices is to be available at the point-of-care 

(POC). POC testing involves testing of patient samples at the bedside as opposed to 

shipping to remote laboratories and obtaining rapid results that can be used to 

improve patient care and diagnosis. POC or near patient testing settings include the 

hospital, ambulance, doctor’s office, drug stores, elderly homes, and even the 

patient’s homes, improving the ease and accessibility of healthcare. As such, the low 
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cost, reduced analysis times and increased portability make LOC devices ideal for 

use at the point-of-care. 

1.3.5. Lateral Flow Devices 

One common type of POC devices already available in the commercial market 

for many years are lateral flow assays (LFAs) (i.e. dipstick assay, test strips).90,91 

These tests were first developed for the detection of drugs of abuse and in 

pregnancy testing.  LFAs are simple, cost-conscious, self-sufficient, and can have 

long shelf lives ranging from months to a couple years. The assays are usually 

performed on nitrocellulose or nylon membrane materials contained in plastic 

housing. As part of the assay process, capture probes are immobilized and stored in 

dry form in a strip of the nitrocellulose or nylon membranes. Detection antibodies 

labeled with colloidal particles (i.e. gold, carbon, paramagnetic or colored latex 

beads) are stored in a different strip on the LFA device.92 When the sample fluid is 

applied, the sample migrates down the nitrocellulose or nylon membrane by 

capillary action and first interacts and binds to the labeled antibodies which further 

migrate downstream and are then captured by the capture probes forming the 

immunocomplex. The unique properties of colloidal particles in close proximity, for 

instance, provide a visible line, that when present, indicates a positive test result.  

However, these simple and commercial dipstick assays mostly provide 

qualitative results and thus would not be well suited for test applications that 

require quantitative results and high sensitivity.93,94 The ability to detect low 
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concentrations of protein biomarkers using noninvasive sampling in a rapid time 

frame remains a critically important priority in the LOC community.95 

1.4. LOC Devices: Characteristics of the “Total Package” 

The LOC devices with the following characteristics and factors comprise the 

total package of what is needed to bridge the gap between LOC device studies to 

POC. This section provides some detail about the important factors that would 

define “the total package” device. Table 1.1 provides a summary of these factors 

which are described in more detail below. 

Table 1.1. Characteristics of an Ideal LOC Device. 

Assay Characteristic Explanation 
Performance Sensitivity, specificity, reproducibility, variability, dynamic 

range 
Multiplexing Measuring multiple biomarkers simultaneously 
Adaptability Applicability to various types of analytes 

Small sample volume Reduced patient sample volume required for assay 
Operational efficiency Ease-of-use, lower testing time 
Storage and shelf-life Storage at or above room temperature for days to months   

Device integration and 
automation 

Combination and automation of laboratory functions on 
device 

Affordability Low cost for widespread use 
  

The performance of a diagnostic test that is designed to distinguish between 

the presence and absence of a disease is often evaluated by the properties of the test 

described as sensitivity and specificity.96 Sensitivity is the probability that a truly 

diseased individual will test positive, while specificity is the probability that a truly 

non-diseased patient will test negative. These properties are usually evaluated 
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against a standard reference test called a “gold standard” to identify which subjects 

truly have the disease.  Although in reality a true gold standard platform with 100% 

accuracy does not exist, well established test platforms such as ELISA and Western 

Blot are often used to evaluate the accuracy of more newly developed diagnostic test 

platforms and will be discussed in more detail below. Another important property 

of a successful diagnostic test is its reproducibility. The reproducibility of the test is 

an assessment of the extent to which the same operator and different operators can 

achieve the same results upon repeated testing of the same samples. This 

reproducibility in an assay is often described by the intra- and inter-assay 

variability. Intra-assay variability describes the variability of results between test 

ensembles within one data set obtained from one experiment. Inter-assay variability 

involves the variability of results between different data sets obtained from 

repeated experiments. Both intra- and inter-assay variability are expressed by the 

percent coefficient of variation (%CV) as shown in Equation 1.1, where the %CV is 

equal to the mean of the standard deviation divided by the mean of test points times 

one hundred.  

%𝐶𝑉 = 𝑀𝑒𝑎𝑛 𝑜𝑓 𝑆𝐷 ×  100/𝑀𝑒𝑎𝑛 

Equation 1.1. Percent Coefficient of Variation. 

Further, being able to measure a broad concentration range of analyte (i.e., assay 

with broad dynamic range) is also crucial for analytes that can vary in concentration 
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a great deal, such that the sample does not need to undergo additional preparation 

steps such as dilution or concentration which are time consuming and inefficient. 

Multiplexing capabilities involve measuring multiple biomarkers 

simultaneously in the same assay and can reduce important factors for POC devices 

such as overall reagent costs, sample volume, and assay time that increase the 

diagnostic efficacy.  Devices should also have the flexibility to detect and quantify a 

variety of analytes including small molecules and ions, drug compounds, nucleic 

acids, proteins and cells.97 Furthermore, for POC diagnostic devices low sample 

volumes are desirable as they can be obtained from patients using non-invasive 

methods (i.e., fingerstick). For example, a drop of blood contains about 50 µL of 

sample. While a traditional ELISA test requires a total sample volume of 4.8 mL for a 

test on a 96-well plate, many POC devices can measure a single test using sensor 

arrays from a 100 µL sample or less. Further, small sample volumes can decrease 

costs and minimize waste disposal.  

Operational characteristics include the time it takes to perform the assay. 

Ideally, a diagnostic test should be performed in less than 30 min and it should 

involve technical simplicity or ease of use. The ease of use is dependent on how easy 

it is to maintain the device and how difficult it is to train the staff to use it.96 Ideally, 

simple interfaces will make it easy to use by low-skilled operators. Furthermore, it is 

important that the immunoassay tests remain robust under various storage 

conditions likely to be encountered at the POC. Many commercially available 

diagnostic tests are recommended to be stored between 4 ˚C and 30 ˚C and are 
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sealed in moisture-proof packaging. In particular, tests that are going to be used in 

remote areas where temperatures exceed 30 ˚C need to be tested under different 

storage conditions.96 For the reagent storage of proteins and enzymes, temperatures 

as high as 45 ˚C with a shelf life of 3 months have previously been reported.98  

To achieve the previous goals leading towards POC testing, device integration 

is a crucial step. These devices are expected to be the miniaturized version of their 

large-scale counterparts and therefore small and transportable. A fully integrated 

device is comprised of integrated microfluidics with sample loading and 

pretreatment, sample and reagent transport, mixing, reaction, detection, and waste 

compartments all capable of being performed automatically on a single LOC 

cartridge.10 In addition, instrumentation for signal detection (i.e., miniaturized 

fluorescence microscopes) must also be integrated with mechanical and optical 

hardware, as well as data analysis software modules that contain user interfaces 

and algorithms capable of reporting a final result quickly and with capabilities to 

share the data with physicians and clinicians rapidly.  

Finally, one of the main goals of POC devices is to make routine diagnostic 

testing accessible to a large part of the population.  This process can likely only be 

achieved if the diagnostic tests are inexpensive enough to be widely used. However, 

somewhat more expensive devices could still be useful if they provide enough 

benefits such as early detection that could bring overall treatment costs down. 
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1.5. The p-BNC System and Device Components 

In this section, the individual components of the portable bio-nano-chip (p-

BNC) platform used for the immunoassay studies presented in this dissertation are 

described in detail. These elements can be broken down into three categories: the 

solid support surface chosen to immobilize the capture antibodies, the 

microcontainer array holding the solid supports in place, and the fluidic card (i.e., 

cartridge, lab-on-a-chip) that houses the aforementioned components. Lastly, 

although outside the scope of this dissertation, a summary of the ongoing 

integration efforts in the lab to build a final product will be briefly mentioned.  

1.5.1. Solid Support Surface for Immunoassay Studies 

In a recent review article, Kim et al. have described in detail protein 

immobilization techniques for microfluidic assays. In the article, they emphasize the 

idea that “an ideal immobilization surface should have a large surface-area-to 

volume ratio, a protein-friendly environment, minimal nonspecific protein 

adsorption, mechanical and chemical stability, and a reactive moiety for protein 

coupling”.12 Indeed, the McDevitt lab has chosen agarose as the solid support 

surface for immunoassay testing because of these attributes and more.  

Agarose is by far the most commonly used matrix for work involving proteins 

and nucleic acids due to its broad range of physical, chemical, and thermal stability 

properties.  Its utility ranges from applications in chromatography and separations 

of biomolecules to more applied applications in tissue engineering and healthcare 
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diagnostics where agarose fibers function as anchors for immobilizing antibodies to 

form immune complexes.  In addition to its high surface-area-to-volume ratio, 

excellent biocompatibility, minimal nonspecific protein adsorption, good 

mechanical and chemical stability, easy activation chemistry for ligand coupling, 

agarose is stabile in a wide range of pH buffers and has low auto-fluorescence. The 

latter is a characteristic that is very important for p-BNC system which employs 

fluorescence-based detection. 

As mentioned above, the 3D structure of agarose allows for conjugation of 

probes on the surface of the hydrogel, taking advantage of the high surface area-to-

volume ratio that benefits the performance and sensitivity of the assay. Figure 1.2 

shows a cartoon representation of the high antibody loading levels afforded by the 

3D structure of the agarose gel. This environment can improve the sensitivity of an 

assay by increasing the probability of capture for low abundance analyte. 
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Figure 1.2. A cartoon representation of the immobilization density of capture probes 
on the 3D network of agarose where the antibody and fiber sizes are drawn to scale. 
Scanning electron microscopy images aided in defining the fiber dimentions 
represented in the drawing. Animation construction using Blender, courtesy of Dr. 
Jorge Wong.  

1.5.1.1. Agarose Gel Structure 

Available as an off-white power, agarose is extracted from Rhodophyta, red 

algae. When dissolved in near-boiling water (i.e., between 85 to 95 ˚C) and 

subsequently cooled to room temperature, it forms a solid gel network at a gelling 

temperature between 35 to 42 ˚C. The chemical structure of the gel network is 

comprised of entangled polysaccharide chains consisting of linear polymers 

containing repeat units of both the D and the L isomers of galactose. The basic 

structure of agarose is shown in Figure 1.3, D and L isomers of galactose are linked 

together to form repeating and alternating D-galactose and 3,6-anhydro-L-galactose 
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disaccharide chains that can vary in length. This repeating disaccharide is also 

known as a neoagarobiose. 

 

Figure 1.3. Basic repeating structure of agarose. 

Furthermore, the structure of agarose contains four hydroxyl groups per 

monomer which can be derivatized and functionalized with antibodies (Figure 1.3). 

Although primarily characterized by a low degree of substitution with charged 

substituents, agarose can contain a small amount of charge from substitution with 

charged groups such as sulfate and pyruvate, giving agarose a slightly negative 

charge. In the McDevitt lab, agarose of Type I-B from Sigma-Aldrich which contains 

very low amounts of sulfates, lower than 0.10% is typically used. This type of 

agarose is also characterized by a low electroendosmosis (EEO) which describes a 

movement in the gel that can disrupt interactions within the gel because of internal 

convection. Agarose used for gel formation has a relatively high molecular weight 

consisting of >100,000 g/mol.99,100  

Microstructural features and channels constitute the physical structure of the 

gel that is formed upon swelling of the polymer chains in water. More specifically, 

channels also referred to as pores are formed via supramolecular interactions 

involving hydrogen bonding in the secondary and the tertiary polymeric structures 
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that give rise to the well-ordered fibrous structure of agarose. The exact mechanism 

of gelation, in which hydrogen bonding occurs between the secondary and tertiary 

structures of the polymer chains and between those structures and water, remains 

controversial. According to Rees et al. the linear polymers form a double 

intertwined helix which then aggregates to form the tertiary polymeric structure of 

agarose.101 On the other hand, Foord et al. have challenged the model by proposing a 

model consisting of extended single helices of the secondary structure of agarose 

held together via hydrogen bonding.102 Ultimately, both models can agree that the 

agarose polymer undergoes many conformational changes and states of aggregation 

involving hydrogen bonding before completing the overall transition from solution 

to gel-state. The highest order structure of the gel called the quaternary structure 

can be described as a 3D network of filaments and fibers with increased pore sizes 

most likely attributed to the coagulation of the local polymer-rich phase in order to 

achieve total minimum of free energy in the gelling system.103 Furthermore, 

although the gelation process of hydrogels is reversible, due to the strong intra- and 

inter-molecular hydrogen bonding of agarose fibers, agarose gel is stable up to a 

high temperature of 60 ˚C which is significantly higher than the original gel 

formation temperature, indicating that the gelation is reversible only at higher 

temperatures.104,105  

1.5.1.2. Agarose Beads 

In the p-BNC system, the agarose gel is prepared in the form of microspheres 

(i.e., beads) typically with a diameter of around 250 µm.72 These small agarose 
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beads provide multiple advantages, ranging from multiplexing capabilities in a 

single assay to low cost resultant from the small size and large quantity of beads 

that can be prepared in a single reaction.106,107 Both of these qualities are crucial for 

developing efficient POC devices as described previously. 

A common process by which the agarose beads are prepared is known as 

suspension gelation.108,109 This method involve the preparation of an emulsion first 

by dispersing an aqueous solution of agarose into an organic solvent containing 

stabilizing surfactants and applying mechanical stirring by using an overhead stirrer 

for formation of the gel droplets. The droplets are then solidified via cooling the 

suspension below the gelation temperature and passed through a sieve stack to 

isolate desired particle size fractions. 

1.5.1.3. Fluorescence Sandwich Immunoassay on Beads 

The chemistry to anchor the antibodies covalently on the agarose beads is 

described in detail in Section 3.4. Here, the fluorescent immunoassay steps are 

presented as used in the p-BNC system and shown in Figure 1.4 to form the 

immunocomplex. Similar to the ELISA platform described in Section 1.2.2, a 

sandwich immunocomplex is formed in the porous network of agarose, whereby the 

analyte of interest in the sample is first bound to capture antibodies chosen with 

high affinities to bind the analyte. Then, in the p-BNC cartridge, to be described later 

in Section 1.5.3., a buffer wash cleans out unbound analyte. For the detection step, 

fluorescently-labeled detection antibodies are then delivered to the beads and bind 

specifically to another region (i.e., epitope) of the analyte, forming the fluorescent 
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immunocomplex. After a second washing step to wash away unbound detecting 

antibody, the fluorescent signal is quantified from the captured fluorescent images 

using an epi-fluorescent microscope. The fluorescent signal on the beads is 

proportional to the concentration of analyte in the sample, and by generating a 

calibration curve (i.e., dose response curve) at various standard concentrations of 

analyte, the concentration of an unknown sample can be determined.  

 

Figure 1.4. Fluorescent sandwich immunoassay steps on agarose microsphere solid 
substrates.  

1.5.2. Biochip Microcontainer 

To localize the beads in the p-BNC card for immunoassay testing, a 

microcontainer (i.e. microchip, biochip) is used. Similar to microarrays, the 

microchip container comprises an array of wells that hold the beads in place. The 

chips are micro-machined with a number of wells tuned to house a varied number of 

beads that have the capability to simultaneously identify different analytes (i.e., 

multiplexing panel). 
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1.5.2.1. Silicon 

The first microchip utilized in the lab to position beads within the wells, and 

also used for a portion of the experiments presented in this dissertation, is the 

silicon chip. Silicon, as a material, is well known for fabricating microfluidic devices 

as the microfabrication processes involved are well-established from the 

microelectronic and the microelectromechanical systems (MEMS) industry. Figure 

1.5 shows the agarose beads sitting in inverted pyramidal pits of etched silicon and 

the fluid flows around them. The silicon chip uses a popular anisotropic wet etching 

process described elsewhere by which pits are created in the silicon wafer with the 

use of a (100) silicon nitride surface.110-112 Briefly, during the etching process, pits 

are formed with flat sloping (111)-oriented sidewalls with an angle of 54.7˚ with 

respect to the surface and a flat (100)-oriented bottom. When the etching is allowed 

to go to completion, the flat bottom disappears and the microstructural pits develop 

into a pyramidal shape as seen in Figure 1.5A. The surface chemistry of the silicon is 

also well studied; when silicon is oxidized, a thin silicon dioxide layer with 

hydrophilic properties is formed for improved surface-wetting characteristics.  

The size of the wells of the microchip was chosen to hold agarose beads 

ranging in diameter size of 150 to 300 µm as seen in Figure 1.5B. Equivalently sized 

PS beads are shown rather than agarose due to the difficulty of preparing agarose 

beads for SEM imaging (see Chapter 3). Figure 1.5C shows a time-lapse of fluid flow 

over the microchip as simulated for one bead in one well using computational fluid 

dynamics (CFD) modeling. The fluid flows over the bead array and interacts with 
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each bead as shown and, after flowing around the beads, the fluid exits through the 

bottom opening of the chip well.  

 

 

Figure 1.5. The biochip components and fluid flow as part of the p-BNC system. (A) 
SEM image of micro-machined, anisotropic wells etched entirely through the silicon 
nitride wafer. (B) SEM image of PS beads placed in the wells of the chip for imaging 
purposes. (C) CFD time-lapse images showing the cross section of the biochip and 
fluid flow-through over and around each individual bead and exiting through the 
bottom holes of the microchip container. 

An advantage of the silicon dioxide microcontainer bead holder is that 

reflections of the silicon surface can enhance the fluorescent signal collected on the 

beads, resulting in low limits of detection.113 However, the mass-production of 

silicon chips for clinical use is very expensive and involves fabrication steps that are 

time consuming including substrate cleaning, resist coating, photolithography, and 

wet etching. These limitations have limited the utility of silicon chips for commercial 

immunoassay use in POC devices.  
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1.5.2.2. Plastic 

Due to the high cost and time-consuming fabrication process of silicon, other 

materials have been recently explored in the lab for the mass production of 

biochips, specifically those composed of polymeric materials. A hot embossing 

method under high-temperature and high-pressure was used to produce 

polyethylene chips that were derived from the anisotropically etched silicon 

wafers.114 This technique first involved forming an aluminum-based epoxy mold 

from the stamp features of the anisotropically etched silicon wafer and then using 

the epoxy stamp and thermoplastic to emboss the features onto the polyethylene 

plastic.  Advantages for using polyethylene plastic as a material include its low 

background noise for fluorescence measurements, affordability when compared to 

other more commonly used plastics such as COC, and ability to be easily sterilized 

and recycled. The production rate of manufacturing polyethylene microchips using 

this method was reported to be as high as 22.5 s per chip.114 

Similarly, we have previously demonstrated that a PDMS replica of the 

anisotropically etched silicon wafer can be produced whereby a UV treatable epoxy 

can be cast over the microstructural features and cured to produce an epoxy film 

with the same features.115 The epoxy cast microchip contains the same pyramidal 

cavity as the silicon chip, but is cost-effective, disposable and can be mass-produced 

with ease.  

In addition, the inverted pyramidal structure of the silicon chip nor its 

adaptation to plastic chips provide a close fit for round beads and fluid can easily 
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escape through the bypass corners leading to inefficient fluid transport. The 

advantage of working with plastic materials is that it allows for tailoring the shape 

of the wells to that of the beads, something that is not possible with silicon as the 

shape of the etched silicon is governed by the crystal structure of the silicon.  With 

plastic as a material, however, wells with more circular shapes can be prepared that 

provide additional benefits for the p-BNC system and will be discussed in detail in 

Chapter 2.  

1.5.3. Lab Cards and Fluid Delivery 

The delivery of liquid reagents to the microchip container holding the 

agarose beads involves housing these components in microfluidic chambers where 

fluids can be delivered with flow control. Figure 1.6 shows four different fluidic 

devices currently employed in the lab.  The flow cell, as pictured in Figure 1.6A, 

depicts the first fluidic chamber used in the lab to house the microchip container 

and beads. The fluid path is constructed by sandwiching the bead array between 

two PMMA inserts containing vinyl adhesives that allow for a tight pressure seal as 

the components are bolted together in stainless steel housing. This fluidic chamber 

has been primarily used in conjunction with the silicon microchip array and offers a 

few unique features. For instance, this fluidic system includes components that are 

simple and reusable and it also opens up the possibility for applying unlimited 

sample volumes at high or low flow rates using peristaltic or syringe pumps, 

respectively. Furthermore, fluids can be recirculated in a loop to carry out binding 

studies on the beads.  
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Figure 1.6B shows a prototype disposable fluidic card that is constructed out 

of seven layers of double-sided adhesive and polymer films, as previously 

reported.114 Briefly, individual layers are fabricated using a rapid prototyping 

method called xurography which utilizes a cutting plotter to create micro-channels 

that are aligned to form the fluid flow path to the agarose beads on the microchip 

container. The xurography approach allows for the rapid and affordable 

development of the micro-fluidic structure and the associated fluidic network that 

allowed to conduct the multiple studies presented in Chapter 2 of this 

dissertation.116 Additionally, this flow card is disposable and was primarily used in 

combination with disposable and cost-effective plastic microchips including 

polyethylene, PMMA, and other UV-curable polymers. Fluids are delivered to the 

microchip container using a syringe pump.  

Separately, a more integrated prototype device was constructed as 

previously described117 and depicted in Figure 1.6C. Similarly, alternating double-

sided adhesive and polymer films are patterned using xurogrophy with a plotter 

cutter and constructed into microfluidic devices comprised of 7 layers. The resulting 

layers form a network of microfluidic channels for the delivery of sample, detection 

antibody, and buffer washings to the bead array. Moreover, this flow card allows for 

placement of all reagents necessary to execute a sandwich immunoassay, including 

the sample and detection antibodies, directly on the card. The sample is preloaded 

in the sample loop via capillary action.  After preloading, the sample is pushed with 

buffer through the microfluidic channels to the agarose beads using a syringe pump. 

Likewise, the detection antibody, stored on a glass fiber in the card, is pushed from 
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the fiber pad using buffer delivered into the card with syringe pumps. It should be 

noted that this system employs a lower and more controlled sample volume (100 µL 

vs. 1000 µL) to be delivered to the agarose bead array, reducing the assay time and 

reagent costs.  

Briefly, the fluidic card (i.e., lab card) currently employed in the lab and 

pictured in Figure 1.6D has evolved from the prototype device (Figure 1.6C) into an 

injection molded flow card with a more integrated fluidic system. In addition to 

allowing for sample and detection antibody loading in designated compartments on 

the flow card, it also contains blister packs which store non-perishable buffers, such 

as PBS buffer, directly on the cartridge. Actuators are used to press on the blister 

packs and deliver fluids with precise microliter flow control.97,118,119  

It’s important to mention that all devices described herein contain a top 

optical window made from COC polymeric material, containing low absorption and 

low auto-fluorescent. This optical window allows for measurement of fluorescence 

of the bead array using an epi-fluorescent microscope where signal is collected from 

the top. 
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Figure 1.6. Images of the different p-BNC lab cards used for the studies presented in 
this dissertation. (A) The flow cell is comprised of multiple layered components and 
basic features where fluids are delivered using a peristaltic pump or syringe pumps 
through the (a) inlet to the (b) bead array chip and exit via the (c) outlet. Another 
port (d) allows for venting and removal of bubbles in the fluid samples. (B) The flow 
card is comprised of multiple layered components of paper and plastic and is 
equiped with the same basic features as (A), but contains (d) two membranes for 
venting and trapping bubbles. Fluids in this system are primarily delivered using a 
syringe pump but a peristaltic pump can also be used. (C) This flow card features a 
more integrated system comprised of multiple adhesive and plastic layered 
components containing the basic features (a-d) and additional features including (i) 
a sample entry port, (ii) a sample loop for a fixed sample volume, (iii) a 8 µm 
membrane filter, (iv) two waste compartments, and (v) a glass fiber pad for storage 
of the detection antibody. This system uses two syringe pumps for attachment in 
two locations to flow buffer, and deliver the sample and the detection antibody to 
the bead array chip. The red errors demonstrate the fluid flow path to the waste 
compartment. (D) This card represents the most recent flow card, an injection-
molded card, equipped with the basic features and components described in (C), but 
containing five additional bubble traps and vents and (a) two blister packs filled 
with buffer that are actuated to deliver the fluids to the bead array chip. The red 
errors demonstrate the fluid flow path to the waste compartment. A 100 µL sample 
is preloaded on the card as visualized in red.  
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1.5.4. Integration  

An important factor in creating a fully integrated LOC device is integrating all 

of the assay components into one device. The previous section briefly described the 

use of blister packs and actuators to replace the separate peristaltic and syringe 

pumps for further incorporation into a portable micro-device. Also, integrated 

imaging systems with high performance and affordable components are currently in 

development to replace the bench-top epi-fluorescent microscopes currently used 

for measuring fluorescence of the assays.119 A preview of the integrated device is 

presented in Chapter 5. 

1.5.5. Clinical Applications 

Recently, the p-BNC technology has evolved scientifically and technologically, 

and its utility has been demonstrated for quantitative measurement of diverse 

classes of analytes including small molecules, DNA, and proteins.97,120 This flexibility 

is due to the modular design wherein the bead sensor component can be customized 

for a particular application using the appropriate capture and detection antibodies.   

The fluorescence-based p-BNC system has set out to diagnose deadly 

diseases and cover several major heath conditions such as cancers, cardiovascular 

disease, and roadside drug testing. For early detection of ovarian cancer, an assay 

was developed to quantitatively measure Cancer Antigen 125 (CA125) biomarker in 

serum samples that demonstrated a limit of detection of 1.0 U/mL from 1 mL 

samples with an analysis time of 45 min.121 This ovarian cancer assay has recently 
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evolved into a multiplexed assay with a panel of biomarkers including CA125, HE4, 

MMP-7 and CA72.4 and established limits of detection of 1.8 U/mL, 2.3 pM, 0.2 pM 

and 1.7 U/mL, respectively. Moreover, these limits of detection were achieved at a 

sample volume of 100 µL, a 10-fold decrease from the previously reported assay, 

compliment of the flow card shown in Figure 1.6C with an analysis time of 43 min. 

Also, use of a 10x magnification objective significantly improved signal-to-noise 

ratios over those previously achieved with the 4x magnification objective.117 For 

prostate cancer diagnosis, the most common non-skin malignancy in American men, 

the detection of the free form of the biomarker PSA in buffer was demonstrated with 

a limit of detection of 0.20 ng/mL, using a 100 µL sample with an analysis time of 34 

min and a novel biochip container that will be further discussed in Chapter 2.107  

The p-BNC system has also been applied for development of multiplexed 

assays for on-site drug monitoring. For these studies, the following drugs including 

tetrahydrocannabinol, morphine, amphetamine, methamphetamine, cocaine, 

methadone, and benzodiazepines were measure as spiked in buffer and then from 

oral fluid specimen collections. The limits of detection for cocaine and 

benzodiazepine were both 1.3 ng/mL with an assay time of 10 min and a sample 

volume of 1 mL.122 A longer list of the developed biomarker assays on the p-BNC 

porous bead-based platform and those in current clinical use for road side drug 

testing, as well as cardiac risk assessment, AMI diagnosis, congestive heart failure, 

prostate cancer is provided in the review article referenced here.106 
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1.5.6. Current Understanding of Antigen Binding to Antibodies in the p-BNC 

System   

The unique p-BNC system with porous beads confined in flow-through 

microcontainer wells allows for intriguing fluid transport studies because 

physicochemical parameters such as flow-through pressure, agarose bead pore size, 

analyte size, capture antibody loading concentrations, reagent flow rate, contact 

time, sample volume, and antibody-antigen binding affinities all play a critical role 

in assay performance. However, the interactions of all these parameters necessitate 

carefully controlling multiple parameters to study a particular effect. One way to 

gain insight into the system is through CFD simulations that model the convection, 

diffusion, and binding kinetics of reagent capture within the fibrous network of the 

agarose beads. In previous work, our lab developed a computational fluid dynamic 

model which has aided in the understanding of fluid flow and pressure-driven flow 

of confined 2 wt% agarose beads in the square pyramid microchip of the p-BNC 

system.123 The 3D interior of agarose beads for analyte binding was accessed 

through pressure-driven flow that is induced by the confinement of beads in the 

microchip environment. Similar to the case of increased antibody concentration 

described above, higher binding association constants lead to faster capture kinetics 

and thus accumulation of signal at the periphery instead of the interior of the beads 

whereas lower associations constants leads to deeper penetration of analyte into 

the bead.123 Chapter 4 will discuss these concepts in more detail. Further results 

showed that an optimal flow rate exists that takes into account binding, diffusion, 

and convection rates at other fixed parameters.124   
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1.5.7. Thesis Overview  

This dissertation will describe new research directed at optimizing the 

sensitivity of the p-BNC system, understanding binding kinetics of immunoreagents 

on agarose beads, and developing a novel method of long-term bead stabilization. 

