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Abstract 

This dissertation is devoted to the development of novel bio-nano chip microfluidic 

platforms suitable for agarose bead-based sensors. Previously, our lab had 

developed a novel immunoassay sensor based on three-dimensional agarose beads 

whose surface is marked by micro-size pores. Porous agarose beads have a greater 

capacity of immobilizing antibodies as compared to other surface based sensors, 

and thus are expected to yield better assay performance. The first generation of bio-

nano-chip platform had been designed to contain an array of three-dimensional 

wells to host the agarose beads. In the bio-nano-chip platform, a silicon-based bead 

holder had been designed to generate strong convectional flows around beads and 

greatly enhance the detection sensitivity. As the silicon microchip was fabricated 

based on the traditional MEMS techniques, however, the cost of the device remains 

relatively high. Moreover, the accuracy of the assays and the assay time also need to 

be improved to meet the standard of point-of-care diagnostics. In efforts to 

overcome these issues, this dissertation reports works of replacing the material of 

key components with less expensive materials in the bio-nano-chip platform. 

Further, this dissertation presents a new strategy for recirculating samples and 

reagents in a membrane-based chip. Also, a new bead design to further enhance the 

assay performance. In summary, this dissertation work related to the bio-nano-chip 

platform and its adaptation to be more efficient and cost-effective than previous 
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configurations, potentially allowing wider applications in resource limited areas 

such as in developing countries. 
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Chapter 1. Introduction 

 

1.1 Cardiac biomarkers and immunoassays 

In United States, heart disease is a common medical condition in clinics and has 

already become the leading cause of death for both men and women. More than 

715,000 people suffered heart attacks annually, and 73.4 percent of them were 

first-time sufferers(Mohammed and Desmulliez 2011). The cost of dealing with 

heart disease is extraordinarily high, while available clinical resources to 

provide appropriate care for many patients is sometimes limited. In one most 

common type of heart disease, coronary heart disease(Reiter, Twerenbold et al. 

2012), the number of death was over 385,000 people each year, and associated 

costs were over $109 billion, which includes health care services, medications, 

and lost productivity. The increasing expense of treating heart disease had 

become a major financial burden for both government and individuals. 

Accurate and comprehensive diagnostic results help physicians to understand 

the functionalities of heart and evaluate the risk of heart attacks. Late stages of 

heart malfunctions usually lead to irreversible severe damage. It is desirable to 

obtain diagnosable information from patients as early as possible, since an early 

stage of malfunctions only developed in a minor part of the heart, and was easy 

to treat at a lower cost with less complexity. However, traditional diagnostic 

information, which was mainly acquired by electrocardiogram (ECG), can only 
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determine damage large enough at the physical level and failed to discern minor 

level of readings(Ali, Cohen et al. 1978, Dhawan, Wenzel et al. 2012). For 

example, over 50% of patients with suspected myocardial infarction have been 

shown to have normal reading of ECG (Blinder and Smelin 1959, Chung and 

Duca 1975). To lower the cost and increase successful potentials of treating 

heart disease, patients with suspected risks of cardiac disease must be 

diagnosed as fast and accurate as possible. 

Clinical studies have pointed out that certain damage of heart in the early stage 

may cause specific bio-molecules to over express in the blood or saliva. 

(Blicharz, Siqueira et al. 2009, Floriano, Christodoulides et al. 2009, Mohammed 

and Desmulliez 2011) Those molecules specifically related to cardiac disease 

are called cardiac biomarkers and can be used as the standard to determine 

different stages of heart damages. Particular biomarkers are related to certain 

types of damage and elevated expression levels of these biomarkers can 

represent informative indications of the type of malfunction, and even the 

locations of damages. A number of biomarkers have been associated with 

cardiac disease, such as myoglobin, CKMB, and CRP. With the information of 

biomarkers’ levels, doctors can evaluate and deduce the approximate time of 

first incidence of heart attack, and thus tail proper treatment plans for every 

patient. Therefore, it is highly necessary to access the elevation levels of 

biomarkers before clinicians can make correct and timely decisions in hospitals.  
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Turnaround time suggested by international guidelines for cardiac biomarker 

evaluation is 60 minutes or less from the time when patient enters hospitals. 

However, in practice over 75% tests cannot be finished at this time frame due to 

the limitations of clinical resources and low efficiency of traditional diagnostic 

devices(Mohammed and Desmulliez 2011). A failure to complete the test of 

cardiac biomarkers within the recommended time frame could delay the initial 

treatment for the patient and the best chance of taking the appropriate remedy 

can be missed. Thus, there is an increasing demand in hospital that the absolute 

concentrations of cardiac biomarkers are accurately measured as quickly as 

possible at the first time of contact. This is muscle. 

The immunoassay technique is showing promise of meeting such a requirement. 

(Christodoulides, Tran et al. 2002, Christodoulides, Floriano et al. 2005, 

Mohammed and Desmulliez 2011) These tests have greatly enhanced the 

efficiency and accelerated the speed of biomarker detections. In a typical 

immunoassay process, specific antibodies are used to bind with unique sites of 

corresponding biomarker antigens. A monomer antibody with a “Y” shape 

structure contains two binding sites for biomarker antigens, and each of the 

binding sites is regarded as an epitope. Antibodies are particular types of 

proteins in the blood and can be produced mainly by white cells. Although an 

antigen can have a number of different epitopes, only one unique epitope that 

binds to the given antibody can form a strong interaction with the particular 

antibody. Due to highly specific reactions between antibody and antigen, and the 
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fact that immunoassays enable repeatable results from many similar tests, 

immunoassay technique has been commonly used to analyze a number of 

cardiac biomarkers in various bio-sensing applications. Regarded as the gold 

standard in current practice of clinical diagnostics, immunoassay is compatible 

with almost all types of available biosensors and platforms designed for 

detecting cardiac biomarkers. 

As for the signaling strategy of immunoassay, secondary antibodies specific to 

the biomarker antigen are sent to the sensor areas where they are immobilized 

by those antigens previously captured on the substrate. These secondary 

antibodies can be functionalized with fluorescence molecules and thus can 

generate fluorescent signals, which can be recorded with the assistance of an 

imaging device such as a microscope or an integrated instrument. Thus, the 

number density of antigens, that is the concentration of the sample solution, is 

proportional to the recorded fluorescence intensities. This measurement 

procedure is dubbed the ‘sandwich type immunoassay’. Details about handling 

the assay signals will be discussed in the data analysis contents of each chapter. 

1.2  Bead format sensors for immunoassays 

Various types of sensors have been reported and optimized to adapt to the 

increasing demands of immunoassay tests. Previously, two-dimensional surfaces 

were used to immobilize a monolayer of capture antibodies through chemical 

functionalization. This design enabled repeatable results and signals were easy to 

understand by first calibrating different analyte concentrations. Materials of two-
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dimensional surfaces ranged from glass and silicon to various kinds of polymer 

films, such as polystyrene, polycarbonate, and polyethylene. For example, 

researchers developed the polystyrene microtiter plate platform, which had been 

commercially successful in the market and was considered as the standard device 

for biomarker detections in clinical practices. 

Polymeric microspheres have also been studied as biosensors by conjugating 

capture antibodies on the microsphere surfaces.(Lim and Zhang 2007, Thompson 

and Bau 2010, Du, Chou et al. 2011) Figure 3 shows a typical bead-based 

immunoassay procedure. According to this assay sequence, first capture antibodies 

are adsorbed or chemically linked to surfaces of beads. Then sample reagents are 

mixed with bead sensors where antigens can be captured by antibodies on the 

surface. Last secondary antibodies are added to the solution and used to quantify 

the number of captured antigens, and thus, allowing for the determination of the 

concentrations.. 

 



20 

 

Figure 1.1 Schematic for bead based sensor for immunoassay tests. Figure 

adapted from Jorge Wong, dissertation at UT Austin, 2007. 

Spherical beads, as compared to flat surfaces, possess advantages for enhancing 

sensitivities and improving efficiencies. First, high surface-to-volume ratios allow 

the immobilization of large densities of capture antibodies, and thus increase the 

amount of bound antigens during each assay. Second, the spherical shape of beads 

can enhance the signal-to-noise ratio by compressing signals from a wide planar 

area to a small concentrated circle when using the microscope to record signals 

from the top view. Third, spherical shapes are easy to locate and distinguish from 

background. Non-specific signals not formed on beads can either be completely 

washed out or be simply discarded in the data processing step according to their 

non-spherical distributions of signals. 

Additional benefits can be realized by using bead-based sensors in clinical tests. 

First, processes of beads preparations, such as synthesis, surface functionalization 

and antibody conjugation, can be independent of the assay process. Hence, beads 

are easy to store and transfer before being packaged into devices, reducing reagent 

and labor costs. Furthermore, beads conjugated with different types of biomarker 

antibodies are suitable for multiplexed immunoassays. For each disease usually 

more than one biomarker is found to express at high levels. Therefore, diagnostics 

can be more accurate by achieving information of expressed levels for more than 

one biomarker per immunoassay. Checking the fluorescence of internal cores can 

identify beads for particular biomarkers. For example, Luminex® beads developed 
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by Millipore can incorporate up to 500 distinct sets of fluorescence color 

codes.(Spiro, Lowe et al. 2000) In bead cores, red and infrared fluorescence dyes are 

mixed at various ratios. Each set of ratio can be regarded as a distinct label for a 

specific biomarker. In addition to encoding the bead cores with fluorescence dyes, 

beads can also be loaded onto particular positions on a microfluidic chip. Thus, the 

locations of beads can be considered as the coding information for particular 

biomarkers. For example, the agarose bead-based bio-nano-chip system developed 

by McDevitt lab has also successfully performed multiplexed assays by using 3x4 

arrays, 4x5, 5x7 and 10x10 arrays. 

As for signal detection, the prevalent strategy in current bead-based assays is based 

on traditional flow cytometers. The focusing mechanism in flow cytometers can line 

up beads in the sheath flow and force them to pass the detection zone one by one at 

a high speed. The green laser is employed to activate the fluorescence molecule 

attached to secondary antibodies, and optical detectors finally record the signal. The 

core of each bead is composed of red and infrared materials at different ratios, 

which are analyzed by using a red laser. Combined with the coding information in 

the bead core, a profile is finally plotted to map the detected ratio of fluorescence to 

the pre-defined set number and biomarker. Fluorescence intensity of recorded 

signals can indicate antigen concentrations. When calibrating the system, four or 

five parameter logistic curves are used as the standard to fit recorded data points. 

Further improvement on current bead-based formats is necessary to make more 

sensitive sensors, which allow assays to complete with less reagents input and with 
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shorter assay times. The clinical practice has discovered a number of new 

biomarkers that are directly related to cardiac disease, but presented low 

expressions in the blood. For example, cardiac troponin I (cTnI) is a very specific 

and highly sensitive biomarker for myocardial damages. However, unlike other 

biomarkers with significant expressions in the blood, the clinical cut-off values for 

cTnI is as low as ~ 0.01-0.1 ng/mL.(Inbar and Shoenfeld 2009, Mohammed and 

Desmulliez 2011, Reiter, Twerenbold et al. 2012) A minor change of value in this 

small range can correspond to different stages myocardial damages. Therefore, the 

diagnostics require ultra-sensitive sensors to better target and differentiate small 

values of cTnI levels. Besides the high demand for sensitivities and accuracy, there is 

also increasing needs for automation of the assay procedure and data analysis to 

lower labor costs and control the quality of detections in modern clinics. 

Because antibodies were confined on two-dimensional surfaces in previous 

biosensors, researchers started to study a series of porous materials and evaluate 

the potential of using their internal structures as biosensors. A primary motivation 

for replacing solid-state substrate with porous substrate is that three-dimensional 

structures of porous materials can take much higher densities of capture antibodies 

and thus present higher signals for immunoassays(Lim and Zhang 2007, Thompson 

and Bau 2010, Jokerst, Chou et al. 2011). Sensors fabricated from materials, such as 

silver reductions(Sia, Linder et al. 2004, Parsa, Chin et al. 2008), nitrocellulose 

paper(Fu, Ramsey et al. 2011, Li, Ballerini et al. 2012), and nanoparticles(Nam, 

Thaxton et al. 2003), have demonstrated improved performances when integrating 
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with microfluidic chips. Similarly, the idea of replacing solid-state with porous 

materials had been tested to develop the bead-based sensors. Over the past ten 

years, McDevitt lab focused on the development of three-dimensional agarose 

beads(McDevitt 2001). The large number of pores makes actual surface area levels 

of magnitude larger than that of solid-state beads. By referring to the bio-MEMS 

technology, the McDevitt lab has created a novel bio-nano-chip platform suitable for 

biomarker detections in a portable and efficient way(Jokerst, Jacobson et al. 2010). 

The internal cores of agarose beads are composed a complex network of twisted and 

intertwined polysaccharide polymer chains. Further crosslinking hydroxyl groups 

on sides of polymer chains can continue increasing the strength of the agarose 

gel(Yang, Nam et al. 2008, Jokerst, Chou et al. 2011). Antibodies can be permanently 

bonded to the polymer chains through the activation of hydroxyl groups to aldehyde 

groups. 

 

Figure 1.2 Schematic of polymers network in agarose beads and the available 

binding sites by linking antibodies on the sides of polymer chains. Figure 
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adapted from Jesse V. Jokerst et al. 2010, Analytical Chemistry 82(5): 1571-

1579. 

As illustrated in Figure 6, the agarose beads allow for a much higher density of 

reagent capture centers, and therefore higher capability of detecting analyte by 

upgrading to a three-dimensional bead-based sensor, as compared to the traditional 

two-dimensional reaction areas. For instance, a typical microwell in the microtiter 

plate can store a volume of about 330 µL, as it has a depth of 1cm and a diameter of 

about 6.5mm. The maximum area on the bottom for the antibody monolayer should 

be 𝜋 × 0.325𝑐𝑚2 = 0.33 𝑐𝑚2, and each anti-IgG molecule has an estimated area of 

about 1.5 × 10−11 𝑐𝑚2, thus, the maximum number of anti-IgG molecules that can be 

packed into the bottom plane of the well is about 2.2 × 1010. Over the entire volume 

of the 330 µL well, the density of antibodies is only 0.067µ𝑚3. However, for the 

typical 280 µm large agarose beads, about 9 × 1010 copies of IgG antibody can be 

immobilized within the bead matrix when using 1 mg/mL antibody in the coating 

solutions. Hence the cross-sectional density of integrated antibodies for agarose 

bead is 1.4 × 104, about 20,000-fold of increase, as compared to the two-

dimensional system. 

With an important role in assay performance, porosity of the bead matrix can be 

determined by tuning the concentrations of the precursor solutions during bead 

fabrication. First, more antibodies can be immobilized to capture antigens during 

the assay for beads with less porosities. Second, large porosity helps generate high 

diffusional and convection flows, increasing penetrations and delivering antigens to 
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interior binding sites within the bead matrix. Because antigens can still combine 

with some adjacent antibodies when initial bindings fail, interior parts of beads have 

strong avidity effects, which help trap more antigens inside the bead matrix and 

generate stronger signals. Chapter 6 will focus on a technique of fabricating larger 

300-µm beads by integrating a number of smaller 1-µm polystyrene beads into an 

agarose bead matrix. The novel hybrid bead sensor contains bigger pore sizes and 

relatively larger reaction areas for more efficient assays. 