Chapter 2 introduces a new custom-designed flow-through biochip which holds the 

agarose beads in an increased pressure-driven flow environment, allowing for two-

fold enhanced analyte capture within the 3D fibrous network of agarose. In Chapter 

3, novel experimental work will be presented exploring the extended range of 

agarose porosity to determine the optimal porosity for maximum binding capacity 

for three biomarkers of varying molecular weights and sizes. Chapter 4 describes 

the extension of the p-BNC system for measuring the binding kinetics of antibodies 

and demonstrates the importance of binding strength for optimizing sensitivity and 

dynamic range. Lastly, in Chapter 5, the critical issue of stability of reagents and 

agarose beads stored in the fluid flow devices is addressed.   
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Chapter 2 

Enhancement of Performance in 
Porous Bead-Based Microchip Sensors: 

Effect of Chip Geometry on Bio-Agent 
Capture 

Note: This chapter was copied and modified in whole with permission from a paper 

that I co-authored.1  Copyright 2015 Royal Society of Chemistry. 

The ability to detect low concentrations of protein biomarkers using 

noninvasive sampling on a rapid time frame remains a critically important priority 

for the LOC community.2 Bead-based microfluidic platforms are attractive for these 

functions due to their enhanced reaction kinetics, reduced background noise, and 

potential for decreased system costs.3-7  A variety of bead-based solid support types 

including gel, silica, PS, magnetic, and agarose beads have been used to capture 

target biomolecules in both benchtop and microfluidic systems.3,4,8-12 Porous forms 
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of these beads demonstrate improved performance due to their large surface-to-

volume ratios.13,14 The 3D structure of porous beads can be more densely packed 

with immobilized capturing antibodies than their non-porous counterparts. The 

microporous geometry allows for greater capture efficiency and has potential to 

offer lower limits of detection.15  

Methods to increase binding capacity in porous beads have focused on tuning 

the pore size or modifying the chemical functionalization of the bead surface.16,17 

Recent, alternative methods demonstrate that the capture rate of analytes in porous 

beads may be tailored by simple physical methods such as bead compression. 

Thompson and Bau reported a twofold increase in mass transfer rates for binding of 

biotin-functionalized quantum dots to streptavidin-coated agarose beads by 

periodically compressing and expanding the beads as compared to stationary 

beads.18 Similarly, Ouyang and Liang found a twofold increase in adsorption rates 

when compressing chitosan beads in solutions containing dye molecules or 

nanoparticles.19  

Porous bead sensors may also be positioned into microfluidic components 

while free flowing analytes are transported by diffusion- and convection-driven flow 

to the porous medium.20 Our group has developed a modular microbead array 

platform known as the programmable Bio-Nano-Chip (p-BNC), designed for the 

capture and quantitation of soluble biomarkers.21,22 The p-BNC system contains an 

array of individually addressable agarose bead sensors, each confined in flow-

through micro-cavities resembling inverted, square pyramid frustums (i.e., inverted 

PF microchip). In contrast to other stationary bead-based array platforms, the bead-
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based p-BNC system is unique as it utilizes some of the 3D interior of agarose 

through pressure-driven flow that is induced by the confinement of beads in the 

microchip environment. Studying and optimizing integrated LOC systems using CFD 

is both cost- and time-effective.  Previous computational fluid dynamic model 

studies characterized bio-agent capture and fluid flow dynamics for pressure-driven 

flow in the inverted PF microchip of the p-BNC system.20 These results suggested 

that pressure-driven flow increases analyte capture within porous sensors.  

This chapter presents computational simulations and experiments to 

examine the effect of microchip geometry and bead size in optimizing pressure-

driven flow rates within the bead-based p-BNC system to enhance analyte binding in 

the context of the essential and well-characterized biomarkers: C-reactive protein 

(CRP) and prostate specific antigen (PSA). Because pressure buildup is generally 

proportional to flow-through area around the beads sitting in the microcontainer, it 

is hypothesized that by using a new microcontainer with smaller bypasses, 

increased pressure would be generated inside the bead chamber which would, in 

turn, force more analyte into the bead interior thereby producing a higher analyte-

specific signal. While other groups have demonstrated the importance of optimizing 

geometries of microfluidic channels, biochips, and mixers to enhance performance 

of various LOC applications23-30, to our knowledge, no other studies have examined 

the effects of bead and bead/microcontainer geometries on the capture dynamics in 

porous stationary bead arrays.  
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2.1. The p-BNC System and its Components 

The components of the in-development p-BNC system used to complete the 

studies in this chapter, relating to the analyte penetration depth and flow rate study, 

are shown in Figure 1.1. As previously reported, a prototype device constructed out 

of several layers of double-sided adhesive and polymer films was used. Individual 

layers were fabricated using a rapid prototyping method called xurography which 

utilizes a cutting plotter to create micro-channels that are aligned to form the fluid 

flow path (Figure 1.1a). The xurography approach allowed for the rapid 

development of the micro-fluidic structure and the associated fluidic network to test 

the microcontainer geometries as required for these studies.31  

The biochip is at the heart of the detection system, and here it is composed of 

a 3 × 4 array of microcontainers filled with agarose beads about 280 µm in diameter. 

For these studies, the agarose beads were manually placed into the wells of the 

microcontainer using tweezers under a dissecting microscope. In parallel, efforts 

have been completed to develop automated approaches suitable for mass 

production of these sensors as well as the long-term storage of the agarose beads in 

microfluidic cards (See Chapter 5). Once the beads are placed in the microcontainer, 

the fluid flows over the agarose beads and out through the bottom openings of each 

microcontainer. 
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Figure 2.1. The p-BNC system setup for the microcontainer geometry studies. (a) 
Schematic showing partially integrated microfluidic device and layers of 
construction.  The fluid flow is illustrated in blue going through each individual 
layer. Note that the fluid is forced through from the top and out the bottom openings 
of the chip array. SEM images of the top view and an individual bead modeled in a 
well are shown for an (b) inverted PF and (c) inverted CPF microcontainer 3 × 4 
array. Bypass corners are observed for the bead sitting in the PF but not for the bead 
sitting in the CPF chip (bottom openings of these wells are larger for visual 
purposes). Assay formats to support theory experiments include (d) a one-step 
assay format for measuring fluorescently-labeled inflammatory biomarker CRP and 
(e) a sandwich immunoassay format for measuring free PSA biomarker indicative of 
prostate cancer. (f) SEM image of the agarose structure shows porous fiber network 
which allows for internal flow and analyte capture. 

Figure 1.1b-c shows the two different microcontainer designs that contain 

the beads. For the detection of CRP and PSA two different immunoassay platforms 
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were utilized. The cartoon in Figure 1.1d represents agarose beads labeled with 

capturing antibodies that bind fluorescently-labeled CRP in a one-step immunoassay 

format while Figure 1.1e shows a cartoon of a sandwich immunoassay utilizing 

agarose beads with capturing antibodies that bind free PSA followed by a 

fluorescently-labeled detection antibody. The agarose beads have a porous 

structure with pore size ranging from 100-400 nm, as shown in Figure 1.1f, which 

provides a dense framework for immobilizing capturing antibodies.32 

In this report, the assay performance using the two microcontainer 

geometries shown in Figure 1.1b-c were compared. The first is a previously 

reported design constructed with tapered walls with angles of 54.7°, dictated by 

anisotropic etching of the crystalline lattice of silicon nitride in the 111 direction 

plane. Using this process an inverted PF structure with microcontainer dimensions 

of 623 ± 7.1 µm × 620 ± 1.9 µm at the top and 132 ± 4.5 µm × 130 ± 2.1 µm at the 

bottom with a height of 280 µm, was created, as shown in Figure 1.1b. To generate 

the second design, computer numerical control (CNC) was used to create a cone-like 

geometry that we refer to as an inverted CPF design with microcontainer radii 

dimensions of 268 ± 4.6 µm at the top, 60 ± 2.5 µm at the bottom with a height of 

280 µm was created, as depicted in (Figure 1.1c). The CPF structure was designed as 

the geometric intersection of the PF structure with an inverted conical frustum with 

a radius of 53 µm at the base. The image of the beads sitting in the wells in Fig. 1B 

shows large open regions at the corners of the microcontainer, which we refer to as 

bypasses. However, the new custom-form microcontainers have a more rounded 

shape tailored to the bead geometry that significantly reduces the bypass area as 
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visualized in the right column of Figure 1.1c. Because fluid must flow through the 

bead-filled microcontainers during an assay, fluid must flow either through the open 

bypasses or be forced into the porous bead structure. Because pressure buildup is 

generally proportional to flow-through area, we hypothesized that by using the 

inverted CPF microcontainer with smaller bypasses, more pressure would be 

generated inside the bead chamber that would, in turn, force more analyte into the 

bead interior. 

2.2. Optimization of the Inverted CPF Geometry 

The optimized cone-line geometry was inspired from the former geometry, 

the inverted PF design, which was developed with several key design 

considerations, including uniform capture signal, maximum analyte capture, and the 

physical fit of the bead inside the microcontainer. Furthermore, it should be 

appreciated that this prior design structure was created using an anisotropic 

etching process with use of Si 100 wafers. The geometry of resulting etch pit was 

dictated by the silicon (111) etch plane geometry. However, as these devices move 

closer to clinical practice, there has been a push away from the use of these 

expensive silicon wafers. From the challenge of switching the materials and 

processing bases comes the opportunity to refine the geometry to be more 

consistent with enhanced performance. 

Initial designs included monolithic straight through, triangular prism-based 

bead holders with rounded corners, fabricated through SU-8 photolithographic 
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methods. These design features provided some promising results; however, due to 

the variability in the fit between the bead and the well, bead signals in the array 

exhibited both high inter-bead and intra-bead variation. As such, it was useful to 

adapt to the tapered wall feature similar to that of inverted pyramidal pits from 

anisotropically etched silicon (Figure 1.1b). This tapered design results in a more 

uniform flow around the medial slice of the beads where the highest signal occurs. 

Initial computational modeling (CFD) revealed that a true conical geometry 

microcontainer provides the best performance. However, a cone design leads to 

high pressure buildups which create high potentials for device mechanical failures 

including the formation of leaks. Therefore, a cone-like geometry was chosen, which 

started with the former inverted PF design and clipped off the empty edges of the 

pyramid, hence the term “clipped”.  This situation creates a more rounded shape 

than the inverted PF design, but contains more bypass area than a true conical 

design. The clipping radius of the microcontainer and the bypass area around the 

bead are the most important parameters for optimizing the performance of the 

structure. The extent of clipping is expressed by the clipping radius, defined as the 

distance from the center of the microcontainer to the clipped edge at a depth 

corresponding to the medial slice of a 280 µm bead diameter sitting in the well. 

Next, modeling of analyte capture by agarose beads under several clipping radii 

which revealed increased analyte capture as the clipping radius decreased. As such, 

several clipping radii were tested experimentally to determine the optimal 

geometry that does not result in leaks at typical flow rates used in the microbead 

array test ensembles. These clipping radii include 160, 170, and 180 µm. For the 160 
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µm clipping radius, flow rates ≥ 400 µL/min result in immediate leaks, and flow 

rates of 300 µL/min result in leaks after 45 s; no leaks are observed for flow rates ≤ 

200 µL/min for up to 1 h. Subsequent experiments were performed using the 

microcontainers with a 160 µm clipping radius as it provided the best results 

(Figure 1.1c). 

2.3. Pressure Gain from Custom Microcontainers 

Using a CFD model, we previously showed that some pressure develops 

when fluid flows over agarose beads sitting in the wells of the inverted PF 

microcontainer. This pressure was an important factor in increasing capture of 

analyte within porous agarose beads. As the fluid delivered to the array of beads 

was forced to flow through each bead sensor, a bypass area-dependent pressure 

gradient was observed at and around the beads while the pressure at the bottom of 

the wells dropped to zero.20  

Figure 2.2 shows results from CFD models and provides a comparison of the 

fluid velocity and pressure gain between the two designs as a result of the difference 

in bypass area. The bypass-to-bead area ratio at the medial x-y plane was estimated 

for 280 µm beads in both inverted PF and CPF wells at 83% and 60%, respectively. 

This 28% decrease in bypass for the inverted CPF geometry corresponds to a 23 

times higher pressure and leads to an increase in exiting flow rate from 5.7 cm/s to 

8.5 cm/s. 
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Figure 2.2. Pressure profiles of the different microchip containers. (a) Simulations of 
3D velocity and (b) pressure profiles for agarose beads sitting in inverted pyramid 
frustum and inverted cone frustum chip wells. The flow rate depicted as Q = 6.67 
cm/s corresponds to 200 µL/min and the simulation was run for 7 min. (c) Pressure 
drops are also graphically presented from line cross-sections in the z-plane 
direction starting from the top of the bead to the bottom of the wells. 

While the flow rate prior to the bead array remains constant, the nonlinear pressure 

drop across the well (accentuated by the small bypass area) increases the linear 

flow rate (or volumetric flow rate per cross sectional area) around the bead-well 

interface and drain exit. As a result, beads sitting in the inverted CPF microcontainer 

exhibit higher pressure-driven internal flow due to the reduced bypass and higher 

flow rates in the container. This result is similar to  the findings of Nischang and 

colleagues, whereby geometry and size studies of the cross section of monolithic 

columns used for chromatography separations resulted in a significant increase in 
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pressure as an effect of confinement of polymeric materials in very narrow 

conduits.33  Note that other tapered microcontainer designs with similar bypass 

area may produce similar results. 

2.4. Analyte Capture and Penetration Depth in Microcontainer 

Designs 

While some polymer beads such as those made from silica and PS rely 

primarily on binding of analyte at the bead’s periphery, porous beads such as 

agarose have the capacity to bind more analyte due to their extended 3D internal 

porous structure that offers a large density of binding sites. Achieving high binding 

capacity using a single bead sensor has been shown to be advantageous and allows 

for a reduction in reagent costs. We found that the use of microporous beads leads 

to a lowering of the limit of detection observed for the porous beads relative to 

standard solid spheres.34  However, mass transfer of analytes to the interior of these 

3D structures with small pore sizes is limited to diffusive and convective 

transport.35 One effective way to circumvent this apparent shortcoming is the 

placement of beads in microcontainers and subjecting them to high pressures and 

high internal flow rates that are regulated by the size of the bypass around the bead 

as discussed above.  The new clipped design achieved 23 times higher pressure 

compared to the inverted PF chip design in the computational model. Further, CFD 

models predict higher quantities of analyte are driven into the porous bead by 
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convective flow as it decreases the size of the analyte depletion region around the 

bead. 

Analyte depletion around porous materials is generally difficult to measure 

experimentally. However, by using theoretical simulations it is possible to gather 

important information (such as size) about the depletion region (the area where the 

free analyte concentration is less than that of the bulk solution) surrounding the 

bead. Larger beads have larger depletion regions, assuming all other variables 

remain constant. For the theoretical simulations, the cutoff for the depletion width 

was defined as 90% to that of the bulk solution.36  

Using CRP as a model analyte, a depletion width of 30 µm was simulated 

using the inverted PF chip, which was decreased to 19 µm when the inverted CPF 

chip was used. Higher signal also means that a greater fraction of the analyte is 

captured as opposed to flowing through the bypasses. Therefore, the fractional 

capture efficiency, as estimated through simulations, was ~25% in the inverted CPF 

microcontainer, a 4× increase from the inverted PF micro-structure. This supports 

our hypothesis that reducing the bypass increases the rate of replenishment to the 

depletion region, the region local to the bead surface, thereby forcing more analyte 

into the bead interior.  

In these studies, the dimensionless Péclet number (Pe), defined as the ratio of 

the rate of convection to the rate of diffusion, was also investigated so as to 

understand the convection-driven flow within the agarose bead interior. Generally, 

if Pe >> 1 the fluid flow is governed by convection, and if Pe << 1 the fluid flow is 
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dominated by diffusion. Based on simulation data, the average Pe within the bead 

increases 26-fold, from 36 to 936, when the beads are sitting in the inverted CPF 

chip design. This increase in internal convection leads to the decrease in the 

depletion region and an increase in analyte capture within the bead. 

Experimental validation of the enhancement in analyte capture in the 

inverted PF and CPF designs using CRP as a model analyte was further obtained. 

CRP is an important biomarker of inflammation, and, although the relevant clinical 

concentration cutoff is relatively high,37 it was primarily chosen as a model to test 

the capture efficiency using the two different biochip geometries. Figure 2.3 shows 

fluorescence images resulting from 50 ng/mL fluorescently-labeled CRP binding to 

agarose beads resting in inverted PF and CPF chip designs, using confocal and 

epifluorescense microscopy. The increased CRP capture observed in the inverted 

CPF design was seen in all axial planes of the bead as shown in the isometric view. 

Based on the full width at half maximum, the higher convection resultant of the 

reduced flow-through regions in the inverted CPF design drives more analytes into 

the interior of the bead. This leads to an analyte penetration depth of 40 µm using 

the inverted CPF chip as compared to 30 microns for the inverted PF chip, a 33% 

increase. In addition, there is a twofold increase in maximum fluorescence signal 

intensity for the inverted CPF design, which should improve sensitivity. 
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Figure 2.3. Immunoassay performance and analyte penetration depth when 
comparing the two different microchip containers. Comparison of fluorescently-
labeled CRP signal of one bead in the chip array measured through confocal 
microscopy of the medial slice (x-y and isometric views) and through epi-
fluorescent microscopy using the inverted (a) PF and (b) CPF chip geometries. As 
shown in the isometric view, the increased signal and penetration is revealed in all 
axial planes. (c) Profile of the medial slice shows an increase in signal strength and 
penetration inside the agarose bead. 

2.5. Analyte Flow Rate Dependence Study 

Further experiments confirm the increased analyte binding when using the 

inverted CPF chip design. Figure 2.4a shows the increase in mean fluorescence 
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intensity during a CRP assay for both the inverted PF and CPF chip designs. Both 

chips show a linear increase in signal with assay time as the bead captures more 

analyte from the sample; however, it is clearly evident that the capture rate in the 

inverted CPF design is significantly higher.  These measurements also show good 

reproducibility (Table 2.1). 

 

Figure 2.4. The effect of assay time and flow rate on the immunoassay performance 
and analyte capture when utilizing two different microchip containers. (a) Linear 
time dependence of the normalized Mean Fluorescence Intensity (MFI) from signal 
of the linear profiles from the medial slice of beads capturing fluorescently-labeled 
CRP in the CPF (y=0.1518x; R2=0.9809) and PF (y=0.0814x; R2=0.9995) at 200 
µL/min flow rate (n=3 inter-assay measurements). Inlets i and ii show fluorescent 
bead images captured in the inverted CPF and PF designs, respectively at 7 min with 
an exposure time of 0.1 s. Beads are about 280 µm in diameter. (b) Flow rate 
dependence showing normalized MFI intensity on the beads after capturing 
fluorescently-labeled CRP at 7 min at 10, 25, 100, and 200 µL/min flow rates in the 
two different chip designs (n=3 inter-assay measurements). Agarose beads in the 
CPF chip display higher signal, an increase of about 2-fold. 
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Based on the slope of the linear regression shown, the binding rate for the 

CPF geometry is nearly doubled compared to the pyramid geometry. In addition, 

assays with varying flow rates for a fixed amount of time (7 min) were performed 

with derived results as shown in Figure Figure 2.4b. A consistent difference in 

performance is observed between the two designs, as evidenced by a doubling in 

signal for the inverted CPF geometry.  However, the increase in signal for higher 

flow rates is not linear and it further plateaus at higher flow rates, perhaps because 

the analyte capture moves from a transport-limited to a reaction-limited regime in 

which the agarose beads cannot bind the analyte fast enough before flowing out of 

the microcontainer. 

Table 2.1. Summary of CV% ranges for bead-to-bead and run-to-run measurements. 

Experiment Bead-to-bead CV% 
PF 

 Bead-to-bead CV% 
CPF 

Run-to-run CV% 
PF 

Run-to-run CV% 
CPF 

Time course 2.9 - 7.8 3.7 - 10.2 2.1 - 5.9 3.9 - 13.1 
Flow rate  1.3 - 13.7 3.2 - 8.3 2.9 - 15.7 2.7 - 16.1 
 

Also important to note is the sample volume requirements for each chip. To 

reach a normalized mean fluorescence intensity of 0.4, the inverted PF design 

requires 700 µL of CRP analyte while the CPF design requires only 175 µL. Thus, 

optimizing the geometry of the chip can lead to a significant decrease in required 

sample volume and overall reagent consumption. 
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2.6. Standard Curves for Measuring free PSA Analyte  

The experiments discussed above supported the theoretical modeling of 

analyte transport into porous agarose beads and revealed a twofold increase in the 

capture of CRP using the new inverted CPF biochip design. Here, a more practical 

application for employing the new biochip geometry is demonstrated. Given the 

previous results, it was hypothesized that the new biochip would lead to a decrease 

in the LOD and the LOQ of a clinically-relevant biomarker form such as free PSA.  

PSA is a glycoprotein and a member of the fifteen-gene family of kallikrein-

related peptidases that is produced primarily by the prostate gland. An increased 

PSA concentration in the blood may be associated with a variety of pathologic 

conditions of the prostate making PSA a relevant biomarker for the screening of 

prostate carcinoma in male patients over the age of 50. PSA exists in the blood in 

four kallikrein forms: free PSA, intact PSA, complexed PSA and pro-PSA combined 

with kallikrein-related peptidase 2.38 The sum of free PSA and complexed PSA is 

referred to as total PSA and has clinical relevance and can be measured. In this 

report, we focus on measuring only free PSA, the form that circulates in the blood as 

unbound PSA, because it is catalytically inactive and does not form complexes. 

Studies have shown that when total PSA is in the borderline or moderately 

increased range of 4.0-10.0 ng/mL, a ratio of free PSA to total PSA ≤ 0.10 indicates a 

49% to 65% risk of prostate cancer for patients in the age range of 50 to 70+ years 

of age.39 It is therefore important to be able to measure concentrations of free PSA at 

least as low as 0.4 ng/mL. 
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Figure 2.5a shows proof-of-concept standard curves derived from the 

measurement of different concentrations (0, 0.1, 0.2, 0.5, 1, 2, and 5 ng/mL) of free 

PSA in phosphate buffered saline (PBS) buffer on a sandwich immunoassay platform 

using agarose beads in the two different biochip geometries. For these assays, a 

more integrated p-BNC platform was employed that allowed for the use of a lower 

(100 µL vs. 1000 µL) sample volume.22   

Linear regression was used to characterize assay performance (sensitivity) 

of the two designs: inverted CPF design vs. inverted PF design. Results show that the 

inverted CPF design provides about 2.5x greater sensitivity (slope derived from the 

analyte captured/concentration) than the inverted PF design. Figure 2.5b shows a 

visual representation of fluorescence intensity signal on the beads as a function of 

concentration and biochip design. The fluorescence intensity signal indicates that 

the inverted CPF chip captures more free PSA than the inverted PF design. In 

addition, both chip designs exhibit a high degree of signal uniformity suggesting that 

the tapered design provides adequate mechanical stabilization for the beads. 

However, because of the smaller bypasses in the inverted CPF design, it is important 

to properly filter reagents before use to minimize the amount of debris that could 

deposit on the bead’s surface.   
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Figure 2.5. Dose response curves for free PSA comparing the two different 
microchip containers for optimal assay performance. (a) Concentration dependence 
of free PSA using a sandwich immunoassay format in the p-BNC system and utilizing 
IPF (open circles) and ICPF (solid circles) geometric chips. The data is fit to a linear 
curve. The inverted PF design has a slope of 134 and R2 value of 0.9913. The 
inverted CPF design has a slope of 339 and R2 value of 0.9979. (b) Epi-fluorescent 
images show the capture of free PSA from an agarose bead in the chip array for both 
geometric chip designs. Beads are about 250 µm in diameter. Images are taken at 1 s 
exposure time and for enhanced visibility, the contrast and brightness of all images 
was equally enhanced. (c) Standard curve of the capture of free PSA in the IPF chip 
fit to a four parameter logistic curve. The LOD and LOQ correspond to 
concentrations of free PSA antigen equal to 0.41 ng/mL and 0.79 ng/mL, 
respectively. (d) Standard curve of the capture of free PSA in the ICPF chip fit to a 
four parameter logistic curve. The LOD and LOQ correspond to concentrations of 
free PSA antigen equal to 0.20 ng/mL and 0.34 ng/mL, respectively. 
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Next, the influence of the change of geometry on the measured LOD and LOQ 

was explored. To determine the LOD and LOQ of both standard curves, data were 

plotted using four parameter logistic curves in SigmaPlot (Figure 2.5c-d). The LODs 

were calculated according to the fluorescence intensity of the zero concentration 

plus three times its standard deviation, and LOQs were calculated according to the 

fluorescence intensity of the zero concentration plus ten times its standard 

deviation.40 A summary of these values is provided in Table 2.2. Importantly, the 

LOD obtained from the inverted CPF biochip was about twofold lower than that 

obtained from the inverted PF design. Similarly, the LOQ is about twofold lower in 

the CPF design with significant implication towards the real-world application of the 

assay. It should be noted that for real world testing, the free PSA assay must have an 

LOQ of 0.4 ng/mL or lower to be most useful.39 For the assay time and sample 

volume used, the inverted PF design did not meet this criteria with an LOQ of about 

0.8 ng/mL, while the LOQ using the inverted CPF design drops to 0.34 ng/mL, below 

the desired value (Table 2.2). This key increase in performance is attributed to the 

optimized bead microcontainer which expands the utility of this approach. 

Table 2.2. Summary of assay parameters and CV% ranges for bead-to-bead 
measurements. 

Chip 
geometry  

Biomarker  Total time 
(min) 

Total volume 
(µL) 

Bead-to-bead 
CV% 

LOD 
ng/mL 

LOQ 
ng/mL 

PF Free PSA 34 100 5.1 – 19.2 0.41 0.79 

CPF Free PSA 34 100 0.1 – 13.9 0.20 0.34 
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Another important benefit of the pressure-driven flow design is reduction of 

assay time. Immunoassays that use porous beads, but lack a flow-through design 

must rely on diffusion and typically report assay times in excess of 2 h.41 Given that 

the new inverted CPF flow-through geometry described here allows a further 

reduction in assay time compared to previous designs, it is possible to complete full 

protein-based bioassays in less than 30 min, a key factor during translation of these 

devices into POC testing settings. 

2.7. Pressure Dependence on Bead Size 

The aforementioned results demonstrated that the size of the bypass is 

important for increasing pressure driven flow into the agarose beads by modifying 

the microcontainer geometry. Next, a different method was explored for achieving 

similar results by reducing the bead size using the inverted PF microcontainer only. 

Smaller agarose beads are attractive because they have the potential to reduce 

reagent costs and localize capture in a smaller cross-sectional area that could 

potentially increase sensitivity.  

When looking at the geometry of a spherical bead in the inverted PF 

microcontainer, the amount of bypass relative to the bead area at the medial slice of 

the bead remains constant at 45% of the cross-sectional area at the bead medial 

plane, mostly independent of the diameter of the bead (unless the diameter of the 

bead is smaller or equal to the diameter of the bottom opening of the 

microcontainer, in which case the bead would fall through). However, the absolute 
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value for total area of bypass (this is the area from the medial plane of the bead to 

the bottom opening of the microcontainer) decreases with decreasing bead size 

since the bead sits deeper inside the well. Figure 2.6 (top panel) shows that a 

decrease in bead size from 280 µm to 180 µm corresponds to a 55% decrease in 

bypass area and a pressure increase by 160% as determined from computational 

modeling. Similar to the effect of microcontainer geometry, while the flow rate prior 

to the bead array remains constant, the nonlinear pressure drop across the well 

increases the linear flow rate, or volumetric flow rate per cross sectional area, 

around the bead-well interface and drain exit. As a result, smaller beads situated at 

the bottom of the well 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, the high 

pressures resultant from the reduced bypasses and the diameter of the well opening 

of about 100 µm will lead to mechanical displacement of beads into the drain area 

instead of the desired pressure-driven confinement of the beads in the micro-wells. 
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Figure 2.6. Comparison of different size beads showing pressure decrease across the 
well, flow rate around the bead at the medial slice, and fluorescent capture on the 
beads. The flow rate depicted as Q = 10 cm/s in the flow rate row corresponds to 
300 µL/min. Bead sizes, as represented in the very top row, correspond to the area 
of the medial slice of the bead normalized to the area of the bottom opening of the 
chip. For enhanced visibility, the contrast and brightness of all experimental 
fluorescence images was equally enhanced. 

2.8. Effect of Bead size on Analyte Capture 

Next, simulations and experiments were completed in an effort to measure 

the dependence of analyte capture on bead size and correlate the same to the 

pressures and exiting flow rates. Figure 2.7a-b shows the pressure increase 

corresponding to a maximum flow rate increase of 114% resultant from the reduced 

bypass. Based on simulation data, the Pe increased 3.5-fold with the reduction in 
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bead size suggesting increased convective flow in the bead, which, as stated above is 

desirable for increasing capture efficiency in agarose beads. Next, to obtain 

experimental validation for the computational results CRP assay were completed as 

shown in Fig. 1C(a). Here a 250% increase in the mean fluorescence intensity was 

achieved as the bead size decreased by 53%. Additionally, experimental results 

matched up very closely to the simulation data (Figure 2.7c).  

 

Figure 2.7. Effect of bead size on pressure buildup and assay performance. (a) 
Pressure decreases as bead sizes increase. (b) Similar trend is observed for the flow 
rate around the medial slice of the bead. (c) Normalized experimental MFI on the 
beads shows agreement with simulations (n=3 beads in intra-assay). 

Similar to the microcontainer study, the depletion region with different sized 

beads was examined. For example, at 10 min the depletion width derived from 

simulations for a bead with bead size to bottom opening ratio of 6.0x exhibits a 

depletion width of 30 µm while a smaller bead of 2.8x exhibits a depletion width of 

20 µm. This situation matches closely to the microcontainer results which saw a 

decrease in depletion width from 30 µm to 19 µm and correlates with a similar 

increase in capture signal of about 2.5-fold. This behavior suggests that the effect on 
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bypass area of the two geometric changes is similar although the signal intensity 

observed is slightly higher which may be attributed to higher analyte concentration 

per capture area given that the total area of the smaller beads is significantly less 

than that of the larger beads. Combining these two geometric changes into one chip 

design may further increase capture efficiency.  

2.9. Scalability and Practical Considerations 

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 past efforts it has been 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.42 

However, higher costs of reagents and sub-utilized core interiors by capture agents 

lead to underutilization of 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 30 µm equates to a larger available proportion of 

the sensor volume for smaller beads than for larger beads. From computational 

modeling, it is observed that a reduction in bead size from 280 µm to 180 µm leads 

to an increase in bead-localized capture ligand 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 projected 73% decrease in costs of reagents 

per conjugation of capture probes. Further, while the research expenditure on 

agarose is currently $13.70 per g because of the ability to mass produce small beads 
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in batches, the cost of the agarose material per bead becomes practically negligible. 

For example, a batch obtained from 1.002 g of agarose contains up to 10 mL of 

beads with diameter of 280 µm. Using Kepler's conjecture with a random packing 

efficiency yields a total of 662,500 beads.32 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. 

Additionally, mechanical and practical constraints depend not only on the 

geometry and material of the microcontainer, but also on the percent agarose, 

capture antibody loading and the fluid environment. Lower percent agarose beads 

may be susceptible to deformation under pressure (due to their soft mechanical 

properties) resulting in loss of beads through the bottom openings, while higher 

percent agarose beads (i.e., rigid beads), well capable of bearing higher 

backpressure, may be prone to clogging (due to their rigid mechanical properties 

and reduced porosity), thus stopping fluid flow and causing leaks. Interestingly, 

superporous agarose beads composed of both larger pores and smaller pores 

exhibited even faster mass transfer rates (data not shown). It should also be noted 

that for the purpose of these studies, there has been a focus on immunoassays in 

buffered solutions such as PBS with relatively low viscosities. Using more viscous 

fluids, such as saliva and whole blood, may displace rigid beads from the 

microcontainer necessitating microcontainers with customized bypasses. The 

choice of container and the mechanical properties of the bead reactors are expected 

to influence the performance of the particular bioassay in the context of real-world 

clinical testing. Geometry considerations for serum, whole blood, and oral fluid 



 75 

samples as well as tuning the pore size of the agarose beads and how they affect 

pressure buildup will be discussed in future research from the lab. 

2.10. Conclusions 

This chapter demonstrated the optimization of the microcontainer geometry 

of the p-BNC systems. Through the reduction of inefficient flow-through regions, an 

improvement of the sensitivity in porous agarose beads is possible using only direct 

immunochemistry without optimizing reagents. Further, the use of smaller sensor 

sizes has the potential to reduce significantly the costs of both immobilized 

antibodies and detecting reagents. These activities may foster opportunities for low 

cost, single use, disposable lab cards, all consistent with POC applications. 

Moreover, it has been demonstrated that the enhanced sensitivity afforded 

by these geometry-based optimizations improved the LOD and LOQ of an important 

biomarker, free PSA, without increasing analysis time or sample volume. Also, the 

possibility of shorter analysis times needed to achieve the same signal intensity 

using a CRP assay on the analytical platform has been discussed. Thus, reduced-

bypass structures with higher fractional capture may reduce the assay time and the 

required sample or reagent volume. With the aim of developing low cost, rapid 

decision devices, these initial geometric optimization findings can be incorporated 

into fully-integrated, injection-molded microfluidic cards to facilitate practical 

measurements at the POC on timeframes consistent with a typical doctor's visit (15-
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30 minutes). Next, the optimization of the pore size of the agarose bead sensors is 

explored with respect to improving the sensitivity for different sized analytes. 

2.11. Materials and Methods 

2.11.1.  Device Fabrication 

Layers of double sided adhesive with fluidic channels and polyethylene 

terephthalate tube were sandwiched together to form the drain section of the test 

structure. The flow channel bonded on top of the polyethylene microchip measured 

3 mm × 23 mm. The drain reservoir under the array measured 4 mm × 6.6 mm and 

led to a waste channel with dimensions 12 mm × 1.5 mm. The flow chamber was 

sealed with a polycarbonate cover slip. Modular, fluidic buses used to connect the 

device to external fluid delivery systems were cut using a laser cutter (Universal 

Laser System; Scottsdale, AZ) and fabricated in-house (Figure 1A). 

2.11.2. Preparation of Microcontainers 

Inverted CPF bead arrays containing positive features of 3 × 4 inverted PF on 

a base plate with dimensions 150 mm × 150 mm × 12.7 mm were designed in 

Solidworks 2010 (Waltham, MA). Measured from SEM images, each microcontainer 

structure measured 623 ± 7.1 µm × 620 ± 1.9 µm at the top and 132 ± 4.5 µm × 130 

± 2.1 µm at the bottom with a height of 280 µm. Clipping radius, centered about the 

axis of each structure, measured 268 ± 4.6 µm at the top, 60 ± 2.5 µm at the bottom 

with a height of 280 µm. The height of the microstructure is the thickness of the 
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plastic which can be measured using a Micrometer graduated in the hundredths of a 

millimeter (0.01 mm) from Starrett (Athol, MA). The part was micro-milled using a 

high level CNC mill onto a brass slab by Jauvtis Microprecision (Brighton, MA). The 

tolerance on features was 10 µm and the precision ± 5 µm.  

Inverted PF structures were anisotropically etched onto a 400 µm-thick 10 

mm diameter silicon wafer 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 3 s at a rate of 1000 rpm with an acceleration of 

500 rpm/s followed by a secondary spin at 3000 rpm for 60 s with an acceleration 

of 500 rpm/s. The wafer was soft baked on a hot plate at 115 °C for 60 s. The 

process was repeated for the reverse side. A 100 mm mylar photomask film, 

designed in AutoCAD (San Rafael, CA) with arrays containing 3 × 4 squares with 

dimensions 550 µm × 550 µm was purchased from Fineline (Colorado Springs, Co). 

The wafer was exposed through the mask with a MJB4 mask aligner (SUSS 

MicroTec; Garching, Germany) for 17 s followed by development using MF-319 

(Rohm and Haas Electronic Materials; Marlborough, MA) for approximately 10 s. 

The patterned wafer was etched by reactive ion etching (Oxford Plasma Lab 80 Plus; 

Concord, MA) with a mixture of 45 standard cubic centimeters (sccm) CF4 and 5 

sccm O2, at an ICP power of 60 W and RIE forward power of 100 W for 80 s at a 

pressure of 50 mT. 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. 
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2.11.3. Casting of Epoxy Stamp 

A mixture of 100 g of polydimethylsiloxane (PDMS) was prepared on a weigh 

boat at a 100/20 ratio of prepolymer to casting agent. The mixture was centrifuged 

for 2.5 min at a rate of 2500 rpm and poured over the brass mold with micro-milled 

positive features and heated to 70 °C in front of a heating fan (Stanley; #675945) for 

1 h. The cured PDMS containing negative features of the brass mold was peeled off 

from the mold. 

Negative PDMS mold containing inverted CPF structures and silicon mold 

with negative features of unclipped structures were placed on top of a 150 mm x 

150 mm 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 75 g of the epoxy, 

PT4925 (PTM&W Industries; Santa Fe Springs, CA), was prepared on a weigh boat at 

a 100/9.5 ratio of PT4925A/PT4925B. The mixture was centrifuged at 2500 rpm for 

2.5 min and then heated in front of a heating fan at 70 °C for 30 s 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 2 min and later cured under continuous heating at 70 °C 

for 3 h. The epoxy mold was released and then hard baked at incrementally 

increasing temperatures each hour at 66, 121, and 177 °C. 
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2.11.4. Hot Embossing 

A layer of polyethelene thermoplastic measuring 75 mm × 75 mm × 375 µm, 

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 was then hot embossed inside an Autoseries AutoFour 15-NE Press 

(Carver; Wabash, IN) for 10 min under a pressure of 680 kg and temperature of 160 

°C. Water was delivered to the platens to cool the part for 5 min. After the part 

cooled to 100 °C, the mold and part were removed from the press. 

2.11.5. Computational Modeling 

Computational simulations were performed with COMSOL 3.5a (Burlington, 

MA) with the Chemical Engineering add-on, using methods previously described.20 

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 either of a 

PF or CPF micro-well. For the PF micro-well, the diameter at the top was 550 × 550 

µm, 100 × 100 µm at the bottom opening and a 280 µm height. For the CPF micro-

well the radius at the top was 275 µm, 53 µm at the bottom opening and a 280 µm 

height. The pore size of the bead was 243 nm with a porosity value of 0.98, based on 

the average pore size of SEM images of a 2%weight agarose bead. The flow rate at the 
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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 tubing was set to 7.94 × 10-2 cm and the velocity 

at the inlet at 0.67 cm/s. The binding association rate for CRP was 105 L/(mol·s) and 

dissociation rate was 10-5 1/s. The solution to the time-independent Navier-Stokes 

equation was obtained prior to the time-dependent convection-diffusion and 

reaction equations. 

For the flow rate dependence study, 50 ng/mL of CRP antigen 

(corresponding to 3.7 × 10-13 mol/cm3) was delivered to anti-CRP capturing 

antibody sites of 6.0 mg/mL (corresponding to 2.0 × 10-7 mol/cm3) at flow rates of 

10, 25, 100 and 200 µL/min (1.67 × 10-4, 4.17 × 10-4, 1.67 × 10-3, 3.33 × 10-3 cm3/s) 

for 7 min at room temperature. In the cross-section plot parameters, the 

concentration of the antibody-antigen complex was plotted at the medial slice of the 

bead and the maximum bound concentration in mol/cm3 was normalized and 

compared to normalized experimental fluorescent values at the medial slice. 

2.11.6. Reagents and Buffers 

All materials were purchased from Sigma-Aldrich, Inc. (St. Louis, MO) unless 

otherwise noted. Reagents and proteins were used without further purification 

unless further stated. To achieve working concentrations, all antibodies and 

proteins were diluted in PBS buffer at pH 7.2 (Thermo Fisher Scientific; Rockford, 

IL). The PBS buffer was prepared from powder packets, filtered using a Corning® 

bottle-top vacuum filter equipped with a nylon membrane of pore size 0.2 µm 

(Corning Incorporated; Corning, NY) and used up to one week when stored at room 
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temperature. Note that the justification for using buffers rather that serum samples 

for this study is that this matrix could be reproduced easily throughout the entire 

time course of these measurements. Many prior studies have been completed using 

clinical samples derived from patients recruited from multiple trials. 

2.11.7. Preparation of Agarose Bead Sensors 

Homogeneous, 2 wt% agarose beads were prepared using micro-emulsion 

chemistry. Briefly, a 2%weight agarose solution was prepared by dissolving 1.001 g of 

agarose in 49 mL of nanopure water and heated to 87 °C until fully dissolved. 

Simultaneously, a suspending solution consisting of 9 mL sorbitan trioleate in 91 mL 

of heptane 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 rotations 

per minute (rpm) with an overhead stirrer with rod size 33 mm diameter × 230 mm 

height. The resulting reaction was allowed to cool to room temperature while 

continuously stirred. Beads were washed with a 50% ethanol-water solution, 

diluted down from 190-proof ethanol reagent (DLI; King of Prussia, PA). Beads with 

estimated diameters of 180, 212, 250 and 280 µm were collected using size selective 

sieves (Cole-Parmer; Vernon Hills, IL) and cross-linked with divinyl sulfone and 

glyoxal-activated using glycidol (Acros Organics; Fair Lawn, NJ). 

2.11.8. Coupling of CRP antibody to agarose beads 

A volume of 500 µL of settled glyoxylated agarose beads of 280 µm diameter 

were conjugated overnight with 1000 µL of 2.0 mg/mL rabbit anti-human CRP 



 82 

polyclonal antibody (Fitzgerald; Concord, MA) and 60 µL of 0.43 M NaBH3CN. For 

the bead size dependency study, glyoxylated beads of 180, 212, 250 and 280 µm 

were conjugated in four separate reactions overnight. Each reaction consisted of 

400 µL of 6.0 mg/mL mouse anti-human CRP monoclonal antibodies (Fitzgerald; 

Concord, MA) per 200 µL of beads plus 20 µL of 0.43 M NaBH3CN. Unreacted 

aldehyde groups on the beads were blocked with 50 mM Tris buffer at pH 7.0 

(Thermo Fisher Scientific; Rockford, IL). 

2.11.9. Coupling of PSA Antibody to Agarose beads 

A volume of 100 µL of settled glyoxylated agarose beads of 250 µm diameter 

were conjugated for 8 h with 102.6 µL of 7.8 mg/mL free PSA monoclonal antibody (Cal 

Bioreagents; San Mateo, CA) plus 113.4 µL of PBS and 12 µL of 0.43 M NaBH3CN. 

Unreacted aldehyde groups on the beads were blocked with 215 µL of 50 mM Tris buffer 

at pH 7.0 (Thermo Fisher Scientific; Rockford, IL). 

2.11.10. Fluorescence-Labeling of CRP Antigen 

The effects of bypass on capture between bead microcontainers were studied 

using 50 ng/mL of fluorescently-labeled CRP antigen labeled with Alexa Fluor® 488 

(Invitrogen; Carlsbad, CA). Briefly, purified native human CRP (Fitzgerald; Concord, 

MA) was diluted to 2 mg/mL, 50 µL of 1 M NaHCO3 was added, and the solution was 

reacted with 1 vial of bis (triethylammonium salt) (TFP ester) for 1 h, as per 

manufacturer’s instructions. A 30,000 MW size–exclusion resin was used to purify 

the labeled antigen from unreacted dye and the concentrations of labeled antigen 
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and the dye were determined from absorbance values at 280 and 494 nm, 

respectively. A concentration of 50 ng/mL of conjugated CRP with Alexa Fluor® 488 

resulted in 4.51 moles of Alexa Fluor® 488 dye per mole of antigen and was 

aliquoted and stored in 0.1% bovine serum albumin (BSA) at -20 °C in the dark. The 

antigen was centrifuged prior to use at 1.5 x 1000 rpm for 5 min and the 

supernatant was used. 

2.11.11. Fluorescence-Labeling of Detection Antibody for Detection of free 

PSA 

The detection antibody to detect free PSA was purchased from Fitzgerald 

(Concord, MA) and was labeled with Alexa Fluor® 488 (Invitrogen; Carlsbad, CA) as 

per manufacturer’s instructions and briefly described in the section above. The 

resultant stock concentration was diluted 1:25 before use. 

2.11.12. Assay Delivery 

For the flow rate dependence study, 50 ng/mL of fluorescently-labeled CRP 

antigen was delivered using a programmable NE-1000 syringe pump from New Era 

Pump systems Inc. (Farmingdale, NY) at flow rates of 10, 25, 100 and 200 µL/min 

for 7 min. Sensor beads labeled with 6 mg/mL of anti-CRP monoclonal antibodies 

were used. 

For the penetration depth study, 36 mL of 50 ng/mL fluorescently-labeled 

CRP was re-circulated for 2 h using a peristaltic pump (FIAlab, Bellevue, WA) at 200 
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µL/min. Sensor beads labeled with 2 mg/mL of anti-CRP polyclonal antibodies were 

used.  

For the sandwich immunoassay standard curves, PSA antigen was purchased 

from Fitzgerald (Concord, MA) and concentrations of 5, 2, 1, 0.5, 0.2, and 0.1 ng/mL 

were prepared by serial dilutions. A volume of 100 µL of sample and 8 µL of the 

detection antibody was loaded into the fully integrated p-BNC card as previously 

described.22 The sample was delivered at 5 µL/min for 20 min. A PBS buffer wash 

was delivered at 100 µL/min for 1 min. The detection antibody was delivered at 20 

µL/min for 3 min. A final PBS buffer wash was delivered at 100 µL/min for 4 min. 

The total assay time was 28 min and the total assay volume used was 660 µL. Sensor 

beads labeled with 2.53 mg/mL of anti-free PSA monoclonal antibodies were used. 

2.11.13. Bead Loading 

For loading the beads onto the chip, a drop of PBS buffer, pH 7.2, containing 

0.1% BSA and 20% isopropyl alcohol (VWR, West Chester, PA) was placed on the 

chip. Adding 20% isopropyl alcohol in PBS buffer helped to seal the beads in the 

microcontainer tightly as the material of the microcontainer is hydrophobic. For all 

assays, beads were loaded onto the chip arrays using tweezers under the 

microscope and a cover slip was placed over the loaded beads before starting the 

assay. To pre-wet the chips, block, and wash away nonspecific binding, PBS buffer, 

pH 7.2, containing 0.1% BSA was used and delivered at a flow rate of 100 µL/min for 

1 min; prior and after the antigen delivery. 
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2.11.14. Image Analysis and Data Collection 

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 0.1 s exposure 

for the flow rate study and 3 s exposure for the penetration depth study. Images 

were split into respective red, green and blue (RGB) components with the green 

channel used for analysis. Beads free of bubbles and debris were manually located 

and analyzed using a custom Java-based macro in ImageJ (NIH; Bethesda, MD). A 

collection of mean values consisting of the maximum fluorescent intensity of 

horizontal line profiles, scanned from the medial slice of the bead, provided the 

resultant signal intensity value on the bead. SEM images were acquired using a 

Hitachi TM3000 and SU6600 (Pleasanton, CA) for the imaging of the micro-

structures and agarose pore size, respectively. 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 at 50% output. Configuration controls to accommodate 

excitation and emission maxima of Alexa Fluor® 488 were applied at 495 and 519 

nm, respectively. A laser power of 100% was used for fluorescence excitation at 488 

nm and Z-stacks of 1 µm height were acquired using a pinhole of 396 and detector 

gain at 700. 
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Chapter 3 

Agarose Bead-Based Microchip Sensor: 
Effect of Agarose Pore Size, Analyte 

Size, and Antibody Loading on the 
Capture of Analytes 

3.1. Introduction 

Analytical sensitivity remains a challenge for protein-based immunoassays 

for most technology platforms moving towards POC biomedical diagnosis.1-4 Our 

group has demonstrated several approaches to improve the sensitivity of POC 

immunoassays. One approach uses porous agarose beads as solid support surfaces 

in flow-through microchip containers and optimizing the reagent transport for 

pressure-driven flow into the 3D structure of the hydrogel.5,6 While Chapter 2 

demonstrated the optimization of microchip geometry to further improve the 

sensitivity of immunoassays, this chapter covers the optimization of the bead 
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structure itself.7 Up to this point in time, mainly 2 wt% agarose beads have been 

used as the standard solid support surface for all biomarker immunoassays 

performed in the McDevitt lab, and optimization of the 3D bead structure for 

improving assay performance is a novel development in the context of p-BNC 

assays.  

Many clinical immunoassay approaches, such as ELISA and Luminex rely on 

using non-porous surfaces for immobilizing capture probes.2,8-10 Similarly, lateral 

flow tests, perhaps the most successful POC devices on the market also form 

immunocomplexes on 2D substrates.11,12 However, these surfaces lack the ability to 

achieve a high loading level of molecules that is necessary to improve detection of 

low-abundance analyte.13,14 As mentioned in Chapter 1, Zammatteo et al. compared 

the surface area of an ELISA microtiter plate to that of a 45 µm diameter PS bead 

and reported a 37 times higher surface-to-volume ratio for the PS beads. This higher 

surface-to-volume ratio resulted in a faster equilibrium of the human secretory 

immunoglobulin A binding to the capture probes on the PS bead due to the short 

diffusion distances when trapping the beads at the end of a barrier, reducing the 

capture time from 24 h to less than 1 h. In contrast, if the surface are of the bead was 

the same as that of the ELISA microtiter plate, no change in performance was 

recorded.15 Furthermore, in a comparative study, the concentration of capture 

probes immobilized on 3D supports per cross-sectional area are 3000-fold higher 

than the number of antibodies that are immobilized on 2D planner ELISA surfaces.16 

As such, 3D solid supports have the potential to improve the sensitivity of assay 
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tests that still remain a challenge for protein-based immunoassays for biomedical 

diagnosis at the POC.17  

Many 3D solid support surfaces have already been explored, some of which 

include hydrogels, porous membranes, porous microbeads, paper, and cotton.18-33  

3D structures have also been formed inside microfluidic channels or arrays by 

patterning polymeric materials or packing microbeads.34-38 More recently, Ma and 

colleagues prepared a 3D substrate consisting of PS microspheres that were densely 

packed with hydrophilic polymer brushes that improved loading capacity and 

analyte capture and also reduced non-specific binding.14Lee and coworkers recently 

used a porous, silicon-based, microarray platform that provided high sensitivity 

when measuring human Kallikrein 2 for prostate cancer diagnosis.39 In a 

comparative study to conventional ELISA, Sung and colleagues comprised PS 

nanobead multilayers on chips obtaining a 100-fold improvement in sensitivity of 

the immunoassay for measuring rabbit IgG.40 Interestingly, even ELISA platforms 

are incorporating 3D substrates (i.e., polymeric matrixes) in the microtiter plate 

format for improved immunoassay performance.41 Altogether, 3D materials contain 

a higher degree of surface structure which is important for enhancing the detection 

signal of immunoassays.11 Their large surface area allows for high antibody loading 

capacity which can increase the probability of analyte capture in lower 

concentration samples.  

The porosity of such materials is important as it relates to the sensitivity of 

an immunoassay. Also important is an understanding of the protein binding in 
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different 3D structures composed of various porosities, as these insights directly 

translate to the sensitivity of the assay. This chapter focuses on agarose as a solid 

support structure, as it is a superb solid substrate among many of the 3D structures 

mentioned above due to its favorable physical and chemical properties. Briefly, such 

properties include an ideal immobilization surface with large surface-area-to-

volume ratios, biocompatibility, minimal nonspecific protein binding, good 

mechanical and chemical stability, and reactive groups with straightforward 

activation and protein coupling chemistries.17 In addition, when the agarose is 

prepared in the form of microspheres it allows for multiplexing capabilities and 

programmability of the beads on microchip arrays, forming a modular platform 

system that has demonstrated testing for a large and diverse number of analytes.42 

This chapter discusses the preparation of a wide range of wt% agarose 

microspheres containing different pore sizes and resulting in varied antibody 

loading capacities.  Controlling the concentration of the agarose, and thus porosity 

in the bead, allows for the tailoring of the bead to the analyte size rather than using 

only one type of agarose for all biomarker immunoassays. To our knowledge, this is 

the first report of such an optimization strategy both for this system as well as for 

other porous-substrate LOC systems. 

3.2. Preparation of a Wide Range of Wt% Agarose Beads 

Uniformly-sized agarose gel beads were prepared using previously described 

emulsification methods that utilize a two-phase emulsion system.43-45 In this 

method, an emulsion is formed between a water phase and an oil phase.  The 
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desired wt% agarose was first prepared by dissolving the corresponding weight of 

powdered agarose in boiling nano-pure water (Table 3.1). The oil phase was 

composed of a constant concentration of sorbitan trioleate, a non-ionic emulsifier, in 

heptane which was heated to 56-58 ˚C and stabilized in a second water bath. It was 

important that the temperature of the oil phase did not exceed 58 ˚C as to prevent 

evaporation of the solvent which can affect the emulsion stability. When the 

temperature of both solutions was stabilized at the indicated temperatures, the oil 

phase was stirred with a homogenizer (i.e., overhead stirrer) at the indicated 

stirring speed in Table 3.1, after which the water phase was poured into the oil 

phase to form a uniform water-in-oil (W/O) emulsion. The water phase consists of 

micron-sized water droplets distributed uniformly throughout the oil phase. While 

continuously stirring, the emulsion was allowed to cool to room temperature by 

removing the heating bath, leading to gelation of the droplets to form solid agarose 

beads below the gelation temperature (35 ˚C).  

At 6 wt% agarose and higher, it was difficult to pour the agarose solution into 

the oil phase due to an increase in solution viscosity. To overcome this shortcoming, 

a novel method was used in which the oil and water phase positions were switched 

such that the water phase was heated and stirred and the oil phase was then poured 

into the water phase.  This still formed the same W/O emulsion due to maintaining 

the same emulsion chemistry.  This change was important because the mixing of the 

two phases must occur quickly enough to properly form the emulsion and control 

the droplet size. As a result, a large range of wt% agarose beads was prepared, 

ranging from 0.125 to 18 wt%.  
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Table 3.1. Full list of wt% agarose beads prepared with preparation details. Blue 
rows indicate that the water phase was poured into the oil phase and yellow rows 
indicate that the oil phase was poured into the water phase. 

Agarose (wt%) Agarose (g) Nano pure water (mL) Stirring rate (rpm) 

0.125 0.0625 49.94 200 
0.25 0.125 49.88 250 
0.5 0.25 49.75 283 

0.75 0.375 49.63 325 
1 0.5 49.5 375 

1.5 0.75 49.25 786 
2 1 49 574 
3 1.5 48.5 741 
4 2 48 961 
6 3 47 962 
7 3.5 46.5 1029 
8 4 46 1181 
9 4.5 45.5 1324 

10 5 45 1473 
11 5.5 44.5 1563 
12 6 44 1600 
14 7 43 1718 
16 8 42 1756 
18 9 41 1953 

 

Lower percent beads were soft and fragile, while higher percent beads were 

strong and elastic. When placed in the micro-wells of silicon biochips, agarose beads 

with content of 0.75 wt% and lower lost their round shape and flattened where in 

contact with the well due to apparent strong interaction between the bead and the 



 94 

hydrophilic silicon dioxide surface of the chips. However, this effect was not 

observed when using plastic biochips with hydrophobic surfaces, such as PE and 

PMMA. The following section demonstrates that the porosities of various wt% 

agarose beads were in fact different. 

3.3. Pore Visualization and Size Estimation 

Nanostructured features and channels constitute the physical structure of 

agarose beads that are formed upon swelling of the polymer chains of agarose in 

water, a process that was described in some detail in Chapter 1. These features or 

pores can be tuned by changing the concentration of agarose from which the 

agarose beads are constituted, as described in Section 3.2 above. When the 

concentration of agarose is low, the hydrogel that is formed contains a low agarose 

content and has larger pore sizes. On the other hand, when the concentration of the 

agarose is high, the hydrogel is comprised of a denser agarose fiber network 

resulting in smaller pore sizes with a larger surface area for immobilization of a 

greater density of capture probes. 

First, the morphology of the agarose beads was investigated through 

previously reported microscopic methods.16 Figure 3.1(a) shows optical 

micrographs of three different agarose bead concentrations in water. As expected, 

the optical density (i.e., inverse transparency) of the beads increases with increasing 

wt% concentration, and the shape of the beads is homogeneous and round. Figure 

3.1(b) shows SEM images of the same bead concentrations after treatment by 
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critical point drying (CPD).  In order to obtain regular SEM images of hydrated 

materials, they must first be dried completely before being placed in the high-

vacuum required for SEM imaging.  CPD utilizes a supercritical CO2 solvent exchange 

step to minimize collapse and deformation of the gel structure which would occur 

through regular air drying. Indeed, from the images it can be seen that the beads 

maintain their morphology and remain homogenous and round after CPD drying. 

Furthermore, the size of the beads as imaged in water and those imaged by SEM 

remain constant, suggesting that drying-out effects and structural collapse were 

minimal. As such, further information about the nanostructured features of the 

agarose could be obtained from the SEM images to estimate the pore size of agarose 

beads for different wt% agarose concentrations. However, some structural change 

during the CPD process cannot be ruled out. 