Diffusional and conventional flows and influences on the assays in microfluidic 

devices have also been studied in previous works. (Lim and Zhang 2007, Thompson 

and Bau 2010, Jokerst, Chou et al. 2011, Chou, Lennart et al. 2012) Flow patterns 

and corresponding pressures are key factors to deliver antigens efficiently to active 

reaction centers within the bead matrix. On one hand, diffusions drive antigens from 

peripherals to center parts of beads. Signals developed by diffusional flows are 

uniformly around the sphere with a gradient distribution from the outside to the 

inside. On the other hand, under conventional flows antigens are driven in the same 

direction as fluidic flows. Signals developed by conventional flows are not as 

uniform as, but usually stronger than, those from assays driven by diffusions 

only(Parsa, Chin et al. 2008). High pressure in conventional flows can enhance 

penetrations and deliver more antigens to interior binding sites. Moreover, high 

flow rates associated with the conventional flows can quickly replenish depletion 

regions by bringing new analytes to areas near beads. Determining particular flow 

rates is therefore critical to develop significant signals within the given timeline. 
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Diffusional flows are more efficient in increasing the total number of reactions from 

constrained assay volumes, while convectional flows are more useful to generate 

quick enough signals to report levels of analyte within a given time. 

To achieve the best assay performance for each platform and biomarker, flow rates 

at which the sample reagents are delivered to the sensor should be 

optimized.(Parsa, Chin et al. 2008, Jokerst, Chou et al. 2011, Chou, Lennart et al. 

2012) At high flow rates, samples will be quickly consumed up in the surrounding 

areas of sensor beads. By the same token, antigens are less likely to be captured 

because they are moving too fast to get effective contact and reaction with binding 

sites on beads. Flow rates, therefore, should be controlled within a reasonable range 

to ensure adequate sensitivity, despite the competing desire to complete the assay 

quickly using faster conventional flows. Chapter 3 will introduce a novel flow 

mechanism of recirculation that can optimize the flow patterns in the sensor areas 

to improve the reaction rates without consuming more sample volumes. 

1.3 Bio-MEMS technologies and point-of-care diagnostic platforms 

During past several decades, the application of microelectromechanical systems 

(MEMS) had emerged and experienced a great success in commercial applications, 

such as accelerators, sensors and actuators, and transducers. By bridging computers 

and digital world into everyday life, MEMS had revolutionized the way people live. 

Information from the physical environments can be digitalized, stored, and analyzed 

by the computer. Conversely, better control of physical parameters can also be 

achieved by employing MEMS-based actuator and sensor systems.  
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Novel MEMS technology could potentially impact development of next generation 

biomedical devices(Whitesides 2006). Control of materials at the micrometer and 

nanometer scales evokes the possibility of revolutionizing treatment of disease. For 

example, researchers recently developed new polymer-based drug delivery systems 

for anti-cancer agents, specialized tools for minimally invasive surgery, novel cell 

sorting systems for high-throughput data collection, and precision measurement 

techniques enabled by microfluidic devices. 

Miniaturized systems designed for biomedical applications are usually categorized 

as specific types of the so-called micro-total-analysis system (micro-TAS)(West, 

Becker et al. 2008), which has mainly benefited from the development of MEMS 

fabrication technologies. Researchers had fabricated many kinds of MEMS based 

microfluidic components, such as micro-channels, micro-mixers, micro-reactors, 

micro-valves, and micro-pumps. The chip design significantly reduces the 

involvement of humans in such activities as sample handling and processing, 

resulting into better data qualities and more elaborate process controls. The 

concept of point-of-care systems was proposed for performing measurements for 

low-cost, high-sensitivity, improved specificity, and small sample consumption. 

Point-of-care devices present great advantages for health care in resources limited 

regions and developing countries(Yager, Edwards et al. 2006).  

In efforts to optimize bead-based sensors, bio-MEMS and microfluidic technology 

have been employed to create novel suitable platforms with lower cost and 

enhanced assay-handling abilities. Usage of new materials has been explored to 
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make micro-scale diagnostic and treatment components for various kinds of 

diseases. A new field of bio-MEMS has emerged following advancements in MEMS 

fabrication technology, biological control, and medical applications. Moreover, 

strategies of withholding beads in microfluidic chips also play an important role in 

the results of assays. Complex geometries are needed to generate the necessary flow 

pattern for fluids to effectively contact with surfaces of beads as much as possible 

without blocking the flows in the channel. Previous works by Andersson(Andersson, 

van der Wijngaart et al. 2000) and colleagues fabricated filter pillars to define a 

square reaction chamber where the beads were trapped for processing and analysis. 

Sato and coworkers(Sato, Yamanaka et al. 2002) constructed branching multi-

channels to trap single layer of beads, and four assay samples can be processed 

simultaneously. Zaytseva(Zaytseva, Montagna et al. 2005) and his group 

demonstrated that a magnet placed underneath the chip during the assay procedure 

could also immobilize beads.  

In this dissertation, each chapter will focus on a primary improvement of bio-nano-

chips, specifically, novel materials, new chip designs, and new bead structures. The 

first generation of silicon-based bio-nano-chip platform based on silicon will be 

briefly introduced and described in the next part of background introduction.  

1.4  Silicon based MEMS fabrications and the first generation of bio-nano-chip 

Silicon and glass are traditional bulk materials that have been well developed for 

early microfluidic applications. Silicon and glass fabrication procedures require a 

clean room environment for lithography patterning, bonding, wet etching, and dry 
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etching. Since the work in this dissertation is concerned mainly with silicon 

fabrication techniques, the balance of this chapter will focus on silicon chip 

fabrication technology. The same general principles can also be applied to glass, 

except that glass is amorphous (silicon is crystalline), and thus the fabrication 

requires different etchant and operating parameters. 

Silicon exists in the nature in three forms: crystal, poly-silicon, and amorphous. 

Single-crystal wafers can be used as the substrate for MEMS device. Silicon crystal 

has three types of unit cells: the simple cubic (SC), body-centered cubic (BCC), and 

the face-centered cubic (FCC). Crystalline silicon is constructed by covalent bonding 

and is generally composed of two interpenetrating FCC lattices. 
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Figure 1.3 Miller indices or orientations of silicon crystals.  

Another related property of crystal silicon structure is the miller indices, or crystal 

planes, which have important implications in etching techniques, as crystal planes 

can react with the etchant at very different rates. For example, the <1, 0, 0> plane 

can be etched by KOH at hundreds of times faster rate than the <1, 1, 1> plane, 

which can be actually considered to be resistant to KOH. Specific KOH-etchings on 

differently oriented wafers would exhibit different structure(Saliterman 2006). 
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Layout of microwell array designs was first prepared using AutoCAD and then sent 

to a commercial service company for printing masks. The mask material, depended 

on the necessary resolution: regular features can be printed on Mylar films but 

features smaller than 5 microns should be printed only on glass using chromium. 

Prior to fabrications, the silicon wafer should also be cleaned and treated to be 

hydrophobic. The wafer was cleaned thoroughly by immersing the wafer into a 

piranha solution at 80C. 

After cleaning, the wafer was coated and patterned with a layer of photoresist by 

using UV lithography. The printed mask with designed patterns can be transferred 

to the photoresist layer with high fidelities. There are two general types of 

photoresist: negative and positive. Negative photoresist is stabilized by UV 

exposure, and is usually used in soft lithography for microfluidic channel moldings, 

which will be discussed later.  

For positive photoresist, areas that receive UV light undergo the reverse process of 

cross-linking and will be removed in developer. Positive photoresists are normally 

chosen as protection layers for small features and thin films in chemical vapor 

deposition (CVD), reactive ion etch (RIE), electroplating, and electron beam 

evaporation, preventing covered areas from being etched away. Multilayer 

patterned features are created on the silicon wafer by repeating the process. 

The negative photoresist molecules became cross-linked when exposed to UV. Thus 

the transparent pattern on the mask will be transferred on the wafer after 

unexposed photoresist in the developer is rinsed off.   
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Silicon wafers can also be grown with a layer of thermal silicon dioxide or thermal 

silicon nitride for specific electrical and etching purposes. In a chemical vapor 

deposition furnace, the wafer is heated rapidly, and a rapid-thermal-annealing 

process is applied in the provided gas environment, such as silane, oxygen, helium, 

and nitrogen. In our lab we utilized a plasma-enhanced chemical vapor deposition 

(PECVD) process in the Rice University clean room to grow protection layers of 

silicon nitride on both sides of silicon wafers before fabricating. The chemical 

reactions of for nitride layer growth on silicon wafers are showed as in figure 1.5. 

  

Figure 1.4 Chemical reactions in the silicon nitride deposition process. 

Etching techniques of silicon wafers are either dry or wet etch depending upon 

whether a wet etchant solution is required in the process. For the dry technique, the 

etching profile in the wafer is isotropic, because small particles or ions were shot to 

the exposed areas in one direction. But for wet etching, because different crystal 

planes are reacting with the etchant at highly different rates, and the etching 

progressed anisotropically, resulting into specific structures for given orientations 

of the wafers. Both wet and dry etching techniques are employed to fabricate the 

first-generation microchip bead holder based on silicon. 
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In efforts to create efficient and cost-effective point-of-care devices for developing 

countries, the McDevitt lab has successfully developed, tested and validated bio-

nano-chip platform. The core in the system is a silicon microchip, which serves as 

both the physical bead holder and chemical reactor. Anisotropic wet etching was 

used to generate an array of microwells in a thin silicon chip. The microwells were 

in the shape of an inverse pyramid, which had bottom trans-wafer holes to 

physically withhold beads. As discussed earlier, the wafer of <1, 0, 0> surface 

orientation was chosen as the etching base. Silicon nitride layers of 100 nanometers 

were grown using chemical vapor deposition on both sides of the wafer. As Silicon 

nitride, resistant to KOH etching, protects the balance of the surface area of etching. 

S1813 photoresist was spin coated on the top surface and exposed to UV light 

through a pre-designed chrome mask printed on a glass plate. Positions of 

microwells and the spacing in the array were defined by a photolithography pattern, 

as the nitride layer not covered by the photoresist “openings were determined by 

the thickness of silicon wafers and the diameter of beads. The dimensions of 

microwells were adjusted to accommodate agarose beads inside and protect them 

from pressures and high flows during the assay. Bottom openings were large 

enough to allow the flow to exit the chip; a small bottom hole would tend to be 

clogged by the beads and would generated a great flow resistance. Bottom openings 

were fabricated with bottom openings at least 100-µm square, and the top openings 

at least 500-µm square because the angle between the <1, 0, 0> and <1, 1, 1> surface 

is always 54.7 degrees. The detailed procedure for fabricating the silicon bead 

holder in the Rice University clean room is given the Appendix A.  
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Figure 1.5 Silicon microchips with the bottom trans-wafer openings: the 

inverse-pyramid shaped microwells served as both physical holders and 

reactions chambers. Figure adapted from Jorge Wong, dissertation at UT 

Austin, 2007. 

As demonstrated in figure 5, the three-dimensional bead holder is designed to force 

sample fluids to flow from the top opening to the bottom exit, forcing beads in 

microwells to receive a thorough shower of sample reagents. This top-to-bottom 

convection flow can deliver more samples to sensor beads as compared to two-

dimensional lateral flows, which only allow the upper parts of beads, therefore a 

smaller surface area to contact sample flows. With this enhanced ability to capture 

antigens, the final assay signal was increased. Furthermore, because antigen 

molecules at peripherals of beads can quickly penetrate interior pores under high 

localized pressures generated by convection flows, antigens tend to be captured not 

only at peripherals, but also in interior parts of beads, where high avidity effects 

dominate the polymer matrix. This assumption had been proved by both 
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computational simulations and confocal images of the beads recovered from 

assays.(Jokerst, Jacobson et al. 2010, Jokerst, Chou et al. 2011) 

In addition to improving sample delivery methods and enhancing assay signals, 

bead array designs can also improve the multiplexed analyte detection(McDevitt 

2001, Ali, Floriano et al. 2005). Unique positions of each bead in the array can be 

naturally considered as the coding information for multiple types of biomarkers. For 

example, in a 3x4 array each bead can be coded with an integer from 1 to 12, since 

the row and column for each bead is unique. For quality control purposes, at least 

one bead should be used as negative control, thus a maximum of 11 biomarkers can 

be detected in one single test. In practice, successful diagnostics of most diseases do 

not need such a large number of biomarkers at the same time; hence, we can assign 

one entire column to a specific biomarker, allowing a 3x4 array to detect four 

different types of biomarkers in one test. In assay tests, the first row for each 

column is usually loaded with control beads for the specific biomarker. Average 

fluorescence intensities for the rest of beads in each column were calculated and 

considered as the signals of that biomarker assigned to the column. Standard 

deviations of signals from each column were used to evaluate the accuracy of the 

test, and small deviations were expected to generate high confidence of diagnostics 

in actual clinical tests. 
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Figure 1.6 Schematics of the flow cell designed for silicon microchips hosting 

agarose beads. Figure adapted from Jorge Wong, dissertation at UT Austin, 

2007. 

As illustrated by figure 12, a silicon microchip can be enclosed inside a metallic or a 

plastic flow cell system. The system is made of several stacked layers and contained 

microfluidic channels to guide sample reagents into a detection chamber where the 

bead array and silicon chip are located. The microfluidic channel designs were 

drawn by AutoCAD and cut from vinyl films with a plot cutter. At each end of the 

fluidic channels were inlet and outlet plastic bases that connected reservoirs to 

channels through inserted tubing. The inlet hole was on the top of the silicon 

microchip and the outlet hole was below the bottom of the silicon microchip. By 

using mechanical peristaltic pumps, sample reagents were first driven from 

reservoir through the inlet tubing, and then passed through microfluidic channels. 

An extra hole was also created in the downstream flow path to allow excess flows to 

exit and to release air bubbles accumulated within the chip during the assay 
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procedure. At the end of flow cell system, the silicon microchip served both as the 

reaction and observation chamber for taking fluorescence images after assays.  

Silicon microchips can be further packed into a card-size cartridge containing more 

functional components for immunoassays, such as on-chip dry reagents store unit, 

pumps, mixers, and integrated mini-microscope and cameras. The innovative 

platform targets cardiac biomarkers in both blood and saliva, and measures their 

concentrations accurately within relatively short assay times. The McDevitt lab has 

developed both research grade and through partnerships also commercial grade 

portable imaging systems.  The latter is suitable for various environments, such as 

private homes, ambulances, and emergency rooms. 

1.5 Novel bio-MEMS techniques for fabricating advanced bio-nano-chip platforms 

Silicon and glass fabrications both require well-trained professionals, a clean room-

level environment, sophisticated and costly equipment, and complicated 

procedures. Their applications in the biomedical field, such as fabricating portable 

diagnostic devices, were cost-prohibitive. A great deal of research has been 

undertaken to explore new materials and innovative fabrication techniques to make 

MEMS-based devices more affordable. For example, soft lithography(Duffy, 

McDonald et al. 1998), Xurography(Focke, Kosse et al. 2010), hot embossing(Focke, 

Kosse et al. 2010), and injection molding(Focke, Kosse et al. 2010) techniques are 

used to fabricate bio-medical devices. Their basic fabrication procedures will be 

briefly introduced in this session; more ideas and experiments for improved 
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fabrication techniques will be discussed in later chapters. 

 

Figure 1.7 Schematic of PDMS fabrication procedure, in which elastomers 

were casted to replicate photoresist patterns on a silicon master wafer. 

Soft lithography technology first patterned a layer of photoresist on the silicon 

wafer using traditional UV lithography, whose resolution is as fine as a few 

micrometers. Polydimethylsiloxane (PDMS) elastomers and curing agents are 

applied on the surface of silicon wafer. After curing, PDMS parts were peeled from 

the wafer mold and the side adjacent to the wafer was left with imprinted patterns, 

such as microfluidic channels, mixers, and reaction chambers. Cast PDMS parts 

highly replicated features of photoresist fine patterns on the master silicon wafer. 

As the wafer can be reused to produce many replicated parts, PDMS had offered a 

both fast and cost-effective option for fabricating biomedical devices. 

Since the first report of PDMS-based soft lithography technology, researchers have 

built a number of PDMS-based microfluidic immunoassay chips, which integrated 

with various types of sensors, such as functionalized glass surfaces, polymeric 

beads, and silver reductions. For instance, Sia and coworkers in Whiteside lab(Sia, 

Linder et al. 2004) have developed a PDMS-based pocket immunoassay chip for HIV 

detection one button-size battery powers the on-chip optical detector eliminating 
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the need for UV light sources or lasers for detection and making it appropriate for 

resource-poor settings. 

In this dissertation, two kinds of PDMS based immunoassay based microfluidic 

immunoassay platforms using three dimensional agarose bead based sensors will be 

introduced in chapters 3 and 4. 

More novel fabrication techniques employing thin films have been reported 

recently, and some have already been made available in the commercial market. One 

popular technology is called Xurography(Focke, Kosse et al. 2010), which employs a 

programmable knife to prototype the thin films, such as polymethylmethacrylate) 

(PMMA), polyethylene terephthalate (PET), and cycloolefin copolymer (COC). 

Briefly, a thin plastic film is aligned on an adhesive back sheet. Then a computer-

controlled plotter cutter moves across the sheet to cut the plastic film, and uncut 

parts were carefully peeled off to reveal pre-designed patterns. Finally, adhesive 

protection paper was carefully removed and the plastic surface was exposed. The 

resolution of the plotter cutter is about 100 µm, and by employing a newer model of 

machine with improved knife blades, the resolution can be improved to 50 µm. 

Although this resolution is not comparable to that of soft lithography, which that can 

be controlled up to 5 µm, Xurography still has certain advantages in many 

commercial applications as it is easy to acquire (no clean room needed) and simple 

to operate (no specialized training needed). When features are bigger than 50 µm, 

Xurography offers a cost-effective and efficient alternative to fabricate the devices.  
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In addition, CO2 lasers can also be employed to cut the microfluidic structures on 

thin films. The resolution of the laser micromachining depends on the laser power 

and frequency, and the thermo properties of the thin films. Structures with multiple 

layers can be achieved by assembling single layers of cut films with plotter cutter, 

laser, and a computer numerical controlled (CNC) milling machine. For example, the 

microfluidic card immunoassay device developed by the Yager lab(Yager, Edwards 

et al. 2006, Stevens, Petri et al. 2008, Fu, Yager et al. 2011) was composed of 10 

layers with specifically designed functions for each layer, such as delivering 

samples, processing samples, and other on-card assay procedures. The dry reagent 

was integrated on the card. The device was able to accomplish the entire assay 

protocol, while the only required input is loading the samples. In another similar 

research, Bau group(Qiu, Thompson et al. 2009) had made a finger-actuated 

cassette consisting of several layers cut by a CNC milling machine. Adjacent layers 

were thermo bonded together as one single piece. The final chip contains storage 

chambers for reagents, needle seats, and interconnecting needles, the mixing and 

detection chamber, and an air pouch. After being loaded, sample fluidics in this self-

contained device was driven by pressures released from the air pouch.  

The McDevitt lab had also built up a stainless steel-based microchip and a card 

platform for cardiac biomarker detections. Multiple layers of PET films were cut by a 

plot cutter and then assembled. The card platform served to deliver sample reagents 

to the microchip, which contained an array of agarose beads. The detection 
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antibodies had been tested to store as a dry reagent pad within the card and proved 

to be compatible with settings at room temperatures and exhibited a long shelf life. 

Researchers have also explored other fabrication potentials based on their thermo 

properties. Hot embossing and injection molding are two most promising 

techniques. While hot embossing technique provides another option for quick 

molding and testing, injection molding offers a cost-effective way to produce a large 

quantity of chips with better quality controls using the same design. 

Hot embossing is a technique of imprinting microstructures on a polymer substrate 

using a master mold(Focke, Kosse et al. 2010). The mold can be of one of several 

types of material, such as CNC-machined metal, nickel-electroplated molds created 

from master silicon wafers, laser micro-machined polymers, PDMS, and even epoxy 

(to be discussed in chapter 2). In a typical hot embossing fabrication procedure, first 

both the mold and polymer films were heated on the plate to a temperature just 

above the glass transition point, at which the polymer could deform to the external 

pressure but without being melted. Then a certain embossing force or load was 

applied by pressing the master on the polymer surface. After a period of 

stabilization time, the force was kept on while cooling down substrate and master 

and mold by applying water or gases. Finally, the assembly of master mold and 

polymer substrate was carefully disassembled and the polymer films cut into 

desired pieces for each device. 

The polymer-based microfluidic devices are biocompatible, and thus have a large 

potential in biomedicine and diagnostic applications. As compared to traditional 
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fabrication techniques, such as soft lithography, the hot-embossing procedure offers 

rapid manufacturing of a large volume of disposable productions at relatively low 

cost. A thermal bonding step can be further employed to permanently seal the 

device or bond multiple layers with more functions. The thermal bonding procedure 

is similar to that of hot embossing, but instead of using the master mold and 

polymer film, two pieces of polymer films are first assembled and pressed to bond 

together while heating above glass transition temperatures. The bonding is 

irreversible and robust, but the success rate depends on whether two parts of 

polymers have close transition temperatures. The alignment can generate errors, 

and precise bonding of small features requires the attention well-trained 

professionals. 

To improve cost controls, another technique of micro-injection molding(Focke, 

Kosse et al. 2010) that also targets to thermo-plastics had been introduced for both 

rapid prototyping and producing large volumes of plastic based microfluidic 

devices. A micro mold should also be first prepared using methods described in the 

hot embossing section. After loading the mold, the entire system is heated to the 

melting point of polymers, and then liquid polymers are inserted into the cavity and 

formed over the mold on the heated plate. The final part of the chip is achieved by 

cooling down the entire housing chamber and peeling from the mounted mold. 

Micro-molds used for both hot embossing and injection molding are CNC machined 

or electroplated metals, which can sustain the process of heating and pressing, 

although silicon and photoresist had also been reported to be used successfully. As 
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the initial bio-nano-chip platform developed in our lab was based on micro-

machined silicon, it is rather straightforward to transfer three-dimensional patterns 

from silicon master wafers to electroplated nickel plates. Because traditional MEMS 

materials, such as wet etched silicon wafers (~280 µm thick), are fragile under high 

pressures, previously prepared silicon wafers cannot be reused as the molds for hot 

embossing or injection molding for transfer of inverse pyramid patterns. As an 

alternative option, the electroplating method has proved suitable for the setup of 

silicon wafers and easier to replicate polymer-based chips with same patterns of the 

silicon chips.  

Positive features can also be transferred from the wet-etched silicon to plastic films 

by first transferring three-dimensional patterns to a nickel-based micro-mold using 

the electro-foaming technique(Chou, Du et al. 2013). The entire silicon surface was 

first coated with a seeding layer of titanium and gold (~100 nm) using a sputtering 

machine. The wafer was then put into the electro-foaming solution with the current 

over the surface through a power supply and the connecting pins. The thickness of 

the nickel mold can be controlled by the electroplating time. About 2~3 mm (~ 10 

hours electroplating) was generally chosen for hot embossing and injection-molding 

insert mold. The backside of the nickel plate was machined as a flat surface. Finally 

the mold was removed from the silicon master wafer and was ready to be used for 

injection-molding or hot embossing. 

Apart from the nickel electroplated mold, other materials such as PDMS and metal-

based epoxy molds with transferred patterns from silicon master molds have also 
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been tried for hot embossing and injection molding techniques to produce plastic 

bio-nano chips in the McDevitt lab. For example, in a study collaborated with Jie 

Chou and other coworkers, a fabrication technique was developed that employed 

aluminum-based epoxy as the mold insert for hot embossing, to be discussed in 

chapter 2. The cost of the epoxy-based mold is lower than that of nickel electro-

foaming. However, it takes hours to cure the epoxy, resulting time-consuming 

testing strategies design to productions for devices that are still in the research 

stages. 

Furthermore, more cost-effective materials have also been studied to replicate the 

three-dimensional designs in efficient ways. For instance, PDMS can be applied first 

to have a positive replicate of the pyramid shapes, and then by spinning a layer of 

thiolene-based epoxy, the microstructures were transferred into the epoxy film after 

instant UV cure. Changing the spinning speed can control the thickness of the epoxy, 

and appropriate thickness can generate open holes on the bottom of the microwells 

to allow bypass flows around beads during assays. The details about the procedure 

were described in chapter 2. 
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Characteristic

s 

Silicon Soft 

Lithograph

y 

Xurograph

y 

Hot 

Embossin

g 

Injectio

n 

Molding 

Number of 

layers 

1 2 > 10 1 1 

Aspect ratio < 0.05 1 50 20 20 

Resolution < 0.1 

micron

s 

5 microns 100 microns > 20 

Microns 

 10 

microns 

Cost High Moderate Low Moderate Low 

Productivity Low Low Moderate High High 

 

 

Table 1 Comparison of the most used fabrication technologies for producing 

microfluidic chips. 
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Chapter 2. The PDMS-Epoxy hybrid device for disposable 

applications 

 

Overview 

This chapter reports on the fabrication of a disposable bio-nano-chip (BNC), a 

microfluidic device composed of polydimethylsiloxane (PDMS) and thiolene-based 

optical epoxy. These components and fabrication methods have potential to produce 

new structures that are both cost-effective and suitable for high performance 

immunoassays. A novel room temperature (RT) bonding technique was utilized so 

as to achieve irreversible covalent bonding between PDMS and thiolene-based 

epoxy layers, while at the same time being compatible with the insertion of agarose 

bead sensors, selectively arranged in an array of pyramidal microcavities replicated 

in the thiolene thin film layer. In the sealed device, the bead-supporting epoxy film is 

sandwiched between two PDMS layers comprising of fluidic injection and drain 

channels. The agarose bead sensors used in the device are sensitized with anti-C-

reactive protein (CRP) antibody, and a fluorescent sandwich-type immunoassay was 

run to characterize the performance of this device. Computational fluid dynamics 

(CFD) was used based on the device specifications to model the bead penetration. 
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Experimental data revealed analyte penetration of the immune-complex to 100µm 

into the 280µm diameter agarose beads, which correlated well with the simulation. 

A dose response curve was obtained and the linear dynamic range of the assay was 

established over 1ng/mL to 50ng/mL with a limit of detection less than 1ng/mL. 

 

1. Introduction 

General immunoassays typically require time-consuming procedures, expensive 

instruments, and highly trained technicians. In implementing micro-fabrication 

techniques, microfluidic technology has shown significant potential to decrease 

analysis time and miniaturize the large, sophisticated detection instrumentation 

(Walt 2005, Sia and Kricka 2008). Microfluidic immunoassay systems can target 

small volumes of biological solutions with highly sensitive integrated sensors 

(Bange, Halsall et al. 2005). In efforts to develop portable prototype sensors used in 

microfluidic systems, researchers have explored various types of functional 

materials and techniques, such as nitrocellulose paper(Fu, Lutz et al. 2010, Li, 

Ballerini et al. 2012), silver reduction (Sia, Linder et al. 2004), encoded particles 

(Pregibon, Toner et al. 2007) and gel electrophoresis (Meagher, Hatch et al. 2008). 

New signaling strategies, such as multi-wavelength microflow cytometer (Golden, 

Kim et al. 2009), and lensless imaging (Moon, Keles et al. 2009) have also been 

reported to further miniaturize the entire microfluidic systems for point-of-care 

applications. 
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Recently, incorporating functionalized colloidal microbeads into microfluidic 

channels has been reported as a novel miniaturized means to perform immunoassay 

tests (Lim and Zhang 2007, Shin, Lee et al. 2007). As the physical support for 

capture antibodies (Nolan and Sklar 2002), beads are suitable as sensors for 

immunoassays. First of all, they possess high surface to volume ratios and thus are 

capable to immobilize a large number of capture antibodies. Furthermore, because 

of the fact that beads are addressable and can be pre-programmed by selective 

conjugation to various probe molecules, bead-based systems are capable of 

multiplexed assay tests. While many groups use solid phase beads, such as 

polystyrene beads, some groups utilize agarose beads (Goodey, Lavigne et al. 2001, 

Christodoulides, Tran et al. 2002, Ali, Kirby et al. 2003, Jokerst, Floriano et al. 2008, 

Thompson, Du et al. 2010), because the interior porous structure of agarose beads, 

further contributes to increase the number of capture antibodies, and hence antigen 

antibody interactions (Jokerst, Chou et al. 2011). 

However, the optimal strategy to integrate agarose beads in microfluidic systems is 

still not well established yet. As a particular type of gel, agarose beads cannot keep 

their original shapes if immobilized by clamping in two dimension structures 

(Thompson and Bau 2010). Further, agarose beads need to be kept moist after 

preparation to prevent interior pore size degradation upon bead drying (Wong 

2007), and it is not quite clear yet whether this will affect final signal stabilities. 

Moreover, instead of using lateral flow over the top of beads or diffusion driven 

delivery methods, more complex fluidic patterns such as convective flow are 
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necessary for analytes to quickly and effectively penetrate into the core of the beads 

to take full advantage of the high avidity and large density of capture antibodies in 

three dimensional porous structures (Jokerst, Chou et al. 2011). To overcome these 

issues, several studies have employed anisotropically etched silicon to both 

physically protect beads within dedicated areas of the array and generate 

convective flow to efficiently deliver analytes to the beads (Kirby, Cho et al. 2004, 

Christodoulides, Mohanty et al. 2005, Li, Floriano et al. 2005, Sohn, Goodey et al. 

2005, Christodoulides, Dharshan et al. 2007, Jokerst, Raamanathan et al. 2009, 

Jokerst, Jacobson et al. 2010). Nevertheless, fabrication issues and cost constraints 

limit the direct use of silicon into practical systems, and new materials and designs 

are needed to optimize agarose bead-based immunoassays in microfluidic systems. 

This chapter focuses on the development of a microfluidic design, termed bio-nano-

chip (BNC), composed of PDMS and thiolene-based epoxy, and evaluates its 

performance with a bead-based C-reactive protein (CRP) immunoassay. The low 

cost chip was integrated by permanently and irreversibly bonding PDMS and 

thiolene film at room temperature (RT). The seal-proof chip is disposable and 

potentially free of contamination. These features are expected to accelerate the 

translation of the BNC from the laboratories to point of care applications for global 

public health (Yager, Edwards et al. 2006, Lee, Kim et al. 2010). To characterize the 

performance of new structure, we carried out a sandwich-type immunoassay for 

CRP, an inflammation and cardiac risk biomarker (Christodoulides, Floriano et al. 