Figure 3.1(c) shows SEM images of the agarose fiber network of the different 

beads. When agarose content in a bead increases, it is necessary that the average 

fiber thickness, the number of fibers, or both are increased.  In this case, it appears 

that the average fiber diameter does not differ greatly between the different wt% 

agarose beads as is most evident when comparing the 2 and 8 wt% bead images. In 

fact, the average fiber diameter is estimated between 25-30 nm at all agarose 

concentrations, agreeing well with the average fiber diameter reported in 

literature.46 Furthermore, it should be noted that the fiber diameter is controlled by 

the agarose self-assembly process involving the formation and further assembly of 

helical agarose elements.47,48 Given that the size of one helix is reported to be 1 nm, 

25-30 helixes would span the average fiber diameter of the agarose gels.49,50 This 
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means that the number of fibers increases with agarose loading, leading to a much 

larger available surface area for binding along with a large decrease in pore size.   

 

Figure 3.1. Visualization of the morphology and pore size of agarose beads. (a) 
Optical micrographs of 2, 8 and 18 wt% agarose beads of 212-250 µm in diameter in 
water. (b) SEM images of CPD agarose beads at 100x magnification. (c) SEM images 
of the fibrous structure of agarose at 50,000x magnification.  

Next, the porosity of the different wt% agarose beads was estimated by 

averaging large, medium, and small pore cavities obtained from the SEM images. 
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Figure 3.2 shows the dependence of the pore size on the gel concentrations. From 

the graph, it can be seen that the fit of the data follows a power law dependence 

where the average pore size is inversely proportional to the concentration. This 

dependence is usually expressed as a ~ C-1, where a denotes the average pore size 

and C denotes the agarose concentration. For a true inverse proportionality, the 

value of the power function should be -1. As can be seen from power law fit in 

Figure 3.2, the exponent value of -0.91 is close to the true inverse proportionality 

value of -1. This inverse relationship between the pore size and wt% agarose has 

also been observed and reported by Pernodet and coworkers for agarose 

concentration gels ranging from 2-5 wt% with pore sizes determined from AFM 

images. However, the agarose concentration in these studies only spanned 2-5 wt% 

and the reported power law fit had a lower exponent value of -0.64 .46 Interestingly, 

this appears to be the first report of pore size of higher agarose concentrations 

above 10-12 wt%. As discussed before, increasing agarose content leads directly to 

an increased amount of fibers given that the agarose fiber diameter does not change, 

which leads to a proportional decrease in pore size. 
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Figure 3.2. Pore size as a function of agarose concentration. Pore sizes are estimated 
from an average of large, medium, and small pore cavities from SEM image and 
expressed as a power law. 

Indeed, there are a variety of other methods that can be used to determine 

the pore size, such as by AFM, cryo TEM, and even more sophisticated methods such 

as N2 adsorption at -196˚C and mercury porosimeter. However, since SEM images 

provided satisfactory results in good agreement with literature, some of these other 

hydrogel pore size characterization methods were not explored as they involve 

lengthy training periods and/or their availability was limited. Additionally, another 

characterization matrix that can be considered in the future is determination of 

water content of the beads by measuring the dried samples in a vacuum 

thermostatic oven at 120 ˚C to until a constant mass is reached.51 
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3.4. Chemical Modification on Beads, Capture Antibody 

Coupling, and Visualization of Capture Antibody Uniformity 

In order to study the effect of pore size on immunoassay performance it is 

necessary to functionalize the agarose beads with the appropriate capture 

antibodies. To achieve this, homogeneous agarose beads of 250 µm in diameter 

were derivatized with aldehyde groups and antibodies using coupling chemistries 

shown in Figure 3.3. In the surface modification step, the hydroxyl groups on the 

surface of the agarose react with the epoxide functionality of glycidol forming an 

ether linkage while maintaining the total number of hydroxyl group. Sodium 

periodate is then used to cleave the vicinal diols and form the aldehyde groups on 

the agarose (Figure 3.3a).52 The antibodies are then coupled to the beads via 

reductive amination involving the aldehyde groups. In this first step, an imine or 

Schiff base is rapidly and reversibly formed with both lysine and N-terminus amino 

acid residues. Then, in a second step, the imine is irreversibly reduced into the 

secondary amine forming an amide bond using sodium cyanoborohydride (Figure 

3.3b).53  
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Figure 3.3. Antibody coupling chemistry to agarose beads. Schematics of the (a) 
chemical modification of agarose and (b) antibody coupling chemistry. (c) An image 
of the micro-conjugation methodology shows the mixing of agarose bead (dyed 
purple for visualization purposes) with the inclusion of a micro flea stir bar that is 
magnetically controlled over the stir plate. 

The antibody coupling reaction is typically set up in a 2 mL Eppendorf tube 

utilizing 500 µL of settled agarose beads, 1000 µL of the desired antibody 

concentration, and 60 µL of 1.5M NaCNBH3, totaling a reaction volume of 1560 µL 

that is mixed using a rotator. While this reaction scale provided a very large number 

of antibody-coupled agarose beads (~38,000) to work with, the costs of the 

antibodies used per reaction ranged between $385 and $1,155 depending on the 

antibody loading concentration that was used.  These estimations of the cost 

reported above pertain to monoclonal antibodies purchased for capture of CRP 

biomarker, and as can be seen are very costly, especially when there is a need to 

prepare multiple reaction conjugations for different types of beads or antibodies. As 

such, it was necessary to reduce the scale of the reaction in order to make it more 

cost-effective, and therefore, the reaction was scaled down 50-fold resulting in a 
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total volume of 31.2 µL.  Moreover, to overcome the challenge of mixing the small 

volume, a Teflon micro flea stir bar was chosen that performed satisfactory without 

damaging the agarose beads (Figure 3.3c). Although the per-bead cost is the same, 

using this method, the total cost for a single bead conjugation drops 50-fold to 

between $7.7 and $23.1, while still providing more than enough beads (~750) for 

many experiments. 

Next, the antibody coupling to different wt% agarose beads was studied. It is 

important to understand the extent and uniformity of coupling to get a better 

understanding of the assay performance.  First, using the micro-conjugation process 

established above, the antibody loading density on the beads was studied as a 

function of agarose concentration. The relative concentration of antibody in solution 

was measured by UV absorption at 280 nm by absorption of aromatic amino acid 

residues in the antibody before and after conjugation to beads. Figure 3.4 shows a 

plot of the mass of antibody that was coupled to different wt% agarose beads at 

different initial antibody concentrations. Notably, as the initial antibody mass in the 

reaction is increased, so is the amount of antibody coupled to the beads as shown in 

Figure 3.4. Indeed, at intermediate agarose concentrations, nearly the entire 

antibody in solution is coupled to the beads.  Whereas, at the lowest antibody 

concentration, all beads can bind all antibodies in solution, at higher antibody 

concentrations, there is a drop-off evident at both higher and lower wt% agarose 

beads. 
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Figure 3.4. Plot showing the mass of capture antibody coupled to agarose beads as a 
function of wt% agarose for various initial solution masses of anti-CRP capture 
antibody.  The masses 384, 270, 60 and 30 µg correspond to 20 µL of 12.8, 9, 2.13, 
and 1 mg/mL initial capture antibody concentrations added to each reaction tube 
containing 10 µL of settled agarose beads. To convert to mass of antibody coupled 
per bead, 10 µL of settled beads contain about 760 beads of 250 µm diameters. 

To further understand how antibodies are coupled to different wt% beads, 

the antibody loading on the beads were visualized by confocal microscopy. 

Antibodies were first conjugated with a fluorescent dye, as described in the methods 

section, and then reacted with NaCNBH3 for coupling to the aldehyde groups on the 

beads. Figure 3.5 shows the time course of coupling of the fluorescently-labeled 

antibody to three different wt% agarose beads, namely 2, 8, and 18 wt%, as 

visualized using confocal microscopy. This experiment was accomplished by 
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removing 2-3 beads at various time points in the antibody coupling time course and 

monitoring the signal distribution of the fluorescently-labeled antibodies by 

obtaining confocal images at the medial slices of the beads in the x-y plane. This 

approach allows for visualization of the fluorescent signal which is directly 

proportional to the amount of antibody immobilized to the beads and provides 

useful information about the localization of the antibody in the bead.  

In Figure 3.5a, it can be seen that the antibody is uniformly bound to the bead 

interior at all time points, suggesting that the antibody is able to freely diffuse into 

the bead. However, this was not the case for 8 wt% agarose beads, where, even 

though penetrating into the interior of the beads occurred, more of the antibody was 

localized at the periphery of the beads (Figure 3.5b). Moreover, when following the 

antibody coupling to 18 wt% beads, it can be seen that the antibody does not 

penetrate all the way into the interior of the beads and was merely localized at the 

periphery of the beads, at a penetration distance of about 35 µm. These findings 

suggest that there is a decrease in effective diffusivity of the antibody to the interior 

of the bead as the pore size of the agarose approaches the size of the antibody.54,55  

Indeed, these effects are more evident for 18 wt% because once some antibodies are 

coupled to the polymer network, the space available for the remaining antibodies to 

defuse into the interior of the bead is closed off and this effect is further accentuated 

when the diameter of the antibody (14.2 nm × 8.5 nm × 3.8 nm)56 is close to the 

diameter of the pores (estimated at about 23 nm).  
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Figure 3.5. Visualization of the amount and uniformity of capture antibodies coupled 
over time to different wt% agarose beads as visualized using confocal microscopy 
by fluorescently-labeling the capture antibodies. Measurements are performed and 
represented to scale, showing fluorescence line profiles at the medial slice for (a) 2 
(b) 8 and (c) 18 wt% agarose beads coupled with an equal initial concentration of 
2.13 mg/mL of fluorescently-labeled anti-CRP capture antibodies. Insets correspond 
to confocal images taken at the medial plane of the agarose beads at the 8 h reaction 
time. 

3.5. Immunoassay Binding Profiles of three Biomarker Sizes in 

Various Agarose Porosities 

To demonstrate the importance of tuning the porosity of agarose for 

achieving maximum binding capacity that is tailored to the size of different 

biomarkers, three proteins were chosen as models. These include globular proteins 

PSA and CRP, and the linear protein CA125 with corresponding molecular weights 

of 26, 114, and 200-2500 kDa, respectively.57-59 The sizes of PSA and CRP 

correspond to hydrodynamic radii measurements equal to 3 and 4.03 nm, 

respectively, as determined from DLS, AFM, or other experimental methods.60,61 

Alternatively, the size of the linear protein CA125, also known as MUC16, is 

calculated to be as long as 1,000—8,800 nm in length when fully extended and with 
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a measured width from TEM images corresponding to 10-12 nm. However, the 

structure of CA125 can also become tethered together, and when this occurs, the 

length of the molecule has been observed to shorten to 1,200—1,500 nm. Also, a 

higher width of 50-60 nm is reported when the biomolecule is in solution, which is 

presumably due to the hydrated state of the protein as measured using AFM.59 

To determine maximum binding as a function of wt% agarose, assay 

procedures described in more detail in the methods section were employed. Briefly, 

a sandwich immunoassay format was used as pictured and described in detail in 

Chapter 1 Section 1.5.1.3 where assay parameters including sample and reagent 

volumes, assay incubation times, and transport such as flow rates were previously 

optimized for 2 wt% agarose beads.7,62 In this research, Figure 3.6 shows the effect 

of mean fluorescence intensity from varying the weight percent agarose for PSA, 

CRP, and CA125 assays while keeping all other assay variables constant. From the 

plot, it can be seen that PSA and CRP show similar binding behaviors with an 

increase in mean fluorescence intensity between 2-11 wt% agarose and a drop in 

signal at the very low and high concentrations of agarose. On the other hand, the 

maximum mean fluorescence intensity for the CA125 assay is shifted towards the 

lower range of wt% agarose with a steep drop-off at the higher end.  

The similar assay results for PSA and CRP are not surprising as both 

biomarkers are relatively small in size with a hydrodynamic radius of 3.0 and 4.03 

nm, respectively, as mentioned above. The small size of the biomarkers allows for 

sufficient transport and diffusion into the bead where analyte is bound more 
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efficiently in the medium range of agarose percentages. The capture of PSA and CRP 

drops at the very low end of wt% agarose because those regions contain less 

agarose content, and therefore a lower total surface area available for binding, 

resulting in decreased concentrations of anchored antibodies and a reduced 

localization of signal as previously seen from Figure 3.4. On the contrary, at the very 

high end of agarose concentration, while the agarose content and antibody loading 

at the edge of the bead is comparable to that of 2 wt% agarose as shown in Figure 

3.5a,c, the decrease in agarose pore size results in hindered transport and diffusion 

of analyte and detection antibody into the interior of the bead due to further steric 

restrictions between the proteins and the pores Figure 3.6.  This steric hindrance 

was first observed for the capture antibody coupling at high wt% agarose as 

discussed in Section 3.4. Here, as the binding process proceeds with the capture of 

the antigen and the detecting antibody, the effects further compound, gradually 

decreasing the available space for the remaining diffusing proteins in the polymer 

gel network. The steric hindrance effects also become more severe when the 

diameter of the protein is close to the diameter of the pores of the gel.  

Larger molecules, such as CA125, are even more excluded from entering the 

interior of the bead, and the maximum binding capacity for the assay is drastically 

shifted towards the lower concentration of agarose as those structures are more 

porous. Figure 3.6 shows maximum capture for CA125 in a gel network comprised 

of 0.75-3 wt% agarose, a drop-off in signal between 3-8 wt%, and diminished 

performance of the assay in 8-18 wt% agarose concentrations. The CA125 assay 

performance is poorest between 8-18 wt% agarose where the average diameter of 



 107 

agarose pores is 70 nm and lower (Figure 3.2). Given that the width of CA125 is 

between 50-60 nm in solution, there is very little room for the protein to diffuse into 

the bead interior and thus the reduced performance is expected.   

These size exclusion effects can also be understood from the perspective of 

size exclusion chromatography.  In size exclusion chromatography, smaller 

biomolecules spend more time interacting with a larger surface area when 

penetrating into the gel matrix, while larger biomolecules are eluted from the gel 

matrix more rapidly.  

 

Figure 3.6. Immunoassay binding profiles for 10 ng/mL PSA, 10 ng/mL CRP and 400 
U/mL CA125 biomarkers were obtained as a function of wt% agarose. 
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Such size exclusion effects also observed here for the PSA, CRP and CA125 

immunoassays, as a function of agarose content, had significant repercussions on 

the amount of analyte bound (Figure 3.6), which in turn should affect the sensitivity 

of these assays. Affinity and excellent specificity are crucial in multiplexed detection 

units. 

3.6. Standard Curves for CRP and CA125 Utilizing Various wt% 

Agarose Beads 

The experiments discussed above revealed insight into the optimized 

biomarker capture for PSA, CRP, and CA125 by changing the pore size in the bead. 

Here, a more practical application for optimizing the weight percent agarose is 

demonstrated. Keeping previous results in mind, it was hypothesized that 

optimizing the agarose concentration according to biomarker size will improve the 

sensitivity of the assays. 

With significant clinical relevance, two biomarkers that are FDA approved for 

routine use in standard clinical practices for disease diagnosis and prognosis were 

chosen:  CRP and CA125. The molecule CRP is a well-established biomarker of 

infection and inflammation that may rise 1000-fold or more within 24-28 h of tissue 

injury.63 It is involved in multiple diagnostic settings, but it is primarily used in 

clinical tests to diagnose and manage patients with sepsis—a potentially life-

threatening complication caused from an infection.64 The biomarker is nonspecific, 

yet under certain clinical settings it can provide very useful information relative to 
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the patient diagnosis. For example, a rapid CRP test could be particularly useful in 

identifying, from malnourished children in remote settings, who are most at risk of 

dying from bacterial infections.65 In the case of trauma and radiation damage, the 

CRP concentration in serum is known to increase dramatically, more than 200 

mg/L, following the traumatic event and radiation exposure.63,66 Perhaps the most 

promising clinical application for CRP is in the diagnosis of lower respiratory tract 

infection and the relevancy to the over-prescription of antibiotics. In primary care, 

CRP performs better than any individual or combination of clinical symptoms in 

predicting the diagnosis of pneumonia in lower respiratory tract infections where 

CRP concentrations increase to approximately 10-50 mg/L for a mild infection and 

50-200 mg/L for an active inflammation and bacterial infection.63,67 Furthermore, in 

the case of coronary events, CRP concentrations <1 mg/L are considered low risk, 1-

3 mg/L average risk, and >3 mg/L indicate high relative risk.63 Additionally, CRP 

concentrations are high relative to other biomarkers for lower respiratory tract 

infections, making its quantitation an easy target for the development of new POC 

tests.63 

The second biomarker used in this study is CA125 earning FDA approval in 1997 

and currently used in clinical settings in conjunction with other biomarkers for the 

diagnosis of ovarian cancer.68 It is worth noting that ovarian cancer is the eighth 

most common cancer in the United States and therapeutic options are available 

(intraperitoneal chemotherapy, dose dense chemotherapy, risk reducing surgery) 

and rapidly advancing (immunotherapy); however, it remains the fifth leading cause 

of cancer death due to difficulty with diagnoses based on symptoms alone and the 
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lack of suitable screening methods for early and rapid diagnosis.69-71 As such, porous 

sensor platforms would offer more rapid and efficient testing with potential for 

miniaturization into practical and affordable devices, enabling better early-disease 

testing. In clinical practice, a CA125 value of 35 U/mL is generally considered to be 

the upper limit of normal and concentrations that are higher are associated with 

carcinoma.72 

To gain a better understanding of the sensitivity of different sized 

biomarkers as a function of agarose concentration, dose-response curves for the 

capture of CRP and CA125 were performed using the fully integrated p-BNC 

platform described in Chapter 1. Figure 3.7 shows proof-of-concept standard curves 

derived from the measurement of different concentrations (0, 0.03, 0.1, 0.3, 1, 3 and 

10 ng/mL) of CRP in CRP depleted serum on a sandwich immunoassay platform 

using 2, 8 and 18 wt% agarose beads multiplexed on one chip. The reason for 

choosing only three agarose concentrations is simply the fact that, as seen in Figure 

3.6b, the binding profile of CRP was relatively broad, where most agarose wt% 

beads would provide similar sensitivity. Linear regression was used to characterize 

assay performance (sensitivity) on the different wt% agarose beads. Results show 

that the binding of CRP was more efficient when using 2 and 8 wt% agarose beads 

over the 18 wt% concentration (Figure 3.7b). A visual representation of 

fluorescence intensity signal buildup on the beads as a function of concentration and 

wt% agarose is presented in Figure 3.7a. The fluorescence signal is uniform and 

localized on the periphery of the beads. Beads composed of 8 and 18 wt% agarose 

retained more nonspecific binding and are brighter around the center of the beads. 
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However, as the data analysis focused on averaging the mean fluorescent intensity 

in the AOI around the periphery of the beads, the nonspecific binding in the center 

of the bead did not play a role.  

Next, the influence of the change in wt% agarose on the measured LOD and 

LOQ was explored. To determine the LOD and LOQ of all standard curves, data were 

plotted using four parameter logistic curves in SigmaPlot (Figure 3.8c). The LODs 

were calculated according to the fluorescence intensity of the zero concentration 

plus three times its standard deviation, and LOQ were calculated according to the 

fluorescence intensity of the zero concentration plus ten times its standard 

deviation. 73  

A summary of these values is provided in Table 3.2. Importantly, the LOD 

obtained from 2 and 8 wt% agarose beads was comparable and about 10-fold lower 

than that obtained from the 18 wt% beads. This key increase in performance is 

attributed to the optimization of the wt% agarose. As mentioned before, there is a 

large wt% range that can be used for measuring CRP ranging from 2-11 wt% 

agarose. Interestingly, this large sensitivity range could have significant application 

in reducing non-specific binding and cross-reactivity effects in multiplexing pursuits 

involving other biomarkers. For instance, if CRP is multiplexed with a larger 

biomarker, a higher wt% agarose could be chosen for CRP that will provide the right 

porosity for the size of the CRP to diffuse into the bead, but not the larger 

biomarker, thus reducing cross-reactivity effects and non-specific binding while 

maintain the sensitivity 
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Figure 3.7. Standard curves of CRP measured using a sandwich immunoassay format 
in the p-BNC system as a function of wt% agarose. (a) Epi-fluorescent images 
displaying the capture of CRP on a 2, 8 and 18 wt% agarose bead in the chip array at 
different concentrations of CRP. Beads are about 250 µm in diameter and images are 
taken at 2 s exposure times with the fluorescence signal developing on the 
periphery of the beads. For enhanced visibility, the contrast and brightness of all 
images is equally enhanced.  (b) MFI from the medial slice of the beads is fit to a 
linear curve for the 2 wt% (y = 127x + 448; R2 = 0.999), 8 wt% (y = 139x + 475; R2 = 
0.999) and 18 wt% (y = 23x + 479; R2 = 0.998) agarose beads. (c) Standard curve of 
the capture of CRP using 2 wt% agarose beads is fit to a four parameter logistic 
curve (R2 = 0.999) with LOD and LOQ corresponding to concentrations of CRP 
antigen equal to 0.14 ng/mL and 0.71 ng/mL, respectively. (d) Standard curve of the 
capture of CRP using 8 wt% agarose beads is fit to a four parameter logistic curve 
(R2 = 1.000) with LOD and LOQ corresponding to concentrations of CRP antigen 
equal to 0.09 ng/mL and 0.53 ng/mL, respectively. (e) Standard curve of the capture 
of CRP using 18 wt% agarose beads is fit to a four parameter logistic curve (R2 = 
0.999) with LOD and LOQ corresponding to concentrations of CRP antigen equal to 
1.16 ng/mL and 5.01 ng/mL, respectively. 
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Table 3.2. Summary of sensitivity results for dose response curves of CRP using a 
sandwich immunoassay format and utilizing different wt% agarose bead sensors in 
the p-BNC platform. The total assay time is 33 min and total sample volume is 600 
µL. 

Wt% agarose Bead-to-bead 
CV% 

LOD ng/mL LOQ ng/mL 

2 1.60 – 6.66 0.14 0.71 

8 1.46 – 4.20 0.09 0.53 

18 0.90 – 8.79 1.16 5.01 
 

Next, the sensitivity of CA125 as a function of agarose concentration was 

explored. Figure 3.8 shows proof-of-concept standard curves derived from the 

measurement of different concentrations (0, 10, 50, 100, 200, and 400 U/mL) of 

CA125 in Superblock buffer and a sandwich immunoassay platform using 0.75, 1, 

1.5, 2, 3, 6, 7, 8, 14, and 18 wt% agarose beads, multiplexed on one chip. A broad 

range of wt% agarose beads was investigated as the binding profile seen in Figure 

3.6b showed a more narrow binding distribution for CA125, and it was important to 

test various wt% agarose beads to see if they follow the trend previously seen. 

Similarly, linear regression was used to characterize assay performance (sensitivity) 

on the different wt% agarose beads. Results show that the binding of CA125 was 

more efficient when using 1.5 wt% agarose, as evident from the larger slope of the 

standard curve.  

A visual representation of fluorescence intensity signal buildup on the beads 

as a function of concentration and wt% agarose is presented in Figure 3.7a. The 
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fluorescence signal is uniform and localized on the periphery of the beads. Beads 

composed of 8 and 18 wt% agarose retained more nonspecific binding and are 

brighter around the center of the beads. However, as the data analysis focused on 

averaging the mean fluorescent intensity in the AOI around the periphery of the 

beads, the nonspecific binding in the center of the bead did not play a role.  

Next, the influence of the change in wt% agarose on the measured LOD and 

LOQ was explored. To determine the LOD and LOQ of all standard curves, data were 

plotted using four parameter logistic curves in SigmaPlot (Figure 3.8b). The LODs 

were calculated according to the fluorescence intensity of the zero concentration 

plus three times its standard deviation, and LOQ were calculated according to the 

fluorescence intensity of the zero concentration plus ten times its standard 

deviation. 73 It is clear that the immunoassay performance for CA125 is highly 

sensitive to agarose pore size the best performance was observed for 0.75 to 1 wt% 

beads, with a steep increase in LOD and LOQ observed for higher agarose contents, 

as seen in Table 3.3. Whereas for the CRP assay, the performance of 2 and 8 wt% 

beads was similar, for the CA125 assay, there is a 3 times increase in LOD between 2 

and 8 wt% beads and a full 20 times increase when comparing 0.75 and 8 wt% 

beads due to the size-exclusion effects described previously. Interestingly, although 

the normalized MFI of beads between 0.75 and 4 wt% is fairly similar (as seen in 

Figure 3.8), the amount of non-specific binding was decreased significantly at lower 

agarose content. This leads to lower zero values and thus decreased LOD and LOQs. 

At the highest agarose content of 18 wt%, it was not possible to obtain a dose-

response curve because there is insufficient binding of CA125 to the beads. Finally, 
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using the optimized 0.75 wt% beads lead to 60-fold increase in LOD compared to 14 

wt% beads, the highest concentration which produced a measurable dose-response 

curve. 

 

Figure 3.8. Standard curves of CA125 measured using a sandwich immunoassay 
format in the p-BNC system as a function of wt% agarose. (a) MFI from the medial 
slice of the beads is fit to a linear curve for 0.75, 1, 1.5, 2, 3, 6, 7, 8, 14 and 18 wt% 
agarose beads. Error bars indicate standard deviation from one bead. (b) 
Corresponding standard curves fit to a four parameter logistic curve with indicated 
LODs (open circle shifted to the left) and LOQs (open circle shifted to the right) 
results corresponding to concentrations of CA125 antigen as presented in Table 3.3.  
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Table 3.3. Summary of sensitivity results for dose response curves of CA125 
biomarker using a sandwich immunoassay format and utilizing different wt% 
agarose bead sensors in the p-BNC platform. The total assay time is 43 min and total 
sample volume is 100 µL. 

Wt% agarose R2  LOD U/mL LOQ U/mL 

0.75 0.999 1.14 5.09 

1 0.998 1.68 6.98 

1.5 0.997 3.54 20.02 

2 0.995 7.95 29.72 

3 0.999 13.49 28.40 

6 0.999 12.48 36.47 

7 0.997 12.78 42.22 

8 0.991 20.60 47.82 

14 0.981 68.36 97.93 

18 0.423 - - 
 

3.7. Capture Antibody Loading Amounts 

Another important parameter to consider is the antibody loading on the 

beads. Research suggests that increasing the capture antibody concentration has a 

significant impact on sensitivity and binding. As 2D surfaces typically have a cut-off 

value with respect to the capture antibody loading amount which can be used, due 

to low surface area and subsequent overcrowding, 3D surfaces do not. Agarose, 3D 

structures can afford to be labeled with high capture antibody loadings due to their 

high surface area. However, the effect of the high capture antibody loading on the 

binding of an analyte can lead to overcrowding effects and hindered transport, and 
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it is necessary to study it as a function of pore size. It would be interesting to see if 

overcrowding also plays a role when using porous solid supports and to what 

extent. As such, a range of wt% agarose was used and labeled with a medium and 

high capture antibody loading for the capture of CRP antigen.  

Figure 3.9 shows the MFI binding profiles of 10 ng/mL CRP as a function of 

wt% agarose utilizing beads labeled with a high and medium capture antibody 

concentration.   

 

Figure 3.9. Immunoassay binding profiles for CRP as a function of wt% agarose and 
capture antibody loading levels. A high capture antibody loading indicates agarose 
beads that were labeled with a 12.8 mg/mL initial capture antibody loading 
concentration and medium capture antibody loading indicates agarose beads that 
were labeled with a 1.0 mg/mL initial capture antibody loading concentration. The 
concentration of CRP used was 10 ng/mL. 
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Results demonstrate that the maximum binding of CRP is not only dependent on the 

size of the analyte and pore size of the agarose, but also on the capture antibody 

loading amount. This figure illustrates how the maximum MFI shifts towards 

smaller wt% agarose when the agarose beads are loaded with high capture antibody 

concentrations. In addition to the shift, a narrowing of the binding profile is 

observed with respect to wt% agarose used. This suggests that overcrowding plays 

a role in porous solid support sensors.  

3.8. Conclusions 

This chapter demonstrated the preparation of agarose beads of widely 

varying agarose content from 0.125 to 18 wt% with pore sizes as low as 23 nm as 

characterized by SEM microscopy. Next, a cost-effective coupling method was 

developed to be able to test the immunoassay performance under many different 

conditions. Localization of capture antibody was studied using confocal microscopy 

to visual the interior of the bead and showed size-exclusion effects starting at 8 wt% 

to the point where there was no antibody penetration into the interior of 18 wt% 

agarose beads. Finally, by looking at immunoassay performance of three different 

proteins, PSA, CRP, and CA125, it was determined for the first time that one pore 

size does not fit all.  Specifically, assay performance of the smaller antigens PSA and 

CRP is adequate for a wide range of agarose wt% beads, only dropping off at very 

high and low agarose content.  On the other hand, the immunoassay performance 

for larger antigens such as CA125 is much more sensitive to agarose pore size due to 

size-exclusion effects, and the best performance was observed for 0.75 to 1 wt% 
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beads with a steep increase in LOD and LOQ observed for higher agarose contents. 