2005). 
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2. Materials and methods 

2.1 Materials and Reagents 

Silicon wafers (4in.) were purchased from Nova Electronic Materials (Richardson, 

TX, USA). Photolithography masks were printed on mylar films at 10,160dpi by Fine 

Line Imaging (Colorado Springs, Colorado, USA). The SU8-3035 photoresist was 

obtained from MicroChem (Newton, MA, USA). Sylgard 184 PDMS kits were 

manufactured by Dow Corning (Midland, MI, USA) and 10:1 weight ratio (pre-

polymer to curing agent) was used in this work. Norland optical adhesive 81 

(NOA81) was ordered from Norland Products (Cranbury, NJ, USA). 3-

Aminopropyltriethoxysilane (APTES, 97%) and 2-hydroxyethylmethacrylate 

(HEMA) were received from Sigma-Aldrich.  

Agarose beads were prepared by emulsification of 2% type I-B agarose purchased 

from Sigma. Briefly, 1g of agarose was stirred and dissolved in 50mL of nano-pure 

water at 60°C. A suspending solution of 10mL of Span85 (Sigma) and 90mL hexanes 

was heated to 60°C and stirred at 900rpm. The agarose solution was poured into the 

suspending solution followed by stirring at 900rpm at 59°C for one minute. The 

stirring was then adjusted to 600rpm with heat off to allow the agarose to gel to 

25°C. Beads were collected, washed with 50/50 mixture of ethanol/water and 

sorted using a sieve that screens out beads of 250-280µm in diameter, which were 

then glyoxylated to transform the hydroxyl groups to aldehyde groups. 

Rabbit anti-human CRP antibody used both as capture and detection antibody, was 

purchased from Accurate Chemical Corp (Westbury, NY, USA). AlexaFluor®488 
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protein labeling kit from Invitrogen was conjugated to the detection antibody 

following instructions from the manufacturer. CRP antigen was from Fitzgerald 

(Acton, MA, USA), and the Helicobacter pylori antibody conjugated on the control 

beads, was purchased from Meridian Life Science (Memphis, TN, USA). Prior to the 

assay, CRP antigen was diluted with phosphate buffered saline (PBS) blocking buffer 

containing 1% bovine serum albumin (BSA). Secondary detection antibody was 

diluted with PBS in 0.4% v/v.  of glyoxylated 2% agarose beads 

were coupled to 9mg/mL polyclonal rabbit anti human CRP antibody in a 1.5 mL 

solution overnight and blocked with tris solution for 1hour prior to final wash. 

Negative control beads were prepared similarly, by incubating 2% agarose beads 

with a polyclonal antibody irrelevant to the CRP target and specific to Helicobacter 

pylori. 

2.2 Instrumentation 

The BNC was placed under a BX2 Olympus microscope, equipped with a mercury 

lamp, a 0.13 NA 4 x UPlanFlair objective, and a FITC filter cube 

(fluoroisothiocyanate, 480 nm excitation, 505 nm long-pass beam splitter dichroic 

mirror, and 535±25 nm emissions). Fluorescent images were captured by a DVC 

1312C CCD camera (Digital Video Camera, Austin, TX, USA). 

Confocal images were acquired on an LSM 510 META laser scanning microscope 

system equipped with a 10x/0.45 Plen-APOCHROMAT objective lens from Zeiss 

(Germany). From the excitation and emission maxima of the AlexaFluor®488 dye at 

495 nm and 519 nm, respectively, the proper configuration controls were applied. 
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Argon laser, Lasos Carl Zeiss promenade 10, with output of 50% was used for 

excitation at 488nm. Fluorescence emission was detected in the interval between 

500 nm and 550 nm. 

2.3 Assay procedure 

In this study, the chip was then structurally and functionally evaluated with the 

completion of a series of assays targeting detection of CRP. Prior to the assay, a 3×4 

microarray of wells on the chip was manually loaded with agarose beads. The first 

three columns on the array were loaded with beads coupled to anti-CRP antibody, 

while the fourth column hosted negative control beads, coupled to an irrelevant 

antibody to CRP antigen. A syringe pump (NE-1000, New Era Pump Systems) was 

employed to deliver the samples and reagents for the assay. After exciting the beads 

at 480nm, the CRP detection beads exhibited green fluorescence signals in contrast 

to the negative counterparts, confirming the specificity of the antigen-antibody 

reactions and negligible non-specific binding within the BNC device (Figure 2).  
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Figure 1 Thiolene-based epoxy bead array layer is sandwiched between two 

PDMS microfluidic layers. Figure adapted from Du, N. et al. 2011. Biosensors 

and Bioelectronics 28(1): 251-256. 

 

2.4 Data analysis 

The beads were optically excited at 480 nm and resulting images were captured by 

CCD and further processed to quantify the signals derived from the beads. More 

specifically, custom-built image analysis routines written within the ImageJ 

environment were used to process the captured images and analyze the 

fluorescence data. Each bead in the array as visualized in the green color was 

scanned with a series of line profiles spanning 80% of the bead diameter and the 

average of the maximum obtained for each profile line was recorded into a list. An 

outlier routine rejected measurements outside two standard deviations (SD) from 

the median. The fluorescence signal of a bead was calculated by averaging the 

fluorescence intensity from the remaining measurements. The fluorescence 

intensity of an array was defined as the average of all fluorescent beads of the same 

type (i.e., CRP) and the background was defined as the average of the negative 

control beads. 
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Figure 2 Epi-fluorescence image of bead array at the end of assays (10ng/mL). 

Figure adapted from Nan Du et al., Du, N. et al. 2011. Biosensors and 

Bioelectronics 28(1): 251-256. 

2.5 Computational Modeling 

Computational simulations were run in COMSOL 3.5a (Burlington, MA). An array of 

280 µm beads resting in individual wells was constructed using AutoCAD and then 

imported into COMSOL. Navier-Stokes and Convection and Diffusion application 

modes were added from the Chemical Engineering module. The subdomain 

properties of the beads were loaded from the water library and Brinkman's 
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equation was enabled to allow for flow through a 243nm pore size bead with 96% 

porosity. The inlet velocity was set to 80 µL/min and outlet pressure was set to 

atmospheric pressure. The reaction rate governing the system is given by cAb + cAg 

<=> cAbAg, where cAb is the loaded antibody concentration, cAg is the delivered 

analyte concentration, and cAbAg is the coupled analyte-antibody pair. The reaction 

association and dissociation rates are 105 L·mol-1s-1 and 10-5 s-1 respectively. The 

analyte concentration was set to 300ng/mL and antibody concentration was 9.01 

mg/mL. For simplicity, the loaded antibody and bound pair concentrations were 

normalized to the inlet analyte concentration. Particle image velocimetry (PIV) 

studies on the platform have been conducted to confirm the flow profiles from CFD 

and the flow patterns presented here compare well with those obtained from the 

experimental PIV (data not shown). 
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3. Results and Discussions 

3.1 The fabrication of silicon taste-chip 

 

 

Figure 3 (A) Schematic of silicon crystal structure. (B) The wet etching process 

on the (1 0 0) silicon surface. (C) The SEM image of an etched well with a glass 

bead sitting inside. 
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A typical silicon bead holder as in Figure 3, is made through bulk micromachining of 

silicon using anisotropic etching. Inverted square- based pyramid wells are 

chemically etched in a square arrayed pattern on silicon wafers (230–380 µm thick). 

This design serves as a chamber to contain the beaded sensing element while 

allowing both bottom-illuminated light to be transmitted through the bead and fluid 

to flow perpendicular through the wafer. Furthermore, patterns of these wells have 

been etched to create 3 × 3, 3 × 4, 4 × 5, 5 × 7, and 10 × 10 arrays. 

Although not fully understood (parameters such as atomic lattice packing density 

and attached H2O molecules play an important role), anisotropic etching of silicon is 

characterized with the very highly preferential etching of silicon along the (111) 

surface, allowing the fabrication of microstructures with a great level of control. The 

complete sequence is shown in Figure 2. Briefly, here is the succession of steps 

required for the fabrication 280-µm double-sided polished p-type 4 inches single 

crystal silicon (1 0 0) wafer was deposited with Si3N4 using low-pressure chemical 

vapor deposition (LPCVD) techniques. A layer of ~1000 Å is created by reacting 

ammonia (NH3) and dichlorosilane (SiCl2H2) gas with a flow rate of 3.5:1, i.e., 70:20 

cm3/min, at 830 °C and 200 mtorr. The wafer is then moved to a photolithography 

clean room environment. The mask layer is removed from one side of the silicon 

substrate by protecting the other side with photoresist and plasma-etching (CF4 and 

O2 at 100W) the Si3N4 layer. This is achieved by reactive ion etching (RIE) with a 

flow rate of 20:1 CF4:O2 (80:4 cm3/min). An etching rate of ~1000 Å/min is 

observed with 100 W of radio-frequency power and 50 mtorr of pressure.  
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The wafer is dipped into a 40% KOH solution at 79 °C for 9 hours in order to etch 

the substrate. This creates the square-based pyramidal wells with an angle of 54.7o 

with respect to the surface of the silicon. Once the KOH etch is completed, the nitride 

masking layer is completely removed with plasma etching.  

To get rid of the reflectance from the substrate, the wafer is soaked in 30% H2O2 

solution for 15-20 min to form a thin SiO2 layer on the surface of the silicon. This 

improves surface-wetting characteristics.  

3.2 PDMS-Thiolene hybrid chip design and fabrication 

The hybrid chip is composed of three layers (Figure 4). The top and bottom PDMS 

layers contain the injection and drain channels respectively. The channels (300μm 

wide, 50μm high) were molded with SU8-2015 and cast into PDMS. The middle 

layer was an optical epoxy film with square pyramidal cavities, where the beads 

were physically constrained. Optically transparent epoxy provides light 

transmission in a wide spectrum range. The low background noise becomes an 

important feature when dealing with complex biological matrices, such as blood and 

saliva.  
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Figure 4 (A) Layout of the bio-nano-chip design. (B) The PDMS-thiolene hybrid 

chip with a U.S. penny. Figure adapted from Du, N. et al. 2011. Biosensors and 

Bioelectronics 28(1): 251-256. 

The following steps were taken to achieve the pyramidal holes in the thiolene-based 

epoxy, as in Figure 4(A). First, a 400µm-thick silicon wafer with the <100> crystal 

surface orientation was prepared through anisotropic etching, as reported 

previously (Christodoulides, Dharshan et al. 2007), to create square pyramids with 

dimension at the top of 670μm and bottom 80μm as in Figure 4(B). Second, PDMS is 

casted on the silicon master to get a replica with positive features of the square 

pyramids. Then, NOA81 optical liquid adhesive is dispensed on the PDMS surface 

that has positive features and spun at 3.3 g units for 30 sec. The NOA81 chosen in 

this study has relatively low viscosity (300 cps), and therefore it easily spreads to a 

thin film without any air bubbles by spinning. However, because the PDMS surface is 

naturally hydrophobic, the liquid adhesive tends to aggregate together and form 

droplets on its surface, rather than spread out evenly, before spinning we need first 

utilize oxygen plasma (PE-50, Plasma Etch) and 2-hydroxyethyl methacrylate 
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(HEMA) polymer grafting to render its surface permanently hydrophilic (Bodas and 

Khan-Malek 2006). Finally, the composite was exposed in UV light for 1 min 

(Polylux 500, Norland Products). After the UV treatment, the liquid epoxy turns to a 

hard resilient solid film that could be peeled off easily from the PDMS. As displayed 

in Figure4(C), the replication from silicon to epoxy was accurate in terms of the 

square pyramidal shape. The bottom of the pyramid was found to be enlarged by 

about 50 µm due to the need to keep the level of epoxy liquid lower than the peak of 

positive PDMS replica after spinning, in order to produce through holes. A single 

piece of PDMS replica could be reused to produce a number of epoxy copies. 
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Figure 5 Fabrication of bead holders with the optical epoxy. Figure adapted 

from Du, N. et al. 2011. Biosensors and Bioelectronics 28(1): 251-256. 

The thiolene based epoxy could be bonded to PDMS by plasma cleaning (Hung, Lin 

et al. 2008). However, the general plasma cleaning protocol of bonding(Sunkara, 

Park et al. 2010, Tang and Lee 2010). It takes advantage of the irreversible covalent 

bonding between plasma treated PDMS and the 3-aminopropyltriethoxysilane 

(APTES) modified thermoplastic surface (Figure 6). Here, we applied a similar 

technique to the surface of epoxy. First, the surface of epoxy was cleaned by oxygen 

plasma and then soaked in 1% v/v APTES solution for 30 min and dried with 

nitrogen. Second, agarose beads conjugated with anti-CRP antibodies were loaded 

into the wells manually with tweezers. Finally, the epoxy surface was brought into 

contact with the plasma cleaned PDMS surface, resulting into irreversible covalent 

bonding at RT. The PDMS may not be suitable when agarose beads located on its 

surface. To ensure the polymeric bead structure stability, the protein-derivatized 

agarose beads need be kept wetted all the time. On one hand, if the beads were 

loaded before plasma cleaning, the vacuum environment would dry out the agarose 

beads and denature the antibodies. On the other hand, if beads were loaded after 

plasma cleaning, the time required to load beads onto the array, would make it hard 

to exploit the best timeframe for bonding to take effect, which is immediately after 

treatment of the epoxy surface. Recently, a new way of bonding PDMS to 

thermoplastics at RT has been reported (Sunkara, Park et al. 2010, Tang and Lee 

2010). It takes advantage of the irreversible covalent bonding between plasma 
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treated PDMS and the 3-aminopropyltriethoxysilane (APTES) modified 

thermoplastic surface (Figure 6). Here, we applied a similar technique to the surface 

of epoxy. First, the surface of epoxy was cleaned by oxygen plasma and then soaked 

in 1% v/v APTES solution for 30 min and dried with nitrogen. Second, agarose 

beads conjugated with anti-CRP antibodies were loaded into the wells manually 

with tweezers. Finally, the epoxy surface was brought into contact with the plasma 

cleaned PDMS surface, resulting into irreversible covalent bonding at RT.  

 

Figure 6 Room temperature bonding between APTES modified epoxy and 

plasma treated PDMS 

3.3 CRP immunoassay within BNC 

The inverted pyramidal microwells within the BNC serve both as reaction and 

analysis chambers. In a typical assay procedure, sample and reagent solutions are 

delivered around and through the beads, and then exit the chip through a drain. The 

microchip architecture largely enhances the mixing and reactions between 
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analytes/ detection antibodies and therefore sensitivities (Goodey, Lavigne et al. 

2001, Li, Floriano et al. 2005). 

The assay procedure was optimized by varying the sample and reagent volumes as 

well as the assay incubation times. Optimal conditions identified for this setup 

included incubation of CRP antigen for 30min at flow rate of 80 μL/min, followed by 

30 min incubation with AlexaFluor®488-conjugated detection antibody also 

delivered at 80 μL/min for 30 min. Following the incubation of detection antibody, 

the chamber and beads contained within were rinsed with PBS at 120 μL/min for 3 

min to remove non-specific binding of reagents. 

The observed small intra-assay bead to bead variations arise from three main 

sources. First, according to the simulation data of computational fluid dynamics, 

there is a minor pressure gradient across the bead array, with pressures dropping 

from the column closest to the inlet to the column closest to the outlet. Higher 

pressure results in more penetrations of both the antigen and detecting antibody 

into the agarose bead matrix, and hence stronger signals. Second, within the same 

column, signals could vary because of the slightly different drain sizes below beads, 

in other words, the bottom hole size of the reaction chamber. Drain size is important 

to the signal of bead since it also affects the pressure applied on the bead by creating 

complex local fluidic fields. In other words, both the location of bead in the array 

and the pressure on the bead could play important roles on the detected 

fluorescence intensity. In our experiments, and especially for multiplex experiments 

we always keep the arrangement of beads consistent with respect to analyte groups, 
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and observe great reproducibility. Last, while tightly sieved, the agarose bead size 

distribution still displays a 5% CV (Wong 2007), contributing to signal variations in 

our experiments. Because smaller beads sit lower in the pyramidal wells than the 

larger beads, they receive higher pressures and therefore show stronger signals.  

 

 

Figure 7 (A) Confocal fluorescence image of a bead after 25ng/mL CRP assays. 

(C) Dose response curve of CRP based on epi-fluorescence data. Figure 

adapted from Du, N. et al. 2011. Biosensors and Bioelectronics 28(1): 251-256. 

3.4 Signals in agarose beads 

The signal distribution was investigated by taking confocal images on a CRP bead at 

the end of the assay (Figure 7(A)). The PDMS chip was mounted on a glass slide and 

inverted on the stage for imaging from the objective from below. Medial slices of the 

beads in the x-y plane, with a 1µm thickness, at a distance of 140 µm from the top of 

the bead, were recorded as 8-bit in the green pseudo-color image of 510×510 pixels. 

The confocal data showed that signal mainly formed on the peripherals of beads and 
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penetrated about 30% to the core of the beads (Figure 8). As compared to the solid 

phase polystyrene beads, where antigen-antibody interactions are confined on their 

2D microsphere surfaces, the porous agarose beads are capable to capture analytes 

in 3D shells with a thickness of about 100 µm, as we have previously demonstrated 

(Jokerst, Chou et al. 2011).  

 

Figure 8 Fluorescence intensity profile recorded across the red arrow drawn 

in Figure 2.3(A). 

 

3.5 Dose response curve 

To gain a thorough understanding of the behavior of the platform when used in the 

multiplex, a necessary step is to investigate the behavior of array composed of 

identical beads, as to eliminate any possible influence of the differences between 

beads conjugated to different biological entities, with potentially different 

concentrations of capture antibody depending on the analytes, and possible 

interferences due to cross talk between the immunoassays. In Figure 3(B) is 

displayed a dose response curve of CRP, where each data point obtained by 
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averaging nine beads for that concentration with error bars shown at ±1×SD. The 

redundancy of beads in the bead array helps acquire higher statistical significance, a 

necessary requirement in the first investigative stages of any platform created 

through a new fabrication process. The limit of detection (LOD) was calculated at 

1ng/mL, as the mean of the 0 antigen control run ±3×SD. While the physiological 

range for CRP measurements in blood extends to higher concentrations than the 

standards used in the dose response curve (Liu, Bui et al. 2010), we are targeting the 

detection of biomarkers in both blood and saliva (Floriano, Christodoulides et al. 

2009) in our clinical studies. As such, further dilutions by several orders of 

magnitude are often required for the more viscous and mucinous oral fluid, making 

it more strategic in assay development steps to target a wide range of lower 

concentrations. If necessary, a larger dynamic range is achieved easily by lowering 

or increasing the concentrations of detection antibody, as well as the exposure time 

for the CCD camera.  

 

4. Conclusions 

In summary, we have demonstrated the functionality of potentially a cost-effective 

fabrication methodology based on PDMS and thiolene-based optical epoxy to 

produce a new disposable bio-nano-chip design for lab-on-a-chip immunoassays. In 

this example demonstrated with a CRP immunoassay, analytes penetrated 100 µm 

into the core of 280 µm porous agarose beads and resulted in high sensitivity. 

Moreover, the fabrication process of the bio-nano-chip is repeatable and amenable 
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to scale-up, thereby affording applications targeting resource-scarce settings. In 

addition, the PDMS, a standard material in microfluidics, allows for a wide range of 

integration with new features and advances, which are constantly emerging from 

the microfluidic. 
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Chapter 3. PDMS based microfluidic chip for improved assay 

performance 

 

Overview 

Accurate evaluations of the biomarker levels are highly necessary for the clinician to 

make the right decision of treatment. In this paper we described a simple PDMS chip 

as the platform for carrying on polymeric bead-based assays. A standard soft 

lithography technique was used to fabricate the PDMS biochip, enabling it to host an 

array of agarose bead sensors. The entire agarose bead served as a three-

dimensional sensor and, as such, it can immobilize a high density of capture 

antibodies, leading to more efficient capture of antigen target and to greatly 

improve sensitivities as compared to two-dimensional sensor designs. Previous 

platforms built for agarose beads contained three dimensional microwell structures, 

which were both expensive and complicated to make. A two dimensional array of 

PDMS chambers was developed here to host beads at programmed positions. The 

planar array geometry not only simplified the fabrication process and lowered the 

cost, but also enhanced the assay efficiency by reducing the ratio of dead volumes. 

To calibrate the device, we conducted assay experiments with a serial of diluted 

antigens, including C-reactive protein (CRP) and Creatine Kinase-MB (CKMB), two 

most important cardiac biomarkers. The dose response curves were plotted and 

limit of detections (LOD) were determined, demonstrating advanced sensitivities 

and significantly reduced assay times and sample volumes. The capability of this 

platform to perform multiplexed assays is also presented and discussed.  
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1. Introduction 

A number of biomakers have been found to directly related to cardiac diseases, such 

as CRP, CKMB, Myoglobin, and cTnl. While some biomarkers have the specificity to 

damages from particular parts of body while other biomarkers have the advantage 

to reponse to relative physical symptoms by presenting initial elevations in a short 

period. It is very important for clinicians to be informed about the levels of several 

biomarkers to increase the accurity of diagnostics.  

Microfluidic technology has revolutionized the methods of analysis of proteins. The 

microfluidic chips designed for immunoassays can significantly reduce the amount 

of reagents and assay times, as well as the cost.  

Various types of biosensors suitable for microfluidic platforms have been developed 

in past studies. For example, researchers had successfully attached detection 

antibodies to glass surfaces, silver reductions(Sia, Linder et al. 2004), nitrocellulose 

papers(Fu, Ramsey et al. 2011), nanoparticles(Nam, Thaxton et al. 2003), and 

polymeric beads(Goodey, Lavigne et al. 2001). Besides new types of sensors, a 

significant effort was also dedicated to create optimized microfluidic chips, serving 

the delivery of analyte-containing sample and reagents to the sensors, thereby 

allowing each of the standard assay steps to be completed in an effective and 

automated manner. 

Despite of the advantages provided by microfluidic devices, traditional 

immunoassay results do not always scale down in a positive way. For instance, for 

many chip designs in which assays were driven by convective flows, there exist 
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large ratios of dead volumes and many target molecules do not even contact with 

the sensors before exiting, making the chip less efficient to capture enough target 

molecules, especially at low concentrations. Additionally, many chips are made from 

materials that display high background due to non-specific binding of reagents, 

auto-fluorescence or reflections on the surface of the chip, contributing to low 

signal-to-noise ratios and hence to inadequate sensitivities.  

Further, the level of precision in microfabrication is still relatively poor as compared 

to the industry standards. Hence, novel sensors and suitable fluidic platforms to 

host them are needed for improved assay performances, especially for the 

applications in limited resource areas where both expensive equipment and 

professional people are lacking.  

In efforts to address fore-mentioned issues, our lab has sustained successful efforts 

for the development of agarose bead sensors, a silicon microchip to host them, and a 

suitable microfluidic system to serve them. The three-dimensional bead matrix can 

substantially increase the capacity of the sensor for capture antibodies. 

Furthermore, the spherical shapes are more easily to distinguish and analyze, as 

well as provided surface area for antigen-antibody interactions, thereby increasing 

the signal-to-noise ratios and improving sensitivities. 

Various microchip components and materials have also been used to optimize the 

antigen-antibody reactions within and around the beads. For example, solely silicon 

chip, silicon-PDMS hybrid chip, epoxy-PDMS hybrid chip, and hot-embossed plastic 

chip have been fabricated, tested and compared. In all of these designs, bead holders 
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characterized as square inverse pyramidal shapes are employed to maximize 

penetrating flows in the hydrogel matrix driven by the physical pressures created 

by continuous fluidic flows. However, the fabrication of the three dimensional 

pyramidal microwell was involved with the wet etching process of silicon, which 

demands many sophisticated and time consuming fabrication steps in the clean 

room. Further, this design albeit proven highly functional was proven sub-optimal 

as it allowed a large bypass for fluids, contributing to relative waste of reagents. 

In this work, we designed and fabricated an alternative, simple, and PDMS-based 

microfluidic biochip that is suitable for the usage of agarose beads to perform the 

clinical immunoassay tests. In this novel biochip design, the beads are sandwiched 

in a chamber between the PDMS and glass layers, with a gap significantly smaller 

than the diameter of the beads so that beads can be better held and allowed to keep 

wetted and functional during the process of packaging and shipping. The 

sandwiched space served as the reaction and detection chamber where 

functionalized beads capture antigens from the reagents whose concentrations were 

then quantified by the fluorescence intensities of the bead matrix. To evaluate the 

assay performace of the platform, C-reactive protein (CRP) and Creatine kinase  

myoglobin band (CKMB) were selected as the analyte targets for a two site 

immunometric assay. The two assays were analytically characterized and results 

showed exceptional assays performance characteristics. Calibrate curves that were 

plotted according to experimental result also indicated that the novel platform is an 

ideal replacement of those previous developed immunoassay platforms using 
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agarose beads. Moreover, the simplified fabrication process of the chips can both 

offer great sensitivities and meet the low cost requirement of the point-of-care 

cardiac diagnostics in developing countries. 

2. Experimental Methods 

2.1 Materials and Reagents 

The SU-8 2100 negative photoresist was received from MicroChem and spin coated 

at 2000rpm on a 4 inches silicom wafer (WRS materials). Sylgard 184 elastomer kit 

was ordered from Dow Chemical and mixed at 10:1 weight ratio before casting to 

the photoresit mold. Agarose powder was purchased from Sigma Aldrich and 

dissolved in DI water to make 2% w/v solutions. 

The CRP and CKMB capture antibodies, detection antibodies, and antigens were all 

obtained from Fitzgerald Industries International. Alexa Fluor® 488 and Alexa 

Fluor® 594 protein labeling kit (Invitrogen) were used to label the CRP and CKMB 

detection antibodies by following the standard protocols provided with the kits. 

 

Figure 9 Schematics of the PDMS fabrication and the sequence of bead loading 

and chip bonding steps during the chip preparation. 
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2.2 Agarose beads synthesis and functionalization 

Homemade 2% homogeneous agarose beads were first sieved to select the beads of 

280µm-300µm diameters and then capture antibodies were attached to the bead 

matrix through activating the hydroxyl groups on polymer’s side chains. More 

specifically, beads were first activated in glycidol solution, where hydroxyl groups 

transferrred to aldehyde groups. Using reductive amination, aldehyde groups were 

then used to link capture antibodies at room temperature by adding BH3CN to 

coupling solutions in which the concentrations of CRP and CKMB capture antibodies 

were both 1mg/mL of bead suspensions. Spectral inspections indicated that over 

80% of the protein has been immobilized by the beads after 12 hours of coupling 

(data not shown). 

2.3 Device fabrication 

Standard softlithography procedure was employed to fabricate the microfluidic 

assay chip. First, the design of microfluidic channels were printed on a mylar mask. 

The pattern was then transferred on the photoresist film (SU-8 2100) that was spin 

coated on a silicon wafer by a collimated UV light. After developing and hard baking 

photoresist patterns, the wafer was treated with sigmacot in a vacuum container 

before it was used as the mold for PDMS polymers. After cured, the PDMS was 

peeled off from the wafer, cut into the proper size, and puched the inlet and outlet 

holes. The PDMS chip and a glass slide were treated in a oxygen plasma cleaner at 

the same time. Beads were manually loaded into the microwells on the chip with the 
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assistance of forceps. The pre-treated glass slide was quickly sealed to the PDMS to 

complete the fabrication process. PBS buffer with sodium azide was delivered to 

each channel to rinse beads, and then scotch tapes were put over inlets and outlets 

to seal the chip, which prevented beads from dried out. Sealed chips stored in the 

fridge for two weeks after the fabrication were still found to be completely 

functional in our tests.   

2.4 Instrument 

A syringe pump (Pump 11 pico plus, Havard Apparatus) was used to to deliver the 

regents, including the antigens, detection antibodies, and washing buffer (PBS), to 

beads in the microfludic chip at the rate of 0.05mL/min. The volumes of antigens, 

detection antibodies, and washing buffer were 1.0mL, 0.3mL and 0.2mL 

respectively, and hence the total assay time, combined with the operating time, such 

as the time for changing reagents and data recording, was about 30 min. 

A customized Olympus BX41 optical microscope installed with a 0.3 NA 10x 

UPlanFlair objective, and a FITC filter cube (fluoroisothiocyanate, 480nm excitation, 

505 nm long-passed bead splitter dichroic mirror, and 535nm ± 25nm emissons). A 

DVC 1312 CCD camera (Digital Video Camera, Austin, TX, USA) was utlized to take 

fluorescent images. 
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Figure 10 Schematic for the sandwiched typed assay procedure within agarose 

beads on the PDMS biochip 

2.5 Assay procedure 

To determine the antigen levels/concentrations of the samples, we used a 

procedure of the sandwiched type immunoassay, which was drawn in figure 2. First, 

the capture antibodies react with the antigen molecules that they get in touch when 

the samples passed by the bead. Then, fluorescent detection antibodies were 

delivered to bind to the immmoblized antigen on the bead. So the actual level of 

detected antigens was proportional to the level of secondary detetion antibodies or 

fluorescence signals on the bead. In other words, the antigen or biomaker 

concentrations in the solution could be quantified by the fluorescence intensity.   

2.6 Quantative analysis 

The fluorescence images of each bead were processed by a customized macro using 

ImageJ that included the following steps. First, the RGB channels were split and the 

green channel was selected out for the detection antibodies lableled with Alexa 
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Fluor® 488 and the red channel were used for signals generated by Alexa Fluor® 

594. Second, the area of interest (AOI) for each bead was defined by manually 

drawing circles around it. Third, a horizontal line profile with the length of the bead 

diameter was scanned over in the vertical direction. In each scan, the maximum 

value of all fluorescence intensities on the line profile was recorded, and these 

recorded values consisted of an array of scanned maximum values. Those values 

deviated from the average value by three times of standard deviations were deleted 

from the analysis. In the end, the average fluorescence intensity of the array of 

maximum values was calculated and considered as the signal of the bead. 