Finally, size-exclusion effects become even more important at higher capture 

antibody loading due to further crowding of the pore spaces, leading to a shift in 

optimal MFI towards lower wt% agarose beads. These results prove that an 

understanding of the interaction between the agarose pore size, capture antibody 

loading, and antigen size can be critical for assay development and sensitivity 

optimization. 

3.9. Experimental Methods 

3.9.1. Reagents and Buffers 

All materials were purchased from Sigma-Aldrich, Inc. (St. Louis, MO) unless 

otherwise stated. Reagents and proteins were used without further purification 

unless further specified. To achieve desired concentrations, all antibodies and 

proteins were diluted in 1x PBS buffer, pH 7.2 (Thermo Fisher Scientific Inc.; 

Rockford, IL) or with a proprietary PBS buffer known as SuperBlock Blocking Buffer 

(Thermo Fisher Scientific Inc.; Walthan, MA), as indicated. The 1 x PBS buffer was 

prepared from BupH Dry-Blend Packs of PBS. When dissolved in 500 mL of 

deionized water, each pack contains 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2. 

The buffer was filtered using a Corning® bottle-top vacuum filter equipped with a 

nylon membrane of pore size 0.2 µm (Corning Incorporated; Corning, NY) and used 

up to two weeks when stored at room temperature. 
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3.9.2. Agarose Bead Preparation 

To prepare 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 14, 16, and 

18 wt% homogeneous agarose beads a micro-emulsion setup was used. The 

procedure will be described for the preparation of 2 wt% agarose beads and then 

defined as it applies for the preparation of the remaining wt% agarose beads.  

To prepare, homogeneous, 2 wt% agarose beads, previously used methods 

were employed43-45, where an aqueous solution was first prepared by dissolving 

1.012 g of agarose (Type IB) in 49 mL of nanopure water and heated in a beaker 

while covered to prevent evaporation, to 87 °C until the agarose was fully dissolved. 

Once dissolved, the agarose solution was stabilized in a water bath at about 62 ˚C. 

Simultaneously, to prepare the oil phase, a suspending solution consisting of 9 mL 

sorbitan trioleate in 91 mL of heptane was heated to 58 °C and stabilized between 

56-58 °C in a 58 °C water bath. It was important that the temperature of the oil 

phase did not exceed 58 ˚C so as to prevent evaporation of the solvent which can 

affect the emulsion. When the temperature of both solutions was stabilized at the 

indicated temperatures, the oil phase was stirred at 574 rpms with an overhead 

stirrer with rod size dimentions of 33 mm diameter × 230 mm height (IKA 

Labortechnik; Wilmington, USA) and the water phase was quickly poured into the 

oil phase to form a uniform water-in-oil emulsion. The resulting emulsion was 

continuously stirred and kept in the water bath for 1 min, after which the water 

bath was removed and the reaction was still continuously stirred and allowed to 

cool to room temperature while stirring. When the reaction reached 22 ˚C, the 
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stirring was stopped and the settled beads were separated and washed with 

deionized water and sorted according to size using sieves. Beads were further 

washed with a 50% ethanol-water solution, diluted down from 190-proof ethanol 

reagent (DLI; King of Prussia, PA) and incubated in the solution and rotated 

overnight to remove any organic solvents.  

To prepare 0.125-6 wt% agarose beads, the procedure detailed above was 

followed in conjunction with the corresponding agarose weight, nano pure water, 

and stirring rates as indicated in Table 3.1. To prepare 7-18 wt% agarose beads, the 

details listed in Table 3.1 were considered as well as the order of mixing of the 

water and oil phases. For preparation of this wt% range, it was important to reverse 

the order of the solution that was spun and poured. Due to the increasing viscosity 

of the agarose gel with increasing wt% agarose, rapid cooling, and difficulty with 

pouring, the aqueous solution was spun and the oil suspending solution was poured 

into the water phase.  

3.9.3. Chemical Modification  

Beads with estimated diameters of 212-250 and 250-280 µm were collected 

using size selective sieves (Cole-Parmer; Vernon Hills, IL) for a full range of agarose 

beads consisting of 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 14, 16, 

and 18 wt% agarose content. All samples were further incubated overnight in a 50% 

ethanol-water solution diluted down from 190-proof ethanol reagent (DLI; King of 

Prussia, PA) and mixed at 30 rpms. After the incubation time, the supernatant was 

discarded and all bead samples were washed with distilled water and incubated in 
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distilled water overnight at 30 rpms. After the incubation period, the bead samples 

were activated using a glycidol solution. To prepare the glycidol solution, to 50 mL 

of 1 M NaOH solution, 0.135 g of NaBH4 and 15 mL of glycidol was added and the 

resulting solution was mixed. Next, each bead reaction was prepared in 50 mL 

conical tubes, consisting of 1 mL of settled agarose bead per condition, resulting in a 

total of 36 bead reaction samples. To each bead reaction, 2 mL of distilled water was 

added and 1.2 mL of the glycidol solution as prepared above. Each tube reaction was 

paced on a tube rack and covered lightly with aluminum foil. Next, the tube rack was 

fixed with rubber bands on a titer plate shaker (Lab-Line Instruments, Inc.; Melrose 

Park, IL) and shaken overnight for 10 h at a setting between 2.0 to 2.3. It’s important 

that there is homogeneous mixing so that the beads do not cling to the side of the 

tube. After the incubation time, the bead samples were thoroughly washed with 

distilled water and the second step of the surface modification procedure was set 

up. Again, each bead reaction (1 mL of settled beads) was re-suspended into 2.5 mL 

of distilled water in 50 mL conical tubes. A volume of 0.7 mL of 0.2 M NaIO4 was 

added to each bead reaction and the conical tubes were placed back on the shaker 

for 1 h incubation. After the incubation time, the reaction beads were washed 

thoroughly with water and incubated in 50 mL of distilled water in 50 mL conical 

tubes and rotated overnight.  After the incubation time, the beads were washed once 

more with distilled water and then transferred into individual 2 mL Eppendorf 

tubes and stored at 4 ˚C for later use and coupling to antibodies.  
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3.9.4. Optical Micrographs 

Optical micrographs of agarose beads in 1× PBS buffer, pH 7.2 were obtained 

using an EVOS XL digital microscope (Life Technologies; Grand Island, NY). A 

suspension of beads was placed on a glass slide with a cover slip and images were 

taken from below using a 10× objective.   

3.9.5. SEM 

Samples for 2, 4, 6, 8, 10, 12, 14, 16, and 18 wt% agarose were prepared for 

SEM imaging. For each sample, a solution of 100 µL of suspended beads in 1× PBS 

buffer, pH 7.2 was aliquoted. Once the beads settled, the supernatant buffer liquid 

was discarded and each sample was incubated in 1 mL of 4% glutaraldehyde 

containing 3 drops of 30 wt% hydrogen peroxide and mixed for 1 h at 30 rpms for 

fixing the gel structure.  After this incubation period, the supernatant was removed 

and the samples were incubated in 4% glutaraldehyde only and mixed for 1 h at 30 

rpms. After this incubation period, the supernatant was removed and the samples 

were incubated in PBS buffer, pH 7.2 and mixed for 1 h at 30 rpms. After this 

incubation time, the supernatant was removed and the samples were incubated in 

2% osmium tetroxide (Electron Microscopy Sciences; Hatfield, PA) and mixed for 2 

h at 30 rpms for post fixing the gel. After this incubation time, the supernatant was 

removed and the samples were dehydrated in 30, 50, 70, 90, 100, 100, and 100% 

ethanol over a 7 h time period. The dehydrated beads were then pipetted into 

individual microporous specimen capsules with 30 micron pore sizes and capsule 

size dimensions of 12 mm × 11 mm (base diameter × height) (Electron Microscopy; 
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Hatfield, PA). Three samples were then immediately placed in the EMS 850 critical 

point drier (Electron Microscopy Sciences; Hatfield, PA) for CPD. It was import to 

perform that transfer step extremely fast, before the ethanol in the microporous 

specimen capsules dried out. Once CPD was performed the samples were attached 

to SEM pucks using ultra-smooth conductive carbon tape (Electron Microscopy; 

Hatfield, PA) and sputter coated with 2.3 nm of platinum using a Denton Desk V 

Sputter system (Denton Vacuum, LLC; Moorestown, NJ). All samples were imaged 

using a Quanta 400 ESEM FEG (FEI; Hillsboro, OR) with a 5 kV accelerating voltage.  

3.9.6. Micro-Conjugation Procedure for Antibody Coupling  

To covalently couple antibodies to aldehyde-functionalized agarose beads via 

reductive amination, a micro-volume scale reaction procedure was used. This small 

scale reaction process is described here.  For each bead reaction, containing 10 µL of 

settled agarose microspheres in a 1500 µL Eppendorf tube, a volume of 20 µL of 

capture antibody concentration prepared as needed from a stock concentration in 

PBS buffer, pH 7.2 was added. Then, 1.2 µL of sodium cyanoborohydride prepared in 

nanopure water (1.5 M) are immediately added. Lastly, to each reaction tube, a 2 x 2 

mm flea stirbar (VWR; USA) was added and the Eppendorf tubes were placed on an 

Eppendorf tube rack that was transferred onto a stir plate and stirred at 7 rpms at 

room temperature for 8 h. After the reactions were complete, the Eppendorf tube 

rack was removed from the stir plate and the beads were allowed to settle. The 

supernatant from each reaction tube was carefully removed without disturbing the 

beads and it’s absorbance at 280 nm was measured using a NanoDrop 2000c 
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instrument (Thermo Scientific; Wilmington, DE). The capture antibody mass per 

agarose bead for all types of wt% agarose beads was calculated. The beads in each 

reaction tube were further washed with 1000 µL of 1x PBS buffer, pH 7.2 and 

allowed to settle. The supernatant buffer was collected and discarded. To the settled 

agarose beads in each reaction tube, 20 µL of 1 mM Tris (Teknova; Collister, CA) 

buffer and 1.2 µL of sodium cyanoborohydride were immediately added and the 

reaction tubes were transferred back onto the stir plate to stir at 7 rpms at room 

temperature for 1 h to block unreacted sites.  After the reactions were complete, the 

supernatant from each reaction tube was removed and the beads were washed two 

times with 1x PBS buffer, pH 7.2. All agarose beads were stored in 100 µL of 1x PBS 

buffer, pH 7.2 at 4 ˚C. 

3.9.7. Antibody Loading Study 

Capture antibodies were covalently coupled to 1, 2, 4, 6, 8, 10, 14 and 18 wt% 

aldehyde-functionalized agarose microspheres of 250-280 µm diameters as 

described in detail in Section 3.9.5. A total of 32 bead conjugations were prepared. 

To each bead reaction, 20 µL of 1, 2.13, 9, and 12.8 mg/mL concentrations of rabbit 

anti-human CRP polyclonal antibody (Fitzgerald; Concord, MA) was added, as 

prepared from a stock concentration of 12.8 mg/mL. 

3.9.8. Confocal Microscopy 

For the capture antibody uniformity study, mouse anti-human CRP antibody 

(clone M701289) was coupled to Alexa Fluor® 488 carboxylic acid 
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tetrafluorophenyl (TFP) ester (Molecular Probes®, Life Technologies; Carlsbad, CA) 

per manufactures instructions. The concentration and degree of labeling of the 

purified antibody-dye conjugate was calculated from absorbance measurements at 

280 nm and 494 nm using a NanoDrop. The concentration obtained was 1.42 × 10-5 

M or 2.06 mg/mL, and the degree of labeling was 3.02 moles of dye per mole of 

antibody. 

Next, the antibody-dye conjugate was coupled to 2, 8, and 18 wt% agarose 

beads of 250-280 µm in diameter as described in Section 3.9.6. Aliquots of 2-3 beads 

were taken out of the reaction vials during the reaction time-course at 10 min, 30 

min 1 h, 4 h, and 8 h and were washed 3 times with 1× PBS buffer, pH 7.2.  Confocal 

images were acquired using a LSM 510 META laser scanning microscope system 

equipped with 10x/0.45 Plan-apochromat objective lens from Carl Zeiss 

MicroImaging (Gena, Germany). The argon laser output used was 50%. 

Configuration controls to accommodate excitation and emission maxima of Alexa 

Fluor® 488 were applied at 495 and 519 nm, respectively. A laser power of 10% 

was used for fluorescence excitation at 488 nm. The agarose beads were imaged at 

the x-z plane with a slice height of 1 µm using a pinhole of 150 and detector gain at 

500. The line profile across the center of the confocal medial slice was used for data 

analysis.  
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3.9.9. Immunoreagent Preparation and Assay Execution for PSA 

3.9.9.1. Reagents 

For the sandwich immunoassay to detect the free form of PSA these reagents 

were chosen as optimal. The capture antibody (Clone M167) was purchased from 

CalBioreagents (San Mateo, CA) and the detecting antibody (Clone M12127) was 

purchased from Fitzgerald (Concord, MA). The antigen was purchased from 

Fitzgerald (Concord, MA).  

3.9.9.2. Capture Antibodies 

Capture antibodies were covalently coupled to 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 

12, 14, 16 and 18 wt% aldehyde-functionalized agarose microspheres of 250-280 

µm diameters as described in detail in Section 3.9.5. For the reaction, 20 µL of 1 

mg/mL anti-PSA capture antibody was used, as prepared from a stock concentration 

of 7.8 mg/mL. 

3.9.9.3. Detection Antibody 

The detection antibody was coupled to Alexa Fluor® 488 (Invitrogen; 

Carlsbad, CA) per manufacturer’s instructions. Briefly, purified detecting antibody 

anti-PSA (Clone M12127) was diluted to 2 mg/mL in 500 µL of 1x PBS buffer, pH 7.2 

to which 50 µL of 1 M NaHCO3 was added to raise the pH of the reaction mixture to 

pH 7.5 to 8.5 for efficient coupling of the succinimidyl esters to the primary amines 

on the antibodies. Next, a the antibody solution was reacted with 1 vial of Alexa 
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Fluor® 488 carboxylic acid, TFP ester (MW ~885) for 1 h, as per manufacturer’s 

instructions. Next, a column consisting of 30k MW size–exclusion resin was 

prepared to purify the labeled antibody from unreacted dye. The concentration of 

the labeled antibody and the dye were then determined from absorbance values 

obtained at 280 and 494 nm, respectively, using NanoDrop 2000c (Thermo 

Scientific; Wilmington, DE). The degree of labeling was 2.5 moles of dye per mole of 

antibody. The detection antibody was then diluted 1:25 with 1× PBS buffer, pH 7.2, 

containing 1% BSA (which provided reagent stability and limited nonspecific 

binding) and 8 µL of the diluted solution were used per assay on the reagent pad. 

3.9.9.4. Antigen 

For the sandwich immunoassay, PSA antigen provided by Fitzgerald 

(Concord, MA) with a stock concentration of 3.22 mg/mL was used to prepare a 

concentration of 10 ng/mL in 1× PBS buffer, pH 7.2, containing 1% BSA.  

3.9.9.5. Programmable Bio-Nano-Chip Card and Agarose Bead Loading  

As described previously, the p-BNC card was constructed with alternating 

layers of 3MTM 9500PC double-sided adhesive (DSA) and 3MTM AF4300 

polyethylene terephthalate purchased from 3M Company (St. Paul, MN) using a 

technique called xurography which utilized a SummaCut D75 (Summa Inc.; Seattle, 

WA) and a Graphtec FC2250 plotter cutter (Graphtec America; Inc., Irvine, CA) to 

pattern the layers.62,74 The card consisted of 7 layers forming a microfluidic network 

as described in Chapter 1. Hydrophobic SurePVDF membrane air vents (EMD 
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Millipore, Billerica, MA) were used to mitigate bubbles and an 8μm Whatman 

Nuclepore Track-Etch membrane (GE Healthcare, Fairfield, CT) was used for in-line 

filtration. The detecting antibody reagent pad was made of glass fiber conjugate 

pads (EMD Millipore, Billerica, MA) cut into 2 × 15mm rectangles. Mixers were 

patterned into the polyethylene terephthalate layer’s channels with a Graphtec 

plotter cutter for homogeneous mixing of reagents during the assay. The 

microcontainer used was a 4 × 5 array with heptagonally-shaped wells for the 

agarose beads and was cast with an UV-curable photopolymer (Norland Products 

Inc., Township, NJ) from a machined aluminum mold and placed in the card.  

Before loading the beads onto the chip, 3 µL of isopropyl alcohol (VWR, West 

Chester, PA) followed by 3 µL of 1× PBS, pH 7.2, containing 1% BSA to reduce 

nonspecific binding were sequentially pipetted over the chip to pre-wet and pre-fill 

the wells with fluid. For a successful wetting step, the fluid was drawn toward the 

waste chamber and the wells appeared back. Beads were then loaded onto the chip 

arrays using tweezers under the microscope and a cyclic olefin copolymer 

thermoplastic cover slip (Zeon Corp., Tokyo, Japan) was mounted over the loaded 

beads before starting the assay to seal the components in place but also to allow 

optical access from the top of the card for epi-fluorescent measurements after the 

execution of the assay.  

3.9.9.6. Assay Execution and Image Analysis 

Once the different wt% agarose beads and corresponding controls were 

placed on the biochip and sealed with the optical cover slip, 100 μL of the antigen 
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concentration was loaded into the card through the sample entry port via capillary 

action. At the same time, 8 µL of the detection antibody (diluted 1:25 as described 

above) was freshly loaded onto the reagent pad and sealed using a plastic cover and 

DSA. Two syringes of 1× PBS buffer, pH 7.2, containing 1% BSA, were connected to 

the two main entry ports of the card to supply transport-driven flow inside the card. 

By activating the first pump, the 100 μL sample was filtered in-card and delivered 

over and through the beads at 5 μL/min flow rate for a period of 20 minutes. Then, a 

buffer wash was delivered at a flow rate of 100 μL/min for 1 min. After that, the 

detecting antibody was eluted from the pad and introduced to the bead array at a 

flow rate of 20 μL/min with the second syringe for 3 min. Lastly, a final rinse at 100 

μL/min for 4 minutes was performed to wash unbound detecting antibody. The total 

assay time was 28 minutes with a total assay volume of 660μL.  

Images were acquired using 4× magnification on an Olympus (Tokyo, Japan) 

BX51 epi-fluorescent microscope and analyzed using an in-house data analysis tool 

to determine the mean fluorescence intensity.  This image analysis software 

implements computer vision methods for detecting the location of beads using a 

Gabor annulus approach and analyzing pixels according to various regional and 

intensity-based parameters. To locate the beads, Gabor wavelet filters are convolved 

across the image, resulting in a large response at the beads’ centroids. For each 

bead, the edge is mapped by revolving an intensity profile about the centroid and 

fitting a circle to the resulting coordinates that correspond to the greatest rate of 

change in pixel intensity. Once all the beads are located, an annular region of 

interest method excludes low signal pixels in the bead centers and isolates the pixels 



 131 

around the edge of the bead where the signal is strongest. This signal is averaged for 

each bead and averaged across redundant beads to obtain mean fluorescence 

intensity for that biomarker.  

3.9.10. Immunoreagent Preparation and assay execution for CRP 

3.9.10.1. Reagents 

For the sandwich immunoassay to detect CRP these reagents were chosen as 

optimal. Both the capture antibody (Clone M701289) and the detecting antibody 

(Clone M701288) were purchased from Fitzgerald (Concord, MA). Purified CRP 

antigen was also purchased from Fitzgerald (Concord, MA).  

3.9.10.2. Capture Antibodies 

Anti-CRP capture antibodies were covalently coupled to 0.5, 0.75, 1, 1.5, 2, 3, 

4, 6, 8, 10, 12, 14, 16 and 18 wt% aldehyde-functionalized agarose microspheres of 

250-280 µm diameters as described in detail in Section 3.9.5. For the reaction, 20 µL 

of 1 mg/mL CRP antibody was used, as prepared from a stock concentration of 5.25 

mg/mL. 

3.9.10.3. Detection Antibody 

The anti-CRP detection antibody was coupled to Alexa Fluor® 488 

(Invitrogen; Carlsbad, CA) per manufacturer’s instructions and described in 3.9.9.3. 

The concentration of the labeled antibody was 3.46 × 10-6 M or 0.50 mg/mL, and the 

degree of labeling was 6.97 moles of dye per mole of antibody. The detection 
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antibody was then diluted 1:25 with 1× PBS buffer, pH 7.2, containing 1% (w/v) BSA 

(which provided reagent stability and limited nonspecific binding) and 8 µL of the 

diluted solution were used per assay on the reagent pad. 

3.9.10.4. Antigen 

For the sandwich immunoassay standard curves, CRP antigen with a stock 

concentration of 3.7 mg/mL was used to prepare concentrations of 30, 10, 3, 1, 0.3, 

0.1, and 0.03 ng/mL by serial dilutions in CRP depleted serum (Fitzgerald; Concord, 

MA). To start, 10,000 ng/mL was prepared by diluting 10 µL of the stock to 3.7 

mg/mL of CRP depleted serum. 

3.9.10.5. Programmable Bio-Nano-Chip Card and Agarose Bead Loading  

The p-BNC card was constructed and used as described in Section 3.9.9.5. 

3.9.10.6. Assay Execution and Image Analysis 

Once the different wt% agarose beads and corresponding controls were 

placed on the biochip and sealed with the optical cover slip, 100 μL of the CRP 

antigen concentrations was loaded into the cards through the sample entry port via 

capillary action. At the same time, 1 µL of the detection antibody (undiluted) was 

freshly loaded onto the reagent pad and sealed using a plastic cover and DSA. Two 

syringes of 1× PBS buffer, pH 7.2, containing 1% BSA, were connected to the two 

main entry ports of the card to supply transport-driven flow inside the card. By 

activating the first pump, the 100 μL sample was filtered in-card and delivered over 
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and through the beads at 5 μL/min flow rate for a period of 20 minutes. Then, a 

buffer wash was delivered at a flow rate of 100 μL/min for 1 min. After that, the 

detecting antibody was eluted from the pad and introduced to the bead array at a 

flow rate of 20 μL/min with the second syringe for 3 min. Lastly, a final rinse at 100 

μL/min for 4 minutes was performed to wash unbound detecting antibody. The total 

assay time was 28 minutes with a total assay volume of 660μL.  

Images were acquired at 2 s exposure times using a 4× objective and data 

analysis routine as previously discussed in Section 3.9.9.6. 

Calibration curves were generated and fitted to a standard four-parameter 

logistic regression with SigmaPlot 12.0 (Systat Software, Inc.; San Jose, CA) software. 

To determine the LOD and LOQ, first the LODs were calculated according to the 

fluorescence intensity of the zero concentration plus three times its standard 

deviation, and LOQ were calculated according to the fluorescence intensity of the 

zero concentration plus ten times its standard deviation and plotted in SigmaPlot as 

unknowns in order to obtain the concentrations of LODs and LOQs. 73  

3.9.11. Immunoreagent Preparation and assay execution for CA125 

3.9.11.1. Reagents 

As previously reported62, for the sandwich immunoassay, murine 

monoclonal antibodies (Fujirebio Diagnostics, Inc.; Malvern, PA): anti-human CA125 

(clone M11) and anti-human CA125 (clone OC125) were chosen as the optimal 
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antibodies to capture and detect commercially purified CA125 antigen (Fujirebio, 

Diagnostics Inc.; Malvern, PA), respectively.  

3.9.11.2. Capture Antibodies 

Capture antibodies were covalently coupled to 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 

12, 14, 16 and 18 wt% aldehyde-functionalized agarose microspheres of 250-280 

µm diameters as described in detail in Section 3.9.5. For the reaction, 20 µL of 1 

mg/mL CA125 antibody was used, as prepared from a stock concentration of 12.4 

mg/mL. 

3.9.11.3. Detection Antibody 

The anti-CA125 detection antibody was coupled to Oregon Green 488 

(Thermo Fisher Scientific Inc., Waltham, MA) per manufacturer’s instructions with a 

minor modification. Briefly, purified anti-human CA125 (clone OC125) was diluted 

to 2 mg/mL in 1x PBS buffer, pH 7.2 to which 50 µL of 1 M NaHCO3 was added to 

raise the pH of the reaction mixture to pH 7.5 to 8.5 for efficient coupling of the 

succinimidyl esters to the primary amines on the antibodies. Next, a the antibody 

solution was reacted with 1 vial of Oregon Green 488 carboxylic acid (5-isomer), 

succinimidyl ester (MW 509) for 1 h, as per manufacturer’s instructions. Moreover, 

deviating from the protocol, to achieve a higher dye loading on the detecting 

antibody, the reaction mixture was continuously incubated overnight at 4 ˚C. Next, a 

column consisting of 30k MW size–exclusion resin was prepared to purify the 

labeled antibody from unreacted dye. The concentration of the labeled antibody and 
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the dye were then determined from absorbance values obtained at 280 and 496 nm, 

respectively, using the NanoDrop 2000c instrument. The concentration of the 

labeled antibody was 1.08 × 10-5 M or 1.56 mg/mL, and the degree of labeling was 

7.65 moles of dye per mole of antibody. The detection antibody was then diluted 

1:80 with SuperBlock Blocking (PBS) Buffer (which provided reagent stability and 

limited nonspecific binding) and 6 µL of the diluted solution were used per assay on 

the reagent pad. 

3.9.11.4. Antigen 

For the sandwich immunoassay standard curves, CA125 antigen provided by 

Fujirebio, Diagnostics Inc. (Malvern, PA) with a stock concentration of 102,332.3 

U/mL was used to prepare concentrations of 400, 200, 100, 50 and 10 U/mL by 

serial dilutions in SuperBlock Blocking (PBS) Buffer. To start, 400 U/mL was 

prepared by diluting 1.95 µL of the stock to 500 µL of buffer. 

3.9.11.5. Programmable Bio-Nano-Chip Card and Agarose Bead Loading  

The p-BNC card was constructed and used as described in Section 3.9.9.5. 

3.9.11.6. Assay Execution and Image Analysis 

Once the different wt% agarose beads and corresponding controls were 

placed on the biochip and sealed with the optical cover slip, 100 μL of each antigen 

concentration was loaded into each card through the sample entry port via capillary 

action. At the same time, 6 µL of the detection antibody (diluted 1:80 as described 
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above) was freshly loaded onto the reagent pad and sealed using a plastic cover and 

DSA. Two syringes of SuperBlock (PBS) Buffer were connected to the two main 

entry ports of the card to supply transport-driven flow inside the card. By activating 

the first pump, the 100 μL sample was filtered in-card and delivered over and 

through the beads at 3.3 μL/min flow rate for a period of 30 minutes. Then, a buffer 

wash was delivered at a flow rate of 100 μL/min for 1 min. After that, the detecting 

antibody was eluted from the pad and introduced to the bead array at a flow rate of 

10 μL/min with the second syringe for 7 min. Lastly, a final rinse at 100 μL/min for 

5 minutes was performed to wash unbound detecting antibody. The total assay time 

was 43 minutes with a total assay volume of 770μL. 

Images were acquired at 2 s exposure times using a 4× objective and data 

analysis routine as previously discussed in Section 3.9.9.6. All but two beads were 

analyzed. The beads that were discarded pertained to the measurement of 100 

U/mL of CA125, where the 6 wt% agarose bead was missing and the bead located 

directly above it, 0.75 wt%, did not receive much fluid thereof.  

Calibration curves were generated and fitted to a standard four-parameter 

logistic regression with SigmaPlot 12.0 as described in Section 3.9.10.6. 

3.10. References 

 (1) Lin, C.-C.; Wang, J.-H.; Wu, H.-W.; Lee, G.-B. J. Lab Autom. 2010, 15, 253. 
 (2) Chin, C. D.; Linder, V.; Sia, S. K. Lab Chip 2012. 
 (3) Walt, D. R. Lab Chip 2014, 14, 3195. 
 (4) Fischer, S. K.; Joyce, A.; Spengler, M.; Yang, T.-Y.; Zhuang, Y.; Fjording, 
M. S.; Mikulskis, A. AAPS J. 2015, 17, 93. 