2.7 Computational simulation 

To further under distributions of fluidic flows and explore related chemical 

reactions in the bead matrix, computational fluidic dynamics (CFD) simulation in a 

single bead-contained chamber was constructed with a customized program in 

COMSOL 4.3a (Burlington, MA). A cylindrical 280μm bead resting in an individual 

500μm chamber was constructed using the integrated CAD tool. Transport of 

diluted species and free porous media flow application modes were coupled to 

enable porous media flows and chemical reactions of antigen-antibody bindings in 

the bead matrix. The subdomain properties of the bead were loaded from the water 

library with 243 nm pore size and 96% porosity. The inlet velocity was set to 

50μL/min and outlet pressure was set to atmospheric pressure. The velocity fields 

and assay signals for a time transient study were plotted in figured 3A and 3B. 

Figure 3C and 3D showed the concentrations of antigen-antibody compound at two 
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different time point (10 sec and 900 sec) from a transient study, in which the 

antigen concentration was set to 200 ng/mL and antibody concentration was 9 

mg/mL. 

 

Figure 11 The computational fluidic dynamics simulation results: A and B 

show the velocity fields on the x-y plane, C and D showed the bead signals 

generated from immunoassays of low and high concentrations. 

3. Results and Discussions 

3.1 Chip fabrication 

As described in the device fabrication methods, the chip fabrication process was the 

same as the standard softlithography technology, except for the the addition of the 

bead loading step that was in between the plasma activation and final bonding 
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steps. Beads were loaded into the device right after the plasma activation step 

because the hydrogel beads would dry out in the vaccum environment created by 

the plasma cleaner. The loading step should be completed within 2 min during 

which time intverval the plasma introduced saline groups could be still active 

enough to generate the bonding between the PDMS and glass surfaces. As the PDMS-

glass bonding was achieved through covalent bondings, the sealing of beads was 

permant, making the fabricated device be disposable in practice. 

 

 

Figure 12 Illustration of programmable multiplexed assays in the biochip. : On 

the left is the microscopic bright field image and on the right is the 

fluorescence image which indicated that each column of beads could be 

addressed for a specific biomarker. 
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The chamber dimension on the xy plane was fabricated to be 500µm×500µm, which 

provided the necessary spaces for containing 280µm beads and also allow extra 

flows to exsit. The chamber height was measured to be 150µm, which was even less 

than half of the average bead diameter in order to ensure the bead to stay within the 

chamber during the assay process. However, although agarose beads had been 

heavily compressed in the vertical direction, the fluorescent images of beads were 

still found to have round shapes. Hence we assumed that agarose beads had adapted 

to the geometry by changing from the original spherical shape to the cylindrical 

shape after sealed in the chamber because elastic beads were capable to deform to 

adapt to high pressures. Addtionally, the brightfield microscopic image (figure 3 A) 

also showed that sealed beads in the chip looked round when viewed from the top 

side. Moreover, as the deformed bead were as surrounded by reagents during the 

reaction times of each assay, signals of the cylindrical beads also developed from the 

outside to inside, resulting into similar shell shape distributions as those of 

spherical beads. As for data analysis, the cylindrical beads were considered to be 

identical to spherical beads, and the method of line profile scanning, as described in 

the quantative analysis part, can be just transferred without making any 

modifications.  

3.2 Assay Optimization 

Every single row of the bead array was addressed to a separate microfluidic channel 

for independent sample deliveries. After the chip was sealed, adjacent rows of beads 
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were segregated by walls of PDMS, and thus beads from the same row could 

perform one independent assay without any effects on beads pre-arranged in other 

rows on the same chip. The sample volumes for assays in this paper were 

determined to be 1mL to make it suitable for point-of-care diagnostics applications. 

The flow rates had been optimized based on the preliminary experimental and 

simulation results. On one hand, slow flow rates can generate more uniform signals 

and better control of the assays, but it took long times to complete the assay 

process. On the other hand, high flow rates can deliver the reagents more effiently to 

deep interiors of bead matrix, but it lead to deformations of beads by moving them 

into the downstream channel, resulting in difficulties of analyzing beads images. 

Therefore, the flow rates in this paper was set at 33µL/min to ensure enough 

pressures so that the sandwiched type immunoassay to finish in 30min while not 

affecting the bead too much. 

3.3 Multiplexed assays 

The multiplexing strategy directly inspired by the array design was demonstrated in 

figure 3, where each column of the array contained the same type of beads and 

therefore each row had two different types of beads. The first column was loaded 

with CRP beads and the second column was loaded with CKMB beads. As every row 

was connected to separate microfluidic channels for fluidic deliveries, the array is 

capable to target two analytes in one single assay. As showed in figure 3B, in our 

experiments the CRP and CKMB beads diplayed green and red respectively because 

we attached different fluorescent dyes to their detection antibodies. However, as the 
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different types of beads can be just arranged to their particular positions in advance,  

in practice it is not necessary to use more than one type of fluorescent dye and one 

single laser filter. Moreover, the platform can also be extended to adapt to 

multiplexed detections of more biomarkers. For example, the array size can be 

increased to contain more columns, and each column in the array can be programed 

in advance to load specific types of beads into predefined chambers. 

 

Figure 13 Images of immunoassay signals for the CRP and CKMB calibration 

experiments 

3.4 Signal distributions in the bead matrix 

As illustrated in figure 5, the fluorescence signals developed by agarose bead 

sensors had the shell shapes, and the width of shells was positively related to the 

concentration of antigens and times of assays. The results were consisitent with the 

distributions of the antigen-antibody compound simulated by computaional fluidid 

dynamics as showed in figure 3 C and D. Because a large number of capture 
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antibodies were immobolized in the three-dimensional bead matrix, antigen 

molecules would encounter a high avidity effect and thus tend to be captured and 

stay once they enter the bead matrix. For assays with low antigen concentrations, 

most signals were confined on surfaces and displayed as a sharp ring. When the 

antigen concentration or reaction time was increased, the capture antibodies in the 

outter part could be saturated and antigens can diffuse further to widen the signal 

distributions. 

The standard devitions (SD) of the immunoassays performed in this paper were 

around 10%, which could be contributed by a lot of factors, such as the variations of 

the size of beads, system errors from the operation of diluting reagents, and 

particular selections of vertical focus planes for the bead when recording the 

fluorescence intensity. Although the relative locations of beads in chambers can vary 

from chamber to chamber as the beads were loaded and positioned manually by 

tweezes, computational simulations indicated that the difference of flow rates at the 

peripharals of beads can be negligible when the bead was shifted by 100µm in the 

horizontal direction. 
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Figure 14 Dose response curves of CRP and CKMB immunoassays, from which 

the limit of detections were estimated to be 0.05ng/mL for CRP and 0.3ng/mL 

for CKMB, respectively. 

3.5 Dose response curve 

To characterize the assay performances, CRP and CKMB samples with a series of  

different concentrations were measured and plotted. In these does response 

experiments, each row of beads were used to target the detection of a particular 

concentration, so that a single PDMS chip could accomplish three separate assay 

tests. The fluorescience images were processed using the method described above 

in the quantative analysis part, and the average signal and SD of the two beads from 

the same row were determined to be the result of that concentration. Four 

parameter logitistic curves were fitted by SigmaPlot, as displayed in figure 6, and 

the limit of detections (LOD) were calculated to be the corresponded concentration 

at which the signal of zero concentration (or called control) ± 3SD. The LODs for CRP 
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and CKMB were evaluted to be about 0.05ng/mL and 0.3ng/mL, respectively, which 

were at least one order of magnitude lower than the previous microcavitiy based 

systems. 

 PDMS based bead holder Silicon based bead holder 

Fabrication time  <2 hours >1 day 

Fabrication cost ~10 cents ~$10 

Assay time  ~30 min >1 hour 

Assay volume 1 mL 3 mL 

Limit of detection (CRP) <0.1 ng/mL ~1 ng/mL 

 

Table 2 Comparison of typical parameters of PDMS biochip platform to those 

of the silicon chip platform, which was available in the market. 

4. Conclusion 

In summary, we have fabricated and calibrated simple PDMS microfluidic chip that 

was suitable for performing immunoassays. The immunosensors utilized in the chip 

were an array of porous beads whose hydrogel matrix had been proved to 

immoblize orders of more capture antibodies and thus greatly improve senstivities 

of bead-based protein detections. As compared with the previous microcavities 

designs for hosting the porous beads, the new planar design was not only easy to 

make but also can enhance the antigen-antibody reactions because the pressues in 
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the surronding area of beads were elevated and the dead volume was largely 

reduced with the miniaturized geometry by a factor of about 5 as compared to the 

previous platform. The device is easy to store and transfer to other places as the 

beads are sealed after the device was sealed. Further, the chip was just fabricated 

with the standard soft lithography technique, it can be produced in a large amount. 

These features qualify the platform introduced in this paper for point-of-care 

diagonistic applications in the resource limited area, such as developing countries. 
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Chapter 4. Membrane based microfluidic system and the 

recirculation mechanism 

 

Overview 

In this chapter, we presented a novel approach to enhance the signals of bead-based 

microfluidic immunoassays. By recirculating the target analytes back into the 

sample reservoir, the effective assay volume in the microfluidic system has been 

elevated by several orders of magnitude. The test for the new recirculation 

mechanism was conducted in a membrane-based microfluidic chip that was loaded 

with agarose bead sensors. The initial time study of a C-reactive protein (CRP) assay 

revealed that the recirculation mechanism had increased the amount of captured 

target molecules as compared to regular assays. Moreover, it had been previously 

predicted in theoretical models that higher flow rates can enhance assay signal by 

quickly replenishing the depletion region, however, high flow rates conditions 

encountered many engineering issues in experiments because typical microfluidic 

assays are usually under the constraints of limited supply of reagent. As 

recirculation removed the volume limitation of sample and reagents supplies, high 

flow rates became applicable for improving flow-based microfluidic immunoassays. 

Finally, to demonstrate the potential applications of recirculation mechanism in 

clinical diagnostic systems, a CRP dose response curve was plotted and examined to 

have an observed limit of detection of 16pg/mL, which was about two-orders-of-
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magnitude improvements as compared to our previous flow through devices using 

agarose bead-based sensors. 

 

Figure 15 Fluorescence images of CRP beads together with control beads. CRP 

secondary antibodies were labeled with AlexaFuor® 488, and thus can be 

activitated by a green laser (FITC spectra). Control beads were linked with 

DAPI dyes which can be fluorescening under the blue laser spectra. 

1. Introduction 

With a highly repeatable and highly specific reaction format suitable for a variety of 

detection antibody based detections, immunoassays have been extensively applied 

as the gold-standard technique in clinical diagnostics. Traditional immunoassays 

were performed in laboratories and usually required expensive bench-top 

equipment, complex assay procedures, and well-trained professionals. In efforts to 

improve the efficiency of clinical diagnostic devices, recent advances of microfluidic 

technology have fostered the fabrication of miniaturized chips that can integrate 

multiple assay steps, such as sample pretreatment, reagent transport, mixing, 
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reaction, and detection, to perform a particular immunoassay in an automated, 

rapid and repeatable way.(Christodoulides, Tran et al. 2002, Christodoulides, 

Floriano et al. 2005, Floriano, Christodoulides et al. 2009, Jokerst, Jacobson et al. 

2010, Chin, Laksanasopin et al. 2011, Gervais, de Rooij et al. 2011) 

In spite of numerous advantages, such as smaller unit cost, reduced risk of 

contamination, lower consumption of reagents, and short turn-around time, there 

are still limitations that can potentially hinder the general applications of 

microfluidic immunoassays(Yager, Edwards et al. 2006, Sorger 2008, Ng, 

Uddayasankar et al. 2010, Fu, Yager et al. 2011, Mohammed and Desmulliez 2011, 

Chin, Linder et al. 2012). For instance, a common practice when developing a new 

microfluidic immunoassay is to optimize flow rate, which is a very laborious and 

time-consuming task as a careful trade-off between fast assay speed and high 

sensitivity has to be made. Previous theoretical and experimental studies(Parsa, 

Chin et al. 2008, Du, Chou et al. 2011, Chou, Lennart et al. 2012) have demonstrated 

that under the condition of unlimited assay volumes, the sensitivity is positively 

related to the flow rates, because fast flow can quickly replenish analytes in the 

depleted region(Thompson and Bau 2011). However, for a finite amount of sample 

and reagents, which is the case of most actual clinical tests, because the assay time is 

small under high flow rate condition, a smaller amount of analytes is captured. In 

other words, high flow rates do not necessarily produce strong signals that lead to 

highest sensitivity. In fact, lower flow rates with longer incubation times are often 
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preferred by researchers and clinicians since slower flows would allow more 

contacts between reagents and sensors. 

To overcome this challenge, we here propose a simple mechanism of recirculation 

capable to perform assays at high flow rates from a limited volume of sample and 

reagents. As in general microfluidic assays, the reagents were driven by a peristaltic 

mini-pump and flowed through a microfluidic chip. However, rather than being 

disposed away after leaving the outlet of the chip, the ‘waste’ of assay was 

redirected back to the inlet of the device again for additional cycles of reactions. As a 

result, high flow rates were realized for microfluidic immunoassays even with 

limited supplies of sample reagents. 

2. Experimental methods 

2.1 The microfluidic chip design 

Figure2A described the structure of our microfluidic recirculation chip system. The 

system contained three parts: the recirculation chip, the mini peristaltic pump, and 

the reservoir of reagents. A volume of 2mL of sample reagent was stored in a vial, 

from which 1/16 inches tygon® tubing (Cole-Parmer) directed the reagents to the 

microfluidic chip through homemade PDMS ports. The assay was just driven by a 

miniaturized peristaltic pump (Dolomite Microfluidics, UK), and a direct current 

power supply with a voltage range of 0V to 10V. After exiting the device, the sample 

reagent was directed back to the reservoir and passed through the device for the 

next cycles. By adjusting the flow rate, up to several cycles per minute could be 

achieved. 
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Most parts of the device, such as the detection chamber and fluidic ports, were 

fabricated with the injection-molding technique. Briefly, a metal mold was first 

created according to the design using a CNC (computer numerical control) machine, 

and then melted acrylic was casted on the mold to achieve the final part after a 

cooling process by water. The casted acrylic chip consisted of a cylindrical detection 

chamber and three through holes for the necessary fluidic connections between the 

adjacent top and bottom microfluidic channels, which were cut by a precision 

plotter cutter on double side adhesives layers. 

2.2 Porous membrane as bead holder 

A porous membrane with 6µm pores (EMD Millipore), located at the bottom of the 

central detection chamber, served to support agarose beads and filter out impurities 

when reagents passed through. A “black” mixed cellulose ester membrane was 

specifically chosen to keep low background signals for fluorescence detection. 

Before assembly into the chip, the membrane was soaked in the PBS starting block 

buffer (Thermo Scientific), which primarily contained BSA, for five minutes with 

gentle agitations to block nonspecific binding sites. The fluorescent beads, as well as 

their membrane support were shown to exhibit very little auto fluorescence at 

515nm, wavelength of the emission expected from the positive signals from the 

conjugated AlexaFluor®488 Fluorescent labels in the assay. A stainless steel disk 

(12mm in diameter, 0.2mm in thickness, and 0.2mm holes) was placed under the 

membrane to provide support and prevent the membrane from warping or getting 
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damaged. The top of the chamber was sealed by a glass cover slip after agarose 

beads were loaded by pipetting on the membrane. 

2.3 Assay Procedure 

The C-reactive protein (CRP) capture antibodies (Accurate Chemicals) were coupled 

to homemade 2% glyoxal agarose beads(Goodey, Lavigne et al. 2001) (250-280µm 

in diameter). CRP Detection antibodies (Fitzgerald) were conjugated with Alexa 

Fluor® 488 (Invitrogen), whose emitted fluorescent signals are in the spectra of 

FITC filter. To demonstrate the specificity of antigen binding on CRP beads, negative 

control beads, coupled with DAPI dyes, were mixed together with CRP beads. In the 

experiments, the mixed CRP and negative agarose beads were co-incubated with 

reagents containing both CRP detection antibodies and CRP antigen (Fitzgerald) and 

then washed with PBS buffer. The CRP beads first captured antigens, which then 

further immobilized detection antibodies and formed fluorescent signals, therefore 

the assay is of a sandwich type as used in ELISA (Enzyme-linked immunosorbent 

assay). Negative control beads had no signals for specific CRP bindings (as 

illustrated in the figure of abstract), and their physical positions are determined by 

previously labeled DAPI dyes on the beads.  

2.4 Data Analysis 

A BX41 Olympus microscope, FITC and laser filter cubes, and a DVC 1312C CCD 

camera were utilized to perform the assays and record the fluorescence data, which 

were later quantified and analyzed by the homebuilt algorithms and macros built 

within the ImageJ environment. For image analysis, radial profiles were scanned 
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over each bead whose positions were first manually defined by selecting circles at 

the periphery of the beads. Then the average maximum fluorescence intensities 

from each scan was evaluated and considered as the signal of that bead, while those 

data points outside the range of average value ± one standard deviation (SD) were 

deleted. The average values of all CRP beads from the same assays were calculated 

as the assay signal. The average signals obtained from the control beads were used 

as the background signal and the limit of detection for CRP was defined as the 

background ± 3 standard deviations. 

3 Results and discussion 

 

3.1 Beads preparation 

In our study, agarose beads were selected for the physical substrates of capture 

antibodies. The large surface to volume ratio enables them to immobilize much 

higher densities of capture antibodies than other types of traditional sensors. 

Although solid phase beads have been widely used in the past(Lim and Zhang 2007, 

Blicharz, Siqueira et al. 2009), recent studies have shown advantages of the sponge 

like porous beads(Goodey, Lavigne et al. 2001, Kirby, Cho et al. 2004, Yang, Nam et 

al. 2008, Jokerst, Chou et al. 2011, Thompson and Bau 2011), which can immobilize 

several orders of magnitude more capture antibodies than conventional two-

dimensional surfaces where only a monolayer of capture antibodies could be coated 

on the beads(Thompson and Bau 2011). In addition, rather than conforming on a 

two-dimensional plane as antibody monolayers, the capture antibodies in the beads 
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are spatially arranged inside the three-dimensional network of agarose fibers, 

which contributes to the super high avidity of the microspheres. Analytes could be 

effectively recaptured by the bead matrix even if their initial binding sites were 

compromised(Jokerst, Chou et al. 2011). 

 

Figure 16 the microfluidic system is consisted of three parts: the reservoir, the 

peristaltic pump, and the microfluidic chip. The reagents entered the detection 

chamber through a “black” membrane on bottom, and exited the chamber through a 

microfluidic channel on top, whose height was fabricated smaller than the beads  

3.2 Recirculation mechanism 
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Labeled by red arrows in schematic 4.2 is the flow direction in the detection 

chamber. Starting from the bottom channel, the reagents passed through the 

membrane, enter into the chamber, react with the sensor beads, and drain out the 

chip from the upper outlet channel, whose height was designed to be smaller than 

the diameter of beads to prevent the beads from escaping out of the chip. The 

particular bottom-up direction of flow for these recirculation assays has been 

proved to be an effective way to rid the microfluidic network of unwanted air 

bubbles (Liu, Thompson et al. 2011). In our control experiments operated in a 

reverse flow direction (top-down), it was found that a considerable amount of 

trapped air bubbles formed in the chamber interfacing with the fluidic flow, 

resulting in large assay-to-assay variations.  

 

Figure 17 (A) The time study of CRP assays performed in the microfluidic 

recirculation chip. Each assay was temporarily paused every 30min when the 

fluorescence data was taken. (B) The time study of CRP assays performed in 
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the 96 wells microtiter plate. In each assay, approximately 20 beads were 

incubated in each well for a series of time periods on the filter plate. 

3.3 Time study of CRP assays 

First, a time study of the recirculating CRP assays was constructed to verify the 

effects of recirculation on increasing the amount of captured analytes while keeping 

background low, thus enhancing the sensitivity. Every 30min the assay was paused, 

and then microfluidic channels were washed with PBS buffer for 5min at the rate of 

1mL/min before fluorescence images were recorded and analyzed. The time curves 

of the fluorescence signals from agarose beads were plotted at two concentrations, 

0.1ng/mL and 0.5ng/mL. For each concentration of CRP, agarose beads were 

incubated at two different flow rates, 2mL/min and 1mL/min. The flow rate was 

estimated by measuring the volume collected at the outlet per minute. To keep track 

of non-specific binding, we performed control assays using a control run (blank 

solution), which included all reagents and steps in the assay except for the 

incubation of CRP antigen. 

In Figure 4.3 was illustrated the amplitude of signals as a function of recirculation 

time. Signal amplification could still be observed after a long period of time under 

these conditions representing over one hundred recirculation cycles. Because for 

each cycle, a large fraction of reagents had not actually entered into the detection 

zone and thus were still available for capture in subsequent cycles, the signals had 

been summed up over time. Nevertheless, as the total quantity of available reagents 

was reduced after each cycle, the effects of recirculation were most effective in the 
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initial cycles and signal increments gradually decrease over time. In other words, 

each cycle contributed a signal increment to the proportion of the amount of 

captured antigens, and the increase fell down over long time periods, as was 

observed with a reduction in the slope for each cycle in Figure 2.  

Furthermore, when the flow rates were raised from 1mL/min to 2mL/min, assays 

signals about doubled for 0.1ng/mL, but less than 30% for the 0.5ng/ml assay. This 

difference demonstrated that the flow rate could play a substantial role in 

improving the assay signals especially for low concentration microfluidic assays. 

First, the strong convective flows can generate large local pressures on bead 

surfaces, which assist targeted molecules to penetrate nano-pores and enter further 

into the bead matrix. Once analytes reach the interior parts of beads, they are 

retained because of the high avidity effects in the bead matrix. Second, the strong 

convective flows can quickly replenish the depletion region by refreshing analytes 

from peripheral areas to agarose beads. Third, higher flow rate enable more cycles 

of recirculation for the same time interval. Therefore, more antigen molecules were 

transported into the detection zone and got detected by sensor beads. 

In addition, it was noted that the signals increased faster for those assays operated 

at higher concentrations, because more CRP antigen molecules were available to 

react and combine with the beads. As shown in Figure 2, the higher concentration 

curves exhibit sharper slopes and hence more increment of signals at the same time 

intervals. 
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3.4 Dose response curve 

To further compare the effects of convective flows to diffusive flows on the assays, 

we performed a second time study of agarose bead-based CRP immunoassays in the 

microtiter plate (Figure 2). Although gentle agitation was applied to the plate during 

the assay to help replenish the reagents in the depleted region, the primary flows in 

the pate were still diffusive. Approximately twenty agarose beads were incubated in 

each well for the same time periods as those in the recirculation chip. In Figure 2B, 

where higher concentration of CRP assays (5ng/mL and 20ng/mL) in the filter plate 

corresponded to signals with weaker signals and more gentle slopes on the contrary 

to the microfluidic chip where concentrations were much less (0.1ng/mL and 

0.5ng/mL). The results confirmed that assays driven by diffusions are less sensitive 

and increased slowly, as predicted by previous computational simulations (Parsa, 

Chin et al. 2008, Chou, Lennart et al. 2012). 
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Figure 18 the dose response curve of agarose bead based CRP immunoassays 

incubated for one hour in the microfluidic recirculation chip. The data was fit 

with a four parameter logistic curve using SigmaPlot version 10.0, from Systat 

Software, Inc., San Jose California USA. 

A dose response curve was plotted according to the results of CRP assays performed 

in the recirculation chip (Figure 4.4). The incubation time was set to 60min to 

compare with commercial systems available for point-of-care CRP 

detection(Mohammed and Desmulliez 2011). The beads were incubated with a 

series of different concentrations of CRP antigens at the flow rate of 2mL/min and 

the total assay volume for each concentration was 2ml. After each assay, the chip 

was flushed with PBS buffer at the flow rate of 2mL/min for 5min. The limit of 

detection (LOD) or sensitivity was determined to be the antigen concentration at 

which the average fluorescence intensity was equal to the background (calculated as 
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the mean of the control run) ± 3SD. Using a four parameter logistic model(Dixit, 

Vashist et al. 2011) the LOD was calculated to be 16pg/mL, which had been 

improved by almost two orders of magnitude as compared to our studies of non-

recirculated agarose bead based CRP assays(Li, Floriano et al. 2005, Du, Chou et al. 

2011).  

4. Conclusion 

In summary, our preliminary data here provided reveals that the new beads on 

membrane design when combined with fluidic routing of samples and reagents 

using recirculation to agarose beads allows for high perforamnce immunoassays to 

be completed. The time study of sandwich type immunoassays, the recirculation 

chip was shown to increase the quantity of captured analytes by orders of 

magnitude, presumably due to the influence of strong convective flow patterns in 

the detection zone. In the dose response study of CRP immunoassays, the 

miniaturized chip of this format has proved to raise the sensitivities by more than 

two orders of magnitude as compared to previous studies without recirculation, 

during the same assay time. Although our studies were based on agarose bead 

sensors, as recirculation can recycle unused analytes at high flow rates, it should be 

applicable to general flow-based systems that employ other types of sensors as well. 
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Chapter 5. Novel polystyrene-agarose hybrid beads for improved 

protein analysis 

 

Overview 

In this chapter we demonstrated a new format of polystyrene-agarose hybrid beads 

as immune-sensors for fast protein detections and analysis. A microfluidic droplet 

generator chip was used to produce porous agarose beads that contain many 1µm 

polystyrene beads inside. Surfaces of the trapped polystyrene beads were 

functionalized with carboxylate groups that can be used to immobilize capture 

antibodies for protein detections. The percentage of agarose beads was lowered to 

be 0.25% to further increase the pore size, allowing maximum diffusions to happen 

within the matrix during the assay time. The immunoassays were just performed in 

regular plastic test tubes and no specific microfluidic devices or extra fluid pumps 

are necessary. We performed a series of dose response experiments of C-reactive 

protein (CRP) and the new hybrid beads showed significantly improved sensitivities 

as compared to beads with only one component such as agarose or polystyrene 

beads. Additionally, because the bead design is portable and the assay tests are 

simple to operate without expensive equipment, the technology has the great 

potential for point-of-care applications in the limited resource areas. 

1. Introduction 
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Polymeric microspheres have been widely used as the biosensors in immunoassays 

and protein analysis. As compared to two-dimensional substrates, the large surface 

to volume ratios of microspheres allow them to immobilize a large number of 

capture antibodies, and thus the sphererical beads gain more abilities of detecting 

target molecules. Futher, the bead format is easy to manufacture in a large amount, 

and convenient to store and transfer. In addition, the sphere shapes, which are 

clearly distinguished from the background, can generate the maximum signal-to-

noise ratios and high sensitivies. Therefore, the polymeric bead-based biosensors 

have been adapted to various types of platforms and equipments. 

Solid phase latex beads have attracted most focus among the polymeric beads in the 

past decades, a large number of commercial and research platforms have been 

developed to utilize latex beads in immunoassays. For instance, Luminex xMAP® 

technology has potential to perform up to 500 bead-based multiplexing 

immunoassays in a single well and read out assay results in a fast and reliable way 

with the asistance of an improved flow cytometer. Although latex beads have 

relatively large surface to volume ratios that can help immobilize high density 

catpure anbodies on surfaces, the interior part of beads do not contain any capture 

antibodies. In recent efforts to further improve sensitivities, porous hydrogel beads 

have been studied and reported to better assay performances. Because the interior 

of hydrogel beads can also be functionalized, the capacity of immobilized capture 

antibodies within the bead matrix can largely increase by more than an order of 

magnitude.  
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However, while the antigen-antibody reactions are only driven by diffussions or 

slow transportations, the three-dimensional hydrogel beads generally require very 

long assay times to allow the antigen molecules to diffuse and contact with the 

binding site of beads. To reduce the assay time, high pressure is necessary to ensure 

target molecules to quickly penetrate inside the bead matrix where they are more 

possible to get captured due to the super high avidities within the bead matrix. And 

when conducting immunoassays in actual devices, the high pressures are usually 

generated by delivering samples at high flow rates, which can result into large 

sample volume comsumptions and is not quite practical under many clinical 

situations. To solve the above problem of sensitivity and reagents cost 

contraditions, more recently various microfluidic platforms have been developed 

for bead-based assays to further reduce the device cost, enhance the detection 

sensitity, and decrease the assay time. But many microfluidic devices for bead-based 

assays are complicated to fabricate and difficult for non-professional people to 

operate in resource restrained areas. 

In this chapter an effective structure is demosntrated in the context of 

polystyrene/agarose hybrid beads and the corresponding assay procedure for 

improved proftein detection and analysis. The procedure of manufacturing beads 

takes the adavantages of a microfluidic droplet generator, in which polystyrene 

beads can uniformly distribute within agarose droplets. which then transformed to 

more stable format of agarose beads when the temperature decrease below the 

gelling point. The number of 1um polystyrene beads confined in each agarose bead 
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(~200um in diameter) was estimated to be more than ten thousands, and therefore 

the ultimate signal from the agarose bead can be sustantially increased. We selected 

to use ultra-low percentage agarose beads whose large pore sizes enabled quick 

diffussions and reactions of antigens to each polystyrene bead. The collected signal 

of a single three-dimensional agarose bead was composed of a large number of 

small signals coming from 1µm polystyrene beads located in differently layers of the 

matrix. These small signals can add up and be identified as a much stronger 

integrated signal, which substantially improved the sensitivity particulaly for low 

concentration assays. Futhermore, the assay procedure in our experiments was 

simply involved with disposable 2mL test tubes and pipetts, and no specific fluidic 

devices or syringe pumps are necessary. Hence, the novel bead format has 

significant potential to be applied as the fast and sensitive biosensor for point-of-

care diagnostics in developing countries. 

2. Materials and Methods 

2.1 Materials and reagents 

Borofloat® glass wafers (100mm x 2mm) were ordered from Valley Design (Santa-

Cruz, CA). Buffered hydrofluoric acid (HF) etchant solution (Buffer-HF improved) 

was purchased from Transene Company Inc. Crucible liners, Chromium (99.99%) 

pellets, and Gold (99.999%) pellets for Ebeam usage were received from Kamis Inc 

(Mahopac Falls, NY).  

The ABT low melting agarose was acquired in the format of powder from Agarose 

Beads Technology (Tempa, FL), and 1um polystyrene microspheres (4.55 × 1010 
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particles/ml) functionalized with carboxylate groups were purchased from 

Polyscieces Inc. DC 749 Fluids (Dow Chemical), DC 5255C fluids (Dow Chemical), 

and silicon oil (Sigma) were mixed at the ratio of 3:3:4 as the oil phase for the 

generation of agarose droplets.  