 137 

 (5) Chou, J.; Lennart, A.; Wong, J.; Ali, M. F.; Floriano, P. N.; 
Christodoulides, N.; Camp, J.; McDevitt, J. T. Anal. Chem. 2012, 84, 2569. 
 (6) Chou, J.; Li, L. E.; Kulla, E.; Christodoulides, N.; Floriano, P. N.; 
McDevitt, J. T. Lab Chip 2012. 
 (7) Kulla, E.; Chou, J.; Simmons, G. W.; Wong, J.; McRae, M. P.; Patel, R.; 
Floriano, P. N.; Christodoulides, N.; Leach, R. J.; Thompson, I. M.; McDevitt, J. T. R. Soc. 
Chem. Adv. 2015, 5, 48194. 
 (8) Rusmini, F.; Zhong, Z.; Feijen, J. Biomacromolecules 2007, 8, 1775. 
 (9) Ellington, A. A.; Kullo, I. J.; Bailey, K. R.; Klee, G. G. Clin. Chem. 2010, 56, 
186. 
 (10) Kang, Q.-S.; Shen, X.-F.; Hu, N.-N.; Hu, M.-J.; Liao, H.; Wang, H.-Z.; He, Z.-
K.; Huang, W.-H. Analyst 2013, 138, 2613. 
 (11) Hu, W.; Li, X.; He, G.; Zhang, Z.; Zheng, X.; Li, P.; Li, C. M. Biosens. 
Bioelectron. 2013, 50, 338. 
 (12) Posthuma-Trumpie, G.; Korf, J.; van Amerongen, A. Anal. Bioanal. 
Chem. 2009, 393, 569. 
 (13) Shen, Y.; Liu, Y.; Zhu, G.; Fang, H.; Huang, Y.; Jiang, X.; Wang, Z. L. 
Nanoscale 2013, 5, 527. 
 (14) Ma, J.; Luan, S.; Song, L.; Yuan, S.; Yan, S.; Jin, J.; Yin, J. Chem. Commun. 
2015, 51, 6749. 
 (15) Sato, K.; Tokeshi, M.; Odake, T.; Kimura, H.; Ooi, T.; Nakao, M.; 
Kitamori, T. Anal. Chem. 2000, 72, 1144. 
 (16) Jokerst, J. V.; Chou, J.; Camp, J. P.; Wong, J.; Lennart, A.; Pollard, A. A.; 
Floriano, P. N.; Christodoulides, N.; Simmons, G. W.; Zhou, Y.; Ali, M. F.; McDevitt, J. T. 
Small 2011, 7, 613. 
 (17) Kim, D.; Herr, A. E. Biomicrofluidics 2013, 7, 041501. 
 (18) Park, S.; Lee, H. J.; Koh, W.-G. Sensors 2012, 12, 8426. 
 (19) Li, H.; Leulmi, R. F.; Juncker, D. Lab Chip 2011, 11, 528. 
 (20) West, J. L. Nat. Mater. 2011, 10, 727. 
 (21) Stephens-Altus, J. S.; Sundelacruz, P.; Rowland, M. L.; West, J. L. J. 
Biomed. Mater. Res. A 2011, 98A, 167. 
 (22) de Jong, J.; Lammertink, R. G. H.; Wessling, M. Lab Chip 2006, 6, 1125. 
 (23) Lim, C. T.; Zhang, Y. Biosens. Bioelectron. 2007, 22, 1197. 
 (24) Verpoorte, E. Lab Chip 2003, 3, 60N. 
 (25) Schmidt, B. L. J. Clin. Microbiol. 2004, 42, 2833. 
 (26) Zhao, Y.; Zhao, X.; Sun, C.; Li, J.; Zhu, R.; Gu, Z. Anal. Chem. 2008, 80, 
1598. 
 (27) Nahavandi, S.; Baratchi, S.; Soffe, R.; Tang, S.; Nahavandi, S.; Mitchell, 
A.; Khoshmanesh, K. Lab Chip 2014, 14, 1496. 
 (28) Tekin, H. C.; Gijs, M. A. M. Lab Chip 2013, 13, 4711. 
 (29) Thompson, J. A.; Bau, H. H. J. Chromatogr. B 2010, 878, 228. 
 (30) Martinez, A. W.; Phillips, S. T.; Whitesides, G. M.; Carrilho, E. Anal. 
Chem. 2010, 82, 3. 
 (31) Cheng, C.-M.; Martinez, A. W.; Gong, J.; Mace, C. R.; Phillips, S. T.; 
Carrilho, E.; Mirica, K. A.; Whitesides, G. M. Angew. Chem. Int. Ed. 2010, 49, 4771. 



 138 

 (32) Osborn, J. L.; Lutz, B.; Fu, E.; Kauffman, P.; Stevens, D. Y.; Yager, P. Lab 
Chip 2010, 10, 2659. 
 (33) Lin, S.-C.; Hsu, M.-Y.; Kuan, C.-M.; Wang, H.-K.; Chang, C.-L.; Tseng, F.-
G.; Cheng, C.-M. Sci. Rep. 2014, 4. 
 (34) Cuchiara, M. P.; Allen, A. C. B.; Chen, T. M.; Miller, J. S.; West, J. L. 
Biomaterials 2010, 31, 5491. 
 (35) He, M.; Herr, A. E. J. Am. Chem. Soc. 2010, 132, 2512. 
 (36) Hughes, A. J.; Lin, R. K. C.; Peehl, D. M.; Herr, A. E. Proc. Natl. Acad. Sci. 
U.S.A. 2012, 109, 5972. 
 (37) Sivagnanam, V.; Song, B.; Vandevyver, C.; Gijs, M. A. M. Anal. Chem. 
2009, 81, 6509. 
 (38) Sato, K.; Tokeshi, M.; Odake, T.; Kimura, H.; Ooi, T.; Nakao, M.; 
Kitamori, T. Anal. Chem. 2000, 72, 1144. 
 (39) Lee, S.; Hosokawa, K.; Kim, S.; Jeong, O.; Lilja, H.; Laurell, T.; Maeda, M. 
Sensors 2015, 15, 11972. 
 (40) Sung, D.; Yang, S.; Park, J. W.; Jon, S. Biomed. Microdevices 2013, 15, 
691. 
 (41) Dixit, C. K.; Vashist, S. K.; O’Neill, F. T.; O’Reilly, B.; MacCraith, B. D.; 
O’Kennedy, R. Anal. Chem. 2010, 82, 7049. 
 (42) McDevitt, J. T.; McRae, M. P.; Simmons, G. W.; Christodoulides, N. J. 
Biosens. Bioelectron. 2015, 6, 1. 
 (43) Gustavsson, P.-E.; Larsson, P.-O. J. Chromatogr. A 1996, 734, 231. 
 (44) Wong, J. Ph.D. Thesis, The University of Texas at Austin, 2007. 
 (45) Zhou, Q.-Z.; Wang, L.-Y.; Ma, G.-H.; Su, Z.-G. J. Colloid Interface Sci. 
2007, 311, 118. 
 (46) Pernodet, N.; Maaloum, M.; Tinland, B. Electrophoresis 1997, 18, 55. 
 (47) Rees, D. A.; Welsh, E. J. Angew. Chem. Int. Ed. 1977, 16, 214. 
 (48) Foord, S. A.; Atkins, E. D. T. Biopolymers 1989, 28, 1345. 
 (49) Arnott, S.; Fulmer, A.; Scott, W. E.; Dea, E. C. M.; Moorhouse, R.; Rees, D. 
A. J. Mol. Biol. 1974, 90, 269. 
 (50) Chui, M. M.; Phillips, R. J.; McCarthy, M. J. J. Colloid Interface Sci. 1995, 
174, 336. 
 (51) Wang, D.-M.; Hao, G.; Shi, Q.-H.; Sun, Y. J. Chromatogr. A 2007, 1146, 
32. 
 (52) Weiss, M. E. R.; Paulus, F.; Steinhilber, D.; Nikitin, A. N.; Haag, R.; 
Schuette, C. Macromol. Theory Simul. 2012, 21, 470. 
 (53) Baslé, E.; Joubert, N.; Pucheault, M. Chemistry & Biology 2010, 17, 213. 
 (54) Gutenwik, J.; Nilsson, B.; Axelsson, A. J. Chromatogr. A 2004, 1048, 161. 
 (55) Foley, J. O.; Nelson, K. E.; Mashadi-Hossein, A.; Finlayson, B. A.; Yager, 
P. Anal. Chem. 2007, 79, 3549. 
 (56) Sarma, V. R.; Silverton, E. W.; Davies, D. R.; Terry, W. D. J. Biol. Chem. 
1971, 246, 3753. 
 (57) Bélanger, A.; van Halbeek, H.; Graves, H. C.; Grandbois, K.; Stamey, T. 
A.; Huang, L.; Poppe, I.; Labrie, F. Prostate 1995, 27, 187. 
 (58) Lange, R. A. N. Engl. J. Med. 2006, 355, 2796. 



 139 

 (59) Kesimer, M.; Ehre, C.; Burns, K. A.; Davis, C. W.; Sheehan, J. K.; Pickles, 
R. J. J. Mucosal Immunol. 2013, 6, 379. 
 (60) Mulder, S. D.; Heijst, J. A.; Mulder, C.; Martens, F.; Hack, C. E.; Scheltens, 
P.; Blankenstein, M. A.; Veerhuis, R. Ann. Clin. Biochem. 2009, 46, 477. 
 (61) Lee, S.-K.; Kim, H.-C.; Cho, S.-J.; Jeong, S. W.; Jeon, W. B. Ultramicroscopy 
2008, 108, 1374. 
 (62) Shadfan, B. H.; Simmons, A. R.; Simmons, G. W.; Ho, A.; Wong, J.; Lu, K. 
H.; Bast, R. C.; McDevitt, J. T. Cancer Prev. Res. 2015, 8, 37. 
 (63) Morrow, D. A. Cardiovascular biomarkers: pathophysiology and disease 
management; Humana Press, 2006. 
 (64) Pierrakos, C.; Vincent, J.-L. Crit. Care 2010, 14, R15. 
 (65) Page, A.-L.; de Rekeneire, N.; Sayadi, S.; Aberrane, S.; Janssens, A.-C.; 
Dehoux, M.; Baron, E. Pediatrics 2014, 133, e363. 
 (66) Kiang, J. G.; Jiao, W.; Cary, L. H.; Mog, S. R.; Elliott, T. B.; Pellmar, T. C.; 
Ledney, G. D. Radiat. Res. 2009, 173, 319. 
 (67) Cals, J. W. L.; Butler, C. C.; Hopstaken, R. M.; Hood, K.; Dinant, G.-J. BMJ 
2009, 338, b1374. 
 (68) Füzéry, A. K.; Levin, J.; Chan, M. M.; Chan, D. W. Clin. Proteomics 2013, 
10, 13. 
 (69) U.S. Cancer Statistics Working Group. United States Cancer Statistics: 
1999-2011 Incidence and Mortality Wed-based Report. Atlanta: U.S. Department of 
Heath and Human Services, C. 2014. 
 (70) Goff, B. A. Gynecol. Oncol. 2015, 136, 1. 
 (71) Chester, C.; Dorigo, O.; Berek, J. S.; Kohrt, H. J. Immunother. Cancer 
2015, 3, 1. 
 (72) Chen, X.; Zhang, J.; Cheng, W.; Chang, D. Y.; Huang, J.; Wang, X.; Jia, L.; 
Rosen, D. G.; Zhang, W.; Yang, D.; Gershenson, D. M.; Sood, A. K.; Bast, R. C.; Liu, J. Int. 
J. Gynecol. Cancer 2013, 23, 815. 
 (73) Shrivastava, A.; Gupta, V. B. CYS 2011, 2, 21. 
 (74) Bartholomeusz, D.; Boutte, R. W.; Andrade, J. D. J. Microelectromech. 
Syst. 2005, 14, 1364. 

 



 

140 
 

Chapter 4 

Agarose Bead-Based Microchip Sensor: 
Kinetic Understanding and Application 

4.1. Introduction 

The previous chapters discussed research directed at improving the 

sensitivity of heterogeneous immunoassays on the p-BNC system by utilizing either 

pressure-driven flow or by tailoring the porosity of the agarose fibers to the size of 

the analyte. This chapter demonstrates for the first time the utility of the p-BNC 

system for measuring real-time kinetic data of the binding reactions occurring 

between an antigen and an antibody, a critical measurement for assay development 

and targeted drug delivery.1-3  

The most common kinetic methods that allow for measurement of the kinetic 

parameters (i.e., association and dissociation constants) from which the binding 

strength of biomolecular interactions is calculated rely on optical detection tools 

such as surface plasmon resonance (SPR).4 SPR is a method that monitors the 
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changes in refractive index at the interface of a metal-dielectric media.5 This 

technique uses a high refractive index prism which is coated with a ~50 nm gold 

layer that joins the incident beam of p-polarized light to the propagating surface 

plasmons at a specific angle and wavelength.6 A small change in mass of the antigen 

bound to the capture probes immobilized to the surface of the sensor changes the 

refractive index at the interface and results in a change in the SPR signal that allows 

for precise, label free measurements of the molecular interactions in real-time. 

Although this technique is highly effective, the high cost, complexity, and limited 

multiplexing ability leaves room for the development of alternative methods to be 

developed for biomolecular kinetics measurements. 

The p-BNC system developed in the McDevitt lab is a highly sensitive 

immunoassay platform utilizing 3D agarose bead structured in a biochip format to 

quantify a variety of soluble proteins for diagnostic applications.7-9 The high 

sensitivity in the system is due to the 3D porous network of the agarose beads 

which gives a high surface-area-to-volume ratio and allows for large antibody 

loading concentrations on the beads to as high as 329 ng/bead for 250 µm bead 

diameters. The average pore diameter of 2 wt% agarose beads is 140 nm in size, 

sufficient for analytes to be transported 10-50 µm deep into the interior of the beads 

during a sandwich immunoassay.10 In addition, the number of available antibody 

binding sites on the 3D agarose support is much larger than other platforms.10 

Furthermore, using CFD, the McDevitt lab has previously shown that high antibody 

loading along with fast antigen-antibody binding kinetics occur at the periphery of 

the agarose beads by binding analyte faster than it can diffuse/be transported into 
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the bead interior.11 The fact that the reaction at the periphery of the bead is 

reaction-limited rather than transport-limited is an important factor that allows for 

measurement of first-order kinetics using this system.  

This chapter will demonstrate the ability of the p-BNC system to be a 

powerful tool for measuring real-time antibody-antigen binding kinetics. The 

affective binding constants of monoclonal and polyclonal antibodies binding to CRP 

are obtained using this system and compared to the commercially available values 

as well as the binding constants obtained from SPR experiments. Furthermore, 

using these antibodies and an understanding of binding strength allowed for the 

development of an immunoassay in the p-BNC system with high dynamic range that 

can measure a majority of the clinically relevant concentration ranges of CRP at one 

time in one chip. 

4.2. Theory 

This model will describe the first-order reaction kinetics for fluorescently-

labeled antigens binding to antibodies, where the antibodies are covalently 

immobilized onto agarose solid support microbeads of 250 µm diameter with pore 

size of about 140 nm. This model was adapted from previous work describing the 

interactions using other solid support platforms including the gold standard, label-

free, BIAcore, SPR.12 
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4.2.1. First-order reaction kinetics 

Antigen-antibody binding is best described as a second order reaction. 

However, to simplify measurements and calculations, the binding between an 

antibody and antigen will be treated like a “first order” reaction and, thus, the real-

time kinetic measurements obtained in these studies will be fitted to a pseudo-first-

order reaction model. The reaction between an antibody and an antigen is a 

reversible, non-covalent chemical reaction governed by weak forces including Van 

der Waals, hydrogen, hydrophobic, and ion-dipole bonds.13 The pseudo-first-order 

reaction kinetics that describes this antigen-antibody interaction has previously 

been reported by Sadana et al. for antigen in solution binding to antibodies that are 

immobilized on a solid substrate.14 In order for the binding to be treated as pseudo-

first-order kinetics, the antigen concentration is supplied in access, while the 

antibody concentration is fixed. Some assumptions from the Langmuir model are 

further applied: (1) The surface of the substrate is uniform and all binding sites are 

equivalent, (2) bound antibodies do not interact with one another, (3) the binding of 

the antigen and antibody occurs 1:1; even though the antibody molecule has two 

binding sites, this is often simplified so that an antigen molecule reacts with the 

antibody as if it had only one binding site, (4)  antigens do not bind on already 

formed antigen-antibody complexes, and most importantly (5) the reaction is not 

limited by mass transport.12  

As such, the chemical reaction between the antigen and the antibody is 

described by the simple reaction scheme shown in Equation 4.1. 
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Equation 4.1. Simple pseudo-first-order reaction of an antigen (Ag) partner binding 
to an antibody (Ab) to form an antigen-antibody complex (AgAb). 

The rate of formation of the product, [AgAb], at time t, is shown in Equation 4.2, and 

is equal to the rate of association (ka) of the reactants minus the rate of dissociation 

(kd) of the antigen-antibody complex. 

𝑑[𝐴𝑔𝐴𝑏]
𝑑𝑡

= 𝑘𝑎[𝐴𝑔][𝐴𝑏] − 𝑘𝑑[𝐴𝑔𝐴𝑏] 

Equation 4.2. The rate of formation of the antigen-antibody complex at time t. 

After some reaction time, t, passes, the concentration of the antibody on the solid 

substrate changes, such that [Ab] = [Ab]0 – [AgAb]. Substitution into Equation 4.2 

yield Equation 4.3 where [Ab]0 is the concentration of antibody at t = 0. 

 

𝑑[𝐴𝑔𝐴𝑏]
𝑑𝑡

= 𝑘𝑎[𝐴𝑔]([𝐴𝑏]0 − [𝐴𝑔𝐴𝑏]) − 𝑘𝑑[𝐴𝑔𝐴𝑏] 

Equation 4.3. The rate of formation of the antigen-antibody complex accounding for 
bound complex over time and thus showing the derived substitution of [Ab] for 
[Ab]0 – [AgAb] in the rate of formation equation. 
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In the p-BNC system, large concentrations of antibodies are immobilized onto the 

surface of the agarose beads, which allow for sensitive measurements at lower 

analyte concentrations. Furthermore, the agarose beads can be programmed by 

coupling different beads with different antibodies and multiplexing them into 

individual wells in a chip. The chips usually used are 3 × 4 or 4 × 5 and thus can 

contain 12 or 20 different types of beads, respectively. For applying this platform for 

kinetic studies of antibody-antigen reactions on the beads, the antigen is first 

fluorescently-labeled and then continuously flown over the surface of the beads for 

binding reactions in bulk measurement. The antigen is, in this way, continuously 

replenished from the injection volume flowing over the surface of the beads and 

neglected as a reactant. The fluorescent intensity (FI) observed is the fluorescence 

signal captured using an epi-fluorescent microscope in real time as formed on the 

periphery of the agarose beads. This fluorescence intensity is proportional to the 

formation of the AgAb complexes at the surface of the agarose beads. As such, the 

maximum fluorescent signal, FImax, will be proportional to the surface concentration 

of active ligand at the surface. Thus, in the case of the p-BNC system, Equation 4.3 

becomes Equation 4.4. 

𝑑[𝐹𝐼]
𝑑𝑡

= 𝑘𝑎𝐶(𝐹𝐼𝑚𝑎𝑥 − 𝐹𝐼) − 𝑘𝑑𝐹𝐼 

Equation 4.4. The derivative of the observed fluorescence intensity observed. 
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By substituting in FI for the AgAb complex formed, the rate of formation of the 

surface associated complexes is represented as the derivative of the FI curve. 

Furthermore, the Ag concentration delivered to the immobilized antibodies is 

denoted as a constant concentration, C, as this antigen is constantly replenished at 

the surface of the sensor. FImax is the maximum fluorescence intensity that can be 

obtained when all the antibody binding sites are fully occupied on the surface of the 

bead. Finally, (FImax – FI) is equal to the number of unoccupied surface binding sites 

on the agarose beads at time t.  It’s important to note that because the FI terms 

appear on both sides of equation, the FI value obtained can be used immediately 

without conversion to the absolute concentrations of formed complexes at the bead 

sensor surface.12  After rearranging Equation 4.4, the new equation is shown in 

Equation 4.5. 

𝑑[𝐹𝐼]
𝑑𝑡

= 𝑘𝑎𝐶𝐹𝐼𝑚𝑎𝑥 − (𝑘𝑎𝐶 + 𝑘𝑑)𝐹𝐼 

Equation 4.5. Plot of the first derivative of the fluorescent intensity versus the 
fluorescent intensity.  

In this reorganized form, Equation 4.5 can be used to plot the change in fluorescence 

intensity over time versus the fluorescence intensity and obtain a slope that is equal 

to the observed rate, ks, as represented in Equation 4.6. 
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𝑘𝑠 = 𝑘𝑎𝐶 + 𝑘𝑑 

Equation 4.6. Rates observed at various concentrations of antigen provide 
information about the association and dissociation constants. 

The determination of ks for different concentrations (C) of fluorescently-

labeled antigens provides useful information about the ka and kd of the antigen-

antibody reaction. When the rates observed are plotted as a function of 

concentration of the antigen, the slope of the reaction is equal to ka and the y-

intercept is equal to kd. Furthermore, the ratio between kd and ka is equal to the 

dissociation constant, KD as shown in Equation 4.7. 

𝑲𝑫 =
𝒌𝒅
𝒌𝒂

 

Equation 4.7. Expression of the dissociation constant. 

4.3. Kinetic Measurements using the p-BNC Platform 

This model considers the interaction between immobilized antibodies onto 

the surface of agarose microbeads and fluorescently-labeled antigen, such that the 

increase in fluorescent signal over the course of the reaction can be monitored in 

real time. All of the assumption and equations presented in the theory section are 

considered when obtaining the apparent binding constant. These kinetic studies 

provide useful information about the association, dissociation, and overall 

equilibrium constant and were carried out for binding of CRP to two different 

antibodies.  
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4.3.1. Stability of CRP in Buffered Media 

The CRP protein belongs to the pentraxin family of calcium-dependent 

ligand-binding plasma proteins and is composed of five identical, noncovalently 

bound monomeric units, each consisting of a molecular weight of 23 kDa for a total 

molecular weight of about 114 kDa.15 From literature, it is known that CRP can 

spontaneously dissociate into its monomeric forms when stored in buffered 

solutions in the absence of calcium.16 As such, prior to carrying out kinetic 

measurements, it was crucial to find stable buffer conditions to preserve the 

protein’s affinity for anti-CRP antibodies when diluted in buffered media.  

To monitor the binding of CRP and its affinity to anti-CRP antibodies, a 

sandwich immunoassay format in the p-BNC platform was used as described in 

detail in Figure 1.4 and Figure 1.6A in Chapter 1. Two solutions of 0.8 nM CRP were 

prepared in two different buffer media: (1) in 1x PBS buffer, pH 7.2 and (2) in 1x 

PBS buffer, pH 7.2 containing 0.1% (w/v) BSA as a protein stabilizing agent. The 

BSA, serum albumin derived from cows, was chosen as a suitable protein stabilizing 

agent due to the well-known abundance of serum albumin in vertebrate blood and 

its proven ability as a protein stabilizer for soluble proteins as well as for reducing 

non-specific binding in immunoassay testing. Figure 4.1 shows the assay 

performance of 0.8 nM CRP under the same assay conditions (flow rate, assay time, 

etc.) for both solution media. As expected, the CRP stored in only PBS buffer loses its 

binding ability within a day and is most likely fully dissociated from its native 

pentameric form to the monomeric subunits by day 7. However, CRP stored in the 
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presence of 0.1% BSA maintains its native form and binds to the antibody 

consistently for up to 7 days. 

Interestingly, previous work suggested that addition of calcium to the 

solution would stabilize CRP due to presence of calcium acting as a structural 

stabilizer in the pentameric CRP structure.17,18  Thus, this cationic reagent was also 

checked as a possible stabilizing agent for CRP when spiked into buffer. However, 

those buffered solutions failed to preserve the native CRP structure as was evident 

by loss of binding signal over time, also measured using the fluorescent sandwich 

immunoassay p-BNC system. On the other hand, CRP added to CRP depleted serum 

was able to retain the biological activity of the native form of CRP as well (data not 

shown). This behavior was not surprising as human serum contains an abundance 

of the serum albumin protein. As such, for the following experiments CRP 

concentrations were prepared in 1x PBS buffer, pH 7.2 containing 0.1% BSA.  
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Figure 4.1. Fluorescence intensity versus time for 0.8 nM solution of CRP stored in 
1x PBS, pH 7.2 only and in 1x PBS, pH 7.2 containing 0.1% BSA as a protein 
stabilizing agent for up to 7 days at 4˚C. Raw fluorescence images were obtained in 
the p-BNC system as previously described in Chapter 1 and are shown at the top, 
while the tabulated mean fluorescent intensity (MFI) values are plotted at the 
bottom. Corners of the biochip labeled with N, refer to negative controls used. These 
negative control beads should not and do not light-up. The exposure time to obtain 
the fluorescent images was 0.5 s. 

4.3.2. Kinetics 

Next, the ability of the p-BNC system to measure kinetics of CRP-antibody 

binding is presented. To follow the kinetics of the CRP antigen binding to antibodies 

immobilized onto the agarose beads, CRP was first fluorescently-labeled with 
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highly-photostable Alexa Fluor® 488 dye molecules. The simple flow-cell described 

in Figure 1.6A was used and the fluorescently-labeled CRP was delivered using a 

syringe pump at 5 µL/min to the p-BNC sensor chip.  

 The fluorescence signal generated on the periphery of the agarose beads 

from the binding of fluorescently-conjugated CRP antigen to the monoclonal anti-

CRP antibody is plotted as shown in Figure 4.2. The fluorescence intensity 

accumulated at the periphery of the agarose beads is directly proportional to the 

concentration of CRP complex formed. The increase in fluorescence intensity 

depends on the reaction rate of the binding process. When the majority of capture 

antibody probes are unoccupied the binding occurs rapidly. After some time passes 

and the binding sites become increasingly occupied, the binding starts to slow down 

as analytes require more time to locate unoccupied binding sites and thus the 

fluorescence signal plateaus. In this case, however, the plateau seen at 250 a.u. is not 

attributed to this effect as the agarose beads contain so many binding sites such that 

the binding will continue to extend linearly for longer periods of time. In fact, 250 

a.u. is the saturation point of the detector so that it is not possible to monitor the 

binding further at this exposure time. For this study, images were obtained 

manually every 5-15 min, but with the use of an automated shutter, images can be 

taken as often as a few seconds apart. In a separate experiment, the photostability of 

the dyes was tested over many hours for many exposure times and was determined 

to be stable for Alexa Fluor® 488 dye. 
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Figure 4.2. Real time binding of different concentrations of fluorescently-labeled 
CRP, presented in duplicate or triplicate. The MFI around the periphery of the beads 
is plotted verses time.  

Next, the data was fit to the kinetics model described above in order to obtain 

the ka and kd for the binding of CRP to monoclonal antibody. To obtain the observed 

rate ks from Equation 4.5, it was necessary to plot the first derivative of the 

fluorescent intensity versus the fluorescent intensity for all concentrations of CRP. 

The slope of the line obtained for each concentration, ks, is related to ka and kd via 

Equation 4.6. Thus, the observed rates ks were then plotted as a function of the CRP 

concentration as shown in Figure 4.3 where the slope corresponded to ka = 1.67 × 

105 M-1 s-1, the y-intercept to kd = 2.09 × 105 s-1, and KD = 125 pM (Table 4.1). 
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Figure 4.3. Plot of pseudo-first order rates observed for CRP concentrations of 0.4, 
0.8, 2, 4, and 8 nM, plotted against the CRP concentration. The slope is equal to the 
association constant and the intercept is equal to the dissociation constant plotted 
in Table 4.1. 

Furthermore, similar experiments were performed for the apparent KD of a 

polyclonal antibody which also captured CRP. Following the same experimental 

procedure and fitting equations, the binding constants were determined to be ka = 

6.98 × 104 M-1 s-1, kd = 5.79 × 105 s-1, and KD = 830 pM (Table 4.1). As a smaller 

dissociation constant, KD, means a tighter binding, of the antibodies, the monoclonal 

antibody displaying a 6.4-fold lower KD has the higher affinity binding to CRP. 

Furthermore, the value of the KD obtained experimentally for the monoclonal anti-

CRP is in good agreement with the KD value reported by the commercial vendor 

(Table 4.1). Additionally, for the monoclonal anti-CRP interaction to CRP the kinetics 
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were followed with the gold standard, SPR. The ka, kd, and KD for the monoclonal 

anti-CRP were obtained from kinetic and equilibrium binding studies shown in 

Figure 4.7-Figure 4.9 in the supplementary information. In the kinetic 

measurements, ka = 7.87 × 105 M-1 s-1, kd = 2.15 × 10-5 s-1, and KD = 27.3 pM were 

determined. Interestingly, the dissociation rate is the same as that measured using 

the p-BNC system; however, the association constant is much higher resulting in an 

overall lower dissociation constant. Alternatively, the KD obtained from another 

approach, whereby the KD was measured by the equilibrium of the biomolecular 

interaction over time, is much larger at 371 pM. As such, an average of the two 

different approaches yields a KD value that is closer to the value obtained 

experimentally using the p-BNC system and the value provided by the manufacturer 

of the reagents.   