The CRP capture antibodies (10-C33A), detection antibodies (10-C33C) and 

antigens (30-AC05) are obtained from Fitzgerald Industries International, Inc. Alexa 

Fluor® 488 protein labeling kit (Invitrogen) was used to label the detecion 

antibodies with the standard protocols. 

2.2 Design and fabrication of microfluidic droplet generator 
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Figure 19 Hybrid beads in the microfluidic droplet generator chip. 

A standard X junction microfluidic droplet generator design(Guo, Rotem et al. 2012) 

was fabricated using the glass wet etching technique in clean room. Briefly, 1µm 

thick layer of S1813 photoresist (MicroChem) was first spin coated on a 4 inches 

borosilicate glass wafer and microfludic channels design was patterned by a 

collimated UV light through the mask printed on a plastic film (Fineline Imaging). 

Both sides of the wafer were deposited with an adhensive layer (100nm) of 

chromium and secondary etching protection layer (1µm) of gold by an Ebeam 

evaporator. The photoresist was washed off together with the deposited metal film 

in aceton to just expose the microfluidic channel area. The wafer was immersed in 

buffered HF solution and the channel was etched to the depth of 100 µm at the rate 

of about 0.8 µm/min. Two parts of glass chips were vertically aligned and bonded 

together to make a final 200µm deep channel using thermal bonding technique by a 

RTA oven. 

2.3 Assay procedure 
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Figure 20 Schematic of the sandwiched type immunoassay procedure with the 

bead based assays performed in regular 2mL tubes. 

The standard sandwiched type immunoassay protocol was used to detect and 

analyze CRP proteins in this paper. All assay steps happened in 2ml plastic tubes 

with the assitance of pipettes. Therefore, no specific reaction devices or external 

fluidic pumps are necessary to perform our bead-based assays. More specificly, first 

approximately twenty agarose beads were loaded into 200uL CRP solutions with 

particlular concentrations, and then the beads were left in the tubes for 10min, in 

which time the capture antibodies immoblized on the surfaces of polystyrene beads 

can react with antigens in sample solutions. Because the trapped particles are highly 

compacted, the hybrid beads were heavier than water and they sinked to the bottom 

of tubes within several minutes. To change the solution in the reaction tubes, we 

removed the supernatant solutions with pipettes, added 200uL new detection 

antibody solutions, and let the solution sit for another 5min. Secondary, detecion 

antibodies labeled with fluorescence molecules combined with the capture antigens 

and quantified the concentration of captured antigens by the fluorescent signal 

strength. After washing with PBS buffer three times to remove the non-specific 

fluorescence, the beads were transferred to a glass slide (VWR) and ready to be 

imaged. 

2.4 Instrument 

To monitor and the beads making process and measure the size of beads, a Nikon 

TE300 microscope with Nikon Plan Apo 4x/0.20 and Nikon LWD 20x/0.40 Ph1 ADL 
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objectives was set up to observe the beads making process. A CCD camera (Nikon 

Digital Slight DS-Qi1Mc) and the software NIS Elements BR 3.2 were used to record 

the live image and movie data. 

For the experimental data recording of immunoassays, the beads was placed on a 

glass slide under an Olympus BX2 microscope with a mercury lamp, a 0.3 NA 10x 

UPlanFlair objective, and a FITC filter cube (fluoroisothiocyanate, 480nm excitation, 

505 nm long-passed bead splitter dichroic mirror, and 535nm ± 25nm emissons). A 

DVC 1312 CCD camera (Didital Video Camera, Austin, TX, USA) was utlized to take 

fluorescent images. 

3. Results and Discussion 

3.1 Beads making and labeling 

 

Figure 21 Agarose/polystyrene beads taken by the 4x in figure A and 20x 

objectives in figure B, where the scale bar is 100µm. 
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The oil and melted agarose (0.25% w/v) were first loaded into 500uL and 2.5mL 

Hamilton gastight glass syringes which were installed on two Pump 11 pico plus 

syringe pumps (Harvard Apparatus). The PTFE tubings were used to connect the 

syringe needles to the microfluidic chip hosted in a commercial chip holder 

(Dolomite, UK). In figure1 is displayed the X junction of the droplet generator, the 

injection rates of oil and agarose were set as 30ul/min and 10ul/min 

correspondingly. While operating, a heating fan was used to keep the temperature 

around the syringes and chips higher than the gelling temperature of agarose. The 

beads were collected in a petri dish and transferred into a fridge for 1 hr to 

completely stabalize the agarose. The size of beads fabricated in microfluidic chip is 

monodispersed and has much less coefficient of variations (CV) as compared to the 

regular stirring technique. The microfluidic technology can also save the cost of 

beads fabrication because the beads are highly monodispersed and thus the 

filteration step for bead size selection is no longer necessary. 

Before the experiments, the agarose solution was mixed with the solution of 1um 

polystyerene particles at the volume ratio of 1:9. The density of beads is 4.55 ×

1010𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑠/𝑚𝑙 according to the manufacture. And the size of the monodisperse 

beads was measured to be about 200µm in diameter. Therefore, the number of 

polystyrene beads in a 200um agarose bead was estimated to be: 

4.55 × 1010𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑠/𝑚𝑙 ×  
1

10
  ×  

4𝜋

3
 × 0.13 × 10−9  × 106𝑚𝑙 ≅ 19,000 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
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The hybrid beads were then linked to the CRP capture antibodies through the 

carboxylate groups on the surfaces of trapped polystyrene particles. The beads were 

first activated with EDC and sulfo-NHS for 20min in pH 4.5 coupling buffer 

(Polysciences Inc.). Then we removed the supernatant solution and added 1mg/mL 

CRP capture antibody solution in pH 9.0 coupling buffer (Polysciences Inc.). The 

beads was gentlely agitated at room temperature for 3 hours to allow thorough 

coupling reactions. The beads were finally retrieved into the beads storage buffer 

(pH 8.5, Polysciences Inc.). 

3.2 CRP Immunoassays 

 

Figure 22 Signals generated by incubating with a series of different 

concentrations of CRP antigens in a dose response test. 

 

The CRP immunoassays were performed in regular 2ml plastic tubes as described 

above. Fluorescent images captured by the CCD camera were analyzed by a line 

profile analysis algorithm and macro built within the ImageJ enviroment. For image 

analysis, positions of agarose beads were first manually selected by defining circles 

at the periphery of the beads. Linear profiles were scanned over each bead and the 

average maximum fluorescence intensities from each scan was evaluated and 
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considered as the signal of that bead, while those data points outside the range of 

average value ± one standard deviation (SD) were deleted. 

Diffussions and transportations have been regarded as two most important delivery 

strategies to assist the antigen-antibody reactions. While most researchers were 

used to perform assays in a signle well where diffussion drives the antigen-antibody 

reaction, some recent studies preferred to perform assays in microfluidic devices, 

where transportation based flows have large impacts on the antigen-antibody 

bindings. In general, the transportaion based assays are faster and more sensitive in 

the short time range, but the diffusion based assays usually comsumed less reagents 

and better sensitivies given a certain amount of reagents. 

The hybrid beads design proposed in this paper has the adavantage of small sample 

volumes of diffussion based reactions, while achieving even better sensitivies than 

regular hydrogel beads based assays performed in flow-based devices. Because the 

pores within the agarose matrix were made extra large, the diffussion can happen 

very efficiently and therefore even those polystyeren beads which are located in the 

center part have good chances to react with and capture antigens. Further, there are 

a number of polystyrene beads trapped in each agarose hydrogel bead, hence the 

fluorescent signals from the same agrose bead can add up to produce a integrated 

stronger signal. And this integral effect have large impact on detecting low 

concentration samples and can greatly improve the sensitivity. Because for low 

concentration samples, the signal collected from a single 1um bead is usually 
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negligible but the total signal can be amplified to the observable strength when 

thousands of beads added up together.  

3.3 Does response curve 

 

 

Figure 23 CRP calibration assays of hybrid beads (blue) and agarose beads 

(Black) performed in regular 2mL tubes for 15min. 

A dose response calibration curve was plotted based on a series of CRP 

immunoassays as illustrated in Figure 5 (blue points). Samples were prepared by 
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using serial dilution to reduce experimental errors. To be more specific, higher 

concentration samples were used as the dilution source to prepare the next lower 

contration level of samples. For each concentration, we manually selected three 

beads for the ImageJ based line profile analysis and the average signal was taken as 

the value of that concentration in the dose response curve. The control signal was 

obtained by evaluating the fluorescence intensities on beads collected from the 

0ng/mL CRP assay. The limit of detection (LOD) was determined to be the control 

signal ± 3SD, which is about 0.1ng/mL according to the CRP dose response curve. As 

compared to previous developed agarose bead-based assays performed in specificly 

designed microfluidic devices, the sensitivities were still comparable or lower than 

prior measurements. 

 

Figure 24 Confocal images to show the distribution of fluorescence signals 

from beads after 10 ng/mL and 1000 ng/mL CRP assays. 
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The enhancement of signals mainly occurred in low concentration assays, due to the 

integration effect of the large number of fluorescence particles. However, for higher 

concentration assays which could also be easily detected by the agarose beads, the 

hybrid beads displayed less fluorescence intensities and the signals saturated at a 

rather slower rate than agarose beads in the previous developed microfludic 

platform. It is because that the entire agarose matrix can be functionalized to link 

capture antibodies and thus had a lot more binding sites for capturing antigens than 

the hybrid beads. But in hybrid beads the binding sites were limited to the surfaces 

of trapped polystyrene particles, which was a small ratio of the volume of the overall 

agarose bead matrix. As a result, when carring on high concentration assays, 

although the large number of polystyrene particles could increase the final signal, 

the overall amount of antigens captured in the hybrid beads counted less, resulting 

into relatively weaker assay signals and slowly saturating rates in the dose curves. 

Due to the different performance from the previous immunoassays, the simple 

logistic curve fitting was no longer suitable as the standard analysis method for the 

signals generated by hybrid beads, and new fitting stretegies need to be explored in 

future work. 

To further understand the signals generated by the new hybrid beads, we studied 

the fluorescence distributions on those beads recovered from CRP assays at the xy 

plane with a confocal microscope (Carl Zeiss). The figure 6 contained two confocal 

images of CRP beads after 10 ng/mL and 1000 ng/mL respectively. The type of 

capture antibody that we used for CRP detection was monoclonal, which means 
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each antibody only had one bindign site to take one antigen molecule. Therefore, the 

antigens diffused and were mostly captured by antibodies at the peripharals of 

beads uring low concentration assays, but when more antigens appeared in the 

solution, the capture antibodies from the outter shell of beads were saturated and 

antigens get captured by antibodies further inside the bead, resulting into a uniform 

distribution of fluorescence signals in the end. 

4. Conclusion 

In summary, we have designed and fabricated a new type of agarose/polystyrene 

hybrid beads for protein detection applications. The beads were fabricated and 

prepared in the lab enviroment but because the beads format is conveinient to store 

and transfer, the assays can be carried on at many other different places, such as the 

resource constrained areas. The assay procedure illustrated in this paper doesn’t 

require any special devices or fluid pumps and thus is convenient and cost effective. 

Although a complete understanding on the characteristic of the sensing process is 

needed to further improve the assay performance and develop the corresponding 

optimized data analysis algorithms, the hybrid bead design already has the 

necessary features of proper biosensors for the point-of-care diagnostic in 

developing countires. 
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Appendix A. Silicon microchip fabrication procedure 

1. Fabrication of Silicon Microchips 

a. 250-µm Double-sided polished p-type 4–in. single crystal silicon (100) 

wafer. 

b. Piranha solution: 3:1 H2SO4/H2O2, 70°C. 
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c. KOH solution (Transene silicon etchant PSE-200) (see Note 1). 

d. Oxygen (O2) and carbon tetrafluoride gas (CF4). 

e. Silane (SiH4). 

2. Silicon Chip Fabrication 

a. A typical bead holder (Fig. 1B), as used in our laboratories, is made 

through bulk micromachining of silicon using anisotropic etching. 

Inverted square- based pyramid wells are chemically etched in a 

square arrayed pattern on silicon wafers (230–380 µm thick). This 

design serves as a chamber to contain the beaded sensing element 

while allowing both bottom-illuminated light to be transmitted 

through the bead and fluid to flow perpendicular through the wafer. 

Furthermore, patterns of these wells have been etched to create 3 × 3, 

3 × 4, 4 × 5, 5 × 7, or 10 × 10 arrays. 

b. This process has been described in the literature by our group and 

others. Although not fully understood (parameters such as atomic 

lattice packing density and attached H2O molecules play an important 

role), anisotropic etching of silicon is characterized with the very 

highly preferential etching of silicon along the (111) surface, allowing 

the fabrication of microstructures with a great level of control. The 

complete sequence is shown in Fig. 2. Briefly, here is the succession of 

steps required for the fabrication: 

i. Deposit Si3N4 on a 4-in. silicon wafer using low-pressure 

chemical vapor deposition (LPCVD) techniques. A layer of 
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~1000 is created by reacting ammonia (NH3) and 

dichlorosilane (SiCl2H2) gas with a flow rate of 3.5:1, i.e., 70:20 

cm3/min, at 830°C and 200 mtorr (see Note 4). 

ii. Move the wafer to a photolithography cleanroom environment. 

iii. Remove the mask layer from one side of the silicon substrate 

by protecting the other side with photoresist and plasma-

etching (CF4 and O2 at 100 W) the Si3N4 layer. This is 

achieved by reactive ion etching (RIE) with a flow rate of 20:1 

CF4:O2 (80 cm3/min:4 cc/min). An etching rate of ~1000 A 

/min is observed with 100 W radiofrequency power and 50 

mtorr of pressure. 

iv. Dip the wafer into a 40% KOH solution at 79 C for 9 h in order 

to etch the substrate (see Note 5). This creates the square-

based pyramidal wells with an angle of 54.7° with respect to 

the surface of the silicon (see Figs. 1B and 2). 

v. After completion of the KOH etch, completely remove the 

nitride masking layer from both sides of the silicon substrate 

using plasma etching. 

vi. Soak the completed device in 30% H2O2 for 15–20 min to form 

a thin SiO2 layer on the surface of the silicon. This improves 

surface-wetting characteristics. Typically, an ~750-µm-thick 

SiO2 layer is deposited by reaction of silane and oxygen gas 
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with a flow rate of 5:6 (25:30 cm3/min) at 530°C and 110 

mtorr. 

vii. Once etching is complete, the wafers are diced into chips of the 

desired size.136 Christodoulides et al. 

viii.  



130 

 

 

Fig. 2. (A) A silicon wafer is cleaned with pirhana solution. (B) 

Deposition of Si3N4 is achieved using low-pressure chemical 

vapor deposition techniques. (C) Alignment of the photoresist 

mask and reactive ion etching of the Si3N4 in a cleanroom 

environment. (D) The wafer is dipped into a KOH solution in 

order to etch the substrate. Square-based pyramidal wells with 

an angle of 54.74° with respect to the silicon surface are 

created. (E) After completion of the KOH etch, the Si3N4 layer 

is completely removed from both sides of the silicon substrate 

by using plasma etching. (F) Scanning electron micrograph top 

view of a well created through this process hosting one bead. 
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