Table 4.1. Table summarazing the kinetic parameters for two different antibody 
types.  

CRP clones ka kd KD, 
experimental 

KD, 
commercial 

KD, 
SPR 

Monoclonal 
anti-CRP 

1.67 × 105 M-1 s-1 2.09 × 10-5 s-1 125 pM 90.1 pM 27.3 pM (Rates) 
371 pM 

(Equilibrium) 

Polyclonal  
anti-CRP 

6.98 × 104 M-1 s-1 5.79 × 10-5 s-1 830 pM - - 

 



 155 

4.3.3. Dynamic Light Scattering for SPR Sample Preparation 

SPR is a highly sensitive technique used for measuring binding parameters 

between biomolecular interactions. However, sample preparation is typically 

required before beginning experiments. Important to the proper functioning of the 

instrument, it was necessary to check the aggregation of all proteins used in the 

instrument using dynamic light scattering (DLS). The DLS is a method of measuring 

fluctuations in light scattering intensity through a solution, over a period of time. 

The time scale of the scattering fluctuations is directly related to the translational 

diffusion coefficient of the scattering particles, which is directly related to the size of 

the particles.19 As such, larger particles produce stronger scattering signals. Figure 

4.10 and Figure 4.11 in the supplementary information show that protein samples 

are monodisperse and no unwanted aggregations are observed.   

4.3.4. Labeled vs. Unlabeled Antigen 

The SPR detection system, which immobilizes capture probes on a gold 

substrate, has been extensively studied and widely applied for analyses of antigen-

antibody binding.20 One benefit of using SPR is its ability to detect binding of analyte 

label-free. There has been some literature suggesting that labeling of proteins can 

alter their secondary and tertiary structure and change the equilibrium dissociation 

constant of their binding interactions.21 This was of concern for the p-BNC system 

where fluorescence labeling of the analyte was required to visualize the binding to 

capture antibodies on the sensor probe. As such, an experiment was designed that 

compared the association and dissociation kinetics of fluorescently-labeled CRP and 
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non-labeled CRP to antibodies immobilized on the sensor chip using SPR.  Figure 4.4 

shows the association and dissociation of fluorescently-labeled CRP and non-labeled 

CRP to the antibodies for 0.5 and 2 nM CRP concentrations.  

 

 

Figure 4.4. Comparative analysis of CRP and fluorescently-labeled CRP for affinity to 
monoclonal anti-CRP by SPR. Concentrations of (a) 0.5 nM CRP-Alexa Fluor® 488, 
(b) 0.5 nM CRP, (c) 2 nM CRP-Alexa Fluor® 488, and (d) 2 nM CRP were injected 
onto the bound anti-CRP at a flow rate of 5 µL/min for 300 s for the kinetics of 
association. For dissociation of CRP and CRP-Alexa Fluor® 488, 1x PBS buffer was 
injected at a flow rate of 5 µL/min for 300 s. 

The binding is measured in real-time by plotting the response as a function of time. 

For both labeled and non-labeled CRP, at both 0.5 and 2 nM, it was determined that 

the binding characteristics, including the association and dissociation response did 
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not change as a result of labeling with Alexa Fluor® 488.  The binding response 

nearly overlaps, suggesting that the properties of CRP to bind the antibody did not 

change as a result of labeling CRP with 1.5 mol of Alexa Fluor® 488 per mol of CRP. 

Indeed, the level of dye labeling was purposely kept low to try to avoid affecting 

binding properties but it is not certain what the maximum acceptable level of 

labeling is.   

4.4. Application toward Sensitivity and Dynamic Range 

CRP production in the blood is resultant of an acute-phase response to most 

forms of inflammation, infection, and tissue damage. Following an acute-phase 

stimulus, the concentration of CRP in blood can increase from less than 50 ng/mL to 

more than 500,000 ng/mL, a 10,000-fold increase.15,22 As such, both sensitivity and 

dynamic range are critical for measurement of CRP as a biomarker of inflammation, 

infection, and tissue damage.23-25 Additionally, CRP concentrations are high relative 

to other biomarkers for lower respiratory tract infections, making its quantitation 

an easy target for the development of new POC tests.24 

4.4.1. The Law of Mass Action 

Considering the law of mass action, the chemical reaction between the 

antigen and the antibody is said to have reached equilibrium when the forward 

reaction and the reverse reaction are equal. However, to get to that point, initially 

the chemical reaction proceeds predominantly in one direction, but as the reverse 

rate gradually increases the forward and reverse speeds are equalized. As such, 
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Equation 4.8 shows the ratio between the concentrations of the AgAb complex and 

the concentration of the reactants: antigen (Ag) and antibody (Ab). This ratio is 

equal and represents the equilibrium constant Keq, also equal to the ka divided by kd. 

Note that Keq and KD are inversely proportional. Therefore, a tight binding 

interaction occurs when Keq >> 1 and when KD << 1.  

[𝐴𝑔𝐴𝑏]
[𝐴𝑔] × [𝐴𝑏]

=  
𝑘𝑎
𝑘𝑑

 = 𝐾𝑒𝑞  

Equation 4.8. Equilibrium constant expression. 

Rearranging Equation 4.8 yields another form of the equilibrium constant, shown in 

Equation 4.9, which can be used to better understand how to further improve the 

sensitivity of the analyte detection. 

[𝐴𝑔𝐴𝑏]
[𝐴𝑔] = 𝐾𝑒𝑞 × [𝐴𝑏] 

Equation 4.9. Rearrangement of the equilibrium constant expression. 

In order to improve the detection, the ratio between the bound complex 

[AgAb] and the free antigen [Ag] should be increased as much as possible. This can 

be achieved by either increasing the equilibrium constant (i.e., decreasing the 

dissociation constant) or by increasing the antibody concentration.13,26 On the other 

hand, in order to make the detection less sensitive, this can be done by decreasing 

the equilibrium constant or by decreasing the antibody concentration. To decrease 
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the equilibrium constant, antibodies with poor affinity constants to the antigen can 

be chosen. A less sensitive assay is sometimes required when the relevant clinical 

concentration bounds are much higher. CRP is a clinical biomarker that has a broad 

clinical concentration range and requires new techniques to measure a broad range 

of concentrations from 50 to 5 ×105 ng/mL and sometimes higher concentrations in 

the case of trauma. 

4.4.2. Antibody Strength and Capture Antibody Concentration 

Figure 4.5 shows capture antibody parameters that can be tuned to achieve a 

high dynamic range for the CRP analyte. By decreasing the capture antibody loading 

on the beads 10-fold, the binding properties in the porous agarose bead change such 

that more CRP analyte diffuses into the interior of the agarose beads at higher 

concentrations of CRP, which broadens the dynamic range of CRP measurement to 5 

orders of magnitude. Lowering the capture antibody concentration on the beads 

lowers the Keq and thus analyte binds more slowly as they diffuse into the interior of 

the bead.  
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Figure 4.5. Conditions for achieving a broad dynamic range for the detection of CRP 
in serum. Two antibodies (monoclonal and polyclonal) of different strength were 
used as determined kinetically in the previous sections. 1 mg of cAb refers to the 
mass of capture antibody per mL of settled 2 wt% agarose beads. A 10-fold less 
capture antibody was used as one of the conditions. Both binding strength and 
capture antibody loading levels influence the dynamic range for binding CRP up to 6 
orders of magnitude. A calibrator bead labeled with a fixed fluorescent dye is used 
in the bottom right corner and remains relatively constant over time. 

Furthermore, multiplexing with monoclonal antibodies of high binding 

affinities allows for an extension of the dynamic range by 10-fold in the lower 

concentration region. As such, a concentration range of CRP up to 6 orders of 

magnitude is measured simultaneously on one chip without dilution of samples, and 

thus allowing for effective monitoring of treatments for inflammation. 
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4.4.3. Assay Time and Volume 

Furthermore, being able to measure higher concentrations of CRP using 

antibodies with high affinities is also achieved by decreasing the equilibrium 

constant. Figure 4.6 shows two dose response curves measured with two different 

sample volumes. By keeping all assay conditions the same (flow rate, capture probe 

density) and lowering the sample volume and assay contact time, a shift in the 

detection to higher analyte concentrations is obtained. It is particularly important to 

be able to tune the concentration measure for CRP as CRP plays key clinical roles at 

various concentrations. As such, this assay with 20 µL sample volume, detecting 

100-100,000 ng/mL of CRP, in less than 3 min, is particularly useful for monitoring 

patients at risk of cardiovascular disease or infections and also monitoring their 

treatments. Furthermore, the small sample volume allows for less invasive sample 

collection such as by pricking a finger. 
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Figure 4.6. Sample volume dependence on the dynamic range of the detection of 
CRP at constant assay conditions. A 100-fold shift to higher concentration of CRP is 
observed for a smaller sample volume with a much shorter immunoassay contact 
time.  

4.1. Conclusions 

This chapter explored the utility of the p-BNC system for real-time kinetic 

measurements and provided apparent binding constants for two different antibody 

types binding to CRP. The results obtained for the association, dissociation, and 

overall binding constants were in good agreement with values provided by the 

vendor and also determined by SPR, the golden standard for real-time, label-free 

protein-protein kinetic studies.  This is the first time that the p-BNC platform was 

used to demonstrate new utility outside the clinical biosensing application. 

Interestingly, the newfound understanding of the binding strength of different 

antigen-antibody pairs provided new insights about the effect of antibody strength 
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on the limits of detection as well as the dynamic range of immunoassays performed 

on the p-BNC platform. These findings suggest that further improvement in the 

sensitivity of the immunoassays is strongly depended on the binding strength of the 

antibody for the analyte. Increasing binding strength 8-fold led to a roughly 10-fold 

decrease in limits of detection. Alternatively, antibodies with lower binding strength 

were very useful for measuring in the higher concentration range of an analyte. 

Based on this work, through the use of the p-BNC system, beads with antibodies of 

different strength and different capture loading levels can be multiplexed to extend 

the clinically relevant dynamic range of CRP six orders of magnitude from 1 ng/mL 

to 1 × 106 ng/mL. Future development of antibodies with lower binding strength 

could further expand the dynamic range to higher concentrations of CRP. This 

would be critical for detection of the highest CRP levels seen in trauma patients (5 × 

107 ng/mL). 

4.2. Experimental Methods 

4.2.1. Reagents and Buffers 

All materials were purchased from Sigma-Aldrich, Inc. (St. Louis, MO) unless 

otherwise noted. Reagents and proteins were used without further purification 

unless further stated. To achieve working concentrations, all antibodies and 

proteins were diluted in 1x PBS buffer at pH 7.2 (Thermo Fisher Scientific; Rockford, 

IL) unless further stated. The PBS buffer was prepared from powder packets, 

filtered using a Corning® bottle-top vacuum filter equipped with a nylon membrane 
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of pore size 0.2 µm (Corning Incorporated; Corning, NY) and used up to one week 

when stored at room temperature.  

Capture- and detecting-antibodies, monoclonal (Clone M701289) and 

monoclonal (Clone M701288) against CRP, respectively, as well as purified human 

CRP antigen and control antibodies of rabbit anti-helicobacter pylori were 

purchased from Fitzgerald (Concord, MA).  

4.2.2. Preparation of Bead Sensors 

2 wt% agarose beads with of 250 µm diameters were prepared for use as 

previously described in Sections 3.9.2 and 3.9.3.  

4.2.3. Buffer Optimization Study: Reagent Preparations and Assay 

Execution 

A solution of PBS containing 0.1% (w/v) BSA was prepared by combining 

500 mL of buffered solution with 0.5 g of IgG-free, protease-free, BSA purchased 

from Jackson ImmunoResearch Labs, Inc. (West Grove, PA). 

Sensor beads labeled with 6 mg/mL of anti-human monoclonal CRP (Clone 

M701289) were used. As controls, beads labeled with 2 mg/mL rabbit anti-

helicobacter pylori were used. Arrays were arranged with experimental beads in all 

but the corner wells. Next, reagents were flowed in using a peristaltic pump 

purchased from FIAlab (Bellevue, WA). Antigen was flowed for 6 min at 0.7 mL/min 

through the p-BNC (Figure 1.6A) followed by a 1 min wash with buffer at 2.5 
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mL/min. The detecting antibody solution was delivered for 6 min at 0.7 mL/min 

followed by a 1 min wash with PBS buffer at 2.5 mL/min.  

Monoclonal detecting antibody was labeled with Alexa Fluor® 488 

purchased from Invitrogen (Carlsbad, CA) and prepared per manufacturer’s 

instructions. The concentration and degree of labeling of the purified antibody-dye 

conjugate was calculated from absorbance measurements at 280 nm and 494 nm 

using a NanoDrop 2000c from Thermo Scientific (Wilmington, DE). The 

concentration obtained was 1.42 × 10-5 M with a degree of labeling equal to 3.02 

moles of dye per mole of antibody.  

A volume of 50 mL of 100 ng/mL CRP antigen was prepared in 1x PBS buffer, 

pH 7.2 and 1x PBS buffer, pH 7.2 containing 0.1% BSA. Assays were run using the 

100 ng/mL CRP solution for antigen source, 1:100 dilution of detecting agent for 

detecting solution and washing with 1x PBS buffer, pH 7.2 was conducted. 

Fluorescence images were taken at exposure times of 506 ms. The detecting 

antibody was diluted with 1x PBS, pH 7.2 for all experiments. Assays were 

conducted on days 0, 2, 4 and 7 for both buffer solutions and reagents were stored 

at 4 ˚C after testing.  

4.2.4. Kinetic Studies on the p-BNC System 

The degree of labeling was determined to be 1.5 moles of dye per mole of 

CRP as described previously. Five CRP concentrations were prepared in 1x PBS 

buffer, pH 7.2 containing 0.1% BSA: 0.4, 0.8, 2, 4, and 8 nM. For the capture 
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antibodies, two different CRP antibodies (anti-CRP) were used: monoclonal and 

polyclonal antibodies immobilized to different agarose beads at high antibody 

loadings (~329 ng/bead). 

4.2.5. Dynamic Range Experimental Details 

For the sandwich immunoassay standard curves, eight CRP antigen 

concentrations were prepared in CRP depleted serum (Fitzgerald; Concord, MA) 

ranging from 1,000,000 to 0.1 ng/mL by a 10-fold serial dilution.  

To prepare the sensor probes, three separate aliquots of 2 wt% agarose 

beads with 250 µm diameters were conjugated with 1 mg/mL of monoclonal anti-

CRP antibody (Clone M701289), 1 mg/mL of rabbit anti-human CRP polyclonal 

antibody (Fitzgerald; Concord, MA), and 0.1 mg/mL of rabbit anti-human CRP 

polyclonal antibody. 

The anti-CRP detection antibody (Clone M701288) was conjugated with 

Alexa Fluor® 488 resulting in a concentration stock of 1.31 mg/mL and a degree of 

labeling of 1.65 moles of dye per mole of antibody.  

A 600 µL antigen volume was delivered to the beads in the p-BNC system 

(Figure 1.6A) for 5 min at 4% flow rate and recirculated using a peristaltic pump, 

followed by a buffer wash for 1 min at 25% flow rate. Then, 600 µL (diluted 1:100 

from stock) of detecting antibody was delivered to the bead sensor for 5 min at 4% 

flow rate and recirculated. The final buffer was applied for 2 min at 25% flow rate. 

Images were taken at 0.5 s exposure times. 
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4.2.6. Assay Volume Studies 

Experimental conditions remain the same as described in Section 4.5.5 

above. Sample volumes used were 1000 µL and 20 µL spiked in serum. Delivery 

time for the 20 µL sample was 50 times faster.  Capture probes with 6 mg/mL of 

rabbit anti-human CRP polyclonal antibody were used for these experiments. 

4.2.7. Microscopy 

After loading the beads onto the chip by hand, through the view of a Leica 

microscope, and placing the chip in the p-BNC device, the p-BNC device was placed 

under the Olympus BX61 microscope, fitted with a digital camera (DVC, Austin, TX). 

Viewed through a 4x lens, the lens was focused and images were captured at 

multiple exposure times, ranging from 0.1 to 1 s, and saved as 12-bit TIFF files. 

4.2.8. Image Analysis 

Images were saved as 12-bit, colored TIFF files, and analyzed with Image J 

software, courtesy of the National Institute of Health (NIH; Bethesda, MD). The 

intensity of fluorescence was correlated to the concentration of captured antigen on 

the bead. Data analysis macros, written in java, converted the images to 8-bit 

grayscale images. Areas of interest (AOIs) were then selected, which corresponded 

to individual beads. Intensity for an individual bead was determined by analyzing 

each row of pixels, measuring the brightest pixel in each row and averaging the 

intensity. The brightest pixels were always found on the periphery of the agarose 
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beads. Then the array was averaged as a whole providing a value of mean 

fluorescence intensity (MFI) in arbitrary units (a.u.). 

4.2.9. SPR Sensor Chip Preparation 

A Biacore T200 instrument was used purchased from GE Healthcare Life 

Sciences. All reagents used for the experiments were purchased from GE Healthcare 

Life Sciences. A Biocore Sensor Chip CM5 was used as coated with a small gold 

nanolayer. The chip was pre-conditioned and activated with NHS/EDC coupling to 

couple secondary mouse antibodies for the capture against primary monoclonal CRP 

antibody Clone M701289.  The sensor chip was regenerated after each use. 

4.2.9.1. Kinetics 

Kinetic studies were performed by injecting different known concentrations 

of CRP (from 0.05 nM to 40 nM) onto immobilized anti-CRP. For the immobilization, 

carboxymethyl dextran-coated CM5 sensor chip was used with amine coupling 

chemistry. Concentrations of CRP were injected in duplicates at a flow rate of 5 

µL/min for 420 s to check the kinetics of association. For dissociation of CRP, 1x PBS 

buffer, pH 7.2 containing 0.01% BSA was injected at a flow rate of 50 µL/min for 

600 s. Biosensor matrices were regenerated after each run using glycine-HCl buffer 

at pH 2.0. Biacore T200 data software (Scrubber 2.0) was used to fit the data to a 1:1 

binding model. 
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4.2.9.2. Equilibrium 

Equilibrium studies were performed by injecting different known 

concentrations of CRP (from 0.05 nM to 160 nM) onto immobilized anti-CRP. For the 

immobilization, a carboxymethyl dextran-coated CM5 sensor chip was used with 

amine coupling chemistry. Concentrations of CRP were injected in triplicates at a 

flow rate of 5 µL/min for 4020 s to obtain an equilibrium value. Biosensor matrices 

were regenerated after each run using glycine-HCl buffer at pH 2.0. Biacore T200 

data software (Scrubber 2.0) was used to determine the KD (equilibrium constant) 

by plotting the concentration of CRP versus the Response at 4020 s. 

4.2.9.3. Labeled vs Unlabeled CRP 

Concentrations of 0.5 and 2 nM CRP (fluorescently labeled and not labeled) 

were injected in duplicates at a flow rate of 50 µL/min for 420 s association and 

288,005 s dissociation. 
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Supporting Information 

 

 

Figure 4.7. Binding analysis of CRP for affinity to anti-CRP. Kinetic studies were 
performed by injecting different known concentrations of CRP (from 0.05 nM to 40 
nM) onto immobilized anti-CRP. For the immobilization, carboxymethyl dextran-
coated CM5 sensor chip was used with amine coupling chemistry. Concentrations of 
CRP were injected in duplicates at a flow rate of 5 µL/min for 420 s to check the 
kinetics of association. For dissociation of CRP, 1x PBS buffer, pH 7.2 containing 
0.01% BSA was injected at a flow rate of 50 µL/min for 600 s. Biosensor matrices 
were regenerated after each run using glycine-HCl buffer at pH 2.0. Biacore data 
software (Scrubber 2.0) determined the ka and kd values, 7.87 × 105 M-1 s-1 and 2.15 
× 10-5 s-1, respectively by plotting the data to a 1:1 binding model (pseudo-first-
order model). The KD (dissociation constant) value was caluclated from the obtained 
ka and kd values and was equal to 27.3 pM.  
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Figure 4.8. Binding analysis of CRP for affinity to monoclonal anti-CRP. Equilibrium 
studies were performed by injecting different known concentrations of CRP (from 
0.05 nM to 160 nM) onto immobilized anti-CRP. For the immobilization, a 
carboxymethyl dextran-coated CM5 sensor chip was used with amine coupling 
chemistry. Concentrations of CRP were injected in triplicates at a flow rate of 5 
µL/min for 4020 s to obtain an equilibrium value. Biosensor matrices were 
regenerated after each run using glycine-HCl buffer at pH 2.0. Biacore T200 data 
software (Scrubber 2.0) was used to determine the KD (equilibrium constant) by 
plotting the concentration of CRP versus the Response at 4020 s.  
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Figure 4.9. KD determined from equilibrium studies using SPR. The equilibrium 
value was plotted at 4020 s binding time, the highest allowed binding time on the 
instrument. The KD value was 371 pM. 
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Figure 4.10. DLS of monoclonal capture antibody for CRP. Reagent shows no signs of 
aggregation and 100% of its mass is below 10 nm. 

 

 

Figure 4.11. DLS of the CRP antigen. Reagent shows no signs of aggregation and 
100% of its mass is below 10 nm. 
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Chapter 5 

Agarose Bead-Based Microchip Sensor: 
Stability and Shelf Life 

5.1. Introduction 

Without a doubt, microfluidic lab-on-a-chip (LOC) diagnostic devices have 

potential to revolutionize healthcare.1-4 The previous chapters discussed results 

from novel research aimed at improving the sensitivity and overall analytical 

performance of immunoassays performed on agarose support surfaces localized in a 

programmable bio-nano-chip (p-BNC) device, enabling several real-life applications 

of this technology. However, in order to transition these LOC devices proven in a 

research setting to more practical point-of-care (POC) applications, it is necessary 

for the device to be generated in a scalable manner and remain functional for long 

periods of time and, ideally, without a cold chain (i.e., under non-refrigerated 
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conditions).5 Likewise, another critical aspect of this is to be able to store the 

reagents used for testing directly on the device itself.6 

Substantial progress has been made recently towards development of 

integrated LOC devices supporting different POC assay applications.7-10 For example, 

Walt and coworkers have developed the SDReader, an automated and integrated 

platform for the multiplexed biomarker testing in human saliva samples for the 

diagnosis of respiratory diseases.11 Wheeler’s DropBot, an immunoanalyzer based 

on an automated digital microfluidic system, was used to test serum and plasma 

samples for diagnosis of the rubella virus.12 The Sia group has created a low-cost 

mobile device for testing of serum, plasma, and whole blood samples of HIV patients 

in remote settings.13 Cho and coworkers have designed an integrated lab-on-a-disc 

and portable analyzer for detection of cardiac biomarkers C-reactive protein (CRP) 

and cardiac troponin I in serum and whole blood samples, respectively.14 Herr and 

colleagues generated a low-power photopatterned free-solution-polyacrylamide gel 

microdevice for multiplexed protein separations based on the moving boundary 

electrophoresis principle.15 Yager’s DxBox platform utilizes disposable microfluidic 

cards with integrated flow-through membranes to diagnose and differentiate 

between infectious diseases (e.g., malaria, salmonella) showing similar clinical 

symptoms.16  Various groups have developed novel barcode strategies for 

expanding multiplexing abilities in LOC devices. For example, Chan et al. developed 

an integrated biochip using a magnetic quantum dot barcode assay to  diagnose 

infectious diseases.17 Likewise, an innovative barcode chip with spatial addressing 

of capture regions was developed by Heath for the multiplexed detection of proteins 
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and metabolites from single cells.18 Multiple groups have integrated LOC devices 

with mobile phones, increasing access and affordability for bioassay applications in 

resource-limited settings.19-21 Notably, Ozcan’s team developed a miniature mobile 

phone fluorescence microscope and computer vision algorithm for the automated 

detection of Giardia cysts.22  

As these chip-based sensor platforms reach maturity, an understanding of 

the long-term stability of bioreagents embedded therein becomes critical. 

Immunoassay reagents composed of biomolecules, including antibodies and 

enzymes, are labile reagents, susceptible to degradation and loss of function when 

subjected to physical and chemical stresses (e.g., through their adsorption onto 

surfaces, changes in temperature, alterations in pH, solvent evaporation, 

aggregation at high concentrations, and occurrence of mechanical strain).23-25 These 

highly vulnerable bioreagent degradation pathways are likely to occur if storage 

conditions on the device are sub-optimal. Subsequently, denaturing processes can 

affect the performance of the immunoassay by reducing the sensitivity, 

reproducibility, and shelf-life of the chip-localized assays.26 Thus, in order to render 

these devices suitable for broad-scale clinical use, it will be necessary for these 

integrated devices with embedded reagents to be manufactured in a scalable 

manner. 

Ideal processes for the LOC sensors will produce structures with strong 

analytical performance that remain functional for long periods of time and, 

ultimately, without a cold chain (i.e., under non-refrigerated conditions).5 Another 



 178 

critical aspect for these devices is the ability to store the reagents used for the 

testing directly on-chip, on-card, or on-device.6 However, to date little information 

has been reported in the literature regarding methods for stabilizing bioreagents in 

LOC systems. Important exceptions in this area are the dry storage conditions for 

lateral flow assays including pregnancy tests as well as recent work by Yager and 

coworkers involving paper-based lateral flow devices.27  

Dry storage is the most familiar form of bioreagent storage in LOC devices. 

The most common additives used in the dry storage process include hydroxylated 

sugars such as sucrose and trehalose. When added to the formulations, sugars can 

protect antibodies against degradation during lyophilization and storage by 

preserving the native structure of the protein in the solid state and inhibiting 

physical changes during long-term storage.28 Briefly, this process occurs via one or a 

combination of two mechanisms: 1) glass dynamics mechanism by which sugars 

stabilize proteins by producing a glassy matrix to restrict mobility, and 2) water 

substitution mechanism by which sugars act as a water substitute to form hydrogen 

boding with the biomolecules.29,30 Typically applied onto polyester or glass fiber 

pads, these additives have shown to improve bioreagent stability while preserving 

assay activity.31-34 Drying techniques for storing reagents in devices generally 

include air-drying, freeze-drying, lyophilizing, vacuum-drying, or other drying 

methods from which reagents can later be readily reconstituted.31,35 Other 

hydroxylated additives including glycerol, polyethylene glycol (PEG) (of low and 

high molecular weights), and polyvinyl alcohol have also been used for stabilization 

and storage of antibodies in microarrays in dry form.36,37 Some of these 
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hydroxylated additives have also been used in wet form over many decades, but 

these approaches to date are poorly documented for LOC-based POC devices.38 

Importantly, since a variety of new LOC diagnostic platforms are evolving, it is 

necessary to formulate effective solutions that address the storage issues of each 

individual platform.  

The p-BNC system, developed in the McDevitt lab, is a miniaturized micro-

device aimed for broad-scale clinical measurements at the POC.2,39 As discussed in 

previous chapters, the platform uses integrated, disposable cartridges and a 

prototype analyzer for biomarker immunoassay testing.40 At the heart of the p-BNC 

system are agarose microspheres chosen for immobilization of capture antibodies 

and assay testing. The average agarose concentration used is generally composed of 

~98 wt% water and contains important nanostructural pores dependent on water 

and proven to increase immunoassay sensitivity via transport-driven flow to the 

interior of the porous beads compared to non-porous materials.41-43  

A critical issue with using hydrogel materials for immunoassay testing is the 

preservation of the hydrogel from drying. The stability of agarose beads conjugated 

with antibodies has been a long-standing challenge for LOC systems in general. 

Because agarose is primarily composed of water, its porous nanostructural 

morphology collapses in its absence. Given that these three-dimensional 

nanofeatures are critical for immunoassay performance, the loss of structural 

morphology and porosity can lead to performance degradation. For the ultimate 
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broad-scale release of the platform, it is crucial that these issues with the storage of 

agarose beads at room temperature for extended periods of time are addressed.  

This chapter describes a new method for the long-term stabilization of 

agarose microspheres within the p-BNC platform. Optimal storage conditions are 

explored en route to developing effective methodologies that in the future can be 

utilized without need for refrigeration. Finally, a proof-of concept immunoassay 

study compares freshly loaded lab cards to lab cards with stabilized agarose beads 

stored at room temperature for extended periods of time. 

5.2. Structural Morphology 

Agarose is a naturally occurring polysaccharide polymer material with 

hydrophilic properties, ideally suited to interaction with proteins.30,44,45 It is easily 

synthesized, exhibits a high surface area, and can be covalently coupled with 

antibodies for analyte capture after tuning to the desired pore size and shape.46-48 

Furthermore, agarose has long been the preferred medium for affinity 

chromatography because of its unique combination of strength, porosity, ligand 

capacity, and low non-specific binding. Due to these particular characteristics, 

agarose beads are excellent substrates for immobilization processes, such as 

immunoaffinity chromatography, the largest and most diverse group of affinity 

methods in clinical testing.49 
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In the p-BNC system shown in Figure 5.1, agarose beads within a microchip 

sensor array serve as independent self-contained “micro-reactors”, with their 

selectivity determined by the specificity of the ligand that they host.  

 

Figure 5.1. Image shows the fully integrated p-BNC system utilizing agarose beads 
as sensing elements. In the p-BNC system, agarose beads within a microchip sensor 
array serve as independent self-contained “micro-reactors” with their selectivity 
determined by the specificity of a) the ligand antibody that they host. Here, b) the 
bead c) loaded on the microchip d) within a microfluidic lab card receives a series of 
small-volume sample and reagents. Importantly, the use of porous agarose beads 
allows for the creation of a long effective path length, whereby the entire bead 
diameter may in principle be used for the generation of a fluorescent, antigen 
concentration-dependent signal that also benefits from highly stringent intermittent 
and final assay washes, as part of this microfluidic approach. Using the p-BNC 
system, complex immunoassays operated and read via e) a portable analyzer can be 
performed with small sample volumes, short analysis times, and markedly reduced 
reagent costs. 
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The porosity of the agarose as seen in Figure 5.1a greatly contributes to the ultra-

low detection threshold capabilities of the p-BNC as compared to the gold standard, 

enzyme linked immunosorbent assay (ELISA). As discussed in previous chapters, 

the improved sensitivity is attributed to the high surface-to-volume ratios of the 

porous agarose compared to their non-porous counterparts. For instance, the 

density of immobilized capture antibodies is 3000-fold higher for the three-

dimensional agarose support compared to ELISA, which greatly increases the 

probability of analyte capture at lower analyte concentrations, improving assay 

sensitivity.41,50 Also critical to this image-based sensor is the 250-280 μm diameter 

of the agarose microsponge, selected for simple and cost-efficient optical detection 

systems, as smaller beads demand more expensive optics (Figure 5.1b).40 Using 

microfluidic structures, the LOC system actively transports reagents to the 

microporous bead elements  (Figure 5.1c-d), reducing assay time and washing steps 

when compared to planar sensing platforms such as ELISA.41 Using the p-BNC 

system, complex immunological assays can be performed with small sample 

volumes, short analysis times, and markedly reduced reagent costs.2,39,51  

Bead shrinkage and loss of structural integrity are indeed expected to affect 

sensing capabilities within the p-BNC environment. In fact, 82 to 99.9% of the 

composition of agarose gels consists of water and the remainder comprises a 

network of delicate microstructural fibers upheld by non-covalent bonds with the 

water. Evaporation of water from agarose gels leads to shrinking of the gel caused 

by a collapse of the fiber network. The evaporation occurs through an irreversible 
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process. Once the gel dries out, the initial agarose gel structure cannot be 

reconstituted without a loss in function of the embedded bioreagents.52 Likewise, 

the biological function of proteins depends on their three-dimensional structure, 

which is determined largely by water. Water removal can lead to loss of native 

structure, resulting in loss of biological function upon rehydration.53 Maintaining 

native protein structure during dehydration, and consequently maintaining the 

capacity to retain the biological function of the protein upon rehydration, is an 

important consideration in many areas of biochemical research. Similarly, the 

interaction between water and proteins, such as for antibodies intended for POC 

testing is critical to the conformational stability of the reagents. Equally important 

and as discussed in the previous chapters, is the pore structure of the agarose beads 

for the sensitive performance of immunoassays on these substrates, and it is thus 

essential to keep the structure intact. To do so, two storage methods were 

employed, the drying method involving lyophilization and the wet storage utilizing 

polyhydroxyl compounds. 

Initially, a lyophilization method (i.e., freeze-drying) was explored to prepare 

agarose beads for storage in the dry form. This procedure uses rapid cooling to 

freeze the water in the gel without forming large ice crystals that could damage the 

gel structure. The sample is then placed under vacuum, leading to sublimation of 

water from the solid to the gaseous state, avoiding the large stresses that are well-

known to be associated with evaporative drying.35  Ideally, this method would allow 

for drying of the water in agarose beads, leaving behind voids in regions previously 

occupied by ice crystals without collapse in the volume of the beads which affect the 
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pore size of the microstructure. This process should allow lyophilized beads to be 

stored at room temperature in the p-BNC cards without refrigeration. For initial 

experiments, two freezing temperatures were explored: -80 ˚C (in dry ice) and -196 

˚C (in liquid nitrogen). However, although promising at first, most of the prepared 

agarose bead samples resulted in a significant amount of shrinkage and volume 

collapse which varied greatly from bead to bead (data not shown).  The collapse 

could have been due to temperature increase during the vacuum step, exceeding the 

unique critical temperature that is necessary to keep the product from collapsing 

during sublimation.54 55 It was anticipated that the addition of stabilizers, such as 

sucrose, glucose, trehalose, lactose, mannitol, glycerol, or PEG could help protect the 

gel against stresses during freeze-drying, however, these were not included in the 

lyophilization method.35 Instead, two of these stabilizers, glycerol and PEG, were 

explored next as part of wet-storage methods for agarose beads.  

Glycerol and PEG compounds were selected based on prior practice in 

pharmaceutical applications as lyoprotectants and enhancers of protein activity, but 

also for their physical properties including high boiling points to protect against 

water dehydration. These compounds are rich in hydroxyl groups and are often 

referred to as humectant additives because of their hygroscopic properties and 

ability to retain moisture. Glycerol is a colorless, odorless, sweet-tasting, non-toxic, 

viscous liquid containing three hydroxyl groups per molecule and a boiling point of 

290 ˚C. The PEGs can vary in molecular weight from as low as 100 up to millions of 

Daltons, and this molecular weight has a large effect on its properties. For the 

experiments discussed in the next section, a relatively low molecular weight PEG, 
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PEG-200, was selected due to its good solubility in water, lower viscosity, and high 

boing point of >250 ˚C. 

To determine the stability of the agarose gel structure, beads were left sitting 

in the p-BNC microfluidic card at room temperature for a long period of time and 

the surrounding fluid was observed for dehydration using an optical microscope. 

Before loading the beads onto the chip, the microwells were pre-wet using 3 µL of 

isopropyl alcohol and pre-filled with 9 µL of PBS buffer or 9 µL of 50 vol% glycerol. 

Agarose beads that were stored in PBS buffer or 50 vol% glycerol were then loaded 

into the appropriate cards with corresponding fluid and a cyclic olefin copolymer 

(COC) thermoplastic cover slip was mounted over the loaded beads using an 

adhesive to seal the components in place. However, the p-BNC card still contains 

membranes which can allow evaporation of the fluid over a long period of time 

through the breathable pores of the membranes. Five p-BNC cards were prepared 

with beads stored in 50 vol% glycerol and two cards with beads stored in PBS 

buffer. All cards were stored at 25 ˚C for up to 7 months.  

Figure 5.2 shows images of the drying effect on the agarose beads obtained 

after 0, 3, 25, and 70 days, as well as 7 months of storage. From the images, it can be 

seen that the agarose beads stored in PBS buffer have dehydrated by day 3 while the 

beads stored in 50 vol% glycerol remain hydrated for up to 7 months. Moreover, it 

is observed that the amount of fluid that surrounds the agarose beads stored in 

glycerol is noticeably decreased over the time course of the storage (Figure 5.2). 

This observation results from the fact that some water evaporates from the 50 vol% 
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glycerol solution, which in turn leads to an increased concentration of glycerol over 

time.   

 

Figure 5.2. Optical micrographs of the drying affect of agarose beads localized in 4 × 
5 wells of biochips, mounted in the p-BNC microfluidic cards, and tested with and 
without glycerol as a humectant. Images show beads stored at room temperature 
for up to 7 months in (a) PBS buffer and (b) glycerol solution. 
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Nonetheless, higher percentages and volumes of glycerol allowed for preservation 

of the structural integrity of the porous structure of agarose, whereas lower 

percentages and volumes of glycerol led to more noticeable evaporation of the fluid 

surrounding the beads (Figure 5.8 to Figure 5.10 of Appendix A). Notably, when the 

percent glycerol was decreased to 20 vol%, agarose beads began to shrink over time 

as seen in Figure 5.8 of Appendix A, indicating that there is a critical level of glycerol 

concentration and volume required to keep the beads hydrated. The hydrated state 

of the beads was also observed for beads stored in 50 vol% PEG-200, but the data is 

not available.  

The mechanism by which the hydration effect occurs in the presence of 

glycerol has been previously described and it involves the water substitution 

mechanism.56 Water is associated with proteins as internal water, filling cavities 

within proteins, and can also remain as peripheral water, providing a hydration 

shell around the protein. Both internal and external water molecules stabilize the 

structure of proteins through hydrogen bonding, and external water molecules 

around the protein interface are bound to chemical groups exposed on the surface 

of the protein. Similar descriptions also apply to the interactions of water and the 

agarose hydrogel, which is abundant in water, as previously noted.57,58 Huang and 

colleagues studied the effects of glycerol on the structure of water using infrared 

spectroscopy and observed that the structure of the water molecules was 

significantly altered by the interaction of the glycerol with water, resulting in an 

increase in the frequency of the H-O-H bending band of water from 1645 cm-1 to 

1650 cm-1.59 This observation suggests that glycerol is disrupting hydrogen bonding 
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of bulk water at high concentrations and could, thus, penetrate the hydration shell 

in order to hydrogen bond with the functional groups on the surface of proteins or 

the agarose gel. It is difficult to tell how much water is left in the interior of the bead 

after evaporation; however, it is clearly evident from Figure 5.2 that glycerol must 

form a hydration layer around the bead, preserving its structure. Next, it was 

important to check the activity of the bead-coupled antibodies when stored in PBS 

buffer, glycerol, and PEG-200 for some time at room temperature. 

5.3. Biological Function at Room Temperature and Shelf Life 

To determine which polyhydroxyl additives stabilized the proteins at room 

temperature for a minimum storage time of about 2 months, several compounds 

and concentrations were considered.  Figure 5.3 shows the assay performance of the 

beads stored in vials (i.e., not stored directly within the lab cards) under various 

conditions for detection of 1000 ng/mL CRP in a sandwich immunoassay format. 

Figure 5.3a shows the control scenario where beads were freshly conjugated and 

stored in regular PBS at 4 ˚C in the refrigerator prior, thus no antibody degradation 

should occur. Beads stored in PBS for a long period of time, 57 days, at room 

temperature surprisingly showed no degradation in performance, as seen in Figure 

Figure 5.3b. This observation could be due to the stabilizing effect of the agarose gel 

itself. Similar results were seen by Sahara et al. who demonstrated stabilization of 

heat-treated proteins through the addition of hydrophilic polymers such as dextran, 

starch, and gelatin.60 However, it is important to ensure that beads will remain 

stable when stored on the p-BNC card rather than just in a vial. Figure 5.4b shows 
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the results of storing the beads in PBS buffer on the card for only 3 days at room 

temperature. From the optical micrograph of the beads, it is clear that the beads 

have dried out substantially, leading to shrinkage, deformation, and very poor assay 

performance. 

 

Figure 5.3. Effect of humectant storage solution and its concentration on 
immunoassay performance. a) Beads stored fresh are compared against beads 
stored for 57 days at room temperature in vials consisting of different polyhydroxyl 
compounds and concentrations: b) in PBS, c) 10 vol% glycerol, d) 25 vol% glycerol, 
e) 50 vol% glycerol, f) 75 vol% glycerol, g) 10 vol% PEG-200, h) 25 vol% PEG-200, i) 
50 vol% PEG-200, and j) 75 vol% PEG-200. Beads were loaded into the p-BNC card 
just before the assay. Raw fluorescent images of 4 multiplexed beads per condition 
are displayed, and their mean fluorescent intensity (MFI) was measured for a CRP 
sandwich immunoassay. 
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It was previously demonstrated that glycerol and PEG are effective for 

controlling this damaging drying.37 Thus, the assay performance of beads stored in 

various concentrations of glycerol and PEG in vials at room temperature for 57 days 

was tested as seen in Figure 5.3c-j and compared to the results for beads stored in 

PBS. Glycerol-stored beads showed the same performance for all concentrations 

tested between 10 and 75 vol%, matching the PBS control. On the other hand, 

degradation in signal is seen for PEG-200 concentrations at 50 vol% and higher and 

is severe at 75 vol% (Figure 5.3j). Thus, it could be deduced from this observation 

that using PEG-200 at 50 vol% concentration would be acceptable.  However, 

evaporation of water over time will inevitably lead to further concentration of PEG 

in the storage media which has been demonstrated to have a modest negative 

influence on assay performance. Glycerol, on the other hand, did not show this 

negative effect so it was selected for further studies. 

Figure 5.4 shows optical micrographs and the assay performance of agarose 

beads stored directly on the p-BNC card rather than in vials. For the assay 

performance test, a sandwich immunoassay was run using 1000 ng/mL CRP. As 

described previously, PBS-stored beads dried and became unusable within 3 days. 

In fact, the measured mean fluorescence intensity from the fluorescence image of 

the dried beads dropped 3-fold in signal, from 2216 to 724 arbitrary units, when 

compared to the signal obtained for beads stored in their hydrated state in PBS 

buffer (Figure 5.4b). Further, the signal-to-noise ratio for both conditions was 

obtained and a similar drop was observed from 8.5 to 2.7.   
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Figure 5.4. Optical micrographs and immunoassay performance showing 
fluorescence signal for the capture of 1000 ng/mL CRP using anti-CRP agarose 
beads stored in various solution media in the p-BNC cards at different times and 
temperatures. These conditions include: a) PBS buffer at 4 ˚C for 0 days (beads were 
loaded on the card just before the assay was performed), b) PBS buffer at 25 ˚C for 3 
days, c) 50 vol% glycerol at 25 ˚C for 3 days, and d) 50 vol% glycerol at 25 ˚C for 70 
days. Beads capturing CRP fluoresce and their fluorescent image was captured at an 
exposure time of 0.04 s. The MFI is measured for each bead and shown as a bar 
graph, and the standard deviation is plotted as an error bar for bead-to-bead 
measurements within an assay. 

When looking at the percent coefficient of variance (% CV) from the 

fluorescent signal obtained from bead-to-bead measurements, where the standard 

deviation of the measurement is divided by the total MFI and multiplied by 100, the 

hydrated beads exhibited a 5.3% CV, while the dried beads display a 30.9% CV. The 

large %CV suggests a large variation in fluorescence signal obtained from bead-to-
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bead measurements, something that is not acceptable, as the clinical cut-off values 

for %CV should be below 10%. Glycerol-stored beads (Figure 5.4c,d), on the other 

hand, clearly did not dry out and their morphology, as well as fluorescence intensity, 

matched the control of beads in PBS media that were loaded on the card just before 

the assay was performed (Figure 5.4a) even when stored up to 70 days (Figure 

5.4d). Additionally, glycerol-stored beads provided a signal-to-noise value of 8.9 for 

beads stored in 50 vol% glycerol for 3 days and 9.3 for beads stored for 70 days, all 

in good agreement with the assay performance of the control beads as measured at 

0 days in PBS buffer. Furthermore, beads stored in 50 vol% glycerol for 3 and 70 

days had low %CV of 5.8 and 6.4, respectively. 

Next, the assay performance of glycerol-stored beads was compared to the 

standard method traditionally used in the lab. Eight p-BNC cards were loaded with 

beads in 50 vol% glycerol and stored at room temperature until use over a span of 

70 days. A new lab card was used for every time point because the cards are 

designed for single-use only. The results shown in Figure 5.5 indicate that MFI signal 

from the beads was recovered nearly 100% over the 70 day period that was tested 

as compared to the signal from the traditional assay method in which beads are 

stored in PBS buffer at 4 ˚C and freshly-loaded onto the card for each time point.  
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Figure 5.5. Plot showing the percent MFI retained after wet storage of agarose beads 
long-term in the fully integrated p-BNC cartridges as determined by a sandwich 
immunoassay. The agarose beads were stored in the microchips of the lab cards at 
50 vol% glycerol at room temperature and tested at specified times for assay 
activity using a CRP immunoassay. The plot shows that wet stored agarose beads 
retained near 100% of their biological activity when compared to freshly loaded 
beads. 

These results demonstrate the impressive ability of glycerol to preserve the assay 

performance of the beads even over long time periods of greater than 2 months 

while stored at room temperature. 

5.4. Bead Placement Automation 

For mass manufacturing and storage of the agarose beads in the p-BNC 

fluidic cartridges, custom-built piezoelectrically actuated ejectors are now under 

development. Figure 5.6 documents the uptake of agarose beads from solution at 

the tip of the capillary nozzle (Figure 5.6a) and shows placement of beads in the 
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micro-wells of the synthetic biochips (Figure 5.6b). Initial results here demonstrate 

successful bead placement results, where any empty wells can be re-filled using the 

program. Coupled with the proper long-term storage conditions of agarose beads in 

the cartridge, the technology can aid in the mass production and distribution of the 

fluidic cards for POC use. 

 

 

Figure 5.6. Bead placement automation using custom-built piezoelectrically-
actuated ejectors by Scienion, AG (Berlin, Germany). a) Image shows a bead with a 
150 µm diameter attached to the nozzle tip ready for placement. b) Head camera 
image shows initial bead automation results with the red circles indicating empty 
wells and green circles full wells. (Scienion, AG (Berlin, Germany) is thanked for 
their efforts towards developing this automated bead placement solution and 
providing these images.) 

5.5. Standard Curves and Shelf Life 

An important step in demonstrating the successful stabilization of LOC 

devices is the documentation of robust assay performance after long-term storage. 

Likewise, a dose-response curve for CRP detection, a biomarker of inflammation and 

cardiac evaluation, was measured using cards stored at room temperature for 2 
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months containing glycerol-protected beads and compared to a freshly-run dose 

response curve. As seen in Figure 5.7 there is no detectable loss in assay 

performance between the two dose-response curves.  

 

Figure 5.7. The p-BNC cartridge with incorporated wet stored agarose beads for 
automated sandwich immunoassays. a) Image of the exterior casing of an injection 
molded, disposable p-BNC lab card surrounding the microchip container holding the 
pre-stored agarose beads and the sample port. b) Drawing showing the interior of 
the flow card equipped with a sample loop, membranes, filters, and two waste 
compartments for total internal containment of fluid wastes. c) Fluorescent images 
at 0.1 s exposure time of one agarose bead, at the focal point, sitting in the microchip 
container are shown for each concentration of the CRP dose response curve for 
beads that were freshly loaded onto the card in PBS buffer and for beads that were 
stored in 50% glycerol for 2 months at room temperature.  d) Linear plot of the MFI 
for both dose response curves plotted as a function of CRP concentration shows no 
change in signal intensity as a function  of bead storage conditions. 
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Moreover, the signal-to-noise ratios before and after storage remain the same with 

values as high as 11 and with average %CVs of 4.0% and 7.2%, respectively. Without 

the newly derived storage conditions, agarose beads will dry out, lose pore 

structure, and biological function, leading to signal-to-noise ratios of only about 2.3 

with %CV as high as 33%. All these findings further solidify the effectiveness of 

glycerol as a storage media for agarose beads. 

5.6. Conclusions 

The stability of bioreagents in LOC devices is critical for their practical 

application at the POC. This chapter explored the stability of agarose beads and 

antibodies coupled to the beads when stored directly in the p-BNC cards for over 

two months at room temperature. The addition of glycerol greatly improved the 

stability of the agarose gel by reducing evaporation and drying of the gel and 

provided stability of the antibodies coupled to the beads. The immunoassay 

performance for measurement of CRP remained stable when using antibodies 

coupled to the beads and stored on the cartridge. Surprisingly, PEG-200 did not 

perform as well as glycerol at higher concentrations of PEG-200. Two areas relating 

to the storage of bioreagents in the p-BNC remain open for future work. First, it is 

important to test glycerol as a storage media for beads for other immunoassays 

currently employed in the lab outside of the CRP assay. Secondly, it is important to 

similarly improve storage conditions for the detection antibody which is 

traditionally freshly placed on the glass fiber reagent pad in the p-BNC cards directly 

before the assay execution. Furthermore, automated bead placement devices 
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coupled with the long-term wet-storage conditions obtained from these studies will 

provide the tools for bringing these devices to the POC. 

5.7. Experimental Methods 

5.7.1. Reagents and Buffers 

All materials were purchased from Sigma-Aldrich, Inc. (St. Louis, MO) unless 

otherwise stated. Reagents and proteins were used without further purification 

unless further noted. For washing steps, dilutions and storage purposes, 1 x 

phosphate buffered saline (PBS) buffer (pH 7.2) was used unless otherwise stated. 

The PBS buffer was prepared from BupH Dry-Blend Packs (Thermo Scientific Inc.; 

Rockford, IL). When dissolved in 500 mL of deionized water, each pack contains 0.1 

M sodium phosphate, 0.15 M NaCl (pH 7.2). The buffer was filtered using a 

Corning® bottle-top vacuum filter equipped with a nylon membrane of pore size 0.2 

µm (Corning Incorporated; Corning, NY) and used up to two weeks when stored at 

room temperature. The CRP assay was performed in CRP-depleted serum from 

Fitzgerald (Concord, MA). 

5.7.2. Bead Preparation and Chemical Modification 

Homogeneous, 2 wt% agarose beads of 250 µm diameters were prepared 

and chemically modified as described in sections 3.9.2 and 3.9.3, respectively. 
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5.7.3. Optical Micrographs 

Optical micrographs of agarose beads were obtained using a Moticam X WiFi-

enabled microscope camera from VWR (West Chester, PA) attached to the eyepiece 

of an optical microscope (Life Technologies; Grand Island, NY). The fluidic cartridges 

were placed on the optical microscope and images were taken from the top through 

the optical coverslip.   

5.7.4. Immunoreagent Preparation and Assay Execution for CRP 

5.7.4.1. Reagents 

The CRP biomarker was detected using a sandwich immunoassay format, 

which included the capture antibody (Clone M701289), the detecting antibody 

(Clone M701288), and purified CRP antigen, all purchased from Fitzgerald (Concord, 

MA). 

5.7.4.2. Capture Antibody Coupling to Beads and Storage 

Anti-CRP capture antibodies were covalently coupled to 2 wt% aldehyde-

functionalized agarose microspheres of 250 µm diameters as described in detail in 

Section 3.9.6. For the reaction, a 10-fold scaled-up reaction was performed where 

200 µL of 6 mg/mL anti-CRP antibody (as prepared from a stock concentration of 

12.8 mg/mL) was used per 100 µL of settled beads and the addition of 12 µL of 

sodium cyanoborohydride. The reaction was incubated on a rotator for 8 h and 

subsequently washed with PBS buffer five times. A Tris blocking step was 
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implemented as described in Section 3.9.6, but on a 10-fold higher scale. Beads were 

incubated for 1 h on a rotator at room temperature and were later washed with PBS 

buffer five times. After the washing steps, the beads were suspended in 200 µL of 

PBS buffer and were ready for use. 

For the storage studies, 20 µL of suspended beads were aliquoted to 12 vials. 

The beads were allowed to settle, and the supernatant PBS buffer was carefully 

removed with a narrow pipette tip without removing the beads. A storage media 

consisting of 50 µL of PBS buffer was added to the first vial, and the vial was stored 

at 4 ˚C. To the second vial, 50 µL of PBS buffer was added, and the vial was stored at 

25 ˚C. To vials numbered 3, 4, 5, 6, and 7, 50 µL of 10, 25, 50, 75, and 100 vol% of 

glycerol was added, respectively, and the beads were stored at room temperature 

for 57 days. To vials numbered 8, 9, 10, 11, and 12, 50 µL of 10, 25, 50, 75, and 100 

vol% of PEG-200 was added, respectively, and the beads were stored at room 

temperature for 57 days. 

5.7.4.3. Detection Antibody 

The anti-CRP detection antibody was coupled to Alexa Fluor® 488 

(Invitrogen; Carlsbad, CA) per manufacturer’s instructions, described in detail in 

section 3.9.9.3. The concentration of the labeled antibody was 3.46 × 10-6 M or 0.50 

mg/mL, and the degree of labeling was 6.97 moles of dye per mole of antibody. Per 

assay, a volume of 1 µL of detection antibody stock was directly used and pipetted 

on the reagent pad located in the injection molded p-BNC card. The detection 

antibody was used fresh for each assay run. 



 200 

5.7.4.4. Antigen 

For the sandwich immunoassay standard curves, CRP antigen with a stock 

concentration of 3.7 mg/mL was used to prepare concentrations of 1000, 100, 50, 

10 and 1 ng/mL by serial dilutions in CRP depleted serum (Fitzgerald; Concord, 

MA). To start, 10,000 ng/mL was prepared by diluting 10 µL of the stock to 3.7 mL 

of CRP depleted serum.  

5.7.4.5. The p-BNC Lab Card 

The p-BNC cartridges used for these studies are injection molded plastic 

disposable cartridges prepared using specifications defined previously by the 

McDevitt laboratory with the manufacturing steps completed by SensoDx (Houston, 

TX) and MiniFAB (Scoresby, Victoria, Australia). These steps are described in more 

detail in recent publications.2,39,40 Briefly, the cartridge allowed for loading the 

sample, storing the detecting antibody on a fiber pad, and storing sterile PBS buffer 

in foil blister packs that are mounted on the cartridge for buffer washes and on-

board fluidics. These reagents are delivered to the microchip container that holds 

the agarose beads via puncturing the blisters using actuators. The microchip 

containers consist of a 4 × 5 array with heptagonally-shaped wells.  

Beads stored in 50 vol% glycerol were loaded into 25 injection molded cards 

and stored at room temperature for up to 7 months. Two cards were loaded with 

beads stored in PBS buffer and also stored at room temperature for 3 days and up to 
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7 months. Control beads were loaded fresh onto the chip in the p-BNC card and run 

simultaneously with the cards prepared in the other storage media. 

Before loading the beads onto the chip, pre-wetting the chip and filling the 

wells with 50 vol% glycerol was essential to keeping the agarose beads hydrated. A 

volume of 3 µL of isopropyl alcohol (VWR, West Chester, PA) was used to wet the 

chip and 9 µL of 50 vol% glycerol in PBS buffer was used to fill the wells with fluid. 

This volume was found to be optimal for bead storage in 50 vol% glycerol. Beads 

were then loaded onto the chip arrays by hand using tweezers under the optical 

microscope. A COC thermoplastic cover slip (Zeon Corp., Tokyo, Japan) was 

mounted over the loaded beads before starting the assay to not only seal the 

components in place, but also to allow optical access from the top of the card for epi-

fluorescent measurements after the execution of the assay. 

5.7.4.6. Assay Execution and Image Analysis 

A sample consisting of 100 μL of CRP antigen concentration was loaded into 

the cards through the sample entry port via capillary action. At the same time, 1 µL 

of the detection antibody (undiluted) was freshly loaded onto the reagent pad and 

sealed using a plastic coverslip containing adhesive. Once the sample was loaded in 

the sample loop, blister pack actuators delivered the sample to the chip area, over 

and through the beads at 20 μL/min flow rate for a period of 5 min. Then, a buffer 

wash was delivered at a flow rate of 100 μL/min for 1 min. After that, the detecting 

antibody was eluted from the pad and introduced to the bead array at a flow rate of 

20 μL/min for 3 min by bursting the second PBS buffer blister pack using the 
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actuator controls. Lastly, a final rinse at 100 μL/min for 1 min was performed to 

wash unbound detecting antibody. The total assay time was 10 minutes with a total 

assay volume of 360 μL (including the sample and buffer volume passing through 

the bead array). 

Images were acquired at 0.02 s exposure times using 4x objectives on an 

Olympus (Tokyo, Japan) BX51 epi-fluorescent microscope and analyzed using an 

automated data analysis tool to determine the MFI in the region of interest around 

the periphery of the bead as described in more detail recently.40  This fluorescent 

signal is averaged for each bead and sometimes averaged across multiple additional 

beads to obtain MFI for the biomarker of interest.  
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Supporting Information 

 

Figure 5.8. Agarose beads stored in 3 µL of 20 vol% glycerol for 23 days at 25 ˚C in 
the microwells of the p-BNC biochip. Evaporation of the media has occurred and 
beads have begun to shrink. 
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Figure 5.9. Agarose beads stored in 3 µL of 50 vol% glycerol for 23 days at 25 ˚C in 
the microwells of the p-BNC biochip. Evaporation of the fluid over the beads is 
observed. Beads have not yet shrunk. 
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Figure 5.10. Agarose beads stored in 9 µL of 50 vol% glycerol for 70 days at 25 ˚C in 
the microwells of the p-BNC biochip. Fluid remains over the beads keeping them 
wet. 
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